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Abstract

Coccolithophores are the most abundant calcifying phytoplankton in the ocean.
These tiny primary producers have an important role in the global carbon cycle,
substantially contributing to global ocean calcification, ballasting organic mat-
ter to the deep sea, forming part of the marine food web base, and influencing
ocean-atmosphere COs exchange. Despite these important impacts, coccol-
ithophores are not explicitly simulated in most marine ecosystem models and,
therefore, their impacts on carbon cycling are not represented in most Earth
system models. Here, we compile field and laboratory data to synthesize over-
arching, across-species relationships between environmental conditions and coc-
colithophore growth rates and relative calcification (reported as a ratio of partic-
ulate inorganic carbon to particulate organic carbon in coccolithophore biomass,
PIC/POC). We apply our relationships in a generalized coccolithophore model,
estimating current surface ocean coccolithophore growth rates and relative cal-
cification, and projecting how these may change over the 21st century using
output from the Community Earth System Model large ensemble. We find that

average increases in sea surface temperature of ~2-3°C leads to faster coccol-
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ithophore growth rates globally (>10% increase) and increased calcification at
high latitudes. Roughly an ubiquitous doubling of surface ocean pCOs by the
end of the century has the potential to moderately stimulate coccolithophore
growth rates, but leads to reduced calcification (~25% decrease). Decreasing
nutrient availability (from warming-induced increases in stratification) produces
increases in relative calcification, but leads to ~25% slower growth rates. With
all drivers combined, we observe decreases in calcification and growth in most
low and mid latitude regions, with possible increases in both of these responses
in most high latitude regions. Major limitations of our coccolithophore model
stem from a lack of conclusive physiological responses to changes in irradiance
(we do not include light limitation in our model), and a lack of physiological data
for major coccolithophore species. Species within the Umbellosphaera genus, for
example, are dominant in mid to low latitude regions where we predict some of
the largest decreases in coccolithophore growth rate and calcification.
Keywords: coccolithophores; global carbon cycle; climate change; ocean

acidification; phytoplankton

1. Introduction

Coccolithophores are a significant component of the phytoplankton commu-
nity, comprising up to 20% of the phytoplankton carbon pool in open ocean
regions (Poulton et al.l |2007) and forming prolific blooms at higher latitudes
(Iglesias-Rodriguez et al.,[2002; [Balch et al.,|2007). Not only do coccolithophores
form part of the marine food web base, they also have a unique influence on the
global carbon cycle. Performing both photosynthesis and calcification, coccol-
ithophores influence ocean-atmosphere CO5 exchange and the export of organic
and inorganic carbon to the deep ocean through the ballasting effects of their
calcium carbonate shells and subsequent sedimentation to the deep sea (Klaas
and Archer, 2002)). The growth and calcification of coccolithophores, however,
could be impacted by impending alterations to the oceanic environment from

anthropogenic climate change.
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As CO; concentrations in the atmosphere continue to rise from anthro-
pogenic emissions, we expect three major changes in the surface ocean. First,
surface waters will warm as the ocean absorbs excess heat from the atmosphere.
Second, this warming will increase stratification in the upper ocean, decreas-
jng nutrient availability for organisms living in the upper photic zone (Cabré
2015). Third, excess CO5 from the atmosphere fluxing into the ocean will
cause increases in dissolved inorganic carbon (DIC) concentrations and shifts in
carbonate chemistry speciation.

How coccolithophores will respond to the above changes is subject to debate.
This is despite the vast amount of research on coccolithophores, especially within
the last 15 years. Some recent observational studies show that coccolithophores

are currently expanding in range or increasing in abundance (Winter et al.
[2013} [Rivero-Calle et all, 2015} [Krumhardt et al. 2016)), while another reports

decreases in pelagic calcification by coccolithophores (Freeman and Lovenduskil

2015). Further, a recent mesocosm study, albeit of shorter duration, showed that

the competitive fitness of coccolithophores may be impaired by future oceanic

conditions (Riebesell et al) [2017). This raises questions as to the temporal

and geographic variation in coccolithophore responses to environmental change.
Laboratory studies have also reported mixed responses to increasing CO» (e.g.,

Riebesell et al.l 2000} Iglesias-Rodriguez et al.,|2008), temperature (e.g.,

2016), and light (Perrin et al., [2016} [Feng et al.| |2008)). [Feng et al.| (2016),
Rouco et al.| (2013), and Miiller et al| (2017) considered multiple simultane-

ous effects of climate change, demonstrating that increased nutrient limitation
can strongly influence the response of coccolithphores to increasing CO,. How-
ever, each of these studies only focused on a single strain (genetic variant) of
Emiliania huzleyi. Looking across species and morphotypes, as well as across
multiple environmental stressors, is necessary to capture broad scale responses

of coccolithophores to environmental change.

Biological syntheses on coccolithophores (e.g., Paaschel |2002} Taylor et al.,

2017)) provide insights on cellular biology, physiology, and genetic aspects of coc-

colithophores (mainly E. huzleyi), while a recent review by [Monteiro et al.| (2016)
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focuses on the purposes of phytoplankton calcification and how the cost/benefits
of calcification may change in the future. [Zondervan| (2007)) provided a qual-
itative review of field observations and laboratory data on environmental fac-
tors influencing organic and inorganic carbon production in coccolithophores,
but a more quantitative and biogeographical approach is necessary to provide
insights for Earth system modeling. Here, we combine field and laboratory
data across numerous coccolithophore species and morphotypes to examine the
present state and potential shifts in coccolithophore physiology and global bio-
geography, developing generalized mathematical relationships between coccol-
ithophore growth and calcification across environmental gradients.

Both particulate organic carbon (POC) production via photosynthesis and
particulate inorganic carbon (PIC) production via calcification by coccolithophores
may be influenced by anthropogenic climate change. A coccolithophore PIC/POC
ratio represents how much calcium carbonate (CaCOgz or calcite) a coccol-
ithophore produces relative to photosynthetically derived organic carbon; this is
a common parameter measured in coccolithophore physiology studies (see, e.g.,
Findlay et al, [2011). Since coccolithophores produce roughly half of exported
oceanic CaCOj3 (Broecker and Clark] [2009; |Schiebell [2002), the coccolithophore
PIC/POC ratio is an important component of the overall rain ratio, the ratio
of CaCOj3 produced by all open ocean calcifying organisms (coccolithophores,
foraminifera, pteropods, and others) to organic carbon in sinking biogenic par-
ticles to the deep-sea floor, which strongly influences the global carbon cycle.
Coccolithophore PIC/POC ratios may vary based on coccolithophore species or
morphotypes within species (Figure [1} [Blanco-Ameijeiras et al., [2016]), but can
also be highly influenced by environmental conditions (hence the large ranges
and overlap within subgroups shown in Figure [1} |Findlay et al.l 2011; [Muller
et al., 2017). By quantifying coccolithophore POC production rate and relative
production of PIC, it is possible to track the two most direct impacts coccol-
ithophores have on the carbon cycle and how they may change in the future.

Despite the influence of coccolithophores on the global carbon cycle (see

Hense et al.l |2017)) and their potential sensitivity to impending changes, only a
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few ocean ecosystem models include a phytoplankton functional type (PFT) ex-
plicit for modeling coccolithophore growth and calcification, e.g., PlankTOMS5.3
(Le Quéré et al., |2005; Buitenhuis et al., [2013a; Buitenhuis and Geider} 2010)
and the NASA Ocean Biogeochemical Model (Gregg and Casey, [2007)). These

models simulate coccolithophore growth through nutrient, temperature, and
light functions based on the commonly cultured species Emiliania huzleyi. How-
ever, two major challenges remain for these models. The first is to consider
other coccolithophore species. While E. huzleyi is a substantial component of

the coccolithophore community, other species also contribute to coccolithophore

diversity and oceanic calcite production (Daniels et all) [2014} |O’Brien et al.,

2016; Buitenhuis et al. 2013b)). Accounting for the range of responses across

these species in model simulations is therefore important to understanding the
overall role of coccolithophores in the present and future carbon cycle. The sec-
ond challenge is to simulate the influence of increasing CO5 on coccolithophore
growth and calcification by identifying overarching responses from numerous,
sometimes conflicting, physiological studies.

The primary goal of this study is to relate field observations of coccol-
ithophores with experimental results of coccolithophore physiology to capture
broad, cross-species conclusions about conditions in which coccolithophores
thrive and how coccolithophore growth and calcification may change with future
anthropogenic influences on the ocean. We aim to identify overarching patterns
to guide development of an explicit coccolithophore PFT for use in an Earth

system model (ESM; Le Quéré et al., [2005; [Hense et al.| [2017)), accounting for

both the production of coccolithophore organic carbon through their growth rate
and the relative production of particulate inorganic carbon (via the PIC/POC
ratio).

This manuscript is structured as follows. After a description of our methods
in section 2, section 3 describes our current understanding of coccolithophore
biogeography. Sections 4 —7 highlight relationships between coccolithophore
growth/calcification and environmental conditions, as derived from physiolog-

ical data compilations. In section 8 we apply these relationships in the de-
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velopment of an empirical coccolithophore model that is driven by sea surface
temperature, phosphate concentration, and the partial pressure of COy at the
ocean surface. The influence of light intensity was not included in our model, as
its influence on coccolithophore growth and calcification was unclear based on
our data compilations. Focusing on the surface ocean, in section 9 we use the
empirical model to estimate current, geographically-resolved coccolithophore
growth rates and relative calcification and use Community Earth System Model
(CESM)-projected changes in the surface oceanic environment to estimate how
these coccolithophore attributes may change over the 21st century. Finally, in
section 10, we contextualize our results in light of recently observed changes
in coccolithophore distribution and abundance and identify research directions
that would improve projections of how these calcifying phytoplankton will re-

spond to 21st century oceanic changes.

2. Methods

2.1. Classification of coccolithophore subgroups

We classified coccolithophore species and Emiliania huzleyi morphotypes
(which show considerable genetic and physiological variability; Read et al., 2013}
Langer et al., 2009; |Cook et al., [2011}, 2013) into coccolithophore subgroups for
purposes of biogeography and to group results of physiological studies. Some
numerically important coccolithophores are not included because they lack any
physiological information (e.g., deep dwelling Florisphaera profunda or species
from the Umbellosphaera genus). We include the following eight coccolithophore
subgroups because they have been cultured in the laboratory with physiological

information, as well as identified in field studies:

1) E. huzleyi morphotype A: This widespread morphotype, sometimes referred
to as the “warm water” type of E. huzleyi (see, e.g.,|Okada and Honjol 1973,
can inhabit a variety of ocean biomes, from the subtropics to subpolar waters
(see, e.g., [Patil et all 2014} van Bleijswijk et alJ [1991)) and shows the highest

maximum growth rate in our compilation. This subgroup displays a high level
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of plasticity in calcification (see PIC/POC range of 0.1 to 2.7 in Figure .
E. huzleyi var. corona, although uncultured, is included in this subgroup for

biogeographical purposes.

2) E. huzleyi morphotype B/C: This subgroup has generally been referred to

as the “cold water” type of E. huzleyi (see, e.g., Winter, |1985; Hagino et al.l

2011)), generally inhabiting high latitude and upwelling oceanic regions (see,

e.g., Dylmer et al.| 2015)). FE. huzleyi morphotypes B, C, B/C, and D were all

classified as the B/C morphotype following Hagino et al. (2005). In general,

members of this subgroup have coccoliths with a relatively open central area

and are more lightly calcified than morphotype A (Figure[I} [Young et al., [2003).

3) Southern Ocean E. huzleyi B/C: This subgroup (sometimes referred to as E.
huzleyi var. aurorae) is substantially less calcified than E. hualeyi B/C from
other areas of the world ocean, having coccoliths with open central elements

(Figure[I} see [Young et al) [2003). Southern Ocean E. hualeyi B/C displays the

slowest maximum growth rate within our compilation. Following a suggestion

by [Poulton et al.| (2011]) we consider this E. huzleyi morphotype endemic to the

Southern Ocean.

4) E. huzleyi over-calcified: This subgroup contains E. huzleyi morphotype R
and F. huzley: morphotype A over-calcified. These morphotypes have coccoliths
with heavily calcified shield elements with closed or partially fused coccolith
slits (Young et al., 2003), and show similar physiological responses to increasing

CO; (e.g., Miuller et al., 2015; [Iglesias-Rodriguez et al., |2008). The E. huzleyi

over-calcified subgroup inhabits parts of the Southern Ocean and cold nutrient-
rich shelf waters (Mohan et al., 2008; Cubillos et al., 2007; Smith et al., 2012,
Beaufort et al., 2011).

5) Gephyrocapsa oceanica: This warm water coccolithophore species is well doc-

umented both in the field (e.g., [Hagino et al., [2000) and in laboratory studies
(e.g., [Sett et al. 2014; Riebesell et al., [2000). Members of this subgroup are
slightly larger than E. huzleyi, moderately calcified (PIC/POC = 1; Figure (1)),
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and show maximum growth rates within the range of E. huxleyi morphotypes.

6) Coccolithus genus: The two main species included in this subgroup, C. pelag-
icus and C. braarudii, are larger than F. huzleyi with relatively slow maximum
growth rates (Figure . Members of the Coccolithus genus are moderately cal-
cified (Figure (1) and have been observed in polar and temperate waters of the

Northern Hemisphere (Daniels et al.| [2014)).

7) Calcidiscus leptoporus: Also a large coccolithophore (Figure , this species
tends to be highly calcified, showing some of the largest PIC/POC ratios (de-
spite its large size and relatively small surface area to volume ratio). Having a

large geographic range, Calcidiscus leptoporus contributes substantially to total

calcite production in many diverse oceanic regions (Diner et al., 2015; Baumann|

let al.l [2004; [Daniels et al., [2016)).

8) Syracosphaera genus: Though Syracosphaera pulchra is the only species of

this genus that has been studied in the laboratory (e.g., [Fiorini et all 2011)),

members of Syracosphaera genus are widespread in the global ocean (see, e.g.,

Guptha et al) 2005} [Balestra et al., 2004} [Henderiks et al. 2012} [Oviedo et al.,

2015). Syracosphaera pulchra is a relatively large species and produces some

spine-bearing coccoliths (Figure ; this species, however, may not necessarily

be representative of all species within the Syracosphaera genus.

2.2. Coccolithophore biogeography

We compiled data from field studies to gain an understanding of general coc-
colithophore biogeography. The percentage of each coccolithophore subgroup
out of the total coccolithophore community was mapped, only showing sub-
groups numerically comprising 20% or more of the coccolithophore population,
with subgroup colors corresponding to those in Figure We created three
biogeography maps: 1) coccolithophores that could be grouped into one of our
subgroups listed above (i.e., have been cultured in the laboratory with physio-
logical information; mainly reside in the upper to mid photic zone), 2) upper

photic zone (UPZ) coccolithophores that lack physiological information, and 3)



195

200

205

210

215

220

lower photic zone (LPZ) coccolithophores (all of which lack physiological infor-
mation). Points on these maps can be considered “snapshots” of coccolithophore
community composition, as field studies are included regardless of the season in
which they were observed (Table S1). When multiple measurements of coccol-
ithophore abundances over the course of a year were reported, an annual mean
is indicated. Further details on creating biogeographical maps and references
can be found in the supplementary materials (Table S1) .

Coccolithophore biogeography was overlaid on a map of annual mean surface
PIC concentration. Annual mean PIC concentration at 9 km resolution was
derived from the Moderate Resolution Imaging Spectroradiometer (MODIS)
Aqua, averaged over 14 years (2002-2015). The algorithm used to estimate
surface PIC concentration was formulated to capture water-leaving radiances
and calcite-specific backscatter unique to coccolithophore shells (Balch et al.|
2005; |Gordon et al., |2001)). Thus, PIC concentration from satellite provides a

proxy for coccolithophore calcite abundance.

2.3. Physiological studies

We compiled data from physiological studies that measured the effects of
changing pCO,, nutrient concentrations, light, and temperature on coccol-
ithophore growth and/or calcification. All studies used in these compilations are
listed in Table S2. To convert between aqueous COs concentration and partial
pressure of CO3 (pCO3), we used salinity and temperature data from each study
and carbonate chemistry constants from Emerson and Hedges| (2008), assum-
ing that the fugacity of CO5 is approximately equal to its partial pressure. We
plotted these physiological data compilations against environmental gradients of
COa, temperature, nutrients, and light. Corresponding color legends were used
to associate coccolithophore subgroups shown in Figure [1| with biogeography

and physiological studies.

2.4. Developing a global coccolithophore model
In order to model current coccolithophore growth and calcification in the

surface ocean and project how these may change over the course of the 21st
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century, we aimed to capture generalized coccolithophore physiology that may
be parameterized as a single PFT. We focus on surface data because the phys-
iology studies we compiled are for coccolithophore subgroups (see section
that generally reside in surface waters (see section 2.1). In general, marine
ecosystem components of Earth system models simulate phytoplankton growth

using a maximum phytoplankton growth rate modified by temperature, light,

and nutrient concentrations (Laufkétter et al., [2015). Because coccolithophore

photosynthesis has been shown to be carbon limited (as compared to other phy-

toplankton groups; Rost et al 2003 Riebesell, 2004]) we also enable the modi-

fication of coccolithophore growth rate based on pCOs in the surface ocean.
We used phosphate (POy4) as a representative nutrient for our model simula-
tions because 1) future changes in stratification clearly affect PO, concentration
at the surface, without being subject to other (possibly complicating) biological
influences (e.g., nitrogen fixation) and 2) POy is the only source of phosphorus
for phytoplankton in Earth system models (in contrast to nitrogen, which can
be taken up by phytoplankton as nitrate or ammonia), 3) PO, was available
as CESM model output as well as in global compilations of oceanographic data
(see below), and (4) POy availability has been shown to affect calcification (e.g.,

[Miiller et al., [2008; [Perrin et al., 2016} [Feng et al., 2016).

2.5. Driver data for our global coccolithophore model

To estimate present-day coccolithophore growth and PIC/POC, we used
modern oceanographic surface data. We obtained monthly mean sea surface

temperature and surface PO, concentration from GLODAP (Lauvset et al.|

2016) and monthly mean smoothed surface pCOs from [Landschiitzer et al.

@015).

To project long-term changes in coccolithophore growth and calcification

we used ESM-simulated environmental variables over the 21st century. In or-
der to capture long-term changes in the surface ocean environment (outside of
natural variability), we used output from the Community Earth System Model

Large Ensemble (CESM-LE) simulations (Kay et al., |2015; Lovenduski et al.,

10
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2016; Krumhardt et al.l 2017). Briefly, CESM (version 1) was run with ocean,
land, sea ice, and biogeochemistry components, starting with a long, preindus-
trial control simulation until quasi-equilibrium was reached. The first ensemble
member was started from these initial conditions and integrated forward in time
from 1850 to 2100, driven first by historical forcing, then RCP 8.5 to simulate
future conditions. Thirty-three other ensemble members were branched off of
the first ensemble member at 1920 with small (1074°C) changes in air tem-
perature. While each ensemble member simulation is identically forced, the
phasing of natural (internal) climate variability differs among ensemble mem-
bers. The ensemble mean of simulated variables (e.g., sea surface temperature,
nutrient concentrations) captures long-term, forced trends, while the variance
across ensemble members quantifies the influence of natural climate variabil-
ity on a particular variable. Here, we focus on the ensemble mean to project
long-term effects of anthropogenic climate change on the coccolithophore envi-
ronment, and use variation across ensemble members to evaluate where changes
are most robust.

We used CESM-LE mean monthly output on sea surface temperature, sur-
face POy concentration, and surface pCOy to project how the coccolithophore
environment may change from present to end of the 21st century. Decadal
averages of each of these variables for each month were made for present day
conditions (2006-2015) and future, end-of-the-century conditions (2091-2100)
for each ensemble member, resulting in present day and end-of-the-century
monthly climatologies. We applied this monthly data in our empirical model
to estimate coccolithophore growth rate and PIC/POC for these two time pe-
riods for each CESM-LE member. To analyze our data, we averaged monthly
coccolithophore growth rates and PIC/POC ratios over the growing season:
June, July, August in the Northern Hemisphere and December, January, Febru-
ary in the Southern Hemisphere. We compared present-day coccolithophore
growth rate and PIC/POC from our coccolithophore model driven by mod-
ern oceanographic data with results driven by present-day CESM-LE data (see

Supplementary section). Geographically-resolved differences in growing season

11
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coccolithophore growth rate and PIC/POC ratio between the end and the begin-
ning of the century were used to demonstrate how these attributes may change.
We demonstrated statistical significance of 21st century changes by calculating
where ensemble mean differences exceeded two times the standard deviation of
the differences across ensemble members (i.e., where signal-to-noise ratio ex-
ceeded two). Data are presented in maps that show growing seasons in each
respective hemisphere.

We also tested individual effects of drivers (COg, POy, temperature). By
holding two of the drivers constant at present day values, we could observe the
effect of a single driver. In the case of CO4 and POy, limitation on growth rate,
we isolated the limiting effect of each of these (i.e., only COq could limit growth
when testing the effects of CO5 changes and only PO, could limit growth when
testing the effects of changes in PO, concentration). Lastly, we ran the model
with all drivers active to demonstrate their combined effects and relative impor-
tance on coccolithophore growth rate and PIC/POC to surface ocean changes
over the 21st century. We relate these changes to the current biogeography of

coccolithophore subgroups.

3. The current biogeography of coccolithophores

Coccolithophores are widespread throughout the global ocean, from high
latitudes to the tropics (from ~70°N to ~60°S), with subgroups specialized
for growth in nearly every oceanic environment (Figure [2h). Mean annual sur-
face PIC concentrations underlying coccolithophore subgroup biogeography Fig-
ure in combination with uncultured species (shown in Figure , ¢) show that
areas where PIC concentration is low (tropic and subtropics) tend to harbor
more diverse coccolithophore assemblages. This is in contrast to temperate and
subpolar regions, which have the highest concentrations of PIC and are mostly
dominated by only one or two coccolithophore species.

Indeed, though FE. huxleyi is ubiquitous throughout the global ocean, this
species is especially abundant at high latitudes (>45°; Figure Charalam-

12
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[popoulou et all, 2016} [Poulton et all 2014] 2011} [Dylmer et all 2015} [Balch
2016)). In the North Pacific E. huxleyi morphotype B/C dominates, with
other species such as those from the Coccolithus genus also present in signifi-

Tsutsui et al., 2016; Hagino et al., 2005). The North

cant numbers (Figure ;

Atlantic appears to be strongly dominated by E. huzleyi morphotype A south
of 60°N, but changes to an assemblage co-dominated by E. huzleyi B and C.
pelagicus at latitudes >60°N (Figure [2; [van Bleijswijk et al [1991} [Charalam-|
ipopoulou et al.l 2011} Dylmer et al 2015; Daniels et al., 2014). The assemblage

in the far North Atlantic (>60°N) resembles that of the North Pacific between
45 and 60°N. Despite the numerical dominance of E. huzleyi, larger species such

as C. pelagicus can be major contributors to calcite production relative to the

smaller E. huzleyi (see Figure [1] for approximate sizes; Daniels et al., 2014)).

Thus, the biogeography presented in Figure [2] focuses on cell counts and may
not be representative of proportionality of coccolithophore biomass or calcite
content. Indeed, minor numerical contributions from species such as C. pelag-

icus may have a disproportionately large contribution to the high surface PIC

measured by satellite for subpolar or upwelling regions (Figure [2p; Daniels et al.|
2014).

In contrast, coccolithophores in the Southern Ocean are nearly exclusively
E. huzleyi, with individual morphotypes showing some remarkable consistency
across Antarctic Circumpolar Current frontal zones (see gray lines on Figure )
North of the Subtropical Fronts, the E. huxleyi over-calcified subgroup gener-
ally dominates the assemblage (Figure [2h; [Mohan et all, 2008} [Cubillos et al.|
2007). Just south of South Subtropical Front (but north of Subantarctic front),

E. huzleyi morphotype A becomes increasingly present (Cubillos et al., [2007}

[Patil et al) [2014). South of Subantarctic Front, the coccolithophore assem-

blage changes to a stark dominance of Southern Ocean E. huzleyi morphotype
B/C (Poulton et al., 2011; Mohan et al., |2008; |Cubillos et al., 2007; Findlay|
land Giraudeau, [2000; |[Charalampopoulou et all [2016)). The Southern Ocean

morphotype of E. huzleyi B/C, composing up to 99% of the coccolithophore

assemblage in this southernly zone (Findlay and Giraudeau, 2000; |Charalam-|

13
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popoulou et all 2016), is lightly calcified, producing ~50% less calcite than

other E. huzleyi morphotypes (Poulton et al., [2013; |(Charalampopoulou et al.|
2016; Miiller et al., 2015). Even so, the high concentration of surface PIC in the

Southern Ocean (Figure suggests E. huxleyi could be present in high numbers

(indeed 4 x 105 cells per liter is reported by |[Mohan et al., 2008) or the satellite

PIC algorithm is overestimating PIC due to the unique reflectance properties

of Southern Ocean E. huzleyi morphotype B/C (Holligan et al., 2010).

In contrast to this lightly calcified, monospecific assemblage in this cold
Antarctic region, tropical and subtropical coccolithophores that have been iso-
lated and studied tend to have higher midpoint PIC/POC ratios. With regard

to E. huzleyi, morphotype A (which we grouped with var. corona) is observed

in the subtropical gyres (Cortés et al. 2001)) with coexistence of morphotypes

A and B in upwelling and coastal regions (Ziveri et al., [1995; [Saavedra-Pellitero|

et al., 2010; Hagino et al.l 2000). G. oceanica commonly resides in regions

with warm, turbulent surface waters, such as the equatorial Pacific currents,

the western Mediterranean, or along tropical coastlines (Andruleit et al.| [2003;

[Hagino and Okada), 2004} [Oviedo et all 2015). C. leptoporus is also present

in some of the same areas as G. oceanica, preferring warmer, eutropic environ-

ments (Figure 2h;

Hagino and Okadal, 2004). However, many dominant species

in these warm oceanic regions have not been studied in the laboratory, and
thus, are not included in the main coccolithophore subgroups listed in section
shown in Figure [ or mapped in Figure 2h. This is especially true for
species belonging to the Umbellospheara genus in the UPZ (Figure ) and for
Florisphaera profunda in the LPZ (Figure 2k). In addition to the species shown
on the maps in Figure [2| there are many more that are present in small per-
centages. For example, a survey of coccolithophores at a site in the subtropical

North Atlantic near Bermuda found 55 coccolithophore taxa present, though

E. huzleyi was the most abundant species (Haidar and Thierstein, 2001). In

agreement, |O’Brien et al.| (2016 combined an extensive global compilation of

coccolithophore species with environmental data to create a neural network that

predicts the highest coccolithophore diversity in low latitudes.

14



380

385

390

395

400

Most laboratory studies of coccolithophore species have focused on two sub-
types of E. huzleyi, morphotype A and morphotype R (see Table S2). The
well-studied E. huxleyi morphotype A is geographically widespread. Morpho-
type R, which we group with over-calcified morphotype A on our biogeography
map (Figure ), is limited in geographic distribution to waters immediately sur-
rounding New Zealand (see Figure 2a for isolation locations of strains used in,
e.g., lglesias-Rodriguez et al.l [2008; [Kottmeier et al.l [2016; |Rokitta and Rost|
2012) and a few other productive coastal regions (Figure ; Beaufort et al.|
2011). Also evident from compilations presented in Figure and ¢, numer-
ous UPZ and LPZ species that are major components of the coccolithophore
community have not been studied in controlled laboratory settings and their
responses to anthropogenic climate change remain unknown.

Distributions of the coccolithophore subgroups defined here loosely follow
boundaries of physical and chemical properties such as sea surface tempera-
ture, macronutrient concentrations, dissolved inorganic carbon concentration,
and salinity (see Figure [2| compared to, e.g., color plates in [Sarmiento and Gru-
ber, 2006). As the oceanic environment evolves with anthropogenic climate
change, we can expect shifts in these biophysical properties (Gruber} 2011). In
the following sections we compile numerous physiological studies on major coc-
colithophore subgroups shown in Figures|I|and [2a to explore how their distribu-
tions and physiology may change with relevant changes the oceanic environment
(changes in temperature, light, nutrient availability, and COs concentration).
In Section 8 we combine these relationships within a mathematical modeling

framework suitable for Earth system modeling.

4. Physiological responses to changes in CO> concentration

As anthropogenic COs inundates the ocean surface, the concentration of
DIC increases (increasing pCO3, as well as bicarbonate, HCOj, concentration),
while alkalinity remains the same. This causes a shift in the carbonate chem-

istry equilibrium, resulting in higher hydrogen ion (H*) concentrations (decreas-
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ing pH) and lower calcium carbonate saturation states. An increase in pCOq
could benefit coccolithophore photosynthesis because coccolithophores have a
relatively inefficient carbon concentrating mechanism, and thus can be carbon
limited compared to other phytoplankton (Bach et al.; |2013; Riebesell} 2004; |Re-
infelder, |2011)). Further, coccolithophore calcification may respond positively to
increasing HCO3 ions, the primary substrate for calcification, while simultane-
ously being inhibited by increasing HT ions (the substrate-inhibitor concept; see
Bach et al.l |2015). Therefore, future changes in carbonate chemistry could have
both detrimental and beneficial effects for coccolithophores. In this section, we
examine physiological studies that address the potential effects of anthropogenic

CO3 on coccolithophore growth rate and calcification (PIC/POC).

4.1. Growth rate and COs

Most studies have investigated the effect of increased CO5 concentrations on
coccolithophore growth. Thus, when combining many studies across culturing
conditions and coccolithophore species, morphotypes, and strains, most of the
growth rate measurement data were clustered around high COs concentrations
(i.e., there was a lack of growth rate measurements at low CO5 concentrations).
Unconstrained, equally-weighted Michaelis-Menten fits to these data resulted in
negative half saturation constants, which have no physical interpretation. To
overcome this limitation, we binned growth rate data in 50 patm pCOs bins
following |Rivero-Calle et al| (2015)), calculating the median, mean, maximum
and minimum growth rates in each bin (Figure [3|and Figure S1). We used these
binned data to calculate growth rate-specific CO5 uptake kinetics.

Coccolithophores may modify their growth rate and cellular POC content
in response to ambient COy concentration in seawater (e.g., see Riebesell et al.
2000; Langer et al.| |2006; |Iglesias-Rodriguez et al.|2008)). Growth rates based on
cell concentrations do not account for the changing amount of POC contained
within coccolithophore cells and biomass. Therefore, in addition to deriving a
relationship for traditional cell-based growth rates as a function of CO9 concen-

tration (see Figure S1 for a compilation of cell-based growth rate as a function
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of pCO42 and Figure S2 for a comparison of the two methods), we also created a
function using POC-based growth rates (shown in Figure[3)). POC-based growth
rates are normalized to cellular POC content in cultures in which pCOs was clos-
est to 390 patm (i.e., cultures grown under modern-day, ambient atmospheric

COg; actual range in our data compilation: 322 — 431 patm) so that:

POC ey > (1)

HPOC = Hcell *
“ (POCcell(ambientCOQ)

where upoc is the POC-based growth rate (d_l)7 Leerr is the cell-based growth
rate (d7'), POC,ey is the POC per cell (pg C cell™), and POC ciy(ambientco2)
is the POC per cell at modern-day, ambient pCOs (pg C cell™t). This process
is similar to a normalization to cell volume suggested by Miiller et al.| (2017)) to
isolate the effects of nutrient limitation on E. huzleyi apart from COs changes.
Using a POC-based growth rate allows the direct use of a PIC/POC ratio to cal-
culate the precipitation rate of PIC (calcification) by coccolithophores relative
to their growth in biomass, which is beneficial to modeling efforts. POC-based
and cell-based growth rate-specific CO5 uptake kinetic parameters are listed in
Table[l] In general, estimates of Kco2 are smaller when using cell-based growth
rates (Table [1} Figure S2).

The compilation of growth rates under a variety of CO5 concentrations shows
the large range of measured coccolithophore growth rates in cultures (Figure )
This variation is not only due to differences in culturing conditions (nutrients,
light, temperature) but also to inter-species and inter-strain variability. Growth
rates of some coccolithophores appear limited at low COy concentrations (see
Figure 7g), but overall we observe large plasticity in growth as a function of
COz. This data compilation is somewhat biased to the more commonly cultured
A morphotype of E. huzleyi, but this group also has the largest spread in growth
rates across relevant CO2 concentrations (Figure ), with some studies showing
substantial carbon limitation at low COs concentrations (e.g., see [Rost et al.
2003). Growth of G. oceanica also appears to be carbon limited at low COs
concentrations (Figure ; Sett et al.| 2014; Rickaby et al. [2010). Other less
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widespread species, such as highly calcifying Coccolithus pelagicus, maintain
relatively slow growth rates regardless of the COs concentration, suggesting
COg is not a limiting factor on their growth. On the other hand, C. leptoporus
and F. huzleyi morphotype R show slightly increasing POC-based growth rates
as COs increases (Figure [3p and f). This relationship is not evident in Figure
S1, where cell-based growth rates are plotted as a function of COs.

In general coccolithophores use HCO3 for calcification and COz for photo-

synthesis (Bach et al., 2013; Rost et al., [2003). If COy becomes limiting, coc-

colithophores can supplement their photosynthetic carbon needs with HCO3
(Bolton and Stoll, |2013; Bach et al., 2013 [Rost et al., |2003)). Coccolithophores

rely on diffusive CO2 uptake as a carbon source for photosynthesis and actively
transport HCO3 through the cell membrane for calcification (and photosynthe-
sis if COy is limiting; Bolton and Stoll, 2013} [Nimer and Merret] [1992; Bach|
. Increasing COs concentrations could relieve cells of the need for
active carbon (HCOj) transport for photosynthesis. Kottmeier et al. (2016)

demonstrated that increasing HT ions triggers a decline in HCO3 uptake rel-
ative to COs uptake in E. huzleyi morphotype R. The excess energy saved
from not having to actively transport carbon could then be used to supplement
growth. This could be the reason that numerous studies have observed increases

jn cellular POC content as a result of increasing CO; concentration (e.g.,

et al.;|2014; Riebesell et al., [2000). Also worth mentioning, as the process of cal-

cification produces COso, it could serve as a carbon concentrating mechanism for

photosynthesis (Buitenhuis et al. [1999)), although some studies do not support

this hypothesis (for a summary see [Monteiro et all, [2016]). Similarly, calcifica-

tion, especially during a bloom, could bioengineer the adjacent environment to

buffer pH, countering alkalinization caused by photosynthesis and preventing

CO; from becoming limiting (Flynn et al., 2016]).

4.2. PIC/POC and CO,

Numerous studies have measured coccolithophore PIC/POC ratios under

varying COq concentrations (see Table S2). We compiled these into a com-
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prehensive dataset to capture a robust relationship between coccolithophore
PIC/POC and pCO- (Figure . A least squares line was fit to the data over
a range of 0 to 1000 patm COs. We limited our regression to this CO2 con-
centration range to reflect realistic surface ocean pCOs future projections and
because most of the compiled data fell within this range (see small corner plot
on Figure[3h). We find that the production of PIC in relation to POC decreases
under increasing COs (Figure ) A linear regression of all coccolithophore

subgroups provides this linear relationship (p = 0.0005) :

PIC

where pCOz is in units of patm, or

% = —0.0133 - COy(qq) + 1.22

where COg(4q) is in units of pmol kg~!. The slope and y-intercept are slightly
different from those of [Findlay et al. (2011) who compiled only data for E.
huzleyi PIC/POC ratios as a function of COy(4q) (slope = -0.0097; y-intercept
= 0.9654). According to our linear regression, coccolithophore PIC/POC could
be expected to decrease by 37% from preindustrial pCOy (280 patm) to 1000
patm. Individual coccolithophore subgroups show variable PIC/POC responses
to increasing CO, (FigureBj-n). While G. oceanica and E. huzleyi morphotype
A show steady declines in PIC/POC as COs increases, E. huzley: morphotype
R shows no response. However, other effects of climate change could influence
the PIC/POC response such as changes in sea surface temperature, nutrient
availability, or mixed layer irradiance (Boyd et al., 2008} |Charalampopoulou

et al.l [2016]).

5. Physiological responses to changes in temperature

5.1. Growth rate and temperature
The relationship between temperature and coccolithophore maximum growth

rate is presented in Figure [fh. Using an extensive data compilation, [Fielding
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demonstrated that a power function best describes the relationship be-
tween FE. huzleyi maximum growth rate and temperature from 0°C to 27°C
(shown in Figure [dp). This function was formulated based only on data for E.
huzleyi, which is smaller than most coccolithophore species. According to the
metabolic theory of ecology, other (larger) coccolithophores should have lower
maximum growth rates than E. huzleyi 2013), thus the power func-
tion should encompass all coccolithophore growth rates. In agreement, non-F.
huzleyi species are within the maximum growth rates specified by the power

function (Figure [4h). Other models have used Q10 factors to describe tem-

perature growth limitation in phytoplankton (Moore et al., [2004; Tyrrell and|
1996). Neither the power function nor Q10 factor encode a decrease

in growth rate with increasing temperature beyond a thermal optimum, which
has been observed in coccolithophores and other phytoplankton (Boyd et al.|
2013; Buitenhuis et al., 2008). A model with generalized PFTs (each PFT de-

scribing a variety of species) assumes that the warm water-adapted species of
each PFT will continue to flourish as waters warm, with growth rates continuing
to increase with temperature. However, under extreme warming events, which
could become more frequent with anthropogenic climate change, this may not
be realistic if temperatures exceed optima for all phytoplankton species that a
PFT describes.

Indeed optimum growth temperatures could be an important factor control-
ling the distribution of different coccolithophore groups in the ocean
lhuis et al., 2008} [Paaschel 2002). Coccolithophores of the genus Coccolithus

have fast growth rates at lower temperatures, consistent with their adapta-

tion to colder oceanic environments (Figure 2p; Buitenhuis et al., [2008}; Daniels

2014). The warm water species, G. oceanica (Figure ;

2008)), displays a growth optimum at temperatures >25°, while E. huzleyi shows

Buitenhuis et al.|

high growth rates (>0.8 d=!) at a large range of temperatures (maximum at
~20°C), consistent with a broad geographical distribution (Figure ) As the
sea surface warms, coccolithophores with lower temperature optimums (and

lower maximum growth rates; e.g., Coccolithus genus) may shift their range
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northward and/or be replaced by species with high growth rates in warmer
waters. The power function encompasses these shifts within a generalized coc-
colithphore PFT, supported by data compiled by Fielding| (2013)) and |Buitenhuis
et al.| (2008)), at least up to 27°C, the maximum temperature tested in these

studies.

5.2. PIC/POC and temperature

We compiled measured coccolithophore PIC/POC ratios under various cul-
ture temperatures, ensuring data were independent of other factors that could
influence PIC/POC (CO; concentration, nutrient status; Figure [db). The com-
pilation of data across coccolithophore subgroups indicates that the highest
PIC/POC ratios are observed between 15°C and 20°C. As the dataset was
heavily weighted around typical culturing temperatures for E. huzleyi (15°C -
20 °C; Figure[db), we binned the data on PIC/POC as a function of temperature
into 5°C bins to see if any overarching trends were evident (see box and whisker
symbols in Figure [4b). |[Feng et al.| (2016) fit a PIC/POC-temperature function
to data from E. huzleyi A (thin black line on Figure [4p). However, only the
maximum values in the binned data displayed a significant fit to this function,
and the relationship shows an unrealistic drop-off in PIC/POC at temperatures
120°C (see red line on Figure [4b). Indeed, PIC/POC ratios may change dra-
matically (>2 fold) with temperature for some coccolithophore subgroups, while
others show little or no response.

Studies that specifically address the influence of temperature on PIC/POC
report mixed results. For instance, [Matson et al.|(2016) and [Feng et al.| (2016)
showed that PIC/POC ratios in an E. huzleyi R morphotype and an A mor-
photype, respectively, increased with increasing temperature during exponential
growth, showing minimum PIC/POC ratios at low temperatures. However, an-
other strain used in the [Matson et al.| (2016|) study, a subtropical E. huzleyi A
morphotype, showed little response to temperature change with respect to the
PIC/POC ratio. Moreover, [Rosas-Navarro et al.| (2016)) found that PIC/POC

shows a minimum at optimal growth temperature (between 20 and 25°C) for
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three strains of E. huzleyi morphotype A isolated from a warm current off the

coast of Japan. Similarly, De Bodt et al.| (2010]) observed PIC/POC ratios above

2 for an E. huzxleyi morphotype A isolate when grown at 13° C, but reported
PIC/PIC ratios <1 in cultures grown at 18°. Also, Gerecht et al.| (2014) found

that the colder water species, C. pelagicus, decreased its PIC/POC ratio under
high temperatures.
Despite these inconsistencies, a number of studies have reported that high

latitude coccolithophores have low PIC/POC ratios (Miiller et al. 2015) or low

coccolith calcite content (Charalampopoulou et al.l |2016). Further, decreasing

calcification at low temperatures has been demonstrated for F. huzleyi isolates
from the Southern Ocean (Feng et al., 2016; Matson et al., 2016), the North
Atlantic (Watabe and Wilbur}, |1966|) and the subarctic North Pacific and Arctic

Oceans (Saruwatari et al| [2016)). Therefore, we opted to use a simple linear

equation for describing the relationship between coccolithophore PIC/POC and
colder temperatures (fit to data for temperatures <11°C: p=0.05; r2=0.49). In
general, however, we felt most of the data describing the influence of higher
temperatures on PIC/POC was unclear. Thus, we limit the temperature in-
fluence on PIC/POC to colder waters. For warmer waters with temperatures
above this threshold, we hold PIC/POC constant, though there is some evi-
dence that high temperatures (beyond a temperature optimum) may also lead
to decreased calcification (Watabe and Wilbur, |1966; Feng et al., 2016; De Bodlt|
et all [2010; |Gerecht et all [2014)). Further research on the influence of temper-

ature on coccolithophore PIC/POC over a wide range of temperatures and on
variety of coccolithophore subgroups is necessary to develop a more thorough

understanding of this relationship.

6. Physiological responses to changes in nutrient limitation

6.1. Growth rate and nutrients

Nutrient limitation is an important factor controlling the growth and distri-

bution of phytoplankton. In ESMs, phytoplankton growth rates are modified
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by nutrient concentrations. These models prescribe half-saturation constants
for Michaelis-Menten uptake kinetics (Lautkotter et al 2015)). A smaller half
saturation constant (Kj,s) indicates better competitive ability for a nutrient at
low concentrations. A fractional nutrient limitation term modifies the maximum

growth rate of phytoplankton:

N
= Mmazx 3
ren <N+KM) )

where N is the nutrient concentration, Kj,; is the half saturation constant for
that nutrient, pi,,q, is the maximum growth rate, and p is the nutrient-modified
growth rate. We compiled half saturation constants for NOz, NH,, PO,, and
Fe measured in the laboratory for coccolithophores (Table . While our com-
pilation includes only single estimates of half-saturation constants for NH4 and
Fe, estimated half saturation constant ranges for NO3 and PO, are 0.1 — 13.71
uM and 0.051 — 0.31 pM, respectively. Excluding an outlier (the K;; for NO3
measured by [Feng et al.| (2016)), all half-saturation constants are approximately
1uM or below, indicating adaptation to oligotrophic conditions and helping to
explain coccolithophore success under nutrient limitation observed in field stud-
ies.

Indeed, field observations can provide insights on the effect of nutrients on
coccolithophore growth. Coccolithophores can account for >20% of phytoplank-
ton carbon in severely nutrient-limited oligotrophic gyres (Poulton et al.| 2007)),
indicating competitive fitness under long-term nutrient limitation. At higher
latitudes (>45° N or S), however, coccolithophores can be present in much
higher numbers (see PIC concentration proxy in Figure [2h). Nutrient concen-
trations could be an important factor in triggering coccolithophore blooms in
these regions, as coccolithophores can outcompete larger phytoplankton when
nutrients become limiting. In a modeling study, |Tyrrell and Taylor| (1996) found
that low phosphate concentrations (< ~0.2 pmol kg™!) with plentiful nitrate
were ideal to simulate a bloom (N:P > 20), but a compilation of field mea-

surements indicated that high N:P ratios were not essential to the development
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of coccolithophore blooms (Lessard et al., [2005). Additionally, coccolithophore

species (especially E. huxleyi) are capable of using a wide variety of organic nu-

trients, such as glycine, adenoside triphosphate, or urea, which would increase

their competitive ability where inorganic nutrients are low (Benner and Passow,

2010). In any case, efficient nutrient uptake kinetics allow coccolithophores to

outcompete other phytoplankton where nutrients are sparse (Tyrrell and Taylor}

11996; Riegman et al. [2000; [Perrin et al., 2016)).

6.2. PIC/POC and nutrients

To capture the effect of nutrient limitation on coccolithophore PIC/POC,
we assembled studies that measured PIC/POC in cultures grown under POy
limiting (N:P > 150) and NOj limiting (N:P < 1.5) conditions compared with
cultures grown under nutrient replete conditions (i.e., cultures in exponential
growth; Figure . On average, PIC/POC increased by 37% from P-replete
conditions to P-limited conditions and by 25% from N-replete conditions to
N-limited conditions. Though PIC/POC increases are seen under both P lim-
itation and N limitation, severe P limitation is known to produce the biggest

increases in the number of coccoliths per cell (Paasche) 2002) and cellular cal-

cium content (a six fold increase; see Miiller et al. 2008). Unfortunately, we

could not locate any studies addressing the effect of Fe limitation on coccol-

ithophore PIC/POC.

Miller et al| (2008)) described a possible reason why calcification relative

to photosynthesis may increase under nutrient limitation. As coccolithophores
are single-celled organisms, they pass through a series of cell division phases:
G1, S (DNA synthesis), G2, and M (mitosis) phases. When growth is lim-
ited by nutrients, cells spend more time in the G1 phase; this is the primary
phase during which calcification is carried out. Calcification is more limited by

light than by nutrients, and therefore, cells in which growth has been slowed

by nutrient limitation can continue to calcify (see also Monteiro et al., [2016;

Sheward et all 2017). Under future anthropogenic climate change, warming-

induced ocean stratification will constrain nutrient availability in the photic zone
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(Cabré et al.| 2015} |Gruber}, 2011)), which suggests an increase in coccolithophore
PIC/POC.

Since we use POy as a representative nutrient in our coccolithophore model
(see Methods), we address nutrient limitation in our model using a simple linear
relationship between PIC/POC and growth rate under P-replete and P-limited
conditions. This relationship is based on mean values from our compilation of
studies shown in Figure and listed in Table S2. The 37% mean increase
in PIC/POC described above was accompanied by a P-limited growth rate
that was 33% of the P-replete growth rate (mean growth rates were 0.29 d—!
and 0.88 d=! under P-limited and P-replete conditions, respectively). Coccol-
ithophore PIC/POC remains unchanged when PO, concentration is not limiting

to growth.

7. Physiological responses to changes in irradiance

7.1. Growth rate and irradiance

Numerous studies have measured the influence of irradiance on coccolithophore
growth rates (or other indicators of photosynthetic activity; see Figure @a)
Despite the fact that most of the compiled experiments were performed on
one coccolithophore subgroup (E. huzleyi morphotype A), maximum metabolic
rates occurred at a wide range of light intensities (between roughly 3 and 35
mol quanta m~2 d~!; see orange lines in Figure @; Nanninga and Tyrrell,
1996; Balch et al.l [1992)). Overlapping with this range, critical irradiance
for bloom formation is between 25 and 150 pmol quanta m~2 s~! accord-
ing to a probability density function based on satellite-derived coccolithophore
bloom maps and global climatological maps of nutrients and physical vari-
ables such as temperature and irradiance (see hatched area on Figure @a with
top x-axis; |[glesias-Rodriguez et al., [2002). Unlike other phytoplankton, coc-
colithophores do not appear to experience photoinhibition, even at very high
(> 1700 pmol quanta m~2 s~!) light intensities (Balch et al., [1992; [Nanninga
and Tyrrell, [1996). We fit Michaelis-Menten curves to the data sets that encom-
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passed the data: Nanninga and Tyrrell (1996) and Balch et al. (1992; orange

lines on Figure @a) According to these regressions, half-saturation light levels
are between 1.8 and 52 mol quanta m~2 d~!. While light level could be an
important factor in initiating coccolithophore blooms, this compilation of data
suggests that coccolithophore growth responses to irradiance are quite variable
and may be overridden by other environmental conditions (e.g., temperature;

|Zondervan, 2007)).

7.2. PIC/POC and irradiance

The effect of light on PIC/POC is complex (see summary in
2007). We plotted PIC/POC as a function of irradiance (Figure [6b). As en-
ergy is required for calcification, it is generally expected that coccolithophore
production of PIC should be dependent on light. While numerous studies have
observed increases in cellular calcium carbonate content with increasing irradi-
ance (Perrin et al., 2016; Langer et al., 2007; van Bleijswijk et al., |1994; Nimer|
land Merret|, 1993; Zondervan et al., 2002), others report the opposite trend
(Feng et all [2008} |[Rokitta and Rost| |2012).

The contrasting functions of coccoliths within the various coccolithophore
groups may explain the lack of an overarching relationship between irradiance
and PIC/POC. For instance, for lower photic zone species, such as Florisphaera

profunda (Figure )7 coccoliths may help focus scarce light on the coccol-

ithophore cell (for an overview, see Monteiro et al.,2016). The flower-like forms

of F. profunda and Gladiolithus flabellatus (see images in [Young et al., [2003),

both prevalent LPZ species (Figure ), may reflect this function. In contrast,

coccoliths may also protect the cell from photodamage, e.g., in surface water

blooms (Paasche, 2002; Monteiro et all, 2016). By acting as a shade for excess

photosynthetically active radiation and UV light, coccoliths help modulate light
transmission into the coccolithophore cell. For example, calcified E. huxleyi dis-

played 3.5 times faster growth rates than non-calcified cells of the same strain

when exposed to UV light (Xu et al., 2016). Therefore, each coccolithophore

species or morphotype may display distinct optima in regard to calcification un-
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der various light intensities, while some coccolithophore PIC/POC ratios may
not be greatly influenced by irradiance at all. Due to the ambiguity of irradiance
influence on both growth rate and calcification, we do not include the effect of

irradiance in our generalized coccolithophore model.

8. Summary of generalized empirical coccolithophore model

We aim to capture the most prominent features of coccolithophore bio-
geography and environmental modulation of coccolithophore growth rate and
PIC/POC in our generalized coccolithophore model. We model the effects of
temperature, CO2, and nutrient availability (using POy as a representative nu-
trient — see Methods) on growth rate and PIC/POC of coccolithophores (shown
in red on Figure . To model coccolithophore growth rate, we first calculated
the maximum growth rate at a given temperature according to the |[Fielding

(2013)) power function:

fmaz = 0.191970-8151 (4)

where fimqee is maximum growth rate in days—'and T is temperature in °C.
Maximum temperature-based growth rate is then modified based on PO4 or

CO5 limitation using the minimum of fractional limitation terms:

. pOOQ )
COx)lim=|———7— 5
? (PCO2 + Kpco2 (5)
and
) PO,

POslim = ———+—— 6
anm <P04+KP04> (6)

so that:
U= lmaz * min(COslim, PO4lim) (M)

where fi,,qz 18 the temperature-modified growth rate and p is the realized growth
rate, both in days™'. We used the mean K,co2 for POC-based growth rate of
51.4 patm (Table and a mean Kppg of 0.17 uM (average of K po4 values listed
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in Table . It is important to keep in mind that growth rate estimates are in
the absence of competition with other phytoplankton, and therefore represent
a high-end estimate or potential growth rate given environmental conditions.
PIC/POC was modeled by first calculating a baseline PIC/POC (PIC/POC;)
value based on temperature. At temperatures below 11°C, PIC/POC decreases
linearly with temperature; baseline PIC/POC is constant at temperatures >11°C,

formulated as:

PIC

——— =0.104-T—0.108, T < 11 8
POC1 s ®)
and
PIC
=1, T>11
POC1 ’ -

where T is temperature (shown on Figure |4 by dashed black line). Secondly,
PIC/POC is adjusted based on the slope of the linear relationship between
PIC/POC and pCO; by the equation

PIC PIC
S 0.000456 - 4021
POC, = 0000456 - pCO, + 5o 40 (9)

For temperatures warmer than 11°C, the above equation is the same as the
regression line in Figure 3p and the equation 2| Finally, PIC/POC is modified
upwards in regions of P-limitation by a linear equation derived from averaging
the results summarized in Figure [5h on changes in PIC/POC as a result of POy

limitation:

PIC PIC
I 048 POslim 4+ - 404 1
POC jina A8 POslim + 555 +0.48 (10)

Under POy-replete conditions, POylim is 1 and PIC/POC; is not changed by
this equation (i.e., PIC/POC ¢inq; is equal to PIC/POC,).
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In the following section, we use this model to estimate contemporary coccol-
ithophore growth rates and PIC/POC in the surface ocean using oceanographic
data. Next, we use output from the CESM-LE to project how changes in the
surface ocean over the 21st century following the business-as-usual emission

scenario (RCP 8.5) will affect coccolithophore growth and PIC/POC.

9. Coccolithophore model results

9.1. Current coccolithophore growth and PIC/POC

Modeled coccolithophore growth rate and PIC/POC maps for the grow-
ing season based on contemporary oceanographic datasets (Figure [8) indicate
that the fastest coccolithophore growth rates occur in the equatorial regions,
where high temperatures and adequate nutrient (represented by POy in our
model) availability allow potential coccolithophore growth rates to be greater
than 1.6 d=!. This is likely an overestimate, as competition for nutrients and
light with other phytoplankton and other limitations not considered here (e.g.,
Fe limitation) could substantially affect growth rates in these regions. Within
the subtropical gyres strong nutrient limitation leads to slow coccolithophore
growth rates, estimated between 0.1 and 0.4 d=!'. Mid-latitude regions have
moderate growth rates between 0.6 and 1.2 d~!, which are typically what is
observed in culture at today’s COg levels (Figure ; see also Blanco-Ameijeiras
et al., 2016)). The effect of pCO2 on potential coccolithophore growth rates is
minor. In general, COy limitation outweighs PO, limitation only in regions
where macronutrients are plentiful, e.g., the far North Pacific and Southern
Ocean (not shown). However, phytoplankton in these regions are frequently
iron-limited (iron limitation is not considered in our model), which could which
could confound the potential physiological impact of C-limitation.

Though it is difficult to evaluate simulated potential growth rate estimates,
current coccolithophore PIC/POC ratios estimated by our model (Figure [8b)
can cautiously be compared to the biogeographic distribution shown on Fig-

ure , as the colors of the dots represent midpoint PIC/POC values for cultured
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coccolithophores presented in Figure Indeed, colored dots mapped in Fig-
ure [2a generally match the PIC/POC estimates shown in Figure . PIC/POC
ratios are highest in subtropical gyres, ranging between 1 and 1.5, and lowest
at the poles. Our model estimates that coccolithophore PIC/POC is between
0.9 and 1.3 for temperate and sub-polar regions of the Northern Hemisphere.
PIC/POC ratios in the Southern Ocean are between 0.07 and 0.5, in agree-
ment with observations that this region is strongly dominated by low calcifying
Southern Ocean E. huzleyi B/C morphotype (Figure ; Charalampopoulou
et al., 2016} Poulton et al. 2011} [Mohan et al., 2008} [Findlay and Giraudeaul
2000), which has PIC/POC ratios between 0.1 and 0.3 in culture (Miller et al.)
2015]).

While simulated coccolithophore PIC/POC ratios match coccolithophore
biogeography in most oceanic regions, some areas show a distinct mismatch.
For instance model-estimated PIC/POC is greater than the midpoint PIC/POC
values shown by corresponding colors in Figure in the western equatorial
Pacific and eastern Indian basin. In these areas, the most dominant UPZ coc-
colithophores are of the uncultured Umbellosphaera genus (Figure [2b), within
which species are relatively heavily calcified (Young et al., |2014). Lack of rep-
resentation of Umbellosphaera in our physiological data prevents us from pre-
cisely evaluating what PIC/POC values should be in these regions. In any case,
PIC/POC values for many of the coccolithophore subgroups identified in this
study have a large range of environmental plasticity (Figure [1)), making evalua-
tion of our modeled coccolithophore PIC/POC using dominant coccolithophore
groups challenging.

Nevertheless, our coccolithophore model appears to capture reasonable growth
rates and PIC/POC ratios in the surface ocean, compared to what has been ob-
served in culture (Figures 3, 4, and 6 compared to Figure 8). How this will
change over the 21st century depends on anthropogenically forced trends in
sea surface temperature, CO5 content, and nutrients. While model results pre-
sented in Figure |8 are driven by oceanographic data, we demonstrate that these

maps are comparable to those driven by CESM output for the modern day
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period (decadal average 2006-2015; Figure S3). Therefore, CESM appears to
adequately simulate the present-day coccolithophore environment with respect
to pCO3, POy, and temperature at the sea surface. In the following section
we use long-term trends in these variables from the CESM-LE to estimate how
coccolithophore growth and relative calcification may change by the end of the

century.

9.2. Coccolithophore growth and PIC/POC over the 21st century

The CESM-LE forced with RCP 8.5 projects a 2 — 3°C increase in SST, ap-
proximately a doubling of present day pCOz, and a 0.1 — 0.4 gmol L' decrease
in surface POy during the growing season from 2006 to 2100 (Figure Ehff).
Increases in temperature cause increases in growth rate throughout the ocean,
with the strongest effects being seen at high latitudes (Figure @g) As the
influence of temperature on PIC/POC is limited to colder temperatures (Fig-
ure , we project that sea surface warming causes coccolithophore PIC/POC
to increase by 0.2 to >0.35 at high latitudes (Figure |§|h) Changes in pCO,
have contrasting effects on growth rate and PIC/POC. pCOs-driven increases
in growth rate are as large as 0.2 d=! while PIC/POC decreases almost uni-
formly by roughly 0.24 due to increases in pCOq (Figure @i and j). Changes in
surface PO, concentration over the 21st century have opposite effects on coc-
colithophore growth rate and PIC/POC. While decreases in PO, cause growth
rates to slow by more than 0.3 d~!, increases in PIC/POC from P-limitation
are geographically variable and between 0.02 and 0.2 (Figure Elk and 1). Nearly
all changes are statistically significant; long-term ensemble mean changes sur-
passed standard deviation among ensemble members by at least 2 to 1 (stippled
area in Figure [J).

In Figure [10] we present results of our coccolithophore model with all effects
active, driven by data from the CESM-LE. These results are a culmination of
the equations presented in section [§] and illustrated in Figure [} Changes in
coccolithophore growth rate were primarily driven by changes in temperature

at the poles, where growth rate increases, and decreases in PO, concentra-

31



860

865

870

875

880

tion in the low and mid latitudes, where growth rate decreases. An interplay
between warmer temperatures and decreased nutrient availability can alter coc-
colithophore growth rates differently at different periods of the year (see Figure
S4 for regional time-series of coccolithophore growth rates over the course of
a year). Increases in growth rates from increases in pCOq are widely overrid-
den by decreases in POy, except in some high nutrient regions (though this
neglects the potential effects of iron limitation; Figure S4). This is consistent
with the results from [Feng et al. (2016) who found that nutrient (specifically
NOs3) declines were the strongest driver of coccolithophore growth rate changes
under future conditions. In contrast, changes in pCOq have the strongest ef-
fect on PIC/POC in coccolithophores, consistent with [Miiller et al. (2017) who
observed decreases in PIC/POC with increasing pCOs, regardless of nutrient
status. In our model results PIC/POC drops in most mid-latitude regions from
~60°N to ~30°S (Figures [10| and S5). In the Arctic Ocean, we project slight
increases in PIC/POC driven by a combination of increased POy-limitation and
warmer sea surface temperatures (though this region is not a prolific region for
coccolithophores; Figure . In the Southern Ocean, the Atlantic and Indian
sectors show slight increases in PIC/POC from warmer temperatures, while Pa-
cific sector coccolithophore PIC/POC decreases slightly from increased pCOq
(Figures|10[and S5). Similarly to maps showing the individual effects of drivers
(Figure |§[)7 most changes are statistically robust (stippled area in Figure .

10. Discussion

We demonstrate that while coccolithophore subgroups appear specialized
for growth in diverse oceanic biomes and show individual responses to changes
in their environment, the overall trends in surface coccolithophore growth and
PIC/POC ratios can be reasonably estimated with a generalized coccolithophore
model. Projected anthropogenic changes in the surface ocean over the 21st cen-
tury have contrasting effects on coccolithophore growth rate and calcification.

While increases in pCOq and temperature stimulate growth, decreases in nutri-
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ent availability decrease potential growth rates. By the same token, increases in
coccolithophore PIC/POC from increased temperature and nutrient limitation
modulate negative effects of increasing pCO4 on PIC/POC. These counteractive
effects on coccolithophore calcification could explain why Marandn et al.[ (2016)
found that current coccolithophore calcification was independent of carbonate
chemistry in the tropics. However, as the surface ocean continues to change in
response to anthropogenic emissions over this century, some effects will exert
more influence than others.

Overall, we project a decline in growth rate and relative calcification in most
low- and mid-latitude regions by the end of the century. Northern hemisphere
high latitudes may experience faster growth rates with increased calcification,
while Southern Ocean calcification shows minor calcification changes in either
direction (Figure . These changes are a culmination of direct (warming and
oceanic COy absorption) and indirect (stratification and nutrient limitation)
consequences of human driven climate change over the next ~80 years. However,
coccolithophores may respond differently to the most immediate changes to the
surface ocean.

Several recent studies have indicated that coccolithophore populations are
expanding poleward, as indicated by a temporally resolved compilation of field
and satellite observations (Winter et al., |2013). Specifically in the North At-
lantic, coccolithophore populations appear to be responding positively to an-
thropogenic carbon inputs, increasing in abundance in subtropical (1990-2014;
Krumhardt et al|2016]) and subpolar/temperate (1965-2010; [Rivero-Calle et al.
2015)) regions of the North Atlantic. While an increase in dissolved inorganic
carbon concentration in the surface ocean was cited as a major contributing fac-
tor to coccolithophore increases in these studies, other effects of anthropogenic
climate change, such as warmer sea surface temperatures or increased strati-
fication/nutrient limitation (which favors coccolithophores) could also be un-
derlying factors (Winter et al. [2013; Rivero-Calle et al., [2015)). Increases in
coccolithophore growth rate and PIC/POC are projected by the end of the cen-
tury in the high latitude regions in our model (though not in the North Atlantic),
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mostly attributable to increases in sea surface temperature (see Figures |§| and
1),

, However, these studies (especially the North Atlantic studies;
et all 2015; Krumhardt et al., 2016) found that a major contributor to coc-

colithophore increases is recent anthropogenic carbon inputs. While long-term
projections predict that PO, will become increasingly scarce in the North At-

lantic and have negative effects on coccolithophore growth rates (unless coc-

colithophores can take advantage of organic P sources; Poulton et al. 2017)),

this PO, decrease has not yet been observed, unlike the increases in anthro-

jpogenic carbon, which have been well documented (Bates et al., 2014} Sabine|
2004). Therefore, while the indirect effect of decreased nutrient availabil-

ity from anthropogenic warming-induced stratification has yet to be realized,
coccolithophores could be experiencing an alleviation of carbon limitation and
perhaps a stimulation in growth from increasing surface pCOy and/or warming
surface temperatures.

We tested the possibility of carbon-induced growth rate increases with model
simulations parameterized specifically for a F. huzleyi morphotype A from the
North Atlantic, strain PML B92/11. Specifically, we used the low K po4 reported
in [Perrin et al.| (2016) of 0.051 pM for this morphotype (strain PML B92/11;
Table |2) and a Kgpo of 270 patm derived from POC-based growth rates from
Sett et al.| (2014) (cultures grown at 20°C; also for strain PML B92/11; data

plotted in Figure S2¢). We ran our model with these parameterizations on a

monthly timestep with time-varying (1982-2011) pCO5 from Landschiitzer et al.|
(2015) and monthly climatologies of PO, and sea surface temperature from
World Ocean Database (Boyer et al., 2013). Coccolithophores in the North

Atlantic (from subtropics to subpolar) showed 5-10% increases in springtime

growth rates over these 30 years with these parameterizations (data not shown),

a result consistent with observations shown in Rivero-Calle et al| (2015) and

Krumbhardt et al.| (2016)). These effects, however, may be temporary if warming

and stratification cause severe declines in nutrients, as projected by the CESM-

LE simulations.
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Our model also projects decreases in coccolithophore PIC/POC over the
21st century in the Pacific sector of the Southern Ocean with no change or mi-
nor increases in the Atlantic and Indian sectors. These decreases are consistent
with the satellite record (1998-2014) showing that calcification has decreased
in large portions of the Southern Ocean (Freeman and Lovenduskil, 2015). The
observed decrease over these 17 years could be due to shifts in coccolithophore
subgroups (e.g., to the low calcifying Southern Ocean E. huzleyi morphotype
B/C; |Cubillos et al.l 2007) or to physiological changes induced by changing
carbonate chemistry (Freeman and Lovenduski, 2015)) or both —|Cubillos et al.
(2007) found that the shift between E. huzleyi morphotypes A and B/C (South-
ern Ocean type) followed changes in carbonate chemistry. Indeed, calcification
in the low calcifying Southern Ocean morphotype is especially sensitive to in-
creases in pCQOs, increasingly present in a non-calcified, “naked” form under
high COs conditions (Muller et al., 2015)). Furthermore, considering multiple
stressors, [Feng et al.| (2016)) found that increasing pCOs is the strongest driver
for physiological changes in coccolithophore PIC/POC for an E. huzleyi mor-
photype A strain from the Pacific sector of the Southern Ocean, consistent with
our results. Eventually, warmer sea surface temperatures in the Southern Ocean
could induce more calcification in E. huxleyi or simply select for the higher calci-
fying morphotype A, as seen in the Atlantic and Indian sectors of the Southern
Ocean in our model results (Figure . This is important in this Great Calcite
Belt region (Balch et al., [2011), as the E. huxzleyi morphotype constituting a
bloom strongly influences overall calcite production (Poulton et al.; 2013)). In
any case, the Southern Ocean E. huzley: morphotype B/C appears to be par-
ticularly tolerant of cold, high pCOs conditions. Further, calcification does not
seem to be crucial for survival and reproduction in this E. huxleyi morphotype
(Muller et al., 2015). This begs the question of whether decreases in relative
calcification, as projected by our model in most oceanic regions (Figure , will
be a negative feedback to coccolithophore growth resulting in decreased fitness.

Whether decreases in coccolithophore PIC/POC will cause decreases in fit-

ness ultimately depends on the function of the coccoliths, which likely vary
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between coccolithophore subgroups (Monteiro et al., [2016]). Some species (e.g.,
bloom forming E. huzleyi) may synthesize coccoliths to protect from UV damage
and excess light (Xu et al., 2016), while others may use coccoliths to capture
and channel sparse light in the deep euphotic zone more effectively (e.g., F.
profunda; Monteiro et al.l |2016)). Still, others may synthesize coccoliths for
protection from grazers, such as spine-bearing coccolithophores (see images in,
e.g., |[Young et al. 2003). In other cases calcification may be a vestigial trait —
decreases in calcification may not influence fitness. Monteiro et al.| (2016) sug-
gest a diversity of purposes behind extant coccolithophore calcification (graz-
ing protection, viral/bacterial infection protection, high-light protection, and
light uptake), but speculate that grazing protection was the original reason
coccolithophores evolved calcification. Nevertheless, other phytoplankton com-
petitors, as well as zooplankton grazers, are also subject to adverse (or positive)
consequences of anthropogenic climate change. How coccolithophores ultimately
fare in an ecological context will be influenced by the ecological fitness of other
members of the ecosystem.

Although our work focused on bottom up influences of environmental change
on coccolithophore growth and relative calcification, equally important are top
down influences in determining the overall success of coccolithophores in a fu-
ture ocean. This would be ideally studied in mesocosm experiments in a nat-
ural context (e.g., Riebesell et al. 2017)), as well as in Earth system models
with well-developed ecosystem models. Parameterizing coccolithophores as an
explicit phytoplankton functional type (PFT) is imperative for predicting their
response to environmental change and coincident effects on the global carbon cy-
cle, especially given that coccolithophores are one of major producers of pelagic
CaCOg3, which is critical for ballasting carbon to the deep sea. However, comput-
ing costs limit the complexity of ecosystem models, such that modeling centers
are inclined to represent all coccolithophores as a single PFT. Thus, overarch-
ing trends across coccolithophore species/morphotypes must be identified, as
we have aimed to do here, despite inter-specific variability (see, e.g., Figure [3)).

Though we are able to produce reasonable relationships for relating coc-
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colithophore growth and calcification to environmental change, several open
questions remain. For instance, we have little or no physiological data on cer-
tain coccolithophore species, such as those from the Umbellosphaera genus or
F. profunda, which are major components of the coccolithophore community in
vast oceanic regions (Figure . These species may have alternative nutritional
strategies, such as mixotrophy, and may not be obligate phototrophs, a possible
reason why they are difficult to isolate and culture under laboratory conditions
(Poulton et al., |2017)). The Umbellospharea genus, specifically, tends to domi-
nate nutrient-deplete surface waters (Haidar and Thierstein, 2001} |Okada and
Honjo, [1973; [Poulton et al.| [2017)), which could become more prevalent in the
future. Incorporating physiological data on these coccolithophore species could
influence our general relationships for growth rate and calcification under chang-
ing environmental conditions. Also, the designation of E. huzley: morphotypes
needs better defined boundaries based on genetic, morphological, and physio-
logical data (Read et al.,|2013). E. huzleyi morphotypes A over-calcified and R
closely resemble each other morphologically, inhabit the same latitudinal band
in the Southern Ocean, and show similar reactions to increased COs. Thus, we
have grouped them together in this study. On what basis are these two mor-
photypes really distinct? Having a general over-calcified E. huzleyi morphotype
would give more weight to the numerous experiments done on FE. huzxley: mor-
photype R (since otherwise its observed distribution appears rather limited).
In addition to physiological testing on the most widespread coccolithophores,
an increased understanding of physiological effects of nutrient limitation is nec-
essary. For example, we lack an understanding of how iron limitation affects
calcification in coccolithophores. Does iron limitation also induce increased cal-
cification, as does POy limitation? Further, one of the limitations of this study
is that we represented nutrient changes with changes in POy, but a recent study
showed NOg to be an important factor in determining overall coccolithophore
growth (Feng et al., |2016). This is likely due to inefficient NO3 uptake kinetics
in some coccolithophore species/morphotypes (see large K o3 value from [Feng

et al| (2016) in Table [2). However, coccolithophores can bloom under condi-
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tions of low N:P, which are suggestive of superior competitive ability under N
limitation (Lessard et al.l |2005)). Additionally, the usage of organic nutrient
sources by coccolithophores increases their ability to thrive where inorganic nu-
trients are limiting (Benner and Passow), 2010} [Poulton et al., 2017)); this is not
considered here. In any case, further research on relative efficiencies of nutrient
uptake by coccolithophores as compared to other phytoplankton will aid in the
development and accuracy of marine phytoplankton simulation in Earth system
models. An explicit PFT describing coccolithophores will allow more realistic
estimates of coccolithophore growth and calcification by simulating competition
for nutrients among phytoplankton assemblages and biogeochemical feedbacks

resulting from changes in coccolithophore growth and calcification.

11. Conclusions

In this study, we developed an empirical coccolithophore model based on a
wide compilation of studies. Our model estimates of coccolithophore growth rate
and relative calcification were based on physiological relationships for tempera-
ture, PO, concentration, and pCQOs. Parameterizations were further guided by
current coccolithophore biogeography. By applying this coccolithophore model
to output from the CESM-LE and simulating long-term changes in the sur-
face ocean over the 21st century, we demonstrated the potential for our coccol-
ithophore model to be applied in Earth system modeling. Our results showed
that changes in coccolithphore growth rates and calcification change by the end
of the century vary regionally, highlighting how multiple simultaneous changes
in the marine environment modulate biological responses.

This study complements multi-stressor culturing studies, but goes a step
further by encompassing all coccolithophore species into one coccolithophore
phytoplankton functional type using overarching, across-species relationships.
This work highlights important gaps in our understanding of coccolithophore
responses to future change, such as understanding how light and iron limita-

tion may affect coccolithophore calcification. Additionally, physiological data
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on several major, yet-uncultured coccolithophore species is necessary. The coc-
colithophore model presented here, however, fits our current understanding of
generalized coccolithophore environmental selection across coccolithophore sub-

groups and physiological responses spanning environmental gradients.
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POC-based u Cell-based p

K Hmag K Hmag

(patm) | @) | (uatm) | (@)

Median 51.0 0.99* 26.6 0.86*
Max 54.3% 1.6% 22.7% 1.4%

Min 40.2 0.45%* 16.5 0.42%*

Mean 51.4* 0.99* 29.9% 0.93*

Table 1: Table of growth rate-specific pCOg half saturation constants and maximum growth

rates in coccolithophores, derived from the compilation of data sources from listed in Table

S1 (in the COg2-p column). Values are listed for both POC-based and cell-based growth rates

(see section [4.1)). The Kjs value in bold was used in our coccolithophore model. Statistical

significance of coefficients: *p<0.05.

Nutrient || Species Ky Reference

NOs3 C. braarudii 1.06 pM Cermeno et al.| (2011)
NO3 E. huzleyi A 0.22 uM Riegman et al.7(2000)
NOj E. huzleyi 0.1 uM Eppley et al. ({969)
NOs3 E. huzleyi A 0.35 uM Perrin et al.| (2016)
NOj3 E. huzleyi RCCI11 0.14 uM Perrin et al.7(2016)
NOj E. huzleyi A 13.71 uM Feng et al. (5016)
NH4 E. huzleyi 0.15 uM Eppley et al.| (1969))
POy, E. huzleyi A 0.22 uM Riegman et al.| (2000)
POy E. huzleyi A 0.051 pM Perrin et al. (2616)
POy E. huzleyi RCC911 0.31 pM Perrin et a1.7(2016)
POy E. huzleyi A 0.11 uM Feng et al. (5016)

Fe E. huxleyi 1.2 nM Sunda and Huntsman| (1995|)

Table 2: Half saturation constants for nutrient uptake in coccolithophores. The mean K, for

POy uptake, 0.17 uM, was used in our coccolithophore model. Note that the Kp; for iron is

in nM.
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Figure 1: Ranges of published PIC/POC values, maximum growth rates (tmaz), and cell
diameter of the eight coccolithophore subgroups used in this study. Coccolithophore subgroups
are ordered based on midpoints (shown by brighter colored squares), with the lowest PIC/POC
on top. Numbers in parentheses to the right of subgroup names represent the number of studies
used to construct the PIC/POC ranges (all studies that have an ‘x’ in the any PIC/POC

columns in Table S2 went into constructing these ranges).
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@ C. leptoporus ® C. pelagicus/braarudii @ >75% of coccolithophore community
© E. huxleyi A @ E. huxleyi over—calcified © >50% of coccolithophore community
E. huxleyi BIC @ Syracosphaera spp. ® >20% of coccolithophore community
G. oceanica @ E. huxleyi B/C (Southern Ocean) 4 Undefined percentage, but "dominant" or "most abundant"
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Annual mean surface PIC from MODIS (averaged 2002-2015; mg C m™2)

Upper photic zone species Mixed photic zone species Lower photic zone species
L i is @ Oolithotus antillarum @ Florisphaera profunda
@ Umbellosphaera tenuis ® Gephyrocapsa mullerae @ Oolithotus fragilis @ Gladiolithus flabellatus
© Umbellosphaera sibogae Gephyrocapsa ericsonii @ Algirosphaera spp.
@ Rhabdosphaera clavigera Pappomonas spp.
@ Discosphaera tubifera Calciosolena/Calciopappus spp.

Figure 2: Geographical distributions of dominant (i.e., >20% of the coccolithophore popula-
tion) coccolithophore subgroups. Panel (a) shows distributions of coccolithophore subgroups
that have been cultured and physiologically studied in a laboratory, while the bottom two
maps show lesser studied, uncultured coccolithophores from the upper photic zone (b) and
the lower photic zone (c¢). The size of the dots refers to the relative abundance within the
coccolithophore community at a particular location. MODIS satellite derived mean partic-
ulate inorganic carbon (PIC) concentration underlies the biogeographical data presented in
map (a). PIC is a qualitative estimate of coccolithophore abundance. Antarctic circumpolar

fronts are shown by gray lines; from the South pole to the equator the fronts are the Polar

Front (Freeman and Lovenduskil [2016)), the Subantarctic Front, South Subtropical Front, and
yad
North Subtropical Front (Belkin and Gordon %996 .
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Figure 3: Published POC-based growth rates (see section [4.1) and PIC/POC ratios of all
coccolithophore subgroups (a and h, respectively) and individual subgroups (b—g and i,
respectively) as a function of pCOs. Panel (a) shows minimum, quartiles, median and maxi-
mum growth rates within 50 patm pCOg bins presented in a box-and-whisker plot. Michaelis-
Menton curves in (a) were fit to the median (not shown), maximum and minimum quartiles
(shown by dashed lines), and the mean (shown by black line). A least-squares line is shown
in panel (h) for PIC/POC versus pCOz for pCO2 values less than 1000 patm. The small plot

in the upper right corner of panel (h) shows the full range of the data compilation.
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Figure 4: Growth rate (a) and PIC/POC (b) of coccolithophores as a function of temperature.
In panel (a) a power function for predicting maximum growth rate (fmaz) from
is shown for E. huzleyi. Other coccolithophore species growth rates are overlaid to
demonstrate that this function encompasses all coccolithophore species. Panel (b) shows
data from studies that measured PIC/POC ratios as a function of culturing temperature.
Since PIC/POC can be influenced by COg2 concentration or nutrient status, PIC/POC ratios
shown in this figure are only from cultures grown at ambient CO2 concentrations (~350 to
400 patm) under nutrient replete conditions.gilost PIC/POC measurements were made for
cultures grown at stock culture temperatures, 15° to 20°. Colors of the dots correspond to
the coccolithophore subgroups in Figure 2. The black line shows the PIC/POC-temperature
function reported for E. huzelyi A by , while the red line is this same function
fit to the maximum binned data (5°C bins), shown by box-and-whisker symbols. The dashed
black line represents the linear function used in our coccolithophore model, fit to data points

for temperatures <11°C.
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Figure 5: Published PIC/POC ratios of coccolithophore species or E. huzleyi morphotypes
as a function of PO4 (a) and NO3 (b) limitation. All experiments were done at ambient

COz3 levels except for those from (2013)), which were done at 260 and 560 patm

for experiments 1 and 2, respectively. Numbers along x-axis correspond to references and
experiments: 1. at 260 patm; 2. at 560 patm; 3. C.
braarudii from |Gerecht et al.| (2014)); 4. C. pelagicus from |Gerecht et al.| (2014); 5. E. huzleyi
A from (1998); 6. E. huzleyi A from [van Bleijswijk et al] (1994); 7. E. hualeyi A
from [Paasche and Brubak] (1994); 8. E. huzleyi A from [Perrin et al| (2016); 9. E. husleyi B
from [van Bleijswijk et al| (1994); 10. E. hualeyi A from [Feng et al] (2016).
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Figure 6: Growth rate, photosynthetic rate, or relative electron transfer rate (fETR) measured
in coccolithophores as a function of irradiance from various studies (a) and PIC/POC as a
function of irradiance (b). Colors in both plots correspond to coccolithophore subgroups spe-
cific in previous figures, while shapes in (a) correspond to specific references listed in the legend
below. The w (1992) data in (a) comes from the culture with 2 uM NOs added.
The Nanninga and Tyrrell] (1996) data in (a) refers to the culture of calcifying E. huxelyi

(morphotype A) grown in Eppley medium. Culture pCO2 levels range from 258 to 515 patm
and temperature ranges from 14°C to 20°C. Lines drawn on (a) represent Michaelis-Menten
curve fits to the experiments showing the smallest (1.8 mol quanta m~2 d—1;

Tyrrell| 1996) and the largest (52.1 mol quanta m~—2 d~1;|Balch et al., [1992)) half saturation

constants for light uptake. The hatched area refers to the critical irradiance for bloom forma-

tion from [Iglesias-Rodriguez et al.| (2002). All experiments were converted to irradiance units

of mol quanta m~2 d~!, except those marked with a double asterisk, which we were unable to

convert and are reported in pmol quanta m‘%@’l (top x-axis; [glesias-Rodriguez et al., [2008;

|Tyrrell and Taylor}, (1996} | Xu et all [2016). Top and bottom x-axes were aligned assuming a

12 hours of light per day.
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Figure 7: A graphical summary of relationships between coccolithophore growth rate and
PIC/POC with changing pCOa2, temperature, nutrients and light. Relationships depicted in

red are used in our global coccolithophore model.
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Figure 8: Present day surface coccolithophore growth rate (a) and PIC/POC ratio (b) during
the growing season (June-July-August mean for Northern Hemisphere and December-January-
February mean for Southern Hemisphere; division shown by black line at equator) derived from

our coccolithophore model driven by monthly mean sea surface temperature and POy4 con-

centration from GLODAP (Lauvset et al.,|2016)) and monthly mean pCO2 from

i al] @2075).
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Figure 9: Ensemble mean output for decadal averages of growing season (JJA mean for
Northern Hemisphere; DJF mean for Southern Hemisphere) sea surface temperature (SST),
pCOa2, and POy concentration for the present-day (2006-2015) and future (2091-2100) from
the CESM-LE (maps (a)—(f)) and change maps from our global coccolithophore model showing
the changes in coccolithophore growth rate and PIC/POC during the growing season resulting
from each individual driver: sea surface temperature, (g) and (h); pCO2, (i) and (j); and
POy, (k) and (1). Stippled area shows significant changes (i.e., signal-to-noise ratio >2; see
Methods).
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Figure 10: Changes in coccolithophore growth rate and PIC/POC during the growing season
(JJA mean for Northern Hemisphere; DJF mean for Southern Hemisphere) from the combined
effects of CESM-simulated 21st century changes in monthly mean sea surface temperature,
pCO2, and POy from the start (2006-2015) to the end (2091-2100) of the 21st century. Maps
depict the CESM-LE ensemble mean changes with significant changes shown by stippled area

(i.e., signal-to-noise ratio >2; see Methods).
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