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Abstract

Emiliania huxleyi cells were grown in artificial seawater of different Li and Ca
concentrations and coccolith Li/Ca ratios determined. Coccolith Li/Ca ratios were positively
correlated to seawater Li/Ca ratios only if the seawater Li concentration was changed, not if
the seawater Ca concentration was changed. This Li partitioning pattern of E. huxleyi was
previously also observed in the benthic foraminifer Amphistegina lessonii and inorganically
precipitated calcite. We argue that Li partitioning in both E. huxleyi and A. lessonii is
dominated by a coupled transmembrane transport of Li and Ca from seawater to the site of
calcification. We present a refined version of a recently proposed transmembrane transport
model for Li and Ca. The model assumes that Li and Ca enter the cell via Ca channels, the Li
flux being dependent on the Ca flux. While the original model features a linear function to
describe the experimental data, our refined version uses a power function, changing the
stoichiometry of Li and Ca. The version presented here accurately predicts the observed
dependence of Dy on seawater Li/Ca ratios. Our data demonstrate that minor element
partitioning in calcifying organisms is partly mediated by biological processes even if the
partitioning behaviour of the calcifying organism is indistinguishable from that of
inorganically precipitated calcium carbonate.

Plain Language Summary

Marine shell-forming organisms such as the minute, but abundant, coccolithophores (single
celled phytoplankton) and foraminifera (single celled zooplankton) are not only ecologically
important, but also contribute significantly to the global carbonate sink. Minor elements (e.g.
Sr and Li) trapped in biogenic carbonate sediments provide a window into past environmental
conditions such as temperature, which is relevant for climate change. An understanding of
elemental incorporation processes is required in order to correctly translate these minor
element signatures into past environmental data. Here we conducted culture experiments with
the coccolithophore Emiliania huxleyi to determine its Li incorporation behaviour. We
compare our results with previously published data on the foraminifer Amphistegina lessonii
and data on synthetic calcite. The Li incorporation behaviour of biogenic calcites is
surprisingly similar to that of synthetic calcite. This is usually taken to mean that Li
incorporation into shells should proceed inorganically. By contrast, we conclude that minor
element incorporation processes in marine shell-forming organisms always include biological
processes. This is relevant to past climate reconstructions because it excludes any

interpretation of minor element signatures in fossil shells based on inorganic processes only.
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Introduction

Minor element (Me) incorporation into marine biogenic carbonates has been widely used to
reconstruct environmental parameters such as temperature and seawater chemistry (Elderfield
et al. 2000, Lea 2014). For instance, seawater Sr/Ca ratios and Li/Ca ratios were
reconstructed from foraminiferal Sr/Ca ratios and Li/Ca ratios respectively (Delaney and
Boyle 1986, Lear et al. 2003, Hathorne and James 2006). These reconstructions assume a
positive relationship between foraminiferal Me/Ca ratios and seawater Me/Ca ratios. Culture
studies have shown that this assumption indeed holds true for Sr, not only in foraminifera but
also in coccolithophores (Langer et al. 2006, Langer et al. 2016, Hermoso et al. 2017, Mejia
et al 2018, Muiller et al. 2018). However, while Mg partitioning into foraminiferal calcite
shows a behaviour similar to that of Sr partitioning (Mewes et al. 2014, Mewes et al. 2015a),
foraminiferal Li/Ca does not depend on seawater Li/Ca, but on seawater Li concentration
(Langer et al. 2015). At first glance this difference between divalent cation Sr (Mg) and the
alkali-metal ion Li, could be explained in terms of inorganic precipitation processes. In
contrast to divalent ions, alkali metal ions do not compete with Ca for a position in the calcite
lattice (Lorens, 1981; Ishikawa and Ichikuni, 1984; Busenberg and Plummer, 1985; Okumura
and Kitano, 1986; Marriott et al., 2004a). However, any inorganic precipitation based
explanation of the minor element partitioning behaviour of calcifying organisms has to face
the persistent issue of the “vital effect”, first mentioned by Urey et al. (1951): “we may ask
whether there is a vital effect?”.

The vital effect is usually discussed whenever there is a discrepancy between the minor
element partitioning behaviour of a calcifying organism and inorganic precipitation, but often
ignored when there is no discrepancy. In the latter case it is usually implied that minor
element partitioning is driven by inorganic precipitation alone, but this might be mistaken.
The U partitioning into foraminiferal calcite, for example, was first explained in terms of
inorganic precipitation alone (Russell et al. 2004), but later inorganic precipitation combined
with cellular U transport was suggested as an alternative explanation (Keul et al. 2013). This
is where conceptual biomineralization models enter the debate. These models have been
developed for different calcifiers based on a number of observations in various fields of
research such as physiology, biochemistry, anatomy, ultrastructure, and elemental
fractionation itself (Simkiss and Wilbur 1989, Vidavsky et al. 2016, Bentov et al. 2009,
Gagnon et al. 2012, Erez 2003, Erez and Braun 2007, Tambutté et al. 2012, Mass et al. 2017,
Nehrke et al. 2013, Langer et al. 2006). The common feature of all these models is that they

include biological processes in the overall partitioning mechanism of minor elements. They
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raise the question of the “invisible vital effect”, in other words mimicry of inorganic
partitioning behaviour (Taubner et al., 2012; Keul et al., 2013; Gussone et al., 2016).

Li partitioning into foraminiferal calcite is a prime example. Although the pattern of Li
partitioning into Amphistegina lessonii is explicable in terms of inorganic precipitation, an
explanation based on transmembrane transport of ions was proposed (Langer et al. 2015).
This explanation presupposes that foraminifera actually use transmembrane transport in order
to deliver Ca ions to the site of calcification. However, even though several studies are in
favour of this view (Glas et al. 2012, Nehrke et al. 2013, Keul et al. 2013, Mewes et al.
2015a, Langer et al. 2016), there are still numerous studies proposing endocytosis of seawater
as a mechanism by which Ca is transported to the site of calcification (Erez 2003, Bentov et
al. 2009, Evans et al. 2018). Coccolithophores, by contrast, solely use transmembrane
transport to deliver Ca and other ions to the coccolith vesicle (Taylor et al. 2017). Here we
ask the following question: Does the Li partitioning behaviour of Emiliania huxleyi resemble
that of A. lessonii? If the Li partitioning behaviour of E. huxleyi was fundamentally different
(dependence of coccolith Li/Ca on seawater Li/Ca) from that of A. lessonii, it would be
highly likely that Li partitioning in this foraminifer is not driven by transmembrane transport.
If the Li partitioning behaviour of E. huxleyi was similar to that of A. lessonii this would
show that a transmembrane based partitioning mechanism could produce the Li partitioning
pattern we see in A. lessonii.

Since there are no published data on Li partitioning in coccolithophores, we conducted an
experiment with E. huxleyi, similar in setup to the one performed on A. lessonii (Langer et al.
2015).

Material and Methods

Culture experiments:

Clonal cultures of Emiliania huxleyi (strain RCC3652) were obtained from the Roscoff
Culture Collection (http://roscoff-culture-collection.org/) and grown in triplicate in sterile
filtered (0.2 um pore-size cellulose-acetate filters) artificial seawater (for general composition
of major ions except Ca see Langer et al. 2006, Langer et al. 2009, for particular changes to
this composition with respect to Ca and Li see Table 1; all salts reagent grade, obtained from
Merck) enriched with 100 umol L™ nitrate, 6.25 umol L™ phosphate, and trace metals and
vitamins according to f/2 (Guillard and Ryther, 1962). The incident photon flux density was
250 umol/m?+s and a 16/8 h light/dark cycle was applied. Experiments were carried out at

20°C. Two separate experiments were conducted. In one experiment the Li concentration of
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the artificial seawater was varied, and in the other experiment the Ca concentration of the
artificial seawater was varied. For details on Li and Ca concentrations see Table 1. The pH of
the artificial seawater was adjusted to 8.2 (NBS scale) by sodium hydroxide (0.1 M) addition.
Seawater pH was determined potentiometrically using a glass electrode/reference electrode
cell (Schott Instruments, Mainz, Germany), which included a temperature sensor and was
two-point calibrated with NBS buffers prior to every set of measurements. Average
repeatability was + 0.02 pH units (n = 30). Salinity of the artificial seawater was determined
by means of a conductivity meter (WTW Multi 340i) combined with a TetraCon 325 sensor.
Cells were grown in dilute batch ensuring a quasi-constant carbonate chemistry over the
course of the experiment (Langer et al. 2011). Cell densities were determined by means of
flow cytometry. Cultures were harvested by filtering onto Omnipore polycarbonate
membrane filters (0.8 pm pore-Size) using a vacuum pump. The filters were dried at 50 °C for
24 hours prior to storage at room temperature.

Sample preparation and determination of Me/Ca ratios:

Approximately 15-20 mg of the sample were subsampled from each filter by folding the filter
with plastic tweezers and collecting flakes of material in 5 ml acid pre-cleaned centrifuge
tubes. To remove organic matter and residual seawater 4ml of 10% hydrogen peroxide were
added to each sample tube and heated to ~60°C and ultrasonicated for 10 mins. The sample
was subsequently centrifuged to pellet the solid fraction and remove/exchange the residual
solution. This procedure was repeated 4 times and followed by 4 rinses in water with
ultrasonication and centrifugation in a similar way to the peroxide treatment. Type 1 (18.2
MOhm) purified water was used for all rinses. The rinses most likely only dissolved a
negligible percentage of the sample, which does not affect the Li/Ca ratio (Yu et al. 2007).
We also left the samples in water for 12h as a final 5" rinse to further remove potential
seawater contaminantion. Samples were left to dry after the final centrifugation and removal
of the supernatant.

Analyses of cultured Emiliania huxleyi:

Subsamples of the prepared Emiliania huxleyi were transferred to 0.5 ml microcentrifuge
tubes and rinsed a further time by adding 500ul water, sonicating to mix the suspension and
centrifuging. The supernatant water was removed and the samples dissolved in 500 pl 0.1M
HNOz. The solution was centrifuged and 450 ul supernatant saved for analysis. A 25ul
aliquot was diluted 10 fold for Ca determination by ICP-OES. The Ca concentrations
confirmed that sample sizes ranging from 1.7 to 7.2 mg CaCOz had been dissolved. Aliquots
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of the remaining solution were diluted to constant Ca concentration for the determination of
Li/Ca and Sr/Ca ratios. Sr/Ca was determined by ICP-OES using the method of de Villiers et
al. (2002). Analytical precision for Sr/Ca is better than 0.3 % (r.s.d), determined by replicate
runs of a consistency standard containing 1.67 mmol/mol Sr/Ca.

Li/Ca ratios of Emiliania huxleyi were determined on a Thermo ElementXR sector field ICP-
MS at the Department of Earth Sciences, University of Cambridge following the method
detailed in Misra et al (2014). Long term analytical precision for Li/Ca of 3.6% (1o r.s.d.)
has been established over a four year period, based on replicate measurements of an in-house
foraminifera standard (CAM-Uvig-2) containing 13.5 umol/mol Li/Ca.

Analyses of culture media:

The culture media were analysed in the same manner as previously for A. lessonii culture
experiments (Langer et al, 2015). Briefly, Li/Ca and Sr/Ca ratios were determined by ICP-
OES after dilution of the culture media to a constant sodium concentration of 110 ppm.
Samples were run on a Varian Vista Axial ICP-OES using the 315.887 nm Ca, 421.552 nm
Sr and the 670.783 nm Li emission lines. Calibration standards were prepared from IAPSO
standard seawater to closely match the concentration matrix of the media solutions, spiked
with Ca, Li and Sr (also Mg) to cover the concentration ranges in the experiments. Precision
better than 0.5 % (r.s.d) was achieved for both Li/Ca and Sr/Ca, determined by replicate runs
of a consistency standard containing 14.5 mmol/mol Li/Ca, and 30.6 mmol/mol Sr/Ca.
seawater Li/Ca is changed by altering Li concentration, coccolith Li/Ca is positively
correlated to seawater Li/Ca (Fig 1). If, on the other hand, seawater Li/Ca is changed by
adjusting the Ca concentration, coccolith Li/Ca is negatively correlated to seawater Li/Ca
(Fig 2). This pattern is in stark contrast to the behaviour of Sr, i.e. changing the seawater
Sr/Ca by -changing seawater Ca concentration yields a positive correlation between coccolith
Sr/Ca and seawater Sr/Ca (Fig 3). Our Sr data tally well with published data on both E.
huxleyi and Amphistegina lessonii in the sense that calcite Sr/Ca depends on seawater Sr/Ca,
as opposed to seawater Sr concentration (Langer et al. 2006, Langer et al. 2016). As a general
caveat we point out that the number of data points used in our and similar studies (references
see above, also Introduction) is not sufficient to run statistical significance tests.
Nevertheless, the relationships described here and elsewhere are sufficiently unambiguous to
justify the conclusions drawn. At any rate, it would be desirable to conduct additional studies

in the future including more data points and statistical tests.

©2020 American Geophysical Union. All rights reserved.



However, coccolith Li/Ca only increases if seawater Li concentration is increased, not if
seawater Ca concentration is decreased. This pattern was also reported for A. lessonii (Langer
et al. 2015). Hence the Li partitioning pattern is the same in inorganically precipitated calcite
(Okumura and Kitano 1986, Marriott et al. 2004a), A. lessonii (Langer et al. 2015), and E.
huxleyi (this study). It is generally accepted that coccolithophores employ transmembrane
transport to deliver Ca ions to the coccolith vesicle (Taylor et al. 2017), and interpretations of
minor element and isotope partitioning into coccoliths have been based on conceptual
biomineralization models featuring transmembrane transport of Ca and the minor element in
question (Langer et al. 2006, Gussone et al. 2006, Langer et al. 2009, Stoll et al. 2012). We
therefore propose that the similarity in partitioning pattern between inorganically precipitated
calcite and E. huxleyi coccoliths is not based on a similarity in partitioning mechanism, but
represents a case of mimicry, i.e. transmembrane transport of Li and Ca in E. huxleyi creates
a partitioning pattern that looks like that of inorganically precipitated calcite. Consequently,
the Li partitioning pattern of A. lessonii could also represent a case of inorganic mimicry
(Langer et al. 2015). To analyse the Li partitioning pattern in more detail we adopt the model
of a coupled transmembrane transport of Li and Ca proposed by Langer et al. (2015), which
is based on the idea that Li can enter the cell via Ca channels. In Langer et al. (2015), the
authors used a linear function to describe their experimental data. While this is possible also
for E. huxleyi, a more in depth qualitative analysis of the data, both E. huxleyi and A. lessonii,
leads us to conclude that a power function serves the purpose better. The usage of a power
function does not change the underlying idea of the model, but merely the stoichiometry of
the Li and Ca transport. According to the model the Li flux (Fvi) is:

Fui = k[Lil§wlCalsy, oy
As suggested in Langer et al. (2015), the Ca flux is probably not significantly affected by the
Li ion due to the small size of the latter, and is therefore described as:

Foq =l[Calsy 2
which is a valid description for the channels as well as for a non-saturated active transport

process. Then, the Li/Ca of the precipitated calcite is given by the ratio of the ion fluxes:

(o) o= o = TlCalyy, [Lilfy = TICal ™R3y (3)
where Rsw is the seawater Li/Ca. To illustrate the advantage of a power function we re-
plotted the A. lessonii data against Rsw and applied equation (3), as we did for E. huxleyi (Fig
1). Equation (3) indicates that the calcite Li/Ca is correlated to Rsw with a positive power (x

=0.829) only if the Li concentration of seawater is changed. From the last term in equation
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(3) follows the observed power function describing the positive correlation between the

calcite Li/Ca and the seawater Li/Ca at constant Ca concentration:
(é_jl)cc = —[Ca]y o RE, = const, RE, (4)

However, if the Ca concentration of seawater is changed, while keeping Li concentration
constant, the calcite Li/Ca is negatively correlated to Rsw, which is indicated by a negative
power (1-y =-0.2) in equation (5):

(é—;) [Ll]x+y 'Ry’ = constyRey” (5)

The change in the Li partitioning coefficient Dy; with changing seawater Li/Ca for both
experimental setups can immediately be derived by using equations (4) and (5), respectively.
If the Li concentration of seawater is changed it follows from equation (4) a power function
for the relationship between D¢ and Rsw:

_ 1 i _consty Hy—1 — x—1
Dui= [Lilsw (Ca)cc [Calsw Rsw consts Rsw (6)

Forthe case of changing Ca concentration, the power function for Dy is given by:

1 (L
Dy = —— (—l) = SN2 plY — const, Ry (7)
cc

[Lilsw \C T [Lilsw

Here, two features are particularly interesting. Firstly, the model curves describe not only the
correlation between calcite Li/Ca and seawater Li/Ca, but the predicted change in Dy with
changing seawater Li/Ca fits the experimental data. Secondly, the relationships in A. lessonii
and E. huxleyi are remarkably similar (Figs 1 and 4). This similarity points to a similar
underlying mechanism. We emphasise that this similarity does not prove a common Li
partitioning mechanism in A. lessonii and E. huxleyi, but it renders a common mechanism
possible, and even likely. We propose that this common mechanism is dominated by coupled
transmembrane transport of Li and Ca, as suggested by Langer et al. (2015).

However, despite the striking similarity in Li partitioning patterns of A. lessonii and E.
huxleyi, there are also differences. If the seawater Li/Ca is changed by altering seawater Ca
concentration, the A. lessonii Li/Ca ratio remains constant, whereas the E. huxleyi Li/Ca ratio
increases at low seawater Li/Ca (Langer et al. 2015, and Fig 2). The reason for this could be
the bigger range in seawater Li/Ca in the E. huxleyi experiment. Regardless of the reason for
this difference, the important observation here is that in both A. lessonii and E. huxleyi there
is no positive correlation between calcite Li/Ca and seawater Li/Ca if the latter is changed by
changing seawater Ca concentration, in contrast to divalent cations such as Sr and Mg (this
study, Langer et al. 2006, Mewes et al. 2014, Mewes et al. 2015a, Mewes et al. 2015b,
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Langer et al. 2016). This underlines that in both A. lessonii and E. huxleyi the alkali metal Li
behaves differently from the divalent cations Sr and Mg.

The other difference between the Li partitioning behaviour of A. lessonii and E. huxleyi
concerns the partitioning coefficient Dpi. The partitioning coefficient of a minor element (Me)
is usually calculated according to Dwve = (Me/Ca)c/(Me/Ca)sw (e.g. Lorens et al. 1981). While
this definition works well for divalent cations, the Dwme of alkali cations such as Li should be
calculated according to Dwve = (Me/Ca)c/[Me]sw (Busenberg and Plummer 1985; Okumura
and Kitano 1986, Langer et al. 2015). However, even some recent studies still use the former
definition of the partitioning coefficient for alkali metal ions (Evans et al. 2018, Fliger et al.
2019). In order to put our E. huxleyi Dy in the context of literature data we therefore use both
definitions of D.i. From Fig 5 the following conclusions may be drawn: 1) A. lessonii Dy is
higher than E. huxleyi DLi, 2) different foraminifera have similar Dy, 3) E. huxleyi Dy falls
within the range of values for inorganic calcite, 4) A. lessonii Dy is higher than the one of
inorganic calcite.

Please note that values for Dy = (Li/Ca)cc/(Li/Ca)sw are potentially misleading, even when
only used as relative values. This is due to the variable Ca concentration used in different
experiments. However, only conclusion 2 (see above) relies on this potentially misleading
definition of Djalone. We are therefore cautious with respect to conclusion 2 but confident
with respect to conclusions 1, 3, and 4. Taken together with the other data discussed above,
this comparison of different Dy suggests that E. huxleyi displays a complete mimicry of
inorganic Li partitioning behaviour whereas A. lessonii does so only partially, i.e. the A.
lessonii Dy; differs from the inorganic one. The question of whether the latter difference is
indicative of a fundamental difference in partitioning mechanism between A. lessonii and E.
huxleyi, or is merely indicative of different membrane characteristics (e.g. calcium channels,
White 2000), cannot be answered with certainty. However, the absolute Li fractionation of
e.g. Ca channels in the plasmamembrane of foraminifera might well be different from that of
coccolithophores. This difference would be sufficient to explain the difference in Dy between
A. lessonii and E. huxleyi, without the need to invoke a fundamental difference in
fractionation mechanism such as different cellular pathways for Li and Ca, e.g. vesicle
transport in foraminifera and transmembrane transport in coccolithophores. Taken together
with other support for Ca and minor element transmembrane transport in foraminifera (Glas
et al. 2012, Nehrke et al. 2013, Keul et al. 2013, Mewes et al. 20153, Langer et al. 2016), we
conclude that there is no fundamental difference in Li partitioning mechanism between A.

lessonii and E. huxleyi. The most plausible interpretation is that both species feature a
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coupled transmembrane transport of Li and Ca, accounting for the Li partitioning behaviour
described above. However, transmembrane transport of Li and Ca in A. lessonii does not
exclude additional fractionation steps such as a precursor phase (Jacob et al. 2017), which
would introduce a constant offset of the curves but not change their shapes. The need to
combine physiological and mineralogical fractionation steps in a description of the minor
element incorporation behaviour of A. lessonii was previously highlighted for the divalent
cation Mg (Mewes et al. 2015b, Langer et al. 2016). The discovery of a metastable precursor
phase for shell calcite in foraminifera (Jacob et al. 2017) could perhaps explain why Dy in A.
lessonii is different from that of E. huxleyi, because there is currently no evidence for a
precursor phase in coccolithophores.

Conclusion

This study indicates that the issue of the vital effect is omnipresent in calcifying organisms,
even when the partitioning behaviour of the organism in question is indistinguishable from
that of inorganically precipitated calcium carbonate. We do not conclude that every
calcifying organism actually does show a vital effect, but we conclude that a vital effect
cannot be excluded in any organism based on minor element partitioning data. The latter
conclusion is based on the observation that E. huxleyi shows a complete mimicry of inorganic
partitioning behaviour, although its calcification mechanism is substantially different from
inarganic precipitation. While these conclusions can be confidently drawn from our data, the
number of data points puts limits on statistical significance tests which would make the exact
relationships more robust. Future studies should therefore include more data points so that

statistical significance tests can be performed.
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Figure 1

A) E. huxleyi Li/Ca ratio [umol/mol] versus seawater Li/Ca ratio [mmol/mol]. The seawater
Li/Ca ratio was changed by changing seawater Li concentration. The dashed line was
calculated using the equation shown in the plot. Error bars represent standard error.

B) E. huxleyi DLi [L/mol] versus seawater Li/Ca ratio [mmol/mol]. The seawater Li/Ca ratio
was changed by changing seawater Li concentration. The dashed line was calculated using
the equation shown in the plot. Error bars represent standard error.
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Figure 2

A) E. huxleyi Li/Ca ratio [ptmol/mol] versus seawater Li/Ca ratio [mmol/mol]. The seawater
Li/Ca ratio was changed by changing seawater Ca concentration. The dashed line was
calculated using the equation shown in the plot. Error bars represent standard error.

B) E. huxleyi DLi [L/mol] versus seawater Li/Ca ratio [mmol/mol]. The seawater Li/Ca ratio
was changed by changing seawater Ca concentration. The dashed line was calculated using
the equation shown in the plot. Error bars represent standard error.
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E. huxleyi Sr/Ca ratio [mmol/mol] versus seawater Sr/Ca ratio [mmol/mol]. The seawater
Sr/Ca ratio was changed by changing seawater Ca concentration. The dashed line is the linear
trend-line (equation and r2 shown in the plot). The slope of the trend-line represents the DSr =
0.3146. Error bars represent standard error.
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Figure 4

A) A. lessonii Li/Ca ratio [mmol/mol] versus seawater Li/Ca ratio [mol/mol]. The seawater
Li/Ca ratio was changed by changing seawater Li concentration. The dashed line was
calculated using the equation shown in the plot. Error bars represent standard error. Data

from Langer et al. (2015).

B) A. lessonii DLi [L/mol] versus seawater Li/Ca ratio [mol/mol]. The seawater Li/Ca ratio
was changed by changing seawater Li concentration. The dashed line was calculated using
the equation shown in the plot. Error bars represent standard error. Data from Langer et al.

(2015).
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A) DLi*1073 = (Li/Ca)cc/(Li/Ca)sw of different calcites. Data were taken from: Inorganic:
Okumura and Kitano (1986), Marriott et al. (2004a), Marriott et al. (2004b), Fliger et al.
(2019). A. lessonii: Langer et al. (2015). G. ruber: Evans et al. (2018). Benthics: Marriott et
al. (2004a). E. huxleyi: this study.

B) DLi = (Li/Ca)cc/[Li]sw of different calcites. Data were taken from: Inorganic: Okumura
and Kitano (1986), Marriott et al. (2004b). A. lessonii: Langer et al. (2015). E. huxleyi: this
study.
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Table 1. Dataset derived from the experiments with E. huxleyi. SD = standard deviation, SE = standard error. See excel file.

seawater seawater seawater seawater coccoliths coccoliths coccoliths coccoliths coccoliths coccoliths coccoliths coccoliths coccoliths coccoliths coccoliths coccoliths

Li/Ca Sr/Ca [Ca] [Li] Li/Ca Li/Ca Li/Ca DLi DLi DLi Sr/Ca Sr/Ca Sr/Ca DSr DSr DSr
mmol/mol mmol/mol mM mM  umol/mol umol/mol umol/mol  L/mol L/mol L/mol  mmol/mol mmol/mol mmol/mol mol/mol mol/mol mol/mol
average SD SE average SD SE average SD SE average SD SE
Ca
variable

8.8778 1.8878 51.2997 0.4554 11.7804 2.3358 1.1679 0.0259 0.0051 0.0026 0.5470  0.0027 0.0013  0.2898 0.0014  0.0007
17.4384 3.6936 25.5100 0.4449 10.5786 1.9596 0.9798 0.0238 0.0044 0.0022  1.1411 0.0042 0.0021  0.3089 0.0011  0.0006
42.8061 89819 10.3055 0.4411 8.0220 0.2643 0.1321 0.0182 0.0006 0.0003 2.8930 0.0314 0.0157  0.3221  0.0035 0.0017
87.1270 18.1223 5.1587 0.4495 7.7428 0.3006 0.1503 0.0172 0.0007 0.0003 5.6569 0.0643 0.0321  0.3121 0.0035 0.0018
Li variable
85.0525 8.6735 10.4984 0.8929 12.8377 0.9423 0.4712 0.0144 0.0011 0.0005 2.8073 0.0102 0.0059  0.3237 0.0012  0.0007
42.8061 89819 10.3055 0.4411 8.0220 0.2643 0.1321 0.0182 0.0006 0.0003  2.8930 0.0314 0.0157 0.3221  0.0035 0.0017
19.1934  8.6053 10.5258 0.2020 - 4.1315 0.2009 0.1005 0.0205 0.0010 0.0005 2.8021 0.0102 0.0051  0.3256 0.0012  0.0006
7.7179 8.6129 10.5816 0.0817 1.7705 0.0622 0.0311 0.0217 0.0008 0.0004  2.7468 0.0089 0.0063  0.3189 0.0010 0.0007
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