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Abstract

The carbon isotope fractionation in the coccolithophore Emiliania huxleyi
constitutes the basis for the paleo-pCO, barometry. Under the premise
that the carbon isotope fractionation is dependent on the availability of
dissolved CO,, measurements of the carbon isotope ratio of sedimentary
alkenones can potentially produce a proxy record of ancient atmospheric
CO, levels. However, recent studies. including this thesis have suggested
that other factors than CO, may influence the carbon isotope fractiona-

tion in Emiliania huxleyi and hence the validity of the proxy.

In this thesis work the effects of irradiance on carbon isotope fractionation
were studied in batch cultures of non-calcifving Emiliania huxleyi. It was
found that the biomass becomes more 3C depleted as the light intensity
decreases. This is in agreement with utilization of CO, via passive diffu-
sion where fractionation is a function of the rate of diffusion of CO, into
the cell relative to the rate of carbon utilization. However, results reported

in the literature for a calcifying strain show the opposite trend with a '3C
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enrichment of the biomass. These results suggest that the carbon utiliza-
tion of the calcifving strain of Emiliania huxlevi differ from that of the
non-calcifving strain. This is supported by observations in the literature,
which indicates a connection between the process of calcification and the

supply of carbon for phorasvnthesis.

A mechanism for the effect of calcification on carbon isotope fractionation
in light limited cells is presented here. The mechanism is based on the
fact that the calcification and photosynthesis respond differently to light
limitation. This difference leads to an imbalance in the rate of calcification
to the rate of photosynthesis ratio (C/P), which ultimately affects the
availability of CO, inside the cell. Apart from light. the availability of
nutrients has also been shown to affect calcification. Nutrient starved
cells will enhance calcification to the degree that the C/P ratio changes.

thus affecting the internal concentration of CO,.

To study the effect of these environmental parameters on carbon isotope
fractionation, Cjr.o-alkenones were extracted from samples of marine par-
ticulate organic matter. The particulate organic matter was collected
together with information of the environmental conditions during three
cruises in the North-East Pacific and during a Pacific transect from Vic-

toria B.C. to Guam. Results from the NE Pacific show a lower carbon
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isotope fractionation in samples collected at the bottom of the euphotic
zone compared to samples collected in the mixed layer. This may be an

expression of the effect of light limitation.

In this work carbon isotope fractionation shows no correlation with dis-
solved C'O,. Instead, a cerrelation with the ratio of phosphate concen-
tration to concentration of dissolved CO, ([PO}™/[CO4]aq.) was observed.
Nitrate availability appears to play an important role in maintaining this
relationship as in the absence of nitrate the carbon isotope fractionation is

lower than can be predicted from the relationship relating carbon isotope

fractionation to [PO}™/[COa)a,.-

The Cj;.5-alkenone based results from the Pacific transect shows a strong
correlation between carbon isotope fractionation and phosphate. This cor-
relation is independent of the concentration of dissolved CO,, implying a
nutrient dominated control of isotope fractionation. However. this control
may not be typical as the transect passed through waters with very low
nutrient levels. Therefore, the results seen here may be a consequence of

extreme nutrient conditions.

In conclusion, the results presented in this thesis challenge the classical
belief that the carbon isotope fractionation in Emiliania huxlevi is a di-

rect function of the availability of dissolved CO, by suggesting that the



observed isotope fractionation is a result of a complex interaction between
environmental factors such as irradiance and the availability of nutrients.
In particular. a correlation between phosphate concentration and carbon

isotope fractionation has been found.
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Chapter 1

Statement of Problem

For the last 30 years there has been an increased interest in the natural abundance
of stable carbon isotopes in the marine environment. The driving force behind this
intensified attention is the potential use of stable carbon isotopes as a tool to study
different aspects of the marine carbon cycle. Stable carbon isotopes can be used to
quantify fluxes of carbon between different trophic levels, to identify food sources of
animals, and also to estimate primary production via the fractionation that occurs
during carbon uptake by marine phytoplankton. The apparent relationship between
the availability of carbon for photosynthesis and the resulting isotope composition of
the produced photosynthate in phytoplankton has prompted many investigations aim-
ing at a proxy for ancient atmospheric pCQOa-levels. The premise for such a proxy is
an interpretable relationship between the isotope fractionation and the concentration
of dissolved C'O5 in the surface ocean. However. since the isotope signal is produced
by a biological system such a understanding is difficult to obtain. The carbon isotope
fractionation is affected by the phytoplankton physiology, thus factors affecting the
physiology may also have an effect on the carbon isotope fractionation.

This thesis focuses on the relationship between carbon isotope fractionation and

the availablity of CO, and in particular on the influence environmental factors other



than CO, may have on the isotope fractionation in Emiliania huzleyi, a unicellular
marine alga. The effects of varyving concentrations of macro-nutrients on the isotopic
composition of Cj7.0-alkenone, a long chain ketone exclusively produced by a few
prymnesiophyte algae, have been studied in samples collected during three CJIGOFS
cruises in the North East Pacific and during a Pacific transect from Vancouver Island
to Guam. The field studies was complemented with an laboratory study, where batch
cultures of a non-calcifying strain of E. hurleyi were grown according to a factorial
design. This experiment was aimed at evaluating the effect of depth on carbon isotope
fractionation by varying the intensity and spectral quality (white and blue) of the

incident light.



Chapter 2

Introduction

2.1 Isotope Composition of Marine Organic Carbon

Variations in the isotope composition of marine Particulate Organic Carbon,
dBCpoc , have intrigued many investigators for the past three decades. The driving
force behind this interest is the potential use of stable carbon isotopes as a tool to
study different aspects of the marine carbon cycle.The fractionation of stable car-
bon isotopes can provide insight into biotic processes and their controlling factors.
Factors that have been suggested to affect §'*Cpoc include a variety of physical and
biological parameters, such as: sea surface temperature, water-mass, latitude, con-
centration of dissolved C'O,, phytoplankton physiology and species composition (Fry
and Sherr 1984; Rau et al. 1989: Falkowski 1991; Rau et al. 1992; Goericke and Fry
1994; Bentaleb et al. 1996). The parameter that has received the most attention is the
availability of inorganic carbon. This is partly due to the fact that dissolved inorganic
carbon (DIC) is the source of carbon in auto-trophic biosynthesis and therefore plays
a primary role in fractionation of carbon isotopes. In addition, a link between concen-
tration of dissolved CO, and §'3Cpoc constitutes a potential proxy for DIC/CO; in
past oceans via remains of phytoplankton found in marine sediments. Unfortunately,

the relationship between a biological system and its environment is very complex and



full understanding of the controls of carbon isotope fractionation in phytoplankton is
lacking.

Studies of large data sets have shown that §'3Cppc covary with latitude, SST
and dissolved CO; ([COqlq,.) (Rau et al. 1989; Freeman and Hayes 1992; Goericke
and Fry 1984). Since SST is linked to latitude and [COsqq is, by thermodynamics,
linked to SST it is very difficult to assess the significance of any individual parameter.
However, Goericke and Fry, (1994) showed that even though '3Cpoc does covary with
the above mentioned parameters, variations of §'3Cpoc at a single latitude can be as
high as latitudinal variations of '*Cpgc . This indicates that biological factors may
have a larger effect on §*Cpoc than [COs)e,. Although some of these variations,
especially at low and high latitudes, may be caused by variable [CO5)sq in the mixed
layer due to enhanced biological activity (Rau et al. 1992) it is clear that variations
in 0"* Cpoc cannot be explained by availability of carbon alone. A good example of
this are the observations made by Francois et al., (1993), which, in spite of a general
agreement with [COyq)] as the main control of carbon isotope fractionation, also
show a 5 °/.. variation in §'3Cpoc across the subtropical convergence in the Indian
Ocean without concurrent variations in {CO,|sq(Fig.2.1). As suggested earlier the
link between dissolved CO, (C.) and carbon isotope composition of phytoplankton

presents the possibility that estimates of C. may be produced based on measurements
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Figure 2.1: Observations of carbon isotope fractionation and [COa]sq in the SW

Indian Ocean. Data from Francois et al., (1993), table 1.

of §83Cpoc . The carbon isotope fractionation (ep) is defined as:

[}

_ ds + 1000 _
P \dp + 1000

1) - 1000 (2.1)
where ds and dp denote the carbon isotope composition of substrate and product re-
spectively. Thus, £, can be determined by measuring the carbon isotope composition
of CO, and the produced biomass. If then the relationship between dissolved CO,
and ¢, is known, an estimate of CO, concentration can be made based on carbon

isotope fractionation. Such a phenomenlogical relationship was demonstrated by Mc-

Cabe, (1985) , who for fresh water phytoplankton described the relationship between



the concentration of CO, and carbon isotope fractionation as a linear function of

log(C,). Since then several authors have adopted a relationship of the form:

gp = -log(d) + B (2.

[(]
[\
N

where d denotes the concentration of dissolved CO; and A and B are empirically
determined parameters (Freeman and Hayes 1992; Popp et al. 1989; Jasper and Hayes

1990).

2.2 Paleo-pCO, barometry

Jasper and Hayes (1990) produced estimates of ancient CO, levels based on stable
carbon isotopes. By comparing the stable carbon isotope composition of photosyn-
thate with coeval foramniferal calcite, both extracted from a sediment core taken
in the Gulf of Mexico, they produced estimates of atmospheric CO, concentrations
by comparison of equilibrium concentrations calculaed from the pCO; of Antarctic
ice-cores.

Organic carbon in marine POC may be derived from many different sources. The
carbon may come from different trophic levels within the marine system or it can
be terrigenous, introduced via river input and aeolian transport. To avoid contam-
inating the isotope signal in the phytosynthate with organic material from other
sources, Jasper and Hayes (1990) measured the carbon isotope composition of spe-

cific organic compounds unique to a few phytoplankton species. These compounds,



the alkenones, are poly-unsaturated methyl- or ethyl-ketones with unusual character-
istics. The molecules are large (C37 - C39) and the double bonds are seven carbon
apart instead of the more common 2-3. The configuration of the double bonds are
trans as opposed to the more common cis (Rechka and Maxwell 1988). These unusual
characteristics are most likely responsible for the stable nature of these molecules. The
alkenones appear to be unaffected by food web processes since they remain unaltered
after digestion by both copepods and mussels (Rowland and Volkman 1982). Ox-
idative degradation during sedimentation does affect the amount of alkenones being
preserved in the sediments (Prahl et al. 1989). However, alkenones that survive the
oxidative sedimentation processes will remain stable over geologic time scales. The
combination of a known origin and the stability of the alkenones makes them very
suitable as paleo-climatic proxies.

Since the effect of CO, concentration is manifested in the carbon isotope fraction-
ation, i.e. the change in isotope composition between the substrate (CO,) and the
product (alkenone), the PCO, barometer must account for the isotope composition
in the CO- that was utilized. Jasper and Hayes (1990) estimated the isotope com-
position of coeval CO; by measuring the carbon isotope composition of foramniferal
tests found at the same depth in the sediment core as the alkenones. Tests from the
planktonic foramnifera Globigerinoides ruber consists of calcite with a carbon isotope

composition which is depleted in '3C relative Dissolved Inorganic Carbon (DIC) by



0.5 °/so (Fairbanks et al. 1982). Surface sea water DIC is in turn enriched in 3C rel-
ative dissolved CO, by 8.8 °/,, (T=24 °C, pH=8.2). Measurement of the d'3Cg ,yser
therefore allows for estimation of §'*C¢p,. Since both Globigerinoides ruber and the
alkenone-producing phytoplankton live in the surface ocean where the dissolved CO,
may be assumed to be in or near equilibrium with the atmosphere, the estimate of
dissolved CO, can be used to calculate the atmospheric concentration of CO,. To
calibrate the relationship between ¢, and CO,, (i.e. determine the values of the pa-
rameters A and B in equation 2.2). Jasper and Hayes, (1990) used data from the
Vostok ice core and sediment core DSDP 619. By fitting the model to eight of their
data points and applying the model to the rest of the data they produced a provisional

record of atmospheric CO, concentrations for the last 100,000 vr.

2.3 Emiliania huzley:

Emiliania huzleyi, a cosmopolitan alga abundant in all modern oceans, is com-

monly used as a model for the alkenone-producing species.

Morphology

Emiliania huzleyi is a unicellular planktonic marine alga, coccoid in shape with a
diameter of 4-6 um. Externally, the cell is covered with extracellular calcite plates or
coccoliths. The coccoliths are formed internally in a specialized vesicle derived from

the Golgi apparatus (Klaveness 1972). The cells have one chloroplast surrounded by



four membranes.

E. huzleyi occurs in three different cell-types: a coccolith forming cell-type (C-
cells), the scaly motile cell with flagella (S-cells) and the completely naked cell-type,
lacking both coccoliths and organic scales (N-cells). The different cell types are

believed to represent different stages in their life cvcle (Klaveness 1972).

2.3.1 Taxonomy

Emiliania huzleyi belongs to the phylum Prymnesiophyta. which include some
30 genera of living organisms with approximately 500 species. In early classification
schemes (Lohmann 1902) the coccolithophores, which include Emiliania huzleyi, were
placed together with the chrysomonads in a group possessing many flagellar types.
Those chrysomonads which have two equal flagella were separated into the order
Isochrysidales (Pascher 1910), whilst those possessing a “modified third flagellum”
were later placed in the Prymnesiales (Pappenfuss 1955). On the basis of the unique
third flagellum and the fact that species belonging to both orders bore smooth flagella,
Christensen (1962) created a new class; the Haptophyceae, to contain the Isochrysi-
dales and the Prymnisales. This classification was revised by Hibberd, who proposed
that all taxa above the rank of family must be based on generic names. The class
name was therefore changed to Prymnesiophyceae after the genus Prymnesium (Hi-
bberd 1976). As haptophytes the coccolithophores were originally assigned to the

Isochrysidales (Pappenfuss 1955) and later reassigned to the Prymnesiales (Round
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1973). In 1980, Hibberd “re-separated” the coccolithophores into the Coccospherales
(Haeckel 1894; Parke and Green 1976), giving the following classification of Emiliania

huzley::

Kingdom: Protista (Haeckel, 1866)
Phylum: Prymnesiophyta (Hibberd, 1976)
Class: Prvmnesiophyceae (Hibberd, 1976)
Order: Coccolithophorales (Schiller, 1926)
Family: Noelaerhabdaceae (Jerkovic, 1970)
Genus: Emiliania (Hay & Mohler, 1967)

E. huzleyi (Lohmann, 1902)

The family association for E. huzleyi is somewhat uncertain, Jercovic created
this family in 1970 to include his new genus Noelaerhabdus and since then the gen-
era Emiliania, Gephyrocapsa and Reticulofenestra have been added. However, more
recent papers still include them in the Coccolithaceae (Okada and Mcintyre 1977),
Gephyrocapaceae (Black 1971; Tappan 1980) or Prinsaceae (Haq 1978; Perch-Nielsen

1985).
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2.3.2 Biogeography of E. huxleyi

The presence of coccolithophores in oceanic waters has been measured with a
variety of techniques ranging from microscopic cell counts in water samples tosatellite
imagery.

By utilizing thin layer chromatography (TLC) and high performance liquid chro-
matography (HPLC), unique pigments can be separated and identified. In the case
of E. huzleyi the most abundant pigments are chlorophyll ¢ and ¢ along with 19'Hex-
anoyloxyfucoxanthin (Aprin et al. 1976). Unfortunately none of these pigments are
particularly unique, the fucoxanthin has been detected in a few other prymnesiophyte
species as well as in both chrysophyte and dinoflagellate species. Chlorophyll a and
¢ are common to many phytoplankton groups, although some features of the chloro-
phyll ¢ unit seems to be unique to E. huzleyi (Jeffrey and Wright 1987; Nelson and
Wakeham 1989). These features are, however, too subtle to be detected by methods
such as flurometry and satellite imagery.

Satellite imagery has been used to detect blooms of coccolithophores based on
light scattering caused by abundant coccoliths in the surface water (Holligan et al.
1983; Groom and Holligan 1987). A limitation of this method is that it does not
provide any information regarding speciation and it can only detect anomalies in the

upper 15-30 m in clear waters and to even lesser depths in turbid waters (Holligan

et al. 1989).
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Extraction of alkenones from particulate matter have also been used to estimate
vertical profiles of coccolithophore production (Ohkouchi et al. 1999), although this
is not necessarily a species-specific method either since alkenones are also produced
by other oceanic species such as Gephyrocapsa Oceanica. Due to the lack of speci-
ficity of available indirect methods, most of the data regarding the distribution of
E. huzleyi has been acquired by collecting surface water samples (0-10 m) by slow-
moving research vessels. This provides spatial coverage, but little information about
the vertical distribution of the species. There are a few more extensive investigations
which provide vertical profiles of coccolithophore abundances over larger areas, from
which species distributions can be described according to depth and environmental
preferences (McIntyre and Bé 1967; Okada and Honjo 1973; Marshall 1966).

From this kind of data, it is clear that Emiliania hurleyi is the most abundant
and ubiquitous coccolithophore in today’s ocean. A relative abundance of 60-80 %
of the phytoplankton population is not uncommon. For example, E. huzleyi is one
of the most euryhaline and eurythermal coccolithophore species. E. huzleyi has been
found in the Red Sea with salinities as high as 41 ppt (Winter et al. 1979) and at
salinities as low as 11 ppt and 17-18 ppt in the Sea of Azov and the Black Sea (Bukry
1974) respectively. It also has the largest temperature range (1-30°C) shown by any
coccolithophore species (Okada and McIntyre 1979). It is very tolerant of nutrient

levels, which is shown by its ability to grow in eutrophic Norwegian fjords (Van
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Der Wal et al. 1994) and oligotrophic subtropical gyres. The fact that E. huzleyi is
present throughout the top 200 m in coccolithophore communities indicates that it
also has a wide tolerance for varying light conditions.

Evidence from the sedimentary record show that Emiliania hurleyi has been the
dominant coccolithophore for the last 73,000 vears and is likely to have evolved from
a Gephyrocapsa species approximately 268,000 vears ago (Thierstein et al. 1977). The
ability to synthesize alkenones is most likely an inherited characteristic, since these
compounds exist in sediments deposited long before the documented appearance of
E. huzleyi. Due to the co-occurrence of both alkenones and nannofossils in these
sediments it has been proposed that members of the Noelaerhabdaceae have been

producing alkenones for at least 45 Ma (Marlowe et al. 1990).

2.4 Physiological Aspects of Inorganic Carbon Utilization in E. huzleyi

2.4.1 Inorganic Carbon Utilization by E. huzleyi

At sea water DIC and pH levels the concentration of dissolved CO, is signifi-
cantly lower than the K, (the CO, concentration at which CO, fixation occurs at
maximum rate) for Rubisco suggesting that availability of CO, may under certain
circumstances limit phytoplankton growth (Riebesell et al. 1993). As a response to
this limitation, many phytoplankton species have developed a “CO, concentrating

mechanism” by which the concentration of CO; at the site of Rubisco is increased
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(Raven and Johnston 1991). Criteria for the presence of such a mechanism include
saturation of photosynthesis at sea water concentrations of DIC and a K5 (the CO,
concentration providing half of the maximum photosynthetic rate) significantly lower
than the K, for Rubisco. E. huzleyi is unable to accumulate DIC significantly above
external DIC, [DICl;,; = 0.3 mM (Nimer and Merrett 1992), and has been shown to
have a K5 of 10-50 uM which is similar to K, (=30 zM) of Rubisco (Brownlee et al.
1995; Badger et al. 1998), indicating the lack of a CO; concentrating mechanism.
Also, photosynthesis in E. huzleyi at saturating light conditions is not saturated at
sea water C'O, levels (Steeman-Nielsen 1966; Nimer and Merrett 1993).

The source of inorganic carbon for photosynthesis in E. huzley: is clearly demon-
strated by studies showing that low calcifving cells are unable to grow when the
media is being bubbled with CO, free air (Dong et al. 1993) and photosynthetic oxy-
gen evolution decreases with increasing external pH (Nimer et al. 1992). Both these
findings indicate that CO, and not HCOj is utilized for photosynthesis. However,
high-calcifying cells can obtain carbon for growth from HCOQO7 via the calcification
process used to produce coccoliths (Dong et al. 1993; Nimer and Merrett 1993). The
concept of calcite formation as a photosynthetic adaptation for the use of bicarbonate
has been thoroughly investigated (Sikes et al. 1980; Nimer and Merrett 1992; Nimer
et al. 1992; Nimer et al. 1994a; Anning et al. 1996). Sikes et al (1980) suggested two

routes for bicarbonate utilization in E. huzleyi which form the basis for a model of
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the interaction between photosynthesis and calcification. Calcite is produced in the

coccolith vesicle, i.e.:
HCO;3 + Ca** — CaCO3 + H* (2.3)

To favor the conversion of HCO3 to CO;~ within the vesicle, the proton must be
extruded into the cytosol. The cytosol would then be acidified as a response to
calcification, but since cytosolic pH is observed to be close to neutral (Nimer et al.
1994a; Dixon et al. 1989), a simultaneous alkalinization must occur. According to

Sikes et al (1980) a second HCOj3 produces CO, for photosynthesis:
HCO; - CO,+OH™ (2.4)

If this occurs in the chloroplast, extrusion of O H~ to the cytosol would then neutralize
the H* produced in the coccolith vesicle, and thus the interaction between calcifi-
cation and photosynthesis would maintain the cytosol at neutrality. The observed
stoichiometry between CO, fixation and oxygen evolution is 2:1 in high-calcifving
cells (Nimer and Merrett 1993), which implies fixation of one additional carbon by a
Cs-type reaction. Nimer and Merrett (1993) suggested that the Cs-mechanism would

utilize HCO7 , i.e.
C; + HCO7 — Cy (2.5)
giving an overall process of:

3HCOj + Ca* — CaCO3 + YCHOH' + 0, (2.6)
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However, under conditions resulting in an excessive acidification of the cytosol some
HCO;7 would be expended to produce OH~ in order to maintain constant pH. The
stoichiometry between CO, fixation and O, evolution would then be 1:i, and the

overall reaction becomes:

3HCO3 + Ca** - CaCO3 +' CHOH' + COs + O2 + H,O (2.7)

A schematic description of the model can be found in figure 2.2.
The carbon utilized for photosynthesis by E. huzleyi is thus CO, originating from
either the external media or from dissociation of HCO3 in the cytosol/chloroplast

with additional carbon fixed via a C;-mechanism.

2.4.2 Calcification

The calcification process takes place in a vesicle closely associated with the Golgi
body. In this coccolith vesicle. calcite is precipitated to form coccoliths which, when
completed, are extruded to the exterior of the cell. E. huzleyi utilizes HCOj3 as
a source of carbon for calcification (Sikes et al. 1980; Dong et al. 1993: Buitenhuis
et al. 1999). The rate at which carbon is fixed into CaCO3 has been shown to be
equivalent to, or even exceed, photosynthetic carbon fixation. These high rates can
occur in both cultures (e.g Van Bleijswijk et al, 1994) and in natural populations
(e.g. Balch et al., 1992). The calcification rate is dependent on the external DIC

concentration, it is saturated at 1 mM DIC when measured at a light flux of 50 pmol
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m~2 s7!, but is not saturated at 2 mM DIC when the light flux is increased to 300
pmol m~2 s~! (Nimer and Merrett 1993).

The calcification process is light dependent although its light saturating point
is much lower than that of photosynthesis (Paasche 1964). The exact nature of
the energy requiring processes involved in calcification is not known, however the
transport of HCO; and Ca>*, and the extrusion of the completed coccolith likely
require energy. Therefore, at low light levels the flux of HCOj into the chloroplast is
sufficiently high to saturate photosynthesis, such that the stoichiometry between cal-
cification and photosynthesis is 1:1. At higher light levels the flux of HCO; may not
provide enough carbon to saturate photosynthesis. If available, exogenous CO; could
then contribute to the photosynthetic carbon fixation (Nimer and Merrett 1993). A
consequence of the lower light levels required for calcification relative to photosynthe-
sis is an increasing ratio of carbon allocated to calcification relative to carbon utilized
by photosynthesis with decreased light availability. This Calcification/Photosynthesis
ratio (C/P) will then increase with depth as suggested by Balch et al., (1992). In a
model describing a coccolithophore bloom they showed an increase in C/P from 1 at
the surface to over 30 at 20 m depth. Even though this model estimates a situation
with extreme light attenuation, the principle could be extrapolated to non-bloom sit-
uations, especially considering the depth distribution of E. huzleyi. Thus, the C/P

ratio could be expected to increase with depth in natural populations.
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Figure 2.2: Schematic of carbon uptake in Emiliania huxleyi.

The model describes carbon uptake as suggested by (Sikes et al. 1980) where HCOJ is actively
transported into the cytosol. Once inside the cell, the HCO3 ion can either dissociate into CO» and
OH~ or be transported into the coccolith vesicle to form calcite. A third alternative is transport
into the chloroplast where facilitated dissociation to CO» occurs via carbonic anhydrase. At alkaline
pH, HCOj3 can also react with PEP via a C; pathway. Meanwhile, CO, in the cytosol can diffuse
into and out of the cell depending on the sign of the concentration gradient and also diffuse into the

chloroplast to complement the transported HCO5 . (Filled circles depict active transport)
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Nitrogen availability may also affect calcification: an inverse relationship between
calcification and nitrogen concentration was shown in a Hymenomonas spp. in culture
(Baumann et al. 1978) and a naked strain of E. huzleyi developed coccoliths when
the NVaNOj concentration was decreased from 150 to 16.7 mg/l (Wilbur and Watabe
1963). More recently, Paasche, (1998) demonstrated a two-fold increase in the number
of coccoliths per cell after the onset of N-limitation. The fact that N-limitation can
induce a change in the C/P-ratio is of great interest since nitrogen is commonly quoted
as the limiting nutrient in marine systems (Falkowski 1997).

Phosphate-limitation also causes an over-production of calcite (Van Bleijswijk
et al. 1994; Paasche and Brubak 1994; Anning et al. 1996; Paasche 1998). The effect
of P-limitation is more dramatic. resulting in three times more coccoliths produced
(Paasche 1998). Paasche’s data also showed an inverse relationship between calci-
fication and growth rate for both N-limited and P-limited cultures, implying that

nutrient induced calcification is a gradual phenomenon rather than a step response.

2.4.3 Diffusion of CO,

Photosynthesis requires a net influx of inorganic carbon from the surrounding
water into the cell. As in many other eukaryotic cells, the site of carbon fixation
in Emiliania huzleyi is located in the chloroplast stroma and therefore this flux of
carbon has first to pass through the plasmalemma and the associated endoplasmic

reticulum (ER), then through the cytosol and finally through two membranes of
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chloroplast ER. The flow of carbon is either maintained by diffusion of CO, along a
concentration gradient into the cell or by active transport of CO, or HCOj across
the cell membrane.

Only CO, can freely pass through the plasmalemma and the chloroplast envelope
membranes. The gas has to dissolve into the lipid membranes, diffuse across to the
interior of the cell/chloroplast and there dissolve in the cytosol/stroma. The diffusion

of CO, into the cell can be approximated as diffusion across a plane:

acC
= —f{)— 2.
Jos D 7- (2.8)

where J is the flux of CO, through the plane [mol m~2s~!] and C is the concentration
of the solute and has the dimensions of [rnol m=3]. D is the diffusion coefficient

with dimension [m~2s57!] and z is the boundary layer thickness [m]. This differential

equation can be solved using the finite difference form:

- D(Cb - Cs)

g
-~

Jbs (29)

where C) is the concentration of CO- in the bulk medium and C, is the concentration
of CO, at the surface of the plane. The boundary layer that surrounds the cell is a
layer closest to the cell in which no turbulent mixing of media takes place. Transport
of molecules across this layer is limited to diffusion. The thickness of this layer (z in
Eq. 2.9) is a function of the object’s size and the relative velocity of the surrounding

media. However, for small objects like phytoplankton with a size less than the smallest



21

scale for turbulent/advective transport of 1mm, fluid flow can be considered viscous
and the boundary layer thickness is only dependent on the size of the object. The
thickness for phytoplankton can therefore be approximated by one cell radius (Wolf-
Gladrow and Riebesell 1997). For E. huzleyi, with its small cell size, the boundary
layer is approximately 3 um thick. This is thin enough to prevent any conversion
of HCO3 to CO, within the boundary layer (Wolf-Gladrow and Riebesell 1997).
Therefore diffusion of CO, into an E. huzleyi cell can be approximated with Eq. 2.9.

The continued diffusion across the cell membranes can be treated in a similar
manner if solubility of CO, in the lipid bilayer is taken into account. Consequently this
can be accomplished by introducing the partition coefficient K for COs in equilibrium

with the membrane:

K(C-C) _,

~
~

Ju=D (Cs = Ci) (2.10)

where C; is the concentration of CO, inside the cell and z is the distance across the
membrane. The permeability coefficient (P), describes membrane diffusion and is
defined from Eq. 2.10 as:

_ DK

Zz

P (2.11)

By using an artificial lipid bilayer Gutknecht et al., (1977) showed that as a result of
the slow conversion of HCO; to CO, the diffusion across the surface boundary layer
is the rate limiting step in the diffusive transport of CO, into the cell (Gutknecht

et al. 1977).
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2.4.4 Carbonic anhydrase

The presence of carbonic anhydrase (CA), which catalyses the conversion of HCO3
to CO,, on the exterior of the cell membrane steepens the concentration gradient and
can speed up the diffusive transport of CO, by a factor of 10-100 (Gutknecht et al.
1977). E. huzleyi have been shown to produce external C\ in batch cultures when
the cultures reach stationary phase (Nimer et al. 1994b; Nimer and Merrett 1996).
In contrast, exponentially-growing cells lack external CA indicating that the expres-
sion of external CA is a response to culture age. Data for nutrient-limited but not
DIC-limited cells is not available, but it is likely that the expression of external CA
is facilitated by low DIC concentrations. The eco-physiological significance of CA is
therefore limited to bloom situations, where the oceanic DIC may be depleted to the
extent observed in laboratory cultures.

While no external CA is found in nutrient and DIC replete cells, CA have been
found in chloroplasts of exponentially growing cells of E. huzley: (Nimer et al. 1995)
and another coccolithophorid (Quiroga and Gonzalez 1993). The location of the intra-
cellular CA in the chloroplast supports the model by Sikes et al (1980) where the
CA catalyzed conversion of HCO; to CO, and OH~ would result in the extrusion

of OH~ to the cytosol, thus counteracting the acidification caused by calcification.



2.4.5 Bicarbonate uptake

In high-calcifying cells of E. huzleyi, most results suggest that HCOj is the ex-
ternal carbon source for calcification (Sikes et al. 1980; Dong et al. 1993; Nimer et al.
1992; Buitenhuis et al. 1999). High-calcifying cells also have a high affinity for HCOy;
the concentration of dissclved DIC required for half-maximal rate of photosynthetic
O, evolution (Kq5[DIC]) is 200 zM at pH 8.3 (Nimer and Merrett 1992). The trans-
port mechanism for HCOj across the plasmalemma is not known. A passive uniport,
HCOj /Cl~ exchange, HCO3; /OH~ exchange or co-transport with a cation such as
Na* have been suggested (Dixon and Merrett 1987; Katz et al. 1986; Rees 1984).
HCO3 /OH ™~ exchange seems unlikely since calcifying cells do not increase pH while
reducing external DIC (Dong et al. 1993; Merrett et al. 1993). The influx of HCO7
may be controlled by cytosolic Ca®**. In the presence of the Ca®*-channel blocker
Gd3*, the increase in intracellular pH observed upon re-addition of HCO; to carbon
starved cells is prevented. This indicates a calcium-controlled bicarbonate uptake
mechanism (Nimer and Merrett 1996; Brownlee et al. 1995). Once inside the cell,
there are three possible scenarios for the fate of the HCOj ion. At the intracel-
lular pH of 7 (Dixon et al. 1989), a significant proportion will dissociate and form
COy(= 8% of available DIC, compared to x 0.5% at pH=8.2). This may be the ma-
jor source of carbon for photosynthesis in calcifying cells. An equivalent number of

HCOy ions will also be transported into the coccolith vesicle. Little is known about
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the details of this mechanism. Knowledge of the intra-coccolith vesicle concentra-
tion of HCOj3 would enable assessments regarding the direction of the concentration
gradient. Finally, the third destination for the HCO;3 ion is the chloroplast, where

facilitated conversion to CO, occurs via carbonic anhydrase.

246 CO; efflux

The partial pressure of dissolved CO, in blooms of E. huzleyi have been shown by
several studies to be substantially higher than that encountered in blooms of other
phytoplankton species (Holligan et al. 1993; Robertson et al. ; Purdie and Finch
1994). To explain this several mechanisms have been suggested: (i) leakage of CO,
from the cell due to elevated cytosolic CO, concentration caused by calcification
(Paasche and Brubak 1994). (ii) temperature influence on CO, solubility caused by
solar radiation trapped by detached coccoliths (Holligan et al. 1993), (iii) enhanced
removal of HCOj; causing an equilibrium effect on the carbonate system (Holligan
et al. 1993; Purdie and Finch 1994; Robertson et al. ), and (iv) a lesser change in
pCO;, relative to the change in ¥CO, than expected due to preferential removal of

HCOj combined with nocturnal respiration of free CO, (Crawford and Purdie 1997)

The suggestion that the cells are leaking CO, into the external media is supported
by the fact that the internal pH is close to 7 (Nimer et al. 1994a), and with an internal

DIC concentration of 0.3 mM the internal concentration of CO, will be higher than
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Cell Status CO, flux* C;® pH¢ [DIC];in?
Nutrient replete 1.09-10°%  12.21 7.318 159
Nitrate limited 1.60-1078 12.31 7.316 160
Phosphate limited  1.48-107° 12.29 7.316 160

Spmol C cell=! s—!

binternal COsconcentration (uM)

‘assuming 0.3 mM internal DIC

4assuming internal pH of 7.0 (Nimer and Merrett 1992) (uM)

Table 2.1: Calculated values of C; and pH; based on measured COy Aux from (Nimer and
Merrett 1995)

20 puM inside the cell. An actual eflux of CO, from E. huzley: cells was measured
by Nimer and Merrett (1995), who found that nutrient replete cells released CO,
into the media corresponding to 10 % of total carbon fixed as organic carbon and as
calcite. For nutrient limited cultures (NO; and PO3") the release of CO, from the
cells increased to 50 % of total carbon uptake.

An attempt to calculate the flux of carbon based on the measured [DIC);n, as
well as the calculated [DIC];s,. from the measured flux revels a paradox; 0.3 mM
DIC at a cytosolic pH of 7.0 corresponds to a outward flow of carbon two orders of
magnitude larger than that measured. Also, the both internal DIC concentration and
pH as calculated from the measured efflux of CO, is very different from measured
results as shown in Table 2.1. The diffusitivity constant D, is taken to be: 1.37-107°
m~2s5! (Rau et al. 1996) and the boundary layer thickness is equal to the cell radius,

r=3 um. Permeability coefficient: 5-10~3ms™' (Rau et al. 1997): Although the pH
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values are higher than the measured, it is interesting to note that the change in pH
needed to cause the CO, efflux to increase from 10 % to 50 % is very small, i.e. even
the slightest change in pH will have an effect on the magnitude of CO, eflux (Table
2.1). This presents the possibility that a change in the balance between calcification
and photosynthesis causing a change in cytosolic pH would affect the extent of CO,
leakage. Support for this hypo-thesis is given by the fact that CO, efflux increases
in nutrient limited cells which have an increased calcification rate relative to the
photosynthetic rate.

The offset between the calculated and the measured pH in Table 2.1 may be
explained by the permeability coefficient. The estimates are made by setting the
permeability coefficient to a value commonly used for algae which rely on passive CO,
uptake, i.e. the membrane is assumed to be permeable to the degree that it does not
suppress CO, diffusion significantly. E. huzleyi have the ability to transport HCO;
across the membranes and therefore a high permeability is no longer advantageous.
It is more likely that the permeability in E. huzleyi is lower, enabling the cells to
maintain a higher cytosolic DIC concentration.

For example: assume a cell which is not carbon limited, chloroplast CO, concen-
tration C,, is saturating Rubisco at 30 uM, with an external CO, concentration of
12 uM, and that the chloroplast has a surface area corresponding to 10 % of the cell

surface area. Then the flow of carbon from the chloroplast to the external media can
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be described as in eq. 2.12, 2.13 and 2.14:

flow out of chloroplast:
Fp=01-4-(30-107% - Coytosat) - P (2.12)
flow out of the cell:
Fieak = A (Ceytosat = Csurg) - P (2.13)

flow across the boundary layer:

Csurf - Ce

r

Fieat = D- (2.14)

The concentration of CO; on the outside surface of the cell, Cyy, s, can be cal-

9

culated by re-arranging Eq.2.14. Using Fjeqr=9.62 nmol C m~2 s~! (Brownlee et al

1995), D=1.37-10"2, calculated for 15 °C (Rau et al. 1996) and a cell radius of 3 pum:

_ F’leak _ 9.62 . ].0_9
+Ce =137 10

+3-107% + 121073 = 12.02 - 1073 (M) (2.15)

Solving for Ceysa by setting Fiy = Fieqx and combining Eq. 2.12 and Eq. 2.13 gives:

Csurf + 3 * 10_3
1.1

Ceytosol = = 13.65uM (2.16)

This can be used to calculate the permeability coefficient (P):

F‘leak 9.62 - 10_9

P= =
Ceytosot — Cours  13.65-10-3 — 12,02 - 103

=5.9-10"%ms™! (2.17)
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This suggests that it may be possible for the cells to maintain saturating conditions
in the the chloroplast while not leaking more than that observed. However, the
calculated cytosolic CO, concentration corresponds to about 0.17 mM DIC at pH
7.0. The measured value is slightly higher, thus requiring a lower permeability. The
estimated value for permeability at the same efflux of CO, but with an internal DIC
concentration of 0.3 mM is approximately 0.8-10~% which is somewhat lower than the
interval of reported P values of 2 to 3500-10~% ms~! (Raven 1993). A low permeability

may therefore be the reason for E. huzleyi’s low affinity for CO,.

2.4.7 J-carboxylation

As mentioned earlier the stoichiometry between carbon fixed as organic material
and oxygen evolution is 2:1 in nutrient replete cells. This implies that carbon is being
fixed via a J-carboxylase enzyme. Although the extent of 3-carboxylation seems
somewhat high, Beardall, (1989) estimated that §-carboxylation cannot account for
more than 25% of the net carbon fixed in phytoplankton, assuming balanced growth
and that all fixed carbon is shuttled through the TCA-cycle. High 3-carboxylase
activity has, however, been reported in nitrogen-starved cultures that were enriched
with ammonia (Guy et al. 1989).

The type of B-carboxylase present in E.huzleyi is somewhat uncertain. Descolas-
Gros and Oriol, (1992), tested for both phosphoenolpyruvate carboxylase (PEPC) and

phosphoenolpyruvate carboxykinase (PEPCK) and found only PEPC. This concurs
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with the activity of PEPC found in another coccolithophore, Coccolithus pelagicus,
by Glover and Morris, (1979). However, Brownlee et al., (1995) mention that PEP
carboxykinase has been found in E. huzleyi, although no details were given. PEP
carboxylase is an enzyme that uses HCO; and PEP as substrates to form oxaloac-
etate, a precursor to amino acid synthesis via the TCA-cycle. On the other hand,
PEP carboxykinase can function as both carboxylating and decarboxylating enzyme,
although in algal cells the decarboxylating function is uncertain (Davies 1979). In
contrast to PEP carboxylase the carboxylating function of PEP carboxykinase uses
CO, as substrate to form oxaloacetate (Arnelle and O’Leary 1992).

When E. huzley: cells are either phosphate- or nitrate-starved the ratio of CO,
fixed as organic carbon and oxygen evolution becomes 1:1 (Nimer and Merrett 1995),
indicating that the J-carboxylation is no longer active. This may be in response to
cytosolic pH. Davies (1973) suggests a role of PEPC in the fine control of cytosolic
pH, where the activity of carboxylating enzymes increases with increasing pH. Since
cytosol pH may be linked to calcification rate, a decrease in the relative fraction
of calcification would increase pH and thus promote §-carboxylation. Regulation
of PEPC by the concentration of phosphate in the cytosol has also been reported
for a number of PEP carboxylases (Tchen and Vennesland 1955; Wong and Davies
1973). In these cases, the activity of PEPC was stimulated by increased phosphate

concentration.
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2.4.8 Carbon isotope fractionation

Based on the information described above, a model for carbon isotope fraction-
ation in Emiliania huzleyi can be proposed. The main control of the fractionation
appears to be the availability of nutrients. Since E. huzley: mainly utilize HCO;,
which is abundant in sea water, the availability of carbon is subordinate to the avail-
ability of both nitrate and phosphate. The nutrient control is manifested in two
ways. Firstly, by turning off and on S-carboxylation, and secondly by affecting the
relative rate of calcification. Calcification plays an important role in the fraction-
ation. [t regulates the availability of carbon within the cell by active transport of
HCO;3 into the cell and may also acidify the cytosol which controls the degree of
CO, efflux from the cell. Partial uptake of external CO, via diffusion may only occur
when high concentrations of nutrients and light cause photosynthesis to widely exceed
calcification. This would result in an increase of the cytosolic pH, thus allowing for
diffusion of external CO, into the cell by decreasing the internal CO, concentration.
The fractionation associated with active HCOj uptake and a subsequent leaky cell
is described in Figure 2.3. A isotope mass balance for this system can be written as

(Hayes 1993):

0i(0e — €d/p — €a) = Go(0; — &€2) + D5 (0i — &5) (2.18)

where @;, @, are the fluxes of carbon in and out of the cell, ¢ is the flux of carbon

into organic material. d., d; are the isotope composition of dissolved CO, outside and
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Figure 2.3: Schematic describing carbon flows and isotopic compositions in a cell with active

bicarbonate uptake. After Hayes (1993).

inside the cell respectively and d; is the carbon isotope composition of the produced
biomass. &4/ is the equilibrium isotope effect between dissolved CO, and HCOj,
g, is the isotope effect associated with active transport of bicarbonate, ¢, is the
isotope fractionation due to diffusion of CO, and & is the carbon isotope fractionation
occurring during carbon fixation. This isotope effect caused by active uptake of
HCOj is not known but is likely to be small (Hayes 1993). Defining L = ¢,/¢; (L
is the fraction of bicarbonate entering the cell that leaks back out), ¢f/¢; =1 — L
and with the substitution d; = dy + ¢ results in an equation describing the carbon

isotope fractionation for photosynthesis:

€p =& —5f = eqpp + L(ef — &) (2.19)
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As indicated by Eq.2.19, the isotope fractionation in this system is controlled by the
leakage of CO, from the cell: €, — €4/, when L — 0. The leakage is in turn controlled
by nutrient availability via calcification. A decline in nutrient concentrations to lim-
iting levels will increase the degree of leakage and subsequently deplete the produced
biomass of 13C. i.e.. ¢ = s + &5 — 5, when L — 1.

During nutrient-replete conditions, the isotope composition of the biomass may
also be significantly influenced by 3-carboxylation. The effect on the fractionation
will depend on which enzyme is utilized. If the cells are using PEP carboxylase with
HCOj as substrate, then a small fractionation factor will result e.g. cpgpe, is only
2 °/+ (Goericke and Montoya 1994) and an enrichment of '*C can be expected. If
PEP carboxykinase is used with CO, as substrate, a fractionation factor of 30 to 40
°/so (Goericke and Montoya 1994) will result, and the effect on the fractionation will

be indistinguishable from fractionation by Rubisco alone.
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Chapter 3

Methods

3.1 Sample Preparation and Analysis

3.1.1 POC: Sample Collection and Preparation

The particulate organic carbon (POC) samples were collected by pumping sea wa-
ter through pre-combusted glass fiber filters, either in situ at predetermined depths
between the sea surface and 1000 m (Line P, NE Pacific) or from 5 m depth in
an on-board filter manifold (Pacific transect, Victoria-Guam). During the CJGOFS
(Canadian Joint Global Ocean Flux Study) cruises in the NE Pacific, samples were
obtained as subsamples from the Multi-Unit Large-Volume-Filtration-System, MUL-
VFS (Bishop et al. 1985). Up to 12 pumps were deployed at each station providing
depth profiles of POC. The samples consisted of 2 subsamples cut from the 53 um
MULVFS filters after recovery of the pumps. The cuts were made with a cookie cut-
ter with a diameter of 44.5 mm. Immediately after sub-sampling, the punches were
put into pre-combusted vials filled with a chloroform/methanol (2:1) mixture. The
sample vials were first stored on-board and later in the lab at -20°C until extraction.

Sampling during the Pacific Transect from Victoria B.C., to Guam, on-board R/V
Sonne (SO112) utilized the “Sea-Loap”, a clean sea-water system which has an intake

in the bow of the ship at approximately 5 m depth. Measures are taken to keep the
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system clean, e.g. it is routinely turned off and closed as the ship enters a port. The
cleanliness makes the system well suited for underway collection of surface water and
POC. The system is accessed in the on-board labs via a valve, similar to a kitchen
faucet, that can be attached to a filter manifold.

As the only geochemist on this cruise. I had to ensure that sampling of POC
could be maintained 24 hours a day. This problem was solved by constructing an
automated sampling manifold based on a programmable lawn sprinkler system, see
Fig. 3.1 (James Hardie Irrigation, part. no 675401). Sprinkler valves were set to
control the flow of water to three banks of four 47 mm filter holders (Poretics Corp.).
By programming the system to open and close the valves at appropriate intervals, e.g.,
open to bank 1 for 2 h then close to bank 1, wait 3 h, then open to bank 2 for 2 h and
so on, semi-continuous sampling could be maintained along the entire transect. The
filters (pre-combusted Gelman A/E) were put into pre-combusted aluminum pockets

and frozen at -20°C after the sampling was complete.

3.1.2 Lipid Extraction and Purification

At the time of analysis, solvent in which filters from the NE Pacific cruises had
been immersed since shipboard collection was transferred to a separatory funnel.
The filter residue was washed 5 times with 2:1 chloroform/methanol which was then
added to the separatory funnel. Each time the filters were washed, the sample vial

was placed in an ultra-sonic bath filled with an ice-water mixture for 30 seconds. The
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Figure 3.1: Filter manifpold on-board R/V Sonne. The filter setup was controlled by
the programmable lawn sprinkler system, which switched between flter banks at pre-

programmed times.
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preparation of total lipid extracts (TLE) that followed were according to Wakeham
and Pease (unpublished material, 1992) with the exception that a 5 % NaHCO;
solution was used to wash the organic phase. The neutral fraction from saponification
of the TLE was separated into compound groups using a short silica gel column. The
column consisted of a Pasteur pipette with 0.3 g of 5 % deactivated silica gel. Fach
TLE-sample was separated into three fractions: 5 ml hexane, 7 ml 2 % ethylacetate
in hexane and finally 5 ml dichloromethane with the alkenones eluting in the middle
fraction. The fraction containing alkenones was transferred to a vial with a 150 u¢
insert and taken up in iso-octane for isotope analysis. The recovery of alkenones
using this method varied between 70-90% based on analysis of selected samples with
2-hexadecanone as internal standard.

Use of NaHCOj; solution enabled an estimation of free fatty acids (FFA) in the
POM by retaining the fatty acids (FA) in the water phase. The FAs were recov-
ered from the water phase by acidifying with 6N HCI to pH 2 and extracting with
dichloromethane.* The resulting FFA sample was methylated according to Wakeham
and Pease (unpublished material, 1992) before GCMS analysis.

Samples from the Pacific Transect were treated somewhat differently. First, the

*This method may under-estimate the amount of fatty acids present in the sample
due to losses in the water-chloroform interface, where the FA’s can be oriented such
that the hydrophobic carbon chain is penetrating the organic phase (de Leevw J. W.,
personal communication)
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frozen filters were thawed and immersed in 2:1 dichloromethane/methanol in pre-
combusted vials. After a week at -20°C the samples were extracted in the same way
as the NE Pacific samples with the exception that no free fatty acids were recovered.
A NaCl-solution was used to separate dichloromethane and methanol and in the
subsequent washing of the organic phase. TLEs were saponified and the neutral

fractions were taken up in iso-octane and used for isotope analysis.

3.1.3 Determination of pCO,

Concentrations of dissolved CO, for the NE Pacific cruises were calculated from
measured alkalinity and total CO, along with measured concentrations of phosphate
and silica. Total alkalinity was measured using a closed-cell potentiometric titration
method and total inorganic carbon was determined by coulometric titration. The
calculations were made using the DOS-program CO2SYS written by Ernie Lewis at
Brookhaven National Laboratory, Upton NY. Constants used by the program were
by Weiss, (1974) and Roy et al., (1993). However, while comparing the calculated
pCO, values with values concurrently obtained with an equilibrator a significant
discrepancy was found. Surface PCOQO, calculated from the measured alkalinity and
total CO, was about 100 pgatm lower than the equilibrator values. The latter showed
values close to saturation. Literature values (Wong and Chan 1991), provided a
control for the same area. They agree with the equilibrator values, i.e. values are

close to saturation, AP(air - water): -34.9 to 26 .8 patm (Wong and Chan 1991),
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indicating that the calculated values are unreliable. The reason for this discrepancy
is not known. The calculation routine from Brookhaven is not thought to be incorrect,
which leaves analytical error as a possible cause. However, no such error could be
clearly identified, although the total CO, values are suspiciously low.

In an attempt to circumvent this problem. a}kalinity and total CO, was estimated
using the temperature-dependent estimates described by Kroopnick, (1985). When
calculating the PCO; based on these estimates the values are comparable to the
equilibrator values, e.g. A(equilibrator-measured): 72.9 to 97.7 patm, A(equilibrator-
estimated): -8.4 to 11 patm. These errors corresponds to a discrepancy in C, relative
equilibrator C, of 2 to 4 uM (average: 3.3 uM) for the measured values and -1 to
0.5 M (average: -0.2 uM) for the estimated values. Based on this evaluation C, has
therefore been calculated using estimates of alkalinity and total CO, according to
Kroopnick, (1985) and the Brookhaven program with constants from Weiss, (1974)
and Roy et al.. (1993).

During the Pacific Transect (SO112), surface pCO, was measured continuously
using an equilibrator designed by Dr. Gregor Rehder,(GEOMAR- Research Center for
Marine Geosciences Christian Albrecht University, Kiel, Germany). The equilibrator
consisted of a 2 ¢ glass vessel through which sea water from the sea-loop was led at a
rate of 3 £ min~! resulting in a residence time for the water in the equilibrator of 40 s.

Air was recirculated through the equilibrator with a counter current flow at a rate of
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1.6 ¢ min~'. Samples for CO, and CH, were taken from the recirculating air stream
via a multiport valve and measured in a GC equipped with a FID detector. Since
CO, is not detected by a FID detector the CO, in the sample was first converted to
CH, by passing through a methanizer just upstream of the detector. To enable flux
measurements, concentrations of both CHy and Ca in the air were also measured.
The air sample was pumped into the lab from the forward mast at a height over the
sea surface of ca 10 m. The residence time in the air line was 1 min. Air, water and
two standard gases were measured sequentially. The analyses were calibrated against
a gas standard containing 4 ppm CH,; and 200 ppm CQO,. As a control a second
standard gas, 10 ppm CH, and 503 ppm CO, was measured regularly. The sampling
frequency was set to continuously measure air every 40 min and water every 20 min.
This provided 36 air and 72 water measurements daily. The measured concentration
of CO, was corrected for temperature difference between the equilibrator and sea

water as measured at the sea loop intake in the bow of the ship.

3.1.4 4'3C-Dissolved Inorganic Carbon

During the NE Pacific cruises, DIC samples were collected in 250-ml glass flasks
spiked with HgCl and kept at 4 °C until extraction. The samples were extracted at the
Institute of Ocean Sciences (IOS), Sidney B.C. and analyzed at the Biogeochemistry
Facility, University of Victoria using the dual inlet on a Finnigan MAT 252 mass

spectrometer. [0S standard-1 (§3C= -1.4 °/,, vs PDB) was used as reference gas.
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The precision of these measurements was £ 0.05 °/o..

For the Pacific Transect, DIC samples were collected in Vacutainers. Unfortu-
nately all attempts to analyze the samples failed. When setting out to standardize
the method, it was discovered that the Vacutainers had rubber stoppers which pro-
duced/leaked small amounts of €O, with a 4'3C varving between -29 to -35 °/...
This contamination, although in small amounts, was enough to make analysis impos-
sible due to the large isotopic offset between DIC and the CO, emanating from the
Vacutainers.

d'3Cpic has instead been set to a constant value of +1.5 °/.., a fairly safe estimate
since values of §"*Cp;c do not vary systematically with temperature and the range

in surface waters is only 0.8 °/,, (Kroopnick 1985).

3.1.5 Nutrients

In the NE Pacific, hydrocast samples were analyzed on-board for nitrate/nitrite
and phosphate with a Technicon Auto Analyzer following modified procedures by
Barwell-Clarke and Whitney, (1996).

For the Pacific Transect on-board R/V Sonne nutrient samples were taken from
the sea loop, filtered( 0.2 um pore diameter) into acid-washed glass vials and imme-
diately frozen in a -20° freezer. Nutrient analysis from the Pacific Transect were later
performed at the Institute of Ocean Sciences, Sidney B.C., using the same instrument

and following the same procedures as for the samples from the NE Pacific.
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3.1.6 Isotope Measurements of Alkenones

Stable carbon isotope composition of alkenones was measured on a Finnigan MAT
252 Continuous Flow Isotope Ratio Mass Spectrometer (CF-IRMS). The GC used for
these samples was equipped with a cold-on-column injector (Carlo Erba adapted to
a Varian 3400 GC) and a non-polar column (MDN-1: 30 m, 0.25 mm ID, 0.25 um
film thickness, SUPELCO). Co-injected standards, consisting of Css, C3s and Cyg
n-alkanes were used as internal isotopic references (Jasper et al. 1994). The Cs and
C,o n-alkane standards were purchased from Chiron A/S, while the Cs3 standard was
prepared in the lab by off line combustion with copper oxide and measured with the
dual inlet. The precision and accuracy of the analysis were determined by repeated
measurements (n=12) of the C36 and Cyy standards at the same conditions as during
sample analysis. The precision is reported as two standard deviations (£o) and the
accuracy to be the deviation of the sample average from the expected value, i.e.
03 Caveragen=12 — 03 Cchiron. The carbon isotope composition of C3s was determined
with a precision of £0.4°/,, and an accuracy of -0.07 °/.., while the Cy n-alkane was
measured with a precision of £0.7°/,, and the accuracy was 0.02°/,,. This relatively
low precision is likely to be caused by the high temperature at which the alkenones
elute. At this temperature, 320°C, the background is higher due to column bleed; in

addition the gas velocity in the column is reduced causing the Cy; peak to “front”, i.e.

the peak has a asymmetric left shoulder. These chromatographic problems, together
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with the difficulty of volatilizing compounds as large as Czs to Cyo, lead to lower
precision. The precision of the alkenone measurements may therefore be assumed to
be between 0.4 and 0.7 °/,, since they elute after C35 and before Cyq. A conservative
value of 0.55 °/,, for the precision of §'3Cs7.5 is adopted here.

The isotopic composition of total phytoplankton biomass J,, was estimated using
an isotopic offset between total biomass and Cj7.-alkenone of 4 °/., (Jasper et al.

1994; Popp et al. 1998), i.e. 0, = d37.20 + .

3.1.7 Improved Water Trap For The CF-IRMS

Water, if not maintained at a low and constant level, can produce systematic
errors during CF-IRMS analysis of stable carbon isotopes. By transferring hydrogen

to CO, in the ion source via:
mClsOI{ + H,O = H‘:’CLGO;' + OH - (3.1)

or related reactions, water causes changes in the 45/44 and the 46/44 ion currents
(Merritt et al. 1995; Brand 1996). The consequences of these changes are an over-
estimation of '3C and a similar over-compensation in the 7O correction. A quan-
tification of water induced errors in the determination of carbon isotopes has been
made by Leckrone and Hayes, (1998). They derived a general relationship between

the observed error in § and the ion-current ratio of water to COs.

. 118
error in § = 0.04 + 26 - o) (3.2)
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Figure 3.2: Water induced errors at different water background levels and peak amplitudes.
Errors are calculated using Eq. 3.2. Peak amplitude is referred to as the mass 44 signal in
cup 3. Water levels are referred to as mass 18 signal in cup 3.(Whiticar and Eek 1999)
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Following this relationship, it is obvious that the water induced error increases as the
background water level gets higher, but it also shows that the error is sensitive to the
CO, signal. A weak CO, signal, i.e. too little material introduced into the source
resulting in a small peak, will give rise to an error of larger magnitude than a more
substantial peak would for the same water background (Fig. 3.2). Since the water-
induced errors affects both reference and sample peaks, the effects on the observed
ion current ratios are such that the systematic errors in the resulting 6 value can be
either positive or negative. If, for example, the reference peak and the sample peak
are identical and the water background does not change, then the errors are identical
and cancel out. However, if the sample peak is smaller than the reference peak, i.e.
the mass 44 ion currents are different, even though the water background remains the
same, then the resulting systematic error in the determination of the sample value
will be positive, manifested as a heavier bias. Conversely, a sample peak which is
larger than the reference peak will produce a negative error with a bias towards a
lighter value. Figure 3.3 illustrates the calculated errors as a function of peak size

and water background using reference peaks of 1 and 2 volts respectively.

3.1.8 Control of Water-Induced Errors

[t is possible to reduce the systematic error by shortening the residence time for
the charged ions in the ion source. This can be achieved by increasing the penetration

of the accelerzting field in the source. A shorter residence time will lead to a lower
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Figure 3.3: Water induced error at different background levels. Errors are calculated using
a 1 Volt reference peak in the left panel and a 2 volt reference peak in the right panel.

Water levels are referred to as mV signal in cup 3 or as the corresponding signal current.



46

number of collisions between water molecules and CO,* ions, hence there will be
less HCOZ formed and subsequently a smaller error. In Eq. 3.2 the effect of shorter
residence time is shown as a lowering the slope factor. Unfortunately, such a change
in the accelerating field will decrease the sensitivity of the instrument making this
approach less optimal.

While ion extraction affects the residence time for charged species in the source,
it will not change the residence time for neutral molecules. The flow rate of neutral
gas molecules through the ion source or source conductance can on the Finnigan 252
be changed using the Variable Ion-Source Conductance, (VISC). The VISC regulates
the pressure and hence the flow rate in the source by physically closing an opening
in the source housing. Leckrone and Hayes, (1998) observed that the water induced
errors were only affected during the first 30 % of the VISC span after which no im-
provement was observed. During the analysis of the alkenones reported in this thesis
the VISC was operated at 100 % open. Therefore, the best way to avoid the influence
of water background without compromising the sensitivity of the instrument is to
remove the water before it reaches the mass spectrometer. Water from leaks in the
GC and water formed during combustion of sample molecules is removed in a water
trap situated between the combustion reactor and the mass spectrometer. Ideally,
this water trap should be able to keep the water entering the source at such a low

level that no significant error would be induced. However, the standard water trap is
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not efficient enough to completely remove the background. The type of trap used is
a so called “Nafion-trap”. In this trap the carrier gas is led through a thin (0.33 mm
ID) tubular Nafion membrane. This membrane is a copolymer of tetrafiuoroethy-
lene (Teflon) and perfluoro3,6-dioxa-4-dimethyl-7-octene-sulfonic acid. The Nafion is
mounted coaxially inside a 30 cm long, 1/4” ID stainless steel tube with reducing-tee
unions. The steel tube is flushed with a counter current flow of dry helium. Water
diffuses from the carrier gas through the Nafion membrane into the helium stream,
leaving the carrier gas progressively drier as it passes through the length of the trap.
In the system used in the Biogeochemistry Facility this trap was able to maintain
the water signal at a ion current of 120 pA or 36 mV of mass 18 in cup 3 (for the

corresponding errors see Fig. 3.2).

Modified water-trap

In an attempt to minimize the water induced errors in our mass spectrometer
a water trap was constructed using the same Nafion tubing, but with 1/16" glass-
lined stainless tubing instead of the 1/4” sheath . The small diameter combined with
the glass-lining have the added advantage of keeping surface area where water can
adsorb to a minimum. The trap length was increased to 60 cm, partly to increase
the residence time of the carrier gas in the trap and partly to enable cooling of the
downstream end of the trap. Cooling the trap will lower the vapor pressure of water

in equilibrium with sorption sites within the Nafion membrane. The temperature
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dependency can be expressed as (Leckrone and Hayes 1997):

lOg PWN = —30% +10.01 (33)

Residual water will remain in the gas-stream if insufficient time is allowed for water to
diffuse through the membrane. An appropriate length of the trap can be calculated

from (Leckrone and Hayes 1997):

103.8
> .
2 Fe 1207 D

(3.4)

where L is the length of membrane in cm, F. is the gas flow rate in ml/min and D is
the diffusion coefficient of water in the carrier gas at the operating temperature, cm?

S-l

. For example, using the diffusion coefficient of water in helium at 25°C, 0.908
cm? s~!. (Vargaftik et al. 1996), Eq. 3.4 calculates a 18.5 cm trap. This trap can dry
carrier gas saturated with water to 10.2-1073% torr. To reach a lower vapor pressure
the trap must be cooled. If the trap is cooled to 0°C a 23 cm trap is needed with an
equilibrium vapor pressure of 0.8-1073 torr, D = 0.728 cm? s~! (Leckrone and Hayes
1997). In Fig. 3.4 the theoretical error associated with the “old” trap is compared

with the errors corresponding to the water levels in the new trap cooled to -10°C with

a ethyleneglycol/dry ice mixture .



49

— — Qld trap => 36 mV mass 18 in cup 3
New trap => 11 mV mass 18 incup 3

A, error in & (permill)

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Sample peak amplitude (voit)

Figure 3.4: Comparison of water induced errors between “old” and “new” water trap. The

expected precision (o = £ 0.3 °/so) is shown for scale. Errors are calculated using a 1 Volt
reference peak.
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Chapter 4

Influence of Spectral Quality and Irradiance on Carbon
Isotope Composition and Growth Rate in a Non-Calcifying

Strain of Emiliania huxleyi

4.1 Abstract

Phytoplankton physiology is affected by light intensity and spectral quality of the
incoming light. The changes in physiology are expressed as changes in the relative
sizes of the different organic constituent pools. Additionally, the carbon isotope frac-
tionation has been shown to be light dependent with a decreasing discrimination with
decreasing light intensity. Presented here is an experiment aimed at understanding
the effects light and spectral quality may have on growth rate and carbon isotope

fractionation in a non-calcifying strain of Emiliania huzleyi.

4.2 Introduction

Irradiance has been shown to affect carbon isotope fractionation in cultures of
calcifying E. huzley: by a decreasing isotope fractionation with decreasing irradiance
(Thompson and Calvert 1995). A consequence of this would be that the carbon

isotope fractionation in the ocean is depth dependent, with decreasing fractionation
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the deeper the algae grows. However, the conditions in these two cases cannot be
compared directly, since in the water column the light environment is also affected
by the light attenuation characteristics of the water. This attenuation is wavelength
dependent, thus the spectral quality will change with depth. Longer wavelengths are
more affected by this attenuation and the spectral quality of light that penetrates
into the water column will therefore shift towards blue with depth.

Irradiance and spectral quality have been shown to change the molecular composi-
tion of phytoplankton. Rivkin (1989) demonstrated significant effects on chlorophyll,
carbon and protein content by both irradiance and spectral quality in cultures of
Dunaliella tertiolecta and Thallassiosira rotula. Irradiance also affected the relative
amounts of polysaccharides and lipids in these cultures while the spectral quality had
no effect on these molecular groups. However, spectral quality, specifically blue light,
stimulates nitrate reductase and thereby promotes nitrate uptake. This may lead to
increased demand for carbon skeleton, via 3-carboxylation, and subsequently to an
increased production of amino acids.

The different constituent groups that make up the biomass in phytoplankton have
distinctly different isotope signatures. Lipids for example, are depleted in '3C by 3
to 4 °/,, relative to the total biomass while amino acids generally are more enriched
in 13C by 1 to 4°/.. (Abelson and Hoering 1961). These light-associated effects may

act to change the carbon isotope composition of phytoplankton biomass by altering



the relative sizes of the pools of different compound classes within the cells.
The results of an experiment aimed at the effects of irradiance and spectral qual-
ity on the isotopic composition of an non-calcifying strain of Emiliania huzleyi are

discussed below.

4.3 Materials and Methods

4.3.1 Culture conditions

Cultures of a non-calcifying clone of Emiliania huzleyi (clone 732a NEPCC-
University of British Columbia, collected and isolated from Station P in the NE
Pacific) were grown in 4 replicates of 400 ml batch cultures. Culture media were
made from sea water collected at Station P, sterilized by micro-waving for 10 min-
utes and nutrient enhanced according to Harrison et. al.. 1980. At the start of each
treatment, the cultures were inoculated with cells corresponding to 6000 cells/ml.
The inoculates were taken in exponential growth phase from cultures that had been
adapted to the conditions of the specific treatment. The cells were kept suspended
by gentle air bubbling. The air was passed through a 0.2 um filter prior to entering
the cultures. Cell enumeration was made by measuring light absorption at 750 nm
in a spectrophotometer. A haemocytometer was used to calibrate the absorption vs
cell density relationship. During the experiment, the culture flasks were placed in

a incubator cabinet capable of controlling temperature within £ 0.3 °C. Light was
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Figure 4.1: Light spectra for the two color treatments compared to field data from Bermuda
(BATS). The laboratory conditions are described by to pair of curves, each pair representing

the two light intensities at white and blue light respectively.

supplied from a bank of 6 fluorescent light bulbs (Coralife Trichromatic) selected to
produce a light spectrum similar to that of sunlight. Light levels were controlled by
placing neutral density filters in front of the light bank (Roscolux no. 298, 209) and
spectral quality was changed from white to blue light by adding a blue filter (Roscolux
no. 69). Light levels were calculated from radiometer measurements at the culture
flask positions in the incubator cabinet (LI-1800UW Underwater Spectroradiometer,
LI-COR Inc.).

A comparison of the light fields produced in this way to field measurements

from the Bermuda Time Series Ezperiment (http://www.icess.ucsb.edu/bbop/bbop/


http://www.icess.ucsb.edu/bbop/bbop/

94

aarchive.html), shows that the white light (using only neutral density filters) corre-
sponded to a light field at approximately 3-5 m depth while the blue light compared
to a light field of approximately 20 m depth (fig. 4.1).

When changing between light colors, the photosynthetically usable radiation (PUR)
incident on the culture flasks was adjusted by placing the flasks at different distances
from the light source. Photosynthetically usable radiation is the fraction of radiant
energy absorbed by the cells (Morel 1978; Gostan et al. 1986; Morel et al. 1987) and
is defined as:

700nm
PUR = PAR(\)A(\)dN (4.1)

100nm

where PAR(A) is the incident light field, A(\) is a weighted probability that a pho-
ton of a given wavelength will be absorbed by an algal cell. A was estimated by
normalizing an absorption spectrum [a())] with respect to its absorption maximum
(@maz), 1.6. (A(N) = % (Gostan et al. 1986; Morel et al. 1987). The absorption
spectrum was obtained from measurements of intact cells filtered onto a glass fiber

filter (Truper and Yentsch 1967) (fig. 4.2).

4.3.2 Sample preparation

The cultures were allowed to reach a cell density of 1-10° cells/ml at which time
the cells were filtered onto pre-combusted glass fiber filters (Gelman A/E) in 100 ml

batches. The filters were then kept in -20 °C until analysis. The isotopic composition
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Figure 4.2: Absorption spectra of Emiliania huxleyi obtained by measurements of intact
cells filtered onto a glass fiber filter. The absorption at each wavelength was calculated as the

difference between a empty filter and a filter with cells as measured in a spectrophotometer.

of the produced biomass was measured by placing a subsample cut from one of the
filters into a silver capsule and adding two to three drops of 1 N HCI to remove any
traces of inorganic carbon. The capsules containing the samples were then placed in
a desiccator for 3-7 days after which the isotope composition was measured using an
Carlo Erba elemental analyzer online with the Finnigan MAT 252 isotope ratio mass
spectrometer. Acetanilide was used as carbon isotope standard (6'3C wvs 6'3Cppg =

-30.54 °/40). The precision of the measurements was 0.1 ° /.
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4.3.3 Dissolved Inorganic Carbon

At the beginning and at the end of each experiment two aliquotes of the media were
collected from each replicate culture. For analysis of the carbon isotope composition
of Dissolved Inorganic Carbon (DIC) 4 ml of the media were injected into a 7 ml
evacuated Vacutainer via a 0.2 um syringe filter. The Vacutainer was then kept at
4°C until analysis. To determine tii2 concentration of total inorganic carbon (TCO,),
a second aliquote was filtered through a 0.2 um syringe filter into a 3 ml vial. The vial
was then sealed with a rubber stopper while ensuring that no air was left in the vial.
This vial was also stored at 4°C until analysis. At this time the pH of the media was
determined using a pH-meter. During each treatment, one of the replicate cultures

was sampled every day for both DIC and Total COs.

4.3.4 Experimental Design

In order to study the effect of depth in the water column irradiance, spectral
quality and temperature or a combined effect of the three, a 23-factorial design was
used. In this design the two levels of spectral quality were white and blue light,
temperature levels were 16°C and 8°C. The irradiance was set to a PUR level of 5.8
and 3.2 uE m~2 s~!. The light levels were chosen, using the Photosynthesis-Irradiance
(P-I) curve in Figure 4.3, so that the high value would provide a saturating amount
of light while for the low level light would be limiting. The P-I curve for this clone of

E. huzleyi was measured using the same setup as for the experiment with white light
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Figure 4.3: P-I curve for non-calcifying clone of Emiliania huxleyi at 16 °C, white light.

at 16 °C.

4.4 Results and Discussion

4.4.1 Growth rate

The resulting growth rate for the different treatments are shown in figure 1.4.
Growth rates at the higher light level (PUR = 5.8 uE m~2 s7!) were 1.1 (d~!) at
16°C and 0.6 (d~!) at 8°C. However, growth rate was independent of spectral quality,
i.e. the same for both white and blue light. At the lower light level, PUR = 3.2

=2 571 blue light resulted in a lower growth rate than that in white light at

uE m
both temperature levels. A statistical evaluation of the factorial design reveals that

effects of all three main factors had a significant effect on growth rate (Table 4.1).
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The calculated mean effects show however, that the magnitude of the effect of color
is very small; -0.04 compared to the effects of irradiance and temperature of 0.12 and

0.23 respectively (Fig. 4.3).

4.4.2 Isotopic composition of organic carbon

Results from the P-I curve

Analysis of the isotope composition of bulk cellular organic carbon was made for
three different light intensities. Using white light at 16 °C, decreasing light levels re-
sulted in more *C depleted organic material. Considering that non-calcifying clones
of E. huzleyi are only able to use dissolved CO, via passive diffusion as carbon source

(Nimer et al. 1994a), an increased discrimination against '3C is expected with a lower

Factor df Adj MS F p
Color 1 0.03990 29.13 0.000
Irradiance 1 0.46803 341.68 0.000
Temperature 1 1.70663 1245.90 0.000
Color*Irradiance 1 0.05528 40.36 0.000
Color*Temperature 1 0.00300 219 0.152
Irradiance*Temperature 1 0.08925 65.16 0.000

Color*Irradiance*Temperature 1 0.00945 6.90 0.015
error 24 0.00137
total 31

Table 4.1: ANOVA table for growth rate
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Figure 4.4: Growth rates for the different treatments in the 23-design. Solid circles, dashed

line: blue light, open circles, solid line: white light. Top pair : 16 °C, bottom pair: 8§ °C

carbon demand (Hayes 1993). However, the results of Thompson and Calvert. (1995)
have an opposite sign of the slope compared to the data presented here (fig. 4.6).
This may indicate that there is a difference in carbon utilization between light limited
calcifving and non-calcifving cells. The non-calcifying cells are unable to use bicar-
bonate and are exclusively diffusive CO, users while the calcifving clones are able to
take up bicarbonate which may be used for both calcification and photosynthesis. As
has been discussed previously calcification, or more specifically an imbalance between
calcification and photosynthesis, can affect the availability of CO, in calcifying cells
and change the extent to which CO; is leaking out of the cells. As described later
in Chapter 5, light limitation may theoretically, cause an imbalance in the Calcifica-

tion/Photosynthesis ratio such that the sign of the calcifying slope shown in Fig. 4.6
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Figure 4.5: Effect of color, intensity and temperature on growth rate. The dashed line

represents the overall average of the growth rate.

can be explained. These results support the view of the calcifying Emiliania huzleyi

as a species that rely on a carbon supply different from passive uptake of dissolved

COs.
Blue Light Erperiment

Due to contamination from degassing of the rubber stoppers (see Chapter 3) all
DIC and TCO,; samples were lost. Unfortunately, without the carbon isotope com-
position of the dissolved C'O; no isotope fractionation could be calculated, hence the
possible influence of blue light could not be properly evaluated. However, below is an
evaluation of the effect of irradiance, spectral quality and temperature on the carbon
isotope composition of Emiliania huzleyi. The validity of these results are somewhat
doubtful since it is possible that the isotope composition of the substrate (CO,) may

change during the course of the experiment. This change of isotope composition is
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Figure 4.6: Comparison of isotope discrimination in light limited calcifying and non-
calcifying clone. Filled circles: non-calcifying clone, this study. Open squares: calcifying
clone, (Thompson and Calvert 1995)

caused by selective consumption of ?CO, by the algae, thus the remaining CO, in
the media will become enriched in '*C over time. The following evaluation is done
under the assumption that the isotope composition and the concentration of dissolved
CO, is the same for all cultures. Although, this is uncertain the media was the same
for all cultures, they were all sterilized the same way and the amount of biomass
produced during each experiment was approximately the same. The resulting isotope
compositions of the cultures are shown in Figure 4.7. The large error-bars for the
high intensity results may be a result of varying isotope compasition of the dissolved
CO,. Considering the uncertainty of the combination of 8°C and high light intensity,

the spectral quality appears not to have any effect.
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Figure 4.7: Isotope composition for the different treatments in the 22-design. Error-bars
shown are o for three replicate cultures. Filled circles: Blue light, Open circles: White

light

Factor df Adj MS F p
Irradiance 1 38240 6.67 0.020
Color 1 04483 0.78 0.390
Temperature 1 6.6150 11.54 0.004
Color*Irradiance 1 05340 093 0.349
irradiance*Temperature 1 22448 392 0.065
Color*Temperature 1 04161 073 04.7

Color*Irradiance* Temperature 1  0.9680 1.69 0.212
error 16 0.5731

total 23

Table 4.2: ANOVA table for 6'3C
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A test for significance of the three factors on the isotope composition of the whole
cells shows that only irradiance and temperature produced significant differences be-
tween treatments (Table 4.2). The spectral quality showed no effect. This agrees
with the growth rate results, where, although spectral quality had a significant effect
on growth rate the magnitude of the effect was verv small. Therefore. the effects on
isotope composition seen in this experiment may be attributed to a primary effect on
growth rate. Thus, parameters that affect the growth rate significantly will also affect
the carbon isotope composition. Based on this assumption, it can be implied that
spectral quality does not influence carbon isotope fractionation. Hence, any possible
shift in carbon flow within the cell due to a blue light induced stimulation of nitrate

reductase appears not to affect the isotope composition of the cell.

4.5 Conclusion

These results indicate that spectral quality appears to have a very modest effect
on the growth rate in non-calcifying Emiliania huzleyi. In this experiment growth
rate was mainly controlled by temperature and light intensity. The carbon isotope
results imply, although the interpretation is hampered by the lack of 6"*Cp;c, that
the spectral quality does not affect the isotope composition either.

The contrasting slopes between the non-calcifying clone in this experiment and the

calcifying clone of Thompson and Calvert, (1995) suggest that E. huzleyi should not
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be considered as an alga relying solely on diffusive uptake of CO, but rather a complex
carbon supply controlled by calcification and the factors affecting the calcification to

photosynthesis ratio.
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Chapter 5

Line P, North East Pacific, CJGOFS:
Influence of Environmental parameters on Carbon Isotope

Composition of Alkenones

5.1 Abstract

Isotope fractionation by Prymnesiophyte algae was determined in samples of ma-
rine particulate organic material collected by MULVFS pumps during three CJGOFS
cruises on board R/V Tully along Line P in the North East Pacific. Carbon isotope
fractionation associated with photosynthetic carbon uptake within the euphotic zone
is calculated from '3C/'2C ratios of dissolved carbon dioxide and the Cy;., alkenone,
a biomarker originating from Prymnesiophyte algae. The use of the MULVFS pumps
enabled the determination of depth profiles of alkenone isotope composition from
simultaneously collected POM samples within the top 900 m of the water column.
Profiles from seven stations, separated both spatially and temporarily are reported.

The profiles demonstrate a larger variability in §'3C37.0-alkenone from samples
taken within the euphotic zone than samples taken at depth. The isotope composition
of alkenones are generally depleted in '*C at the surface relative the bottom of the
euphotic zone, while in two deep profiles the isotope composition returned to more

13C depleted values below 200 m. These results indicate that the variability in isotope
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fractionation by Prymnesiophyte algae seen in field samples is affected by their vertical
position within the euphotic zone. The availability of light is therefore suggested to
play an important role in the control of isotope fractionation. A mechanism for this
control is suggested, where light affects the ratio of calcification to photosynthesis
which in turn regulates the intra-cellular CO» concentration via the cvtosolic pH.
The carbon isotope fractionation is then a function of the direction and magnitude
of CO, diffusion in or out of the cell. In addition to investigating changes in isotope
composition with depth, a possible relationship between nutrient availability and
carbon isotope fractionation was also studied. The results show a linear relationship
between carbon isotope fractionation and concentration of phosphate normalized to
dissolved CO,. Based on this relationship, fractionation increases as the ratio of
dissolved phosphate to CO, decreases. This is in agreement with data presented
previously by Bidigare et al.. (1997). However, the results presented in this chapter
show that the relationship between carbon isotope fractionation and PO,/CQO; breaks
down when the dissolved nitrate is depleted. Under these circumstances the carbon
isotope fractionation is much lower than predicted by the concentration of phosphate

and CO,, and a biomass which is more enriched in '*C is produced.
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Figure 5.1: Map of Line P off Vancouver Island, North East Pacific
5.2 Introduction

During 1996 and 1997 CJGOFS (Canadian component of the Joint Global Ocean
Flux Study) conducted a series of cruises along line P in the North-East Pacific. These
cruises gave an opportunity to study carbon isotope fractionation by Prymnesiophyte
algae in the field. The goal was to gain understanding of the control exerted by
the environment on the carbon isotope fractionation. Environmental factors that
were considered were availability of CO, and nutrients (phosphate, nitrate), vertical
position in the water column and irradiance.

Line P is a 1500 km long oceanographic section between Ocean Station Papa,
(50°N, 145°W) and the southern tip of Vancouver Island (Fig. 5.1). Near the coast,
Line P stretches over approximately 100 km of continental shelf and a similar distance

over the continental slope. The average depth along the line is about 3000 m. Station
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PAPA is situated at the offshore end of the line, approximately where the Sub-Arctic
Current splits to form the pole-ward-flowing Alaska Current and the equator-ward-
flowing California Current. Line P intercepts the Alaska Current and the flow across
the line is that of, or at least a part of, the Alaska Current. Basic open-ocean
oceanographic characteristics of the water prevail from station P26 to about 500 km
from the coast, and coastal features are apparent only over the 200 km of continental
slope and shelf (Tabata 1991). A dominant feature along the whole line is a strong
year round salinity stratification of the upper 100 m (Bishop et al. 1999).

These cruises provided a sample set representing three different seasons - spring,
summer and winter at five different locations (Fig. 5.1); three in-shore stations, P4,
P12 and P16, which are characterized by spring and late summer phytoplankton
blooms dominated by diatoms and two offshore stations, P20 and P26. featuring low
biomass dominated by small phytoplankton. The spatial and temporal distribution
of the sample stations resulted in a variety of observed environmental conditions.
Dissolved carbon dioxide varied between 17.5 and 12.6 umol/kg, phosphate from 0.33
to 2.2 umol/kg and nitrate showed values between 0 and 9 pmol/kg. Nutrient con-
centrations tended to be higher in February and May than in August, consistent with
both a lower primary production rate and convective mixing resulting from surface
cooling facilitated by wind driven stirring during the winter months. Mixed layer

depth also changed with season from 50-100 m during winter to about 20 m for all
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stations in late summer.

5.3 Results

At Station P12 in May 1996. nutrients were well mixed down to approximately
60 m. Although not showing up in the nutrient profiles, a thermal stratification was
super-imposed at shallower depths, (Fig.5.2). The thermal surface layer was only 10
m deep and likely to have been formed shortly before the station was occupied since
the concentrations of nutrients at the surface were unaffected. The nutrient state
at this station was moderate, within the top 60 m nitrate was 3.9 umol kg~! and
phosphate 0.7 umol kg='. The estimated concentration of dissolved CO, was 15.2
pmol kg~! along with silica values of 7 umol kg~!. Isotopic composition of alkenones,
was almost constant within the top 135 m at §'3Cpg = -24 °/., with the exception of
the surface sample at 10 m which was almost 1°/.. depleted in *C (6"3Cpgp = -24.7
°/s0) than the deeper samples (Fig. 5.2).

Further west at Station P16 in May 1996, the mixed layer was slightly deeper
at approximately 80 m with no sign of any recent thermal stratification, (Fig. 5.3).
Nutrient concentrations were higher, concentrations of nitrate and phosphate were
7 and 0.9 pmol kg~! respectively. Silica had a value of 9 pmol kg~! within the

mixed layer and CO, was high at 15.9 umol kg=!. The carbon isotope values of
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Figure 5.2: Station P12 in May 1996. Environmental parameters and carbon isotope
composition of C37.2-alkenone as a function of depth. Error bars show the precision of the

isotope measurements (+ 0.6° /).
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Figure 5.3: Station P16 in May 1996. Environmental parameters and carbon isotope
composition of C37.2-alkenone as a function of depth. Error bars show the precision of the

isotope measurements (+ 0.6° /).
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Caro-alkenone varied very little even here, but with a trend towards lighter values
with depth: 83C 4= -24.6 °/., at the surface and §3Cpgp= -25.2 °/so at 133 m.
The sample at 86 m deviates from the trend by showing the most '3C enriched value
within the profile of §'*Cpgp= -24.4 °/c0.

Station P20 in May 1996 had a mixed layer of 50 m with a hint of thermal
stratification within the top 30 m. Nutrient and CO- levels were the highest of all
of the May stations (Fig.5.4). Nitrate and phosphate in the mixed layer were 9.0
and 1.0 gmol kg~! respectively and dissolved CO; was 16.4 pmol kg™!. Silica was
consistent with nitrate and phosphate at 11 umol kg=' throughout the mixed layer.
d'3Cj;r.0-alkenone showed little variation with depth (-25 to -24.3 °/,,), except at 85
m depth where the value again was enriched in *C ( §'*C=-23.4 °/,.).

While depth profiles of nutrient concentrations and temperature at Station Pd
in August show quite dramatic changes with depth, the isotopic composition of the
alkenones was strikingly constant (Fig. 5.3). Values varied only 0.7 °/,, with the
more '3C depleted values found at depth. The mixed layer was shallow at 15 m with
nitrate values reaching 0 between 5 and 10 meters depth and phosphate values at
a constant 0.33 umol kg=!. The silica profile showed a minima coinciding with the
nitrate minimum between 5 and 10 m suggesting that the presence of diatoms was
responsible for the drawdown of nitrate.

Station P12 in August had a well developed stratification with the thermocline,
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Figure 5.4: Station P20 in May 1996. Environmental parameters and carbon isotope
composition of Cz7.0-alkenone as a function of depth. Error bars show the precision of the
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halocline and the pycnocline all coinciding at about 20 m depth (fig. 5.6). Nitrate was
completely depleted within the surface layer along with a depletion of silica, which
reached a minimum of 1 ymol kg~ just below the mixed layer. Phosphate levels were
also low, 0.33 pmol kg™! within the top 20 m. Dissolved CO, showed values of 12.6
pmol kgt. At this station the carbon isotope value of the Cjr.0-alkenone in the 11 m
sample, was more than 2 °/,, depleted in ¥C (4'3C=-26.3 °/,.) relative to samples
taken between 36 and 134 m. These samples had an almost constant value of §'3Csz.o
between -24.4 and -23.9 °/,..

At Ocean Station Papa (P26) in August 1996, the carbon isotope values of Ca7.-
alkenones were quite different relative to the other stations. Within the top 80 m
the values were more enriched in *C than those seen at the other stations; values
for §'3Cy7, varied between -22.3 and -21.7 °/.,. At 134 m the value became more
depleted in 3C with ¢'3C = -23.8 °/.., a value similar to previous stations. The
oceanography at this station was similar to station P12, with a shallow mixed layer
of about 20 m. Both the thermocline and pycnocline indicated a mature stratification,
although the salinity profile still showed the permanent halocline at approximately
80 meters depth. Nutrients were present in relatively high concentrations in spite of
the shallow mixed layer, with nitrate values of 7.5 and a phosphate concentration of
0.9 pmol kg~!. Estimates of dissolved CO, values were slightly higher than station

P12 at 13.7 pmol kg=! while silica was much higher at 13.6 pmol kg™!.
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Figure 5.6: Station P12 in August 1996. Environmental parameters and carbon isotope
composition of C37.2-alkenone as a function of depth. Error bars show the precision of the
isotope measurements (+ 0.6°/o,). The insert in the nitrate graph shows the top 25 m at
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The last station reported here is Station P12 occupied in February 1997. As this
was a winter station a deep stratification was observed, with the pycnocline at about
100 m (fig. 5.8). Nutrient values were relatively high with nitrate at 5.9 umol kg=!

! respectively. Estimated CO,

and phosphate and silica at 0.8 and 8.5 umol kg~
was 15.8 umol kg™!. Alkenone isotope values at this station resembled the values
in August with the surface sample being §'*C = -26.5 °/,, and the deeper samples
about a permil enriched in "*C. The deeper values differ relative to the August values
by one permil, -25 °/,, instead of -24 °/,,. However, the deepest sample at 134 m
was again similar to all the previous stations at §'3C = -23.8 °/...

[sotope composition of dissolved inorganic carbon from the surface is shown in
Table 5.1. At three stations profiles of §'3Cprc samples were collected, the result-
ing isotope profiles are shown in Figure 5.9. Surface samples from three additional
stations (P4 in May 1996, P16 in August 1996 and P4 in February 1997) were also
measured. The isotope composition of the Cj;.0-alkenones for these stations are shown

in Table 5.1 along with carbon data for all surface samples. In Table 5.2 a similar

compilation is made for samples from the bottom of the euphotic zone.

5.3.1 Light Conditions

The depth of the euphotic zone was measured for each station with either a LiCOr
2-pi sensor (calibrated using external standards) or a factory calibrated Biospherical

instruments INF-300 integrating natural fluorometer and a 4-pi PAR sensor. Light
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Figure 5.8: Station P12 in February 1997. Environmental parameters and carbon isotope
composition of Ci7.0-alkenone as a function of depth. Error bars show the precision of the

isotope measurements (+ 0.6 °/o0)-



Station Depth  Temp.  Salinity  POJ™ NOZ . NOZ §i04 Alk. £CO2 C. MCpe C. 0w €

{m) (¢¢) (ppt) pmol kg pmol/kg pmol/kg  peq./kg  pmol/kg  pmol/kg ®/ca “lan °fan
P4 May 1996 [N 0.3 .27 4R 1.9 K6 2343 2126 14.7 1.4 -8.0 -23.8 12.1
P4 August 1996 1t 1468 32.02 0.34 0 26 2330 208) 13.1 1.3 -7.6 -24..0 12.7
P4 February 1997 14 8.3 32.44 0.92 7.9 1.1 2348 2146 15.9 0.9 -8.6 -24.7 12.3
P12 May 1996 10 9.8 32.51 0. 70 3.9 6.9 2344 2131 16.2 1.7 1.7 -24.7 13.3
P12 August 1906 i1 16.0 32,10 0.33 0 3.5 2327 2067 12,6 1.5 -7.1 -26.3 15.5
P12 February 1997 13 8.6 31.68 0.78 a9 8.5 2318 211 16.b 1.8 8.3 26.5 11.6
P16 May 106 1 8.1 J2.67 VY (A} 9.2 2318 2110. 1b9 1.4 8.3 -24.6 12.6
P16 August 1996 10 14.8 32,38 037 [V} 1.6 2830 2079 13.1 1.5 -7.3 -33.6 12.6
P20 May 19496 12 7.7 32.66 1.02 2.0 11.0 2350 2153 16.2 1.6 -8.1 -20.0 13.2
P26 August 1996 10 13.4 32.59 0.92 7.5 13.7 2334 2094 13.7 1.6 -7.4 -22.4 1.2

Table 5.1: Environmental and isotope data for the surface samples. The estimated errorine, is £\/a%,. + 0%,.,=0.552=0.6.

Note that the carbon data except 6'3Cpj¢ «.7e estimates based on the temperature relationship between total alkalinity,

2CO;, and temperature (Kroopnick 1985).
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Station Depth  ‘Temp.  Sulinity PO} NOZ, NOj 810, Alk. LCO, C. 3¢y, 83C. §'3Cxya Ep

(m) (°C) (ppt) pmul/hg pmol kg amol/kg  peq./hg pmol/kg  pmol/kg ¢ /oo ° /o0 ® /o0
P4 August 1996 ki) 10.3 32.42 074 2.7 6.6 2342 2128 14.9 1.2 -8.1 -24.1 12,2
P12 May 1996 58 8.6 32.52 0.78 5.1 8.2 2347 2144 15.8 1.2 -8.4 -24.1 12.0
P12 August 1996 J6 11.1 32.52 [IX7}} 2.2 2.4 2040 2118 14.6 1.2 -8.0 -24.1 12,3
P12 February 19897 61 8.2 32.56 0.48 6.5 8.6 2319 2118 15.9 1.2 -8.4 256.2 13.1
P16 May 1996 Kt ) 8.3 32.57 0.9 7.0 R.8 2348 2146 15.9 1.2 -8.4 -24.9 12.8
P20 May 1996 36 14 32.57 1.06 9.2 it 2361 2137 16.4 1.2 -8.5 -24.3 12,1

P20 August 1996 35 .0 3273 .07 9.0 15.1 2346 2139 15.6 1.2 -8.4 -22.1 9.9

Table 5.2: Environmental and isotope data for the 1% Iy samples. €, refers to fractionation relative CQO,, which isotope
composition calculated using a constant §'3Cpc of 1.2 °[o.. The estimated error in €, is £1/0%, . + 03;.,=0.552=0.6. Note
that the carbon data are estimates based on the temperature relationship between total alkalimty, XCO, and temperature

(Kroopnick 1985).
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Figure 5.9: Depth profiles of §'3Cp;c, used to estimate §'*Cp/c at the bottom of the

euphotic zone.

profiles were measured midday the day of sampling (Boyd and Harrison 1999). The
depth of both the euphotic zone and the mixed layer are shown in Table 53.3.1. Also

shown are the cruise averages of PAR as measured on deck.

5.3.2 SEM micrographs

Attached to the side of each MULVFS pump was a sub-micron filter manifold. One
of the filter holders held a 3M-Empore absorption disk for dissolved organic material.

To prevent particles from reaching the absorption disk a 1 um polycarbonate filter
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Station Mixed layer depth Depth of euphotic zone Average PAR
(m) 1% Ip (m) pEm~2st
P12 May '96 10 60 583
P16 May '96 80 40 383
P20 May '96 30 35 583
P4 August '96 15 30 391
P12 August '96 20 40 391
P26 August '96 15 10 391
P12 February '97 40 60 254

Table 3.3: Depth of mixed layer and euphotic zone along Line P

was used. The flow through the "sub-micron” setup was much less than the main
MULVFS filters resulting in a moderate accumulation of material on the filters. This
made it possible to use the filters directly for Scanning Electron Microscopy, without
any preparations except gold sputtering.

The first sample is from 11 m, (Fig. 5.10) and in Panel A the presence of Gephy-
rocapsa oceanica, a alkenone producing species other than E.huzleyi is confirmed
(Volkman et al. 1995). The isotope fractionation in G. oceanica have not been
tested and may differ from E. huzleyi as do their U¥ index* (Volkman et al. 1995).
In the next panel an intact E. huzleyi cell is shown along with many detached coc-

coliths. A broken coccosphere in the lower right corner seems to consist of two layers

77K __I_LC 2
U37 - [037;2];:{2037:3]
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Figure 5.10: SEM Micrographs from 11 m depth at Station P12 in August 1996. Panel A:
3200x, Panel B: 3200x
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Figure 5.11: SEM Micrographs from 36 m depth at Station P12 in August 1996. Panel A:
400x, Panel B: 860x
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Figure 5.12: SEM Micrographs from 60 m depth at Station P12 in August 1996. Panel A:

1300x, Panel B: 3000x
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of coccoliths which along with the detached coccoliths may be an indication of en-
hanced calcification. At the next depth, 36m (still within the euphotic zone, which
reaches down to 40 m), (Fig. 5.11), there is an abundance of coccoliths and in Panel
A coccolithophores are forming the background for several pennate diatoms. Panel
B shows a few cells of E. hurleyi that are not extensively calcified.

Continuing deeper to 60 m, (Fig. 5.12), the cells appears to be heavily calcified and
more resemble formless aggregates of coccoliths rather than coccospheres. Interesting
to note here is that although E. huzleyi cells are heavily calcified, the G. oceanica
cells appear to be calcified to a lesser degree. If this is typical, then, based on the C/P
ratio hypothesis, one might suspect the carbon isotope fractionation to be different
in the two species, a subject that merits further study.

At 300 meters depth (Fig. 5.13)the particulate material is mostly made up of
debris, such as broken diatom frustrules and detached coccoliths. A few intact cells
of E. huzleyi var. Corona and G. oceanica are present at this depth.

At the deepest MULVFS depth at 900 m (Fig. 5.14), the filter collected a mix of
detached coccoliths originating from both E. huzleyi and G. oceanica. Also, a large
aggregate that appears to be a fecal pellet filled with coccoliths is present. Cadée
(1985) found similar aggregates of coccolithophores embedded in mucoid material in
the North Sea. Cadée claimed that although the aggregates shape resembled that of

copepod fecal pellets the length to width ratio was less than that of copepods of (~
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Figure 5.13: SEM Micrographs from 307 m depth at Station P12 in August 1996. Panel
A: 3000x, Panel B: 4800x
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Figure 5.14: SEM Micrographs from 901 m depth at Station P12 in August 1996. Panel
A: 4000x, Panel B: 1000x
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7). The length to width ratio of the aggregate found here is about 2, thus implying

a non-copepod origin.

5.4 Discussion

A comparison of the depth profiles of §'3C37.0-alkenone from the CJIGOFS cruises
show a surface zone above the permanent pycnocline at 100 m. This zone is char-
acterized by a variable isotope composition (§!3C = -21.5 to -26.5°/,,) reflecting
differences in growth conditions between stations. Below the pycnocline at depths
deeper than 100 m, the isotope compositions appear to converge towards a common
value of §'3C379 & —25°/.,. At these depths, very little, or no light is available for
growth and most of the alkenones found here are likely to have been derived from the
surface zone. The different processes affecting the carbon isotope composition of the

alkenones within and below the euphotic zone are discussed below.

5.4.1 The Euphotic zone

The Euphotic or photic zone is defined as the part of the water column in which
the light levels are above the compensation point for photosynthesis. This is defined
to be at 1 % of the surface irradiation (Iy). By definition, the euphotic zone is
where the majority of the photosynthesis and carbon assimilation takes place. It is

therefore likely that the variability in isotope values seen in this zone is a consequence
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of differences in the processes responsible for carbon assimilation. Among the factors
affecting these processes are irradiance, (which will differ between stations depending
on weather and time of year), and nutrient supply (which will also vary, both spatially
and temporally as affected by up-welling and biological activity). Both irradiance and
nutrient availability will also change vertically in the water column, i.e. the depth to
which light penetrates into the water is affected by the intensity of the incident light
and the turbidity of the water, while nutrient concentration is mainly affected by the
vertical distribution of phytoplankton. To examine the effect of varying environmental
factors in the euphotic zone on carbon isotope fractionation, a comparison of isotope
values of alkenones found in the surface (mixed layer)and the bottom of the euphotic
zone was made.

The variability in isotope composition of the mixed layer samples (10-15m) was
accompanied by equally variable environmental parameters. For example, ¢, was
15.5 °/.o at Station P12 in August and 11.2 °/,, at Station P26 in August, nitrate
varied between 0 and 9 pmol kg~!, phosphate concentration was 0.3 umol kg~! at
the depleted stations and 1 umol kg~! at the more replete stations (Table 5.1, Fig.
5.17). Meanwhile at the bottom of the euphotic zone (1% of surface irradiance, Ip)
the variation in &, was not as large, 13.1 to 9.9 °/.., (Table 5.2, Fig. 5.18). ¢, is
here calculated relative to dissolved CO, by adopting a constant value for §*Cp;c

of 1.2° /.., based on the average §'*Cp;c at the respective 1%, depths from Station
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P26 in May 1996 and P4, P12 in February 1997 (see Fig. 5.9).

Nutrient and dissolved CO, levels at the bottom of the euphotic zone were gener-
ally higher than in the mixed layer. Light levels were also different for cells growing in
the mixed layer and cells at the bottom of the euphotic zone. except for Station P16
in May 1996 which had a mixed laver that reached below the euphotic zone. Measure-
ments of alkenone concentrations at Station P12 in May reveal that production at the
1%, depth was comparable to that near the surface, Table 5.4, which suggests that
both locations are important to the overall production of alkenones. A comparison of
the fractionation in the mixed layer and at the bottom of the euphotic zone is shown
in Figure 5.15. The average =, of the mixed layer samples was 13.4 °/,, with a range
of 5.1 °/... while at 1%/, the average fractionation was 12.4 °/., and the range was
lower at 3.1 °/o.. The difference in =, between surface and 1%, varied from 3.2 to 0.2
°/s0. For station P16 in May for which both samples where taken within the mixed
layer the ¢, was 12.6 °/o, in the 10 m sample and 12.8 °/,, for the deep sample. This
similarity is consistent with the mixed layer being well mixed - hence sample depth is
of little consequence. For the remaining stations the surface samples showed a larger
fractionation than the deeper samples. For four of these stations the difference in ¢,
was 1.1 to 1.4 °/., while for Station P12 in August the difference was 3.2 °/,, and
for Station P4 in August it was only 0.5 °/... Station P4 in August also showed

an unusual feature in the nutrient profiles, where at 30 m depth the concentrations
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Figure 5.15: Isotope fractionation for mixed layer (open squares) and 1%1y (filled circles)
samples. €, calculated from measured § BCpic and § 13C, - the carbon isotope composition
of the produced biomass. § 13Cp is calculated from 6'3Ca7.2-alkenone by adding a constant 4
°/eo, the isotopic offset between alkenones and total biomass ((Jasper et al. 1994)). Sample
depths are indicated next to the symbols.



94

of nitrate, phosphate and silicate all departed from the general increasing trend and
suddenly decreased. This decrease lasted about 10 m where after the concentrations
started to increase again (see Fig. 5.5). This layer may be a parcel of water which
was entrained from a shallower position; thus, the observed nutrient concentrations
were lower than in the surrounding water. The 1%1/; sample at station P4 was taken
in the middle of this "layer” and may therefore not be representative of a low light
environment. It is also possible that growth of E. huzleyi was already light limited
at the shallow depth due to high turbidity as shown by the shallow euphotic zone at
this station.

In contrast Station P12 in August showed an increased fractionation at the surface
with a large difference in fractionation between surface and deeper water. The signifi-
cance of the difference in carbon isotope fractionation between surface and bottom of
the euphotic zone was tested for all stations using a paired sample t-test. If Station
P16 was excluded the difference in £, between surface (mixed layer) and 1%/, was
significant with a 95 % confidence interval (p=0.011, n=6). To test the sensitivity of
the estimated carbon isotope composition of the DIC at the bottom of the euphotic
zone, the t-test was used for the two measured extreme values of §"*Cp;c: 0.98 /o0
and 1.6 °/... Both tests showed a significant difference at the 95 % confidence level
between surface and bottom of the euphotic zone with p = 0.006 and p = 0.034

respectively.
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Figure 5.16: Comparison of nutrient concentrations in the mixed layer and at 1 % Iy.Open
squares: surface (mixed layer), Filled circles: 1%1Iy. The bottom panel show the difference

in €, between surface (mixed layer) and at 1%Iq.

In Figure 5.16 the differences in environmental parameters and isotope fractiona-
tion between the surface and 1%I, are explored. For the stations reported here neither
dissolved CO,, phosphate nor nitrate concentration alone seems to be responsible for
the difference in isotope fractionation between the two depths. Nutrient concentra-

tions were generally higher at the deeper sample locations providing a situation of
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light limited but not nutrient limited growth, while nutrient limitation did occur in
the surface at station P4 and P12 in August. However, if Station P4 was at the onset
of nutrient depletion then it is possible that the conditions recorded when the station
was occupied may not have prevailed long enough to have effect on the physiology
of E. huzleyi. Light limitation cannot be ruled out for the surface samples and the
isotope fractionation in the surface could therefore be the result of the combination
of light and nutrient influence. The overall lower variation between stations in the
deeper samples implies a common controlling factor, for which light is the most likely
candidate. Figure 5.17 and 5.18 show the different environmental parameters plotted
against ¢, for the surface and 1% [, samples respectively. As indicated by figure 5.16
there are no apparent correlations between any of the environmental parameters and

carbon isotope fractionation for samples collected within the euphotic zone.

5.4.2 Fractionation at depth

The extent to which material produced at a certain depth may be mixed with
sinking material produced at a shallower depth has to be considered when interpret-
ing depth profiles of §!3Cj7.9-alkenone. Boyd and Harrison, (1999) suggested that the
fate of phytoplankton along Line P during the post-bloom periods is sedimentation.
Pelagic recycling is the dominant process for the rest of the time at the in-shore sta-
tions (P4-P16) and a year round recycling at the offshore stations (P20, P26). This

view was refined slightly by Thibault et al., (1999). Based on pigment data from the
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Figure 5.17: ¢, versus environmental parameters in the mixed layer. ¢, calculated as the
fractionation between dissolved CO and 6'3C,y. based on measured values of §'3Cpyc

and §'3Cs7.0-alkenone.)

CJGOFS cruises they suggested that large copepods had a significant influence on the
downward flux of POC during the spring. In the winter unidentified herbivores (e.g
salps, pteropods) have an impact, together with an equal contribution of sinking al-
gae. Neither algal sinking nor herbivore grazing seem to have significant influence on

the magnitude of the downward flux of biogenic material during summer. Extending
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g

values of §13Cy7.0-alkenone.

the profiles to depths bevond the euphotic zone, the vertical variation in §*3Cs7y-
alkenone for the spring stations was very low between 35 and 135 m at Station P12
while at Station P16 and P20 there was a positive departure at 85 m coinciding with
a maximum in pyrophaeophorbide e (Thibault et al. 1999), a marker associated with

fecal matter originating from copepods. However, there was a similar concentration of
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pyropheophorbide a at Station P12 without any shift in isotope value. An increase in
copepod fecal matter could be perceived as mixing of in situ produced material with
material produced at shallower depths. The sinking rate for copepod fecal pellets
containing E. huzleyi coccoliths exceed 100 m d~! (Harris 1994) making it difficult
to estimate the true depth of origin. With the assumption that the concentration of
pyropheophorbide is elevated at the depth of grazing then the increased concentra-
tion of pyropheophorbide ¢ can also be used to indicate elevated concentrations of
phytoplankton cells. Therefore, it may be interpreted as an indicator of the location
of production. Hence the isotope signal at 85 m for Station P16 and 20 in May could
be caused by alkenones being produced with a carbon isotope fractionation according
to the local conditions.

A simple mass balance can be used to test the sensitivity of the isotope signal to

vertical mixing . The isotope mass balance is written as:
Jlscmix *Mpmiz = Jmczl : (I ) m:o) + 613C:1 ICEN (51)

where 0'3C ;. is the measured d-value and §'3C., the isotope composition of material
produced at z; m. The amount of material (m) at the deeper level is the sum of the
material being mixed in and the material being produced at the depth in question.:

Mumiz = (T - M) + My, (5.2)

T being the fraction of the material at depth zo that is mixed in with the material at

depth z;. Since these fluxes are unknown an assumed value of 25 % of the “standing
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Depth Conc. Cj7.0-alkenone measured §'3C37.0  adjusted §'3C37.0  A83Car.0

(m) ngi™! (°/e0) (°/50) (°/ec)
10 44 247 - i
34 3.0 -23.8 -23.2 06
58 3.6 24.1 -24.2 0.1
83 1.8 -23.9 235 0.4

Table 5.4: Calculation of isotope composition of “in situ” produced alkenones at Sta-
tion P12 in May 1996, assuming a downward flux corresponding to 25 % of the alkenones

produced in the mixed layer.

stock” in the surface layer is used here. The adjusted values are shown together with
the concentration of Cj7.0-alkenone for the top 83 m at Station P12 in May in table
5.4. This shows that under the assumption that the downward flux of alkenones
corresponds to 25 % of the mixed layer “standing stock”, the isotope composition at
the 1% Ip depth is virtually unaffected. This calculation implies that the previously
calculated fractionation is indeed the in situ fractionation. The adjusted isotope
composition at 83 m depth is 0.4 °/,, more enriched in 3C than the measured value.
This suggests that the enriched material produced at depth acts to attenuate the
isotopically-depleted isotope signal in the mixed layer, and thus the downward mixing
of alkenones dampens the variation and the signal approaches an integrated value of
production over an period of time proportional to the rate of downward mixing. The
carbon isotope signal is then a function of the proporticas of fast sinking fecal material

to sinking single cells of E. huzleyi. The seasonal average of isotope composition in the
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euphotic zone is strikingly similar to the average composition at depth for Station P12.
The average for the euphotic zone (all stations) was §'3Cs7.5 = -24.9 °/. (n=8) and
the corresponding average for all the deep samples was §'3C37.9 = -24.8 °/, (n=17).
It should be pointed out that the average for the deep samples does not include any
samples from February, however since little or no production is expected at these
depths the turnover time must be quite long. As a result the signal is not likely to
change quickly and the values can be expected to be similar to those of May and
August. To test that the changes in carbon isotope fractionation with depth is not a
result of changes in species composition the U**"-index was calculated for Station P12
in May 1996. The U*3".index is a sea surface temperature proxy based on the ratio
of di-unsaturated and the sum of di- and tri-unsaturated alkenones. Temperatures
were estimated using a calibration curve from Conte et al., (1998) for a non-calcifving
strain of E. huzleyi isolated at Ocean Station Papa (P26): US = 0.014 +0.03- T.
The results are shown in Table 5.5 and the estimated temperatures in Figure 5.19.

The values of the U index decrease proportionally to the decrease in temperature,
however the calculated temperatures, using the calibration curve of Conte et al.,
(1998) , were offset relative to the measured values by about 3°C. The E. huzleyi
strain used for the calibration was not calcifying. Therefore, due to physiological
differences, the offset may not be representative of the strain of E. huzleyi found

along Line P. Another possibility for the under estimation of the actual temperature
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Figure 5.19: Temperature estimates based on the Uk -index at Station P12 in May (filled

diamonds)and measured temperature (dashed line). A calibration curve from Conte et al

(1998) for a non-calcifying strain from OPS is used: U«f} =0.014+0.03-T.

Depth Ué‘-, C37/Css
(m)
10 0.23 L.75
34 021 NA
58  0.19 1.73
83 0.18 1.78

Table 5.5: UL and Cs7/Css ratios for Station P12 in May. The C37/Csg ratio for a

calcifying strain isolated at OSP (732a) is 1.25 (n=9).
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by the UX-index would be the presence of a significant population of Gephyrocapsa
oceanica. The calibration curve for this species is offset to that of E. huzleyi. Since
the two species are different with respect to the production of Cs; and Cjg alkenones
(Volkman et al. 1995), E. huzleyi has generally a ratio of C37/Csg larger than 1 while
the ratio for G. oceanica is less then 1 (Volkman et al. 1995). A calcifying strain
isolated at OSP (732a) grown in our laboratory had a ratio of C3;/Cag of 1.25 (n=9).
The ratios for the euphotic zone at Station P12 in May were between 1.7 and 1.8
(Table 5.5) indicating a constant species or mix of species. The latter is less likely
since the value of the ratio was so high, although it may indicate that the E. huzley:
growing at Station P12 is different from the 732a-strain.

For the summer stations the 35 to 135 m samples showed very little variation in
J37.2. Since mixing can be ruled out, in accordance with a very slow vertical transport
found by Thibault et al., (1999) these results imply that the measured carbon isotope
compositions reflect the fractionation at each depth. The variability in ¢'3Csr.0-
alkenone between stations for depths between 35-135 m remained approximately the
same as for the bottom of the euphotic zone, (Fig. 5.20).

The results for P26 in August are unique in that the isotope composition within the
top 80 m is heavier than any of the other stations. At 135 m depth however, all seven
stations have a §'3C37. between -25.2 °/,, and -23.9 °/., The reasons for the apparent

tendency of the isotope values to converge at depth is not fully understood. Apart
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Figure 5.20: .
0'3C47.0-alkenone profiles for all stations.
from the mixing of material from shallower depths as suggested earlier, production
of alkenones at these depth may be possible. Algae have been shown to be able to
maintain the photosynthetic activity at light levels below the compensation point for
extended periods of time (Hellebust and Terborgh 1967). For example, Anderson,
(1969) detected active photosynthesis at 90 m depth off the Oregon coast where the

light levels were less than 0.1 % I;. Cells that sink out of the euphotic zone may still
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be fixing carbon, albeit at a very low rate. In addition, van Bleijswijk et al., (1994)
showed that the ratio of production of calcite carbon to production of organic carbon
decreases dramatically at low light levels. Therefore calcification is likely to assume
a low rate relative to the rate of photosynthesis. At these depths light limitation
will be the dominating factor in controlling both photosynthesis and calcification.
Therefore carbon isotope fractionation will be less dependent on local nutrient and

C. conditions, resulting in a more uniform §'3Cjz., at depth.

5.4.3 Nutrient influence

Recent efforts to quantify the isotope fractionation associated with carbon assim-
ilation in phytoplankton have shown that, in addition to dissolved carbon dioxide,
the phytoplankton growth rate plays an important role (Laws et al. 1995; Laws et al.
1997; Bidigare et al. 1997). Bidigare et al., (1997) demonstrated with cultures of E.
huzleyi that the isotope fractionation show a slightly stronger correlation to growth
rate (u) multiplied by the inverse of dissolved carbon dioxide (1/CO,) than to carbon
dioxide alone. They also inferred that since phytoplankton growth rate at saturating
light conditions is controlled by nutrient availability, nutrient concentration should,
by extension also influence isotope fractionation. This is supported by the correlation
between ¢, and [PO}"]1/C. (Fig. 5.21). The importance of nitrate for isotope frac-

tionation was demonstrated by Eek et al., (1999). They showed that during nitrate
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depletion the isotope fractionation is less than expected from the ¢, vs [POi'] /Ce re-
lationship (Fig. 5.22). To compare the measurements from NE Pacific with previously
published material, data by Bidigare et al., (1997) is used. This data set is compiled
from several different environments and is therefore especially useful in generating a
overview of carbon isotope fractionation by E. huzleyi in the world’s oceans. The
results from the NE Pacific fills a gap in the larger data set as seen in Figure 5.21. In

spite of the likelihood that different environments also represent different strains of E.
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Figure 5.22: Effect of nitrate depletion on the e,vs PO3~ /C, relationship. Measurements
from the NE Pacific are shown with symbols, nitrate replete - filled circles, nitrate depleted
- filled squares. The shaded area represent data from Bidigareet al., (1997). Area la and
1b represent samples from nitrate replete waters and area 2 represents samples from nitrate
depleted water. The dashed line is the linear regression for the nitrate replete samples in
area la and 1b. Note that the carbon isotope fractionation for the nitrate depleted samples

is lower than the regression line.

huzleyi (Brand 1982), there seems to be a relationship between €, and the availability
of phosphate and dissolved CO,. There are however some exceptions;for example, &,
from Bermuda Atlantic Time Series (BATS) are much lower than expected from the

bulk of the data. Similarly, some of the stations from NE Pacific also showed lower
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fractionation than would be expected from the ¢, us [PO3—]/C. relationship.
A closer examination shows that the samples from the BATS data set and the anomaly
samples from NE Pacific have one thing in common. They have all been collected in
nitrate-depleted waters. The minimum concentration of NOj3 required for growth of
E. huzleyi is less than 5 uM, with a Kq5 for NO3 of 0.1 muM (Merrett et al. 1993;
Eppley et al. 1969). It is therefore possible that cells growing in waters with less than
0.1 uM NO7 operate in a different physiological mode than cells in nitrogen-replete
waters. For example, calcification increases in N-limited cells (Baumann et al. 1978;
Paasche 1998) as does CO,-leakage (Nimer and Merrett 1995). In addition experi-
ments performed by Merrett et al., (1993) shows that calcification ultimately has an
absolute requirement for NO3, which indicates that nitrate limitation will cause en-
hanced calcification up to a point, after which calcification will cease. Furthermore,
nitrogen starvation causes an accumulation of carbohydrates and neutral lipids in
phytoplankton (Uriarte et al. 1993; Bell and Pond 1996). Among the neutral lipids
are the alkenones, which have been shown to increase in concentration per cell by a
factor of 15 after two weeks in zero nitrate media (Epstein et al. 1998).

The SEM pictures from Station P12 in August (Fig. 5.10 to 5.14) at which nitrate
was exhausted confirms that the cells are heavily calcified as would be expected in
a nitrate limited environment. However, an increased calcification causing increased

leakage of CO, from the cells would produce a relatively high fractionation, which
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is the case for Station P12 in August (e,=15.5 °/..) but not for Stations P4 and
P16 in August (e,=12.7 and 12.6 °/,, respectively). This may be a consequence of
timing, i.e. the time between complete exhaustion of NO3 and sample collection. For
example, if the time of exhaustion and sampling are close together then the isotope
signal in the cells may still reflect low but non-zero nitrate conditions. If, on the
other hand, the two events are separated in time then the isotope signal would indeed
reflect a zero nitrate environment. Therefore cells that are still growing in nitrate
depleted waters may show a higher z, due to nitrate induced calcification than cells
that have had time to become scenecent. Bearing this potential influence of nitrate
depletion in mind and excluding the data from the Bermuda Atlantic Time Series,
the relationship between ¢, and [PO3}~]/C, for the remaining data from Bidigare et
al., (1997) can be described as: ¢, = 21.8 — 151.7 - [PO}"]/C, with r® = 0.93, P<
0.01.Figure5.23showsaploto fthedata fromN E Paci ficwiththecorrespondinglinearregression..
nitratestations; P4, P12and P16inAugustandStation PdinMayareezcluded, thelinearregressio
withar® = 0.70, P> 0.05.T heregression forthewholedataset(line2.in Fig.5.23) : haveamuchpoor
P> 0.05, implyingthatthe fractionationisdi f ferentinnitraterepleteandnitratedepleteenvironm
from NE Pacific are represented by solid square. As discussed earlier, the fractiona-
tion at 1%, was less than in the mixed layer samples even though the phosphate and
CO, values were slightly higher. This low fractionation at depth may be a response

to light limitation.
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Figure 5.23: Regression of €, vs [PO}"]/C.. Line I is the linear regression for nitrate

replete stations, while line 2 is the regression for all stations.

Assuming that E. huzleyi is utilizing HCO3 and that due to active transport of
HCOj the cells are leaking CO,, the extent of leakage can be calculated by rearrang-

ing Eq. 2.19:

[ = Ep — Edp

- (5.3)

If the fractionation by rubisco (&f) is assumed to be 29 °/,, and the thermodynamic

equilibrium effect between dissolved CO, and HCOj3 is as shown by Mook et al
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Figure 5.24: Estimates of CO, leakage for date from Bidigare et al., (1997) and the mixed
layer samples from Ne Pacific (CJGOFS).

(1974):

Ed/p = 24.12 — %;E (5.4)

where T is the absolute temperature. Figure 5.24 shows the apparent leakage L vs.
[PO3~]/Ce. The calculated leakage is reasonable in that it does not exceed unity,

which would have implied that more carbon was leaking out than was transported in.
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5.4.4 Estimation of growth rate

Since field measurements of growth rate for specific species are impossible to obtain
it has to be estimated. To produce an estimate of growth rate for the NE Pacific
samples I have chosen a model by Tyrell and Taylor, (1996). As a part of a model
describing phytoplankton succession in the North Atlantic designed, they designed a
growth rate model specifically for E. huzleyi. The growth rate was estimated using

the following equation:

Hi = Umar - QID(T) . (,U(I)(D(.’V. "lv P) ( .

[$]]
(S]]
e’

where p42 is the maximum growth rate of E. huzleyt under optimal conditions(0.6
d~!, NE Pacific strain (Muggli and Harrison 1996), Q,¢(T) is the temperature depen-
dence of growth rate, ¥([) is the limitation of growth rate due to low light intensity
and @(.V, 4, P) is limitation of growth rate due to low concentrations of nitrate (N),
ammonia (A) and phosphate (P). All growth limiting factors vary between 0 (total
inhibition of growth) and 1 (no limitation). The equation assumes that the total lim-
itation of growth is equal to the product rather than the minimum of the limitations,
with the exception of the nutrients for which the minimum is applied. The limitation

due to temperature is calculated as:

0.301

Q1o(T) = 10.0(T-18:0)T55 (5.6)

This equation does not compensate for a decrease in growth rate at higher temper-

atures, which in this case will not cause a problem since the temperature did not
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exceed the optimum temperature of 16 °C for the NE Pacific strain of E. huzleyi

(Muggli and Harrison 1996). Limitation due to low light intensity is calculated as:

(5.7)

where Iy is the half saturation constant for light, here taken to be 17 uE m~2 s}
as measured by Thompson and Calvert, (1995) for a E. huzleyi strain isolated at
Ocean Station Papa (P26)(Thompson and Calvert 1995). Tyrell and Taylor, (1996)
used Iy = 100 gE m~2 s7! in their model. The light intensity (I) at each station
was calculated by setting [y to the average PAR value for the particular cruise and

assuming the average irradiance within a depth interval to be (Kirk 1994):

22

[=1,- ! /e'k':d: (5.8)

o0 R4 |

<1

Where z, and z, are the top and bottom of the depth interval in question (e.g. mixed

layer) and £ is an attenuation coefficient calculated from (Kirk 1994):

Il%lo
k=2.303 g (5.10)

using 7 as the depth of the euphotic zone. Admittedly, this is an approximation of
the attenuation coefficient. In reality £ will change with depth in the euphotic zone

since it is wavelength dependent, but it will serve as a coarse measure of the combined
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attenuation caused by absorption and scatter by particles. Finally, nutrient limitation

is estimated as:

 _(N/Ng)+(4/AH)
LT+ (N/Ng) + (4/4x

&(N, A, P) = Min

—
—
——

),[o.7+ (0.3 - (5.11)

P+ Py

Half saturation constants for the nutrients are taken from Tyrell and Taylor, (1996)
to be Ny=, Ayg= and Py= respectively. The equation for phosphate limitation
differs from a Michaelis-Menten function to accommodate growth even when there
is no inorganic phosphate in the water. This is because E.huzleyi is thought to be
able to grow by using organic phosphates. However, in this case it is not a concern
since the phosphate concentration was above zero at all stations. Concentrations
of ammonia were not measured during these cruises, but data for Line P at other
times as shown by Varela and Harrison, (1999), have measured values between 0.1
and 1.0 pg -at [~' NH] with most concentrations between 0.1 and 0.5 pg-at [~'. As
an approximation of ammonia in the model the maximum value of 0.5 pg-at [~! is
adopted here, allowing for a maximal nitrogen availability. Finally, the instantaneous

growth rate is converted into specific growth rate according to:

where L and D are the light and dark periods respectively.
In Figure 5.25 the estimated growth rates are plotted against £,. Even though

there is no apparent correlation between the two parameters some details stand out.
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Figure 5.25: Estimated growth rate vs ¢, for surface samples from the NE Pacific. Growth

rate estimated using a model by Tyrell and Taylor, (1996).

For example, the low fractionation at Station P26 in August corresponds to the

highest growth rate of all stations in agreement with previously published results

(Bidigare et al. 1997; Laws et al. 1995). Also Station P12 in February showed a high

fractionation (e,=14.5 °/o.) and the growth rate here is low. However, Station P4

in February has a similar growth rate estimate but the fractionation is low making

the growth rate estimates less conclusive, although the different limiting factors may

provide some insight. Figure 5.26 shows the four factors used in the estimate. Four of

the stations have a significant limitation due to lack of nitrate; Station P4, P12 and
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Figure 5.26: Growth limitation by environmental parameters as estimated by the growth

model by Tyrell and Taylor, (1996), Eq. 5.6,5.7 and 5.11. Each factor can vary between 0

and 1, with 0 indicating total inhibition of growth and 1 no limitation.

P16 in August were all completely depleted of nitrate and Station P4 in May which

in addition to a low nitrate concentration also was collected just below a mixed layer

with zero nitrate (Eek et al. 1999). The growth rate at the other stations appears to

be controlled by light and temperature.
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5.4.5 Effect of calcification: theoretical considerations

Due to its ability to actively take up HCOj3 (Dong et al. 1993; Nimer and Merrett
1993) and to the low internal pH (Nimer et al. 1994a; Dixon et al. 1989), Emiliania
huzleyi cells are leaking CO, (Nimer and Merrett 1995). This has consequences
for the isotope fractionation as described in Chapter One, and the resulting isotope
composition will be dependent of the extent of leakage (Eq. 2.19). Since calcification
is thought to be supplying carbon to photosynthesis by transport of HCO; (Sikes
et al. 1980; Nimer and Merrett 1992; Nimer et al. 1992: Nimer et al. 1994a; Anning
et al. 1996), the ratio of calcification to photosynthesis may serve as a indicator of
leakage. This assumption is supported by the fact that nutrient limited cells, which
have an enhanced calcification (Paasche 1998; Van Bleijswijk et al. 1994; Paasche
and Brubak 1994; Anning et al. 1996), leak substantially more than nutrient replete
cells (Nimer and Merrett 1995). Calcification is light dependent and has a saturating
point lower than that of photosynthesis (Paasche 1964: Nimer and Merrett 1993;
Van Bleijswijk et al. 1994). Results reported by van Bleijswijk et al, (1994) also
indicate that the initial slope of calcification is steeper than that of photosynthesis.
Figure 5.27 shows simulated Photosynthesis-Irradiance and Calcification-Irradiance
curves in panel A according to the previous discussion and the ratio between the
two (C/P) in panel B. The shape of the C/P curve mimics measurements of C/P

both from van Bleijswijk et al., (1994) and Balch et al., Fig.5.28, (1996), although



118

—
wn

o
Cc/p

Carbon flux (pg cell s

P S I R B P N Y N P
0 50 100 150 200 250 300 0 01 02 03 04 05 06

[(MEm>s™ n™

Figure 5.27: Panel A. simulated P-I (solid line)and C-I (dashed line) curves. Panel B.
Calcification/Photosynthesis ratio calculated from the curves in panel A. Note the C/P

ratio is exceeding 1 for part of the growth rate interval only.

the simulated curve has a higher maximum. The C/P-ratio has here been allowed to
exceed 1. Such high values of C/P have been shown in both culture (Van Bleijswijk
et al. 1994) and in natural populations (Balch et al. 1992). Under the assumption
that the C/P-ratio is proportional to the extent of leaking, the isotope fractionation

can be estimated using Eq 2.19:

Ep = 0 — 5f = Eqpp + L(Ef - S;) (5.13)

Since C/P and possibly the “leakage” goes through a maximum this idea would
accommodate the conflicting observations of increasing fractionation with increased

growth rate as seen in the light limited cultures of Thompson and Calvert, (1995) and
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Figure 5.28: Ratio of calcification to photosynthesis as a function of steady state light
limited growth rate. Line represents a least-squares polynomial fit to all of the data. From
Balch et al., (1996).

the increased fractionation with decreasing growth rate in the nitrate limited cultures
of Bidigare et al., (1997). The low growth rate in light limited cultures would then
correspond to a C/P regime on the left side of the maximum and the higher growth
rates in the nitrate limited cultures on the right side. There are, admittedly, other
differences between the two data sets; for example, the cultures grown by Bidigare et
al., (1997) were nitrate limited which adds the complexity of enhanced calcification

due to nutrient limitation.
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Figure 5.29: Comparison of “leakage” model with CJGOFS data.

In the growth rate interval between approx. 0.1 and 0.45 d~' C/P is above 1 and the cells
are subsequently leaking CO;. At higher growth rates and when the growth rate is less
than 0.1 d~! the C/P is less than 1 and cells are no longer leaking and carbon may enter
the cell by passive diffusion of CO, along with active uptake of HCOj3 .

In Figure 5.29 the C/P curve is superimposed on the CJGOFS data from the
mixed layer and at 1 % I;. As seen in the figure, Station P26 in August for which
the samples had a consistently low fractionation fits in on both sides of the C/P
maximum, thus demonstrating two different reasons for similar £,. The samples from

1 % Iy do not follow the curve down to low &,, but rather assume a fairly constant



121

SUCH:._,-alkcmne (%o)
7 -% -35 -4 -3

200

et

Depth(m) .
g 8

1000 n | 1 I L 1 2

Figure 5.30: Station P12 in May and August 1996.
Isotope composition of Cy;.p-alkenone as a function of depth. Filled squares: May, Open

circles: August.

value between 12 and 13 °/,.. This may be because the calcification is too slow to
contribute to the carbon transport and the cells acquire carbon by passive diffusion
only. The extent of fractionation agrees with the two “zero-nitrate” stations P4 and
P16 in August, which may reflect carbon assimilation without calcification, since

calcification will cease when nitrate is completely depleted.
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Figure 5.31: Geostrophic velocity between P4 and P12 in August is represented by the
dashed line, the solid line and filled squares shows the isotope composition of the alkenones

at Station P12.
5.4.6 Deep profiles

Two stations were extended below 135 m; Station P12 in May and August, where
samples down to 800 and 900 meters depth were extracted, (Fig 5.30). Both profiles
show a negative departure from the general trend between 180 to 300 m. On closer
examination this departure was coinciding with a maximum in geostrophic velocity
calculated between Station P12 and P4, (Fig. 5.31). At the depth in question there

was a southward flow of 15 km d~! implying that the isotopically lighter material
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Figure 5.32: Station P26 in August 1996. Isotope composition of Cs;.2-alkenone as a
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within this layer may be an integrated value of alkenones produced north of Line P.

5.4.7 Sampling reproducibility

During the August cruise of 1996 station P12 was occupied twice within 36 hours.
The first cast was done during daylight while the following cast was done at night.
Figure 5.32 show depth profiles of isotope composition of Cs7.0-alkenone during the
two casts. The profiles are virtually identical; the largest difference between the two

casts is at 36 m where the day sample was 0.5 °/,, lighter than the night sample.

The fact that there was very little difference between the two casts shows that there
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are no diurnal changes in isotope signal within the top 135 m of the water column. A
diurnal change in isotope composition may be expected if copepods were to ascend to
the surface at night to graze, but since the copepod activity was minimal during the
summer a diurnal cycling of the isotope composition of alkenones is unlikely. These
stations can therefore be used to demonstrate the reproducibility of the sampling
and analytical techniques. In fact, the results from this Station indicate that the

estimated precision of the isotope measurenments, as decribed in Chapter One, may

be too low.

5.5 Conclusions

The data presented here shows that the control of carbon isotope fractionation
in the Prymnesiophyte algae in the North East Pacific is very complex and involves
several environmental factors. The differences in fractionation between the mixed
layer and at 1% [, suggests that light limitation decreases the fractionation contrary
to what might be expected based on growth rate. This was previously shown by
Thompson and Calvert, (1995) in cultured Emiliania huzleyi but this is the first
field investigation to support their results. Furthermore, estimates of fractionation at
depths below the compensation point appear to be similar for all stations regardless
of season. A comparison of the average isotope composition in the euphotic zone with

deeper samples at one station (P12) suggests that the isotope composition at depth
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reflects a seasonal average of the alkenones produced in or near the euphotic zone.
This reduced resolution will have no consequences for the sedimentary record of the
isotope signal since sediment samples will have a resolution far less than annual.

The availability of nitrate is shown to play an important role in carbon isotope frac-
tionation by prymnesiophytes, where the absence of nitrate causes the fractionation
to depart from the previously demonstrated relationship between &, and [PO3"]/C..
Samples from nitrate depleted waters show a lower fractionation than that expected
based on [PO}~]/C, alone, and will therefore have serious implications for the validity
of the £, calculation used to predict concentrations of dissolved COs.

Finally, a simplified model that assumes that Emiliania huzley: cells leak CO,
in proportion to the ratio of the rate of calcification to the rate of photosynthesis
(C/P) may offer an insight into the complicated interaction between environmental
parameters and carbon isotope fraccionation in these, for paleo-climate studies, key-
algae. The model presents the possibility that the fractionation in Emiliania huzleyi
may have a maximum at an intermediate growth rate with the consequence that
two different growth rates (a high and a low) could show the same carbon isotope

fractionation. This dichotomy could have a serious impact on the interpretation of

€p results.
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Chapter 6

Pacific Transect from Victoria, B. C. to Guam:
Control of Carbon Isotope Composition in Alkenones by

Availability of Phosphate

6.1 Abstract

During the R/V Sonne cruise from Victoria, B.C. to Guam in September 1996,
a total of 139 POM samples were collected along with 45 surface water samples for
nutrient analysis. Lipids from 35 of the POM samples have been extracted, of which
29 contained sufficient amount of alkenones for isotope analysis. Carbon isotope
compositions; 0**Cpoar and 63 Car.a—aikenone, are reported here along with concurrent

measurements of dissolved CO,, phosphate and nitrate concentrations.

6.2 Introduction

The main objective for this cruise was to continuously measure the methane and
carbon dioxide content in surface water across the Pacific. The cruise also presented
an excellent opportunity to collect POM samples that, together with concurrent mea-
surements of pCO,, could be used to test the CO, dependency of carbon isotope
fractionation in E. huzleyi. The samples reported here span a distance of over 5100
km and represent a North-East to South-West cross section of the North Pacific (Fig.
6.1). Most of the samples that contained sufficient amounts of alkenones for isotope
analysis where collected in waters with low nutrient levels. This is consistent with the

notion that E. huzleyi is well adapted to low nutrient conditions (Brand 1994), and
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especially to low phosphate levels - which is believed to be a possible trigger factor for
E. huzleyi blooms (Townsend et al. 1994). This data set is especially valuable because
it represents the conditions at which E. huzley: is most likely to grow. The data also
provide an opportunity to compare §'3Cppas t0 03 Ca7.0—aikenone from the same sam-
ples and thereby give an insight into the carbon isotope fractionation of E. huzleyi

relative to the carbon isotope fractionation of whole population of phytoplankton.

6.3 Results
6.3.1 Environmental Conditions

This transect followed a South westerly course from Victoria, B.C. to Guam. Tem-
perature and salinity increased continuously along the track. Temperature increased
from 17.6 °C to 26.7 °C, while salinity increased by 2 ppt from 32.61 to 34.64 ppt
(Fig. 6.2.)



128

< sub-tropical e sub—arctic .
i T T T E T T 35
A I3
\ H . .
a5l 5 Q Salinity
! @ Temperature
E OE
~ F : P 34
Q E
: | -
2 201 H 2
5 s &
8 ; H 2
s ’ £
[ B ' =
= H 72
3 a
e IS o
w ; 32
10 : P A 1 ) | . 31
160°E 180° 160° W 140° W 120°W

Longitude

Figure 6.2: Carbon isotope fractionation, temperature and salinity vs longitude for SO112.
€p - solid line with open circles. Temperature - dashed line with filled circles, Salinity - solid

line with filled diamonds.

pCOs, in the surface water was measured every 20 minutes during the entire cruise
(see Chapter 3), amounting to approximately 72 measurements daily. From the pCO,
measurements concentrations of dissolved CO, (C,) was calculated using Henry’s law
with coefficients according to Weiss, (1974). Concentrations of C, varied between 13.4
and 10.6 uM. The lowest C, concentrations are found in the warm South-west (Fig.
6.3). Concentrations of phosphate and nitrate varied in a similar manner to that of
C., with higher concentrations in the North east (Fig. 6.3). This trend is possibly
due to upwelling along the North American continent. Phosphate concentrations
range between 0.41 and 0.02 ugM, and the nitrate concentration between 1.09 and

0.05 uM. Although the nutrient concentrations are higher in the North-east they are
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still quite low. The waters in the whole data set can be considered to be nutrient
deficient, especially west of 150°W. West of this point the concentrations of nitrate are
less than the half-saturation constant (Kgs) of 0.1 uM for Emiliania huzleyi. Overall,
the concentration of nitrate is lower than the half-saturation constants determined for
nitrate uptake in the sub-arctic (4.21 pM NO3') and tropical Pacific (0.1-0.7 uM NO3)
respectively (Maclsaac and Dugdale 1969). Since the transect passes through the
transition from sub-arctic to sub-tropical conditions, predictions of nutrient uptake

based on the characteristics of the two areas may be inaccurate.

6.3.2 Carbon Isotope composition of POM and Cjz.0-alkenone

The carbon isotope composition of C37..-alkenone follows a trend with *C-enriched
values in the North-east where the nutrient concentrations are higher and *C-depleted
values in the nutrient depleted South-west (Fig. 6.4). The §'3Ca7., values range be-
tween -23.2 °/,, and -27.7 °/,., a greater variation than the particulate organic matter
which shows much less variation. The range for POM is only about 2.1 °/,, between
-21.2 ° /oo and -23.3 °/,,. POM also differs from the alkenones by showing an oppo-
site trend relative the alkenones in the warmer waters where '3Cpoas becomes more
enriched in 3C. This results in an increase in the difference between the isotope

composition of alkenones and bulk organic carbon increases the South west.

6.3.3 Isotope composition of Dissolved Inorganic Carbon

To produce an estimate of the isotope composition of dissolved CO,, estimates
of total CO, and total alkalinity were calculated. These are based on the tempera-
ture relationships presented by Kroopnick, (1985). On the basis of GEOSECS data

for surface waters (< 100 m), Kroopnick showed that XCO, and T 4 are linearly
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Figure 6.4: Isotopic composition (°/,. relative PDB) of particulate organic matter and
Cs7.2-alkenones at 5 meters depth along the transect. Bottom panel shows isotope compo-
sitions with §'3Cpoar as solid circles and and §'3Cs7.0 as open circles, top panel shows the

difference between the two.
correlated with temperature. These relationships can be summarized as:

TCO, = —10.36 - T + 2233 (6.1)

Ty = —2.84-T + 2372 (6.2)

By using the estimated values of ¥CO; and T 4.k the speciation within the carbonate
system can be calculated (see Chapter 3, Methods). A comparison of the estimated
and the measured C, values shows an average error in the estimated values of 0.4 uM
with a standard deviation of + 0.3.

To calculate the isotopic composition of the dissolved CO,, 8'3Cp;c has to be
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known. Since values of §'3Cp;¢ do not vary systematically with temperature and the
range in surface waters is only about 0.8 °/., (KKroopnick 1985), a value for d"*Cp;c

of +1.5°/.c was used to estimate d'3Ccq,.

6.4 Discussion
6.4.1 Sub-arctic vs Sub-tropical

The transition between sub-arctic and sub-tropical conditions along the transect
was clearly shown by the relationship between temperature and salinity (Fig. 6.5).

Between 130° W and 150° W temperature decreased with salinity while west of 150°
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Figure 6.6: Nitrate concentration (filled circles) relative carbon isotope fractionation (open

circles) along the cruise track.

W an opposite trend was observed (Fig. 6.53). The location of this transition could
also be seen in the estimated isotope fractionation, ¢, (Fig. 6.2) as well as in the
nitrate concentration (Fig. 6.6). Phosphate concentration however, did not change
as abruptly as ¢, or nitrate (Fig. 6.7). and remained high until 160°W. This may
indicate that the low nitrate between 150° W and 160° W was a consequence of late
summer depletion rather than the general oligotrophic conditions. This region there-
fore constitutes a “transition-zone” characterized by higher nutrient concentrations
and high sea water temperatures. As shown in Figure 6.8, the beginning of the tran-
sect crossed on a shallow angle along the more productive sub-arctic region. Therefore
a higher nutrient concentrations would be expected east of 160° W. However, based on
the Temperature-Salinity relationship the transition from sub-arctic to sub-tropical

conditions is in the following discussion assumed to occur at 150° W. In contrast to
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Figure 6.8: Satellite image of ocean color in the Pacific from the SeaWifs project.
The data shown is acquired by the satellite Nibmbus-7 from November 1978 to June 1986.
An approximation of the cruise track is indicated. The bar to the right shows the color

scale of phytoplankton pigment concentration (mg m™3).

the other parameters, dissolved C'O, did not exhibit any shift coinciding with the
assumed transition (Fig. 6.9), but slowly decreased with increasing temperature. It
is interesting to note that dissolved CO, decreases while fractionation is increases
along the cruise track. If the concentration of dissolved CO, were controlling carbon
isotope fractionation in Emiliania huzley: then the opposite would be expected, i.e.
a decrease in isotope fractionation with decreasing CO, concentration.

The south-westerly course of the transect meant that surface irradiance increased
as the ship approached Guam. Unfortunately, no measurements of irradiance were
made during this cruise, so the surface irradiances shown in Figure 6.10 are estimates
based on satellite data from the SeaWifs project.* Data consist of monthly averages
for September at locations on a 2.5° x 2.5° grid of the earth and are here averaged over
a time period from 1983 to 1990. The Seawifs data are not contemporaneous with

the cruise, but more importantly the variation between different years was quite high,

*http://www.giss.nasa.gov/data/seawifs/data/index


http://www.giss.nasa.gov/data/seawifs/data/index
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Figure 6.10: Surface Irradiance (filled triangles) relative carbon isotope fractionation (open

circles) along the cruise track.

up to 20 % of the estimated value. This makes the absolute values less suitable for

evaluation of the data presented here. The trend, however, clearly show an increase
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of surface irradiance with decreasing latitude.

Studying an organism in two distinctly different environments leads to some con-
cern. Are the environmental differences large enough and do they prevail long enough
to cause natural selection to produce two different strains with different isotope frac-
tionation characteristics within the separate environments? In this case, the two

environments differ in respect to both temperature and nutrient availability.

6.4.2 Environmental parameters along the transect

Dissolved Carbon diozide

Figure 6.11 shows ¢, plotted against the water-column parameters. In panel A,
concentration of dissolved CO, shows no correlation with ¢, for the samples collected
in sub-arctic waters. In the sub-tropical region there is a trend towards increasing
zp with decreasing CO, concentration. The lack of correlation with the sub-arctic
samples is consistent with the previously described results from the NE Pacific (CJ-
GOFS). However, the trend in the sub-tropical region is the opposite to what would
be expected if the cells were relying on passive diffusion of CO, as supply of carbon for
photosynthesis. If on the other hand the cells were leaking CO, then a decreased ex-
ternal CO, concentration would amplify the gradient between the inside and outside
the cell. Hence a decreased C. could increase the leakage and consequently increase
the fractionation (see Chapter 2). To test this hypothesis cp is plotted versus both
[PO3—] and [PO3~-]/C. in Figure 6.12. A linear regression for both cases have a r?
which is virtually the same ( r>= 0.82 and 0.81 respectively). With the data from
the Pacific Transect, CO, appears not to have any influence on the ¢, vs. [PO3-]/C.
relationship. Therefore, it is more likely that the apparent trend between €, and CO,

is caused by other factors that covary with CO,.
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Temperature

Temperature shown in panel B (Fig. 6.11) displays a similar behavior with &,,
i.e. an increasing trend with increasing temperature with a different slope for the
sub-arctic samples relative the sub-tropic samples. There are several ways temper-
ature can influence carbon isotope fractionation. It has an effect on the §'3C¢, at
equilibrium with 6'3Cp;c with about 0.1 °/,. per degree Celsius. This would in this
case cause a shift of about 1 °/., over the temperature range and does not explain
the 6-7°/,, change in carbon isotope fractionation seen in the data. Temperature
also increases the diffusitivity of CO, which could affect the transport of CO, out
of the cell and thereby increase the leakage and subsequently the isotope fractiona-
tion (see Chapter 2). Growth rate of Emiliania huzley: is a function of temperature,
e.g. the optimal temperature for an isolate from the NE Pacific is 16°C (Muggli and
Harrison 1996). Temperatures above optimal will, if the cells are relying on diffusive
uptake of CO,, lead to an increased isotope fractionation. In Figure 6.11, Panel C,

the estimated surface irradiance shows a similar pattern.

Nutrients

In contrast, the nutrients. as shown in Figure 6.13, have a different relationship
to £,. Both nitrate and phosphate are inversely correlated with ¢,. Although the
relationship between ¢, and nitrate in the sub-arctic was quite weak, it is virtually
non-existent in the sub-tropical region. The shift in slope for nitrate between sub-
arctic and sub-tropical samples was similar to that of CO,. For phosphate the slope
appeared to change only slightly between sub-arctic and sub-tropical samples (Fig.
6.13, top panel). The more consistent trend implies that phosphate may be exerting
the major control on the carbon isotope fractionation along the transect. This agrees
with the notion that a high phosphate concentration (i.e. high growth rate and

a balanced calcification-photosynthesis) should result in a low fractionation. Also
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the samples with the highest fractionation have the lowest phosphate concentration
(i.e. low growth rate and an imbalanced calcification-photosynthesis ratio). In the
sub-tropical region the parameters that showed no relationship with &, in the sub-
arctic, i.e. both dissolved CO, and temperature displayed a weak linear correlation.
However, this may be a consequence of covariance with phosphate as shown in Fig.
6.14. Nitrate on the other hand did not seem to be correlated with ¢, in this region,
however the range of nitrate concentration in the sub-tropical region was very narrow
and the “resolution” of a €,-[.VO7] relationship is therefore poor.

Therefore, it is possible that phosphate controls carbon isotope fractionation in
both the sub-arctic and the sub-tropical region. This is confirmed by the negative re-
lationship between phosphate concentration and ¢, along the cruise track (Fig. 6.15,
note that the scale for phosphate concentration is reversed). This relationship can be
caused by either a lowered growth rate with decreasing nutrient concentration result-
ing in an increased fractionation (Laws et al. 1995). However. nitrate, not phosphate,
is generally considered to be the limiting nutrient in marine systems (Falkowski 1997).
Nitrate concentration also shows a general agreement with =, but does not appear
to follow the fractionation as closely as phosphate (Fig 6.16,note that the scale for
nitrate concentration is reversed).

An alternative explanation to growth rate controlling z, is an imbalance in the
calcification to photosynthesis ratio causing the pH in the cytosol to shift. Both nutri-
ents can enhance calcification (Van Bleijswijk et al. 1994; Paasche and Brubak 1994;
Anning et al. 1996; Paasche 1998) and it is therefore possible that the relationship
seen between the nutrients and &, is a consequence of enhanced calcification. That
phosphate appears to dominate is in agreement with observations showing a more dra-
matic increase in calcification under P-limitation than under N-limitation (Paasche
1998). McConnaughey and Whelan, (1997) suggested that calcification in calcifying

algae serves as a mechanism to generate protons for nutrient uptake. The increased
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calcification could therefore be a response to decreasing nutrient supply in order to
enhance nutrient uptake. When calcification is enhanced relative to photosynthesis
there will be an excess of protons from the formation of carbonate ions causing the
cytosol to become more acidic. This will increase the internal CO, concentration and
thus steepen the concentration gradient leading to a increased flux of CO; out of the
cell. An increased leakage will lead to an increase of carbon isotope fractionation as

discussed in Chapter 2.

6.5 Conclusions

First, these results may be an consequence of the consistently low levels of both
nitrate and phosphate and the results should therefore be interpreted as applicable to
a low nutrient environment. In an environment with more diverse nutrient conditions,
other factors that affect the isotope fractionation will be superimposed on the nutrient
effect seen here.

The data presented here show little or no influence of dissolved CO, on the magni-
tude of carbon isotope fractionation in alkenone producing phytoplankton. The weak
relationship seen in the data contradicts the common notion of increased abundance
of dissolved C'O, should lead to increased isotope fractionation. Instead =, appears to
be controlled by the availability of nutrients, and especially phosphate concentration.
This is in agreement with the hypothesis previously presented earlier in this thesis of
nutrient deficiency causing an imbalance in the calcification to photosynthesis ratio.
This imbalance leads to an over-production of protons in the coccolith vesicle with
acidification of the cytosol as a consequence. At a lower pH, the equilibrium concen-
tration of dissolved CO; in the cytosol will increase and the concentration gradient

over the cell membrane will become steeper. This change in concentration gradient
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causes the diffusion of CO, out of the cell to increase and the ratio of carbon trans-
ported into the cell to the carbon diffusing out of the cell will approach unity, i.e. the
leakage, L, is increasing (Eq. 2.19). As L increases the carbon isotope fractionation
will become larger. The weak inverse relationship with dissolved CO, could also be
explained with this theory, in that external dissolved CO, affects the diffusion gra-
dient. High levels of external CO, will decrease the extent of leakage by limiting
the diffusion out of the cell and thereby causing the carbon isotope fractionation to

decrease.
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Chapter 7

Implications for paleo-PCO, barometry

7.1 Carbon transport

The basic premise for paleo-PCO., barometry is the variation in the magnitude
of the isotope effect associated with carbon assimilation in marine phvtoplankton.
The degree to which this isotope effect is expressed - the isotope fractionation -
is dependent on the concentration of CO, surrounding the carbon fixing enzyme,
Rubisco. This relationship between the concentration of CO, inside the cell and
carbon isotope fractionation provides the gauge for the paleo-PCO, recorder. It
should be noted here that this gauge represents the internal CO, concentration. Hence
for phytoplankton to function as paleo-PCO, recorders the concentration of CO,
inside the cell must be a known function of the concentration of CO, in the water
surrounding the cell. i.e. C; = f(C,). For this criteria to be fulfilled the phytoplankton
must acquire carbon via passive diffusion, i.e. any mechanism to actively transport
carbon into the cell will decouple carbon isotope fractionation from the external CO,
concentration and the recorded isotope fractionation will not reflect the oceanic CO,
concentration. Thus, organisms utilizing active carbon transport may not be suited
for paleo-PCO, proxies. The mode of carbon uptake must therefore be carefully

investigated before evaluating the potential of an phytoplankton as a palec-PCO,



148

recorder.

Plant physiological studies referenced in this thesis indicate that carbon assim-
ilation in Emiliania hurleyi utilizes a complicated mechanism in which carbon for
photosynthesis is supplied by the active transport of HCOj3 associated with the pro-
duction of coccoliths. Carbon uptake in this alga is therefore a complex interaction
between calcification and photosynthesis. both responding individually to environ-
mental conditions that produce a cellular carbon status which is the product of both
processes.

This rather unique mechanism causes the carbon isotope fractionation to be de-
coupled from the external CO, concentration when the nutrient concentrations are
low. As a consequence. the resulting a value of =, is decoupled from external COa,
thus the paleo-PCO, barometer based on Cj;.o-alkenone will for these oceanic condi-

tions give an incorrect estimate of paleo-PCO,.

7.2 Implications of Changing Oceanic Conditions

The general equation by which paleo-PCQO, barometry relates to CO» dissolved
in surface water is written as (Jasper et al. 1994):

b -
sza—a (11)

where a is the intercept at which the isotope effect associated with the enzyme Rubisco

is fully expressed. The factor b, or the slope of the curve, can be a function of auxiliary
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factors influencing <. i.e. b = f(nutrients, irradiance).

In this thesis, [ have confirmed previous observations (Fluegge 1994: Thompson
and Calvert 1995; Bidigare et al. 1997; Eek et al. 1999), that the carbon isotope
fractionation in natural populations of Prymnesiophyte algae are affected by the con-
centration of nutrients and the availability of light. My work also shows that at
oligotrophic conditions the carbon isotope fractionation is independent of external
CO, concentration and that light limitation affects carbon isotope fractionation for
cells growing close to the compensation point. Below is a discussion of the possible
implications this environmental influence will have for paleo-PCO; barometry.

Results reported in the previous chapters from both the North east Pacific and
from the Pacific Transect shows the effect of varyving nutrient concentrations on car-
bon isotope fractionation. The availability of dissolved phosphate demonstrates a
profound influence. especially in oligotrophic waters, which has been summarized in
Fig. 7.1. The linear regression of z, vs. [PO3"]/C. can be expressed in an equation

similar to the general equation used in paleo-PCO, barometry.

[POY

=208~ 1517

—
-~
(8

A "

The constants are the intercept and slope respectively, from the regression line
in Fig. 7.1. In order to evaluate the influence of phosphate on the estimates of
PCO, resulting from paleo-PCO, barometry, fixed concentrations of phosphate can

be multiplied with the slope value in Eq. 7.2 producing an equation where the factor
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Figure 7.1: ¢, vs [PO}"]/C, relationship Data from Bidigare et al.. (1997). The line shows
the linear regression of the data (r*=0.93, P< 0.01).

b is a function of phosphate. In Figure 7.2 the three solid lines represents Eq. 7.2 for
phosphate concentrations of 0.1. 0.5 and 1.0 M respectively. As illustrated by the
example in the figure, =, is almost decoupled from the external CO, concentration
when the phosphate concentration is 0.1 zM. An uncertainty in s, corresponding
to the precision of the isotope measurements of £ 0.6 °/,, results in an error in the
estimated PCO, value of £ 126.5 patm, which is more than half the atmospheric CO»
concentration during glacial periods. If the phosphate concentration is increased to
1.0 uM, the slope becomes steeper indicating a stronger coupling of CO, with ¢, and
the error in the PCO, estimate decreases to + 10.5 patm.

The shift from £, being nearly decoupled from CO, at low concentrations of
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the error bars corresponds to a precision of €, of 0.6 °/.c.The PCO, scale is calculated
with Henry’s law using a salinity of 34 ° /., and a temperature of 12 °C. The calibration

curve from Jasper et al. 1994 is shown for comparison (dashed).
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phosphate to a correlation between the two at phosphate concentrations above 0.5
1M could be a consequence of photosynthesis assimilating carbon at a rate faster than
can be provided via the HCO3; pump and the auxiliary carbon is entering the cell via
diffusion. An alternative explanation could be that photosynthesis is fast enough to
reduce the internal C'O, concentration to a value close to the external concentration.

thus the flux of CO, out of the cell will be affected by the external concentration of
CO..

In addition to the influence of nutrient concentrations at low levels, complete
depletion of nitrate has shown to cause carbon isotope fractionation to decrease to
values lower than predicted based on phosphate concentration. This drop in <, can be
several permil. However. since nitrate and phosphate tend to covary, the phosphate
concentration is generally very low when all nitrate is depleted and the carbon isotope
fractionation is already decoupled from CO,, making the effect of nitrate depletion
less relevant in the evaluation of PCO,.

[t is interesting to note in Figure 7.2 the apparent maximal isotope fractionation
indicated by the intercept of the =, vs. [PO}”]/C. relationship. It is lower (21.8
°/s0) than the maximal isotope effect measured for Rubisco alone (27-30 °/.,). This
may be caused by transport limitations, or it may be the result of an alternative

enzyme (PEPC) operating in concert with Rubisco. A limitation of the apparent

maximal fractionation has implications for paleo-PCO, barometry by modulating
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the slope of the calibration curve, and thereby the errors in the estimated PCO, due
to uncertainty in the determination of z,. For the calibration curve by Jasper et al.
(1994), it was assumed that the maximal fractionation was the same as the maximal
isotope effect of Rubisco. By using the maximal isotope fractionation from the ¢,
vs. [PO37]/C., relationship instead leads to a calibration curve similar to that of the
[PO?"] = 0.5uM curve in Fig. 7.2. This is close to the estimate of [PO}~] = 0.4uM
by Fluegge (1994) for the samples used in the Jasper et al. (1994) calibration. The
fact that the “apparent fractionation” is lower than the maximal isotope effect of
Rubisco tend to lower the precision of the PCOs estimates.

In conclusion, Emiliania huzleyi is not well suited for paleo-PCQO, estimations. In
spite of producing the ideal biomarker. E. huzleyi does not fulfill the criteria for a
paleo-PCQO, proxy because it does not exclusively utilize passive carbon uptake.

The results presented in this thesis are consistent with a mechanism of carbon up-
take which causes a decoupling between internal and external CO, concentrations at
low nutrient concentrations. As a consequence, £, is independent of the concentration

of dissolved CO5 in oligotrophic waters.
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