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Abstract

The isotopic fractionation of hydrogen during the biosynthesis of alkenones produced
by marine haptophyte algae has been shown to depend on salinity and, as such, the
hydrogen isotopic composition of alkenones is emerging as a palaeosalinity proxy. The
relationship between fractionation and salinity has previously only been determined
during exponential growth, whilst it is not yet known in which growth phases natural
haptophyte populations predominantly exist. We have therefore determined the
relationship between the fractionation factor,a . and salinity for C, alkenones
produced in different growth phases of batch cultures of the major alkenone-producing
coastal haptophytes Isochrysis galbana (strain CCMP 1323) and Chrysotila lamellosa
(strain CCMP 1307) over a range in salinity from ca. 10to 35.a,  was similar in
both species, ranging over 0.841-0.900 for I. galbana and 0.838-0.865 for C. lamellosa.
A strong (0.85 < R* < 0.97; p < 0.0001) relationship between salinity and fractionation
factor was observed in both species at all growth phases investigated. This suggests

that alkenone 8D has the potential to be used as a salinity proxy in neritic areas where
haptophyte communities are dominated by these coastal species. However, there

was a marked difference in the sensitivity ofa;, to salinity between different
growth phases: in the exponential growth phase of I galbana, a . increased

by 0.0019 per salinity unit (S™), but was less sensitive at 0.0010 S" and 0.0008 S during
the stationary and decline phases, respectively. Similarly, in C. lamellosa o,
increased by 0.0010 S in the early stationary phase and by 0.0008 S* during the late
stationary phase. Assuming the shift in sensitivity ofa ,__ to salinity observed

at the end of exponential growth in I. galbana is similar in other alkenone-producing
species, the predominant growth phase of natural populations of haptophytes will affect
the sensitivity of the alkenone salinity proxy. The proxy is likely to be most sensitive to
salinity when alkenones are produced in a state similar to exponential growth.

1 Introduction

One of the important controls of climate in the late Quaternary is ocean circulation (e.g.
Broecker et al., 1985), which transports heat and moisture around the globe (Ganachaud
and Wunsch, 2000). This circulation depends on, amongst other factors, differences in
seawater density, which in turn are partly dependent on salinity. Meanwhile, 86% of
evaporation and 78% of precipitation occur over the ocean (Baumgartner and Reichel,
1975), the relative amounts of which affect salinity at the sea surface (e.g. Durack et al.,
2012). Therefore, the ability to reconstruct past sea surface salinities is of importance to
understand past changes in both ocean dynamics and the hydrological cycle.

Currently, the hydrogen isotopic composition (8D) of C_ alkenones is emerging as a
potential sea surface salinity proxy. These long-chain alkenones are acetogenic lipids
(de Leeuw et al., 1980) produced, in marine environments, by only a few species of
haptophyte algae (e.g. Volkman et al., 1980; Marlowe et al., 1984; Volkman et al., 1995)
and are well studied because of the application of the alkenone unsaturation indices U},
(Brassell et al., 1986) and UX (Prahl and Wakeham, 1987) as palaeotemperature proxies.
The alkenone 8D salinity proxy exploits two effects: first, a strong correlation between
the 0D of alkenones and the 8D of seawater (Englebrecht and Sachs, 2005), which itself
is strongly coupled to salinity (Craig and Gordon, 1965); and second, a correlation of
the fractionation factor between water and C_, alkenones,a , _  (a), to salinity
(Schouten et al., 2006; M’Boule et al., 2014). These two effects act in concert so that
alkenone 6D becomes less negative as salinity increases. As such, the 6D of alkenones



recovered from sediment cores has been used to estimate changes in past surface
salinity, for example, in the Eastern Mediterranean (van der Meer et al., 2007), the Black
Sea (van der Meer et al., 2008; Coolen et al., 2013) and the Agulhas region (Kasper et al.,
2014).

The reason for this correlation between salinity and fractionation is presently not

clear. One hypothesis for the increase in fractionation factor observed with increasing
salinity is that at higher salinities water transport across cell membranes is reduced

as the cell maintains osmotic potential and that this reduced transport decreases the
effective size of the pool of internal cell water from which hydrogen can be fixed (Sachse
and Sachs, 2008). It is known that the hydrogen isotopic composition of internal cell
water can be considerably different to external water (Kreuzer-Martin et al., 2006).
Preferential incorporation of more deuterium (D)-depleted isotopologues of water into
the photosynthate via NADPH during photosynthesis (Estep and Hoering, 1981; Yakir
and DeNiro, 1990) should leave any remaining intracellular water relatively enriched
in deuterium. Therefore, at higher salinities cell water D enrichment is more rapid than
at lower salinities. As photosynthesis continues, the signal from this D enriched cell
water is then transferred to alkenones, resulting in an apparent increase in o at higher
salinities.

Besides salinity, a also varies with other parameters, such as the species producing the
alkenones (Schouten et al., 2006; M’Boule et al., 2014), their growth rate (Schouten et al.,
2006) and growth phase (Wolhowe et al., 2009). Wolhowe et al. (2009) observed, in batch
cultures of the major oceanic alkenone-producing haptophyte species Emiliania huxleyi
and Gephyrocapsa oceanica, a decrease in a after the exponential growth phase. Based on
an observed increase in the mass of alkenones per cell after exponential growth (cf., for
example, Conte et al., 1998; Epstein et al., 1998; Eltgroth et al., 2005), a possible reason
given for this decrease in a was that after the onset of the stationary phase the relative
rate of biosynthesis of acetogenic alkenones compared to isoprenoidal structural lipids
increases. Because isoprenoidal lipids are more depleted in D relative to acetogenic lipids
(Estep and Hoering, 1980; Sessions et al., 1999; Chikaraishi et al., 2009) then — if the
rate of NADPH formation is assumed to remain constant in both growth phases — mass
balance of the two stable hydrogen isotopes means that as the relative production of
alkenones increases their 8D must become more negative.

It is not known if and how the growth phases observed in batch culture are applicable
to natural continually-growing and occasionally blooming populations of algae, and
therefore the predominant growth phase of natural haptophyte populations is unknown.
Nevertheless, if natural haptophyte populations are controlled primarily by nutrient
limitation then it is more likely that alkenone flux to sediment is derived principally
from cells in the stationary or decline phases than if mortality — due to, for example,
grazing by zooplankton or infection by viruses — is the controlling factor. Whether

or not phytoplankton populations are controlled primarily by nutrient limitation

or by grazing or viral lysis is debated (e.g. Banse, 2013 and references cited therein).
Meanwhile, the global core-top calibration for the temperature proxy is statistically
identical to that observed during the exponential phase of an E. huxleyi culture (Miller
et al., 1998) but a resemblance in the alkenone and alkenoate composition of surface
sediments to those of nutrient stressed haptophyte cells has also been observed (Conte
et al., 1998; Prahl et al., 2006). The possibility that natural haptophyte populations exist



at growth phases other than the exponential, together with the effect of growth phase on
a, means that, in order to improve the ability of alkenone D to reconstruct sea surface
palaeosalinities in a broad range of environments, the relationship between a and
salinity should be determined for growth phases other than the exponential.

M’Boule et al. (2014) determined for the first time the relationship between a and salinity
for a coastal haptophyte. The sensitivity of the fractionation factor, a, to salinity (S) in
exponential phase Isochrysis galbana (where a = 0.0019 S + 0.835; R*=0.97, p < 0.0001, n =
18; Fig. 1) was similar to that in open ocean haptophytes — extending the potential scope
of the alkenone salinity proxy to areas dominated by coastal alkenone-producers as well
as those dominated by oceanic species. Here, using batch cultures of the major coastal
alkenone-producing haptophytes I. galbana and Chrysotila lamellosa, we investigate
the effects of growth phase on the relationship between a and salinity, and discuss the
implications of these effects on the use of alkenone 8D for palaeosalinity reconstruction.

2 Materials and methods
2.1 Cultures

Batch cultures of Isochrysis galbana (strain CCMP 1323) and Chrysotila lamellosa (strain
CCMP 1307) were grown in triplicate at salinities of 10.3, 15.3, 20.2, 25.1, 30.2 and
35.5,and 10.2, 15.2, 20.3, 24.9, 30.0 and 35.0, respectively. Waters of different salinities
were sterilized by autoclave and enriched with sterile minerals and vitamins to give

t/2 medium (Guillard, 1975). Cultures (600 mL) were grown in 1 L Erlenmeyer flasks,
sealed by paper stopper, at 15°C under cool white fluorescent lights (Philips Master
TL-D 865) providing 60 pmol photons m~? s™ with a light:dark cycle of 16:8 h. Cultures
were inoculated to an initial cell density of between 2300-4600 cells mL"* (1. galbana;
M’Boule, et al., 2014) and 500-1500 cells mL" (C. lamellosa) using stock cultures that
had been acclimatized under the above conditions at each salinity for five weeks, during
which the culture was transferred to fresh medium five times. After inoculation cell
densities were monitored regularly by flow cytometry (Accuri C6) and growth phases
were determined from plots of the natural log of cell concentration against incubation
time (Appendix A, Fig Al; cell concentrations are displayed in Appendix A, Tables A1l
and A2). Cell material, together with water for hydrogen isotope and salinity analyses,
was collected from the I. galbana cultures after 10 (exponential growth phase; M'Boule
et al., 2014), 27 or 28 days (stationary phase) and 69, 75, 83, or 89 days (decline phase;
Table 1), and from the C. lamellosa cultures after 13 or 14 (early stationary phase) and
35 days (late stationary phase). Biomass was collected following M’Boule et al. (2014).
Salinity measurements were determined immediately by conductivity meter (VWR
EC300) calibrated to IAPSO standard seawater of salinities 10, 30, 35 and 37.

2.2 Lipid extraction and separation

Cell material was extracted from freeze-dried GF/F filters (Whatman) into 2:1 (v/v)
dichloromethane:methanol (4x10 mL; 4x5 min sonication), after the addition of an
n-nonadecan-10-one (Sigma) internal standard. The extracts were combined and
evaporated under vacuum before being dried over sodium sulfate. The total lipid extract
was separated using an alumina column into three fractions: apolar (eluted with three
column volumes of 9:1 (v/v) hexane/dichloromethane), alkenone (eluted with four
column volumes of 1:1 (v/v) hexane/dicholormethane) and polar (eluted with four



column volumes of 1:1 (v/v) dichloromethane/methanol). The alkenone fraction was
analysed by gas chromatography (GC) and GC/mass spectrometry (GC/MS) according
to Chivall et al. (2014).

2.3  Hydrogen isotope analysis

Water for hydrogen isotope determinations was stored with no headspace in 12 mL
exertainers (Labco) in the dark at ~5°C until analysis. 8D of culture medium (10

x ~1 uL) was determined by elemental analysis/thermal conversion/isotope ratio
monitoring MS (EA/TC/irmMS) using a ThermoQuest Finnigan TC/EA interfaced via a
ThermoQuest Finnigan MAT ConFlo III to a ThermoQuest Finnigan Delta™ XL mass
spectrometer as reported by M'Boule et al. (2014). The H; factor was determined daily
and varied from 7.3-7.8 ppm mV™* at < 0.1 ppm mV"* day™.

Hydrogen isotope analysis of the alkenone fraction was performed by GC/TC/irmMS
using an Agilent 7890 GC connected via Thermo GC Isolink and Conflo IV interfaces
to a Thermo Delta V mass spectrometer in the same manner as M’Boule et al. (2014).
The H; factor varied from 5.8-6.5 ppm mV™" at not more than 0.1 ppm mV"' day. To
monitor accuracy, squalane and n-triacontane were co-injected with each alkenone
sample. 6D of co-injected squalane was -172 + 3%o (n = 182), which compares well with
its EA determined 8D of -170 * 4%o; 6D of co-injected n-triacontane was -75 + 3%o (n =
182; EA determined value = -79 + 5%o). Alkenone 8D was determined as the combined
peak of C_ alkenones (van der Meer et al., 2013) and were measured in duplicate; values
reported are the mean.

2.4  Calculation of alkenone concentration and net rate of production

The mass of C_ alkenones recovered per cell (Table 1; Fig. 3a) was calculated as the ratio
between the mass of alkenones recovered per mL of culture (Appendix A, Table A3)
and, for sampling during the exponential and stationary phases, the cell concentration
at the time of sampling; for the decline phase the mean cell concentration during the
stationary phase was used. The net rate of alkenone production during the incubation
period (Table 1; Fig. 3b) was calculated as the ratio between the mass of alkenones
recovered per mL of culture and the integral of a plot of cell concentration against
incubation period.

3 Results

Batch cultures of I. galbana and C. lamellosa were grown over a range of salinities and
sampled during different growth phases (Tables 1 and 2). Alkenone distributions and
concentrations have been reported elsewhere (Chivall et al., 2014), as has alkenone 6D
and the a-S relationship for exponential phase I. galbana (M’Boule et al., 2014). For C.
lamellosa, problems with cell counting, probably caused by cell clumping (Green and
Course, 1983), made it difficult to calculate growth rates and to identify the transition
between growth phases, which meant no sampling occurred during the exponential
phase. We have therefore termed the sampling at 13 or 14 days early stationary phase
and at 35 days, late stationary phase.



The 8D of C_, alkenones recovered from the stationary phase of the I. galbana cultures
ranged from -181 + 1%o (S = 10.3) to -124 £ 1%o (S = 35.8) and, for the decline phase,
from -174 + 2% (S = 10.7) to 123 + 2%o (S = 37.4; Table 1). Due to its preparation from
seawater and ultrapure water of different isotopic compositions the D of the medium
increased linearly with salinity over a range from -30 + 2 %o to +9 + 2%o (Table 1).
The resulting relationships between the fractionation factor, a, and salinity during the
stationary and decline phases can be expressed as a = 0.0010 S + 0.833 (R*=0.88, p

< 0.0001, n = 18) and a = 0.0008 S + 0.839 (R* = 0.95, p < 0.0001, n = 18; both Fig. 1),
respectively.

The range in alkenone 8D taken from C. lamellosa during the early stationary phase

was -189 + 2%o (S = 10.2) to -131 + 1% (at S = 35.0) and during the late stationary phase
was -187 + 1%o (S = 10.2) to -134 + 1%o (at S = 35.2; Table 2). Again, water 8D increased
linearly with salinity from -33 + 2%o to +5 + 3%o (Table 2). The resulting a-S relationship
for alkenones recovered during the early stationary phase can be expressed as a = 0.0010
S+ 0.829 (R*=0.97, p < 0.0001, n = 18) and that for the late stationary phase as a =
0.0008 S + 0.829 (R*=0.85, p < 0.0001, n = 18; Fig. 2).

4 Discussion

4.1  The relationship between hydrogen isotopic fractionation and salinity at
different growth phases

The range of the fractionation factor, a, for C, alkenones produced by batch cultures

of I. galbana across all growth phases was 0.841-0.900. This is of similar magnitude to
the estimate of o, \\ .~ .. =0.887 for a culture of I. galbana obtained by Sessions

et al. (1999). As discussed elsewhere (M’Boule et al., 2014), the fractionation observed
in I galbana was less than that observed in the major alkenone-producing oceanic
haptophytes E. huxleyi (0.760 < a < 0.822; Schouten et al., 2006; D’Andrea et al., 2007;
Wolhowe et al., 2009; M’ Boule et al., 2014) and G. oceanica (0.737 < a < 0.809; Schouten
et al., 2006; Wolhowe et al., 2009). Fractionation in C. lamellosa (0.838 < a < 0.865) was
similar to I. galbana. This suggests that hydrogen fractionation in coastal haptophytes
is in general less than that of open ocean haptophytes, perhaps because of differing
strategies for maintaining homeostasis in relationship to salinity changes in coastal and
oceanic species (M’Boule et al., 2014).

During exponential growth o for I. galbana increases by 0.0019 per unit increase in
salinity (S"'; M'Boule et al., 2014), which is less than that observed in E. huxleyi (0.0021
< §1<0.0033; Schouten et al., 2006; M’Boule et al., 2014) and G. oceanica (0.0030 S
Schouten et al., 2006). The results presented here clearly show that the sensitivity of a to
salinity not only depends on species but also on growth phase. During the stationary
and decline phases of I. galbana the sensitivity of a to salinity was approximately halved
to 0.0010 S and 0.0008 S, respectively (Fig. 1). The difference between the gradients of
the slopes of the a-S relationship in the stationary and decline phases is not significant
(linear regression analysis; p = 0.06) whilst the difference between the equations of the
slopes is weakly significant (analysis of covariance; p = 0.04). This suggests that the
change in cell physiology or biochemistry affecting the a-S relationship mainly occurs
at the end of exponential growth and the cell then remains in a similar state until cell
death.



Similarly, for C. lamellosa, o increased by 0.0010 S during the early stationary phase
and by 0.0008 S during the late stationary phase. The gradients of the slopes of the

a-S relationships at both sampling times for C. lamellosa are not significantly different
from each other (linear regression analysis; p = 0.08; Fig. 2). Meanwhile, the gradients of
the slopes of the same plot for early stationary phase C. lamellosa and stationary phase
I. galbana are the same (linear regression analysis: p = 0.21) and at all growth phases
for both species, the intercepts of the a-S relationships are ca. 0.83. Altogether, this
suggests that a change in growth phase affects mainly the slope of the a-S relationship
and not the intercept and that the changes in fractionation of hydrogen with salinity
and growth phase during the biosynthesis of alkenones in both these coastal species are
caused by similar processes. Furthermore, at a salinity of 35, a for I. galbana decreases
by 0.026-0.030 between the exponential and stationary phases which is comparable to
the magnitude of the same change observed by Wolhowe et al. (2009) in cultures of E.
huxleyi (0.023-0.030) and G. oceanica (0.022-0.033; both species grown at salinity ~32)
and suggests that a similar mechanism is causing the shift with growth phase in the
open ocean species as well.

4.2  The relationship between hydrogen isotopic fractionation and alkenone
distribution

The change in hydrogen isotopic composition of the C, alkenones between growth
phases may be related to a change in distribution of alkenones since the hydrogen
isotopic composition of diunsaturated and triunsaturated C,, alkenones from the same
source can differ by several tens of per mil (D’Andrea et al., 2007; Schwab and Sachs,
2009; Wolhowe et al., 2009; van der Meer et al., 2013). These differences appear to be
related to the relative abundance of individual alkenones (van der Meer et al., 2013;
Nelson and Sachs, 2014), probably because the C_, alkenone is likely biosynthesised
by desaturation of C,_, (Rontani et al, 2006). The C _ alkenone distributions in 1.
galbana and C. lamellosa varied with both salinity and growth phase: U decreased

in later growth phases and the relative abundance of C_, (%C,, ) tended to increase
with salinity (Table 1; Chivall et al., 2014). While 8D of 1nd1v1dual alkenones was not
determined in this study, it has been calculated previously that a similar change in

UY at the end of exponential growth in an E. huxleyi culture did not alter a by more
than instrumental error (Wolhowe et al., 2009). Furthermore, there were significant
differences in alkenone distribution between the stationary and decline phases of L.
galbana and between the early and late stationary phases of C. lamellosa (Chivall et al.,
2014) which were not reflected in the hydrogen isotopic composition of the alkenones.
Therefore, as with E. huxleyi (Wolhowe et al., 2009), it appears that the cause of the
change in the a-S relationship is a change in biosynthetic fractionation rather than
alkenone distribution.

Despite the above, we do observe some correlation between a and %C,_, or U within
each growth phase. This correlation in nearly all cases only arises because of a relatively
weak correlation between alkenone distribution and salinity (Chivall et al., 2014) and the
strong relationship observed between a and salinity. Multiple linear regression analysis
with salinity and either %C,, or U as independent variables shows that in I. galbana
there is no significant dependence of aon either %C,, (0.19 < p <0.89) or UX (0.14<p

< 0.98). For C. lamellosa the same analysis shows no significant contrlbutlon to o from
%C,,, (0.09 < p <0.93) or, in the early stationary phase, from U% (p 0.46). However,

in the late stationary phase there is a weak dependence of a on U _(p = 0.02; including



UY in the linear regression model increases R* to 0.89, compared to R*> = 0.84 when

a is modelled against salinity as the sole independent variable). Moreover, alkenone
OD typically becomes more negative with increasing unsaturation (D’Andrea et al.,
2007; Schwab and Sachs, 2009; Wolhowe et al., 2009; van der Meer et al., 2013) and so
the observed increase of %C,, with salinity would be expected to result in a decrease
in a rather than the observed increase. With the caveat that the effect of alkenone
distribution upon a was not explicitly tested, it appears that in these cultures alkenone

distribution has little effect on D of the combined C,, alkenones.

4.3  Possible causes for the effect of growth phase on a

A previously proposed mechanism (Wolhowe et al., 2009) for the change in

biosynthetic fractionation at the end of exponential growth is based on the relative

rate of production of acetogenic and isoprenoidal lipids. If the production of relatively
D-depleted isoprenoidal structural components decreases after exponential growth due
to a reduction in cell division, but NADPH production continues into the stationary
phase, then excess hydride is likely to be used for the synthesis of alkenones. Mass
balance suggests that the relative increase in production of acetogenic alkenones after
exponential growth will cause them to become further D-depleted. This hypothesis may
be supported by the typically observed increase in the mass of alkenones per cell after
exponential growth (e.g. Conte et al., 1998; Epstein et al., 1998; Eltgroth et al., 2005).
Relative rates of production of acetogenic and isoprenoidal lipids were not measured in
this study, however an interesting observation is that although the mass of C_, alkenones
per cell increases after the exponential phase (Table 1; Fig. 3a; Chivall et al., 2014) the net
rate of production of alkenones per cell actually falls after exponential growth (Table 1;
Fig. 3b).

An alternative explanation for the change in biosynthetic fractionation at the onset of
the stationary phase is based on internal cell water. Since 'H is preferentially used in the
reduction of NADP* to NADPH (Estep and Hoering, 1981; Yakir and DeNiro, 1990),
the increase in a with increasing salinity observed in haptophytes could be due to a
reduction in water transport across the cell membrane at higher salinities, resulting in
a greater D enrichment of internal cell water than at lower salinities (Sachse and Sachs,
2008). Nutrient limitation can decrease the photosynthetic efficiency of haptophytes
(Herrig and Falkowski, 1989) and, because the rate of NADPH production is linked

to the rate of photosynthesis, it is likely that the rate of hydrogen incorporation into
NADPH from cell water also falls during conditions of nutrient limitation, such as after
the exponential growth phase. This is consistent with the decrease in the net rate of
alkenone production in I. galbana after exponential growth (Fig. 3b). If the rate of water
transport across the cell membrane remains constant while the rate of incorporation of
hydrogen into NADPH falls, then the effective size of the internal water pool, relative
to the rate of hydrogen incorporation into NADPH, will be larger. This would lead to

a smaller D enrichment of cell water at a given salinity and would explain both the
apparent decrease in o observed at a given salinity and the decreased sensitivity of a to
changing salinity after exponential growth. Alternative explanations that would cause
the same change in cell water D enrichment are that the integrity of the cell membrane
decreases after exponential growth, or that cell volume increases after exponential
growth (observed in E. huxleyi; Franklin et al., 2012). Determinations of the 8D of
internal cell water of these haptophytes at different salinities and growth phases would
need to be made in order to test this hypothesis.



4.4  Implications for the alkenone palaeosalinity proxy

There is a strong (0.85 < R* < 0.97; p < 0.0001) a-S relationship in both coastal alkenone
producing species at all growth phases studied, suggesting that alkenone 8D has
potential to be used as a salinity proxy in coastal as well as oceanic regions. Hydrogen
isotope fractionation in both species is similar, as are the relationships between a and
salinity in the stationary phase. If C. lamellosa behaves in a similar way to I. galbana
during exponential growth, then it is likely that an alkenone 8D salinity proxy will not
be highly sensitive to a change in composition of coastal alkenone producing species.
However, as noted by M’Boule et al. (2014), there is a significant difference in the
magnitude of isotope fractionation between the coastal haptophytes I. galbana and C.
lamellosa and the major oceanic alkenone producing haptophytes E. huxleyi and G.
oceanica. Because of this, the species composition of alkenone producing haptophytes
must be considered when applying alkenone 6D as a salinity proxy in transitions from
open marine to increasingly coastal environments.

The general lack of dependence of a upon alkenone distribution in these cultures
supports the argument that 8D of a combined C, alkenones peak can be used for
salinity reconstructions (in agreement with van der Meer et al., 2013). However, the
effect of alkenone distribution on a has not yet been explicitly tested. Meanwhile,
multiple linear regression analysis of the Schouten et al. (2006) G. oceanica data
(available at http://dx.doi.org/10.1594/PANGAEA.832017), shows that a is dependent
on both salinity and U (both p < 0.001). Regressing a for G. oceanica against both
salinity and UY increases R* to 0.97 compared to R* = 0.61 when a is regressed against
salinity alone. If there is a general effect of alkenone distribution on a then the likely
consistent relationship between a_,_. ... and UY (van der Meer et al., 2013; Nelson
and Sachs, 2014) could be used to correct for variations in U without having to know
the isotopic composition of the individual alkenones. This approach may be favoured
for palaecoenvironmental studies, where a high sample throughput and low abundance
measurements are required.

The effect of growth phase may complicate salinity reconstructions. In cultures of L.
galbana, the sensitivity of a to salinity was greater in the exponential growth phase
than in the stationary or decline phases. Based on the decrease in a at the onset of the
stationary phase observed in batch cultures of E. huxleyi and G. oceanica (Wolhowe

et al., 2009) and the C. lamellosa data presented here, it seems likely that a similar
relationship also exists for these three other major alkenone producers. Assuming

this to be the case — and that the concept of growth phases is applicable to natural
populations of alkenone-producing haptophytes — it will be crucial to know in which
growth phase are the alkenones produced that end up in the geological record because
the sensitivity of the alkenone palaeosalinity proxy will decrease if a large proportion
of these alkenones are produced in growth states similar to those after exponential
growth. However, the lower sensitivity of a to salinity observed in alkenones from the
later growth phases of these cultures does not explain the low sensitivities observed

in alkenones recovered from an estuarine (Schwab and Sachs, 2011) and lacustrine
environments (Nelson and Sachs, 2014). A further complication may be that a

change in nutrient availability accompanying a shift in salinity may cause a change

of nutrient stress or growth phase in an alkenone-producing population or a change
in the population itself, both of which are likely to affect alkenone 6D. Because the
predominant growth phase of natural populations of alkenone-producing haptophytes



is unknown, a core-top calibration of the relationship between the fractionation factor,
a, and salinity should be performed to understand the effect of growth phase on the
hydrogen isotopic composition of alkenones in nature and, thereby, improve alkenone
0D as a palaeosalinity proxy.

5 Conclusions

The hydrogen isotopic composition of alkenones recovered from batch cultures of L.
galbana and C. lamellosa is strongly dependent on salinity: a strong relationship between
the fractionation factor, a, and salinity is observed in both species in all growth phases
studied. However, the hydrogen isotopic composition of alkenones in batch cultures of

I. galbana is also strongly dependent on growth phase: the sensitivity of a to changes in
salinity is reduced after the exponential growth phase. A similar effect appears likely

in the three other main alkenone producing species. The predominant growth phase of
natural populations of haptophytes will therefore affect the sensitivity of the alkenone

palaeosalinity proxy.
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Table 1

Salinity, incubation time, growth rate, 8D
and net rate of alkenone production for batch cultures of Isochrysis galbana grown at 15°C. 8D

6D

alkenones’

water’

a
alkenones-water’

UX, %

37

water

and salinity values are the mean of measurements taken at the start of the culture and at the time of

sampling. Errors in 8D

6D

water

alkenones

are the range between duplicate measurements unless stated. Errors in
are propagated from the standard deviation of at least ten replicate injections. Net rate of alkenone

production is for the entire incubation period and is not growth phase specific. Exponential phase

data are taken from M’Boule et al. (2014);

Chivall et al. (2014).

37

3. alkenone concentration

U¥X, %C37:4 and alkenone concentration data are taken from

Salinity Incubation Growth 6D ater Qi eoneswater Uy %C,,, C,, alkenone Net rate of
time rate concentration C, alkenone
production
@ @) (%) (%0) (pgcell’)  (pgcell! day?)
10.3 10 0.63 -172 + 1 291 0.853 +0.001 0.12 6.3 0.24 0.11
10.2 10 0.63 -172 £ 22 30x1 0.853 £ 0.003 0.12 6.7 0.33 0.15
10.3 10 0.62 -170 £ 1 -30+2 0.856 + 0.002 0.11 7.2 0.24 0.11
15.3 10 0.58 -158 + 17 22+1 0.861 = 0.001 0.12 6.0 0.27 0.13
15.3 10 0.61 -157 +1 221 0.863 £ 0.001 0.11 7.3 0.35 0.16
15.3 10 0.61 -158 £ 1 221 0.860 +0.002 0.11 4.4 0.54 0.27
20.3 10 0.63 -142+3 -17+£2 0.873 + 0.004 0.11 5.7 0.26 0.13
20.3 10 0.65 -140 + 1 -17+2 0.875 £ 0.002 0.11 6.1 0.33 0.18
20.3 10 0.65 -144+ 3 -16+2 0.871 £ 0.003 0.12 5.5 0.48 0.25
25.2 10 0.61 -122 1 9+2 0.886 = 0.002 0.11 6.1 0.39 0.21
25.2 10 0.63 -126 £ 1 -11+1 0.883 £ 0.001 0.12 7.4 n.d. n.d.
25.2 10 0.64 -121+1 -10+1 0.889 £ 0.001 0.11 7.9 0.34 0.20
30.3 10 0.63 -lI1+1 3+2 0.892 £ 0.002 0.10 8.4 0.52 0.32
30.3 10 0.63 -106 £ 1 3+1 0.896 + 0.001 0.12 8.6 0.46 0.29
30.3 10 0.63 -109 + 2 2+1 0.893 + 0.002 0.11 9.2 0.27 0.16
35.6 10 0.62 -97+2 +4+2 0.900 +0.002 0.11 12 0.33 0.22
35.6 10 0.60 -99 + 3¢ +5=*1 0.896 + 0.003 0.12 11 0.35 0.21
355 10 0.63 -98 £ 5° +5=*1 0.898 + 0.006 0.09 12 0.30 0.19

continued...



Table 1 (continued)

Salinity Incubation Growth é6D_ . =~ 8D O enoncsvater Uy %C,,, C,, alkenone Net rate of
time rate concentration C, alkenone
production
@) (d") (%o) (%o) (pg cell™) (pg cell" day™)
10.4 28 n.d. -177 £ 42 27x1 0.846 £ 0.004  0.08 53 0.97 0.08
10.3 28 n.d. -181+1 28 +1 0.843 £ 0.001 0.07 53 1.1 0.10
10.3 28 n.d. -177 £ 5 27+1 0.846 + 0.005 0.07 5.6 1.2 0.09
15.3 28 n.d. -175+2 21+1 0.842 £ 0.003 0.06 5.2 1.4 0.12
15.3 28 n.d. -176 £ 3 21+1 0.841 £ 0.003 0.07 54 1.2 0.10
15.5 28 n.d. -167 £ 1 22+1 0.852 = 0.001 0.07 5.2 n.d. n.d.
20.4 27 n.d. -158 £ 2 -15+1 0.855 + 0.002 0.07 53 1.2 0.11
20.5 27 n.d. -156 + 1 -16 £ 2 0.857 £ 0.002 0.08 3.5 0.63 0.05
20.4 27 n.d. -162 £1 -15+1 0.851 = 0.001 0.08 4.4 1.0 0.09
25.3 28 n.d. -152+1 -10+1 0.856 £ 0.001 0.07 5.4 n.d. n.d.
25.3 28 n.d. -150 £ 1 9=+1 0.858 £ 0.001 0.09 2.8 0.56 0.05
25.3 28 n.d. -151+£2 9=x1 0.857 £ 0.003 0.07 4.4 0.81 0.08
30.5 28 n.d. -138+1 2+1 0.864 = 0.001 0.08 6.0 n.d. n.d.
30.5 28 n.d. -136 £ 32 21 0.865 £ 0.003 0.07 6.3 n.d. n.d.
30.5 28 n.d. -142+1 2+1 0.860 £ 0.002 0.08 4.9 0.90 0.08
35.8 27 n.d. -124 1 +5+1 0.871 + 0.001 0.07 5.2 0.70 0.07
35.8 27 n.d. -128 £2 +7 +1 0.866 £+ 0.002 0.07 6.0 0.76 0.07
35.7 27 n.d. -126 £ 3 +5+1 0.870 + 0.004 0.08 6.0 0.76 0.07
10.7 69 n.d. -171 1 24+ 1 0.849 £ 0.002 0.03 6.0 n.d. n.d.
10.7 69 n.d. -174 + 2 -25+1 0.847 £ 0.002 0.03 5.6 1.0 0.03
10.7 69 n.d. -172 £ 2 26+1 0.851 +=0.002 0.03 5.6 0.81 0.02
16.0 69 n.d. -167 £ 1 -19+2 0.849 £ 0.002 0.03 5.7 1.4 0.03
15.9 69 n.d. -166 + 3 -18 £ 2 0.849 +0.003 0.03 5.6 1.1 0.02
15.9 69 n.d. -163 1 -18+1 0.852 + 0.002 0.03 51 1.3 0.03
21.1 75 n.d. -155+3 -14+2 0.857 + 0.004 0.03 6.1 1.9 0.04
21.1 75 n.d. -153+£2 -13+2 0.858 +£0.003 0.03 6.0 1.6 0.03
21.0 75 n.d. -154 + 1 -14+1 0.857 + 0.002 0.03 5.7 2.3 0.05
26.4 83 n.d. -145+3 5+2 0.859 + 0.003 0.02 7.2 2.2 0.04
26.2 83 n.d. -l146 £ 1 7x2 0.860 = 0.002 0.03 7.1 1.8 0.03
26.3 83 n.d. -147 £ 1 -4+2 0.856 + 0.002 0.03 6.7 1.7 0.03
31.8 89 n.d. -133+4 +2+2 0.866 + 0.004 0.02 9.6 2.1 0.03
31.9 89 n.d. -133£3 +1+£2 0.866 £ 0.004 0.02 9.6 1.9 0.03
31.6 89 n.d. -133 1 +2+3 0.865 + 0.002 0.02 8.8 1.5 0.02
37.4 89 n.d. -123+2 +9+2 0.869 + 0.003 0.02 11 1.6 0.03
374 89 n.d. -123+1 +8+1 0.870 = 0.001 0.02 10 1.6 0.03
37.3 89 n.d. -123+1 +9+1 0.869 + 0.001 0.02 10 1.7 0.03

* Mean of triplicate measurement + 1 standard deviation; n.d. = not determined.



Table 2

Salinity, incubation time, 8D, 6D ,a = UYS and %C,,, for batch cultures of Chrysotila
lamellosa grown at 15°C. Reported errors are as for Table 1. U, and %C,, data are taken from Chivall et
al. (2014).

Salinity Incubation time ~ 8D, vater O Uy %C,,.,
(d) (%o) (%0)
10.2 14 -189 +2 -32+2 0.838 + 0.003 0.10 30
10.2 14 -186 + 1 -33+1 0.842 £ 0.002 0.09 33
10.2 14 -188 £ 1 -32+£2 0.839 £ 0.001 0.09 32
15.3 14 -180 + 4 262 0.842 + 0.004 0.09 34
15.3 14 -178 £ 1 26+1 0.845 + 0.001 0.09 33
15.3 14 -179 £ 2 25+1 0.842 +0.002 0.08 36
20.4 14 -167 £ 1 -19+£2 0.849 + 0.002 0.07 36
20.4 14 -167 £3 -19+2 0.849 = 0.004 0.08 35
20.3 14 -166 + 2 202 0.851 + 0.003 0.08 35
25.0 13 -154 £ 1 -11+1 0.855 £ 0.001 0.09 36
25.0 13 -157 £ 1 -10x2 0.852 + 0.001 0.08 36
25.0 13 -155+ 4 -12+1 0.855 £ 0.004 0.08 36
30.0 13 -144 + 1 5+2 0.860 = 0.002 0.08 35
30.0 13 -147 £ 1 5x2 0.858 £0.002 0.09 34
30.0 13 -147 £ 2 -4+2 0.857 £ 0.003 0.08 36
35.0 13 1311 +4+2 0.865 £+ 0.002 0.07 39
34.9 13 -131+1 +4+2 0.865 + 0.002 0.07 37
35.0 13 -134 £ 2 +5+2 0.862 £+ 0.003 0.07 37
10.2 35 -183 +2 29+1 0.842 + 0.002 0.07 40
10.3 35 -184 + 1 3112 0.843 +£0.002 0.07 41
10.2 35 -187 £ 1 -33+2 0.840 + 0.002 0.06 41
15.3 35 -178 £ 22 231 0.841 = 0.002 0.08 37
15.3 35 -181 2 26 £2 0.841 £ 0.002 0.07 38
15.3 35 -182+2 25+1 0.839 +£0.002 0.07 38
20.5 35 -173+1 -18 £ 2 0.842 + 0.002 0.07 39
20.4 35 -171 £ 1 -16 £ 2 0.842 +0.002 0.07 38
20.5 35 -171 £ 1 -19+£2 0.844 £ 0.002 0.07 40
25.1 35 -161 + 3* 111 0.849 + 0.003 0.07 39
25.1 35 -162 £2 -9+2 0.846 + 0.002 0.07 42
25.1 35 -162 £ 1 111 0.847 + 0.001 0.07 41
30.2 35 -148 £ 1 -6t£2 0.857 £0.002 0.07 41
30.2 35 -152+1 -6+2 0.853 £ 0.002 0.07 42
30.2 35 -150 £ 1 -3+2 0.853 £ 0.002 0.07 43
35.2 35 -136 £ 3 +4+2 0.860 = 0.003 0.06 44
35.2 35 -136 £ 12 +3+2 0.861 £ 0.002 0.06 42
35.2 35 -134+1 +5+3 0.862 £ 0.002 0.06 41

* Mean of triplicate measurement + 1 standard deviation
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