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Supplementary Figures 

 

Supplementary Figure 1. Spatial distribution of surface sediment samples (red dots) overlaid 

on a map generated using Ocean Data View 1. The bathymetry from ETOPO5 2 is incorporated 

by ODV for the map representation. See the list with complete sample reference name in the 

Supplementary Table 1. 

 

Supplementary Figure 2 (Figure S2). Vertical distribution of surface sediment samples 

(white dots) represented over a map of salinity generated using the webODV Explore service 
3. The salinity data correspond to the A16 Atlantic transect from the World Ocean Circulation 

Experiment (WOCE) 4. Abbreviations indicate water masses: CDW: Circumpolar Deep Water; 

AAIW: Antarctic Intermediate Water; AABW: Antarctic Bottom Water; NEABW: Northeast 

Atlantic Bottom Water; MOW: Mediterranean Outflow Water; NADW: North Atlantic Deep 

Water and SAIW: Subarctic Intermediate Water. See the list with complete sample reference 

name in the Supplementary Table 1. 
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Supplementary Figure 3. Representation of surface sediment samples (white dots) overlaid  

maps showing a) the distribution of global solid surface sediment calcium carbonate data 

(CaCO₃; %); and b) the estimated global solid surface sediment mean accumulation rates (g 

cm2 kyr-1). The maps in were sourced from the Integrated Data Sets of the EU FP5 Research 

Project ORFOIS database 5. All ORFOIS data related to global solid surface sediment calcium 

carbonate %, in a) and global solid surface sediment mean accumulation rate estimates, in b) 

corresponds to the citation set compiled in: http://orfois.wdc-mare.org/AR_References.php and 

http://orfois.wdc-mare.org/CaCO3_References.php, respectively.  

 

 

http://orfois.wdc-mare.org/AR_References.php
http://orfois.wdc-mare.org/CaCO3_References.php
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Supplementary Figure 4. Cross correlation relationship between coccolith morphometric 

parameters a) Size (μm) and mass (pg) b) Size (μm) and Thickness (μm) and c) Size (μm) and 

Size Normalized (SN) Thickness (μm). Taxa are color-coded as follows: small Gephyrocapsa 

(dark green; n = 920); large Gephyrocapsa (purple; n = 516); Helicosphaera spp. (orange; n = 

334); Calcidiscus spp. (yellow; n = 454) and C. pelagicus (blue; n = 511). 
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Supplementary Figure 5. Latitudinal variability in profiles of Size (μm) and Size Normalized 

(SN) Thickness (μm) for the coccolithophore taxa analyzed in this study. a) and b) small 

Gephyrocapsa; c) and d) large Gephyrocapsa; e) and f) Helicosphaera spp.; g) and h) 

Calcidiscus spp.; i) and j) C. pelagicus. Dots represent average values at each sampling point, 

and dashed lines indicate standard deviation (stdv.) values.  
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Supplementary Figure 6. Latitudinal variability in profiles of Size Normalized (SN) 

Thickness (μm) and elliptical shape factor (kse; dimensionless) for the coccolithophore taxa 

analyzed in this study. a) small Gephyrocapsa; b) large Gephyrocapsa; c) Helicosphaera spp.; 

d) Calcidiscus spp. and e) C. pelagicus. Solid lines connect average values at each sampling 

point, and dashed lines represent standard deviation (stdv.) values. 
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Supplementary Figure 7. Latitudinal variability in the relative representation (%) of the 

different coccolithophore species within the studied assemblages (grey dots) and their relative 

contribution to coccolithophore calcite (orange: taxa belonging to the low PIC/POC group; 

blue: taxa belonging to the high PIC/POC group). a) small Gephyrocapsa; b) large 

Gephyrocapsa; c) Helicosphaera spp., d) Calcidiscus spp. and e) C. pelagicus. 
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Supplementary Figure 8. Comparison between primary productivity estimates and growth 

rate () parametrizations. a) Primary productivity from the absolute abundance of coccoliths 

in sediments (N; coccolith x108 g-1); Size-based derivation of taxa-specific  for b) small 

Gephyrocapsa and c) large Gephyrocapsa (low PIC/POC group) with the formula by Zhang et 

al. 6; d-f) Parametrizations of  based in surface environmental parameters: surface phosphate 

concentration ([PO4]; mol/L), surface CO2 concentration ([CO2]; mol/kg) and Sea Surface 

Temperatures (SST; C), calculated with the formula by Krumhardt et al. 7; g)  

parametrization with the integrated effect of [PO4], [CO2] and SST parameters 7. 

Environmental parameter values were extracted from databases GLODAPv2.2023 8,9,10 and 

WOA 11,12. Values are summarized in the Supplementary Table 4 (see Methods in Main Text 

for calculations). 
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Supplementary Figure 9. Cross correlation relationship between micropaleontological 

coccolith absolute abundances (N; coccolith x108 g-1) and Size Normalized (SN) Thickness 

(μm) for the high PIC/POC coccolithophore taxa: a) Helicosphaera spp.; b) Calcidiscus spp. 

and c) C. pelagicus.  
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Supplementary Figure 10. Representation of the relative (%) contribution to coccolithophore 

calcite of a) low PIC/POC group (orange) and high PIC/POC group (blue), compared with 

environmental parameters discussed in the Main Text: b) Sea Surface Temperatures (SST; C); 

c) Mixed layer depth (m); d) surface phosphate concentration ([PO4]; μmol/L); e) surface 

seawater carbon isotopic ratio of DIC (13CDIC; ‰); f) surface bicarbonate concentration 

([HCO3
-]; μmol/kg); g) surface CO2 concentration ([CO2]; μmol/kg) and h) the ratio of 

Dissolved Inorganic Carbon to Total Alkalinity (DIC/TA ratio). The bimodal regime, with a 

boundary at ~40 N, is indicated by a vertical dashed line; values of SST, [PO4], [CO2] and 

DIC/TA ratio at this boundary are indicated by arrows on the corresponding axes. 

Environmental parameter values were extracted from databases GLODAPv2.2023 8,9,10 , WOA 
11,12 and from Eide et al. 13 (see Methods in Main Text for calculations). 
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Supplementary Figure 11. a) Correspondence between Sea Surface Salinities (SSS; PSU) and 

surface Total Alkalinity (TA; μmol/kg) across latitudes. Environmental SSS and TA values 

were extracted from a high-resolution dataset at a fixed depth of 100 meters from World Ocean 

Atlas (WOA) 11,12 ; b) Map showing the latitudes used for representation generated using Ocean 

Data View 1. The bathymetry from ETOPO5 2 is incorporated by ODV for the map 

representation. 
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Supplementary Tables  

 

Supplementary Table 1. Metadata information of samples in this study: Complete sample 

reference name from repository, oceanographic expedition, latitude, longitude and water depth. 

 

 



 13 

 



 14 

 

Supplementary Table 2. Summary of age information for the samples analyzed in this 

study. For each sample: reference name, drilling/core type, estimated sample age, the protocol 

used for age assignment in previous studies, and the corresponding references. The references 

cited corresponds to the study in which the age-assignment protocol was applied and from 

which the assumed age range was derived. Extended information is included in Methods S1.  

 

 

Supplementary Table 3. Correlation analysis between the values of saturation of calcite at 

depth (Ω Calcite depth) and the morphometric parameter of Size (μm) and the calcification index 

SN Thickness (μm).  
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Supplementary Table 4. Set of surface environmental parameters used in this study. Data 

values are extracted from Eide et al.13 and the databases GLODAPv2.2023 8,9,10 and WOA 11,12. 

Details on extraction methods, corrections and calculations are provided in the main text 

Methods section. 
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Supplementary Table 5. Correlation analysis between the growth rate parametrizations ( ) 

in this study.  

Supplementary Methods  

Supplementary Methods 1. Age information. 

A majority of the surface sediment samples used in this study have been previously analyzed 

in the context of proxy calibration (NEAP 1B, RAPID 13-9B, NEAP 7B, NEAP 16B, RAPID 

38-27B, NEAP 20B, M35/1_10-2 and GeoB2130-1) 14-18, evaluated against modern 

environmental conditions (GeoB5002-1, GeoB2130-1) 19,20 and/or dated using absolute age 

constraints (GeoB6007-1, GeoB9501-4 and GeoB2109-3) 21-24. For some samples (GeoB5538-

2, GeoB7011-2, and GeoB2109-3), available age determinations, considered in our study, are 

based on the correspondence with nearby well-dated records reported in previous studies 25-27. 

A similar approach is applied here for samples GeoB15629-1, SHAK09, SHAK06, SHAK12, 

and M24/1_8-1, using reference sites with independently established chronologies 22, 28-30. In 

summary, the surface sediment samples analyzed in this study represent relatively modern 

conditions, with maximum estimated ages falling within the late Holocene. The supplementary 

Table S2 summarizes the relevant references, methods, and age estimates for all samples. 

Supplementary Methods 2. Calculation of calcification indexes: Size Normalized (SN) 

Thickness, elliptical shape factor (kse) and morphometric PIC/POC. 

To evaluate changes in coccolith thickness within each coccolith group analyzed in this study, 

the values of thickness are normalized by following the calculation for Size Normalized (SN) 

Thickness protocol, as proposed by O’Dea et al. 31: 

 

         SN Thickness = [(ML – CL) * S] + CT                        (1) 

 

ML = mean coccolith length; CL = length of each individual coccolith in sample; S = slope of 

the regression between coccolith length and coccolith thickness for all coccoliths in sample; 

CT = original thickness of each individual coccolith in sample. Values of length correspond to 

the size of the coccolith major axis.  

 The shape factor (ks) is a dimensionless estimate of the fraction of a cube of a given 

side length that is occupied by the volume of a coccolith 32. In this study, the shape factor is 

calculated relative to the volume of an ellipsoid defined by the length of the major and minor 

axes of the coccolith, referred as elliptical shape factor (kse) 33. This provides a more accurate 

estimate, as it accounts for the natural elliptical shape of most coccoliths: 

 

𝑘𝑠𝑒 =  
𝑣

4

3
𝜋

𝑙

2
(

𝑤

2
)2

                                                              (2) 

 

 l = length (i.e., size major axis); w = width (i.e., size minor axis). 
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The inorganic/organic carbon ratio (PIC/POC) integrates the rates of calcification to 

photosynthesis 34. For the calculation of this parameter in low PIC/POC taxa (i.e., small and 

large Gephyrocapsa), we use the morphometric measurements of coccolith length and 

thickness. Following the approach by Bolton et al. 35, POC/cell is estimated based on cellular 

carbon quotas 36, derived from cell radius and surface area calculations from coccolith length. 

PIC/cell is calculated from PIC/surface area estimates from coccolith thickness, based in the 

regression for Noelaerhabdaceae coccoliths 37, to which the low PIC/POC taxa belong. This 

parameter is expressed as pg inorganic carbon / organic carbon (pg C inorg. / org.). 

 

Supplementary Methods 3. Mass calculations 

The structure of the coccoliths produced by Gephyrocapsa (low PIC/POC group) is composed 

by radially oriented crystal units (i.e., R units). In contrast, coccoliths produced by the high 

PIC/POC groups, Helicosphaera spp., Calcidiscus spp. and C. pelagicus, are variably 

composed of two distinct crystal unit types: the radially oriented, R Units, and the vertically 

oriented, V units 38. The different birefringence properties of these type of units may introduce 

some bias in the two dimensional morphometric estimates (i.e., volume) of coccoliths 

composed by mixed crystal unit structures when using a surface-birefringence based method 
39. Although this does not limit our assessment of within-species variability, it may introduce 

a degree of methodological bias in the absolute mass quantification of the high PIC/POC 

groups. To better account for this potential influence on mass estimates, we complemented our 

analysis with the independent protocol developed by Young and Ziveri 32. To apply this 

approach, we used the average size measurements, derived from C-Calcita, along with group-

specific recommended ks value (Helicosphaera spp. = 0.05; Calcidiscus spp. = 0.08; C. 

pelagicus = 0.06; Gephyrocapsa = 0.05) 32. Because this method relies on a constant, literature-

based, ks value that does not vary among samples, it also carries its own, and potentially larger, 

sources of uncertainty. All calculations of calcite mass have been performed with both methods 

and, despite the different uncertainties, the differences in trends and environmental 

relationships with mass from each method are negligible. This study does not aim to quantify 

absolute CaCO3 contributions; therefore, these methodological uncertainties do not represent a 

limitation for our purposes. What is essential is the consistent use of mass values calculated 

with the same method for both calcifying groups (low and high PIC/POC), ensuring that 

interdependent relative contributions to coccolithophore CaCO3 remain methodologically 

coherent. For all figures in the Main Text and Supplements, masses derived from C-calcita 

have been used. 

Supplementary Notes 

Supplementary Notes 1. Evaluation of preservation and representativeness of surface 

sediments 

Building on the general good preservation characteristics of the studied settings (namely 

shallow water depths above the Atlantic Carbonate Compensation Depth and Ω Calcite depth states 

consistently above undersaturation thresholds, Main Text and Table S4), we performed 

additional assessments to further evaluate the preservation state of the surface sediments and 

the robustness of the micropaleontological and morphometric signal. 

 First, the dominance of the small Gephyrocapsa group, accounting for over 70% of the 

total assemblage in our samples (Supplementary Figure 7), strongly supports good preservation 

in the studied sediments. Dominance of this group (mostly composed by G. huxleyi, the 

formerly termed Emiliania huxleyi before Bendif et al. 40) is consistent with well-preserved 
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surface sediment records across the Atlantic 41,42 and with the composition of modern 

coccolithophore communities 43, in which this group also predominates. Due to their smaller 

size and thinner calcite structure, the coccoliths produced by this group are more prone to 

dissolution; in poorly preserved assemblages, they are often significantly underrepresented 44. 

Their clear dominance in our dataset, not only reflects their cosmopolitan distribution and wide 

ecological adaptability 45, but also serves as indicator of good preservation of assemblage 

structure. 

Additionally, the absence of significant correlations between group-specific 

morphometric parameters and indexes with the Ω Calcite depth (Supplementary Table 3) indicates 

that poor preservation/dissolution at the seabed does not exert a dominant control on those 

morphometric profiles and indexes. Ranges of size, mass, thickness, and SN Thickness in this 

study (Supplementary Figure 4) are consistent along groups with reference data from well-

preserved records analyzed with the application of the same image analysis methodology 
33,35,46-48. Sample selection at depths below the CCD, with a limited range of maximum depth 

and Ω Calcite depth variability and positioned well above the level of saturation of calcite 

(Supplementary Figure 2 and Table 4), appears to be an effective strategy to avoid poor 

preservation conditions affecting coccolith morphometries in more dissolution prone settings 

with a wider range of variability in depth and saturation states 49.  

The percentage of % CaCO3 in sediments along the studied regions remains stable, 

ranging between 40-60 % along most of the record (Supplementary Figure 3), with slight 

deviations from that range in full agreement with surface production patterns. Regions with 

CaCO3 values over 60 % are consistent with enhanced productivity values in computational 

estimates of yearly summed net Atlantic primary productivity 50,51. Low % CaCO3 below 40% 

at the Labrador Sea region agrees with overally reduced primary productivity and 

coccolithophore representation at this region in previous research 52. A sample exhibiting low 

% CaCO3 at the western boundary tropical region is located outside the accumulation rate 

maxima associated with Amazon river discharge (Supplementary Figure 3). While providing 

terrigenous supply (i.e., clay), the influence of Amazon plume is known to jointly lead surface 

ocean fertilization, resulting in high coccolithophore primary productivity at this region (see 

discussion in Gonzalez-Lanchas et al. 53). As such, reduced % CaCO3 in that regional domain 

could be considered to dominantly relate to reduced surface fertilization and primary 

productivity.  

Supplementary Notes 2. Coccolith morphometries  

A positive relationship is always observed between coccolith size and mass measurements for 

each of the studied taxa (Supplementary Figure 4). This correspondence builds on previous 

research targeting specimens belonging to both the low and high PIC/POC groups, in both 

nannofossil research 33,47 and culture-based experiments 54, and indicates a dominant control of 

size variability over coccolith mass change. A correspondence between coccolith size 

variability and thickness change is similarly observed for all the coccolithophore groups (Fig. 

S4). This relationship confirms the existence of a geometrically natural allometric control of 

size variability over thickness change 31, that is common to all the groups considered in this 

study.  

After calculating Size Normalized (SN) Thickness, we observe a decoupling between 

size variability and thickness change (Supplementary Figure 4), that confirms the 

normalization of allometric thickness change to size variability with this calculation 31.  
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Supplementary Notes 3. Latitudinal trends in assemblages and morphometry.  

The absolute abundances of the total coccolithophore assemblages (N Total) exhibit maximum 

values in the mid-latitudes to subtropical regions, located between the 50 to 20N and south 

the 20S (Figure 2), in agreement with both enhanced sedimentary % CaCO3 values 

(Supplementary Figure 3) and enhanced primary productivity in the computational estimates 

of yearly summed net Atlantic values 50,51. Together with the assessed non-dominant effect of 

dissolution (Supplementary Text 1), this correspondence supports the application of N as a 

qualitative indicator of the variability in surface primary productivity across the Atlantic, 

agreeing with classic application of this proxy in micropaleontological studies 55-59. The 

correspondence of production and distribution patterns of groups in this research with existing 

Holocene to modern studies 42,43,59-60 provides fidelity on the representativeness of our 

sedimentary data and the consideration of profiles as a mean for discussion of coccolithophore 

physiology. Below we separately describe the specific results from the two studied groups. 

The low PIC/POC group (primarily small Gephyrocapsa) is dominant across the 

studied latitudes with the exception of a sample at 55 N. This biogeographic distribution 

agrees with exiting characterizations from both surface sediments and water samples covering 

the Holocene to modern period in the Atlantic 42,43,61. In agreement with the computational 

primary production estimates 50,51, the primary productivity profile (i.e., N) of the dominant 

small Gephyrocapsa exhibit well the general trend of enhanced production conditions in the 

mid-latitudes to subtropical regions, with reduced production along the tropics and equator 

(Figures 2 and 3). The primary productivity profile of the large Gephyrocapsa group exhibit a 

highly similar trend, regardless the representation of this group in assemblages is lower (Figure 

2 and Supplementary Figure 7). Notably, the primary productivity profiles of each small and 

large Gephyrocapsa group show a tight correspondence with their respective calcification 

intensity patterns along latitudes (i.e., correspondence between N, SN Thickness and PIC/POC; 

Figure 2).  

The coccolithophore groups categorized as high PIC/POC producers, Helicosphaera 

spp., Calcidiscus spp. and C. pelagicus have a general minor representation over assemblages. 

Summed relative contributions are below 10 % along the record, with the exception of the mid 

to high latitude sector 40-55N in which an enhanced representation of Calcidiscus spp. and C. 

pelagicus is recorded (Figure 2 and Supplementary Figure 7). The maximum primary 

productivity values (i.e., N) of these three groups are restricted to latitudes north of 40N in 

this record (Figure 2). In particular, enhanced primary productivity of C. pelagicus are found 

in subpolar environments between, 55 to 65N, while elevated primary productivity of 

Calcidiscus spp. and Helicosphaera spp., are registered between 35° to 45N (Figure 2). This 

biogeographic distribution agrees with exiting characterizations from both surface sediments 

and water samples covering the Holocene to modern period in the Atlantic 42,43,59-63. 

There is a negative correspondence between the primary productivity profiles of the 

high PIC/POC taxa Calcidiscus spp. and C. pelagicus with their SN Thickness profiles (Figure 

2 and Supplementary Figure 9).  

Supplementary Notes 4. Coccolithophore sedimentary calcite concentration and group-

specific contribution  

Following the confirmation that N values serve as appropriate qualitative indicators of primary 

productivity and that coccolith morphometries are non-dominantly affected by dissolution, we 

interpret the coccolithophore sedimentary calcite concentrations as a reasonable approximation 

of coccolithophore calcite production (Figure 2 and Supplementary Figure 10). Still, our 

analysis does not involve evaluation of absolute quantifications, but rather focuses on 



 20 

latitudinal trends and the relative contributions between the coccolithophore groups considered 

and separately categorized as low and high PIC/POC producers. 

Coccolithophore calcite production follows the same trend as total primary 

productivity, with enhanced values at the mid-latitudes to subtropical regions, at latitudes 

between 50 to 20N and below the 20S. The high PIC/POC group is the dominant contributor 

at latitudes above ~40N in this record, with an increased role (>75 % contribution) towards 

the north. The low PIC/POC group is the dominant contributor at latitudes below ~40°N (>75 

% contribution; Figure 2 and Supplementary Figure 10). At those regions enhanced 

representation of the high PIC/POC group and reduced representation of the low PIC/POC 

group, reaching both comparable values, is just observed at a discrete sample at 8°S.  

There is a latitudinal correspondence between the profile of contribution of the low 

PIC/POC group to coccolithophore calcite production and the calcification intensity of the 

components within this group. Highly calcified and more productive specimens characterize 

the regions of enhanced contribution of this group to coccolithophore calcite. For its part, the 

profile of contribution of the high PIC/POC group to coccolithophore calcite production along 

latitudes does not show a latitudinal correspondence with the profiles of calcification intensity 

of the components within this group. Less calcified specimens, under conditions of enhanced 

productivity, characterize the regions of enhanced contribution of this group to coccolithophore 

calcite (Figure 2). 
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