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Abstract

Coccolith mass is an important parameter for estimating coccolithophore contribution to car-
bonate sedimentation, organic carbon ballasting and coccolithophore calcification. Single
coccolith mass is often estimated based on the ks model, which assumes that length and
thickness increase proportionally. To evaluate this assumption, this study compared cocco-
lith length, thickness, and mass of seven Emiliania huxleyi strains and one Gephyrocapsa
oceanica strain grown in 25, 34, and 44 salinity artificial seawater. While coccolith length
increased with salinity in four E. huxleyi strains, thickness did not increase significantly with
salinity in three of these strains. Only G. oceanica showed a consistent increase in length
with salinity that was accompanied by an increase in thickness. Coccolith length and thick-
ness was also not correlated in 14 of 24 individual experiments, and in the experiments in
which there was a positive relationship r* was low (<0.4). Because thickness did not
increase with length in E. huxleyi, the increase in mass was less than expected from the kg
model, and thus, mass can not be accurately estimated from coccolith length alone.

Introduction

Anthropogenic emission of CO, into the atmosphere is increasing CO, levels in both the
atmosphere and ocean at an unprecedented rate [1]. This rapid increase of CO, is affecting the
carbon chemistry of the surface ocean, leading to a pH decrease through a process called ocean
acidification [2]. Ocean acidification may affect calcification in several marine organism
groups (e.g. [3-5]), including coccolithophores (e.g. [6]).

Coccolithophores are an important marine group of single celled calcifying algae character-
ized by the production of calcitic plates called coccoliths. As both primary and calcite produc-
ers, coccolithophores play a dual role as a CO, sink and source in the ocean surface [7-9].
Moreover, single coccolith mass is an important factor of the oceanic carbonate budget (8, 10],
and for the formation of ballast in sinking aggregates which aid drawdown of organic carbon
in the ocean [11-13]. The impact of ocean acidification on calcification in this group has
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therefore generated much interest over the past two decades. Several studies have reported
conflicting data on the influence of seawater carbon chemistry on coccolithophore calcifica-
tion in laboratory (e.g. [6, 14]), mesocosm (e.g. [15, 16]), and field studies (e.g. [17-19]). These
conflicting results may be rooted in problems with the application of the methods used to
quantify coccolithophore calcification.

Several methods exist to estimate coccolithophore calcification. The simplest method is just
weighing how much calcite and organic carbon were produced over time in a culturing experi-
ment [20]. However, such weighing may not be used for obtaining species-specific data in
plankton or sediment samples, and field studies have therefore used different approaches for
estimating coccolithophore calcification. For example, the qualitative visual inspection of the
overall calcification of coccoliths from SEM images (e.g. [18, 21, 22]), the estimation of single
coccolith mass as measured from coccolith interference colours (e.g. [23, 24]), or the estima-
tion of mass from coccolith length (e.g. [25, 26]).

Recent studies revealed the limitations and sources of error for coccolith mass estimates
from interference colours under a light microscope (see [24, 27-31] for details). However, the
commonly used volumetric method for estimating mass by [26] has not yet been evaluated.
This method uses coccolith length and a volumetric k; model to relate coccolith length to mass
using the equation below [26]:

m=k xPxd (1)

where m is coccolith mass, [ is coccolith length, d is density of calcite (= 2.71 pg um ), and k,
is a species-specific shape constant. This model assumes isometric coccolith growth [26], i.e.
that length and thickness grow at proportionate rates.

Several studies have used the k, model to estimate coccolith contribution to carbonate sedi-
mentation (e.g. [32, 33]), and it is therefore important to validate the model assumptions to
assess the accuracy of this method. However, the assumption that coccolith length and thick-
ness increase at a constant rate has yet to be tested, and might reflect a major source of error
when estimating coccolith mass from length. The goal of this study is therefore to evaluate the
assumption that the thickness of coccoliths increases with increasing length at a constant rate.
To achieve this, strains of the two species Emiliania huxleyi and Gephyrocapsa oceanica were
grown under different salinity conditions, as salinity is known to affect E. huxleyi coccolith
length (e.g. [34-39]). By measuring coccolith thickness with increasing coccolith length, the
relationship between coccolith length and thickness in E. huxleyi and G. oceanica could be
investigated and the usefulness of the k, model for estimating the mass of these two species
evaluated.

Materials and methods

Seven Emiliania huxleyi strains (Morphotype Type A [40]) and one Gephyrocapsa oceanica
(Morphotype Gephyrocapsa larger [41]) strain were used for this study (see Table 1 and Fig 1
for details). E. huxleyi strains were originally isolated from sites with salinities ranging from
~20 to ~39 and include both coastal and open ocean clones.

Culture preparation

Culture medium was prepared from artificial seawater with deionized water and three differ-
ent concentrations of synthetic sea salt (Ultramarine, Waterlife Research Industries, Longford,
UK) to get water with three different salinities of 24.7, 34.3 and 44.3 units. Salinity was mea-
sured using a WTW Multi 3400i handheld conductivity meter (Xylem Analytics Germany
Sales GmbH & Co., Wellheim, Germany). 0.5 g L' Tricene was added to each solution to
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Table 1. Information on coccolithophore strains used in this study, including location, year of isolation, and in situ salinity.

Strain Species Morphotype
PLY B11 E. huxleyi A
RCC 868 E. huxleyi A
RCC 1210 E. huxleyi A
RCC 1223 G. oceanica Larger
RCC 1232 E. huxleyi A
RCC 1824 E. huxleyi A
RCC 1843 E. huxleyi A

SAG 33.90 E. huxleyi A

https://doi.org/10.1371/journal.pone.0220725.t001

Isolation year Ocean/Sea Country Latitude Longitude Salinity
1992 North Sea Norway 60°18'N 05°15°E ~30
2004 South East Pacific Chile 31°41’S 91°29W ~34
1998 Baltic Sea Sweden 59°77’N 20°64°E ~20
1999 Mediterranean Sea Spain 37°10°N 01°13’E ~37
N/A Mediterranean Sea France 43°41N 07°19°E ~37
2008 Mediterranean Sea Cyprus 33°37’N 32°39°E ~39
2008 Mediterranean Sea Libya 34°08'N 18°27’E ~38
1950 North Sea United Kingdom 50°11'N 00°30’E ~34

prevent precipitation of the salt during the subsequent autoclaving. Sterile f/2 nutrient solution
[42] was added to each culture medium after autoclaving. Each algal strain was kept under a
12:12 light:dark cycle at 15°C and a salinity of ~35 before inocculation. 8 x 10° cells of each
strain were then inocculated in 20 mL flasks for each of the three salinity conditions by mixing
1.6 to 2.8 mL of the original algal medium with 17.2 to 18.4 mL of the prepared culture
medium for initial cell concentrations of ~4.0 x 10° cells/mL in each sample. Each sample was
grown at 15°C under a white fluorescence lamp set to 50-200 umol photons m >
related colour temperature of 6500K using a continuous light cycle. Cell density and cell size
was monitored daily using a CASY Model TT cell counter (Roche Diagnostics, Risch-Rotk-
reuz, Switzerland) by sampling 400 pL of each experiment and mixing with 10 mL freshly fil-

s ! with a cor-

tered CASY ton. The samples were all grown for nine to eleven days until the late exponential
growth phase. Growth rate during the exponential phase was calculated as:

§= In(c,) — In(c,) (2)
t

where y is growth rate in day ', ¢, is cell density at start of the exponential growth phase, c; is

cell density at end of the exponential growth phase and t is the duration of the exponential

growth phase in days. When the coccolithophore experiments reached the late exponential

growth phase, 5 mL of each experiment were filtered on 0.4 pm pore size polycarbonate filters

135°W  90°W 45°N 0 45°E 90°E 135°E
90°N — — T— T— m— B — 90°N
45°N 45°N
0 0
45°S 45°S
90°S — — — — — 90°s

135°W 90°W 45°W 0 45°E 90°E 135°E

Fig 1. Location of isolation sites for each strain used in this study. Red circles: E. huxleyi strains (A: PLY B11. B:
RCC 868. C: RCC 1210. D: RCC 1232. E: RCC 1824. F: RCC 1843. G: SAG 33.90); Yellow circle: G. oceanica strain (H:
RCC 1223). World map was made with Natural Earth.

https://doi.org/10.1371/journal.pone.0220725.9001
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Table 2. Measured growth rate (1) and cell density at time of sampling for strains at 25, 34, and 44 salinity and 15°C.

Strain Species u (day™) Cell density at end of experiment (cells/ml)
25 salinity 34 salinity 44 salinity 25 salinity 34 salinity 44 salinity

PLY B11 E. huxleyi 0.194 0.135 0.184 1.0X 10° 9.4X10° 1.6X 10°
RCC 868 E. huxleyi 0.182 0.402 0.223 1.8X10° 7.2X10° 1.5X 10°
RCC 1210 E. huxleyi 0.286 0.601 0.207 1.1X10° 2.1X10° 1.7 X 10°
RCC 1223 G. oceanica 0.240 0.065 0.170 1.6 X 10° 1.4X 10° 2.5X10°
RCC 1232 E. huxleyi 0.226 0.302 0.191 1.4X 10° 9.3X 10° 2.4X 10°
RCC 1824 E. huxleyi 0.184 0.371 0.193 9.4X 10 33X 10° 1.4 X 10°
RCC 1843 E. huxleyi 0.234 0.038 0.089 1.0X 10° 53X 10° 5.5 X 10°
SAG 33.90 E. huxleyi 0.409 0.313 0.245 1.7 X 10° 6.5X 10° 22X 10°

https://doi.org/10.1371/journal.pone.0220725.1002

using a vacuum pump. At the time of sampling, cell densities ranged from 3.3 x 10” cells/mL
to 2.5 x 10° cells/mL (Table 2).

Imaging

For visual assessment of samples in a Scanning Electron Microscope (SEM), a triangular piece
was cut from each filter membrane, mounted on an aluminum stub, and coated with 3nm of
platinum using a Leica SCD500 Metal Coater (Leica Microsystems, Wetzlar, Germany). SEM
images with 1024 x 768 pixels were then captured from each sample at 16,000x or 20,000x
magnification using a Zeiss Supra VP55 SEM (Carl Zeiss, Oberkochen, Germany) for visual
evaluation of the coccoliths. The resolution was ~2nm and the geometry and accuracy of size
measurements performed with the SEM in this study were controlled by measuring about 30
mono-sized polymer calibration spheres with a diameter of 2 um (DYNO Particles AS, Nor-
way, product no. SS-15-PXG).

Coccoliths from each sample were transferred from their filters onto a glass slide and
mounted using NOA 61 adhesive (Norland Inc., Cranbury, New Jersey, USA) for light micro-
scope (LM) analysis. Imaging was done with a Zeiss Axio Imager Z1 light microscope (Carl
Zeiss, Oberkochen, Germany) equipped with a 1.6x optovar, neutral density filters, a Plan-Apo
100x, 1.4 NA oil objective, a 0.9 NA universal condenser, a Benford plate for circular polariza-
tion [43], and a Canon 60D DSLR camera (Canon Inc., Tokyo, Japan) for digital imaging. The
light microscope and camera were calibrated for accurate retardation measurements according
to the Circular Polarizer Retardation estimates (CPR) method [24], using a calibration curve
obtained from a recent revision of the Michel-Lévy chart [44] and two polymer films of a
known retardation (31nm and 129nm). The condenser was partly closed to avoid polarization
aberrations [45, 46]. 30 coccoliths from each sample were captured in RAW format with a
5194 x 3457 pixel resolution at 160x magnification for a pixel size of 0.0003 um?. A S8 Stage
micrometer (02A00404, PYSER-SGI Ltd., Edenbridge, UK), in steps of 10 pm along a line with
a total length of 1000 um *1 um, was used for size calibration.

Coccolith measurements

The length, thickness, and mass of 30 coccoliths per sample were measured using the CPR-
method [24]. RAW images were converted to colour corrected TIFF in sRGB colour space
with an applied gamma of 2.2 [44]. Subsequently, images were converted to 8-bit images and
coccoliths were segmented from the background in Image] 1.52g using a Canny-Deriche
edge detection algorithm [47, 48]. The function [Calibrate. . .] of Image] was used to relate
grey values of a Michel-Lévy chart [44] to coccolith pixel mass. Coccolith measurements
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were then obtained using the Image] function [Analyze Particles. . .]. Each measurement

is related to multiple sources of uncertainty. For example, variation in light intensity,
different fits to calibration curves, and curve resolution are sources of error for thickness.
Uncertainties were therefore calculated by error propagation to give a standard uncertainty
of each measurement at a 95% confidence level [49]. The standard uncertainty of each mea-
surement at 95% confidence level is £0.2 pm for length, £0.007 pum for thickness, and £~13-
20% for mass (depending on particle size; ~0.1-0.2pg for E. huxleyi and ~0.9pg for G. ocea-
nica). Differences in length, thickness, and mass can thus only be fully resolved when they
are at least 0.4 um, 0.014 pum, and 0.2-0.4pg (for E. huxleyi) or 1.8pg (for G. oceanica),
respectively.

The length of 30 coccoliths from each of the PLY B11 cultures grown at 25 and 34 salinity
were also measured from SEM images to confirm measured lengths in the LM.

Coccolith skewness and aspect ratio. The CPR-method also allowed for the measure-
ment of the coccolith aspect ratio and the skewness of the grey value distribution of a cocco-
lith (Fig 2) in Image]. These measurements served as coccolith shape descriptors. The grey
value skewness is a description of the distribution of thickness per pixel for a single coccolith,
where a value of 0 signifies a symmetric distribution of pixel thickness, negative values
signifies a left skewed distribution of pixel thickness (indicating a proportionally larger sec-
tion of the coccolith is thinner compared to symmetrically distributed thickness), and posi-
tive values signifies a right skewed distribution of pixel thickness (indicating a proportionally
larger section of the coccolith is thicker compared to symmetrically distributed thickness).
Meanwhile, the aspect ratio describes the length to width ratio of the coccolith (i.e. roundness
of a coccolith).

k; calculation. Measured mass and length was used to calculate the k, value for each coc-
colith. This was done by rearranging Eq 1 to

m
N =Fxd ®)

where m is measured coccolith mass, [ is measured coccolith length, and d is the density of cal-
cite(=2.71g m™).

Statistical analysis

All statistics were done in R version 3.4.3 [50] using RStudio version 1.1.383. One-way
ANOVA tests were performed on measured length, thickness, and mass to evaluate salinity
related differences in all strains. In the case that the ANOVA test revealed a significant differ-
ence (p <0.05), a post-hoc Tukey HSD test was done to identify which of the samples differed.
A linear regression analysis was done to evaluate the relationship between length and thickness
in all samples. Linear regression models for each sample were evaluated using the qqPlot func-
tion in the R package “car” [51] and a Global Validation of Linear Model Assumptions
(GVLMA) function in the R package “gvima” [52]. GVLMA checks the model data for viola-
tions to the linear regression assumptions of linearity, homoscedascity, normality, and inde-
pendence of individual measurements [53]. Data which violated one or more of the above
assumptions were log-transformed before linear regression. In some regression models (three
length versus mass models, five length versus thickness models, and four length versus skew-
ness models) transformation did not fix the violations; in these cases the samples were left
untransformed. Removal of one to six data points identified as violating the assumptions from
the qqPlot function would fix the violations in these cases.
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Skewness: 0.392

Number of pixels

o

Grey values 255

Fig 2. Skewness of a single E. huxleyi coccolith. A: E. huxleyi coccolith measured. B: Graph showing the distribution
of pixels with various thickness in grey values for the coccolith in A. Because of the right skewed graph, the skewness
value of the coccolith is positive, indicating that the thickness is asymmetrically skewed towards relatively thicker
coccolith sections. White scale bar: 1. Note that the coccolith image has been altered after production of skewness
graph to increase the visibility of the coccolith.

https://doi.org/10.1371/journal.pone.0220725.9002

Results

Two coccolithophore species, E. huxleyi and G. oceanica, were grown at salinities of 25, 34, and
44 to test the assumption that length and thickness increase at proportionate rates as suggested
by [26]. Coccolith length, thickness, and mass of 30 coccoliths per sample were measured
using the CPR-method. Mean E. huxleyi coccolith length ranged from 2.5 um to 3.4 pm, while
mean length of G. oceanica ranged from 4.5 um to 5.1 pm (Table 3). Coccolith length increased
statistically significantly from 25 to 44 salinity in E. huxleyi strains RCC 868, RCC 1210, RCC
1824, and SAG 33.90 (Table 4, Fig 3). In RCC 1210 and RCC 1824 the increase in length was
0.4 and in RCC 868 and SAG 33.90 the increase was 0.7 pm. A statistically significant length
increase of 0.6 um from 25 to 44 salinity was also seen in the G. oceanica strain RCC 1223
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Table 3. Mean coccolith length, thickness, mass, skewness of thickness distribution, and estimated k; of all cultures. N: number of coccolith measured. Mean: mea-
sured mean value. CI: 95% confidence interval of measured mean.

Strain Species Salinity N Length (um) Mean thickness (um) Mass (pg) Skewness ks
Mean CI Mean CI Mean CI Mean CI Mean CI

PLY B11 E. huxleyi 25 30 2.7 0.1 0.067 0.002 0.8 0.1 0.446 0.100 0.014 0.001
PLY B11 34 30 2.6 0.1 0.068 0.002 0.8 0.1 0.518 0.100 0.015 0.001
PLY B11 44 30 2.9 0.1 0.070 0.002 1.0 0.1 0.478 0.100 0.015 0.001
RCC 868 E. huxleyi 25 30 2.5 0.1 0.077 0.005 0.8 0.1 0.509 0.100 0.018 0.001
RCC 868 34 30 2.9 0.1 0.081 0.004 1.2 0.1 0.693 0.100 0.018 0.001
RCC 868 44 30 3.2 0.2 0.075 0.004 1.3 0.2 0.719 0.100 0.015 0.001
RCC 1210 E. huxleyi 25 30 2.5 0.1 0.073 0.003 0.8 0.1 0.503 0.100 0.018 0.001
RCC 1210 34 30 2.6 0.1 0.078 0.004 0.9 0.1 0.458 0.100 0.018 0.001
RCC 1210 44 30 2.9 0.1 0.071 0.003 1.0 0.1 0.604 0.100 0.015 0.001
RCC 1223 G. oceanica 25 30 4.5 0.2 0.142 0.006 53 0.5 0.868 0.100 0.021 0.001
RCC 1223 34 30 4.7 0.2 0.150 0.009 6.1 0.8 0.914 0.100 0.021 0.001
RCC 1223 44 30 5.1 0.2 0.158 0.009 7.4 0.8 0.802 0.100 0.021 0.001
RCC 1232 E. huxleyi 25 30 2.6 0.1 0.078 0.004 0.9 0.1 0.789 0.100 0.019 0.001
RCC 1232 34 30 2.5 0.1 0.076 0.003 0.8 0.1 0.559 0.100 0.019 0.001
RCC 1232 44 30 2.6 0.1 0.072 0.003 0.8 0.1 0.723 0.100 0.017 0.001
RCC 1824 E. huxleyi 25 30 2.7 0.1 0.067 0.003 0.8 0.1 0.820 0.100 0.014 0.001
RCC 1824 34 30 3.1 0.1 0.080 0.003 1.3 0.1 0.868 0.100 0.016 0.001
RCC 1824 44 30 3.1 0.1 0.079 0.005 1.3 0.1 0.771 0.100 0.016 0.001
RCC 1843 E. huxleyi 25 30 2.5 0.1 0.083 0.005 0.9 0.1 0.764 0.100 0.021 0.001
RCC 1843 34 30 2.7 0.1 0.092 0.006 1.2 0.2 0.696 0.100 0.022 0.001
RCC 1843 44 30 2.7 0.1 0.086 0.006 1.0 0.2 0.614 0.100 0.019 0.001
SAG 33.90 E. huxleyi 25 30 2.7 0.1 0.064 0.002 0.8 0.1 0.446 0.100 0.014 0.001
SAG 33.90 34 30 3.1 0.2 0.069 0.002 1.1 0.1 0.843 0.100 0.014 0.001
SAG 33.90 44 30 3.4 0.3 0.066 0.001 1.3 0.3 0.631 0.100 0.012 0.001

https://doi.org/10.1371/journal.pone.0220725.t003

(Table 4, Fig 3H). In the E. huxleyi strains PLY B11, RCC 1232, and RCC 1843 the length
increase was either not statistically significant or too small to be resolved. PLY B11 coccoliths
grown at 25 and 34 salinity showed coccolith lengths of 2.53 um and 2.57 pm, respectively,
when measured in SEM images. This corresponds well with measured coccolith lengths in the
LM samples from the same experiments.

Mean coccolith thickness ranged from 0.064 to 0.092 in E. huxleyi and 0.142 um to
0.158 pm in G. oceanica. A statistically significant 0.016 pum increase in thickness from 25 to 44
salinity is seen in the G. oceanica strain. Measured mean coccolith mass ranged from 0.8pg to
1.3pg in E. huxleyi, and from 5.3pg to 7.4pg in G. oceanica. Mass increased statistically signifi-
cantly with salinity in the E. huxleyi strains PLY B11, RCC 868, RCC 1824, and SAG 33.90, and
in the G. oceanica strain. In the E. huxleyi strains RCC 1210, RCC 1232, and RCC 1843 the
mass increase was either not statistically significant, too small to be resolved, or in the case of
RCC 1843 only seen between 25 and 34 salinity.

Coccolith length and mass was positively related in all 24 coccolith samples, with r* values
ranging from 0.37 to 0.92 and p <0.05 (Fig 4). In contrast, a statistically significant positive lin-
ear relationship between coccolith length and thickness was only found in 8 of 21 E. huxleyi
experiments, with r* values ranging from 0.14 to 0.38, and in two of three G. oceanica experi-
ments (RCC 1223), with a r* of 0.24 (Fig 5). In the remaining 14 samples the relationship is sta-
tistically not significant, with r* values ranging from 0.00 to 0.13. In one sample, SAG 33.90
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Table 4. One-way ANOVA and Tukey HSD results for evaluating the effect of salinity on mean coccolith length, thickness, and mass in each strain. SS: Sum of
squares. df: degrees of freedom. MS: Mean square. F: F-value. Diff.: difference between measured means. p: probability of falsely rejecting the null hypothesis. CL: 95% con-

fidence level for the difference of means in a Tukey HSD test. Adjusted p: p after adjustment for multiple comparisons.

@

indicates significant p values <0.05. Differences

that are significant according to ANOVA and Tukey HSD and also greater or equal to twice the measurement standard uncertainty (+0.2 pm for length, +0.007 um for
thickness, and +14-18% for mass) are shown in bold.

Strain Parameter ANOVA Tukey HSD
SS df MS F P Salinity Diff. Lower CL | Upper CL | Adjusted p
PLY B11 Length (um) Salinity 1.53 2 0.76 8.33 <0.01* 34-25 -0.1 -0.2 0.1 0.82
Residuals 7.98 87 0.09 44-25 0.2 0.1 0.4 <0.01*
44-34 0.3 0.1 0.5 <0.01*
Thickness (um) Salinity 0.00 2 0.00 1.37 0.26 - - - - -
Residuals 0.00 87 0.00
Mass (pg) Salinity 1.39 2 0.69 12.40 <0.01* 34-25 0.0 -0.1 0.1 1.00
Residuals 4.87 87 0.06 44-25 0.2 0.1 0.4 <0.01*
44-34 0.2 0.1 0.4 <0.01*
RCC 868 Length (um) Salinity 7.15 2 3.57 21.64 <0.01* 34-25 0.4 0.2 0.7 <0.01*
Residuals 14.37 87 0.17 44-25 0.7 0.4 0.9 <0.01*
44-34 0.3 0.0 0.5 0.04*
Thickness (um) Salinity 0.00 2 0.00 1.99 0.14 - - - - -
Residuals 0.01 87 0.00
Mass (pg) Salinity 4.54 2 2.27 13.73 <0.01* 34-25 0.4 0.1 0.6 <0.01"
Residuals 14.39 87 0.17 44-25 0.5 0.3 0.8 <0.01*
44-34 0.1 -0.1 0.4 0.40
RCC 1210 Length (um) Salinity 1.95 2 0.98 7.45 <0.01* 34-25 0.1 -0.1 0.3 0.63
Residuals 11.40 87 0.13 44-25 0.4 0.1 0.6 <0.01*
44-34 0.3 0.0 0.5 0.02*
Thickness (pm) Salinity 0.00 2 0.00 4.96 <0.01* 34-25 0.005 -0.001 0.010 0.14
Residuals 0.007 87 0.000 44-25 -0.002 -0.008 0.003 0.47
44-34 -0.007 -0.012 -0.002 <0.01*
Mass (pg) Salinity 0.73 2 0.36 3.76 0.03* 34-25 0.1 -0.1 0.3 0.34
Residuals 8.39 87 0.10 44-25 0.2 0.0 0.4 0.02*
44-34 0.1 -0.1 0.3 0.38
RCC 1223 Length (um) Salinity 4.41 2 2.21 8.02 <0.01* 34-25 0.2 -0.1 0.6 0.22
Residuals 23.93 87 0.28 44-25 0.6 0.2 0.9 <0.01*
44-34 0.4 0.0 0.6 0.06
Thickness (um) Salinity 0.00 2 0.00 4.18 0.02* 34-25 0.008 -0.006 0.021 0.36
Residuals 0.043 87 0.000 44-25 0.016 0.003 0.030 0.01*
44-34 0.008 -0.005 0.022 0.29
Mass (pg) Salinity 72.60 2 36.32 9.20 <0.01* 34-25 0.8 -0.3 2.1 0.21
Residuals 343.60 87 3.95 44-25 2.1 1.0 3.4 <0.01*
44-34 1.3 0.1 2.5 0.03
RCC1232 | Length (um) Salinity 0.03 2 0.02 0.15 0.87 - - - - -
Residuals 8.89 87 0.10
Thickness (um) Salinity 0.00 2 0.00 2.17 0.12 - - - - -
Residuals 0.01 87 0.00
Mass (pg) Salinity 0.09 2 0.05 0.54 0.59 - - - - -
Residuals 7.24 87 0.08
(Continued)
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Table 4. (Continued)

Strain Parameter ANOVA Tukey HSD
SS df MS F p Salinity Diff. Lower CL | Upper CL | Adjusted p
RCC 1824 Length (um) Salinity 2.16 2 1.08 14.43 <0.01* 34-25 0.4 0.2 0.5 <0.01*
Residuals 6.50 87 0.08 44-25 0.4 0.2 0.5 <0.01*
44-34 0.0 -0.2 0.2 1.00
Thickness (um) Salinity 0.00 2 0.00 14.28 <0.01* 34-25 0.013 0.006 0.018 <0.01*
Residuals 0.01 87 0.00 44-25 0.012 0.006 0.018 <0.01*
44-34 -0.001 -0.007 0.006 0.98
Mass (pg) Salinity 3.88 2 1.94 24.69 <0.01* 34-25 0.5 0.3 0.6 <0.01*
Residuals 6.84 87 0.08 44-25 0.5 0.3 0.6 <0.01*
44-34 0.0 -0.1 0.2 0.93
RCC 1843 Length (um) Salinity 1.08 2 0.54 3.723 0.03* 34-25 0.2 0.0 0.5 0.04*
Residuals 12.64 87 0.15 44-25 0.2 0.0 0.5 0.07
44-34 0.0 -0.3 0.2 0.97
Thickness (um) Salinity 0.00 2 0.00 2.31 0.11 - - - - -
Residuals 0.02 87 0.00
Mass (pg) Salinity 1.35 2 0.68 3.38 0.04* 34-25 0.3 0.0 0.6 0.03*
Residuals 17.40 87 0.20 44-25 0.1 -0.1 0.4 0.38
44-34 -0.2 -0.4 0.1 0.4
SAG 33.90 Length (um) Salinity 6.77 2 3.38 12.00 <0.01* 34-25 0.4 0.1 0.7 0.02*
Residuals 24.53 87 0.28 44-25 0.7 0.3 1.0 <0.01*
44-34 0.3 0.0 0.6 0.09
Thickness (um) Salinity 0.00 2 0.00 8.92 <0.01* 34-25 0.005 0.002 0.008 <0.01*
Residuals 0.00 87 0.00 44-25 0.002 -0.001 0.005 0.22
44-34 -0.003 -0.006 0.000 0.04*
Mass (pg) Salinity 4.46 2 2.23 10.17 <0.01* 34-25 0.3 0.0 0.6 0.03*
Residuals 19.06 87 0.22 44-25 0.5 0.3 0.8 <0.01*
44-34 0.2 -0.1 0.5 0.136

https://doi.org/10.1371/journal.pone.0220725.t1004

grown at 44 salinity (Fig 5H), the relationship between length and thickness became significant
after violations to the linear regression model were removed, though the relationship remained
weak with an r” of 0.15.

Discussion

In this study, the effects of salinity on coccolith thickness and mass in the two species of E. hux-
leyi and G. oceanica were investigated for the first time. This study revealed important insights
into the relationship between coccolith length and thickness in these species, and the implica-
tions of these insights on the k, model, as discussed in detail below.

Salinity effects on E. huxleyi coccolith length

The salinity effect on E. huxleyi coccolith length is well documented from both culture, plank-
ton, and sediment studies [34-39]. In this study, salinity also affected coccolith length in the
E. huxleyi strains RCC 868, RCC 1210, RCC 1824, and SAG 33.90. However, the other strains,
PLY B11, RCC 1232, and RCC 1843, did not increase significantly in length with thickness.
This is consistent with [35], who only found an increase in length with salinity in two out of
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https://doi.org/10.1371/journal.pone.0220725.9003
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Fig 4. Scatter plots of coccolith length versus coccolith mass for all strains and salinities analysed. Cyan dots:
coccoliths cultured under 25 salinity conditions. Blue squares: coccoliths cultured under 34 salinity conditions. Orange
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italics were obtained after log-transformation. Red circles show data points that were found to be influential according
to the R functions gvlma and qqPlot.

https://doi.org/10.1371/journal.pone.0220725.g004

three strains. Furthermore, [36] found that coccoliths sampled from areas with salinities out-
side a typical open ocean range (33-38 salinity) deviated from the typical salinity response. For
this reason, [37] hypothesized that open ocean populations of E. huxleyi display a more
marked morphological response to salinity than coastal populations, as the larger salinity fluc-
tuations in coastal regions may have led to different adaptations to changing salinity in coastal
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https://doi.org/10.1371/journal.pone.0220725.9005

E. huxleyi populations. In this regard it is interesting to note that while most strains used in
this study were isolated from a coastal region (Fig 1), the strain isolated furthest from the
coast, RCC 868, was among the two E. huxleyi strains with the greatest increase in length with

salinity.
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Relationship between E. huxleyi coccolith length, thickness and shape

Salinity did not affect E. huxleyi coccolith thickness in this study, even when coccolith length
increased. Coccolith length and thickness therefore do not seem to be closely coupled parame-
ters in E. huxleyi, in contrast to prior assumptions (e.g. [26, 54, 55]). An inspection of the rela-
tionship between length and thickness within each individual experiment confirms this.
Coccolith length and thickness are not, or only weakly, related (when significant, r* values
<0.4) in the E. huxleyi experiments (Fig 5). Coccolith size increases thus appears to be allome-
tric, meaning that coccolith length and thickness increase at disproportionate rates. This
stands in contrast to the k, model, which assumes isometric increases in coccolith size, i.e. that
coccolith length and thickness increase at proportionate rates [26].

If E. huxleyi coccoliths increase in size allometrically, coccolith shape by definition changes
as the coccolith grows. This is seen in several experiments where coccolith length and skewness
are positively related (Fig 6). This indicates that the thickness of different sections/parts of the
coccolith vary in relation to each other, and confirms that the coccolith shape changes as the
coccolith size increases. Neither thickness or skewness increased with coccolith length in the
34 salinity experiments of RCC 868 and RCC 1232 or the 44 salinity experiment of the RCC
1824 strain, however. Instead, the strain RCC 1232 showed a significant positive relationship
between length and aspect ratio (indicative of roundness) when cultured under 34 salinity,
indicating width increased at a smaller rate than length in this culture, thus changing the coc-
colith shape. A significant relationship between length and aspect ratio was also seen in the
strains RCC1824 and SAG 33.90 when cultured under 34 salinity.

Salinity effect on E. huxleyi coccolith mass

Though coccolith length increased with salinity in several E. huxleyi strains (Fig 3), coccolith
mass did not increase in the manner expected from the k, model. The k, value of 0.02 recom-
mended for E. huxleyi Type A coccoliths [26] was too high, and the increase in mass with
increasing length was smaller than expected from the k; model, leading to a significant bias as
the difference in estimated mass from the ky model increased with increasing coccolith length
(Fig 7). For example, over the 25 to 44 salinity range, measured coccolith mass increased by
0.5pg in both RCC 868 and SAG 33.90, but the expected mass increase from a constant k; fac-
tor of 0.02 is ~1.0pg and ~1.3pg, respectively (Fig 7A and 7B). While at 25 salinity the k, model
overestimated coccolith mass in the two strains by 12% and 38% compared to measured mass,
the kg model overestimated RCC 868 and SAG 33.90 coccolith mass by 46% and 85% at 44
salinity. In the E. huxleyi strain RCC 1824 the rate of increase in coccolith mass with increasing
length was more in line with the k, model, though a constant k factor of 0.02 still overesti-
mates mass (Fig 7D). Furthermore, the salinity response in RCC 1824 is not consistent over
the salinity range of 25 to 44 salinity. Neither coccolith length, mass, or thickness increased
from 34 to 44 salinity.

The smaller mass increase with salinity in E. huxleyi than expected from the k, model is
because thickness did not increase with salinity in these strains, which highlights the impor-
tance of considering both coccolith length and thickness in coccolith mass estimations. This
does not mean that salinity does not affect coccolith mass, however, as suggested by [17]. In
most E. huxleyi strains, a significant increase in coccolith length with salinity was also accom-
panied by a significant increase in coccolith mass, though as mentioned the increase was
smaller than expected from the k, model (Table 4). [34] similarly reported an increase in coc-
colith mass with salinity.

E. huxleyi morphotypes. The different responses to increasing salinity in E. huxleyi and
G. oceanica in this study suggest that the coccolith thickness response to increasing salinity is
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https://doi.org/10.1371/journal.pone.0220725.9006

genetically determined. Several different morphotypes are described for E. huxleyi, potentially
representing separate genotypes [56-59]. This study only analysed E. huxleyi Type A, and [35]
and [38] also focused on Type A in their investigation of coccolith length under different salin-
ities. [39], however, reported changing coccolith length with changing salinity in a strain of
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E. huxleyi they identified as Type B/C, suggesting that the coccolith length response to chang-
ing salinity is consistent between morphotypes. The consistent salinity response in plankton
and sediment samples [36, 37] further support this suggestion. It can not be excluded that
other morphotypes have a different thickness response than reported for Type A in this study.
However, Type A does not appear to represent one phylogenetic group [59], so the consistent
lack of a relationship between thickness and salinity in all E. huxleyi strains may represent a
species-wide response.

Effects of other environmental variables on E. huxleyi coccolith
morphology and mass

This study found that salinity affects E. huxleyi coccolith morphology in terms of length and
mass, but not thickness. Salinity is not the only environmental parameter with reported effects
on E. huxleyi coccolith morphology, however. Studies have reported effects of temperature
[39, 60, 61], nutrient limitation [62, 63], and CO, [64, 65] on coccolith morphology in E. hux-
leyi. The temperature effect, though, varies greatly between studies, and different studies have
for example reported either an increase [61], decrease [39, 60], or no change [38] in coccolith
length with increasing temperature. These inconsistent results may indicate that the morpho-
logical response in E. huxleyi to changing temperature is strain-specific, as it is for salinity (this
study and [35]). Alternatively, different culture conditions between studies may have led to
inconsistent results, as different culture conditions is known to affect calcite production in E.
huxleyi under changing CO, conditions (e.g. [66, 67]). Culture conditions may possibly affect
the temperature response as well.

[63] reported a decrease in coccolith mass with N limitation and increase in coccolith mass
with P limitation, using atomic absorption spectrometry to measure Ca content per coccolith.
This method does not allow for separate evaluation of coccolith length, thickness, and mass of
individual coccoliths like the CPR-method used in this study. However, under P limitation
coccolith length did not change [63], indicating that the increase in coccolith mass was due to
an increase in thickness rather than length. Under N limitation, on the other hand, both cocco-
lith habitus and length changed, so that the relative impact of coccolith length and thickness
on coccolith mass under N limitation can not be determined. If various environmental vari-
ables influence coccolith length and thickness differently, then coccolith length and thickness
may both be valuable parameters to disentangle multiple effects on coccolith mass in plankton
and sediment samples.

Growth rate. Previous studies have reported an effect of salinity on growth rates in E. hux-
leyi [34, 39]. In these studies, growth rates have either decreased with decreasing salinity [39]
or shown an optimum curve with different optimal values between strains [34]. In this study
no consistent relationship between salinity and growth rate could be seen among strains. Only
four strains showed an optimum curve as reported in [34], and there was no consistent
decrease in growth rate with salinity in any strain.

Growth rate has been suggested to be linked to cell geometry in coccolithophores in terms
of cell size and number of coccoliths per cell [68]. A similar link between coccolith morphol-
ogy and growth rate would be of great interest in determining past growth rates from the geo-
logical record [61]. There was, however, no clear link between growth rate and coccolith
length or thickness in the present study (Fig 8).

Salinity effects on G. oceanica coccolith morphology

In contrast to E. huxleyi, G. oceanica coccolith length and thickness both increased with salin-
ity. This is the first report that the size of G. oceanica coccoliths are affected by salinity, as they
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Fig 8. Growth rate versus coccolith length and thickness in E. huxleyi and G. oceanica strains in this study. A:
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https://doi.org/10.1371/journal.pone.0220725.9008

also are by temperature [69]. However, [69] reported an increase in coccolith length of the
morphotype Gephyrocapsa Equatorial, whereas the present study showed an increase in cocco-
lith length of the Gephyrocapsa Larger morphotype. Furthermore, there was a coccolith mass
increase with salinity which was consistent with a constant k; factor of ~0.02. G. oceanica coc-
colith size thus increased in an isometric fashion with increasing salinity. However, the ~0.02
ks values for G. oceanica in this study is significantly smaller than the k value of 0.05 reported
by [26]. G. oceanica coccolith mass in this study was therefore less than expected from these kg
values.

The low kg value of G. oceanica in this study may be explained by malformation. Malforma-
tion is a common phenomenon in coccolithophore cultures [70-72], and many G. oceanica
coccoliths in this study were malformed (Fig 9H). However, malformation does not appear to
have affected the relationship between salinity and length or thickness in G. oceanica.

Conclusion

This study confirmed that salinity affects coccolith length but not coccolith thickness in E. hux-
leyi. As a result, coccolith mass did not increase with salinity at the same rate as it would be
expected from an isometric coccolith growth model proposed by [26]. Therefore, the k; factor
reported by [26] should be used with caution for the calculation of E. huxleyi coccolith mass.
On the other hand, the length and thickness of G. oceanica increased with increasing salinity.
Coccolith mass calculations for G. oceanica based on a kg value of 0.02 compared well with
measured mass at all salinities, indicating a constant rate of increase in both length and thick-
ness with salinity in this species. However, [26] reported a kg value of 0.05 for this species,
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Fig 9. Images of typical coccoliths from each strain. E. huxleyi: A-G: A: PLY B11. B: RCC 868. C: RCC 1210. D: RCC
1232. E: RCC 1824. F: RCC 1843. G: SAG 33.90. G. oceanica: H: RCC 1223. White bar: Scale bar (1 um).

https://doi.org/10.1371/journal.pone.0220725.g009

which would lead to a ~140% overestimation of mass if applied to G. oceanica here. This study
revealed an important complication in approaches attempting to estimate coccolith mass from
length. Different relationships between coccolith length and thickness means that coccolith
mass can not be accurately estimated from coccolith length alone.

Supporting information

S1 Appendix. A csv file containing all data is supplied with this article.
(CSV)

PLOS ONE | https://doi.org/10.1371/journal.pone.0220725 August 5, 2019 18/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220725.s001
https://doi.org/10.1371/journal.pone.0220725.g009
https://doi.org/10.1371/journal.pone.0220725

@ PLOS|ONE

Relationship between coccolith length and thickness in Noelaerhabdaceae

Acknowledgments

The authors thank the Roscoff Culture Collection at the Station Biologique in Roscoff, France,
the Marine Biological Association in Plymouth, UK, and the Sammlung von Algenkulturen
Gottingen (Culture Collection of Algae at the University of Géttingen) in Gottingen, Germany
for providing the algal cultures for this study. Further thanks go to an anonymous reviewer
and Tim Rodgers for their helpful comments.

Author Contributions

Conceptualization: Simen Alexander Linge Johnsen, Jérg Bollmann.

Formal analysis: Simen Alexander Linge Johnsen.

Funding acquisition: Jorg Bollmann.

Investigation: Simen Alexander Linge Johnsen, Christina Gebuehr.

Methodology: Simen Alexander Linge Johnsen, Jérg Bollmann, Christina Gebuehr.
Project administration: Simen Alexander Linge Johnsen.

Resources: Jorg Bollmann, Jens O. Herrle.

Supervision: J6rg Bollmann.

Validation: Simen Alexander Linge Johnsen, Jorg Bollmann, Christina Gebuehr, Jens O.
Herrle.

Visualization: Simen Alexander Linge Johnsen.
Writing - original draft: Simen Alexander Linge Johnsen.

Writing - review & editing: Jorg Bollmann, Christina Gebuehr, Jens O. Herrle.

References

1. Zeebe RE. History of Seawater Carbonate Chemistry, Atmospheric CO,, and Ocean Acidification.
Annual Review of Earth and Planetary Sciences. 2012; 40(1):141—-165. https://doi.org/10.1146/
annurev-earth-042711-105521

2. Caldeira K, Wickett ME. Oceanography: anthropogenic carbon and ocean pH. Nature. 2003; 425:365.
https://doi.org/10.1038/425365a PMID: 14508477

3. Gattuso JP, Frankignoulle M, Bourge |, Romaine S, Buddemeier RW. Effect of calcium carbonate satu-
ration of seawater on coral calcification. Global and Planetary Change. 1998; 18:37—46. https://doi.org/
10.1016/S0921-8181(98)00035-6

4. OrrJC, Fabry VJ, Aumont O, Bopp L, Doney SC, Feely RA, et al. Anthropogenic ocean acidification
over the twenty-first century and its impact on calcifying organisms. Nature. 2005; 437:681-686.
https://doi.org/10.1038/nature04095 PMID: 16193043

5. Waldbusser GG, Hales B, Langdon CJ, Haley BA, Schrader P, Brunner EL, et al. Saturation-state sen-
sitivity of marine bivalve larvae to ocean acidification. Nature Climate Change. 2015; 5(3):273-280.
https://doi.org/10.1038/nclimate2479

6. Riebesell U, Zondervan |, Rost B, Tortell PD, Zeebe RE, Morel FMM. Reduced calcification of marine
plankton in response to increased atmospheric CO,. Nature. 2000; 407: 364-367. https://doi.org/10.
1038/35030078

7. Berger WH. CO Increase and Climate Prediction: Clues from Deep-Sea Carbonates. Episodes. 1985;
8(3):163-168.

8. Westbroek P, Brown CW, van Bleijswijk J, Brownlee C, Jan G, Conte M, et al. A model system approach
to biological climate forcing. The example of Emiliania huxleyi. Global and Planetary Change. 1993;
8:27—46. https://doi.org/10.1016/0921-8181(93)90061-R

PLOS ONE | https://doi.org/10.1371/journal.pone.0220725 August 5, 2019 19/23


https://doi.org/10.1146/annurev-earth-042711-105521
https://doi.org/10.1146/annurev-earth-042711-105521
https://doi.org/10.1038/425365a
http://www.ncbi.nlm.nih.gov/pubmed/14508477
https://doi.org/10.1016/S0921-8181(98)00035-6
https://doi.org/10.1016/S0921-8181(98)00035-6
https://doi.org/10.1038/nature04095
http://www.ncbi.nlm.nih.gov/pubmed/16193043
https://doi.org/10.1038/nclimate2479
https://doi.org/10.1038/35030078
https://doi.org/10.1038/35030078
https://doi.org/10.1016/0921-8181(93)90061-R
https://doi.org/10.1371/journal.pone.0220725

@ PLOS|ONE

Relationship between coccolith length and thickness in Noelaerhabdaceae

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Rost B, Riebesell U. Coccolithophore calcification and the biological pump: response to environmental
changes. In: Thierstein HR, Young JR, editors. Coccolithophores: From Molecular Processes to Global
Impact. Berlin, Heidelberg, Germany: Springer; 2004. p. 99-126.

Milliman JD. Production and accumulation of calcium carbonate in the ocean: Budget of a nonsteady
state. Global Biogeochemical Cycles. 1993; 7(4):927-957. https://doi.org/10.1029/93GB02524

Buitenhuis E, Van Bleijswijk J, Bakker D, Veldhuis M. Trends in inorganic and organic carbon in a bloom
of Emiliania huxleyiin the North Sea. Marine Ecology Progress Series. 1996; 143(1-3):271-282.
https://doi.org/10.3354/meps143271

Armstrong RA, Lee C, Hedges JI, Honjo S, Wakeham SG. A new, mechanistic modelfor organic carbon
fluxes in the ocean based on the quantitative association of POC with ballast minerals. Deep Sea
Research Part II: Topical Studies in Oceanography. 2002; 49:219-236. https://doi.org/10.1016/S0967-
0645(01)00101-1

Klaas C, Archer DE. Association of sinking organic matter with various types of mineral ballast in the
deep sea: Implications for the rain ratio. Global Biogeochemical Cycles. 2002; 16(4):63—1-63-14.
https://doi.org/10.1029/2001GB001765

Iglesias-Rodriguez MD, Halloran PR, Rickaby REM, Hall IR, Colmenero-Hidalgo E, Gittins JR, et al.
Phytoplankton Calcification in a High-CO, World. Science. 2008; 320(5874):336—340. https://doi.org/
10.1126/science.1154122 PMID: 18420926

Engel A, Zondervan |, Aerts K, Beaufort L, Benthien A, Chou L, et al. Testing the direct effect of CO,
concentration on a bloom of the coccolithophorid Emiliania huxleyiin mesocosm experiments. Limnol-
ogy and Oceanography. 2005; 50(2):493-507. https://doi.org/10.4319/10.2005.50.2.0493

Oviedo AM, Ziveri P, Gazeau F. Coccolithophore community response to increasing pCO, in Mediterra-
nean oligotrophic waters. Estuarine, Coastal and Shelf Science. 2017; 186:58-71. https://doi.org/10.
1016/j.ecss.2015.12.007

Beaufort L, Probert |, de Garidel-Thoron T, Bendif EM, Ruiz-Pino D, Metzl N, et al. Sensitivity of cocco-
lithophores to carbonate chemistry and ocean acidification. Nature. 2011; 476:80-83. https://doi.org/
10.1038/nature 10295 PMID: 21814280

Smith HEK, Tyrrell T, Charalampopoulou A, Dumousseaud C, Legge OJ, Birchenough S, et al. Predomi-
nance of heavily calcified coccolithophores at low CaCOj3 saturation during winter in the Bay of Biscay.
Proceedings of the National Academy of Sciences of the United States of America. 2012; 109(23):8845—
9. https://doi.org/10.1073/pnas.1117508109 PMID: 22615387

Charalampopoulou A, Poulton AJ, Bakker DCE, Lucas MI, Stinchcombe MC, Tyrrell T. Environmental
drivers of coccolithophore abundance and calcification across Drake Passage (Southern Ocean). Bio-
geosciences. 2016; 13:5917-5935. https://doi.org/10.5194/bg-13-5917-2016

Fabry VJ, Balch WM. Direct measurements of calcification rates in planktonic organisms. In: Riebesell
U, Fabry VJ, Hansson L, Gattuso JP, editors. Guide to best practices for ocean acidification research
and data reporting. Luxembourg; 2010. p. 201-212.

Young JR, Poulton AJ, Tyrrell T. Morphology of Emiliania huxleyi coccoliths on the northwestern Euro-
pean shelf—is there an influence of carbonate chemistry? Biogeosciences. 2014; 11:4771-82. https:/
doi.org/10.5194/bg-11-4771-2014

Ledn P, Walsham P, Bresnan E, Hartman SE, Hughes S, Mackenzie K, et al. Seasonal variability of the
carbonate system and coccolithophore Emiliania huxleyi at a Scottish Coastal Observatory monitoring
site. Estuarine, Coastal and Shelf Science. 2018; 202:302-314. https://doi.org/10.1016/j.ecss.2018.
01.011

Beaufort L. Weight estimates of coccoliths using the optical properties (birefringence) of calcite. Micro-
paleontology. 2005; 51(4):289-298. https://doi.org/10.2113/gsmicropal.51.4.289

Bollmann J. Technical Note: Weight approximation of coccoliths using a circular polarizer and interfer-
ence colour derived retardation estimates—(The CPR Method). Biogeosciences. 2014; 11:1899-1910.
https://doi.org/10.5194/bg-11-1899-2014

Beaufort L, Heussner S. Coccolithophorids on the continental slope of the Bay of Biscay—Production,
transport and contribution to mass fluxes. Deep-Sea Research Part II: Topical Studies in Oceanogra-
phy. 1999; 46(10):2147-2174. https://doi.org/10.1016/S0967-0645(99)00058-2

Young JR, Ziveri P. Calculation of coccolith volume and its use in calibration of carbonate flux estimates.
Deep-Sea Research Part II: Topical Studies in Oceanography. 2000; 47(9-11):1679-1700. https://doi.
0rg/10.1016/S0967-0645(00)00003-5

Bollmann J. Technical Note: Weight approximation of coccoliths using a circular polarizer and interfer-
ence colour derived retardation estimates—(The CPR Method). Biogeosciences Discussions. 2013;
10:11155-11179. https://doi.org/10.5194/bgd-10-11155-2013

PLOS ONE | https://doi.org/10.1371/journal.pone.0220725 August 5, 2019 20/23


https://doi.org/10.1029/93GB02524
https://doi.org/10.3354/meps143271
https://doi.org/10.1016/S0967-0645(01)00101-1
https://doi.org/10.1016/S0967-0645(01)00101-1
https://doi.org/10.1029/2001GB001765
https://doi.org/10.1126/science.1154122
https://doi.org/10.1126/science.1154122
http://www.ncbi.nlm.nih.gov/pubmed/18420926
https://doi.org/10.4319/lo.2005.50.2.0493
https://doi.org/10.1016/j.ecss.2015.12.007
https://doi.org/10.1016/j.ecss.2015.12.007
https://doi.org/10.1038/nature10295
https://doi.org/10.1038/nature10295
http://www.ncbi.nlm.nih.gov/pubmed/21814280
https://doi.org/10.1073/pnas.1117508109
http://www.ncbi.nlm.nih.gov/pubmed/22615387
https://doi.org/10.5194/bg-13-5917-2016
https://doi.org/10.5194/bg-11-4771-2014
https://doi.org/10.5194/bg-11-4771-2014
https://doi.org/10.1016/j.ecss.2018.01.011
https://doi.org/10.1016/j.ecss.2018.01.011
https://doi.org/10.2113/gsmicropal.51.4.289
https://doi.org/10.5194/bg-11-1899-2014
https://doi.org/10.1016/S0967-0645(99)00058-2
https://doi.org/10.1016/S0967-0645(00)00003-5
https://doi.org/10.1016/S0967-0645(00)00003-5
https://doi.org/10.5194/bgd-10-11155-2013
https://doi.org/10.1371/journal.pone.0220725

@ PLOS|ONE

Relationship between coccolith length and thickness in Noelaerhabdaceae

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Bollmann J. Interactive comment on “Technical Note: Weight approximation of single coccoliths inferred
from retardation estimates using a light microscope—(the CPR Method)” by J. Bollmann. Biogeos-
ciences Discussions. 2013; 10:C6961-C6981. https://doi.org/10.5194/bgd-10-11155-2013

Bollmann J. Interactive comment on “Technical Note: Weight approximation of single coccoliths inferred
from retardation estimates using a light microscope—(the CPR Method)” by J. Bollmann. Biogeos-
ciences Discussions. 2013; 10:C6989-C6994. https://doi.org/10.5194/bgd-10-11155-2013

Lochte AA. Single Coccolith Weight Estimates on Cultured Gephyrocapsa oceanica [Master’s thesis].
Uppsala University; 2014.

Gonzalez-Lemos S, Guitian J, Fuertes MA, Flores JA, Stoll HM. Technical note: An empirical method
for absolute calibration of coccolith thickness. Biogeosciences. 2018; 15:1079-1091. https://doi.org/10.
5194/bg-15-1079-2018

Baumann KH, Béckel B, Frenz M. Coccolith contribution to South Atlantic carbonate sedimentation. In:
Young JR, Thierstein HR, editors. Coccolithophores: From Molecular Processes to Global Impact. Ber-
lin Heidelberg, Germany: Springer; 2004. p. 367—-402.

Suchéras-Marx B, Henderiks J. Downsizing the pelagic carbonate factory: Impacts of calcareous nan-
noplankton evolution on carbonate burial over the past 17 million years. Global and Planetary Change.
2014; 123(PA):97-109. https://doi.org/10.1016/j.gloplacha.2014.10.015

Paasche E, Brubak S, Skattebgl S, Young JR, Green JC. Growth and calcification in the coccolitho-
phorid Emiliania huxleyi (Haptophyceae) at low salinities. Phycologia. 1996; 35(5):394—403. https://doi.
org/10.2216/i0031-8884-35-5-394.1

Green JC, Heimdal BR, Paasche E, Moate R. Changes in calcification and the dimensions of coccoliths
of Emiliania huxleyi (Haptophyta) grown at reduced salinities. Phycologia. 1998; 37(2):121-131.
https://doi.org/10.2216/i0031-8884-37-2-121.1

Bollmann J, Herrle JO. Morphological variation of Emiliania huxleyiand sea surface salinity. Earth and
Planetary Science Letters. 2007; 255(3-4):273-288. https://doi.org/10.1016/j.epsl.2006.12.029

Bollmann J, Herrle JO, Cortés MY, Fielding SR. The effect of sea water salinity on the morphology of
Emiliania huxleyiin plankton and sediment samples. Earth and Planetary Science Letters. 2009;
284(3-4):320-328. https://doi.org/10.1016/j.epsl.2009.05.003

Fielding SR, Herrle JO, Bollmann J, Worden RH, Montagnes DJS. Assessing the applicability of Emilia-
nia huxleyi coccolith morphology as a sea-surface salinity proxy. Limnology and Oceanography. 2009;
54(5):1475-1480. https://doi.org/10.4319/10.2009.54.5.1475

Saruwatari K, Satoh M, Harada N, Suzuki |, Shiraiwa Y. Change in coccolith size and morphology due
to response to temperature and salinity in coccolithophore Emiliania huxleyi (Haptophyta) isolated from
the Bering and Chukchi seas. Biogeosciences. 2016; 13:2743-2755. https://doi.org/10.5194/bg-13-
2743-2016

Young JR, Geisen M, Cros L, Kleijne A, Sprengel C, Probert |, et al. A guide to extant coccolithophore
taxonomy. Special Issue 1. Bremerhaven, Germany: International Nannoplankton Association;
2003.

Bollmann J. Morphology and biogeography of Gephyrocapsa coccoliths in Holocene sediments. Marine
Micropaleontology. 1997; 29(3-4):319-350. https://doi.org/10.1016/S0377-8398(96)00028-X

Guillard RRL, Ryther JH. Studies of marine planktonic diatoms I. Cyclotella nana Hustedt, and Detonula
Confervacea (Cleve) Gran. Canadian Journal of Microbiology. 1962; 8(2):229-239. https://doi.org/10.
1139/m62-029 PMID: 13902807

Craig DB. The Benford plate. The American Mineralogist. 1961; 46(May-June):757—-758.

Linge Johnsen SA, Bollmann J, Lee HW, Zhou Y. Accurate representation of interference colours
(Michel-Lévy chart): from rendering to image colour correction. Journal of Microscopy. 2018; 269
(3):321-337. https://doi.org/10.1111/jmi.12641 PMID: 28940444

Swann MM, Mitchison JM. Refinements in polarized light microscopy. The Journal of experimental biol-
ogy. 1950; 27(2):226-37. PMID: 14794857

Hansen EW. Overcoming Polarization Aberrations In Microscopy. Conference Proceedings of SPIE.
1988; 891:190-197. https://doi.org/10.1117/12.944306

Canny J. A computational approach to edge detection. IEEE transactions on pattern analysis and
machine intelligence. 1986; 8(6):679-698. https://doi.org/10.1109/TPAMI|.1986.4767851 PMID:
21869365

Deriche R. Using Canny’s criteria to derive a recursively implemented optimal edge detector. Interna-
tional Journal of Computer Vision. 1987; 1(2):167—187. https://doi.org/10.1007/BF00123164

Bell S. A Beginner's Guide to Uncertainty of Measurement. Measurement Good Practice Guide. 1999;
11(2):1-33.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220725 August 5, 2019 21/23


https://doi.org/10.5194/bgd-10-11155-2013
https://doi.org/10.5194/bgd-10-11155-2013
https://doi.org/10.5194/bg-15-1079-2018
https://doi.org/10.5194/bg-15-1079-2018
https://doi.org/10.1016/j.gloplacha.2014.10.015
https://doi.org/10.2216/i0031-8884-35-5-394.1
https://doi.org/10.2216/i0031-8884-35-5-394.1
https://doi.org/10.2216/i0031-8884-37-2-121.1
https://doi.org/10.1016/j.epsl.2006.12.029
https://doi.org/10.1016/j.epsl.2009.05.003
https://doi.org/10.4319/lo.2009.54.5.1475
https://doi.org/10.5194/bg-13-2743-2016
https://doi.org/10.5194/bg-13-2743-2016
https://doi.org/10.1016/S0377-8398(96)00028-X
https://doi.org/10.1139/m62-029
https://doi.org/10.1139/m62-029
http://www.ncbi.nlm.nih.gov/pubmed/13902807
https://doi.org/10.1111/jmi.12641
http://www.ncbi.nlm.nih.gov/pubmed/28940444
http://www.ncbi.nlm.nih.gov/pubmed/14794857
https://doi.org/10.1117/12.944306
https://doi.org/10.1109/TPAMI.1986.4767851
http://www.ncbi.nlm.nih.gov/pubmed/21869365
https://doi.org/10.1007/BF00123164
https://doi.org/10.1371/journal.pone.0220725

@ PLOS|ONE

Relationship between coccolith length and thickness in Noelaerhabdaceae

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

R Core Team. R: A Language and Environment for Statistical Computing; 2017. Available from: https:/
www.r-project.org/.

Fox J, Weisberg S. An R Companion to Applied Regression; 2011. Available from: https://
socialsciences.mcmaster.ca/jfox/Books/Companion/.

Pefa EA, Slate EH. gvima: Global Validation of Linear Models Assumptions; 2014. Available from:
https://cran.r-project.org/package=gvima.

Pefa EA, Slate EH. Global validation of linear model assumptions. Journal of the American Statistical
Association. 2006; 101(473):341-354. https://doi.org/10.1198/016214505000000637 PMID:
20157621

O’Dea SA, Gibbs SJ, Bown PR, Young JR, Poulton AJ, Newsam C, et al. Coccolithophore calcification
response to past ocean acidification and climate change. Nature communications. 2014; 5:5363.
https://doi.org/10.1038/ncomms6363 PMID: 25399967

McClelland HLO, Barbarin N, Beaufort L, Hermoso M, Ferretti P, Greaves M, et al. Calcification
response of a key phytoplankton family to millennial-scale environmental change. Scientific Reports.
2016; 6:34263. https://doi.org/10.1038/srep34263 PMID: 27677230

Young JR, Westbroek P. Genotypic variation in the coccolithophorid species Emiliania huxleyi. Marine
Micropaleontology. 1991; 18:5-23. https://doi.org/10.1016/0377-8398(91)90004-P

Medlin LK, Barker GLA, Campbell L, Green JC, Hayes PK, Marie D, et al. Genetic characterisation of
Emiliania huxleyi (Haptophyta. Journal of Marine Systems. 1996; 9:13-31. https://doi.org/10.1016/
0924-7963(96)00013-9

Schroeder DC, Biggi GF, Hall M, Davy J, Martinez JM, Richardson AJ, et al. A genetic marker to sepa-
rate Emiliania huxleyi (Prymnesiophyceae) morphotypes. Journal of Phycology. 2005; 41(4):874-879.
https://doi.org/10.1111/j.1529-8817.2005.04188.x

Hagino K, Bendif EM, Young JR, Kogame K, Probert |, Takano Y, et al. New evidence for morphological
and genetic variation in the cosmopolitan coccolithophore Emiliania huxleyi (Prymnesiophyceae) from
the COX1b-ATP4 genes. Journal of Phycology. 2011; 47(5):1164—1176. https://doi.org/10.1111/j.
1529-8817.2011.01053.x PMID: 27020197

Watabe N, Wilbur KM. Effects of temperature on growth, calcification, and coccolith form in Coccolithus
huxleyi (Coccolithineae). Limnology and Oceanography. 1966; 11(4):567-575. https://doi.org/10.4319/
10.1966.11.4.0567

Rosas-Navarro A, Langer G, Ziveri P. Temperature affects the morphology and calcification of Emiliania
huxleyi strains. Biogeosciences. 2016; 13:2913-2926. https://doi.org/10.5194/bg-13-2913-2016

Batvik H, Heimdal BR, Fagerbakke KM, Green JC. Effects of unbalanced nutrient regime on coccolith
morphology and size in Emiliania huxleyi (Prymnesiophyceae). European Journal of Phycology. 1997;
32(2):155-165. https://doi.org/10.1080/09670269710001737089

Paasche E. Roles of nitrogen and phosphorus in coccolith formation in Emiliania huxleyi (Prymnesio-
phyceae). European Journal of Phycology. 1998; 33(1):33—42. https://doi.org/10.1080/
09670269810001736513

Jones BM, Iglesias-Rodriguez MD, Skipp PJ, Edwards RJ, Greaves MJ, Young JR, et al. Responses of
the Emiliania huxleyi proteome to ocean acidification. PLoS ONE. 2013; 8(4):e61868. https://doi.org/
10.1371/journal.pone.0061868 PMID: 23593500

von Dassow P, Diaz-Rosas F, Bendif EM, Gaitan-Espitia J-D, Mella-Flores D, Rokitta S, et al. Over-cal-
cified forms of the coccolithophore Emiliania huxleyiin high-CO, waters are not preadapted to ocean
acidification. Biogeosciences. 2018; 15:1515-1534. https://doi.org/10.5194/bg-15-1515-2018

Zondervan |, Rost B, Riebesell U. Effect of CO, concentration on the PIC/POC ratio in the coccolitho-
phore Emiliania huxleyi grown under light-limiting conditions and different daylengths. Journal of Experi-
mental Marine Biology and Ecology. 2002; 272:55-70. https://doi.org/10.1016/S0022-0981(02)00037-0

Fiorini S, Middelburg JJ, Gattuso J-P. Testing the effects of elevated pCO, on coccolithophores (Prym-
nesiophyceae): comparison between haploid and diploid life stages. Journal of Phycology. 2011;
47:1281-1291. https://doi.org/10.1111/j.1529-8817.2011.01080.x PMID: 27020352

Gibbs SJ, Poulton AJ, Bown PR, Daniels CJ, Hopkins J, Young JR, et al. Species-specific growth
response of coccolithophores to Palaeocene-Eocene environmental change. Nature Geoscience.
2013; 6:218-222. https://doi.org/10.1038/ngeo1719

Bollmann J, Klaas C, Brand LE. Morphological and Physiological Characteristics of Gephyrocapsa
oceanica var. typica Kamptner 1943 in Culture Experiments: Evidence for Genotypic Variability. Protist.
2010; 161(1):78-90. https://doi.org/10.1016/j.protis.2009.08.002 PMID: 19836304

Langer G, Geisen M, Baumann KH, Klas J, Riebesell U, Thoms S, et al. Species-specific responses of
calcifying algae to changing seawater carbonate chemistry. Geochemistry, Geophysics, Geosystems.
2006; 7(9). https://doi.org/10.1029/2005GC001227

PLOS ONE | https://doi.org/10.1371/journal.pone.0220725 August 5, 2019 22/23


https://www.r-project.org/
https://www.r-project.org/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://cran.r-project.org/package=gvlma
https://doi.org/10.1198/016214505000000637
http://www.ncbi.nlm.nih.gov/pubmed/20157621
https://doi.org/10.1038/ncomms6363
http://www.ncbi.nlm.nih.gov/pubmed/25399967
https://doi.org/10.1038/srep34263
http://www.ncbi.nlm.nih.gov/pubmed/27677230
https://doi.org/10.1016/0377-8398(91)90004-P
https://doi.org/10.1016/0924-7963(96)00013-9
https://doi.org/10.1016/0924-7963(96)00013-9
https://doi.org/10.1111/j.1529-8817.2005.04188.x
https://doi.org/10.1111/j.1529-8817.2011.01053.x
https://doi.org/10.1111/j.1529-8817.2011.01053.x
http://www.ncbi.nlm.nih.gov/pubmed/27020197
https://doi.org/10.4319/lo.1966.11.4.0567
https://doi.org/10.4319/lo.1966.11.4.0567
https://doi.org/10.5194/bg-13-2913-2016
https://doi.org/10.1080/09670269710001737089
https://doi.org/10.1080/09670269810001736513
https://doi.org/10.1080/09670269810001736513
https://doi.org/10.1371/journal.pone.0061868
https://doi.org/10.1371/journal.pone.0061868
http://www.ncbi.nlm.nih.gov/pubmed/23593500
https://doi.org/10.5194/bg-15-1515-2018
https://doi.org/10.1016/S0022-0981(02)00037-0
https://doi.org/10.1111/j.1529-8817.2011.01080.x
http://www.ncbi.nlm.nih.gov/pubmed/27020352
https://doi.org/10.1038/ngeo1719
https://doi.org/10.1016/j.protis.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19836304
https://doi.org/10.1029/2005GC001227
https://doi.org/10.1371/journal.pone.0220725

@ PLOS | O N E Relationship between coccolith length and thickness in Noelaerhabdaceae

71. Langer G, Probert |, Nehrke G, Ziveri P. The morphological response of Emiliania huxleyito seawater
carbonate chemistry changes: an inter-strain comparison. Journal of Nannoplankton Research. 2011;
32(1):29-34.

72. Langer G, Benner |. Effect of elevated nitrate concentration on calcification in Emiliania huxleyi. Journal
of Nannoplankton Research. 2009; 30(2):77-80.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220725 August 5, 2019 23/23


https://doi.org/10.1371/journal.pone.0220725

