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Abstract. The biogeography of Southern Ocean phytoplank-
ton controls the local biogeochemistry and the export of
macronutrients to lower latitudes and depth. Of particu-
lar relevance is the competitive interaction between coc-
colithophores and diatoms, with the former being prevalent
along the “Great Calcite Belt” (40–60◦ S), while diatoms
tend to dominate the regions south of 60◦ S. To address the
factors controlling coccolithophore distribution and the com-
petition between them and diatoms, we use a regional high-
resolution model (ROMS–BEC) for the Southern Ocean (24–
78◦ S) that has been extended to include an explicit repre-
sentation of coccolithophores. We assess the relative impor-
tance of bottom-up (temperature, nutrients, light) and top-
down (grazing by zooplankton) factors in controlling South-
ern Ocean coccolithophore biogeography over the course of
the growing season. In our simulations, coccolithophores are
an important member of the Southern Ocean phytoplankton
community, contributing 17 % to annually integrated net pri-
mary productivity south of 30◦ S. Coccolithophore biomass
is highest north of 50◦ S in late austral summer, when light
levels are high and diatoms become limited by silicic acid.
Furthermore, we find top-down factors to be a major control
on the relative abundance of diatoms and coccolithophores
in the Southern Ocean. Consequently, when assessing poten-
tial future changes in Southern Ocean coccolithophore abun-
dance, both abiotic (temperature, light, and nutrients) and bi-
otic factors (interaction with diatoms and zooplankton) need
to be considered.

1 Introduction

The ocean is changing at an unprecedented rate as a con-
sequence of increasing anthropogenic CO2 emissions and
related climate change. Changes in density stratification
and nutrient supply, as well as ocean acidification, lead to
changes in phytoplankton community composition and con-
sequently ecosystem structure and function. Some of these
changes are already observable today (e.g., Soppa et al.,
2016; Winter et al., 2013) and may have cascading effects
on global biogeochemical cycles and oceanic carbon uptake
(Laufkötter et al., 2016; Freeman and Lovenduski, 2015;
Cermeño et al., 2008). Changes in Southern Ocean (SO) bio-
geography are especially critical due to the importance of the
SO in fueling primary production at lower latitudes through
the lateral export of nutrients (Sarmiento et al., 2004) and
in taking up anthropogenic CO2 (Frölicher et al., 2015). For
the carbon cycle, the ratio of calcifying and noncalcifying
phytoplankton is crucial due to the counteracting effects of
calcification and photosynthesis on seawater pCO2, which
ultimately controls CO2 exchange with the atmosphere, and
the differing ballasting effect of calcite and silicic acid shells
for organic carbon export.

Calcifying coccolithophores and silicifying diatoms
are globally ubiquitous phytoplankton functional groups
(O’Brien et al., 2013; Leblanc et al., 2012). Diatoms are a
major contributor to global phytoplankton biomass (≈ 6 %–
70 %; Buitenhuis et al., 2013b) and annual net primary pro-
duction (40 % of NPP; Sarthou et al., 2005). In compari-
son, coccolithophores contribute less to biomass (≈ 0.04 %–
6 %; Buitenhuis et al., 2013b) and to global NPP (0.4 %–
17 %, model-derived estimates using a variety of coccol-
ithophore parameterizations; see O’Brien, 2015; Jin et al.,
2006; Moore et al., 2004; Gregg and Casey, 2007a). How-
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ever, coccolithophores are the major phytoplanktonic calci-
fier (Iglesias-Rodríguez et al., 2002), thereby significantly
impacting the global carbon cycle. Diatoms dominate the
phytoplankton community in the SO (e.g., Trull et al., 2018;
Swan et al., 2016; Wright et al., 2010), but coccolithophores
have received increasing attention in recent years. Satel-
lite imagery of particulate inorganic carbon (PIC, a proxy
for coccolithophore abundance) revealed the “Great Cal-
cite Belt” (GCB; Balch et al., 2011), an annually reoccur-
ring circumpolar band of elevated PIC concentrations be-
tween 40 and 60◦ S. In situ observations confirmed coc-
colithophore abundances of up to 2.4× 103 cells mL−1 in
the Atlantic sector (blooms on the Patagonian Shelf), up to
3.8×102 cells mL−1 in the Indian sector (Balch et al., 2016),
and up to 5.4×102 cells mL−1 in the Pacific sector of the SO
(Cubillos et al., 2007) with Emiliania huxleyi being the dom-
inant species (Balch et al., 2016; Saavedra-Pellitero et al.,
2014). However, the contribution of coccolithophores to to-
tal SO phytoplankton biomass and NPP has not yet been as-
sessed. Locally, elevated coccolithophore abundance in the
GCB has been found to turn surface waters into a source of
CO2 for the atmosphere (Balch et al., 2016), emphasizing the
necessity to understand the controls on their abundance in the
SO in the context of the carbon cycle and climate change.
While coccolithophores have been observed to have moved
polewards in recent decades (Rivero-Calle et al., 2015; Win-
ter et al., 2013; Beaugrand et al., 2012), their response to the
combined effects of future warming and ocean acidification
is still subject to debate (Schlüter et al., 2014; Beaugrand
et al., 2012; Beaufort et al., 2011; Iglesias-Rodríguez et al.,
2008; Riebesell et al., 2000). As their response will also cru-
cially depend on future phytoplankton community composi-
tion and predator–prey interactions (Dutkiewicz et al., 2015),
it is essential to assess the controls on their abundance in to-
day’s climate.

Coccolithophore biomass is controlled by a combination
of bottom-up (physical–biogeochemical environment) and
top-down factors (predator–prey interactions), but the rela-
tive importance of the two has not yet been assessed for coc-
colithophores in the SO. Bottom-up factors directly impact
phytoplankton growth, and diatoms and coccolithophores are
traditionally discriminated based on their differing require-
ments for nutrients, turbulence, and light. Based on this, Mar-
galef’s mandala predicts a seasonal succession from diatoms
to coccolithophores as light levels increase and nutrient lev-
els decline (Margalef, 1978). In situ studies assessing SO
coccolithophore biogeography have found coccolithophores
under various environmental conditions (e.g., Trull et al.,
2018; Charalampopoulou et al., 2016; Balch et al., 2016;
Saavedra-Pellitero et al., 2014; Hinz et al., 2012), thus sug-
gesting a wide ecological niche, but all of the mentioned
studies have almost exclusively focused on bottom-up con-
trols.

However, phytoplankton growth rates do not necessar-
ily covary with biomass accumulation rates. Using satel-

lite data from the North Atlantic, Behrenfeld (2014) stresses
the importance of simultaneously considering bottom-up and
top-down factors when assessing seasonal phytoplankton
biomass dynamics and the succession of different phyto-
plankton types owing to the spatially and temporally vary-
ing relative importance of the physical–biogeochemical and
the biological environment. In the SO, previous studies have
shown zooplankton grazing to control total phytoplankton
biomass (Le Quéré et al., 2016), phytoplankton community
composition (Scotia Weddell Sea; Granéli et al., 1993), and
ecosystem structure (Smetacek et al., 2004; De Baar, 2005),
suggesting that top-down control might also be an important
driver for the relative abundance of coccolithophores and di-
atoms. But the role of zooplankton grazing in current Earth
system models is not well considered (Sailley et al., 2013;
Hashioka et al., 2013), and the impact of different grazing
formulations on phytoplankton biogeography and diversity is
subject to ongoing research (e.g., Prowe et al., 2012; Vallina
et al., 2014).

While none of the SO in situ studies directly assessed in-
teractions of diatoms and coccolithophores over the course of
the year, some in situ studies infer a diatom–coccolithophore
succession from depleted silicic acid coinciding with iron
levels high enough to sustain elevated coccolithophore abun-
dance (high Fe, low Si niche; Balch et al., 2016, 2014; Painter
et al., 2010). In contrast to this, recent in situ and satellite
studies find coccolithophores and diatoms to coexist rather
than succeed each other throughout the growth season in the
North Atlantic (Daniels et al., 2015) and the global open
ocean (Hopkins et al., 2015). In fact, large areas of the GCB
have been identified as “coexistence” areas (Hopkins et al.,
2015), thereby putting into question the succession pattern
predicted by Margalef’s mandala (Margalef, 1978) and re-
sults of in situ studies for the SO (Balch et al., 2016, 2014;
Painter et al., 2010). This highlights the necessity to better
understand the drivers and seasonal dynamics of the relative
importance of coccolithophores and diatoms in the SO before
assessing potential future changes.

In this study, we use a regional high-resolution model for
the SO to simultaneously assess the relative importance of
bottom-up versus top-down factors in controlling SO coc-
colithophore biogeography over a complete annual cycle. In
particular, we assess the role of diatoms in constraining high
coccolithophore abundance and the importance of microzoo-
plankton and macrozooplankton grazing for the relative im-
portance of coccolithophores and diatoms in the GCB area.

2 Methods

2.1 Model description: ROMS–BEC with explicit
coccolithophores

We use a regional, circumpolar SO setup of the UCLA-ETH
version of the Regional Ocean Modeling System (ROMS;
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Shchepetkin and McWilliams, 2005; Haumann, 2016) with
a latitudinal range from ≈ 24–78◦ S and an open northern
boundary. The primitive equations are solved on a curvilin-
ear grid: the model setup has 64 topography-following ver-
tical levels, its horizontal resolution for this study is 1/4◦

(5.4–25.4 km), and the time step is 1600 s.
Coupled to this is an extended version of the ecosystem–

biogeochemical model BEC (Moore et al., 2013) that we
modified to include an explicit parameterization of coc-
colithophores and an updated formulation for sedimentary
iron fluxes to allow for temporal and spatial variability of
these fluxes (Dale et al., 2015). BEC resolves the cycling of
carbon, nitrogen, phosphorus, silicon, and iron by simulat-
ing a total of 30 tracers. Besides explicit coccolithophores,
it includes three phytoplankton plankton functional types
(PFTs) (diatoms, a mixed small phytoplankton class (SP),
N2-fixing diazotrophs) and one zooplankton PFT. Phyto-
plankton C /N /P stoichiometry in photosynthesis is fixed
close to Redfield ratios (117 : 16 : 1 for diatoms, coccol-
ithophores, and SP, 117 : 45 : 1 for diazotrophs; Anderson
and Sarmiento, 1994; Letelier and Karl, 1998), but the ratios
of Fe /C, Si /C, and Chl /C vary according to surrounding
nutrient levels. Detrital matter is split into a non-sinking and
a sinking pool, with ballasting of the latter by atmospheric
dust, biogenic silica, or calcium carbonate (Armstrong et al.,
2002). Dissolved inorganic carbon (DIC) and alkalinity are
included to complete the cycling of carbon in the model.

The phytoplankton PFTs differ with respect to their max-
imum growth rate (µmax), temperature (Q10) and light (αPI)
sensitivities, half-saturation constants for nutrient uptake (k),
and grazing preferences by zooplankton (γmax, Table 1). The
SO coccolithophore community appears to mainly consist
of the ubiquitous Emiliania huxleyi (mainly the lightly cal-
cified morphotype B /C; see, e.g., Saavedra-Pellitero et al.,
2014; Krumhardt et al., 2017) and parameter values used for
coccolithophores here are based on available data for this
species in the literature, both from in situ and laboratory
studies (Daniels et al., 2014; Heinle, 2013; Buitenhuis et al.,
2008; Zondervan, 2007; Nielsen, 1997; Le Quéré et al., 2016,
and references therein). Based on the available information,
parameter values for coccolithophores lie between those of
diatoms and SP (Table 1). Due to their smaller size, coc-
colithophores are less nutrient limited at low nutrient con-
centrations (smaller half-saturation constants, Eppley et al.,
1969) and have a smaller maximum growth rate than diatoms
(Buitenhuis et al., 2008). Coccolithophores grow well at high
light intensities, but have been shown to be light inhibited at
low light levels (< 1 W m−2; Zondervan, 2007). In addition,
they tend to reduce their growth at low temperatures (< 6 ◦C;
Buitenhuis et al., 2008). For this study, we use a constant
calcite-to-organic-matter (CaCO3 :Corg) production ratio for
coccolithophores of 0.2 (SO Emiliania huxleyi B /C; Müller
et al., 2015). Previous work has shown this ratio to vary from
0.1–0.3 across environmental conditions for the SO morpho-
type of Emiliania huxleyi (Krumhardt et al., 2017), and we

assess the sensitivity of integrated annual calcification esti-
mates to this ratio in Sect. 4.2.

In BEC, phytoplankton are grazed by a single zooplank-
ton PFT comprising characteristics of both microzooplank-
ton and macrozooplankton (Moore et al., 2002; Sailley et al.,
2013). The single zooplankton PFT grazes on all phytoplank-
ton PFTs using a Holling type II ingestion function (Holling,
1959). This is in contrast to earlier versions of BEC, wherein
a Holling type III ingestion function was used (see, e.g.,
Moore et al., 2002). While not explicitly stated in the pub-
lished literature, the formulation was already changed to a
Holling type II ingestion function in previous, more recent
applications of BEC (Matthew Long, personal communi-
cation, 2018; Moore et al., 2013). Microzooplankton exert
the biggest grazing pressure on coccolithophores, possibly
mainly through nonselective grazing for species like Emil-
iania huxleyi (Monteiro et al., 2016). In BEC, we assign
the same maximum zooplankton growth rate (γmax, Table 1)
for feeding on SP and coccolithophores, thereby assuming
that only differences in their absolute biomass concentrations
leads to differences in grazing pressure, not the absence or
presence of a coccosphere. In contrast, diatoms are mainly
grazed by larger, slower-growing macrozooplankton (lower
γmax, Table 1). A full description of the model equations re-
garding phytoplankton growth and loss terms can be found
in Sect. 3 and in Appendix B.

2.2 Model setup and baseline simulation

At the surface, ROMS–BEC is forced by daily fluxes of mo-
mentum, heat, and freshwater constructed from ERA-Interim
data (Dee et al., 2011). These fluxes are obtained by first
calculating monthly climatological fluxes from 1979–2014
and then adding daily anomalies of the year 2003 to account
for higher-frequency variability. The surface freshwater flux
is corrected for river runoff, sea ice formation, and melt-
ing (Haumann, 2016), and dust deposition (Mahowald et al.,
2009) is scaled by the monthly climatological sea ice cover.

At the open northern boundary, the model is forced with
monthly climatological fields for all tracers. Current veloc-
ities are taken from SODA (Simple Ocean Data Assimila-
tion version 1.4.2; Carton and Giese, 2008), and tempera-
ture and salinity from WOA (World Ocean Atlas 2013, 0.25◦

horizontal resolution; Locarnini et al., 2013; Zweng et al.,
2013). For BEC, WOA data are used for macronutrients (1◦

horizontal resolution; Garcia et al., 2014a) and oxygen (1◦

horizontal resolution; Garcia et al., 2014b), and GLODAP
data for DIC and alkalinity (Global Ocean Data Analysis
Project version 2; Lauvset et al., 2016). Dissolved iron, am-
monium and dissolved organic carbon, nitrogen, phospho-
rus, and iron fields are from climatological model output
from the global model CESM-BEC (Yang et al., 2017). Phy-
toplankton chlorophyll biomass fields are taken from a cli-
matological surface chlorophyll field (NASA-OBPG, 2014b)
using a constant partitioning of the different phytoplankton

www.biogeosciences.net/15/6997/2018/ Biogeosciences, 15, 6997–7024, 2018



7000 C. Nissen et al.: Southern Ocean coccolithophore biogeography

Table 1. The most relevant BEC parameters for this study as used in the reference run (see Sect. 2.2) for the four phytoplankton PFTs
coccolithophores (C), diatoms (D), small phytoplankton (SP), and diazotrophs (N). Z: zooplankton, P: phytoplankton, PI: photosynthesis–
irradiance.

Parameter Unit Description C D SP N

µmax d−1 max. growth rate at 30 ◦C 3.8 4.6 3.6 0.9
Q10 temperature sensitivity 1.45 1.55 1.5 1.5
kNO3 mmol N m−3 half-saturation constant for NO3 0.3 0.5 0.1 1.0
kNH4 mmol N m−3 half-saturation constant for NH4 0.03 0.05 0.01 0.15
kPO4 mmol P m−3 half-saturation constant for PO4 0.03 0.05 0.01 0.02
kDOP mmol P m−3 half-saturation constant for DOP 0.3 0.9 0.26 0.09
kFe µmol Fe m−3 half-saturation constant for Fe 0.10 0.12 0.08 0.08
kSiO3 mmol Si m−3 half-saturation constant for SiO3 – 1.0 – –

αPI
mmol C m2

mg Chl W s initial slope of PI curve 0.4 0.44 0.44 0.38

γmax d−1 max. growth rate of Z grazing on P 4.4 3.8 4.4 2.0
zgrz mmol C m−3 half-saturation constant for ingestion 1.05 1.0 1.05 1.2

Table 2. Overview of sensitivity simulations. 1–9: sensitivity of simulated coccolithophore–diatom competition to chosen parameter values
of coccolithophores. See Table 1 for parameter values of coccolithophores in the reference run. 10–11: sensitivity of simulated biogeog-
raphy to biases in temperature and mixed layer depth. 12–14: sensitivity of simulated biogeography to the chosen grazing formulation. C:
coccolithophores, D: diatoms.

Competition Run name Description

1 GROWTH Set µC
max to µD

max

2 ALPHAPI Set αC
PI to αD

PI

3 Q10 Set QC
10 to QD

10

4 GRAZING Set γC
max and zC

grz to γD
max and zD

grz

5 IRON Set kC
Fe to kD

Fe

6 SILICATE Limit coccolithophore growth by silicic acid by using kD
SiO3

7 NITRATE Set kC
NO3

and kC
NH4

to kD
NO3

and kD
NH4

8 PHOSPHATE Set kC
PO4

and kC
DOP to kD

PO4
and kD

DOP

9 NUTRIENTS Set all kC
Nutrient to kD

Nutrient

Biases Run name Description

10 TEMP Reduce temperature in BEC subroutine by 1 ◦ C everywhere
11 MLD Reduce incoming PAR in BEC subroutine by −20 % everywhere

Grazing Run name Description

12 HOLLING_III Instead of Eq. (5), use γ ig = γ
i
max · f

Z(T ) ·Z · P ′
i
·P ′

i

zigrz·z
i
grz+P

′i ·P ′i

13 ACTIVE_SWITCHING Instead of Eq. (5), use γ ig = γ
i
max · f

Z(T ) ·Z · P ′
i∑4

j=1P
′j
·

P ′
i

zigrz+P
′i

14 HOLLINGII_SUM_P Instead of Eq. (5), use γ ig = γ
i
max · f

Z(T ) ·Z · P ′
i

zigrz+
∑4
j=1P

′j

PFTs to total chlorophyll everywhere at the boundary (SP:
90 %, diatoms: 4.5 %, coccolithophores: 4.5 %, diazotrophs:
1 %) and then extrapolating to depth according to Morel
and Berthon (1989). Phytoplankton carbon biomass fields are

then derived using a constant carbon-to-chlorophyll ratio of
36 mg C (mg Chl)−1 for diatoms and 60 mg C (mg Chl)−1 for
all other PFTs (Sathyendranath et al., 2009). To minimize
model drift in the physical parameters, sea surface tempera-

Biogeosciences, 15, 6997–7024, 2018 www.biogeosciences.net/15/6997/2018/



C. Nissen et al.: Southern Ocean coccolithophore biogeography 7001

Table 3. Comparison of ROMS–BEC-based phytoplankton biomass, production, calcification, and export estimates with available observa-
tions (given in parentheses). See Appendix Table A1 for data sources.

ROMS–BEC (data)

30–90◦ S 40–60◦ S 60–90◦ S

Surface chlorophyll biomass Total annual mean (Gg Chl) 48.98 (34.52) 19.70 (17.14) 24.54 (9.49)
Coccolithophore carbon biomass 0–200 m, annual mean (Pg C) 0.013 (global∗: 0.001–0.03) 0.006 0.001
Diatom carbon biomass 0–200 m, annual mean (Pg C) 0.079 (global∗: 0.10–0.94) 0.042 0.029
NPP Pg C yr−1 16.9 (12.1–12.5) 8.8 (5.8–6.2) 2.9 (0.68–1.7)

Coccolithophores (%) 16.5 12.1 0.7
Diatoms (%) 62.2 74.2 87.0
SP (%) 20.3 13.5 12.3

Calcification Pg C yr−1 0.56 (0.79) 0.21 (0.45) 0.004 (0.15)
POC export at 100 m Pg C yr−1 3.08 (2.3–2.96) 1.78 (1.18–1.98) 0.63 (0.21–0.24)
PIC export at 100 m Pg C yr−1 0.16 (0.52) 0.06 (0.28) 0.001 (0.10)
PIC : POC export ratio at 100 m – 0.05 0.03 0.002

∗ The reported estimates from the MAREDAT database in Buitenhuis et al. (2013b) are global estimates of phytoplankton biomass.

ture (Reynolds et al., 2007) and salinity (Good et al., 2013)
fields are restored wherever sea ice is absent, with a restoring
timescale of 45 days for salinity and a spatially and tempo-
rally varying sensitivity of the surface heat flux to sea surface
temperatures (Haumann, 2016). No restoring is applied to the
biogeochemical tracers.

The model is first spun up from rest for velocity in a
physics-only setup for 30 years and subsequently for another
10 years in the coupled ROMS–BEC setup. All tracers are
initialized using the same data sources for initial fields as
used for the lateral boundary forcing. The reference simula-
tion analyzed in this study is run for 10 years after the cou-
pled ROMS–BEC spin-up, of which only a daily climatology
of the last 5 years is analyzed. To capture five full seasonal
cycles at high southern latitudes, we calculate the climatol-
ogy from 1 July of year 5 until 30 June of year 10 of the
simulation. Ultimately, we focus the analysis in this study on
the area south of 30◦ S to minimize potential effects of the
open northern boundary on biomass distributions.

2.3 Sensitivity simulations

We perform a set of sensitivity simulations to assess the sen-
sitivity of SO coccolithophore biogeography to choices of
model parameters, parameterizations, and biases in the phys-
ical fields (Table 2). We conduct 14 simulations grouped into
three sets: first, we adjust each of the coccolithophore param-
eters step by step to the corresponding diatom value (runs 1–
9). Thereby, we can directly assess the impact of differences
between coccolithophores and diatoms in each of the model
parameters on the relative biomass of coccolithophores. For
all simulations, we quantify the sensitivity as a change in
each PFT’s annual mean surface biomass, focusing partic-
ularly on coccolithophores in Sect. 4.7.

Second, we performed two additional sensitivity simula-
tions (runs 10 and 11 in Table 2) to assess the effect of biases

in the physical fields (temperature and mixed layer depth) on
coccolithophore biogeography. To do this, we reduce temper-
atures by 1 ◦C (corresponding to the mean bias between 60
and 90◦ S; see Supplement Fig. S1, run 10) and the incom-
ing PAR field by 20 % (to counteract bias in MLD, run 11)
everywhere for the biological subroutine only.

Third, we assess the sensitivity of the results to the cho-
sen grazing formulation by performing three additional sim-
ulations: we first replace the Holling type II ingestion term
(Eq. 5) with a Holling type III term (run 12; Holling, 1959).
Thereby, the grazing pressure is decreased on prey in low
concentrations. We then assess the impact of constraining
grazing on each phytoplankton PFT by total phytoplankton
biomass in the original Holling type II formulation (Eq. 5).
To do so, we first scale the grazing rate on phytoplankton i
linearly with the PFT’s relative contribution to total phyto-
plankton biomass (run 13) and ultimately constrain the graz-
ing rate on phytoplankton i by total phytoplankton biomass
in the Holling type II ingestion function (run 14). Similarly
to the simulation using a Holling type III ingestion term, we
expect the less abundant PFTs to profit most in both of these
simulations, as relatively more of the total grazing pressure
acts on the most abundant PFT (Vallina et al., 2014).

All sensitivity runs start from the common spin-up de-
scribed in Sect. 2.2 and only differ in their respective settings
within BEC (Table 2). As for the control run, each simulation
is run for 10 years of which the average over the last 5 years
is analyzed.

3 Analysis framework: factors controlling
phytoplankton growth and loss

To disentangle the effect of the different controlling factors,
relative growth and grazing ratios are computed as intro-
duced by Hashioka et al. (2013) and outlined in the follow-
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ing. In BEC, phytoplankton biomass P i (in mmol C m−3,
i ∈ {C,D,SP,N}) is the balance of growth (µi) and loss
terms (grazing by zooplankton γ ig , non-grazing mortality γ im,
and aggregation γ ia ; see Appendix B for a full description
of the model equations regarding phytoplankton growth and
loss terms):

dP i

dt
= µi ·P i − γ i(P i) ·P i, (1)

= µi ·P i − γ ig(P
i) ·P i − γ im ·P

i
− γ ia (P

i) ·P i, (2)

with the specific phytoplankton growth µi (d−1) being de-
pendent on the maximum growth rate µimax (d−1; Table 1),
temperature (f i(T ), Eq. B5), nutrient availability (gi(N),
Eq. B8; nitrate, ammonium, phosphorus, and iron for all
PFTs, silicic acid for diatoms only), and light levels (hi(I ),
Eq. B9; following the growth model by Geider et al., 1998):

µi = µimax · f
i(T ) · gi(N) ·hi(I ). (3)

The nondimensional relative growth ratio µ
ij

rel between
two phytoplankton types i and j , e.g., diatoms and coccol-
ithophores, can then be defined as the log of the ratio of their
specific growth rates (Hashioka et al., 2013).

µDC
rel = log

µD

µC = log
µD

max

µC
max︸ ︷︷ ︸

βµmax

+ log
f D(T )

f C(T )︸ ︷︷ ︸
βT

+ log
gD(N)

gC(N)︸ ︷︷ ︸
βN

+ log
hD(I )

hC(I )︸ ︷︷ ︸
βI

(4)

In this equation, the terms βµmax , βT , βN , and βI describe
the log-transformed differences in the maximum growth
rate µmax, temperature limitation f (T ), nutrient limitation
g(N), and light limitation h(I) between diatoms and coc-
colithophores, which in sum give the difference in the rel-
ative growth ratio µDC

rel . If µDC
rel is negative, the specific

growth rate of coccolithophores is larger than that of di-
atoms and bottom-up factors promote the dominance of coc-
colithophores over diatoms (and vice versa). Based on the
chosen parameter values for coccolithophores and diatoms
in ROMS–BEC (see Sect. 2.1 and Table 1), coccolithophores
grow better than diatoms when nutrient concentrations are
low and irradiance is high (towards the end of the growth
season). Simultaneously, coccolithophores are limited less
by the ambient temperature than diatoms. Since the coccol-
ithophore maximum growth rate is lower than that of diatoms
(Table 1), ideal environmental conditions, i.e., low nutrient
concentrations and temperature, and high light levels, are re-
quired for coccolithophores to overcome this disadvantage
and to develop a higher specific growth rate than diatoms.
Whether the resultingµDC

rel is positive or negative at any given

location and point in time will depend on the complex in-
terplay of the physical and biogeochemical environment at
every location.

The specific grazing rate γ ig (mmol C m−3 d−1) of the
generic zooplankton on the respective phytoplankton i is de-
scribed by the Holling type II function:

γ ig = γ
i
max · f

Z(T ) ·Z ·
P ′
i

zigrz+P
′i
, (5)

with Z being zooplankton biomass (mmol C m−3), f Z(T )
the temperature scaling function (Eq. B13), γ imax the max-
imum growth rate of zooplankton when feeding on phyto-
plankton i (d−1; Table 1), zigrz the respective half-saturation

coefficient for ingestion (mmol C m−3; Table 1), and P ′
i

the phytoplankton biomass (mmol C m−3), which was cor-
rected for a loss threshold below which no losses occur (prey
refuge; Eq. B11).

To assess differences in biomass accumulation rates be-
tween different PFTs, we compute biomass-normalized spe-
cific grazing rates ci (d−1) of phytoplankton i as the ratio of
the specific grazing rate and the respective phytoplankton’s
biomass P i .

ci =
γ ig

P i
(6)

The higher this rate, the more difficult it is for a phytoplank-
ton i to accumulate biomass. Consequently, the nondimen-
sional relative grazing ratio γ ijgrel of phytoplankton i and j ,
e.g., diatoms and coccolithophores, is defined as (Hashioka
et al., 2013)

γDC
g,rel = log

cC

cD . (7)

If γDC
g,rel is negative, the specific grazing rate on diatoms is

larger than that on coccolithophores and grazing promotes
the dominance of coccolithophores over diatoms (and vice
versa). While the maximum grazing rate is larger on coccol-
ithophores than on diatoms (see Sect. 2.1 and Table 1), the
interplay with biomass concentrations at any given location
and point in time will decide whether γDC

g,rel is positive or neg-
ative, i.e., whether the strength and direction of the grazing
pressure favors coccolithophores or diatoms.

In contrast to Hashioka et al. (2013), who analyzed both
the relative growth ratio and the relative grazing ratio as a
function of the time of the annual maximum total chloro-
phyll concentration, we analyze them as a function of time to
assess temporal variability in the controls on phytoplankton
competition. We particularly focus on the interplay between
coccolithophores and diatoms, as maximum coccolithophore
abundance in the SO may be facilitated by declining diatom
abundance (indicated by depleted silicic acid levels; see, e.g.,
Balch et al., 2014).
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Figure 1. Biomass distributions for December–March (DJFM). Total surface chlorophyll (mg Chl m−3) in (a) ROMS–BEC and (b) MODIS
Aqua climatology (NASA-OBPG, 2014a) using the chlorophyll algorithm by Johnson et al. (2013). Mean top 50 m (c) coccolithophore
and (e) diatom carbon biomass (mmol C m−3) in ROMS–BEC. Coccolithophore and diatom biomass observations from the top 50 m are
indicated by colored dots in (c, e), respectively. (d, f) Mean top 50 m zonally averaged (d) coccolithophore and (f) diatom carbon biomass
(mmol C m−3) binned into 5◦ latitudinal intervals for ROMS–BEC (line) and observations (bars). The grey bars denote the standard deviation
of the observations. The lower panels show the number of observations used to obtain the bars in the respective upper panels. Note that (a)–
(b) are on the same scale, while the scales in panels (c)–(f) are different. For more details on the biomass validation, see Table A1 and the
Supplement.

4 Results

4.1 Model evaluation

Phytoplankton growth directly responds to the physical and
biogeochemical environment (Eq. 3), which is why system-
atic biases in the underlying bottom-up factors have to be as-
sessed to understand biases in simulated phytoplankton bio-
geography and phenology. The data sets used for the model
evaluation are presented in Table A1, and a more detailed
description is found in the Supplement. Please see the “Data
availability” section and Nissen et al. (2018) for model out-
put.

In ROMS–BEC, SST is on average 0.9 ◦C and 0.2 ◦C too
high and the ML is 1 m and 5 m too shallow in austral sum-
mer south and north of 60◦ S, respectively (Fig. S1), leading
to an overestimation of phytoplankton growth (Figs. S1–S3).
Macronutrients in ROMS–BEC are generally too low at the

surface compared to WOA data (especially south of 60◦ S;
Figs. S1 and S2), caused either by too much nutrient uptake
by phytoplankton, too little nutrient supply from below, or
both.

Total SO summer surface chlorophyll in ROMS–BEC
reproduces the general south–north gradient as detected
by remote sensing (Fig. 1a and b), with highest values
above 10 mg Chl m−3 in our model in areas close to the
Antarctic continent and lower concentrations of around
0.1 mg Chl m−3 north of 40◦ S. However, integrated over
30–90◦ S, ROMS–BEC overestimates annual mean satellite-
derived surface chlorophyll biomass estimates by 42 %
(49 Gg Chl in ROMS–BEC compared to 34.5 Gg Chl in satel-
lite product; Table 3 and Fig. S2) and satellite-derived NPP
by 35.2 %–40 % (16.9 compared to 12.1–12.5 Pg C yr−1; Ta-
ble 3 and Figs. S2 and S3). This overestimation is mainly
driven by the area south of 60◦ S (NPP and surface chloro-
phyll are overestimated by a factor of 2–4 and 2.5, respec-
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tively), while between 40 and 60◦ S, surface chlorophyll
biomass is overestimated by only 15 % (Table 3 and Fig. S2).

The overestimation of phytoplankton production can at
least partly be attributed to biases in SST and MLD, promot-
ing phytoplankton growth (see also the discussion Sect. 5.4).
However, data coverage south of 60◦ S, an area almost com-
pletely covered by sea ice every year, is low (Holte et al.,
2017, their Fig. 1), impeding the assessment of model per-
formance and the attribution of the bias in both production
and biomass to underlying physical fields in this area. Addi-
tionally, satellite-derived surface chlorophyll and NPP fields
are known to be associated with significant errors in high
latitudes due to low sun elevation, clouds, or sea ice cover,
complicating model assessment (Gregg and Casey, 2007b).
In addition to the underlying physical and biogeochemical
fields, phytoplankton biomass is also controlled by loss rates
(Eq. 2). Since the overestimation of production between 40
and 60◦ S in ROMS–BEC compared to satellite-derived es-
timates is higher than the overestimation of surface chloro-
phyll biomass, phytoplankton losses in the area are probably
overestimated (see also the discussion Sect. 5.4).

4.2 Quantifying the importance of SO coccolithophores
for biogeochemical cycles

Our simulations with ROMS–BEC yield an annual mean
SO coccolithophore carbon biomass within the top 200 m of
0.013 Pg C (Table 3). This is within the globally estimated
range based on in situ observations (0.001–0.03 Pg C; see
O’Brien et al., 2013) and suggests that SO coccolithophores
contribute substantially to global coccolithophore biomass.
Total simulated NPP south of 30◦ S is 16.9 Pg C yr−1 with
diatoms contributing 62.2 %, small phytoplankton 20.3 %,
coccolithophores 16.5 %, and diazotrophs 1 %. Compared to
previous global estimates, annual coccolithophore NPP south
of 30◦ S alone (2.8 Pg C yr−1) accounts for 4.3 %–5.5 % of
total global NPP (58±7 Pg C yr−1; Buitenhuis et al., 2013a).
Modeled integrated calcification amounts to 0.56 Pg C yr−1

south of 30◦ S (using a CaCO3 :Corg production ratio of 0.2
for coccolithophores). Applying the full experimental range
of CaCO3 :Corg production ratios of SO Emiliania huxleyi
(0.1–0.3; Krumhardt et al., 2017), and accounting for the
relative error associated with the satellite calcification esti-
mate (18.75 % based on global data; Balch et al., 2007), the
model estimate (0.28–0.84 Pg C yr−1) falls within the range
estimated from satellite observations (0.64–0.94 Pg C yr−1,
obtained using Eq. (1) in Balch et al. (2007) with satellite
sea surface temperature, chlorophyll, and PIC concentrations
from NASA OBPG (2014a, c, d); see Sect. S1 in the Sup-
plement). Compared to global satellite-derived estimates, the
simulated calcification estimate south of 30◦ S accounts for
24 % (9.8 %–43.1 %) of global calcification.

The ratio of particulate inorganic (calcite) to organic car-
bon exported to depth (PIC :POC ratio, typically reported at
depths of ≈ 100 m) is important for the long-term fate of at-

Figure 2. (a) Spatial distribution of phytoplankton communi-
ties in ROMS–BEC: diatom-dominated phytoplankton community
vs. mixed communities with substantial contributions of coccol-
ithophores and small phytoplankton. Communities in which nei-
ther coccolithophores (c) nor diatoms (d) contribute > 20 % and
(blue) > 80 % (red), respectively, to total annual NPP are classified
as mixed communities (grey). (b–c) Annual mean most limiting nu-
trient for (b) coccolithophore and (c) diatom growth rates at the sur-
face. For small phytoplankton, the nutrient limitation pattern south
of 40◦ S is generally the same as for coccolithophores (not shown).

mospheric CO2. In ROMS–BEC, PIC and POC exports south
of 30◦ S are 0.16 Pg C yr−1 and 3.08 Pg C yr−1, respectively.
Accounting for the uncertainty in the CaCO3 :Corg produc-
tion ratio of coccolithophores (Krumhardt et al., 2017), the
average PIC : POC export ratio is 0.05 (0.03–0.08), which
is in the same range as previously estimated for the global
mean export ratio (0.06± 0.03; Sarmiento et al., 2002).
The simulated PIC : POC export ratios are highest on the
Patagonian Shelf (0.04–0.11 for the annual mean, 0.05–0.15
for summer mean only; not shown) where coccolithophore
biomass is highest (see Sect. 4.3), consistent with the ele-
vated PIC :POC export ratios reported for this area (up to
0.33 in January; Balch et al., 2016).

4.3 Phytoplankton biogeography and community
composition in the SO

The simulated summer biomass distributions of coccol-
ithophores and diatoms show distinct geographical patterns
in the top 50 m of the water column (Fig. 1c and e). Coc-
colithophore biomass is highest in a broad circumpolar band
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Figure 3. Relative contribution of the four phytoplankton PFTs to total surface chlorophyll biomass (mg Chl m−3) for (a) 40–50◦ S, (b) 50–
60◦ S, and (c) south of 60◦ S. Shaded areas (right axis) depict the contribution of diatoms to total surface chlorophyll derived from monthly
climatological MODIS Aqua chlorophyll (Johnson et al., 2013) using the algorithm by Soppa et al. (2016). For months without shading, no
satellite data are available.

between 35 and 60◦ S with maximum concentrations of
3.9 mmol C m−3 on the Patagonian Shelf and a rapid decline
south of 60◦ S (Fig. 1c and d). This pattern is broadly con-
firmed by observations: the latitudinal range of elevated coc-
colithophore biomass in the model agrees well with the ob-
served location of the GCB (Balch et al., 2011), an area of
elevated PIC levels between 40 and 60◦ S that has frequently
been linked to high coccolithophore abundance (Trull et al.,
2018; Balch et al., 2016; Saavedra-Pellitero et al., 2014;
Poulton et al., 2013; Hinz et al., 2012). Maximum coccol-
ithophore abundances in the upper 50 m of the water column
of up to ≈ 2500 cells mL−1 (2.7 mmol C m−3, biomass con-
version following O’Brien et al., 2013) have been reported
for the Patagonian Shelf (Fig. 1c; Balch et al., 2016). How-
ever, we find a systematic overestimation of simulated coc-
colithophore biomass north of≈ 40◦ S and substantial scatter
in the model–observation agreement (Figs. 1d and S4). The
latter is expected when a model climatology is compared to
in situ observations, with an uncertainty of up to 400 % due
to the biomass conversion (see Sect. S1).

In contrast to coccolithophores, the simulated diatom
biomass is highest south of 60◦ S, with maximum concen-
trations of 16.9 mmol C m−3 at 75◦ S (top 50 m mean), and
rapidly declines north of 60◦ S (Fig. 1e and f). Satellite-
derived diatom chlorophyll generally confirms this south–
north gradient (Soppa et al., 2014). Maximum summer in
situ biomass in the upper 50 m of the water column increases
from 2.7 mmol C m−3 north of 40◦ S to 13.6 mmol C m−3

south of 60◦ S (Fig. 1e). Acknowledging the substantial un-
certainty of the observational estimates (165 % for the car-
bon biomass in Fig. 1f, on average at least 20 % for satellite-
derived chlorophyll estimates in Soppa et al., 2014), both
in situ observations (Fig. 1f) and satellite-derived diatom
chlorophyll (Soppa et al., 2014, comparison not shown) sug-
gest an overestimation of surface diatom biomass in ROMS–

BEC south of 60◦ S during austral summer. However, this
overestimation in the model can partly be explained by bi-
ases in the underlying physics (see Sect. 4.1; with maximum
diatom biomass south of 60◦ S being 1.5 % and 11.3 % lower
in the simulations TEMP and MLD, respectively). Addition-
ally, missing ecosystem complexity within the zooplankton
compartment of ROMS–EBC probably adds to the overesti-
mation of high-latitude phytoplankton biomass as well (Le
Quéré et al., 2016). In their model, Le Quéré et al. (2016)
only simulate total chlorophyll levels comparable to those
suggested by satellite observations when including slow-
growing macro-zooplankton and trophic cascades within the
zooplankton compartment of their model, while overestimat-
ing satellite-derived chlorophyll levels otherwise.

CHEMTAX data (based on HPLC data) support the simu-
lated gradient from a clearly diatom-dominated community
south of 60◦ S to a more mixed community north thereof
with a south–north increase in the coccolithophore contribu-
tion (maximum contribution of > 20 % of total NPP north
of 45◦ S; see Fig. 2a) for the western Atlantic sector of the
SO (≈ 0 % south of 60◦ S, up to 70 % at around 40◦ S in fall;
Swan et al., 2016) and for the eastern Indian sector (< 4 %
south of 60◦ S, up to≈ 18 % at 40◦ S in summer; Takao et al.,
2014). In available HPLC data for the SO, diatoms make up
between 70 % and 90 % of the total summer phytoplankton
chlorophyll biomass south of 60◦ S (Swan et al., 2016; Takao
et al., 2014). Our simulated summer phytoplankton commu-
nity south of 60◦ S is often almost solely composed of di-
atoms (Figs. 2a and 3c).

In summary, ROMS–BEC reproduces the spatial patterns
of SO phytoplankton biomass and community composition
reasonably well. Summer coccolithophore biomass is highest
north of 50◦ S, an area coinciding with the observed GCB,
where several PFTs coexist in our simulation. In contrast,
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Figure 4. Phase diagram of daily surface diatom and coccolithophore chlorophyll biomass (mg Chl m−3) for (a) 40–50◦ S and (b) 50–60◦ S.
The colors indicate the time of the year (given in weeks) and the arrow indicates the course of time. Bloom start, bloom end, and bloom
duration are marked with arrows on the color bar showing time evolution from July–June for diatoms and coccolithophores, and bloom
peak is drawn directly into the phase diagram. (c) Sketch of diatom and coccolithophore chlorophyll biomass evolution (mg Chl m−3) for
the different latitudinal bands. Lowest biomass in bottom left; arrows indicate temporal evolution. For details on the definition of the bloom
metrics, see the Supplement.

diatom biomass peaks south of 60◦ S, where they dominate
the community (> 80 % of total NPP; see Fig. 2a).

4.4 Bloom characteristics and seasonal succession

Generally, with increasing latitude, coccolithophore blooms
in ROMS–BEC start and peak later (Fig. 4a and b) and
the bloom amplitude decreases (Fig. 4c). Between 40 and
50◦ S, where their maximum in absolute biomass is located
(up to 3.9 mmol C m−3; Fig. 1c), coccolithophore blooms in
ROMS–BEC start in week 17 (October) and peak in week 25
(December, at about 0.06 mg Chl m−3; Fig. 4a). Peak coccol-
ithophore biomass thereby precedes the maximum contribu-
tion of coccolithophores (29 %) to total surface phytoplank-
ton biomass in early February (Fig. 3a). Between 50 and
60◦ S, coccolithophore blooms start in week 29 (January).
Coccolithophores contribute up to 10 % to total phytoplank-
ton biomass in late February in our model (Fig. 3b), coin-
ciding with a peak absolute biomass of 0.019 mg Chl m−3 in
week 32 (Fig. 4b).

As for coccolithophores, the diatom bloom onset and peak
times are later at higher latitudes (Fig. 4a and b). However,
in contrast to coccolithophore blooms, the diatom bloom
peak increases with latitude (Fig. 4c). Diatom blooms start
in week 9 (August) and peak in weeks 23 and 20 (November,
at 0.8 and 2.3 mg Chl m−3) between 40–50 and 50–60◦ S,
respectively (Fig. 4a and b). Thereby, diatom blooms pre-
cede coccolithophore blooms in ROMS–BEC. In our model,
diatoms dominate total phytoplankton biomass everywhere
south of 40◦ S (Fig. 2a) and diatoms therefore dominate to-
tal chlorophyll bloom dynamics. Overall, the timing of the
coccolithophore blooms agrees well with observations, but
blooms of diatoms tend to start and peak too early and at
too-high chlorophyll concentrations in ROMS–BEC when
compared to satellite estimates (especially south of 60◦ S; not
shown). More specifically, PIC imagery (a proxy for coccol-
ithophore abundance) suggests annual peak concentrations
in December and January for 40–50 and 50–60◦ S (NASA-
OBPG, 2014c), comparing well with the simulated peaks
in December and February. Soppa et al. (2016) find diatom
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biomass to peak around mid-December (40–60◦ S) and be-
tween mid-January and mid-February south of 60◦ S, about
1–2 months later than in our simulation. Additionally, while
the simulated peak diatom chlorophyll biomass is close to
the value suggested by Soppa et al. (2016) for 40–60◦ S (0.4
vs. 0.25 mg Chl m−3), the simulated peak diatom chlorophyll
biomass is 6-fold higher south of 60◦ S (not shown).

Despite these discrepancies, the simulated succession pat-
tern of diatoms and coccolithophores agrees with that sug-
gested for the GCB. In situ studies for the GCB area
have inferred the succession of diatoms by coccolithophores
from depleted silicic acid levels coinciding with high coc-
colithophore abundance between 40 and 65◦ S, especially
for the Patagonian Shelf (Balch et al., 2016, 2014; Painter
et al., 2010), supporting the seasonal dynamics simulated by
ROMS–BEC. In the following sections, we assess the con-
trolling factors of the simulated spatial and temporal vari-
ability, with a particular focus on the biogeography of coc-
colithophores and their interplay with diatoms. For this, we
restrict the discussion to the latitudinal bands between 40–50
and 50–60◦ S, where coccolithophore biomass is highest (see
Sect. 4.3).

4.5 Bottom-up controls on coccolithophore
biogeography

Phytoplankton growth rates in BEC are determined as a func-
tion of the maximum growth rate and surrounding environ-
mental conditions with respect to temperature, nutrient, and
light levels (Eq. 3). Here, we use the relative growth ratio of
diatoms versus coccolithophores as defined in Eq. (4) (Hash-
ioka et al., 2013) in order to disentangle the effect of indi-
vidual bottom-up factors on diatom–coccolithophore com-
petition and their relative contribution to total surface phy-
toplankton biomass.

In the latitudinal band between 40 and 50◦ S, the relative
growth ratio of diatoms vs. coccolithophores (solid black
line in Fig. 5a) is negative from the end of September un-
til the end of April; i.e., the specific growth rate of coccol-
ithophores exceeds that of the diatoms (µCocco > µDiatoms;
see Eq. 4). For the four summer months (December–March,
DJFM), the specific growth rate of coccolithophores is on
average 15 % larger than that of diatoms (Fig. 6a, shaded
dark grey bar; calculated from non-log-transformed ratios).
This favors the buildup of coccolithophore relative to diatom
biomass during this period, partially explaining the compa-
rably high biomass of coccolithophores in this region during
summer. This contrasts with the situation in the more south-
ern latitudinal band, i.e., between 50 and 60◦ S, where the
relative growth ratio of diatoms vs. coccolithophores (solid
black line in Fig. 5b) is negative only for the period be-
tween December and mid-February. The growth advantage
is also much smaller, amounting to only 3 % during DJFM
(Fig. 6b, shaded dark grey bar). This makes it harder for

coccolithophores to build up biomass relative to diatoms be-
tween 50 and 60◦ S compared to between 40 and 50◦ S.

The relative growth ratio can be separated into the contri-
bution of the maximum growth rate µmax (βµmax ), tempera-
ture (βT ), nutrients (βN ), and light (βI ; see Eq. 4, colored
areas in Figs. 5a, b, and 6). The 21 % larger µmax of di-
atoms compared to that of coccolithophores (Table 1) favors
diatom relative to coccolithophore growth all year round in
the whole model domain (term βµmax in Eq. 4, green area in
both Fig. 5a and b is positive). Differences in the temperature
limitation of diatoms and coccolithophores arise from differ-
ences in Q10 of each PFT (Eq. B5), with coccolithophores
being less temperature limited than diatoms (Table 1, term
βT in Eq. (4), red area in Fig. 5a is negative). This leads to a
DJFM mean growth advantage of 11 % and 15 % of coccol-
ithophores relative to diatoms for 40–50 and 50–60◦ S, re-
spectively (Fig. 6, shaded red bars).

Due to their lower half-saturation constants for nutrient
uptake (Table 1), coccolithophores are less nutrient limited
than diatoms, resulting in the negative blue areas in Fig. 5a
and b (24 % and 7 % less nutrient limited for DJFM between
40–50 and 50–60◦ S, respectively; see Fig. 6, shaded blue
bars, and term βN in Eq. 4). For the summer months, amongst
all environmental factors, this is the biggest simulated dif-
ference between the two latitudinal bands (compare shaded
colored bars between Fig. 6a and b). The spatial pattern of
the most limiting nutrient for the simulated coccolithophore
and diatom growth (Fig. 2b and c, respectively) provides the
explanation for this: between 50 and 60◦ S, iron is the most
limiting nutrient for both PFTs, but silicic acid is the most
limiting nutrient for diatom growth between 40 and 50◦ S.
While coccolithophores remain iron limited, silicic acid lim-
itation of diatoms increases the difference in nutrient limita-
tion between coccolithophores and diatoms, thus explaining
the greater advantage for coccolithophores between 40 and
50◦ S compared to between 50 and 60◦ S.

In our model, differences in light limitation between coc-
colithophores and diatoms are controlled by the minor differ-
ence in the sensitivity to increases in PAR at low irradiances
(αPI) and largely by differences in photoacclimation, i.e., the
ability of each PFT to adjust its chlorophyll-to-carbon ra-
tio to surrounding light, nutrient, and temperature conditions
(Eq. B9; Geider et al., 1998). Coccolithophores have a 9 %
lower αPI (Table 1), a generally lower chlorophyll-to-carbon
ratio (Fig. S12), and are less nutrient limited than diatoms
(blue areas in Fig. 5a and b), resulting in a stronger light
limitation of coccolithophores compared to diatoms. While
this difference largely disappears in summer (4 % between
40 and 50◦ S and 1 % between 50 and 60◦ S; see Fig. 6,
shaded yellow bars, and term βI in Eq. 4), the model sim-
ulates pronounced differences between the two latitudinal
bands throughout the rest of the year (18 % and 47 %, re-
spectively; see Fig. 6).

Coccolithophores and diatoms together contribute on av-
erage 87 % and 96 % to total DJFM mean surface phy-
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Figure 5. (a–b) Relative growth ratio (solid black line) and relative grazing ratio (dashed black line) of diatoms vs. coccolithophores. Colored
areas are contributions of the maximum growth rate µmax (green), nutrient limitation (blue), light limitation (yellow), and temperature
sensitivity (red) to the relative growth ratio, e.g., the red area represents the term βT of Eq. (4) (see Sect. 3). (c–d) Surface carbon biomass
evolution (mmol C m−3), (e–f) specific growth rates (d−1; Eq. 3), and (g–h) biomass-normalized specific grazing rates (d−1, Eq. 6). For
(c–h), coccolithophores (C) are shown in blue, diatoms (D) in red, and small phytoplankton (SP) in green. For all metrics, left panels are for
40–50◦ S, and those on the right are for 50–60◦ S.

toplankton biomass between 40–50 and 50–60◦ S, respec-
tively (Fig. 3), with diatoms constituting the majority of this
biomass. This leaves 13 % and 4 % for small phytoplank-
ton, whose contribution to total biomass levels is thus of
the same order of magnitude as that of coccolithophores. SP
biomass largely covaries with coccolithophore biomass be-
tween 40 and 50◦ S (Fig. 5c), but coccolithophores outcom-
pete SP in summer due to their higher maximum growth rate
(Table 1) and growth advantages with respect to temperature,
outweighing disadvantages with respect to light and nutri-
ents (Fig. S6a and S7a). Between 50 and 60◦ S, SP biomass
is higher than coccolithophore biomass for most of the year
(Fig. 5d). Similarly to the diatom–coccolithophore interplay,
coccolithophores have a growth advantage relative to SP for
a smaller time period (mid-November until April compared
to August until mid-May; Fig. S6), while it is slightly bigger
in amplitude in summer for this latitudinal band compared to
40–50◦ S (8 % compared to 5 %; Fig. S7b).

In summary, coccolithophores have an advantage in spe-
cific growth relative to diatoms in austral summer both be-
tween 40 and 50 and between 50 and 60◦ S. Comparing the
two latitudinal bands, this advantage is higher for 40–50◦ S,
explaining the 10 % greater importance of coccolithophores
for total phytoplankton biomass in this band compared to
50–60◦ S (annual mean, Fig. 3). Comparing all environmen-
tal factors and the two latitudinal bands, nutrient conditions
control the difference in total relative growth ratio between
40–50 and 50–60◦ S in summer, while differences in light
limitation drive differences between the summer months and
the rest of the year (DJFM vs. non-DJFM; Fig. 6). How-
ever, both for 40–50 and 50–60◦ S, despite the higher specific
growth rate for part of the year, coccolithophores never out-
compete diatoms in terms of absolute biomass (Fig. 5c and
d). We calculated whether the length of the growing season
is long enough for coccolithophores to outcompete diatoms
given their biomass ratio at the end of November, as well
as the DJFM growth advantage of 15 % and 3 % (40–50 and
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Figure 6. Percent difference in growth rate (dark grey), growth-limiting factors (maximum growth rate µmax in green, nutrient limitation in
blue, light limitation in yellow, and temperature sensitivity in red), and grazing rate (light grey) of diatoms and coccolithophores for (a) 40–
50◦ S and (b) 50–60◦ S. Respective left bar shows the December–March average (DJFM) calculated from the non-log-transformed ratios
(e.g., the red bar represents 10βT ; see Eq. 4), and the shaded right bars show the average for all other months (non-DJFM). Full seasonal
cycle is shown in Fig. 5a and b.

Figure 7. Relative change in annual mean surface chlorophyll biomass of coccolithophores (C), diatoms (D), and small phytoplankton (SP)
for (a) 40–50◦ S and (b) 50–60◦ S for simulations assessing coccolithophore parameter sensitivities (see Table 2). Numbers of relative change
are printed if change is larger than ±10 %.

50–60◦ S, respectively; Fig. 6) for coccolithophores, assum-
ing no difference in loss rates between the two PFTs. We
found that for 50–60◦ S, the growth advantage of 3 % is not
large enough to result in a dominance of coccolithophores
over diatoms at the end of the growth season given the 80
times higher diatom biomass at the end of November, in
agreement with the simulated biomass evolution (Fig. 5d).
For 40–50◦ S, however, our calculations show that despite
the 10 times higher biomass of diatoms at the end of Novem-
ber (Fig. 5c), coccolithophores should outcompete diatoms
at the end of March given their 15 % higher specific growth

rate. But this is valid only if the loss rates are the same for
both PFTs. This finding is confirmed by the sensitivity sim-
ulation GRAZING, wherein diatoms and coccolithophores
experience the same loss rates (see Sect. 4.7), and coccol-
ithophore biomass is indeed larger than that of diatoms be-
tween January and March for 40–50◦ S (not shown). Thus,
top-down control factors, and zooplankton grazing in partic-
ular, are crucial additional factors controlling biomass distri-
bution and its seasonality. In the following, we will assess
the importance of grazing by zooplankton in ROMS–BEC
for the relative importance of coccolithophores.
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4.6 Top-down controls on coccolithophore
biogeography

Between 40 and 50◦ S, the simulated relative grazing ratio
(see Eq. 7 and Hashioka et al., 2013) of diatoms vs. coccol-
ithophores (dashed black line in Fig. 5a) is positive from mid-
September until the end of April; i.e., the coccolithophores
experience a stronger grazing pressure (γ C

g /P
C > γD

g /P
D).

For the summer months (DJFM), this pressure is, on aver-
age, 35 % larger (Fig. 6a, shaded light grey bar), favoring
the buildup of diatom relative to coccolithophore biomass. In
comparison, between 50 and 60◦ S, the relative grazing ratio
of diatoms vs. coccolithophores (dashed black line in Fig. 5b)
is positive only from November until the end of March. Fur-
ther, the grazing disadvantage of coccolithophores is less
severe, with coccolithophores experiencing “only” a 23 %
larger grazing pressure compared to that of diatoms during
DJFM (Fig. 6b, shaded light grey bar).

These differences in the specific grazing rates between
coccolithophores and diatoms are of similar magnitude as
the differences in the specific growth rates (same scale for
solid and dashed lines in Fig. 5a and b). This implies that
top-down factors are as important as bottom-up factors in
controlling the relative importance of coccolithophores and
diatoms. During DJFM, the top-down factors even far out-
weigh the bottom-up factors in favoring one group over the
other; i.e., the differences in the specific grazing rates are 2
(40–50◦ S) and 8 times (50–60◦ S) larger than differences in
the specific growth rates (Fig. 6).

The periods when the coccolithophores experience a
stronger grazing pressure (positive relative grazing ratios) al-
most exactly overlap throughout the SO with periods during
which they tend to grow faster than the diatoms (negative
relative growth ratios; compare solid and dashed black line
in Fig. 5a and b). The balance between these two tenden-
cies falls on the grazing side, particularly during summer,
resulting in slower biomass accumulation rates for coccol-
ithophores (Fig. 5g and h) and permitting diatoms to take off
despite lower growth rates.

In summary, in ROMS–BEC, top-down control by grazing
modulates and alters the growth advantages inferred from the
bottom-up controls substantially. In fact, top-down controls
are even the dominant factor during certain times, making
diatoms, because of their lower biomass-normalized graz-
ing rates, overall more successful than coccolithophores in
accumulating and sustaining higher biomass concentrations.
Thus, at least in our model, the final biomasses and the rel-
ative contribution of coccolithophores and diatoms are the
product of a complex interplay between the two factors.

4.7 Sensitivity of coccolithophore biogeography to
chosen parameter values

We assess the sensitivity of the simulated coccolithophore
biogeography by performing a set of sensitivity simulations

(runs 1–9 in Table 2). Between 40 and 60◦ S, annual mean
surface coccolithophore biomass increases the strongest for
GROWTH (2.5-fold and 52 % increase compared to the
reference simulation for 40–50 and 50–60◦ S; Fig. 7) and
GRAZING (3-fold and 44 % increase). This supports our
finding from Sects. 4.5 and 4.6 that top-down and bottom-
up controls are equally important in controlling SO coccol-
ithophore biogeography. Coccolithophore biomass decreases
by 34 % and 14 % for 40–50◦ S and 50–60◦ S, respectively
(with changes< 10 % in diatom and> 30 % in SP biomass),
when making coccolithophore growth more temperature lim-
ited (Q10, Fig. 7). With respect to nutrient sensitivities, only
the simulation SILICATE leads to significant changes in an-
nual mean coccolithophore biomass for 40–50◦ S (decrease
of 55 %, which is compensated for by a doubling in SP
biomass). Between 50 and 60◦ S, none of the simulations
assessing nutrient sensitivities (runs 5–9) results in signifi-
cant biomass changes (Fig. 7). This confirms the minor im-
portance of the half-saturation constants for driving the rela-
tive importance of diatoms and coccolithophores in this area
(blue bars in Fig. 6b). Lastly, coccolithophore biogeography
shows little sensitivity to the chosen value of the initial slope
of photosynthesis, i.e., αPI. This confirms the result from
Sect. 4.5, namely that differences between coccolithophores
and diatoms in light limitation are not driven by differences
in this parameter (Fig. S5). In summary, we conclude that the
simulated coccolithophore biogeography is especially sensi-
tive to the chosen maximum growth and grazing rate (µmax
and γmax; Table 1), while it appears insensitive to αPI and all
nutrient half-saturation constants, except for the silicic acid
limitation of diatoms.

5 Discussion

5.1 Biogeochemical implications of SO coccolithophore
biogeography

In ROMS–BEC, coccolithophores are a minor but important
part of the SO phytoplankton community, contributing 17 %
to total annual NPP south of 30◦ S. The model-simulated
NPP by SO coccolithophores constitutes about 4.3 %–5.5 %
of global NPP (58± 7 Pg C yr−1; Buitenhuis et al., 2013a).
This SO contribution alone is larger than the previously es-
timated contribution of the global coccolithophore commu-
nity (< 2 %, Jin et al., 2006; 0.4 %, O’Brien, 2015). But
this has to be viewed cautiously, since the modeled coccol-
ithophore biomass between 30 and 40◦ S, an area contribut-
ing> 50 % to coccolithophore production and biomass south
of 30◦ S (Table 3), is likely an overestimate (Fig. 1d). At
the same time, coccolithophore biomass is underestimated
in the model compared to in situ observations south of 40◦ S
(Fig. 1d), at least partly balancing the overestimation in the
north of the domain. Overall, the scarcity of the in situ data,
as well as their high uncertainty of up to 400 % (resulting
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Figure 8. Sketch summarizing the results from ROMS–BEC: relative importance of coccolithophores (inner circle) and diatoms (outer circle)
for total phytoplankton biomass over time in light–silicic acid space for (a) 40◦ S and (b) 60◦ S. Note the different scales for coccolithophores
and diatoms. Arrows in the sketch indicate the course of time (white) and the strength of the specific grazing pressure on coccolithophores
(blue) and diatoms (green).

from the biomass conversion from cell counts; O’Brien et al.,
2013), has to be acknowledged, making it difficult to evaluate
our model estimate. In addition, simulated coccolithophore
biomass and production are prone to uncertainty arising from
the chosen parameters, and integrated coccolithophore pro-
duction south of 30◦ S varies from 2–4.9 Pg C yr−1 (3.1 %–
9.6 % of global NPP) in our parameter sensitivity simula-
tions (runs 1–8, except run 6; Table 2). Even while the exact
numbers from our modeling studies are uncertain, they are in
agreement with previous observational studies from the SO
(Smith et al., 2017; Charalampopoulou et al., 2016; Poulton
et al., 2013; Hinz et al., 2012), suggesting that the contribu-
tion of SO coccolithophores to global NPP is minor.

In contrast, the impact of coccolithophores on global in-
organic carbon production (calcification) is much more sub-
stantial. Our results suggest that SO coccolithophore calcifi-
cation contributes ≈ 24 % to global coccolithophore calcifi-
cation derived from remote sensing imagery (9.8 %–43.1 %
if accounting for uncertainty in the CaCO3 :Corg produc-
tion ratio of SO Emiliania huxleyi; Krumhardt et al., 2017).
Between 40 and 60◦ S (GCB area, area of highest coccol-
ithophore biomass concentrations in both model and obser-
vations), the model simulates 8.8 % (3.7 %–16.2 %) of global
calcification. This is somewhat lower than the satellite-

derived estimate of 18.8 % (15.2 %–22.3 %). But in BEC, we
model the rather lightly calcified SO Emiliania huxleyi B /C
morphotype (Krumhardt et al., 2017). While Emiliania hux-
leyi in general, and this morphotype in particular, have been
shown to dominate the coccolithophore community in the
SO (Saavedra-Pellitero et al., 2014; Balch et al., 2016; Smith
et al., 2017), other species such as the more heavily calcified
Emiliania huxleyi morphotype A or C. leptoporus might lo-
cally contribute overproportionally to total calcification, po-
tentially contributing to the underestimation of modeled cal-
cification. C. leptoporus has been found to locally dominate
the coccolithophore community (67.6 % of the community
at a station in the Pacific sector; Saavedra-Pellitero et al.,
2014) and has a generally higher CaCO3 :Corg production ra-
tio than Emiliania huxleyi B /C (0.4–3.2; Krumhardt et al.,
2017). Keeping this uncertainty in mind, we can conclude
from our simulation that coccolithophores in the GCB are
likely at least as important as the surface area they cover
(10.9 % of global ocean area, 40–60◦ S), making them an im-
portant contributor to the global carbon cycle despite their
relatively small contribution to global NPP.

In the context of carbon sequestration, the PIC : POC ex-
port ratio is crucial. Our modeled PIC : POC export ratio
is higher where and when coccolithophores are important
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(30–60◦ S, Table 3, especially on the Patagonian Shelf; not
shown), in agreement with in situ observations by Balch
et al. (2016). A higher PIC : POC export ratio possibly en-
ables more CO2 uptake from the atmosphere due to the bal-
lasting effect of calcite for the downward transport of organic
carbon. At the same time, calcification directly increases sea-
water pCO2, counteracting the ballasting effect. Balch et al.
(2016) found that the abundance of coccolithophores in the
GCB is high enough to temporarily and locally reverse the
sign of the air–sea CO2 flux from a sink to neutral or even a
source, inhibiting further CO2 uptake from the atmosphere.
The net sign of the combined effect of ballasting and the
direct calcification effect on air–sea CO2 exchange remains
to be quantified for the GCB as a whole in future research.
Nevertheless, the relative importance of coccolithophores in
ROMS–BEC implies that it is crucial to estimate potential
future change in the relative importance of coccolithophores
and/or the CaCO3 :Corg production ratio of coccolithophores
for estimating future oceanic carbon cycling in this area in
general and oceanic CO2 uptake in particular.

5.2 Succession vs. coexistence: decoupling of maximum
specific growth rate and maximum biomass levels
by zooplankton grazing in ROMS–BEC

The ROMS–BEC-simulated coccolithophore blooms start
and peak later than those of diatoms (Fig. 4), in agree-
ment with the updated version of Margalef’s mandala by
Balch (2004), predicting the succession of these phytoplank-
ton functional types as a result of changing environmental
conditions over time (see also Margalef, 1978). At the same
time, we have seen above that the specific growth rate of coc-
colithophores in ROMS–BEC is higher than that of diatoms
for much of the year (40–50◦ S) and most of austral sum-
mer (50–60◦ S; Fig. 5e and f). This implies that not only the
spatial coexistence of coccolithophores and diatoms, but also
the timing of their peak biomass are the result of interactions
between the bottom-up and top-down factors. In fact, phy-
toplankton specific growth rates are not largest when the re-
spective biomass level is at its maximum in our model (com-
pare Fig. 5c and d with e and f), implying a decoupling in our
model between environmental conditions and biomass peaks.

Several metrics have been applied in the past to assess the
question of coexistence vs. succession of two phytoplankton
PFTs in general or of diatoms and coccolithophores in par-
ticular. Traditionally, studies have looked at absolute biomass
concentrations only and defined coexistence and succession
based on a temporal separation in biomass peaks. For exam-
ple, Hopkins et al. (2015) defined the succession of diatoms
and coccolithophores whenever peaks of total chlorophyll
and PIC were more than 16 days apart and identified most
of 40–60◦ S as a coexistence area. Instead, Barber and His-
cock (2006) analyzed specific growth rates rather than abso-
lute biomass concentrations. Based on JGOFS data from the
equatorial Pacific, their study suggests that all phytoplank-

ton profit equally from improved environmental conditions
and that differences the in timing of the biomass peaks can
also result simply from differences in the relative abundance
at the beginning of the growth season and varying grazing
pressures. In agreement with this, Daniels et al. (2015) found
coccolithophores to grow simultaneously with an observed
diatom bloom in the North Atlantic instead of simply suc-
ceeding it.

In agreement with Barber and Hiscock (2006) and Daniels
et al. (2015), all phytoplankton respond with an increase
in their specific growth rate to improving environmental
conditions in spring in ROMS–BEC (Fig. 5e and f), while
biomass peaks of, e.g., diatoms and coccolithophores are
clearly separated in time because grazing by zooplankton
is crucial in controlling biomass evolution in our simula-
tion (see Sect. 4.6). Since maximum specific growth rates,
i.e., ideal environmental conditions, do not imply concurrent
maximum biomass concentrations in our simulation, the tim-
ing of maximum biomass concentrations similarly does not
imply ideal growth conditions at that time. This has implica-
tions for both in situ and remote-sensing-based studies: typi-
cally, in situ studies relate high phytoplankton abundance to
local environmental conditions to infer ideal growth condi-
tions. Our results suggest that environmental conditions at
the time of maximum abundance do not necessarily repre-
sent ideal growth conditions and that a decoupling of spe-
cific growth rate and biomass levels as a result of, e.g., top-
down controls result in an identification of the succession of
phytoplankton types in terms of biomass peaks that is not
purely bottom-up driven. Simply comparing peak biomass
levels of two PFTs, as is typically done in remote sensing
studies assessing phytoplankton seasonality (e.g., Hopkins
et al., 2015), might similarly result in a misleading picture
of ecosystem dynamics and patterns of succession and co-
existence. Therefore, assessing remote sensing data with a
metric focusing on the relative increase in biomass during
the “pre-peak” period rather than just the biomass peak itself
might reveal different patterns of coexistence and succession
between 40 and 60◦ S, possibly revealing areas of a decou-
pling between maximum biomass and maximum growth rate.
This might reconcile the different metrics and methods used
to assess phytoplankton seasonality and give a more compre-
hensive picture of the interplay of bottom-up and top-down
controls.

5.3 Drivers of coccolithophore biogeography

Our model analyses revealed that the absolute biomass con-
centrations over the course of the year as well as the relative
importance of coccolithophores and diatoms are controlled
by the spatial and temporal variability in silicic acid and light
availability, as well as the higher per biomass grazing pres-
sure on coccolithophores than on diatoms (Fig. 8). A number
of in situ studies found an anticorrelation between Emiliania
huxleyi abundance in the SO and local silicic acid concentra-
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tions (Smith et al., 2017; Balch et al., 2014; Mohan et al.,
2008; Hinz et al., 2012). In addition, Balch et al. (2016)
found Emiliania huxleyi to be positively correlated with in
situ iron levels, concluding that this species occupies the high
Fe, low Si niche. This is in agreement with our model re-
sults, in which coccolithophores are most important where
(40–50◦ S) and when (late austral summer) diatoms become
silicic acid limited, but iron levels are still high enough to
sustain coccolithophore growth. Temperature has been sug-
gested to be a major driver of latitudinal gradients in SO
coccolithophore abundance (e.g., Saavedra-Pellitero et al.,
2014; Hinz et al., 2012). In our study, differences in tem-
perature sensitivity between diatoms and coccolithophores
play a minor role in controlling the relative importance of
these two phytoplankton groups (see Figs. 5 and 6). How-
ever, globally, the difference in temperature sensitivity (Q10)
of diatom and coccolithophore growth appears to be larger
(1.93 and 1.14, respectively; see Le Quéré et al., 2016) than
what is currently used in ROMS–BEC (1.55 and 1.45, re-
spectively; see Table 1), indicating that we likely underesti-
mate the importance of temperature in controlling the relative
importance of diatoms and coccolithophores in our model.
In contrast to most other phytoplankton, laboratory experi-
ments have shown coccolithophore growth not to be inhib-
ited at high light levels (photoinhibition; Zondervan, 2007),
and high light levels have therefore often been considered a
prerequisite for elevated coccolithophore abundance (Char-
alampopoulou et al., 2016; Balch et al., 2014; Poulton et al.,
2013; Balch, 2004). In our model, we do not consider the ef-
fects of photoinhibition for any of the phytoplankton PFTs.
In BEC, differences in summer light levels between 40–50
and 50–60◦ S cannot explain why coccolithophores are rel-
atively more important between 40 and 50 than between 50
and 60◦ S (3 % difference of shaded yellow bar in Fig. 6a
and b) and differences in the seasonal amplitude of light lev-
els between the two latitudinal bands appear more impor-
tant than latitudinal differences in summer alone. If photoin-
hibitory effects were included in our model, we expect coc-
colithophores to increase in relative importance in the whole
model domain, especially towards the end of the growth sea-
son when light levels are highest.

Besides bottom-up factors, we find grazing by zooplank-
ton to be key in explaining the seasonal evolution of the
modeled phytoplankton community structure. BEC includes
a single zooplankton PFT comprising characteristics of both
microzooplankton and macrozooplankton (by assuming mi-
crozooplankton feeding on SP and coccolithophores to grow
faster than macrozooplankton feeding on diatoms; compare
γmax in Table 1; Moore et al., 2002; Sailley et al., 2013),
thereby emulating two trophic levels within the zooplankton
compartment without explicitly modeling them. However,
Sailley et al. (2013) found the coupling between each phy-
toplankton PFT and the single zooplankton PFT to be strong
in BEC, meaning that any increase in phytoplankton biomass
leads to a concurrent and immediate increase in zooplankton

biomass until saturation is reached. This tight coupling pre-
vents any phytoplankton PFT from escaping grazing pres-
sure and making use of favorable growth conditions, as seen
for coccolithophores throughout our analysis domain. Addi-
tional explicit zooplankton PFTs and an explicit represen-
tation of trophic cascades in the zooplankton compartment
might decouple phytoplankton and grazer biomass in both
space and time, fostering the importance of coccolithophores
relative to diatoms between 40 and 60◦ S and possibly alter-
ing total phytoplankton biomass (Le Quéré et al., 2016). The
tight coupling between phytoplankton and the single zoo-
plankton in BEC suggests a possible overestimation of the
importance of top-down control in controlling the relative
importance of coccolithophores in the SO compared to mod-
els with more zooplankton complexity.

Besides missing complexity by only including a single
zooplankton PFT, the simulated biogeography and controls
of the diatom–coccolithophore competition are also sensi-
tive to the chosen zooplankton ingestion function. In ROMS–
BEC, we found the effect of both a Holling type III and
constraining zooplankton grazing by the total phytoplank-
ton biomass on our results to be similar (runs 12–14 in Ta-
ble 2): the use of a Holling type III (HOLLING_III) or an
active prey-switching (ACTIVE_SWITCHING) grazing for-
mulation, as well as a Holling type II formulation constrained
by total phytoplankton biomass (HOLLINGII_SUM_P), in-
stead of our standard Holling type II grazing formulation
with fixed prey preferences leads to increased coexistence
in the phytoplankton community. This is because either of
these changes reduces the grazing pressure on the less abun-
dant PFTs. As a result, coccolithophores and SP increase in
relative biomass importance compared to diatoms in all three
sensitivity simulations (Fig. S9). At the same time, coccol-
ithophore biomass is pushed outside of the observed range
for both sensitivity cases (Fig. S9), indicating a parameter re-
tuning to be necessary for a true comparison of the drivers of
coccolithophore biogeography across simulations. Regard-
less, this again highlights the strong impact of top-down con-
trols on phytoplankton biogeography in ROMS–BEC.

The key role of zooplankton grazing for determining SO
phytoplankton biomass (Le Quéré et al., 2016; Painter et al.,
2010; Garcia et al., 2008) and community composition (e.g.,
Smetacek et al., 2004; Granéli et al., 1993; De Baar, 2005)
has been demonstrated before, but its possible role for SO
coccolithophore biogeography has not yet been addressed.
Selective grazing by microzooplankton has been found to be
important for the development of coccolithophore blooms in
other parts of the ocean in observational (North Sea: Holli-
gan et al., 1993, Devon coast: Fileman et al., 2002, north-
ern North Sea: Archer et al., 2001) and modeling studies
(Bering Sea Shelf: Merico et al., 2004). However, recent
in situ studies addressing controls on coccolithophore bio-
geography in the SO (e.g., Balch et al., 2016; Charalam-
popoulou et al., 2016; Saavedra-Pellitero et al., 2014; Hinz
et al., 2012) have exclusively focused on bottom-up controls
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by correlating high coccolithophore abundance with concur-
rent environmental conditions. Based on our findings, future
SO in situ studies should consider both bottom-up and top-
down factors when assessing coccolithophore biogeography
in space and time.

5.4 Limitations and caveats

Our findings may be impacted by several limitations regard-
ing ecosystem complexity, chosen parameterizations and pa-
rameters in BEC, model setup and performance, and the anal-
ysis framework. Ecosystem models not only vary in the num-
ber of zooplankton PFTs, but also in the chosen grazing for-
mulation (Sailley et al., 2013), e.g., in their functional re-
sponse regarding the ingestion of prey (e.g., Holling type II
vs. Holling type III; Holling, 1959) or in the prey preferences
of each predator (variable or fixed). It has been shown previ-
ously in global models that the choice of the grazing formula-
tion impacts phytoplankton biogeography and diversity (e.g.,
Prowe et al., 2012; Vallina et al., 2014). For ROMS–BEC,
the chosen grazing formulation quantitatively impacts our re-
sults, but does not qualitatively change the importance of top-
down factors. This finding agrees with previous modeling
studies, which despite using different ecosystem complexity
and grazing formulations came to the conclusion that top-
down control is of vital importance for phytoplankton bio-
geography and diversity (Sailley et al., 2013; Vallina et al.,
2014; Prowe et al., 2012). However, we acknowledge the
simplicity of the current grazing formulation in BEC, and
future research should assess the impact of increased zoo-
plankton complexity on the simulated controls of SO phyto-
plankton biogeography.

Phytoplankton biogeography is not only affected by
choices regarding ecosystem complexity and parameters, but
also by biases in the underlying physical and biogeochem-
ical fields. In summary, both the temperature and ML bias
have little effect on phytoplankton biogeography, and both
phytoplankton community composition and the relative im-
portance of the controls for coccolithophore biogeography
change only slightly compared to the reference simulation
(runs 10 and 11 in Table 2, Figs. S8 and S9; contribution to
total NPP south of 30◦ S: 20 % and 18.7 % SP, 16.7 % and
14.8 % coccolithophores, and 62.3 % and 65.4 % diatoms for
TEMP and MLD, respectively, compared to 20.3 %, 16.5 %,
and 62.2 % in the reference run). In addition, neither the bias
in temperature nor in MLD can explain the overestimation of
NPP and total surface chlorophyll at latitudes > 60◦ S (not
shown). We conclude that biases in the physical fields do not
significantly impact our results. However, the positive bias
of NPP to total surface chlorophyll remains unexplained in
ROMS–BEC at this point. A previous modeling study by
Le Quéré et al. (2016) has shown missing complexity in the
zooplankton compartment to be a possible explanation for
simulated positive phytoplankton biomass biases in the high-

latitude SO, and the role of multiple trophic levels needs to
be explored in ROMS–BEC.

In this study, we only present results for latitudinal av-
erages even though coccolithophore biomass and its rela-
tive importance for total phytoplankton biomass varies across
basins (see Fig. 1 and Balch et al., 2016). Additionally, we
only address differences in grazing pressure between two
phytoplankton PFTs in this study. Aggregation losses and
non-grazing mortality (see Eq. 2) contribute < 10 % to to-
tal phytoplankton loss between 40 and 60◦ S on average
(not shown), suggesting them to be of minor importance
in controlling the relative importance of coccolithophores
and diatoms in this area. While the importance of viral ly-
sis has been shown for the termination of coccolithophore
blooms in the North Atlantic (e.g., Lehahn et al., 2014; Evans
et al., 2007; Brussaard, 2004), to the best of our knowledge,
there are only two studies from the SO assessing the rel-
ative importance of viral lysis and grazing by zooplankton
as sinks for phytoplankton biomass, and both point to a mi-
nor importance of viral lysis in this ocean region (Evans and
Brussaard, 2012; Brussaard et al., 2008). However, none of
these studies explicitly assessed the importance for coccol-
ithophore biomass dynamics, which should be investigated
in future observational studies. Ultimately, coccolithophore
growth and calcification in BEC are currently not dependent
on ambient CO2 concentrations. However, both the study by
Trull et al. (2018) and the review by Krumhardt et al. (2017)
suggest carbonate chemistry to be of minor importance in
controlling the relative importance of coccolithophores in the
SO at present, as both specific growth rates and CaCO3 :Corg
production ratios of SO coccolithophores appear rather in-
sensitive to variations in ambient CO2 (Krumhardt et al.,
2017). Concurrently, the CaCO3 :Corg production ratio has
been shown to depend on surrounding temperature, light, and
nutrient levels. However, for SO coccolithophores, data are
scarce and the resulting functional dependencies remain un-
clear (Krumhardt et al., 2017). We thus cannot estimate the
effect of a varying CaCO3 :Corg production ratio on our re-
sults.

6 Conclusions

This modeling study is the first to comprehensively assess
the importance of both bottom-up and top-down factors in
controlling the relative importance of coccolithophores and
diatoms in the SO over a complete annual cycle. We find
that coccolithophores contribute 16.5 % to total annual NPP
south of 30◦ S in ROMS–BEC, making them an impor-
tant member of the SO phytoplankton community. Based
on our results, SO coccolithophores alone contribute 5 % to
global NPP. We therefore recommend the inclusion of an
explicit coccolithophore PFT in global ecosystem models
and the development of existing implementations (Le Quéré
et al., 2016; Kvale et al., 2015; Gregg and Casey, 2007a) to
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more adequately simulate both tropical and subpolar coccol-
ithophore populations and to better constrain their contribu-
tion to global NPP.

In our model, coccolithophore biomass is higher when di-
atoms are most limited by silicic acid and when light lev-
els are highest, i.e., north of 50◦ S and towards the end of
the growing season. Yet the coccolithophore biomass never
gets close to that of the diatoms. This is a consequence of
top-down control, i.e., the fact that the coccolithophores are
subject to a much larger biomass specific grazing pressure
than the diatoms. Consequently, both abiotic and biotic inter-
actions have to be considered over the course of the grow-
ing season to assess controls on coccolithophore biogeogra-
phy, both experimentally and in modeling studies. Top-down
factors are important regulators of phytoplankton biomass
dynamics not only in the SO, but also globally (Behren-
feld, 2014). Without being restricted to the SO by the re-
gional model setup used here, future work with global mod-
els should better quantify regional variability in the relative
importance of bottom-up and top-down factors in controlling
phytoplankton biogeography.

Coccolithophores impact biogeochemical cycles, espe-
cially organic matter cycling, carbon sequestration, and
oceanic carbon uptake both via photosynthesis and calcifica-
tion, leading to cascading effects on the global carbon cycle
and hence climate. Thus, it is crucial to more quantitatively
assess the contribution of this crucial phytoplankton group
to changes in these processes in the past, present, and future
ocean.

Data availability. Model data are available upon email request
to the first author (cara.nissen@usys.ethz.ch) or in the ETH li-
brary archive (available at https://www.research-collection.ethz.ch/
handle/20.500.11850/304530, last access: 19 November 2018; Nis-
sen et al., 2018).
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Appendix A: Data for model evaluation

Table A1. Data sets used for model evaluation. Please see Sect. S1 for a more detailed description of the data used to evaluate simulated
phytoplankton biogeography, community structure, and phenology.

Variable Source

Mixed layer depth (MLD) Monthly climatology from Argo float data; Holte et al. (2017)

Sea surface temperature (SST) Optimum Interpolation SST version 2: monthly climatology from 1981–2014;
Reynolds et al. (2007)

Nitrate, phosphate, silicic acid Monthly climatology from World Ocean Atlas 2013; Garcia et al. (2014a)

Surface total chlorophyll Monthly climatology from MODIS Aqua NASA-OBPG (2014a); SO algorithm
Johnson et al. (2013)

Net primary productivity (NPP) Monthly climatology 2002–2016 from MODIS Aqua VGPM;
Behrenfeld and Falkowski (1997); O’Malley (2016)

Annually integrated NPP climatology 2002–2016 from
Buitenhuis et al. (2013a)

Particulate organic carbon (POC) export Monthly output from a biogeochemical inverse model from Schlitzer (2004)
and a data-assimilated model from DeVries and Weber (2017)

Particulate inorganic carbon (PIC) export Monthly output from standard simulation in Jin et al. (2006)

Coccolithophore biomass MAREDAT, O’Brien et al. (2013) and Buitenhuis et al. (2013b); additional data
from Balch et al. (2016), Saavedra-Pellitero et al. (2014), Tyrrell and Charalam-
popoulou (2009), Gravalosa et al. (2008), Cubillos et al. (2007)

Diatom biomass MAREDAT, Leblanc et al. (2012) and Buitenhuis et al. (2013b); additional data
from Balch et al. (2016)

Coccolithophore calcification Monthly surface chlorophyll, SST, and particulate inorganic carbon (PIC) cli-
matologies from MODIS Aqua NASA-OBPG (2014a, c, d); Eq. (1) from Balch
et al. (2007)

HPLC Monthly CHEMTAX climatology based on high-performance liquid tomogra-
phy (HPLC) data; Swan et al. (2016)
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Appendix B: BEC equations: phytoplankton growth
and loss

Changes over time in phytoplankton biomass P

(mmol C m−3) of phytoplankton i (i ∈ {C,D,SP,N})
are controlled by growth and loss terms:

dP i

dt
= growth− loss, (B1)

= µi ·P i − γ i(P i) ·P i, (B2)

= µi ·P i − γ ig(P
i) ·P i − γ im ·P

i
− γ ia (P

i) ·P i, (B3)

with γg denoting loss by zooplankton grazing, γm loss by
non-grazing mortality, and γa loss by aggregation.

B1 Phytoplankton growth

The specific growth rate µi (d−1) of phytoplankton i is de-
termined by the maximum growth rate µimax (see Table 1),
which is modified by environmental conditions with respect
to temperature (T ), nutrients (N ), and irradiance (I ), follow-
ing

µi = µimax · f
i(T ) · gi(N) · hi(I). (B4)

The temperature function f (T ) is an exponential function
(see Fig. S10a) of < 1 for temperatures below Tref = 30 ◦C,
modified by the constantQ10 specific to every phytoplankton
i (see Table 1) describing the growth rate increase for every
temperature increase of 10 ◦C.

f i(T )=Qi
10

T−Tref
10 ◦C (B5)

Generally, the smaller the Q10, the weaker the temperature
limitation of the respective phytoplankton.

The limitation by surrounding nutrients Li(N) is first cal-
culated separately for each nutrient (nitrogen, phosphorus,
iron for all phytoplankton, silicic acid for diatoms only) fol-
lowing a Michaelis–Menten function (see Table 1 for half-
saturation constants kiN for the respective nutrient and phyto-
plankton i). For iron (Fe) and silicic acid (SiO3), the limita-
tion factor is calculated following (see Fig. S10c)

Li(N)=
N

N + kiN

. (B6)

For nitrogen and phosphorus, the limitation factor is cal-
culated as the combined limitation by nutrient N and M (ni-
trate (NO3) and ammonium (NH4) for nitrogen, phosphate
(PO4), and dissolved organic phosphorus (DOP) for phos-

phorus) following

Li(N,M)=
N

kiN +N +M · (k
i
N/k

i
M)

+
M

kiM +M +N · (k
i
M/k

i
N )
. (B7)

Then, only the most limiting nutrient is used to limit the
phytoplankton growth rate:

gi(N)=min(Li(NO3,NH4),L
i(PO4,DOP),Li(Fe),

Li(SiO3)). (B8)

The light limitation function hi(I ) accounts for photoac-
climation effects by including the chlorophyll-to-carbon ratio
θ i , as well as the nutrient and temperature limitation of the
respective phytoplankton i (see Fig. S10b).

hi(I )= 1− exp

(
−1 ·

αiPI · θ
i
· I

µimax · g
i(N) · f i(T )

)
(B9)

Generally, the higher the αPI, temperature, and nutrient
stress, and the higher the chlorophyll-to-carbon ratio of the
respective phytoplankton, the weaker the light limitation.

In ROMS–BEC as used in this study, coccolithophore
growth is linearly reduced at temperatures < 6 ◦C following

µC = µC ·
max(T + 2 ◦C),0)

8 ◦C
. (B10)

Additionally, coccolithophore growth is set to zero at PAR
levels < 1 W m−2 (Zondervan, 2007).

Calcification by coccolithophores is proportional to the
photosynthetic growth of coccolithophores with a constant
CaCO3 :Corg production ratio of 0.2.

Diazotroph growth is zero at temperatures < 14 ◦C in
BEC, consistent with studies showing diazotroph growth and
N2 fixation to be of very minor importance in polar waters
(e.g., Luo et al., 2012). For consistency within the user com-
munity of BEC, we decided to keep diazotrophs as a phyto-
plankton PFT, even though the imposed temperature thresh-
old makes them a very minor player in the SO phytoplankton
community. A sensitivity study in which µNmax = 0 showed
that the results presented in this study are unaffected by the
presence of diazotrophs in BEC (not shown).

B2 Phytoplankton loss

In ROMS–BEC, the loss rates of phytoplankton biomass are
computed using a corrected phytoplankton biomass P ′i to
limit phytoplankton loss rates at low biomass.

P ′
i
=max(P i − ciloss,0) (B11)

In this equation, ciloss is the threshold of phytoplank-
ton biomass P i below which no losses occur (cNloss =

0.022 mmol C m−3 and cC,D,SP
loss = 0.04 mmol C m−3).
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The grazing rate γ ig (mmol C m−3 d−1) of the generic zoo-
plankton Z (mmol C m−3) on the respective phytoplankton i
(mmol C m−3) is described by (see Fig. S10d)

γ ig = γ
i
max · f

Z(T ) ·Z ·
P ′
i

zigrz+P
′i
, (B12)

with

f Z(T )= 1.5
T−Tref
10 ◦C . (B13)

The non-grazing mortality rate γ im (mmol C m−3 d−1) of
phytoplankton i (mmol C m−3) is the product of a maximum
mortality rate mi0 (d−1) scaled by the temperature function
f i(T ) with the modified phytoplankton biomass P ′i :

γ im =m
i
0 · f

i(T ) ·P ′
i
, (B14)

with mi0 being 0.15 d−1 for diazotrophs and 0.12 d−1 for all
other phytoplankton.

Aggregation losses are assumed only to occur for diatoms,
small phytoplankton, and coccolithophores. The aggregation
rate γ ia (mmol C m−3 d−1) of phytoplankton i (mmol C m−3)
is described by

γ ia =min
(
r ia,max ·P

′i,0.001 ·P ′i ·P ′i
)
, (B15)

γ ia =max
(
r ia,min ·P

′i,γ ia

)
, (B16)

with r ia,min being 0.01 d−1 for small phytoplankton and coc-
colithophores and 0.02 d−1 for diatoms and with r ia,max being
0.9 d−1 for all three phytoplankton.
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