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Abstract

The increase in atmospheric carbon dioxide (CO2) observed since the industrial revolution has reduced surface ocean pH
by �0.1 pH units, with further change in the oceanic system predicted in the coming decades. Calcareous organisms can be
negatively affected by extreme changes in seawater pH (pHsw) such as this due to the associated changes in the oceanic car-
bonate system. The boron isotopic composition (d11B) of biogenic carbonates has been previously used to monitor pH at the
calcification site (pHcf) in scleractinian corals, providing mechanistic insights into coral biomineralisation and the impact of
variable pHsw on this process. Motivated by these investigations, this study examines the d11B of the high-Mg calcite skeleton
of the coralline red alga Neogoniolithon sp. to constrain pHcf, and investigates how this taxon’s pHcf is impacted by ocean
acidification. d11B was measured in multiple algal replicates (n = 4–5) cultured at four different pCO2 scenarios – averaging
(±1r) 409 (±6), 606 (±7), 903 (±12) and 2856 (±54) latm, corresponding to average pHsw (±1r) of 8.19 (±0.03), 8.05
(±0.06), 7.91 (±0.03) and 7.49 (±0.02) respectively. Results show that skeletal d11B is elevated relative to the d11B of seawater
borate at all pHsw treatments by up to 18‰. Although substantial variability in d11B exists between replicate samples cultured
at a given pHsw (smallest range = 2.32‰ at pHsw 8.19, largest range = 6.08‰ at pHsw 7.91), strong correlations are identified
between d11B and pHsw (R2 = 0.72, p < 0.0001, n = 16) and between d11B and B/Ca (R2 = 0.72, p < 0.0001, n = 16). Assuming
that skeletal d11B reflects pHcf as previously observed for scleractinian corals, the average pHcf across all experiments was 1.20
pH units (0.79 to 1.56) higher than pHsw, with the magnitude of this offset varying parabolically with decreasing pHsw, with a
maximum difference between pHsw and pHcf at a pHsw of 7.91. Observed relationships between pHsw and calcification rate,
and between pHsw and pHcf, suggest that coralline algae exhibit some resilience to moderate ocean acidification via increase of
pHcf relative to pHsw in a similar manner to scleractinian corals. However, these results also indicate that pHcf cannot be suf-
ficiently increased by algae exposed to a larger reduction in pHsw, adversely impacting calcification rates of coralline red algae.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Atmospheric CO2 has been increasing since the Indus-
trial Revolution, from 280 ppm to more than 400 ppm
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today (Tans and Keeling, 2016). This increase has led to
changes in ocean carbon chemistry, ultimately lowering sea-
water pH (pHsw) by 0.1 pH units. Climate models predict
that by 2100, a high-end ‘‘business as usual” emission sce-
nario (i.e. Intergovernmental Panel on Climate Change:
Representative Concentration Pathway 8.5) will result in
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Fig. 1. Calcification rates of coralline red algae plotted against
pHsw. Comparison between calcification trends in coralline red
algae descried in Smith and Roth (1979; Bossiella orbigniana) (A)
and Ries et al. (2009; Neogoniolithon sp.) (B). Although calcifica-
tion rates are reported in different units, both studies suggest that
coralline algae exhibit a parabolic calcification response to CO2-
induced ocean acidification, with an optimum near pHsw 7.9.
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a global average surface pHsw of ca. 7.8, potentially reach-
ing even lower levels at high latitudes. This large and rapid
reduction in global pHsw will result in an environment that
is potentially challenging to marine organisms that rely on
biogenically produced CaCO3 (Doney et al., 2009).

Ocean acidification affects biogenic calcification by
reducing the CaCO3 saturation state of seawater (X =
[Ca2+][CO3

3�]/K*
sp; where K*

sp is the stoichiometric solubility
product of CaCO3 at in situ conditions of temperature,
salinity and pressure). Reductions in X of seawater have
been shown to reduce calcification rates and, in some cases,
cause net dissolution of the calcareous shells and skeletons
of marine organisms (Gattuso et al., 1998; Riebesell et al.,
2000; De’ath et al., 2009; Ries et al., 2009; Ries et al.,
2016). Indeed, a recent study investigating a sub-marine
volcanic CO2 seep as an analogue for the effects of ocean
acidification found that, over time, the nearby coral reef
system was largely replaced by fleshy algae-covered rocks
(Enochs et al., 2015). This, and a wealth of other studies
(Gattuso et al., 2015; and references therein), indicate that
ocean acidification can directly affect calcareous organisms
through changing ocean carbonate chemistry, as well as
indirectly via inter-species competition and modification
of species interactions (e.g., Dodd et al., 2015).

Coralline algae are important CaCO3 producers and are
often found in high latitude waters. They also comprise a
large component of modern coral reefs, confer stability to
the reef crest, and are a vital food source for marine grazers
such as sea urchins (McCoy and Kamenos, 2015). Hence,
coralline algae play an important role in the marine food
web, but also act as ecosystem engineers by providing
defence against coastal erosion. Coralline algae are pre-
dominantly composed of high-Mg calcite (>15 mol%
MgCO3), which is more soluble than aragonite or low-Mg
calcite found in other calcareous organisms such as corals,
scallops and oysters (Ries et al., 2016). Since CO2 is more
soluble in colder water, it is likely that global high latitude
regions are more vulnerable to ocean acidification than
lower latitude regions (Gattuso et al., 2015). Thus, ocean
acidification poses a severe threat to coralline algae and
their interdependent ecosystems (Kuffner et al., 2008; Gao
and Zheng, 2009; Ragazzola et al., 2012).

Coralline red algae calcify by depositing calcite within
their cell walls, but exterior to their cell membrane. This
is in contrast to foraminifera that calcify within seawater
vacuoles (Erez, 2003), scleractinian corals that calcify in a
fluid between their skeleton and calicoblastic epithelium
(Cohen and McConnaughey, 2003; Gagnon et al., 2012),
and coccolithophores that calcify in an intracellular vesicle
(Mackinder et al., 2010), but is similar to calcification
within Bryopsidalean calcareous green algae, which occurs
extracellularly within interutricular space (Ries, 2009).

Several studies have examined the influence of ocean
acidification on the nature and rate of calcification in a vari-
ety of coralline red algae (Hall-Spencer et al., 2008; Martin
and Gattuso, 2009; Roleda et al., 2015; Cornwall et al.,
2017). For instance, Ries et al. (2009) and Smith and
Roth (1979) documented a parabolic response in calcifica-
tion rate of the coralline red algae to decreasing pHsw, sug-
gesting that the algal calcification increases in response to
moderate elevations in pCO2, but decreases in response to
extreme increases. However, Ries et al. (2009) observed
maximum calcification between pHsw 7.9 and 8.1
(XA � 2.0 to 2.3; where XA is the saturation state for the
aragonite CaCO3 polymorph), while Smith and Roth
(1979) observed maximum calcification between pHsw 7.6
and 8.3 (Fig. 1). These non-linear relationships suggest that
coralline algae utilise biological processes to confer resili-
ence to moderate-to-extreme changes in pHsw.

The calcification response of coralline algae to ocean
acidification has been shown to vary between species
(Borowitzka, 1981; Semesi et al., 2009; Comeau et al.,
2013). Despite this, a result common to the various species
investigated in the different experiments is their ability to
continue calcifying, albeit at slower rates, even under extre-
mely reduced pHsw. This mitigation of extreme ocean acid-
ification has been shown to translate into coralline algae
survival in low pHsw environments across a range of natural
ecosystems (Kamenos et al., 2016). Coralline red algae
perform both calcification and photosynthesis (e.g.,
Buitenhuis et al., 1999), and the balance between these
two key biological processes is important for coralline algae
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survival. Many marine organisms utilise carbon concentrat-
ing mechanisms intracellularly to ensure calcification can
still occur under CO2-limited conditions. Experimental
work has shown that photosynthesis in some marine algae
is CO2-limited up to ca. 1000 latm pCO2 (Bowes, 1993).
Therefore, the additional energy from photosynthesis as
pCO2 becomes elevated up to ca. 1000 latm may stimulate
calcification within calcifying marine algae, despite the
associated decrease in pHsw. This effect has previously been
observed for zooxanthellate scleractinian corals (e.g.,
Castillo et al., 2014). Furthermore, photosynthesis increases
local pH through the removal of dissolved CO2 from sea-
water proximal to the algae (Gao et al., 1993), and respira-
tion may reduce calcification rates by decreasing local pH
as a consequence of CO2 release (De Beer and Larkum,
2001). Calcification in coralline algae is therefore likely reg-
ulated by a number of important metabolic activities that
influence the carbonate system within and around the algal
cell (Smith and Roth, 1979; Gao et al., 1993; Hurd et al.,
2011; Martin et al., 2013).

The impact of pHsw and CaCO3 saturation state on inor-
ganic calcification differs from their impact on biogenic calci-
fication (Ries et al., 2009; McCulloch et al., 2012a). The
IpHRAC model by McCulloch et al. (2012b) ascribes the
reduced sensitivity of scleractinian coral calcification in
response to changing seawater aragonite saturation state to
the increase of the calcification site pH (pHcf), as determined
from the boron isotopic composition of the coral skeleton,
proton-sensitive microelectrodes (Ries, 2011a), and pH-
sensitive dyes (Venn et al., 2013). Recent studies investigating
d11B of the coralline algaeClathromorphum nereostratum via

laser ablation inductively coupled plasmamass spectrometry
(LA-ICPMS) reveal that skeletal d11B within this species is
also consistent with a pHcf that is significantly higher
than measured ambient pHsw (by ca. 0.6 pH units;
DpH = pHcf � pHsw), suggesting an increase of pHcf may
play a similarly important role in coralline algal calcification
(Fietzke et al., 2015). However, skeletal d11B data for coral-
line algae species cultured under a range of controlled pHsw

conditions that demonstrate the response of pHcf to changes
in pHsw are currently sparse (e.g. the only other such study is
Cornwall et al., 2017). Here, the boron isotope approach to
estimating pHcf is applied to a branched Neogoniolithon sp.
cultured under four pCO2 conditions that allow us to assess
the potential impacts of ocean acidification on pHcf

regulation in coralline red algae.

2. METHODS

2.1. Boron isotopes

Numerous papers have presented detailed discussions
about the basis for the boron isotope proxy of pHsw

(Hemming and Hanson, 1992; Zeebe and Wolf-Gladrow,
2001; Foster and Rae, 2016). Briefly, the proxy arises
because (1) the abundance of the two major aqueous forms
of boron in seawater are pH dependent and (2) there is
boron isotope fractionation between these two boron spe-
cies (Dickson, 1990). Trigonal planar boric acid (B(OH)3)
dominates at low pH, and the tetrahedral tetrahydroxybo-
rate anion (B(OH)4
�; henceforth referred to as borate) dom-

inates when pH exceeds 8.6 in typical surface ocean
conditions. The two stable isotopes of boron (10B and
11B) occur roughly in a 1:4 ratio, and the structural differ-
ence between the aqueous species leads to an enrichment
of 11B in boric acid of approximately 27.2‰ (Klochko
et al., 2006; Nir et al., 2015) because the more stable trigo-
nal structure has the stronger B-O bonds. Boron isotopic
composition is described using the delta notation d11B rela-
tive to a boric acid standard (NIST SRM 951 boric acid
according to Catanzaro et al., 1970) shown in Eq. (1).

d11Bð‰Þ ¼
11B=10Bsample

11B=10Bstandard

� �
� 1

� �
� 1000 ð1Þ

Since the d11B of total boron in seawater (boric acid and
borate) is constant at 39.61 ± 0.04‰ (Foster et al., 2010),
as the proportions of boric acid and borate change with
pHsw, the d11B composition of each species also varies as
a function of pH, with borate d11B increasing with pHsw

as described in Eq. (2).

d11BBðOHÞ�4 ¼ d11Bsw þ d11Bsw � 1000ðaB � 1Þ� �
10pK

�
B
�pH

1þ aB10
pK�

B
�pH ð2Þ

where pK*
B is the dissociation constant (dependent on tem-

perature and salinity; Dickson, 1990), d11Bsw is the d11B
composition of total boron in seawater, d11BBðOHÞ�4 is the

d11B composition of aqueous borate, and aB is a constant
(1.0272; Klochko et al., 2006) describing the equilibrium
mass dependent boron isotope fractionation between boric
acid and borate.

Although borate is assumed to be the most likely form
of aqueous boron incorporated into CaCO3, the d11B of
many biogenic carbonates is elevated relative to the d11B
of seawater borate (Fig. 2 and references therein; see also
Vengosh et al., 1991; Gaillardet and Allègre, 1995). As
noted above, this increase in the d11B of scleractinian
deep-sea and tropical corals is thought to be predominantly
caused by the elevation of pHcf via enzymatic activity (e.g.
Ca-ATPase; McConnaughey and Falk, 1991). In this case,
pHcf can be calculated using boron isotopes by substituting
d11B of the coral sample for d11B of aqueous borate in
Eq. (3).

pH ¼ pK�
B

� log � d11Bsw � d11BBðOHÞ�4
d11Bsw � aBd

11BBðOHÞ�4 1000ðaB � 1Þ

 !
ð3Þ

Fig. 2 shows d11B data from previous studies for several
coral taxa grown over a range of pHsw conditions
(Hönisch et al., 2004; Reynaud et al., 2004; Krief et al.,
2010; Anagnostou et al., 2012; McCulloch et al., 2012b;
Holcomb et al., 2014). In all cases pHcf is elevated by
around 0.5 pH units at pHsw 8, which is similar to observa-
tions of the calcifying fluid from micro-electrodes (Al-
Horani et al., 2003; Krief et al., 2010; Ries, 2011a;
Trotter et al., 2011; McCulloch et al., 2012b) and pH sensi-
tive dyes (Venn et al., 2011; Venn et al., 2013; Holcomb
et al., 2014). Furthermore, the majority of corals examined
thus far show that as ambient pHsw decreases, pHcf declines



Fig. 2. d11B of the coralline red algae Neogoniolithon sp. measured using MC-ICPMS, plotted against pHsw. Black circles filled with grey
represent replicates measured at each pHsw, and the mean d11B of each culture experiment is shown as a filled black circle. The d11B of all
measured samples are elevated relative to aqueous borate (blue line) by +12‰ on average. d11B compositions of a crustose species of
Neogoniolithon coralline red alga and various scleractinian corals grown at different pHsw are plotted in open coloured symbols (Hönisch
et al., 2004; Reynaud et al., 2004; Krief et al., 2010; Anagnostou et al., 2012; McCulloch et al., 2012a; Holcomb et al., 2014; Cornwall et al.,
2017). (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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at a reduced rate (Venn et al., 2011; Venn et al., 2013;
Holcomb et al., 2014).

2.2. Algal culture

A single species of tropical coralline red alga, Neogo-

niolithon sp., was cultured at four pCO2 (±1r) levels: 409
(±6), 606 (±7), 903 (±12) and 2856 (±54) latm, resulting
in pHsw values (±1r) of 8.19 (±0.03), 8.05 (±0.06), 7.91
(±0.03) and 7.49 (±0.02), respectively (Ries et al., 2009).
The algae were grown for 60 days in 38 L aquaria in filtered
Atlantic Ocean seawater (0.2 mm; Cape Cod, Mas-
sachusetts). The cultures were maintained at average arag-
onite saturation states (±1r) of 3.12 (±0.22), 2.40
(±0.42), 1.84 (±0.13) and 0.90 (±0.05), and temperatures
of 25 �C using 50 W electric heaters, and illuminated on a
10hr:14hr light:dark cycle. This species of coralline red
algae exhibited an apparent parabolic calcification response
to increasing pCO2, with net calcification rate increasing
with an increase in pCO2 from 409 to 606 latm, and declin-
ing with an increase in pCO2 to 903 and 2856 latm (see Ries
et al., 2009 and Table SM1 in the supplementary materials
for further details; Fig. 1).

2.3. Sample preparation

Neogoniolithon sp. is a non-geniculate branched rhodo-
lith form of coralline red algae. Replicate specimens were
analysed for boron isotope composition at each culture
pHsw (n = 5 for pHsw 7.91, and n = 4 for pHsw 8.19, 8.05
and 7.49). Duplicate analyses were performed on all repli-
cate specimens except those from the pHsw 7.49 treatment,
due to the small mass of CaCO3 mineralised under these
high-pCO2 conditions. Skeletal material produced
exclusively under the experimental treatments was identi-
fied relative to a 137Ba isotope marker emplaced in the
skeletons at the start of the experiment (Ries, 2011b).
Branches of the specimens were powdered using a pestle
and mortar in a clean laboratory fitted with boron-free
HEPA filters at the University of Southampton to produce
homogenous bulk sample replicates for each specimen. Fol-
lowing previous studies (Foster, 2008; Krief et al., 2010),
approximately 3 mg of each sample was cleaned using 500
ml of an oxidative mixture of 10% hydrogen peroxide
(H2O2) buffered with 0.1 M ammonium hydroxide (NH4-
OH). The samples were heated in a water bath and briefly
ultra-sonicated a total of six times. The oxidative mixture
was removed, and the samples were rinsed and transferred
to clean plastic vials. The samples were leached in 0.0005 M
nitric acid (HNO3) and then dissolved in a minimal volume
of 0.5 M HNO3.

2.4. Trace element and isotopic analysis

Oxidatively cleaned and dissolved samples were trans-
ferred to Teflon vials and a 7% aliquot was removed for
trace element analysis. Elemental analysis (B/Ca and Sr/
Ca) of matrix-matched sample solutions was performed
using ICPMS on a Thermo Scientific Element 2 mass spec-
trometer following the protocol of Henehan et al. (2015).
Replicates of well-characterised solution consistency stan-
dards measured during this study are precise to ±5.6%
and ±2.0% for B/Ca and Sr/Ca (95% confidence),
respectively.

The remainder of each dissolved sample was reserved for
boron isotope analysis and processed at the University of
Southampton according to well-established methods
(Foster, 2008). Samples were passed through micro-
columns containing the boron-specific anion exchange resin
Amberlite IRA-743 and boron was eluted in Teflon distilled
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0.5M HNO3. Boron isotopic composition of each purified
sample was then measured using a Thermo Scientific Nep-

tune multi-collector ICPMS (MC-ICPMS) using two Fara-
day detectors fitted with 1012 X resistors at the University of
Southampton following methods detailed in Henehan et al.
(2013) and Foster et al. (2013). Samples were bracketed
with NIST SRM 951 standard boric acid to correct for vari-
ability in instrument induced mass fractionation. The long-
term reproducibility of standards is approximately ±0.2‰
for 20 ng of boron (95% confidence), and analytical uncer-
tainty is described by Eq. (4), where [11B] is the voltage
measured on the H3 faraday detector with one of the
1012 X resistors.

2r ¼ 12960eð�212½11B�Þ þ 0:3385eð�1:544½11B�Þ ð4Þ
3. RESULTS

The coralline algae across all pH treatments yield d11B
values ranging from 24.42 (±0.22)‰ to 36.26 (±0.10)‰
(Table 1). One sample replicate at pHsw 8.19 was deemed
anomalous, as duplicate analyses differed by 1.4‰ com-
pared with an average difference between other duplicate
analyses of 0.18‰. This outlying sample is therefore
excluded from the discussion, and n = 16 for all subsequent
regression analyses.

The range of d11B for each pH treatment varies from
2.3‰ at pHsw 8.19 to 6.1‰ at pHsw 7.91. The relationship
between d11B of Neogoniolithon sp. calcite and pHsw (Fig. 2)
demonstrates that all d11B measurements in this study lie
considerably above the pHsw vs. aqueous borate d11B curve
(Klochko et al., 2006), and are also elevated compared to
other examples of biogenic carbonates thus far quantified
(McCulloch et al., 2012b), with the exception of some
deep-sea scleractinian corals (e.g. Blamart et al., 2007).
The high d11B compositions observed in this study of a
branching species of Neogoniolithon are also similar to
those found in a crustose species of the same genus
(Cornwall et al., 2017), suggesting that closely related spe-
cies of coralline algae exhibit similar boron isotope system-
atics and pHcf, and that growth form (i.e. crustose vs.

branching) alone does not necessarily impart large differ-
ences in these systems. Although the offset of the algae’s
pHsw vs. d11B curve from the pHsw vs. aqueous borate
d11B curve is generally consistent with the offset previously
observed for corals grown at various pHsw (Hönisch et al.,
2004; Reynaud et al., 2004; Krief et al., 2010; Anagnostou
et al., 2012; McCulloch et al., 2012a; Holcomb et al., 2014),
the pHsw vs. d11B relationship for the algae is better fit (with
respect to minimising residuals) with a parabolic model
(R2 = 0.73 and p < 0.001, vs. R2 = 0.53 and p < 0.01 for lin-
ear fit) while the pHsw vs. d11B relationships for corals are
better fit with linear models (Trotter et al., 2011;
McCulloch et al., 2012b; Holcomb et al., 2014). Details of
all regressions, gradients and intercepts can be found in
Table SM2 in the Table SM2 in the supplementary
materials.

The measured B/Ca and d11B compositions are also
highly linearly correlated (R2 = 0.77, p < 0.0001; Fig. 3A),
a trend that is predicted from boron isotope systematics
yet rarely observed so clearly in biogenic carbonates
(Foster, 2008; Henehan et al., 2015) with the possible excep-
tion of recent work with deep-sea corals (Stewart et al.,
2016). Sr/Ca has significant negative correlation with d11B
(R2 = 0.33, p < 0.05; Fig. 3B).

Following the interpretations of d11B in corals
(Hemming et al., 1998; Rollion-Bard et al., 2003; Allison
and Finch, 2010; Rollion-Bard et al., 2011; McCulloch
et al., 2012b), pHcf calculated using Eq. (3) (assuming
boron in the algal calcite is sourced solely from seawater
borate) reveals an elevation of pHcf relative to pHsw by
an average of 1.20 (±0.22) pH units (Fig. 4A). There is a
statistically significant linear positive correlation
(R2 = 0.45, p < 0.01) between pHcf and pHsw, although
once again a second-order polynomial model with an opti-
mum near pHsw 7.95 better describes the data (R2 = 0.66,
p < 0.001). If this model of boron incorporation is correct,
DpH plotted against pHsw exhibits an apparent parabolic
relationship with pHsw (R2 = 0.46, p < 0.01; Fig. 4B).
DpH approaches a maximum mean of 1.26 pH units under
the second most acidic treatment, and although these mea-
surements fall within 1r of each mean, there is a significant
reduction of DpH at the most acidic treatment (pHsw 7.49).
For instance, t-tests reveal there is a significant difference
between the mean d11B composition of the algae cultured
at pHsw 8.19, 8.05 and 7.91 when compared to the algae cul-
tured at pHsw 7.49, confirming that a reduction in pHsw

causes a decrease in pHcf of coralline red algae.
The B/Ca of the algal specimens range from 352 (±18)

to 670 (±84) mmol mol�1 (Fig. 5B), and is therefore compa-
rable to B/Ca in scleractinian corals, but exceeds that found
in coccolithophores (Stoll et al., 2012) and foraminifera
(Henehan et al., 2015). Although both linear (R2 = 0.49,
p < 0.01) and second-order polynomial regressions
(R2 = 0.72, p < 0.001) of the B/Ca vs. pHsw data are statis-
tically significant, the polynomial model better describes the
data (lower p-value and higher R2). Ranges within treat-
ments vary from 182 mmol mol�1 at pHsw 7.91 to
52 mmol mol�1 at pHsw 7.49.

Calcite Sr/Ca ranges from 2.85 (±0.10) to 3.54 (±0.13)
mmol mol�1 and exhibits a statistically significant negative
linear correlation with pHsw (R2 = 0.59, p < 0.001;
Fig. 5A). A negative trend is also observed between Sr/Ca
and B/Ca, although it is just outside of significance at the
95% level (R2 = 0.22, p = 0.06; Fig. 5C).

4. DISCUSSION

4.1. d11B and B/Ca as tracers of pH

The boron isotope palaeo-pH proxy has been primarily
applied to foraminifera, and tropical and deep-sea corals
(e.g. Spivack et al., 1993; Sanyal et al., 1996; Palmer,
1998; Krief et al., 2010; Rae et al., 2011; Anagnostou
et al., 2012; Henehan et al., 2013). Calcification in forami-
nifera occurs via vacuolisation of seawater (Erez, 2003; de
Nooijer et al., 2014), while corals are thought to biominer-
alise from a discrete fluid between their calicoblastic epithe-
lium and skeleton (Cohen and McConnaughey, 2003). As
outlined above, calcification in coralline algae occurs



Table 1
Summary of each experimental treatment showing measured element ratios and d11B composition. The mean of each variable measured is shown in bold, 1r are shown in parentheses. The sample
shown in italics is anomalous and is therefore excluded from subsequent discussion (also excluded from means). Therefore n = 16 for all regression analyses.

pCO2 pH d11B‰ B/Ca mmol mol�1 11B nmol Sr/Ca mmol mol�1

latm Replicate Duplicate Average Experiment

mean

Replicate Duplicate Average Experiment

mean

Replicate Duplicate Average Experiment

mean

Replicate Duplicate Average Experiment

mean

409

(6)

8.19

(0.03)

40.61

(0.10)

39.18

(0.11)

39.90 32.17 (1.33) 815 (41) 686 (34) 751 511 (78) 800 (132) 533

(57)

667 415 (62) 2.89

(0.14)

2.99

(0.15)

2.94 3.02 (0.11)

31.44

(0.13)

31.38

(0.11)

31.41 454 (29) 439 (39) 447 354 (84) 415

(40)

395 2.85

(0.10)

2.93

(0.04)

2.89

33.70

(0.11)

598 (73) 590 (83) 3.10

(0.08)

31.40

(0.12)

488 (5) 530 (41) 3.07

(0.06)

606

(7)

8.05

(0.06)

35.02

(0.10)

34.60

(0.11)

34.81 33.58 (2.16) 628 (52) 521 (24) 575 550 (26) 545 (24) 440

(50)

493 516 (36) 2.99

(0.01)

2.95

(0.04)

2.97 3.01 (0.13)

30.90

(0.10)
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Fig. 3. Least squares linear regression of B/Ca and Sr/Ca against d11B composition. (A) B/Ca ratios in Neogoniolithon sp. show a strong
positive correlation when regressed against d11B composition. (B) Sr/Ca ratios show slightly less well-defined trends when regressed against
d11B composition, although both reveal statistically significant correlations.
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extracellularly within and between the cell walls of the algae
yet external to their cell membrane (Ries, 2009). The appli-
cation of the foraminifera or coral model for the d11B proxy
in coralline algae therefore requires some key assumptions,
including in particular that the algal calcification fluid has a
total d11B and salinity similar to that of ambient seawater.
Nonetheless, recent studies have shown that calcein, which
cannot be transported across cellular membranes, is incor-
porated into the skeleton of the coralline algae Lithotham-

nion glaciale (Pauly et al., 2015), supporting the
assumption that the site of calcification in coralline algae
is at least partially open to seawater exchange (Comeau
et al., 2012; Adey et al., 2013).

Regardless of the precise mechanism of calcification
within this species, the strong positive correlations observed
here between d11B composition, B/Ca ratio and pHsw indi-
cate that boron systematics of coralline algae do vary with
respect to pHsw. As expected from the existing understand-
ing of the proxy, cultures at lower pHsw have lower d11B
and B/Ca; both, in theory, resulting from a reduction in
borate concentration relative to boric acid at lower pHsw.
Nonetheless, the d11B data for the coralline algae presented
here plot well above the borate d11B vs. pHsw curve. There-
fore, following the model for boron isotopes in corals pro-
posed by McCulloch et al. (2012a), the results of our study
suggest that coralline algae substantially increase pHcf to
promote calcification. Indeed pHcf has been shown to
increase during seasonal variations in DpH of 0.5 to 0.7
pH units within the coralline algae species Clathromorphum

nereostratum (Fietzke et al., 2015), and the more recent
study by Cornwall et al. (2017) shows that a crustose spe-
cies of the Neogoniolithon genus exhibits a DpH of ca.
0.8–1.1 pH units, depending on pHsw.

Interpreting the results of the boron isotope data pre-
sented here following standard boron isotope pH proxy
assumptions that (1) boron enters the algal calcification site
unfractionated from seawater, (2) boron isotope fractiona-
tion in coralline algae is controlled only by pHcf, and (3)
only seawater borate is incorporated into the coralline algal
skeleton, suggests that Neogoniolithon sp. undergoes a large
pHcf increase of, on average, 1.20 units (Fig. 4). In light of
these findings, and the unique calcification mechanism in
coralline algae compared to other marine calcifiers, some
alternative models of boron systematics within coralline
algae should be explored to ensure that these standard
assumptions are met in coralline algae. The impact of pos-
sible boric acid incorporation, and Rayleigh fractionation
of the calcifying medium and other processes affecting cor-
alline algal skeletal chemistry are discussed in the following
sections.

4.1.1. Boric acid incorporation

Isotopically heavy boric acid has a similar size and the
same trigonal planar structure as the carbonate ion
(CO3

2�) found in the algal calcite lattice and, whilst boric
acid holds no charge, it may be incorporated as an impu-
rity. Solid state 11B nuclear magnetic resonance (NMR)
spectroscopy on coralline algal calcite has revealed that
approximately 30% of boron is present in a trigonal geom-
etry, and Cusack et al. (2015) suggested that boric acid may
therefore be directly incorporated into the high-Mg calcite
of Neogoniolithon sp. The incorporation of 11B enriched
boric acid into the calcite lattice would result in higher
skeletal d11B. Therefore, boric acid incorporation may par-
tially explain the positive shift in skeletal d11B compositions
(relative to d11B of seawater borate) that we report here
(Fig. 2).

Assuming that both seawater borate and boric acid are
incorporated into coralline algal calcite, the proportion of
boric acid required to match the mean skeletal d11B



Fig. 4. pHcf vs. pHsw (A) and DpH (pHcf–pHsw) vs. pHsw (B). An
apparent parabolic relationship is observed in A, with a maximum
at pHcf �7.95. In B, DpH also exhibits a similar relationship with
pHsw suggesting that coralline red algae increase their pHcf by
increasingly larger amounts under acidified conditions to support
biogenic calcification. At extremely low pHsw, the shape of the
curve suggests that coralline red algae have reached the limit of the
extent to which they can elevate pHcf relative to pHsw. The filled
black circles indicate mean values. This branching species of
Neogoniolithon coralline red algae is compared with a crustose
species of Neogoniolithon (stars) from Cornwall et al. (2017).

H.K. Donald et al. /Geochimica et Cosmochimica Acta 217 (2017) 240–253 247
compositions of the algae is between 44 and 60% (Table 2),
thereby greatly exceeding the �30% suggested from in situ
11B MAS NMR studies (Cusack et al., 2015), yet it should
also be noted that Cusack et al. (2015) examined a different
species of coralline algae (Lithothamnion glaciale). Further-
more, given that the abundance of boric acid is pH depen-
dent, it would be expected that the percentage of boric acid
incorporated should increase with decreasing pHsw (i.e.
with increasing boric acid in solution; Noireaux et al.,
2015). This was not observed for the specimens of
Neogoniolithon sp. investigated here, as the percentage of
boric acid incorporation required to explain the 11B enrich-
ment levels off for the two lowest pHsw treatments.

11B NMR studies by Mavromatis et al. (2015) and
Noireaux et al. (2015) have recently shown that inorgani-
cally precipitated calcite contains up to 65% trigonal boron,
although a linear relationship between pHsw, and measured
d11B of the calcite was maintained. However, these studies
did identify a significant relationship between the percent-
age of trigonal boron in the lattice and calcite growth rate.
Noireaux et al. (2015) observed that slow growth rate led to
a higher percentage of trigonal boron in the calcite lattice,
and suggested that this indicates an increase in boric acid
incorporation (see also Mavromatis et al., 2015). The slow-
est growth rates in our cultured Neogoniolithon sp. are
found at pHsw 8.19 and 7.49, where in contrast, our boron
isotope data suggests the smallest boric acid incorporation
(Table 2). In light of these findings, it seems unlikely that
boric acid incorporation is a dominant driver of the heavy
d11B (relative to d11B of aqueous borate expected at that
pHsw) observed in cultured Neogoniolithon sp., or has a sig-
nificant influence on the relationship between skeletal d11B
and pHsw in this species. Furthermore, although 11B NMR
studies may reveal that trigonal boron is present in the cal-
cite lattice, this may be a result of geometry change of the
borate molecule during incorporation into the calcite lat-
tice, rather than direct incorporation of boric acid (Balan
et al., 2016).

4.1.2. Rayleigh fractionation

Coralline algae calcification occurs intercellularly within
the cell walls of the algae, which are semi-isolated from sea-
water by adjacent cells. Nevertheless, these extracellular
restricted environments are likely to be permeable to seawa-
ter and maintained at elevated pH and calcite saturation
state to promote calcification. Rayleigh fractionation
describes the process by which molecules or ions are contin-
uously removed from a closed or semi-closed system, lead-
ing to progressive change in the elemental and/or isotopic
composition of the residual fluid. The precipitation of
CaCO3 in this semi-isolated calcification space may there-
fore lead to changes in the elemental and isotopic composi-
tion of the algal calcite (as proposed for corals by Gaetani
and Cohen (2006) and Gagnon et al. (2007)). For example,
assuming that borate (isotopically lighter than total seawa-
ter boron) is solely incorporated into coralline algal calcite,
the remaining fluid would become enriched in 11B, imposing
a heavier d11B composition on the later forming calcite.

The partition coefficient (KD) of boron into calcite is
described by Eq. (5).

KD ¼ ½B=Ca�CaCO3

½B=Ca�seawater
ð5Þ

There are several estimates for the KD of boron, and all are
much less than one (ca. 0.0005; Yu et al., 2007; Stoll et al.,
2012). Consequently, as calcification progresses, Rayleigh
fractionation drives an increase in the B/Ca ratio of the
residual fluid, thereby increasing B/Ca of the latterly pre-
cipitated CaCO3. In theory, therefore, Rayleigh fractiona-
tion may be sufficient to describe both the observed
enrichment in 11B in coralline algae calcite relative to sea-
water borate (Fig. 2), the observed relationships between
pHsw and both coralline algal B/Ca (Fig. 5) and d11B
(Fig. 2), as well as the observed correlation between coral-
line algal B/Ca and d11B (Fig. 3).

However, the study of boron incorporation into deep
sea scleractinian corals by Stewart et al. (2016) shows that
Rayleigh fractionation is unable to drive significant changes
in skeletal d11B and B/Ca from unmodified seawater (i.e. [B]



Fig. 5. B/Ca and Sr/Ca regressed against pHsw. Sr/Ca ratios (A) of Neogoniolithon sp. are strongly linearly correlated with pHsw, while B/Ca
is strongly correlated with an apparent parabolic relationship with pHsw (B). Sr/Ca (C) is not significantly correlated with B/Ca, although the
trend is nearly significant. The filled black circles indicate mean values.

Table 2
Mean skeletal d11B compositions for each experimental treatment, along with percentage of boric acid (enriched in 11B by 27.2‰) required to
be incorporated into the algal calcite to generate the measured d11B composition, assuming that d11B of the borate portion of the algal calcite
is equal to seawater borate. Net calcification indicates that algae from the pHsw 8.19 and 7.49 treatments have the slowest calcification rates,
yet also require the smallest apparent proportion of boric acid. pHcf indicates mean calcification site pH for each treatment, and DpH
describes the change in pH according to the equation DpH = pHcf–pHsw. 1r are shown in parentheses.

pCO2 (latm) pHsw d11B (‰) B(OH)3 (%) Net calcification (wt %/60 days) pHcf DpH

409 (6) 8.19 (0.03) 32.17 (1.33) 44 (4) 5.7 (2.9) 9.04 (0.11) 0.85 (0.11)
606 (7) 8.05 (0.06) 33.58 (2.16) 57 (7) 14.5 (6.6) 9.18 (0.20) 1.13 (0.20)
903 (12) 7.91 (0.03) 33.45 (2.38) 60 (8) 10.7 (4.7) 9.17 (0.22) 1.26 (0.22)
2856 (54) 7.49 (0.02) 26.75 (1.56) 46 (6) 3.6 (3.5) 8.67 (0.10) 1.18 (0.10)
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of 432 mmol kg�1; [Ca] of 10.3 mmol kg�1; salinity 35 psu)
given a typical biogenic carbonate B/Ca of
�600 mmol mol�1 because insufficient borate is removed
at each incremental step of precipitation to drive the
observed change in CaCO3 d

11B. Thus Rayleigh fractiona-
tion can only explain the relationship observed in Fig. 3
between B/Ca and d11B if the B/Ca ratio of the calcifying
fluid is very much reduced relative to that of seawater
and the partition coefficient is higher than estimates from
inorganic experiments (in order to maintain the observed
B/Ca ratio). For instance, a Rayleigh model fitted to the
d11B and B/Ca data in this study suggests a high KD of
0.5, and a 98.5% reduction in seawater boron content at
the site of calcification. While this is a possibility in
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coralline algae as calcification occurs within a semi-
restricted space, the inverse correlation between Sr/Ca
and B/Ca when both elements have a KD of <1 within
calcite (defined in Eq. (5); Fig. 5), suggests that Rayleigh
fractionation is unlikely to account for the entirety of the
observed 11B enrichment in Neogoniolithon sp. relative to
seawater borate, as well as the observed relationships
between pHsw and d11B, and B/Ca.

4.2. Calcification rate and implications for coralline red algae

in a high-CO2 world

Boron isotope characteristics of Neogoniolithon coralline
red algae are unlikely to result from boric acid incorpora-
tion or Rayleigh fractionation. Recent inorganic precipita-
tion experiments have highlighted the importance of
calcification rate in controlling B/Ca in calcite (Gabitov
et al., 2014; Mavromatis et al., 2015; Noireaux et al.,
2015; Uchikawa et al., 2015). Here we find strong correla-
tion between calcification rate and B/Ca (R2 = 0.40,
p < 0.01), which is therefore entirely consistent with pHcf

elevation increasing X and borate concentration at the site
of calcification, thereby driving increased boron incorpora-
tion into the algal calcite. Although this might be expected
to also increase Sr/Ca given inorganic experiments (e.g.
Böhm et al., 2012), the Sr/Ca in the cultured coralline algae
exhibits a positive correlation with DIC (umol kgs w�1;
Figure SM1A); a relationship recently documented in fora-
minifera (Keul et al., 2017). This points towards a new
proxy in coralline algae that has potential to fully resolve
the carbonate system.

We are then left with the possibility that d11B of the
algal calcite reflects pHcf pursuant to the d11B-pHsw rela-
tionship, as proposed for scleractinian corals (e.g.
Fig. 6. The relationship between the pHcf and net calcification of Neogon
mean calcification rate indicates a reduction in calcification rate with decr
by pHsw, which also affects net calcification (red squares). The simila
calcification rate and pHsw, but also reveals the resilience of coralline red
moderate pHsw reduction, but are unable to calcify efficiently at extremel
this figure legend, the reader is referred to the web version of this article
McCulloch et al., 2012b). Since pHcf will largely control
calcite saturation state (X) at the site of calcification, calci-
fication rate should exhibit a strong relationship with d11B
and pHcf. This is apparent when calcification rates of indi-
vidual algal specimens (Ries et al., 2009) are plotted against
their respective d11B-derived values of pHcf (Fig. 6A). The
observed relationship between coralline algal calcification
rate and pHsw (Fig. 6B; i.e., increased calcification under
slightly elevated pCO2, reduced calcification at extremely
elevated pCO2; Ries et al., 2009) may thus arise from the
relationship between pHsw and pHcf (Fig. 4). Furthermore,
the ability of Neogoniolithon algae to raise pHcf relative to
pHsw increases under more acidified conditions, with DpH
increasing from 0.85 (±0.11) to 1.26 (±0.22) between pHsw

of 8.19 to 7.91. These results are consistent with three coral-
line algae species (including a crustose Neogoniolithon sp.)
cultured at variable pHsw by Cornwall et al. (2017), which
also exhibit a similar increase in DpH from ca. 0.8 to ca.
1.1 between pHsw of 8.08 to 7.64 (Cornwall et al., 2017).
However, our observation that DpH levelled off under the
two most acidic treatments suggests that there is a limit
to the extent to which the branching species of Neogo-

niolithon can elevate pHcf relative to pHsw. This limit may
also exist for those species examined by Cornwall et al.
(2017) but is not resolvable because their pHcf data are con-
fined to a narrower pHsw range, with only three pHsw treat-
ments examined that fall within the linear portion of our
pHcf vs. pHsw relationship. Nonetheless, taken together,
our study and that of Cornwall et al. (2017) illustrate that
pHcf in coralline algal therefore appears to promote calcifi-
cation in moderately acidified seawater (down to pHsw

7.95), which is most likely due to CO2-fertilisation of pho-
tosynthesis. This supports the previous observation that
photosynthesis in some marine algae is CO2-limited up to
iolithon sp. (A) This positive correlation between the mean pHcf and
easing pHcf. (B) Across treatments, pHcf (black circles) is influenced
rity between the two negative curves highlights the link between
algae to moderate ocean acidification. The algae are able to mitigate
y low pHsw values. (For interpretation of the references to colour in
.)
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ca. 1000 latm pCO2 (Bowes, 1993). Our new data at low
pHsw, however, reveals that no additional benefit for photo-
synthesis in this coralline alga appears to be conferred by
increasing pCO2 from 903 to 2856 latm pCO2, while the
accompanying increase in acidity and resulting decrease in
X of the culture solution has a clear detrimental effect on
the calcification rate of the algae.

As has been demonstrated for scleractinian corals
(McCulloch et al., 2012b), the ability of coralline algae to
elevate pHcf may confer resilience to the deleterious effects
of ocean acidification, thereby giving them an advantage
over calcifying taxa competing for space on the seafloor
that lack this ability. Specifically, our data suggest that
species-specific pHsw optima exist at pHsw ca. 8 for max-
imising both pHcf and calcification rates of Neogoniolithon

sp. However, that pHcf and algal calcification rates begin to
dramatically decline as pHsw is decreased from 7.9 to 7.5
indicates that there are limits to the extent that coralline
algae can mitigate the effects of more extreme ocean acidi-
fication. Indeed, at extremely low pHsw, mineralogical
changes (high Mg calcite to gypsum ratio) are induced in
other species of coralline algae (Kamenos et al., 2016).
Together, these findings have implications for how Neogo-

niolithon sp. will cope with increasing ocean acidification
in the future.

4.3. Intra-treatment variability and implications for the boron

isotope proxy

One notable feature of the d11B presented here for
Neogoniolithon sp. is the degree of variability between spec-
imen replicates within pHsw treatments. Although some
degree of scatter between replicates is often observed in
other culture studies, in this case it reached ca. 6‰. Some
of this scatter may be influenced by the heterogeneity of
the bulk samples, as microstructural differences have been
shown to affect d11B in aragonitic corals by up to 10‰
(Blamart et al., 2007), and laser ablation d11B has revealed
variations of up to 6‰ in other species of coralline algae
(Fietzke et al., 2015). That the spread in d11B is still fairly
large at the pHsw closest to ambient confirms this is not a
methodological artefact where pre-experimental skeleton
is inadvertently sampled, but rather is a primary feature
of this species of coralline red algae. This is also confirmed
by the lack of correlation between the scatter from the
mean d11B for each treatment and the mass of CaCO3 mea-
sured (Fig. SM2).

Despite this spread in d11B for a given treatment, there
remains good correlation between B/Ca and d11B (Fig. 3).
Although the strength of this correlation is perhaps unex-
pected given some related studies (e.g. Douville et al.,
2010; Henehan et al., 2015), this further supports the asser-
tion that coralline algal calcification rate, d11B and B/Ca
are controlled by pHcf of the algae, and that there is consid-
erable variability in pHcf amongst individuals.

The finding that coralline red algal d11B responds to
pHsw suggests that this is a potential taxon for reconstruct-
ing palaeo-pHsw; a conclusion that is particularly notewor-
thy given coralline algae’s ability to produce long growth
records in high-latitude oceans, where palaeo-pHsw records
are sparse (Fietzke et al., 2015). Despite these encouraging
results, further work on Neogoniolithon is clearly required
to determine whether the d11B of this genus of coralline
algae offers the precision and accuracy needed to reliably
reconstruct past changes in pHsw, particularly in light of
their strong inter-specimen variability in boron
geochemistry.

5. CONCLUSION

We find that statistically significant relationships exist in
cultures of the coralline red algae Neogoniolithon sp.
between d11B and pHsw, d

11B and skeletal B/Ca, and pHcf

and net calcification rate. Skeletal d11B in this species is
considerably elevated compared to d11B of both seawater
borate and most other examples of biogenic carbonate, sug-
gesting an average pHcf increase of more than 1 pH unit rel-
ative to pHsw. An observed correlation between
calcification rate and pHcf suggests that the algae promote
calcification by elevating pHcf. Furthermore, the observa-
tion that DpH increased as pHsw decreased from 8.2 to
7.9 suggests that this species of coralline red algae is able
to mitigate the effects of moderate ocean acidification via

pH regulation at the site of calcification. However, the
observation that pHcf and calcification rates decreased
when pHsw was reduced to 7.5 suggest that there is a limit
to the extent to which this species can mitigate the effects
of extreme ocean acidification.
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Böhm F., Eisenhauer A., Tang J., Dietzel M., Krabbenhöft A.,
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