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Text S1: Analysis of coccolithophore niche occupation

To investigate whether the simulated coccolithophore distribution captures different ecological niches of cocco-

lithophores observed in the ocean (e.g., Brun et al., 2015; O’Brien et al., 2016), we compared the model results

of the PRESENT_CO2 and the PRESENT simulations to a gridded product of global coccolithophore biomass

that is based on a statistical feed-forward neural network methodology and reveals the distribution of coccolitho-

phore clusters in the MAREDAT dataset (O’Brien, 2015). The niche analysis of O’Brien (2015) yields mixed-layer

averaged biomass of three coccolithophore clusters, namely a warm water cluster comprising 19 species, a cold

water cluster comprising three species, and a cluster consisting only of E. huxleyi, that are separated by their

preferred PAR, nitrate, silicate, excess phosphate, temperature, and mixed layer depth ranges. Both in the mixed

layer product used by O’Brien (2015) and in our model, the mixed layer depth is defined by a density criterion of

0.03 kg m−3 (de Boyer Montégut et al., 2004). Our model output yields 20–30 m deeper mixed layer depths in the

tropics and subtropics than the product used by O’Brien (2015), and similarly deep mixed layer depths further

north/south during the respective growing season at each hemisphere, except from parts of the Southern Ocean

where the gridded product of O’Brien (2015) displays a deeper summer mixed layer (not shown). We computed

the correlation of either zonally or monthly averaged coccolithophore biomass concentrations in the statistical

model for the three clusters and our modelled coccolithophore biomass. Due to possible spatial or temporal

mismatches between the statistical model and our model which can both be subject to biases (for the statistical

model discussed in O’Brien, 2015), we chose the Spearman correlation instead of the commonly used Pearson

correlation, as it assesses the monotonic relationship between two datasets and therefore omits mismatches

in space, time, and magnitude. For the comparison between our model and the statistical model, we are more

interested in general patterns and less in perfect spatial and temporal fits and total magnitudes of coccolithophore

biomass.

Spearman correlations are similar in the PRESENT and the PRESENT_CO2 simulation, and we focus here

on the comparison of the PRESENT simulation with the statistical model of O’Brien (2015). Zonally and monthly

averaged coccolithophore biomass concentrations in the mixed layer are higher in or model compared to the

statistical model, especially in the northern hemisphere and the equatorial region (Figure S4). This coincides

with the comparison to the MAREDAT dataset as shown in Section Representation of coccolithophores and

biogeochemical fluxes in FESOM-REcoM and Figure 3A. Additionally, we attribute locally higher biomass con-

centrations to a deeper mixed layer depth of our model compared to that of O’Brien (2015), especially in the

tropical and subtropical regions, and a coccolithophore distribution over a wide depth range (Figure S5), likely

capturing a larger share of total coccolithophore biomass than O’Brien (2015). The comparison between our

model and the sum of all clusters yields a Spearman correlation coefficient of 0.60 for the entire model grid.

The Spearman correlations with the three clusters separately (E. huxleyi, warm, cold) are 0.62, 0.55, and –0.02,



respectively, indicating that the bloom-forming E. huxleyi and the warm cluster are equally well represented by

our model, while the cold cluster is not represented. This is possibly because we excluded coccolithophore

growth in regions with temperatures <0◦C (Equation 3) and, thus, suppress coccolithophore occurence in most

parts of the Arctic and the Southern Ocean during winter. Fast bloom formation might thereby be impeded at

temperatures >0◦C in spring, and therefore a poor correlation with the cold cluster was to be expected. The

Spearman correlation of our model with the sum of the E. huxleyi and the warm cluster is 0.66. The fact that

the warm cluster is as well represented in our model as the E. huxleyi cluster makes us confident that our

model displays a broad variety of coccolithophore species, despite the bias towards E. huxleyi in our selection

of laboratory studies. To investigate the correlations with our model along both the spatial and temporal axes,

we calculated zonally averaged monthly coefficients and monthly averaged zonal coefficients for the summed E.

huxleyi and warm cluster (small panels in Figure S4F). Monthly Spearman correlations reveal that the coefficient

is lowest between January and April (<0.5). We attribute this to a longer bloom duration at 40–50◦S in our

model compared to the statistical model, as well as a spring bloom at 10–20◦N that is not visible in the statistical

model (Figure S4A). Latitudinal Spearman correlation is low where blooms in the model are shifted towards lower

latitudes compared to the statistical model, for example at 10◦N and 50–60◦S (Figure S4F).

Figure S1: Temperature sensitivities fT of coccolithophores, diatoms, and small phytoplankton. The
coccolithophore temperature sensitivity (fTcocco) follows Fielding (2013) and the diatom and small-phytoplankton
temperature sensitivity (fTArrhenius) follows Equations 3 and 4.



Figure S2: Function fits for growth rates of coccolithophores, diatoms, and small phytoplankton, as well
as (PIC:POC)cocco ratios. The graph indicates fits for the entire pCO2 range as shown in Figure 1, as well as fits
to subsets of laboratory measurements with <2000µatm and <1000µatm pCO2. Note that all laboratory data
points for small-phytoplankton growth are <2000µatm and, hence, the fit for the entire pCO2 range is similar to
the fit for the range <2000µatm pCO2. Because of the limited constraints of the diatom function fit for datapoints
<1000µatm pCO2, the shape of the curve is distorted.



Figure S3: Sensitivity of phytoplankton biomass towards the parameter choice of CO2 dependencies.
Mean phytoplankton biomass concentrations over the upper 150 m of the watercolumn in the PRESENT_CO2
simulation (middle column), and difference to simulations in which the parameters a, b, c, and d were modified
by –10% (left column) and +10% (right column), respectively. Note the different colorscales of coccolithophores
compared to diatoms and small phytoplankton.



Figure S4: Hovmöller plots of the mixed-layer mean coccolithophore biomass concentration Panels
(after Hovmöller, 1949) display (A) the PRESENT simulation (isolines in steps of 1.5 mg C m−3), and (B–F) the
statistical model of O’Brien (2015) (isolines in steps of 0.06 mg C m−3). Panel B depicts the sum of the cold, warm
and E. huxleyi cluster. Line plots at the left and bottom side of panel F visualize Spearman correlations that were
computed for each month over the entire latitudinal distribution, and for 5◦ latitudinal bins over all months (for bins
with data of minimum three months). White areas in the plots of the statistical model display regions with scarce
data coverage that were omitted from data interpolation.



Figure S5: Depth distribution in the upper 200 m of coccolithophore, diatom, and small-phytoplankton
biomass. Panels display mean biomass concentrations at each depth level in oceanic biomes after Fay and
McKinley (2014), displayed in logarithmic scale. Note that coccolithophores were omitted in ice regions because
of their low biomasses. SP = subpolar, ST = subtropic, SS = seasonal stratified, PS = permanent stratified.



Figure S6: Relative changes in surface chlorophyll-to-carbon ratios as well as chlorophyll and carbon
concentrations. Values are compared between the PRESENT_CO2 and the FUTURE_CO2 (right) simulation
in all focus regions introduced in Figure 7.



Table S1: (Part I) Reference included into the function fits for growth and calcification dependence.
Reference Species Region Temp.

(◦C)
pCO2opt (µatm) # CO2

levels
Coccolithophores
Bach et al. (2011) Emiliania huxleyi ? 15 198, 248, 440 >10
Bach et al. (2015) Coccolithus pelagicus ? 15 187, 251, 498 >10
Feng et al. (2017) Emiliania huxleyi New Zealand 14 180 6
Hermoso (2015) Coccolithus pelagicus ? 15 514 7
Hermoso (2015) Geophyrocapsa oceanica ? 15 166 9
Hoppe et al. (2011) Emiliania huxleyi Iceland 15 223 4
Hoppe et al. (2011) Emiliania huxleyi Iceland 15 440 4
Hoppe et al. (2011) Emiliania huxleyi New Zealand 15 148 4
Hoppe et al. (2011) Emiliania huxleyi New Zealand 15 276 4
Hoppe et al. (2011) Emiliania huxleyi New Zealand 15 577 4
Kottmeier et al. (2016) Emiliania huxleyi ? 15 356, 595, 1242 3
Krug et al. (2011) Coccolithus braarudii South Atlantic 17 484 >10
Krug et al. (2011) Coccolithus braarudii South Atlantic 17 1117, 1221, 1253 >10
Langer et al. (2006) Calcidiscus leptoporus South Atlantic 20 216, 345 6
Langer et al. (2006) Calcidiscus leptoporus South Atlantic 17 149 3
Langer et al. (2009) Emiliania huxley North Pacific 20 675 4
Langer et al. (2009) Emiliania huxley Tasmanian Sea 17 217, 420 4
Langer et al. (2009) Emiliania huxley North Atlantic 17 192, 397 4
Langer et al. (2009) Emiliania huxley South Atlantic 20 193 4
Müller et al. (2015) Emiliania huxley Tasmanian Sea 14 386 6
Müller et al. (2015) Emiliania huxley Southern Ocean 14 277, 389 6
Müller et al. (2015) Emiliania huxley Southern Ocean 14 626 6
Riebesell et al. (2000) Emiliania huxleyi ? 15 302 5
Sett et al. (2014) Gephyrocapsa oceanica Arcachon Bay 15 262 >10
Sett et al. (2014) Gephyrocapsa oceanica Arcachon Bay 20 377 >10
Sett et al. (2014) Gephyrocapsa oceanica Arcachon Bay 25 342 >10
Sett et al. (2014) Gephyrocapsa oceanica Bergen 10 465 >10
Sett et al. (2014) Gephyrocapsa oceanica Bergen 15 193, 265, 453 >10
Sett et al. (2014) Gephyrocapsa oceanica Bergen 20 1224 >10



Table S2: (Part II) Reference included into the function fits for growth and calcification dependence.
Reference Species Region Temp.

(◦C)
pCO2opt (µatm) # CO2

levels
Diatoms
Barcelos e Ramos et al.
(2014)

Asterionellopsis glacialis Azores 20 331, 817 >10

Ihnken et al. (2011) Chaetoceros muelleri Tasman Sea 22 643 3
Ihnken et al. (2011) Chaetoceros muelleri Tasman Sea 22 1624 3
Ihnken et al. (2011) Chaetoceros muelleri Tasman Sea 22 643 3
Ihnken et al. (2011) Chaetoceros muelleri Tasman Sea 22 643 3
Li et al. (2019) Thalassiosira weissflogii Daya Bay,

China
10 390 >10

Pančić et al. (2015) Fragilariopsis cylindrus Greenland 1 631 4
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 5 1226 8
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 8 584 9
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 1 648 7
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 5 2652 9
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 10 677 10
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 1 2309 8
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 5 1995 9
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 8 1990 6
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 5 2486 7
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 5 601 7
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 5 2655 7
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 1 633 7
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 5 1231 8
Pančić et al. (2015) Fragilariopsis cylindrus Greenland 8 586 6
Sugie and Yoshimura
(2013)

Pseudo-nitzschia
pseudidelicatissima

Seto Island
Sea, Japan

20 339, 475 8

Sugie and Yoshimura
(2013)

Pseudo-nitzschia
pseudidelicatissima

Seto Island
Sea, Japan

20 160 8

Sugie and Yoshimura
(2016)

Thalassiosira weissflogii ? 20 628 6

Tatters et al. (2013) Cylindotheca fusiformis New Zealand 14 152 3
Tatters et al. (2013) Cosinodiscus sp. New Zealand 14 428 3
Tatters et al. (2013) Thalassiosira sp. New Zealand 14 297 3



Table S3: (Part III) Reference included into the function fits for growth and calcification dependence.
Reference Species Region Temp.

(◦C)
pCO2opt (µatm) # CO2

levels
Diatoms
Tatters et al. (2013) Pseudonitzschia

delicatissima
New Zealand 14 152 3

Tatters et al. (2013) Navicula sp. New Zealand 14 152 3
Tatters et al. (2013) Chaetoceros criophilus New Zealand 14 428 3
Tatters et al. (2013) Cylindotheca fusiformis New Zealand 19 184 3
Tatters et al. (2013) Cosinodiscus sp. New Zealand 19 450 3
Tatters et al. (2013) Thalassiosira sp. New Zealand 19 450 3
Tatters et al. (2013) Pseudonitzschia

delicatissima
New Zealand 19 184 3

Tatters et al. (2013) Navicula sp. New Zealand 19 450 3
Tatters et al. (2013) Chaetoceros criophilus New Zealand 19 450 3
Tatters et al. (2013) Cylindotheca fusiformis New Zealand 14 122 3
Tatters et al. (2013) Cosinodiscus sp. New Zealand 14 222 3
Tatters et al. (2013) Thalassiosira sp. New Zealand 14 122 3
Tatters et al. (2013) Pseudonitzschia

delicatissima
New Zealand 14 122 3

Tatters et al. (2013) Navicula sp. New Zealand 14 122, 222, 328 3
Tatters et al. (2013) Chaetoceros criophilus New Zealand 14 122 3
Tatters et al. (2013) Cylindotheca fusiformis New Zealand 19 152 3
Tatters et al. (2013) Cosinodiscus sp. New Zealand 19 152, 428 3
Tatters et al. (2013) Thalassiosira sp. New Zealand 19 253 3
Tatters et al. (2013) Pseudonitzschia

delicatissima
New Zealand 19 253 3

Tatters et al. (2013) Navicula sp. New Zealand 19 428 3
Tatters et al. (2013) Chaetoceros criophilus New Zealand 19 152, 428 3
Trimborn et al. (2013) Chaetoceros debilis Southern Ocean 3 982 3
Trimborn et al. (2013) Pseudo-nitzschia

subcurvata
Southern Ocean 3 401 3

Trimborn et al. (2013) Phaeocystis antarctica Southern Ocean 3 162 3
Wolf et al. (2018) Thalassiosira hyalina Kongsfjorden 3 388 4
Wolf et al. (2018) Thalassiosira hyalina Kongsfjorden 6 348 4
Wolf et al. (2018) Thalassiosira hyalina Kongsfjorden 3 687 4
Wolf et al. (2018) Thalassiosira hyalina Kongsfjorden 6 1362 4



Table S4: (Part IV) Reference included into the function fits for growth and calcification dependence.
Reference Species Region Temp.

(◦C)
pCO2opt (µatm) # CO2

levels
Small phytoplankton
Eichner et al. (2014) Trichodesmium erythraeum ? 25 175 3
Eichner et al. (2014) Trichodesmium erythraeum ? 25 363 3
Garcia et al. (2013) Crocosphaera watsonii Equatorial Atlantic 28 387 3
Hennon et al. (2014) Heterosigma akashiwo ? 18 693 >10
Hoppe et al. (2018) Micromonas pusilla Kongsfjorden 2 335, 1322 >10
Hoppe et al. (2018) Micromonas pusilla Kongsfjorden 6 1030, 1069 >10
Kim et al. (2013) Heterosigma akashiwo Rhode Island 15 1148 3
Kranz et al. (2009) Trichodesmium erythraeum ? 25 119, 291, 745 3
(PIC:POC)cocco ratio
Bach et al. (2011) Emiliania huxleyi ? 15 375 >10
Bach et al. (2015) Coccolithus pelagicus ? 15 251 >10
Feng et al. (2017) Emiliania huxleyi New Zealand 14 102 6
Hoppe et al. (2011) Emiliania huxleyi Iceland 15 215 4
Hoppe et al. (2011) Emiliania huxleyi Iceland 15 148 4
Hoppe et al. (2011) Emiliania huxleyi New Zealand 15 265 4
Hoppe et al. (2011) Emiliania huxleyi New Zealand 15 159 4
Hoppe et al. (2011) Emiliania huxleyi New Zealand 15 281 4
Krug et al. (2011) Coccolithus braarudii South Atlantic 17 1257 >10
Krug et al. (2011) Coccolithus braarudii South Atlantic 17 388, 879 >10
Langer et al. (2006) Calcidiscus leptoporus South Atlantic 20 345 6
Langer et al. (2006) Calcidiscus leptoporus South Atlantic 17 345 3
Langer et al. (2009) Emiliania huxleyi North Pacific 20 926 4
Langer et al. (2009) Emiliania huxleyi Tasmanian Sea 17 217 4
Langer et al. (2009) Emiliania huxleyi North Atlantic 17 396 4
Langer et al. (2009) Emiliania huxleyi South Atlantic 20 193 4
Müller et al. (2015) Emiliania huxleyi Tasmanian Sea 14 386 6
Müller et al. (2015) Emiliania huxleyi Southern Ocean 14 389 6
Müller et al. (2015) Emiliania huxleyi Southern Ocean 14 626 6
Riebesell et al. (2000) Emiliania huxleyi ? 15 139 5
Sett et al. (2014) Gephyrocapsa oceanica Arcachon Bay 15 54 >10
Sett et al. (2014) Gephyrocapsa oceanica Arcachon Bay 20 54 >10
Sett et al. (2014) Gephyrocapsa oceanica Bergen 10 127 >10
Sett et al. (2014) Gephyrocapsa oceanica Bergen 15 368 >10
Sett et al. (2014) Gephyrocapsa oceanica Bergen 20 81 >10
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