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ABSTRACT: An extensive bloom (250 000 km?) of the coccolithophore Emiliania huxleyi developed in
the northeast Atlantic in June 1991. At the time of the observations in late June, the centre of the bloom
was characterised by low concentrations of chlorophyll a {<1 mg m™) and particulate organic carbon
{«200 mg m™% and high particulate inorganic carbon (PIC) (>300 mg m~?) values. Photosynthesis-
irradiance experiments carried out along the cruise track showed the existence of a negative exponen-
tial relationship between assimilation number (P%_.) and PIC. Significant rates of inorganic carbon
incorporation were only measurable in surface waters at the periphery of the bloom and in subsurface
waters north of 61° N. Calcification rates of up to 1.5 mg C m~* h™! were measured. In general, a direct
relationship was found between calcification rates and PE_, or chlorophyll a-normalized photo-
synthesis. Calcification-irradiance curves revealed that significant amounts of carbon were incorpo-
rated into coccoliths in darkness and also that, on some occasions, calcification in subsurface popula-
tions saturated at higher irradiances than in surface ones. An empirical model based on the biomass of
E. huxleyi and Coccolithus pelagicus and the beam attenuation coefficient accounted for a large pro-
portion (> 70 %) of the variability in surface rates of calcification. Estimates of calcification rates derived
from the model are consistent with previously reported data and compatible with the measured stocks

of PIC and with the duration of the bloom as revealed by satellite imagery.

INTRODUCTION

Coccolithophores are a group of phytoplankton
species of the class Prymnesiophyceae that is widely
distributed in the oceans (Okada & McIntyre 1977).
Emiliania huxley! (Lohm.) Hay et Mohler is the most
abundant species within this group, and is possibly the
major producer of calcite in the biosphere (Westbroek
et al. 1985). The ability of this species to form blooms in
coastal waters has been known since early this century
(Gran 1912). However, their large-scale occurrence
was only shown by ocean colour imagery (Holligan et
al. 1983, Groom & Holligan 1987). Studies on the
global distribution of coccolithophore blooms {(C. Brown
& J. Yoder unpubl.) revealed the North Atlantic as the
oceanic region where they are most frequent and ex-
tensive. In this connection, patches of high reflectance
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surface waters have been reported for the North
Sea (Holligan et al. 1989), western English Channel
(Holligan et al. 1983), Gulf of Maine (Balch et al. 1991)
oceanic regions of the North Atlantic Ocean (Aiken &
Bellan 1990, Brown & Yoder 1993) and in the Nor-
wegian Sea (Trees et al. 1992).

The importance of coccolithophores in the biogeo-
chemical cycling of carbon is based not only on their
capacity for organic matter production by photo-
synthesis, but on their unique ability amongst the
phytoplankton to synthesize external plates of calcite,
called coccoliths, which represent a large proportion
of the flux of particulate carbon to the deep ocean.
Thus, coccolithophores are known to contribute sig-
nificantly to the fine fraction of oceanic sediments in
those areas where the sea floor lies above the lysocline
(Bramlette 1958).
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Although over geological time scales the production
in the photic layer of calcium carbonate by cocco-
lithophores represents a net sink of carbon into the
sediments (Whitfield & Watson 1983), the immediate
effect of calcification is a relative increase of pCO,, in
part controlled by the buffering capacity of seawater in
surface waters due to the assimilation of bicarbonate
according to the equation:

2HCO; + Ca** = CaCO, + CO, + H,0O

and a parallel drop in alkalinity which, in turn, shifts
the dissolved inorganic carbon (DIC) equilibrium in
the direction of CO, (Robertson et al. 1993). In addi-
tion, increases in water temperature within Emiliania
huxleyi blooms as a result of light scattering in
the water, primarily due to detached coccoliths (Holli-
gan et al. 1993), contribute to increase the partial
pressure of CO, in the water slowing the flux of carbon
dioxide from the atmosphere. This ability of cocco-
lithophores to alter the DIC system by means of the
interacting effects of photosynthesis, calcification and
light scattering, has been found to exert a significant
effect on the fluxes of CO, between the ocean and the
atmosphere (Robertson et al. 1993). It has also been
hypothesised that, as a consequence of shifts in phyto-
plankton composition over geological time scales,
changes in the ratio of organic C to CaCOj burial con-
tribute to variations in atmospheric CO, (Volk 1989),
and through effects on sea water alkalinity represent
an ecological mechanism which partially accounts
for glacial-interglacial variations in atmospheric pCO,
(Berger & Keir 1984).

A number of studies using coccolithophore cultures
have focussed on the process of coccolith formation
(Sikes et al. 1980, Sikes & Wilbur 1982, De Jong
et al. 1983, Nimer & Merret 1992, Sikes & Fabry
1993) and on its regulation by environmental factors
such as light intensity (Paasche 1964, Linschooten
et al. 1991, Balch et al. 1992), and spectral quality
(Paasche 1966b), photoperiod (Paasche 1968), tem-
perature (Watabe & Wilbur 1966, Paasche 1968)
and nitrogen availability (Baumann et al. 1978, Balch
et al. 1992). These studies have shown that the inter-
action between photosynthesis and calcification and
the effect of environmental variables on coccolith
formation are complex (see review in Klaveness
& Paasche 1979). Little is known, however, about
the environmental variables controlling the onset
and decline of coccolithophore blooms, and on the
patterns of organic and inorganic production during
such events. In this regard, Balch et al. (1992) re-
ported some of the first field measurements of
phosynthesis and calcification rates by coccolitho-
phores for a coastal Emiliania huxleyi bloom in the
Gulf of Maine.

The main aims of the present study were (1) to
measure photosynthesis and calcification rates and the
resulting standing stocks within a large scale Emiliania
huxleyibloom sampled in June 1991 in the NE Atlantic
to the south of Iceland, (2) to describe their variability
at different spatial scales and (3) to determine the vari-
ations in these processes associated with the different
phases of development of the bloom. Companion
papers have assessed the biogeochemical significance
of the bloom (Holligan et al. 1993) and more spe-
cifically its impact on the exchange of carbon dioxide
between the atmosphere and surface waters
(Robertson et al. 1993).

METHODS

The present survey was carried out on board RRS
'Charles Darwin’ from 13 Jjune to 3 July 1991. The
cruise track was determined using real-time satellite
imagery from the Advanced Very High Resolution
Radiometer (AVHRR) sensor aboard the NOAA-9
satellite. Image processing was performed as in Groom
& Holligan (1987). During the first part of the cruise
observations were made along the 20° W meridian
from 56° N to 63° N. Several underway transects and
3 main working stations at (A) 60°00" N, 20°00' W,
(B) 61°05' N, 22°45' W and (C) 61°12" N, 15°09' W,
were sampled (Fig. 1).

Hydrographic and standing stock variables. Surface
water was collected from a depth of 2 to 3 m through
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Fig. 1. Cruise track of RRS 'Charles Darwin' 13 June to 3 July
1991 showing the position of the 3 in situ productivity areas (A,
B and C). Bold lines indicate the 2 transects described in the text
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the ship's non-toxic seawater supply for continuous
measurements of temperature, salinity, beam attenua-
tion and dissolved nitrate as described in Robertson et
al. (1993) and Holligan et al. (1993). Discrete surface
samples were taken every hour for phytoplankton cell
counts and the determination of chlorophyll a
(chl a), total particulate carbon and calcium concentra-
tions. Identification and enumeration of phytoplankton
cells were performed by examining samples preserved
in both Lugol's iodine and buffered formalin with an
inverted microscope. Coccolithophores were counted
in the formalin-preserved samples. Cell counts were
converted to carbon biomass as described in Holligan
et al. (1984). Cell to carbon conversion factors for
Emiliania huxleyi and Coccolithus pelagicus were
13 pg C cell"! and 233 pg C cell™! respectively. Chl a
was measured by fluorometric assay after filtration on
GF/F glass fibre filters and extraction for 24 h at 4 °C
with 90 % acetone.

Total particulate carbon (TPC) and particulate in-
organic carbon (PIC) were measured from material
retained on Whatman GF/F filters after filtration of 0.51
of seawater and subsequently frozen at -20°C. TPC
was analysed with a Carlo-Erba 1500 series 2 CHN
analyser without treatment to remove carbonates. PIC
was estimated from the measured calcium content, as-
suming that all of the particulate calcium was present
as calcium carbonate. Calcium concentration was
determined by flame atomic absorption spectrometry
using an air-acetylene flame at 422.7 nm wavelength.
Samples were made up with 1 % lanthanum chloride
as a releasing agent to remove phosphorus supression
of ionization. Particulate organic carbon (POC) was
calculated by subtracting PIC from TPC.

The same set of variables was also measured at the
CTD and productivity stations using water samples
collected with a rosette of oceanographic Niskin
bottles. Vertical profiles of temperature and salinity
were obtained with a Neil Brown CTD attached to
the rosette.

Photosynthesis and calcification. Photosynthesis
and calcification rates were measured by the !C
method (Paasche 1963 Balch et al. 1992). All water
samples were manipulated with clean laboratory
techniques. Three different sampling and/or experi-
mental approaches were conducted for the study
of photosynthesis and calcification rates in this survey:
(a) underway surface measurements, (b} in situ
measurements and (c) photosynthesis-irradiance (P-I)
and calcification-irradiance (C-I) experiments.

Water samples were transferred to 60 ml poly-
carbonate bottles previously treated as described by
Joint et al. (1993). 370 kBq (10 mCi) NaH"CO; was
added to each bottle and then incubated in situ, on deck
or under artificial light. Three time-zero samples were

filtered onto 0.2 pm polycarbonate filters (in situ
incubations) or 0.2 pm Whatman membrane filters
(other experiments) immediately after inoculation with
NaH!'"CO; At the same time, the specific activity of each
NaH!CO; stock solution was also determined. After the
incubation period, samples were divided into 2 fractions
and each filtered through 0.2 ym Whatman membrane
filters under low vacuum pressure (< 100 mm Hg). One
of the filters (Filter ‘a’) was carefully rinsed twice with
filtered (0.2 pm) seawater and placed into a desiccator
for at least 24 h. After this period any soluble labelled
bicarbonate still adsorbed to the filter is transformed into
CO, (Joint & Pomroy 1983). The second filter (Filter 'b’)
was rinsed, exposed for 5 min to concentrated HCI
fumes and dried in a desiccator. All filters were counted
in a LKB Wallace Packard liquid scintillation counter.
Quenching was corrected using the channels ratio
method. The radioactivity measured on Filter 'b’ was
taken to measure photosynthetic C incorporation as it
was assumed that the fuming treatment exclusively
removed calcite associated with coccoliths but did not
affect the organic carbon pool. Calcification was calcu-
lated as the difference between the activity measured
on Filters ‘a’ and 'b".

Surface water samples for photosynthesis/calcifica-
tion incubations were collected every hour from the
non-toxic water supply along 2 transects running
from 60°10' N, 19°24' W to 61°11'N, 15°14' W and
62°00' N, 15°10' W to 57°26' N, 13°05" W respectively
(see Fig. 1). Comparative experiments carried out dur-
ing the cruise revealed that the differences in photo-
synthesis and calcification rates between water sam-
ples taken simultaneously from the non-toxic water
supply and directly from the sea were not significant
(t-test; p<0.05). Samples were placed in an 'on deck’
incubator under natural light conditions. Sea surface
water was circulated in the incubator to maintain the
samples at ambient temperature. Samples taken dur-
ing the night were stored in 11 polycarbonate bottles at
ambient surface temperature until next morning, when
they were transferred to the 60 ml incubation bottles
and then inoculated with NaH'¥CQj3. Incubations were
carried out between 10:00 and 18:00 h, so that irradi-
ance levels reaching the bottles were always saturating,
at least for photosynthesis. Incubations lasted ca 4 h.

Vertical profiles for the determination of organic and
inorganic carbon production were conducted in situ at
5 stations. Water samples were taken before dawn
with Go-Flo bottles on a Kevlar line. Three 60 ml poly-
carbonate bottles were filled from each depth, inocu-
lated with NaH"CO; and suspended at dawn for 24 h
from a free-floating incubation rig at the depths where
the samples were taken. Further filtration procedures
and manipulation of the filters were done as described
above.
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Iceland

The relationship between irradi-
ance and organic or inorganic car-
bon incorporation by phytoplankton
was examined in a number of ex-
periments undertaken with water
collected either from the non-toxic
water supply or the rosette sampler.
Samples were transferred to the
incubation bottles, inoculated with
370 to 555 kBqg (10 to 15 mCi)
NaH!COj; and then placed in an
incubator. On-deck incubators sim-
ulated a range of irradiances (58, 36,
28,19, 10 and 5 % of surface values)
by means of neutral-density plastic
screens. P-I and C-I experiments
were done in the ship’s radiocarbon
laboratory in an incubator where
the samples were cooled with circu-
lating water at ambient surface
temperature and a light gradient
(24 light levels from 4 to 1200 uE
m? s7!) was obtained using a
500 W tungsten-halogen lamp as
described in Joint & Pomroy (1986).

Photosynthetic rates normalised
to chl a concentration were fitted to
the hyperbolic tangent (Jassby &
Platt 1976) or the continuous expo-
nential functions (Platt et al. 1980)
depending on the evidence of
photoinhibition. Calcification rates
were normalised to coccolitho-
phore carbon biomass as estimated
from cell counts (see above). For
this, only the biomass of Emiliania
huxleyi and Coccolithus pelagicus
was considered as calcification
rates in Holococcolithophorids are
low (Van der Wal et al. 1983), on the
basis of the small amounts of inor-
ganic carbon present in their calci-
fied structures in relation to the
organic matrix.

All statistical analysis were per-
formed using various SAS proce-
dures (SAS Institute 1985).

Fig. 2. Advanced Very High Resolution
Radiometer (AVHRR] imagery of the
Emiliania huxleyi bloom on 17 June
1991. Upper panel: visible band (chan-
nel 1) surface reflectance image. Lighter
shades indicates higher reflectance.
Lower panel: infrared (channel 4) image.
Cold water is indicated by light shades
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RESULTS

Bloom development and standing stocks of
particulate carbon

An extensive oceanic area characterized by high re-
flectance on AVHRR visible-band images extended from
60 to 64 N and 13 to 28° W (Fig. 2). The high reflectance
signal was shown to be caused by a large scale bloom of
the coccolithophore Emiliania huxleyi (Fig. 3) which de-
veloped between 5 and 10 June and lasted until early July
(Holligan et al. 1993). The complex mesoscale eddy field
structure could be visualized from both visible and infra-
red images for the Iceland Basin on 17 June (Fig. 2).
Spatial differences in surface temperature did not exceed
1.5 °C in the region. No consistent relationship between
temperature and reflectance was apparent. The se-
quence of satellite pictures obtained during the cruise
(Holligan et al. 1993) showed that the waters south of
61° N moved in a northeast direction associated with
the North Atlantic drift. Surface waters from 61° N to
the Iceland shelf flowed in the opposite direction.

The distribution of sigma-t at the surface (Fig. 4) re-
flects the patterns of water motion observed from space
(Holligan et al. 1993). Relatively high density water
(<26.8 sigma-t units) was observed to the west of the
Hebrides shelf and south of 61° N. This water mass-
corresponded to the flow of North Atlantic Central Water
(NACW) northeastward. The westward flow was
marked by lower sigma-t values,
mainly caused by relatively low
salinity which may have resulted
from lateral mixing of NACW
and Atlantic Subarctic Water,
thus forming Modified North
Atlantic Water (MNAW). It is in-
teresting to note that the region
of high reflectance was largely
confined to the MNAW mass,
although a close correspondence
between sigma-t and reflectance
could not be established due to
the different time-scale involved
in these measurements.

Surface distribution of chl a
(Fig. 4) varied from less than
0.5 mg m~* along the southern
part of the track to >2 mg m~%in
the waters over the Icelandic
slope and in the areas both to the
west (Area B) and east (Area C)
of the cruise track along the
60° N meridian. Chl a values
within the main part of the coc-
colithophore bloom were gener-

ally below 1 mg m~> The concentration of particulate
organic carbon (POC) followed a similar pattern to that
of chl a (Fig. 4). POC concentrations within the Emiliania
huxleyi bloom were some of the lowest measured dur-
ing the cruise (<200 mg C m~3). Organic C to chl a ratios
were high (about 100) throughout the study area; the
highest values were found in the northern part of the
15° W transect. The maximum concentrations of par-
ticulate inorganic carbon (PIC) exceeded 300 mg C m~>.
PIC has been observed to covary with satellite-derived
reflectance (Holligan et al. 1993) and, in addition, was
correlated with the total number of coccoliths (ml™})
according to the equation

PIC = 0.000471 (£ 0.000017) coccoliths + 40.31 (£ 20.95),
1°=0.92, n=67

For this regression, detached coccoliths and total
number of coccospheres were used. Coccospheres were
converted into coccoliths assuming an average of
20 coccoliths per cell (see Fig. 3). These relationships
confirm previous findings relating enhanced water
reflectance to backscattering of light by coccoliths
(Holligan et al. 1983, Balch et al. 1991).

Regression equations were calculated for the rela-
tionship between TPC (mg m™’) and total particulate
nitrogen (TPN) (mg m™ for coccolithophore-rich
(PIC > 100 mg C m~®) and for non-coccolithophore
(PIC < 100 mg C m~?) surface waters. The equation for
those samples with PIC < 100 mg C m™>:

Fig. 3. Emiliania huxley: Scanning electron micrograph of a cell-type A which
dominated the 1991 NE Atlantic bloom. Scale bar =1 pm



276 Mar. Ecol. Prog. Ser. 97: 271-285, 1993

TPC = 5.80(+ 0.17) TPN — 1.15(+ 7.99),
r>=091,n=108

yields a C:N ratio for non-coccolithophore waters of
5.80 by welght (6.77 by atoms) which equals the
Redfield ratio. The relationship obtained for cocco-
lithophore waters:

TPC = 4.0(+ 0.4) TPN + 181.0(+ 23.8),
r’=0.65n=>54

had a highly positive intercept which indicated that the
C:N ratio varied with the concentration of TPN. Thus,
for TPN between 20 and 100 mg m~® the C:N ratios
ranged from 13.05 to 5.81, values comparable to those
found by Balch et al. (1992) in a coastal Emiliania
huxleyi bloom.

Short-scale horizontal surface variability of phyto-
plankton biomass, photosynthesis and calcification

Short-scale spatial variability in hydrographic condi-
tions, phytoplankton standing-stocks, coccolithophore
biomass and photosynthesis and calcification rates
were studied along 2 transects (Fig. 1).

The first transect was run from 60°10" N, 19°24' W
to 61°12' N, 15°14' W, along the southern margin
of the bloom (Fig. 5). Water density (sigma-t) changed
as the ship crossed different water types associated
with the mesoscale eddy structure characteristic of the
region (Fig. 5A). Large changes in nitrate concentra-
tion linked to small differences in sigma-t were ob-
served at the eastern end of the transect. The beam

Fig. 4. Surface distribution of sigma-t, chl a {mg m~?), particu-
late organic carbon {POC, mg m *} and particulate inorganic
carbon (PIC, mg m™)
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Fig. 5. Surface profiles from 60° 10" N, 19°24"' W to 61°12' N,
15°14'W on 27 June 1991 for (A) sigma-t (—), NO,3
(----, umol I™!) and beam attenuation coefficient at 532 nm (c}
(-, m™'); (B) chl a (0——0, mg m™), total estimated phyto-
plankton biomass (e—=e, mg C m™%), estimated Emiliania
huxleyi C biomass (®----@, mg m~°) and estimated Coccolithus
pelagicus C biomass (e---e, mg m™); (C) photosynthesis
(e—=o, mg C m™® d7") and calcification (e----¢, mg C
m~3 d~!) rates. Error bars: + 1 SE

attenuation coefficient (c) was also variable along the
section, with values increasing towards the east. No
apparent relationship between attenuation and sigma-
t or nitrate concentration was found.

Chl a concentration showed relatively small varia-
tions along the transect (Fig. 5B), most of the values
ranging between 1 and 2 mg m~> However, the bio-
mass of phytoplankton was high at the W and E ends
of the transect. Coccolithophores contributed a signifi-
cant proportion of total estimated phytoplankton bio-
mass (40 to 90 %) particularly along the eastern part
of the section, where attenuation was maximum.
Emiliania huxleyl was the dominant coccolithophore
species, and flagellates were the largest contributor to
the non-coccolithopore biomass.

Photosynthetic rates were generally high {4 to 6 mg C
m~ h™!Y) along the section (Fig. 5C), their distribution
being related to that of chl a. The lowest rates were
measured in areas of low nitrate concentration. Calci-
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fication was detectable (up to 0.6 mg C m~>h"}) between
18°47" W and 17°34' W. In this region, the biomass
of Emiliania huxleyi + Coccolithus pelagicus was in
excess of 15 mg C m~> Negligible rates of inorganic
carbon production (< 0.2 mg Cm *h™') were detected at
the eastern end of the transect, even though the biomass
of E. huxleyi was comparable to that found at the
western end.

The second transect, running approximately along
the 15° W parallel was sampled between 62° N and
53°30" N (see Fig. 1). The hydrographic and optical
conditions are summarised in Fig. 6A. Three main
features could be recognized: (1) a marked physical-
optical front, located between 59° and 60° N separated
low-density high-attenuation (>1 m™!) water to the
north from water with the opposite characteristics to
the south, (2) a mesoscale warm-core eddy at the
northern part of the section (between 61° and 61°30’ N)
and (3) a patch of relatively high attenuation water
at the southern end close to the Rockall Bank shelf-
edge.

In general, chl a distribution was correlated with total
phytoplankton carbon (Fig. 6B), although the ratio be-
tween them was lower where coccolithophores pre-
vailed. High values of these variables were associated
with each of the 3 hydrographic features indicated
above. Emiliania huxleyi was the dominant coccolitho-
phore species north of 60° N, being replaced by Cocco-
lithus pelagicus to the south. This sequence was most
marked at the front where E. huxleyi-dominated, mixed
E. huxleyi-C. pelagicus and C. pelagicus-dominated
coccolithophore assemblages alternated at ca 15 km
intervals (Fig. 6B). Within the relatively high attenuation
water over the edge of Rockall Bank C. pelagicus was
dominant.

Photosynthetic rates reached values up to 7 mg C
m~> h~! north of the frontal boundary (Fig. 6C). This
maximum was related to an increase in phytoplankton
biomass, mostly small flagellates. Relatively high
levels of organic carbon production were also meas-
ured close to the Rockall Bank. Calcification was only
measurable at the frontal zone between high and low
attenuation waters (Fig. 6C), where typical values
reached 1.5 mg C m™3 h™! within a mixed Emiliania
huxleyi- Coccolithus pelagicus population. The highest
contribution of surface calcification to total carbon
incorporation was 26 %.

Vertical variability of phytoplankton biomass,
photosynthesis and calcification

Vertical profiles of phytoplankton biomass, tempera-
ture, total particulate inorganic and organic carbon
and in situ daily rates of photosynthesis and calcifica-
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Fig. 6. Surface profiles from 15° W meridian between 62°and
57°30" N on 30 June-1 July 1991 for (A) sigma-t (—), NO;
(----, pmol 1"') and beam attenuation coefficient at 532 nm (c)
(-, m™); (B} chl a fo——o0, mg m™’), total estimated phyto-
plankton C biomass (e——e, mg m~°), estimated Emiliania
huxleyi C biomass (e----e, mg m~>) and estimated Coccolithus
pelagicus C biomass (e--e, mg m™); (C) photosynthesis
(#——e, mg C m™ h~!) and calcification (e----o, mg C
m~ h!) rates. Error bars: + 1 SE

tion are shown for 3 areas: A (60° N, 20° W), B (61° N,
23° W) and C (61° N, 15° W) (Figs. 7 & 8).

At Area A, the maximum phytoplankton abundance
was at 15 m and much of the biomass below 20 m was
due to diatom species characteristic of the spring di-
atom bloom. Coccolithus pelagicus, Emiliania huxleyi,
holococcolithophores and other small coccolithophores
showed a similar and relatively low biomass at this
station. At Area B, most of the phytoplankton biomass
was concentrated in the upper mixed layer, as shown
in Fig. 7C, D. At this area, coccolithophores were
more abundant and formed a significant fraction of
the total phytoplankton biomass (>60 %). E. huxleyi
was the dominant species, with maximum abun-
dance in the main thermocline (15 m). At Area C,
non-coccolithophore phytoplankton carbon biomass
reached high values (Fig. 7E, F). Coccolithophores,
mainly C. pelagicus, were dominant at and below the
thermocline at this station.
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Fig. 7. Vertical distribution of phytoplankton C biomass (A,
C, E; mg m~%) and temperature (B, D, E; °C) at Areas A, B and
C, represented by the in situ productivity stations: 60° N, 20° W
(A, B); 61°06' N, 22°45'W (C, D); and 61°12' N, 15°09" W
(E, F) respectively. Total phytoplankton C biomass (e—e,
mg m~%); total estimated coccolithophore C biomass (0—o,
mg m~%); Emiliania huxleyi biomass (e----e, mg m~); and
Coccolithus pelagicus C biomass (e---e, mg m™3)

The vertical distributions of chl a and total particulate
carbon were, in general, well correlated with total phy-
toplankton biomass (Figs. 7A,C,E & 8A, C, E). How-
ever, a clear relationship between PIC and coccolitho-
phores was not found, as a high proportion of the calcite
was present in the water in the form of detached cocco-
liths or empty coccospheres. The contribution of PIC to
TPC was higher at the western area (Area B). Photosyn-
thetic rates in the mixed layer ranged between 40 and
80 mg C m~3d~! (Fig. 8B, D, F). The vertical variability in
photosynthesis observed at the 3 areas is attributable to
the interaction between chl a concentration and the pat-
tern of light extinction with depth. Calcification was
undetectable in the upper 15 m at Area A. However, low
levels of inorganic carbon incorporation were observed
below the thermocline (Fig. 8B), mainly associated with
an increase in the biomass of Coccolithus pelagicus
(Fig. 7A). The highest calcification rates (6 to 8 mg C
m™ d!Y) were recorded at the Emiliania huxleyi-
dominated station (Area B) and in surface waters of the
eastern station (Area C). Calcification never repre-
sented more than 20 % of total carbon incorporation.
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Fig. 8. Vertical distribution of phytoplankton standing stock
variables (A, C, E) and carbon incorporation rates (B, D, F) at
Areas A, B and C, represented by the in situ productivity
stations: 60° N, 20° W (A, B); 61°06' N, 22°45’ W (C, D); and
61°12' N, 15°09" W (E, F) respectively. Left panels: total
particulate carbon (TPC) (e—e, mg m~%) and particulate
inorganic carbon (PIC) (e----e, mg m~>); chl a (e---e, mg m~3).
Right panels: photosynthesis (e——e, mg C m™® d-!) and
calcification (®----@, mg m~> d!) rates. Error bars: + 1 SE

Integrated values of particulate stocks and carbon in-
corporation rates at the productivity stations illustrate
the main geographic differences observed during the
cruise (Table 1). Low biomass of Emiliania huxleyi and
Coccolithus pelagicus, together with low PIC and calci-
fication rates were measured at Area A. By contrast, in
the E. huxleyi-dominated population in the western
area (Area B), elevated PIC and calcification rates were
found. In the eastern part (Area C), where C. pelagicus
dominated, both calcification and photosynthesis rates
were lower compared to the other stations; also rela-
tively low chl a-normalized photosynthesis and a high
ratio of detached coccoliths to E. huxleyi cells were ob-
served.

P-1 and C-I relationships

P-1 experiments carried out using water samples
taken from the surface along the cruise track indicated
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Table 1 Integrated carbon and chl a standing stocks and carbon incorporation rates over the upper 35 m of the water column
at 5 productivity stations in June 1991

Variable 60°00 N,
20°00 W
19 Jun
POC (mg m~?) 4795
PIC (mg m™?) 1706
Chl a (mg m™?) 32.6
Phytoplankton biomass (mg m™?) 2522
Coccolithophore biomass (mg m™?) 1055
Emiliania huxleyi biomass (mg m~2) 335
Coccolithus pelagicus biomass (mg m~2) 549
Coccoliths/E. huxleyi cells 11.7
Photosynthesis (mg C m™>d ™) 933
Photosynthesis/chl a [mg C (mg chl a)~* d7!) 28.6
Calcification (mg C m~2d"}) 28.3

the existence of a negative exponential relationship
between the assimilation number P2, and the concen-
tration of PIC (Fig. 9A). P&, values as low as 1 mg C
(mg chl a)' h'! were estimated for phytoplankton
populations from high PIC waters. A similar although
less marked relationship was found between ay and
PIC (Fig. 9B). Surface values of P2, and ap were
related according to the expression:

ag = 0.006(£0.001) P2, — 0.00004 (+0.00350),
r2=0.53,n =20

Only one sample (represented by a star in Fig. 9A, B)
collected at the boundary zone between high and low
reflectance waters (Area B) and composed of a mixed
population of Emiliania huxleyi and small flagellates,
did not fit this relationship. The phytoplankton in this
sample was growing actively as revealed by the high
assimilation number (Fig. 9A) and the relatively ele-
vated calcification rates (Table 2). High values of P&,
[>3 mg C (mg chl a)"! h™!] were found south of 60° N
and also in Icelandic shelf waters (Table 2).

Calcification was particularly significant in those C-I
experiments carried out in the western area of the
cruise track (Area B) (Table 2), although it was also
measurable at one station of the eastern area, as previ-
ously shown in Fig. 8. The highest C&, rate recorded
was 15.8 ng C fixed (1g C cocco)! h™! at the position
61°07' N, 23°01’ W, where high values of P8, and ag
were observed (Table 2, Fig. 9A, B).

Comparison of the shapes of the P-I and C-I curves
from 2 stations located at the western (Area B) and east-
ern regions (Area C) (Fig. 10), shows the complexity of
such relationships for natural mixed populations of
phytoplankton. As had been previously noted, Emiliania
huxleyi dominated the coccolithophore population in
Area B (Fig. 7C), whereas flagellates were the most
abundant phytoplankton group in Area C, with E.
huxleyiand Coccolithus pelagicus showing a similar but

61°06 N, 61°06 N, 61°12 N, 61°12 N,
22°41 W 22°43 W 15°09 W 15°09 W
23 Jun 24 Jun 28 Jun 29 Jun
3700 5826 9803 11023
6934 4637 2421 3318
31.3 36.6 60.2 57.3
2785 2692 3845 3677
1825 1350 1275 1670
1577 1057 329 250
137 58 589 1126
36.4 19.4 48.8 107.5
1054 1007 757 853
33.7 27.5 12.6 14.9
151.4 195.9 68.2 46.9
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Fig. 9. Relationships between surface particulate inorganic
carbon (PIC, mg m™®) and (A) surface P%,, [mg C (mg chl a)™
h™'] and (B) surface ag [mg C (mg chl a)~' h™' (uE m~2 s~H)7].
{*) sample taken on 25 June at 61°07' N, 23°01" W not in-
cluded in analysis (see text). The P2, .-PIC data set (A) was
fitted to the exponential negative equation:

PB.. = 3.95(x0.89) e (0012120009 PIC) , 0 93(+0.70)
(£ asymptotic SE)
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Table 2. Parameters of selected photosynthesis-irradiance (P-I) and calcification-irradiance (C-I) curves corresponding to surface
populations sampled along the cruise track. PE..: maximum chlorophyll-normalized photosynthetic rate; apo.: initial slope
of the P-1 curve; C&,,: maximum biomass-normalized calcification rate [ig C incorporated (1g C cocco)™ h™']; acaqy initial slope
of the C-I curve. ND: not detectable

Latitude (N)

Longitude (W)

55°50"
58°22
60° 00’
61°07
61°07'
60° 53"
61°31
63° 35’
61°09'

20°00°
20°00’
19°50'
22°45'
23°01
22°41'
22°35%
21°21
15°13°

PE'\ax ar\holo
6.59 (£ 0.14) 0.0295 (£ 0.0012)
3.66 (£ 0.10) 0.0332 ( 0.0023)
2.82 (£ 0.07) 0.0099 ( 0.0004)
2.50 (£ 0.09) 0.0130 (+ 0.0009)
5.21 (+ 0.14) 0.0470 (£ 0.0032)
1.94 (+ 0.13) 0.0092 (+ 0.0018)
1.18 (+ 0.38) 0.0129 ( 0.0026)
3.94 (+ 0.18) 0.0122 (£ 0.0009)
2.45 {1 0.06) 0.0169 (+ 0.0014)

Can-ui Qcalcit
ND ND
ND ND
ND ND

0.0120 (+ 0.0040)
0.0158 (+ 0.0019)
0.0089 (+ 0.0009)

ND

ND

ND

0.000244 (+ 0.000056)
0.000077 (+ 0.000023)
0.000014 (£ 0.000002]

ND

ND

ND

relatively low biomass in this region (Fig. 7E). Chl a-
normalized photosynthetic rates were comparable at
both stations. P2, vaiues ranged from 2.2 to 3.1 mg C
! h~! Variations in P/chl a with depth were
Photoinhibition of photosynthesis was only
apparent at very high irradiances at the station located
at Area B, where the temperature prefile shows a
secondary near-surface thermal structure (Fig. 7D).
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At Area B, calcification in surface waters saturated at
very low irradiance levels (Fig. 10A), whereas at Area
C no significant incorporation of inorganic carbon was
detectable at the surface (Fig.
saturated at higher irradiances than photosynthesis
s™!) in subsurface waters in both areas
(Fig. 10B, D). At Area C subsurface calcification was
found to be inhibited at elevated irradiances.
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Fig 10. P-I and C-I relationships for surface (2 m) and subsurface {15 and 18 m} populations at 61°07' N, 22°45' W (A, B) and
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! and calcification

rates to Emiliania huxleyi + Coccolithus pelagicus biomass [C/B, ng C (ug cocco-C)~' h™!]
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Empirical model of surface calcification

An empirical model of calcification was developed for
surface coccolithophore populations by means of linear
multiple step-wise regression techniques (Table 3). The
original data set for the analysis consisted of 49 surface
calcification experiments performed along 3 transects
and paralle] observations of the following variables:
temperature, salinity, sigma-t, nitrate, beam attenua-
tion, chl a, Emiliania huxleyi carbon biomass, Cocco-
lithus pelagicus carbon biomass, holoccolithophore
carbon biomass, total coccolithophore carbon biomass,
photosynthetic rate and chl a-normalized photo-
synthesis. The first transect ran from 61°24' N, 22°572' W
to 60°56" N, 22°55" W (10 samples). The other 2 tran-
sects were shown as in Figs. 5 & 6.

The model was statistically significant and explained
71.5 % of the variability in surface calcification rates
and, as a consequence, a good agreement between ob-
served and predicted calcification rates was obtained
(Fig. 11). Only 3 variables: Emiliania huxleyi biomass,
Coccolithus pelagicus biomass and beam attenuation
explained more than 1 % of the variability in surface cal-
cification rates. Calcification rates (CALC; mg C m™> h™!)
were related to E. huxleyi biomass (EHUX; mg C m3),
C. pelagicus biomass (CPEL; mg C m~%) and beam at-
tenuation coefficient (¢; m™') according to the equation:

CALC = 0.029(+0.004) EHUX + 0.016(+ 0.006) CPEL
- 0.371(£0.104)c + 0.17%.

The highest percentage of variance was attributable
to E. huxleyi biomass (52.2 %). The beam attenuation
coefficient (c) was inversely related to calcification as
shown by the negative coefficient in the regression
equation, and explained 12.8 % of the variability,
whereas the biomass of C. pelagicus contributed 6.5 %
of the variance.

DISCUSSION

A comparison in terms of biomass and cell densities
of Emiliania huxleyi between the 1991 bloom in the
North Atlantic and others described in the literature

Table 3. Stepwise multiple regression analysis of calcification (dependent
variable) and significant biological and environmental variables. Only those
variables which explain more than 1% of the variance are shown. (n = 49)

1.0 .
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o
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oftet
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Fig. 11 Plot of observed against predicted calcification rates
(mg C m~3 h~!) as estimated from the multiple regression
model shown in Table 3

reveals a number of similarities as well as some differ-
ences. Direct measurements of particulate calcium
have shown similar maximum stocks of calcite-C of
about 5 to 6 g calcite-C m~2 in coastal (C. Garcia-Soto,
R.D. Pingree, E. Fernandez, D.S. Harbour unpubl),
shelf-edge (Holligan et al. 1983) and oceanic (Table 1)
blooms. These results suggest that there is an upper
threshold for coccolith production by E. huxleyi which
is independent of the oceanographic region where the
bloom develops and, therefore, also of the factors re-
sponsible of the decline of the bloom (see discussion
below). Lower calcite-C values (ca 1.5 g m~2) were re-
ported for a coastal bloom in the Gulf of Maine (Balch
et al. 1991, 1992} for which calcite-C was estimated
from the number of coccoliths. However, based on PIC
measurements {D. Townsend pers. comm.) the maxi-
mum calcite-C standing stock for a similar bloom in
1990 was also about 5 g m™2

Open-ocean and coastal blooms of
Emiliania huxleyi differ in terms of the
coccolith to coccolithophore cells ratio.
Values of 200 to 400 have been reported

for on-shelf blooms (Balch et al. 1991, C.

Variable R? % variance  F p Garcia-Soto, R. D. Pingree, E. Ferndndez,
e . D. S. Harbour unpubl.}, but values are

Emiliania huxleyi biomass 0.522 52.17 41.45 0.0001 .
Attenuation 0.650 12.81 34 32 0.0001 much lower (ca 12) in a shelf-break bloom
Coccolithus pelagicus biomass  0.715 6.51 30.09 0.001 (Holligan et al. 1983), and also in this
study, where it ranged between 20 and 40
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(Table 1). Maximum densities of detached coccoliths
are usually close to 3 x 10° coccoliths mi~! (Balch et al.
1991, Holligan et al. 1993, C. Garcia-Soto, R. D. Pin-
gree, E. Fernédndez, D. S. Harbour unpubl.) but typical
cell densities were 2000 cells ml~! in coastal waters as
opposed to 8000 to 10000 cells ml~! in shelf-break
(Holligan et al. 1983) and oceanic blooms (Holligan et
al. 1993). Marked differences in nitrate concentrations
between coastal blooms, with values below 0.5 uM
(GREPMA 1988, Balch et al. 1991) and open ocean
blooms, characterised by the presence of relatively
elevated concentrations (up to 5 umol 1) of nitrate in
the water (Holligan et al. 1983, Holligan et al. 1993;
Figs. 5 & 6), may be a causal explanation for these dis-
crepancies. In this regard, a number of laboratory
experiments have shown that coccolith production per
cell appears to be enhanced under nitrogen-depleted
conditions (Baumann et al. 1978, Linschooten et al.
1991). It should be noted, however, that genotypic
differences between coastal and oceanic E. huxleyi
populations cannot be ruled out (Brand 1982, Young &
Westbroek 1991).

Little information is available on carbon assimilation
within coccolithophore blooms (see Balch et al. 1992).
In situ measured photosynthetic rates in an Emiliania
huxleyi-dominated region at the southwestern edge of
the 1991 bloom (Fig. 8) were about 40 mg C m™® h™! in
the upper mixed layer. Values reported in the Gulf of
Maine close to the bloom centre were lower (ca 24 mg
C m™ h7Y), probably due to nutrient limitation of
photosynthesis in those populations, as indicated by
the increase of carbon incorporated photosynthetically
after additions of deep nutrient-rich water (Balch et al.
1992). Integrated daily rates of organic carbon produc-
tion were about 1 g C m™% d! at the western region
of the North Atlantic bloom and at 60° N, 20° W,
and slightly lower at the 15° W section (Table 1).
These rates are within the range measured for non-
coccolithophore phytoplankton populations during an
early summer study at 60° N, 20° W (Joint et al. 1993),
and are slightly higher than predictions based on
models of new production in the North Atlantic
(Yentsch 1990). Photosynthetic rates in the cocco-
lithophore bloom, however, were low compared with
values measured during diatom blooms at 47° N, 20° W
(ca 1.8 g Cm~2d~!) (Martin et al. 1993).

Significant rates of inorganic carbon production
were measurable only in surface waters along the
southern boundary of the bloom (Table 2) and also in
some subsurface layers at stations north of 61° N. In
general, there was a direct relationship between high
calcification and elevated values of P, or chl a-
normalized photosynthesis (Table 2, Figs. 5 & 6}, and
therefore with actively growing phytoplankton popu-
lations. Calcification was undetectable within the high

reflectance waters possibly due to the very low or
negligible ‘extra’ energy available in populations
characterised by extremely low PE, . values (Table 2,
Fig. 9). Calcification rates, when measurable, were
frequently higher in surface than in subsurface layers
(Fig. 10D, F), as expected from the light dependence
of calcification (Paasche 1966a, Sikes & Wilbur 1982).
At some stations, however, the maximum calcification
rate was detected below the thermocline, associated
with slight increases in coccolithophore biomass
(Fig. 8B).

Typical in situ production rates of inorganic carbon
at surface layers were 6 to 8 mg C m~® h™' (Fig. 8).
These values are lower than those reported by Balch et
al. (1992) and too low to account for the accumulation
rate of inorganic carbon within the bloom, as inferred
from remote sensing observations (Holligan et al.
1993). The maximum calcification rate reported for
Emiliania huxleyi cultures is 9.6 pg C cell”! d~! (Balch
et al. 1992), compared to 2 pg C cell™* d™! in the region
where E. huxleyi constituted almost 100 % of the
coccolithophore biomass (Area B). On the other hand,
the maximum coccolithophore biomass-normalized
calcification rate (CZ,) measured in this study
{Table 2) is equivalent to a production of 0.21 pg C
cell"! h™1. Taking a value of 0.47 pg C per coccolith (see
'‘Results’), the maximum coccolith production rate
would be of 1 coccolith every 2 to 3 h, comparable to
that reported by Linschooten et al. (1991) for E. huxleyi
cultures during the exponential phase of growth under
low irradiance (50 ptE m~2s71).

Laboratory experiments have shown that calcifica-
tion saturates at lower light intensities than photo-
synthesis in Emiliania huxleyi (Paasche 1964, Blankley
1971, Balch et al. 1992). Although this physiological
behaviour is of significance for the understanding
of energy partitioning and vertical distribution of
these organisms under natural conditions, it cannot be
investigated at sea as the contribution of non-cocco-
lithophore photosynthesis to total photosynthesis is un-
known. Only more sophisticated approaches to those
employed in this study, such as automatic sorting of E.
huxleyi cells (e.g. by flow cytometry) and *C labelling
of single cells, would enable the study of the relation-
ship between photosynthesis and calcification during
the development of natural blooms of E. huxleyi.

The results presented in this paper show that “C
incorporation into calcite in darkness was always sig-
nificant when calcification in the light was detectable
(Fig. 10). The same pattern was also reported in culture
work (Paasche 1966a, Balch et al. 1992). Depth profiles
for the response of calcification to light, C-I curves,
in an Emiliania huxleyi-rich area (Area B) displayed
some remarkable features (Fig. 10), as calcification in
subsurface populations saturated at higher irradiances
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than at surface. Three separate experiments were
carried out at this station. In spite of the fact that inde-
pendent sampling was conducted for each experiment,
and that different incubation devices were employed,
each gave the same shape of the calcification-
irradiance curves as well as similar absolute rates
of calcification. No direct explanation can be found
for this physiological response, although they support
the idea that the processes of calcification and photo-
synthesis are to a certain extent independent (Paasche
1965, 1966a).

The results presented here indicate that distinct de-
velopmental stages of the bloom were sampled during
the cruise so that a feasible description of the sequence
of events and processes can be advanced. An active
population of Emiliania huxleyi, possibly characteristic
of the early stages of the bloom, was growing at the
southwestern boundary of the transect, as revealed by
the elevated daily organic production (Table 1), P%,
values (Table 2) and calcification rates (Table 2,
Fig. 10) and also by the relatively low ratio coccoliths
to E. huxleyi cells in the water (Table 1). During this
period of growth, the stoichiometry of photosynthesis
and calcification for strongly calcifying clones of E.
huxleyiis usually 1:1 (Paasche 1964, Balch et al. 1992,
Nimer & Merrett 1992), and the latter authors pointed
out that at the very early phases, inorganic production
might even exceed organic production. The situation
observed at sea was different, as the maximum per-
centage of carbon incorporated into coccoliths was
never higher than 25 % due, in part, to the photosyn-
thesis by non-coccolithophore phytoplankton. Cocco-
liths are formed continuously and at the same time
they are shed into the water (Paasche 1968, Balch et al.
1992), thereby producing an increase in attenuation.
At this stage, the detection of blooms of E. huxleyi
become detectable by remote sensing.

In the northeastern area the low chl a-normalized
organic production and daily calcification rates and the
very high ratio of coccoliths to Emiliania huxleyi cells
(Table 1), suggest that the phytoplankton community
was at a late stage of development. The high
carbon/chl a ratio (Fig. 4) is indicative of increased
contribution of heterotrophic biomass. The slowing
and eventually cessation of calcification during the
stationary phase of growth has been reported in cul-
tures of coccolithophores (Crenshaw 1964, Van der
Wal et al. 1987). By contrast, coccolith detachment rate
tends to increase during this phase (Balch et al. 1992).
However, the highest calcification/photosynthesis ratios
are usually detected during the transition period be-
tween the growth phases (Paasche 1969), reflecting
differences in the energetic processes leading to the
synthesis of organic and inorganic matter in cocco-
lithophores (Paasche 1964, 1965). Our results also indi-

cate that the presence of super-calcifying cells at the
later stages of the bloom may be the result of ceased
cell division rather than enhanced calcification rates.

Surface phytoplankton populations within the high
reflectance waters in the core of the bloom were in a
poor physiological state, as is clearly manifested by the
extremely low P2, values (Fig. 9A, Table 2) and
negligible calcification rates (Table 2). The causes of
the collapse of this Emiliania huxleyi bloom are still
unknown, as inorganic nutrients concentrations and
irradiance levels were sufficient for active growth
even at the more reflective waters. Low metabolic
rates within the high reflectance waters might be the
result of depletion of some essential trace element
needed for growth. However, coccolithophores have
been found to be able to grow under extremely low
concentrations of some of these elements (Brand et al.
1983, Brand, 1991).

Variability in surface calcification during the NE
Atlantic 1991 bloom of Emiliania huxleyl could be
accurately estimated from the biomass of E. huxleyi
and Coccolithus pelagicus and the value of the beam
attenuation coefficient (¢) (Table 3, Fig. 11). The
multiple regression model indicated that, as expected,
calcification was not detectable (-0.016 mg C m™ h™})
in non-coccolithophore waters (c = 0.4 m™'). Specific
calcification rates can be estimated from the empirical
model for the early stages of development of the
bloom. For this calculation, it was assumed that cells of
C. pelagicus were absent in the water, that a cellular
concentration of 1000 cell ml™' of E. huxleyi was
characteristic of the early phase of the bloom, and that
the amount of detached coccoliths in the water at that
phase of growth was low and therefore, attenuation
still remained at low levels (ca 0.5 m™!). The calcifica-
tion rate estimated under such conditions was 0.36 pg
C cell™ h™L. This value is within the range measured
by Balch et al. (1992) (0.3 to 0.75) in cultures growing
at 1160 uE m™2 s~! in F/50 media, and considerably
higher than the 0.2 pg C cell"! h~! reported by Nimer &
Merrett (1992) for populations maintained under low
irradiance (50 uE m™? s7!) in F/2 medium. The model
also indicates that E. huxleyi-specific calcification rates
are reduced by 40 % for the range of beam attenuation
values (0.5 to 3.5 m™!) observed at sea (Holligan et al.
1993). These results suggest a decreasing trend in cal-
cification rates from the exponential to the stationary
phase of growth, which is coupled to a reduction in the
maximum potential photosynthetic rate (Fig. 9A).

The maximum calcification rates estimated from the
regression model were compatible with the stocks of
particulate inorganic carbon measured within the
bloom. Assuming an initial Emiliania huxleyi popula-
tion density of 100 cells ml™', 16 h of light above the
saturating level for calcification, and a growth rate of
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0.5 divisions d~! at 12 °C (Paasche 1967), the highest
PIC concentrations recorded in the bloom (ca 300 mg
m~%) would be reached in about 12.5 d. This figure is
consistent with the duration of the bloom as revealed
by satellite imagery (Holligan et al. 1993).

The bloom of Emiliania huxieyiin the NE Atlantic pro-
duced about 1.0 x 10°t of calcite-C (Holligan et al. 1993).
The immediate result of this synthesis was an alteration
of the carbonate system in surface waters where the
coccolithophores were present (Robertson et al. 1993).
These authors concluded that the effect of calcification
on alkalinity reduced the air-sea gradient of CO, by
about 10 to 40 patm compared to non-coccolithophore
waters. It should be noted, however, that this cocco-
lithophore bloom still represented a sink for carbon
dioxide in the water column. Robertson et al. (1993) also
estimated a 1:1 ratio organic:inorganic carbon uptake
based on observations of potential alkalinity and total
CO,. In this connection, our results revealed the exis-
tence of a significant relationship between the stock of
particulate inorganic carbon (mg m~) and particulate
organic carbon estimated from total coccosphere counts,
assuming the amount of carbon per living cell of E. hux-
leyito be 0.13 pg C. Both variables were related by the
expression:

PIC = 1.32(+0.07)POC + 48 (+27.0),
r2=0.86, n =67

The slope of this regression indicates that, in terms
of carbon, inorganic production exceeded net photo-
synthesis {including cell mortality due to sinking and
grazing) during this bloom. However, uncertainties
derived from cell counting accuracy, cell to carbon
conversion factors, and the possible sedimentation of
empty coccospheres to subsurface layers suggest that
the slope estimated here is consistent with the 1:1
photosynthesis to calcification ratio calculated from
dissolved inorganic carbon parameters (Robertson
et al. 1993). The significance of this coccolithophore
bloom for air-sea exchanges of CO, depends ultimately
on the PIC to POC ratio for particulate material even-
tually buried into the sediments.
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