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Abstract. The coccolithophore Emiliania huxleyi is a marine phytoplankton species capable of forming small calcium carbonate scales (coccoliths) which cover the organic
part of the cell. Calcification rates of E. huxleyi are known
to be sensitive to changes in seawater carbonate chemistry.
It has, however, not yet been clearly determined how these
changes are reflected in size and weight of individual coccoliths and which specific parameter(s) of the carbonate system
drive morphological modifications. Here, we compare data
on coccolith size, weight, and malformation from a set of
five experiments with a large diversity of carbonate chemistry conditions. This diversity allows distinguishing the influence of individual carbonate chemistry parameters such
as carbon dioxide (CO2 ), bicarbonate (HCO−
3 ), carbonate
2−
+
ion (CO3 ), and protons (H ) on the measured parameters.
Measurements of fine-scale morphological structures reveal
an increase of coccolith malformation with decreasing pH
suggesting that H+ is the major factor causing malformations. Coccolith distal shield area varies from about 5 to
11 µm2 . Changes in size seem to be mainly induced by vary2−
+
ing [HCO−
3 ] and [H ] although influence of [CO3 ] cannot
be entirely ruled out. Changes in coccolith weight were proportional to changes in size. Increasing CaCO3 production
rates are reflected in an increase in coccolith weight and an
increase of the number of coccoliths formed per unit time.
The combined investigation of morphological features and
coccolith production rates presented in this study may help
to interpret data derived from sediment cores, where coccolith morphology is used to reconstruct calcification rates in
the water column.

1

Introduction

Coccolithophores are unicellular photoautotrophic organisms, able to form blooms in all major ocean basins (Moore
et al., 2012). Their unique feature is the intracellular formation of small scales (coccoliths) made of calcium carbonate (CaCO3 ) covering the organic surface of the cell. Coccolithophores appeared for the first time about 220 million
years ago in the fossil record and are found ever since in
marine sediments although their abundance was highly variable (Bown et al., 2004). They are important components in
the marine carbon cycle because the CaCO3 in their coccoliths serves as ballasting material accelerating the organic carbon flux from the surface into the deep ocean (e.g. Honjo,
1976; Ploug et al., 2008). In modern oceans, Emiliania huxleyi is the most abundant species (Paasche, 2002). It evolved
from Gephyrocapsa spec. about 291–270 kyr ago and dominates the coccolithophore community for the last ∼82–63 kyr
(Thierstein et al., 1977; Raffi et al., 2006). E. huxleyi frequently forms large blooms that can cover up to a million
km2 and can be seen from space (Holligan et al., 1993;
Tyrell and Young, 2009). These blooms are typically found
in stratified waters during later stages of the phytoplankton
spring succession (Tyrell and Merico, 2004), although, recently, high E. huxleyi abundance has also been reported in
turbulent regimes when cell numbers are integrated over the
whole water column (Schiebel et al., 2011).
The invasion of anthropogenic CO2 into the ocean currently changes the marine carbonate chemistry by increasing [CO2 ] and decreasing seawater pH – a process known
as ocean acidification (Raven et al., 2005). Although these
changes in carbonate chemistry are known to influence
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calcification rates of E. huxleyi (Riebesell and Tortell, 2011),
it is still not understood how changing calcification rates are
reflected in coccolith size, weight, and exocytosis rate (i.e.
the number of coccoliths formed and egested per day). Such
knowledge is, however, urgently needed for cases where morphometric data originating, for example, from sediment cores
is used to reconstruct calcification rates within the water column. The influence of changing carbonate chemistry on the
appearance of coccolith malformations in E. huxleyi is better understood (Langer et al., 2010, 2011) but key questions
such as, for example, which carbonate chemistry parameter
is actually causing malformations are still unknown.
The study presented here aims to improve our understanding on the following three research questions. (1) Does morphology (size and weight) of E. huxleyi (strain PML B92/11)
coccoliths change in response to changing carbonate chemistry conditions? (2) Are potential changes in morphology
reflected in calcium carbonate production rates? (3) Which
particular carbonate chemistry parameter(s) drive potential
changes in E. huxleyi coccolith morphology? In order to address these questions, we evaluated samples for E. huxleyi
coccolith size, weight and malformation from five culture experiments with a large diversity of carbonate chemistry conditions. This diversity allowed us to disentangle the carbonate system and assess which of the carbonate system parameters that can directly influence the cell physiology (i.e. CO2 ,
2−
+
HCO−
3 , CO3 and H ) are responsible for possible changes
in the morphology of coccoliths formed by E. huxleyi.

2
2.1

Material and methods
Basic experimental settings

Five experiments were conducted with monospecific cultures
of the coccolithophore Emiliania huxleyi strain PML B92/11
(morphotype A), isolated in 1992 at the field station of the
University of Bergen (Raunefjorden; 60◦ 180 N, 05◦ 150 E). At
this site, E. huxleyi usually blooms during late spring at typical surface water temperatures between 10–12 ◦ C (compare
Schulz et al., 2008). All experiments are generally similar in
their design. Differences between them are exclusively manifested in the carbonate chemistry parameters of the culture
medium (see Sect. 2.2).
All experiments were conducted with dilute
batch cultures (LaRoche et al., 2010) at 15 ◦ C and
150 µmol photons m−2 s−1 incident photon flux density
in a 16/8 light/dark cycle. The growth medium was artificial
seawater, prepared as described in Kester et al. (1967) but
without the addition of NaHCO3 . The artificial seawater
medium (free of dissolved inorganic carbon (DIC) and total
alkalinity (TA)) was enriched with ∼64 µmol kg−1 nitrate,
4 µmol kg−1 phosphate, f/8 concentrations for trace metals
and vitamins (Guillard and Ryther, 1962), 2 ml kg−1 of
natural North Sea water and 10 nmol kg−1 of SeO2 to avoid
Biogeosciences, 9, 3449–3463, 2012

nutrient limitation in the course of the experiments. Samples
for nitrate and phosphate were 0.7 µm filtered at the beginning and the end of the experiments and measured according
to Hansen and Koroleff (1999). The nutrient-enriched
medium was sterile-filtered (0.2 µm) into sterile polycarbonate bottles where the carbonate system was adjusted
(see following section). Samples for carbonate chemistry
measurements (∼500 ml) were taken from these bottles after
adjustment. The remaining medium was gently transferred
into sterile 2 l polycarbonate bottles. The headspace in the
2 l bottles was kept below 5 ml. The culture medium was
acclimated to 15 ◦ C overnight to avoid a thermal shock
when transferring the cells from the pre-cultures to bottles
in which the main experiments were performed. Cells were
acclimated to the carbonate chemistry conditions of the main
experiment for at least 7 generations prior to inoculation.
2.2

Carbonate chemistry manipulations

The experiments only differed with respect to the carbonate chemistry manipulation of the culture medium. In
the first experiment, cells were cultured at constant total
alkalinity (2320 ± 22 µmol kg−1 ) and varying f CO2 levels, ranging from ∼20 to ∼5960 µatm. Here, DIC and
TA levels were adjusted by adding calculated amounts
of Na2 CO3 and hydrochloric acid (3.571 mol l−1 , certified
by Merck) (Gattuso et al., 2010). In the second, third
and fourth experiment, pH was kept constant at pHf (free
scale) 7.74 (±0.004), 8 (±0.01), and 8.34 (±0.008), while
f CO2 was increased from ∼100 to ∼3600, from ∼40
to 3650, and from ∼21 to ∼1163 µatm, respectively. Carbonate chemistry in the constant pH approaches was adjusted by adding 2 mmol kg−1 of 2-[-4-(2-Hydroxyethyl)1-piperazinyl]-ethanesulfonic acid (HEPES) to the culture
medium, which was adjusted to the target pHf levels. DIC
was added as NaHCO3 . The small change in pH in the
HEPES buffered seawater medium due to NaHCO3 addition was compensated by adding small amounts of strong
NaOH or HCl. In the fifth experiment, f CO2 was kept
constant (430 ± 47 µatm), while DIC ranged from ∼500 to
4100 µmol kg−1 . DIC and f CO2 were adjusted by adding
calculated amounts of Na2 CO3 and hydrochloric acid (Gattuso et al., 2010). For an overview of carbonate chemistry
conditions in all treatments, see Fig. 1 and Table 1. Note that
each culture bottle is considered as an individual treatment
in our data analysis and the errors given in Fig. 1 and Table 1
denote the change in carbonate chemistry speciation within
the culture bottle from the beginning to the end of the experiment.
2.3

Carbonate chemistry sampling and measurements

Samples for TA measurements were filtered (0.7 µm), poisoned with a saturated HgCl2 solution (0.5 ‰ final concentration) and stored at 4 ◦ C until measurements. TA was
www.biogeosciences.net/9/3449/2012/
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DIC
f CO2
pHf
HCO−
3
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3
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DIC
f CO2
pHf
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3
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3
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1612
50
8.81
1125
485
11.56
1.36 (0.59)
6.77 (1.28)
0.24 (0.07)

b
a

b
a

1421
20
9.06
804
617
14.69
0.90 (0.36)
5.94 (1.07)
0.25 (0.09)

535
382
8
508
13
0.31

b
c

b
c

545
451
8
517
11
0.27

179
21
8.33
155
22
0.53

b
a

b
a

199
24
8.32
173
24
0.58

300
79
8.00
274
18
0.43

b
a

b
a

148
41
7.98
138
9
0.21

169
83
7.74
160
6
0.14

213
104
7.74
201
7
0.18

1749
89
8.63
1355
390
9.30
1.66 (0.74)
8.93 (1.86)
0.24 (0.06)

d

4.59 (0.98)

b

520
321
8
494
14
0.34

b
c

194
22
8.33
168
24
0.58

b
a

351
95
7.99
326
21
0.51

b
a

217
106
7.74
205
8
0.18

1854
140
8.49
1531
318
7.57
1.80 (0.78)

822
481
8
780
24
0.57
1.07 (0.60)
7.49 (1.73)
0.46 (0.15)

894
103
8.33
778
112
2.67
1.57 (0.40)
6.42 (1.17)
0.36 (0.10)

d

486
129
8.00
451
30
0.71
1.34 (0.90)
5.46 (1.12)

b
a

315
152
7.75
298
11
0.27

1942
209
8.36
1678
256
6.11
1.94 (0.87)

b

828
481
8
785
24
0.58

899
102
8.34
781
114
2.71
2.08 (1.22)

705
190
7.99
655
43
1.03
1.47 (1.30)
6.81 (1.19)
0.39 (0.13)

b
a

347
167
7.75
329
12
0.29

1996
288
8.24
1776
209
4.98
2.07 (0.98)
9.32 (2.00)
0.27 (0.08)

b

829
492
8
787
24
0.57

898
102
8.34
781
113
2.70
1.72 (0.59)

808
221
7.98
751
48
1.16
1.71 (1.85)
9.11 (1.75)
0.34 (0.12)

b
a

339
162
7.75
321
12
0.29

2064
398
8.13
1880
169
4.03
1.93 (0.87)

1159
465
8
1093
49
1.17
1.65 (1.42)
8.32 (1.76)
0.34 (0.19)

2247
257
8.34
1955
283
6.75
2.24 (0.57)
10.14 (2.02)
0.34 (0.10)

1430
388
7.99
1329
87
2.06
2.13 (1.54)

913
445
7.74
865
32
0.76
1.43 (1.03)
8.1 (1.68)
0.44 (0.09)

2105
492
8.05
1940
146
3.49
1.85 (0.98)

1184
474
8
1116
50
1.19
2.41 (1.56)

2250
257
8.34
1957
284
6.76
2.35 (0.56)

1817
494
7.99
1689
110
2.62
2.05 (1.81)
10.76 (2.25)
0.30 (0.12)

900
439
7.74
852
31
0.75
1.20 (0.48)

2131
621
7.96
1986
122
2.91
1.74 (0.78)
9.93 (2.47)
0.37 (0.16)

1181
463
8
1112
51
1.21
1.35 (1.07)

2252
256
8.34
1957
285
6.79
2.09 (0.30)

2283
608
8.00
2120
141
3.35
1.95 (1.50)

920
451
7.74
871
32
0.76
1.46 (1.06)

2175
745
7.89
2040
107
2.54
1.67 (0.71)

1913
407
8
1754
144
3.43
1.84 (1.20)
9.61 (1.78)
0.30 (0.12)

3922
442
8.34
3406
499
11.90
2.44 (0.60)
9.83 (2.06)
0.30 (0.07)

2879
788
7.98
2677
173
4.12
2.23 (1.15)
10.77 (2.45)
0.29 (0.06)

2027
1002
7.74
1920
70
1.67
1.80 (1.26)
9.32 (1.92)
0.41 (0.20)

2192
891
7.82
2068
91
2.18
1.58 (0.76)

1910
404
8
1750
144
3.43
1.78 (1.38)

3925
443
8.34
3410
499
11.89
2.59 (0.62)

3417
912
8.00
3173
210
5.00
2.17 (1.54)

2028
1004
7.74
1920
70
1.66
1.52 (0.83)

2227
1004
7.78
2105
84
2.01
1.60 (0.71)
9.74 (2.06)
0.46 (0.10)

1912
407
8
1753
144
3.43
1.74 (0.87)

3934
444
8.34
3418
500
11.92
1.91 (0.47)

4025
1061
8.00
3735
250
5.96
2.30 (1.67)
10.69 (2.40)
0.31 (0.10)

2023
1004
7.74
1916
70
1.66
1.69 (1.28)

2236
1165
7.72
2119
74
1.76
1.49 (0.67)

4117
415
8
3531
571
13.60
1.85 (1.10)
10.62 (2.27)
0.29 (0.10)

6684
741
8.35
5794
862
20.54
2.57 (0.56)
9.93 (2.10)
0.31 (0.12)

5249
1401
8.00
4874
322
7.69
2.27 (1.45)

4071
1956
7.75
3853
145
3.45
2.96 (2.18)
10.05 (2.13)
0.35 (0.09)

2283
1791
7.54
2166
50
1.19
1.25 (0.50)

4107
407
8
3515
577
13.76
2.09 (1.44)

6681
741
8.35
5792
861
20.53
2.28 (0.57)

5624
1511
7.99
5224
343
8.19
2.29 (1.41)
11.51 (2.54)
0.34 (0.12)

4048
1949
7.75
3832
143
3.42
3.47 (3.05)

2328
2441
7.41
2199
38
0.90
1.28 (0.60)
8.00 (1.63)
0.49 (0.14)

4112
408
8
3519
577
13.75
1.91 (1.47)

6674
738
8.35
5784
862
20.54
2.14 (0.47)

7360
1940
8.00
6830
457
10.90
2.30 (1.87)

4058
1953
7.75
3841
144
3.43
2.86 (1.85)

2375
3075
7.32
2229
31
0.74
1.28 (0.50)
7.25 (1.55)
0.44 (0.12)

9917
1155
8.33
8643
1231
29.34
4.23 (1.31)
10.10 (2.02)
0.37 (0.13)

11.14 (2.22)
0.34 (0.12)

8994
2380
8.00
8348
557
13.27

7376
3601
7.74
6983
258
6.15
1.57 (1.10)
9.54 (2.20)
0.45 (0.16)

2459
4787
7.13
2260
20
0.49
1.21 (0.53)
7.07 (1.50)
0.61 (0.15)

9938
1160
8.33
8663
1231
29.35
3.05 (0.77)

12 360
3230
8.00
11 466
774
18.44

7364
3616
7.74
6972
256
6.10
1.65 (0.77)

determined with the applied method

14 085
3657
8.01
13 061
887
21.14

7356
3591
7.74
6964
257
6.13
1.87 (1.60)

b

2514
5494
7.08
2290
18
0.43

9962
1163
8.33
8685
1234
29.42
3.47 (0.85)

10.00 (2.30)
0.37 (0.17)

a No coccoliths found by scanning electron microscopy; b coccoliths not detectable in cross-polarized light; c coccoliths incomplete; d no slit visible in between adjacent distal shield elements, so that malformation could not be

TA constant

CO2 constant

pHf 8.34 constant

pHf 8 constant

pHf 7.74 constant

DIC
f CO2
pHf
HCO−
3
CO2−
3
calcite
weight
DSA
malformation

2−
−1
Table 1. Carbonate chemistry speciation, coccolith weight, DSA, and malformation of the present study. DIC, HCO−
3 , CO3 are given in µmol kg ; f CO2 in µatm; calcite is
2
dimensionless; weight (of coccoliths) is in pg CaCO3 ; DSA in µm and the malformation index is dimensionless. The error values shown in brackets represent the standard deviation of
all measured coccoliths within a treatment. Empty fields indicate that data was not collected for these treatments.
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according to Stoll et al. (2001). To solve this problem, sample medium was mixed with artificial seawater of known DIC
concentration. The ratio of the mixing solvent to the original DIC sample was determined by first weighing the mixing
solvent alone, and in a second step by weighing the mixing
solvent plus the original DIC sample on a balance with a precision of ±0.01 mg (Sartorius). The mixture was carefully
rotated in a 50 ml tube with ∼1 ml headspace. The ratio of
sample to mixing solvent was adjusted to result in a final DIC
concentration of approximately 1800–2200 µmol kg−1 . After
the mixing procedure, DIC samples were processed identical
to undiluted samples (see above).
Samples for pHf were measured potentiometrically
at 15 ◦ C with separate glass and reference electrodes
(Metrohm) which were calibrated with reference material
certified for TA and DIC with a salinity of 33.3 (A. Dickson,
La Jolla, CA). pHf of the reference material was calculated
from certified TA and DIC applying the constants of Roy et
al. (1993). Measured electromotive force (E) of the samples
and standards were used to calculate the pHf of the sample
as
Es −Ex
,
(1)
pHf =pHf ref +
R × T × ln10
F
where pHf ref is the calculated pHf of the certified reference
material, T is the temperature of the sample in Kelvin, R
is the universal gas constant, F the Farady constant and Es
and Ex are the measured electromotive forces in volts of the
standard and the sample, respectively, (Dickson et al., 2007).

2
3
4
5
6
7
8
9
10
11

Fig.
1. Morphological
quantities measured
by SEM.
(A) Measured
Figure
1. Morphological
quantities
measured
by SEM. (A) Measured size attributes, distal
2.4 DIC estimations
size attributes, distal shield area (DSA), distal shield length (DSL),
distal
shield
width
(DSW),
central
area
length
(CAL),
central
area
shield area (DSA), distal shield length (DSL), distal shield width (DSW), central area length
Unfortunately, we lost all DIC measurements of the constant
width (CAW), and outer shield length (OSL). (B) Measurements for
calculation
malformation
distance
experiment
and(B)
the DIC
measurementsfor
from the begin(CAL), of
central
area index,
widthproximal
(CAW),
andbetween
outer two
shield TA
length
(OSL).
Measurements
adjacent slits (pl), length of slit (sl), and distal distance between two
ning of constant pHf 8 experiment due to storage problems.
calculation
ofpl,malformation
index, for
proximal
distance
between
two of
adjacent
slits (pl),
length
adjacent
slits (dl).
sl, and dl were measured
each slit of
the
The
estimation
DIC of these
samples
is shown in detail
investigated coccolith and then processed with Eq. (8). (C) Examin
Bach
et
al.
(2011)
and
shall
be
outlined
of of
slitcoccoliths
(sl), and
distance
betweencalculated
two adjacent
(dl). pl, sl, and dl were measured foronly briefly in
ples
withdistal
corresponding
malformation
from slits
the following. DIC concentrations from the beginning of the
Eq. (8). The arrow indicates increasing malformation.

constant pH
wereExamples
estimated byof
adding the total
each slit of the investigated coccolith and then processed
with
eq. 8. (C)
f 8 experiment

particulate carbon build-up, which was produced during the

coccoliths with corresponding malformation calculated
from to
eq.the8.final
The
indicates
experiment,
DICarrow
concentrations.
Initial DIC con-

measured in duplicate applying a two-stage potentiometric
increasing
malformation.
open
cell titration
(Dickson et al., 2003) and corrected with
certified reference material (A. Dickson, La Jolla, CA). Some
TA samples of the constant CO2 experiment were higher than
∼4700 µmol kg−1 and had to be diluted in order to get reliable results. Therefore, these TA samples were mixed with
double de-ionised water, containing no alkalinity. The ratio of double de-ionised water relative to the TA sample
was determined on a balance (Sartorius) with a precision of
±0.01 g.
Samples for DIC were sterile filtered (0.2 µm) with gentle
pressure and stored bubble-free at 4 ◦ C in 4 ml borosilicate
bottles. All DIC samples were measured according to Stoll
et al. (2001). In most treatments of the constant pH experiments, DIC was either too high or too low to be measured
Biogeosciences, 9, 3449–3463, 2012

centrations from the constant TA experiment were calculated
as
TAmeasured + (Volumeacid × 3.571)
DIC=
,
(2)
2
where TAmeasured is the measured TA in µmol kg−1 at the beginning of the experiment, Volumeacid is the volume of acid
that was added in µl kg−1 and 3.571 is the molarity of the
acid (certified by Merck) in mol l−1 . This estimate has an uncertainty of approximately 40–50 µmol kg−1 , which is small
compared to the large DIC range in this experiment (Bach
et al., 2011). DIC concentrations at the end of the constant
TA experiment were calculated by subtracting
31 the measured
total particulate carbon build-up from the initial DIC concentrations.
www.biogeosciences.net/9/3449/2012/
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2.5

Carbonate chemistry calculations

where coccolith weight was measured as described in
Sect. 2.8.

Carbonate chemistry conditions within experiments were
calculated from temperature, salinity, inorganic phosphate
concentrations and two measured (or estimated) carbonate
system parameters, applying the equilibrium constants of
Roy et al. (1993) and the program CO2Sys (Lewis and Wallace, 1998). Measured (or estimated) carbonate system parameters were the following: TA and DIC in the constant TA
experiment; pHf and DIC in the constant pH experiments;
and TA and pHf in the constant CO2 experiment. The biological response data are plotted to the mean of initial and final
carbonate chemistry conditions.
2.6

Sampling and calculation of coccolith exocytosis
rate

Sampling started two hours after the onset of the light period
and lasted no longer than two and a half hours. Two samples for particulate organic carbon (POC) and two for total
particulate carbon (TPC) were filtered (200 mbar) onto precombusted (5 h, 500 ◦ C) GF/F filters and stored in the dark
at −20 ◦ C. POC and TPC samples from constant pH experiments were rinsed with artificial seawater (supersaturated
with respect to calcite) before freezing at −20 ◦ C in order
to wash off HEPES buffer which otherwise would have contributed ∼40 pg of carbon to every TPC and POC measurement. POC samples were stored for two hours in a desiccator
containing fuming HCl to remove all inorganic carbon and
subsequently dried for ∼6 h at 60 ◦ C. TPC filters were dried
in the same way as the POC filters, but in a separate oven
and without prior acid treatment. Carbon concentrations of
POC and TPC filters were measured using an isotope ratio
mass spectrometer (Finnigan) combined with an elemental
analyzer (EuroEA, Hekatech GmbH). Particulate inorganic
carbon (PIC) was calculated as the difference between TPC
and POC. Four POC samples from the constant pHf 8 experiment were lost during measurements.
Cell numbers were measured at the beginning and the end
of the experiment with a Coulter Counter (Beckmann). The
growth rate (µ) was calculated from initial and final cell
numbers as
ln(tfin ) − ln(t0 , )
µ=
d

(3)

where t0 and tfin is the cell number at beginning and the end
of the experiment, respectively, and d is the number of days
the cell culture was growing. PIC production rates were calculated by multiplying µ and PIC cell−1 . CaCO3 production
rates were calculated by multiplying PIC production rates (in
µmol C cell−1 d−1 ) with the molecular weight of CaCO3 .
The number of egested coccoliths per day was subsequently
determined as
coccolith exocytosis rate =

CaCO3 production rates
,
coccolith weight

www.biogeosciences.net/9/3449/2012/
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(4)

2.7

Scanning electron microscopy (SEM)

From 5–10 ml of sample were filtered by gravity on polycarbonate filters (0.2 µm pore size). Samples taken from the
constant TA and the constant pHf 8 experiment were dehydrated with ethanol and bis(trimethylsilyl)amine solution to
conserve the organic part of the cell, and then subsequently
dried in a desiccator (Bach et al., 2011). Samples for the other
three experiments were dried directly after filtration at 60 ◦ C.
All samples were kept in the desiccator until they were sputtered with gold-palladium and processed with the scanning
electron microscope.
SEM pictures were taken with a CamScan CS 44 scanning electron microscope and evaluated using the software
imageJ. Measured lengths or areas on the pictures were calibrated with the size bar given on each SEM picture. Manually
measured parameters on coccoliths were the surface area of
the distal shield (DSA), the length of the distal shield (DSL),
the width of the distal shield (DSW), the length of the central
area (CAL) and the width of the central area (CAW) (compare Fig. 1a). CAL and CAW could not be determined in
cases where the coccolith was lying upside down on the filter. On average, 82 coccoliths per sample were investigated
for DSA, DSL and DSW and 36 for CAL and CAW. Note
that not all treatments could be investigated with SEM due to
the extremely elaborate manual evaluation. Evaluated treatments are shown in Table 1.
Measured DSA was compared to an estimated value calculated from DSL and DSW as
calculated DSA = π ×

DSL × DSW
4

(5)

assuming an elliptical shape of the coccolith. The outer shield
length (OSL) was calculated as
OSL=

2.8

DSL−CAL + DSW−CAW
.
4

(6)

Determination of coccolith weight by birefringence

From 5–10 ml of sample were filtered with ∼100 mbar on a
cellulose nitrate filter (0.45 µm pore size). Filters were dried
for 2 h at 60 ◦ C and subsequently embedded with Acrifix 192
(Roehm) on microscope slides. Acrifix makes cellulose nitrate filters transparent without damaging the coccoliths and
has a refraction index of 1.44, so that it does not interfere
with the optical analysis.
Images of coccoliths were taken with a Leica DM6000B
light microscope equipped with a SPOT Insight b/w camera. Under cross-polarized light only the birefringent calcite
of the coccoliths is illuminated. A total 200 images were
randomly taken per sample and analyzed with the software
Biogeosciences, 9, 3449–3463, 2012
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weight per sample.
8

2.9

Calculation of malformation
9

Coccolith malformation
has been defined as “irregular coc10
colith formation as a result of departure from the normal
growth process” and is commonly expressed in reduced symmetry or altered shape of individual elements (Young and
Westbroek, 1991). In order to meet the demands given in this
definition, fine-scale morphological structures of individual
coccoliths were measured and subsequently used in an algorithm to quantify the degree of malformation. The measured morphological quantities comprised vectors associated
to the openings between distal shield elements (slits). These
measured quantities were the following: (1) the distances between the distal ends of two adjacent slits (dl); (2) the distances between the proximal ends of two adjacent slits (pl);
and (3) the length of each slit (sl) (compare Fig. 1b). Incomplete coccoliths were not measured.
In general, regular and repetitive structures like the individual elements composing a coccolith appear to be malformed in cases where these adjacent structures differ in an
irregular manner. Malformations are therefore characterized
Biogeosciences, 9, 3449–3463, 2012

in the evaluation procedure as the degree of asymmetry of
adjacent slits.
The algorithm to calculate the malformation index makes
use of the average deviation. It is defined as
Average deviation=

n
1X
xi − mean (x)n ,
n i=1

(7)

where n is the number of all measured elements, xi is a measured element and mean(x)n is the mean value of all measured elements. Using the average deviation has the advantage that it is not influenced by the number of measured elements. Hence, the malformation index is not sensitive to the
number of distal shield elements of the investigated coccolith. Applying the average deviation, the degree of malformation is calculated as
32
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tem parameter was kept constant while all the others changed
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with increasing DIC (Fig. 2). In the constant TA experiment,
2 (dli + dli+1 ) n
9
2−
f CO2 and [HCO−
n
X
3 ] increased, while pH and [CO3 ] de|sli − sli+1 |
1
+
creased with increasing DIC. The carbonate system manipu10
n i=1 12 (sli + sli+1 )
lation of this experiment is similar to the way seawater car!
bonate chemistry is currently changing due to anthropogenic
|sli − sli+1 |
11
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...
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n
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1X
+
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experiment, all carbonate system parameters except for CO2
!
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were increasing with DIC.
−mean 1
,
(8)
33
2 (pli + pli+1 ) n
3.2 General morphological features
5

where dl, sl and pl are the measured quantities of the distal shield elements (see above) and n is the total number of
slits. In this way, higher values calculated from Eq. (8) reflect
increased malformation (Fig. 1c). On average, 27 coccoliths
were evaluated per sample with Eq. (8).
www.biogeosciences.net/9/3449/2012/

Measured and calculated DSA are in excellent agreement
to each other. The slope of the linear regression is close
to one, which shows that DSA can reliably derived from
DSL and DSW (Fig. 3a). The aspect ratio of the coccolith
(i.e. DSL:DSW) gets closer to one with increasing coccolith length, indicating that larger coccoliths are rounder than
Biogeosciences, 9, 3449–3463, 2012
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ticular treatments should be considered as physiological potentials rather than realistic representations of naturally occuring E. huxleyi coccolith sizes. Variations in size were minor within a realistic DIC and f CO2 range of the last 270 ky
(i.e. from present conditions down to about 1800 µmol kg−1
and 180 µatm, respectively). DSA, for example, varied from
about 8 to 9 µm2 and showed no clear trend within that range
if all experiments are considered. Note, however, that DSA
increases in the constant TA experiment which simulates
ocean acidification, from ∼180 to 650 µatm by about 10 %
and starts to decrease slightly above this threshold.
CAL and CAW remained largely unaffected by changing
carbonate chemistry except for the very lowest f CO2 levels in the constant TA experiment (below ∼100 µatm) where
they showed a decreasing tendency (Fig. 5e and f).
3.5

Coccolith weight and production

Fig. 4. 4.
Malformation
of of
coccoliths
calculated
with
Eq.eq.
(8).8. Error
Figure
Malformation
coccoliths
calculated
with
Error barsThe
denote
theweight
standardof coccoliths increased by approximately
mean
bars denote the standard deviation from measured mean malforma100 % from lowest to highest CaCO3 production rates (estideviation
from
measured
mean
malformation
of
all
coccoliths
in
a
treatment.
tion of all coccoliths in a treatment.

Malformations of coccoliths correlated best to seawater pHf ,
indicating a key influence of H+ . Malformations remained
relatively stable above a pHf of about 8, whereas they increased with decreasing pHf in the range from ∼8 down to
7.1 (Fig. 4). CaCO3 production rates did not correlate with
malformations (data not shown), suggesting that the appearance of malformations is not coupled to calcification rates in
E. huxleyi.

mated from linear fit). Measured mean weight ranged from
∼1 to 4 pg (Fig. 6a), which is in reasonable agreement with
previous estimates of ∼2 pg for the same E. huxleyi morphotype (Fagerbakke et al., 1994; Young and Ziveri, 2000).
The coccolith exocytosis rate also increased with CaCO3
production by an estimated 100 %, similar as for coccolith
weight. Minimum and maximum calculated coccolith exocytosis rates were ∼12 and 45 coccoliths cell−1 d−1 , respectively (Fig. 6b). Changes in coccolith weight correlate with
changes in coccolith size (Fig. 6c).
In the three highest DIC treatments of the constant pH 8
experiment, mean coccolith weight was up to 8 pg, which
seems unrealistically high. After careful re-evaluation of
SEM samples we occasionally found coccoliths that were associated with cubic crystals of unknown material. This might
have caused interference with the coccolith weight estimation. Since we could not find a concomitant increase in the
CaCO3 content per cell, we expect these values to be the result of non-biological processes.

3.4

4

4

smaller ones (Fig. 3b). The same trend was found for the
aspect ratio of the central area. The larger the central area
became, the rounder it was (Fig. 3c), which is in good agreement with results obtained by Young and Westbroek (1991).
The relative contribution of OSL to total DSL increased with
increasing DSL (Fig. 3d).
3.3

Malformation

Coccolith size

Changes in DSA, DSL and DSW in response to varying carbonate chemistry conditions were largely identical to each
other. All three parameters increased most pronounced in the
range from low to intermediate [HCO−
3 ] or f CO2 , whereas
changes were minor above this threshold in all except the
constant TA experiment where a decreasing trend above
∼1000 µatm was observed (Fig. 5a–d; data for DSW not
shown).
The smallest coccoliths were measured at very low HCO−
3
of ∼500 µmol kg−1 (Fig. 5; Table 1). These carbonate chemistry conditions are unrealistically low and most likely rarely
existed in the natural habitat of E. huxleyi since its appearance about 270 ky ago. Hence, sizes determined in these parBiogeosciences, 9, 3449–3463, 2012

4.1

Discussion

34

Comparison of different evaluation methods of malformations

Malformations of coccoliths in response to changing carbonate chemistry conditions have been observed in several coccolithophore species (e.g. Riebesell et al., 2000; Langer et al.,
2006; Müller et al., 2010). In cases where these these malformations were quantified, it was done by visual comparisons of individual coccoliths and subsequent classifications
to fixed categories like for example “normal”, “slightly malformed”, “strongly malformed”, and “incomplete” (Langer
et al., 2006, 2011; Kaffes et al., 2010; Bach et al., 2011).
Here, we propose an alternative method to approximate
www.biogeosciences.net/9/3449/2012/
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malformations of E. huxleyi, which aims to quantify malforpresented in our study. Furthermore, visual evaluations are
5 of all coccoliths in a treatment.
mations by direct measurements of fine-scale morphological
easy to adapt to all coccolithophore species, whereas quanstructures (see
Sect.
2.9).
A
direct
comparison
of
both
methtification of malformations by direct measurements of mor6
ods shows that they both lead to similar conclusions. Bach
phological structures can thus far only be applied to comet al. (2011) have visually evaluated the same samples of the
plete coccoliths from E. huxleyi morphotype A (including
constant TA and the constant pHf 8 experiment as used in
var. corona), B, C, and O; but it cannot be applied to morthis study and concluded that malformations are mainly inphotype R since there are usually no slits between two adjaduced by seawater pHf below ∼8. This is largely confirmed
cent distal shield elements in these morphotypes (for morby the results from the evaluation of malformation by Eq. (8)
photype taxonomy see Young et al., 2003; Hagino et al.,
(Fig. 4), indicating that both methods seem to be equally ap2011). Although adaption of Eq. (8) to other species or morpropriate to evaluate malformations of E. huxleyi.
photype R is generally possible, it would require measureThe application of these two methods reveals distinct
ments of other fine scale structures than the ones used in
advantages of each. Visual evaluations can be done “onE. huxleyi. The major advantage of the new method is the reline” during scanning of the sample by electron microscopy,
duction of subjectivity. A direct measurement of morpholog35
whereas measurements of morphological structures require a
ical structures reduces human influence on the measurement
time-intensive analysis of pictures taken by the microscope
and makes it easier to compare with results of other studies.
after having scanned the sample. Hence, visual evaluations
Furthermore, Eq. (8) could be implemented in an evaluation
facilitate analysis of high number of coccoliths per treatment
software which would analyze malformations automatically.
and therefore usually lead to an investigation of a more repThis would be the most efficient and the most reproducible
resentative sample size. Typically, 350 coccoliths per sample
way to quantify malformations.
are evaluated by visual evaluations (e.g. Langer et al., 2011)
in contrast to 27 evaluated coccoliths with the new method
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CV) which is closely associated with a labyrinthine membrane system (reticular body). Coccolith formation is initiA
R2=0.39; p<0.0001
ated inside the CV with the production of an organic base
4 y=0.021x+0.770
plate which serves as template (van der Wal et al., 1983;
Westbroek et al., 1984, 1989; Young et al., 1999). Nucleation of calcite occurs subsequently on the rim of the organic
2
base plate from where the initial crystals start to grow in a radial direction until coccolith formation is completed (Westbroek et al., 1984, 1989; Young et al., 1992). Crystal growth
0
is tightly controlled by the cellular machinery. The inner side
of the CV membrane always remains in close contact with
60
the coccolith and is actively expanded from the outside by the
const. pHf 7.74 const. CO2
const. pHf 8
cytoskeleton located within the cytosol so that the growing
const.
TA
50
const. pHf 8.34
calcite crystals fill the space defined by the expanding vesicle
(Westbroek et al., 1984, 1989; Didymus et al., 1994; Marsh
40
et al., 1994; Young et al., 2009). Inside the CV, coccolith30
associated polysaccharides (CAPs) bound to the inner side
of the membrane, have a crucial role in controlling CaCO3
20
precipitation due to their potential to bind Ca2+ (De Jong et
2
R =0.37; p<0.0001
al., 1976) and inhibit precipitation at places where they cover
B
10
y=0.283x+13.543
the calcite (Borman et al., 1982; Henriksen et al., 2004).
20
40
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100
Considering the pathway described above, the cytoskeleton and CAPs seem to be two major cellular components conCaCO3 production (pg cell-1 d-1)
trolling the correct growth of calcite crystals within E. hux6
leyi (Young et al., 1999; Langer et al., 2006). Langer et
C
al. (2010) examined in detail the consequences of a malfuncR2=0.4; p=0.0001
tioning of the cytoskeleton on coccolith formation by applyy=0.26x-0.49
4
ing chemical inhibitors for microtubules and actin filaments.
They found an increasing degree of coccolith malformation
the more these cytoskeleton structures and therefore the ac2
tive expansion of the CV was disturbed by these inhibitors.
Possibly, malformations found in our study are also result0
ing from a malfunctioning of the cytoskeleton, in our case
with the chemical driving force being H+ . This explanation
4
6
8
10
12
14
seems plausible since H+ is known to easily enter into the
coccolith size (µm)
cytosol of E. huxleyi (Suffrian et al., 2011). Here, a change
in [H+ ] could disturb the correct functioning of cytoskeleFig. 6. Coccolith weight, production and size. (A) Correlation beton elements or the enzymes associated with them so that the
1 tween cellular CaCO3 production rate and mean coccolith weight.
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36
in which CAPs are dissolved. A change of the ion composition inside the CV may therefore disturb controlled crystal
growth. Such a change could be the direct consequence of a
4.2 Cause of malformations
change in [H+ ] inside the CV in cases where H+ can someMalformations of E. huxleyi coccoliths are most likely inhow enter this compartment. Ion composition inside the CV
duced by high concentrations of H+ (Fig. 4). In order to
could, however, also indirectly be altered by changing [H+ ]
+
understand how excess seawater [H ] could interfere with
in the cytosol, assuming that H+ gradients between the cycoccolith formation, it may be helpful to consider the detosol and the CV potentially drive numerous transport provelopment of a coccolith on a cellular basis. The formation
cesses of major ions such as Ca2+ or Mg2+ (Langer et al.,
takes place in a Golgi-derived vesicle (coccolith vesicle or
2006; Mackinder et al., 2010, 2011).
coccolith weight (pg)

exocytosis rate (liths cell-1 d-1)

coccolith weight (pg)

6
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The prominent influence of [H+ ] on malformations observed in the investigated E. huxleyi strain raises the question whether this particular carbonate chemistry parameter is
also responsible for observed malformations in other coccolithophore species and E. huxleyi strains. Langer and Bode
(2011) examined coccolith malformation of Calcidiscus leptoporus in response to various carbonate system parameters.
In contrast to our findings, they identified CO2 as the key carbonate chemistry parameter causing malformations, which
suggests that the control mechanisms of coccolith formation
are affected by different carbonate system parameters on a
species level. A comparison on the strain level is not possible because there is no such data on different strains of the
same species available so far. The only information available
at the moment is that the carbonate chemistry conditions at
which malformations start to appear differ between different
strains of E. huxleyi (Langer et al., 2011). Clearly, this does
not mean that the key carbonate chemistry parameter causing
malformations differs between E. huxleyi strains but it shows
that sensitivities to changes in carbonate chemistry do.
4.3

Influence of individual carbonate chemistry parameters on coccolith size

There is experimental evidence that HCO−
3 is the principal
inorganic carbon source utilised for calcification (Sikes et
al., 1980; Buitenhuis et al., 1999). The dependence of calcification on HCO−
3 seems to be reflected in DSA, DSL,
and DSW which increased comparably in all experiments
−
−1
from low to high [HCO−
3 ] up to ∼2000 µmol HCO3 kg .
The close correlation to [HCO−
3 ] makes this ion a key candidate responsible for at least some of the pronounced increase in DSA, DSL, and DSW observed within that range
+
(Fig. 5a–d; data for DSW not shown). Next to HCO−
3, H
+
is another factor with potential influence. H might be particularly important in the high f CO2 range of the constant
TA experiment. Here, the observed decrease in size cannot
be explained by [HCO−
3 ] since the concentration of this ion
is still increasing whereas DSA, DSL, and DSW are already
decreasing (Fig. 5d). A potential negative effect of very high
[H+ ] seems possible since H+ has already been shown to
be detrimental to calcification rates above certain thresholds
+
(Bach et al., 2011). In contrast to HCO−
3 and H , the influence of CO2 is of minor importance (Fig. 5a–d; data for
DSW not shown). DSA, DSL, and DSW clearly decreased in
the constant CO2 experiment. If CO2 was of primary importance in determining these morphological parameters, then
DSA, DSL, and DSW would have remained constant in the
constant CO2 experiment. The fourth parameter with possi2−
ble influence is CO2−
3 . CO3 is of high importance for the
dissolution of calcite due to its influence on the calcium carbonate saturation state of seawater. Whether it is of direct
physiological influence on coccolith formation is more difficult to assess because relatively little is known about the
possibilities of cells to transport CO2−
3 across membranes.
www.biogeosciences.net/9/3449/2012/
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Such transporters have so far not been identified (Mackinder
et al., 2010). In our study, a differentiation between HCO−
3
and CO2−
3 is only possible in the constant TA experiment because they positively correlate in all others (Fig. 1). In the
constant TA experiment, DSA, DSL and DSW correlate with
2−
[HCO−
3 ] and not [CO3 ] in the low f CO2 range. This indicates that increasing [CO2−
3 ] is not likely to be responsible
for increasing DSA, DSL and DSW.
CAL and CAW displayed no clear change in response to
changing carbonate chemistry except for the very low f CO2
range in the constant TA experiment where they tended to
decrease (Fig. 5f, data for CAW not shown). As discussed in
Sect. 4.2, coccolith formation starts with the construction of
an organic base plate on which calcite crystals start to grow in
a radial direction. The dimensions of the central area of the
coccolith largely reflect the dimensions of the organic base
plate (Westbroek et al., 1984; Young, 1994). Hence, if the dimensions of the central area are affected to a lesser extent by
changing carbonate chemistry, so are the dimensions of the
organic base plate. Accordingly, we hypothesize that changing carbonate chemistry primarily influences crystal growth
and not so much formation and size of the organic base plate.
4.4

Correlation between calcification rates and
coccolith weight

Changes in cellular calcification rates can be expressed in
three different ways: (1) a change in coccolith weight at constant coccolith exocytosis rate, (2) a change in coccolith exocytosis rate at constant coccolith weight, and (3) a simultaneous change in coccolith weight and exocytosis rate. Results
presented in Fig. 6a and b support the third option, indicating that a correlation between calcification rates and coccolith weight exists in the investigated E. huxleyi strain. This
suggests that measurements of coccolith weight could potentially be useful to reconstruct calcification rates. Nevertheless, this correlation bears uncertainties which should be
considered before extrapolating these results to the field.
There is the high genetic variability between different coccolithophore species and even strains of the same species
(e.g. Brand, 1982; Young and Westbroek, 1991; IglesiasRodriguez et al., 2006). It has been demonstrated that this
variability translates to species- and strain-specific sensitivities of calcification rates to simulated ocean acidification
(Langer et al., 2006, 2009). Genetically based differences
in sensitivities to changes in carbonate chemistry could also
be reflected in strain- and species-specific coupling between
CaCO3 production and coccolith weight. On the other hand,
differences in sensitivities within a certain f CO2 range do
not necessarily result in a fundamentally different response
when a broad f CO2 range, at which the strain is able to calcify, is considered. It has been proposed that the general response of presumably all E. huxleyi strains to a broad f CO2
range is similar (resembling an optimum curve), even though
there are strain-specific differences within distinct parts of
Biogeosciences, 9, 3449–3463, 2012
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the whole optimum curve (Bach et al., 2011). Therefore, it
could be possible that the positive physiological correlation
between CaCO3 production rates and coccolith weight, that
has been found for the investigated E. huxleyi strain, also
emerges in other strains and potentially even in other coccolithophore species, at least when a relatively wide range of
carbonate chemistry conditions is considered.
Another factor to consider is the driving force that causes
changes in CaCO3 production rates and coccolith weight.
Aside from carbonate chemistry, temperature can influence
CaCO3 production. A temperature rise from 10 to 20 ◦ C increases CaCO3 production rates in E. huxleyi by more than
40 % under ambient carbonate chemistry conditions (Langer
et al., 2007), whereas it influences coccolith size (and therefore most likely also coccolith weight) only marginally
(Watabe and Wilbur, 1966; Fielding et al,. 2009). Under this
consideration it seems possible that the physiological coupling between CaCO3 production and coccolith weight is not
universal but rather specific for changes induced by the carbonate chemistry conditions.
Furthermore, it is important to keep in mind that the correlation between coccolith weight and CaCO3 production rates
given in Fig. 6a is derived from monoclonal culture experiments which exclude ecological processes. This is a limitation of the correlation because, in a natural E. huxleyi assemblage, changing carbonate chemistry could not only directly
affect the cell physiology but also induce a shift in the dominant strain. A strain shift in a natural assemblage can change
both mean calcification rate and mean coccolith weight, but
these two factors do not necessarily have to be correlated to
each other as implied in Fig. 6a. The unknown role of ecological processes should therefore clearly be considered before
using the correlation between calcification rates and coccolith weight to interpret field data.
4.5

Environmental control of coccolith size and weight

There are two different mechanisms how an environmental
change in the habitat of an E. huxleyi assemblage can induce
a change of mean coccolith size and/or weight:
1. The changing environmental factor (e.g. temperature)
induces a dominance shift in the assemblage towards
an E. huxleyi strain or morphotype which forms coccoliths of different size and weight than the one dominant initially. Here, the influence is indirect and in the
following termed “ecologically” driven change in coccolith size and/or weight. Morphotype-specific size and
weight variations range from 2.5–5 µm and 0.6–4.6 pg,
respectively (Young and Ziveri, 2000). Coccoliths of
morphotye R or over-calcified coccoliths of morphotype A are usually relatively heavy, whereas the delicate
coccoliths of morphotype B (pujosiae) are particularly
large (Young and Ziveri, 2000; Young et al., 2003).
Biogeosciences, 9, 3449–3463, 2012

2. A change in some environmental factor directly affects the physiology of the dominant E. huxleyi strain
or morphotype present in the assemblage, thereby directly causing a change in mean size and weight (in
the following termed “physiologically” driven change
in coccolith size and/or weight). Environmental factors
known to modify size and/or weight are salinity (Green
et al., 1998; Bollmann and Herrle, 2007; Fielding et
al., 2009), temperature (Watabe and Wilbur, 1966), nutrient availability (Batvik et al., 1997; Paasche, 1998),
growth stage (Young and Westbroek, 1991), seasonality
(Triantaphyllou et al., 2010) and carbonate chemistry
(Iglesias-Rodriguez et al., 2008; Halloran et al., 2008;
Beaufort et al., 2011; this study). In the following we
discuss the potential of some of these environmental
factors (salinity, temperature and carbonate chemistry)
to induce either ecologically or physiologically driven
change in coccolith size and/or weight of E. huxleyi.
Increasing salinity was shown to positively influence the size
of E. huxleyi coccoliths (e.g. Green et al., 1998). Fielding
et al. (2009) reported a 30 % increase in DSW in a salinity
gradient ranging from 26 to 41 under constant culture conditions, indicating that salinity has a relatively high physiological influence on coccolith size. However, whether changing
salinity also has the potential to cause a shift in the dominant
morphotype in a natural E. huxleyi assemblage is unknown.
An ecological influence seems conceivable in coastal environments with comparatively large salinity variations, while
it is less likely in the more stable conditions found in the open
ocean.
Temperature seems to have a small physiological influence
on E. huxleyi coccolith size. Watabe and Wilbur (1966) observed no change in DSL from 7 to 18 ◦ C and only a minor decrease of about 10 % from 18 to 27 ◦ C. This is largely
in line with results by Fielding et al. (2009) who found no
detectable influence between 10 and 20 ◦ C. In contrast to
that, the ecological influence of temperature on coccolith size
could be considerably larger. It is likely that coccolithophores
are adapted to the mean temperature of their natural habitat
(Buitenhuis et al., 2008). In case the mean temperature in
a given area changes, another strain or morphotype (potentially having a different coccolith size and/or weight) could
take over. A possible example where this might have been
observed is given by Triantaphyllou et al. (2010) who investigated changes in E. huxleyi coccolith size in a seasonal
cycle in the Aegean Sea (Eastern Mediterranean Sea). They
reported a shift towards larger coccoliths during cooler winter/spring periods with one possible explanation being the
dominance of another E. huxleyi strain during that time of
the year.
The results presented in our study demonstrate a negligible physiological influence of carbonate chemistry on
E. huxleyi coccolith size and weight within a realistic range
(DIC ∼1800–2400 and f CO2 ∼ 180–1000 (Sarmiento and
www.biogeosciences.net/9/3449/2012/
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Gruber, 2006)). However, there seems to be a high potential of changing carbonate chemistry to cause ecologically
driven change in coccolith size and/or weight. In a recent investigation, Beaufort et al. (2011) concluded that carbonate
chemistry conditions regulate the relative abundance of different species and morphotypes in the oceans and that species
and morphotypes which form heavier coccoliths are predominantly found at sites with supposedly more favourable carbonate chemistry conditions. According to the interpretations
by Beaufort et al. (2011), the carbonate chemistry has a particularly large ecological influence on coccolith weight.
Currently, the physiological influence of the environmental factors mentioned above is understood better than the ecological influence. This is probably due to the fact that physiological experiments are in most cases easier to perform and
easier to evaluate than ecological data sets. However, in order to improve our understanding of what drives changes in
coccolith size and weight in the oceans, it is essential to focus
particularly on the ecological component since this seems to
be of larger influence.
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