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ABSTRACT

We present average coccolithophore and associated biogeochemical results from ten Atlantic Meridional
Transect (AMT) cruises between 50°N-50°S, results that show a number of unique observations across this
massive data set. Lowest concentrations of coccolithophores were consistently found in equatorial waters.
Highest concentrations of coccolithophore cells and coccoliths were associated with temperate, sub-polar en-
vironments. Concentrations of detached coccoliths were dispersed to ~300m depth and show low inter-cruise
variance. Coccolithophore cell concentrations in the subtropics remain highest at < 200m depth in the S.
Atlantic and 100m in the N. Atlantic, near the 26.5 to 27 sigma-theta (0p) isopycnal, within the Subantarctic
Mode Water (SAMW). Diversity and species richness of coccolithophore cells was greater than for the detached
coccoliths and generally greater in surface populations than in the deep chlorophyll maximum (DCM). Placolith-
bearing coccolithophore species dominated over the umbelliform and floriform coccolithophore groups in sur-
face waters of the Southern Ocean at 50°S, as well as the DCM from 50°S to the equator. The DCM was strongly
associated with the o, of ~27kg m™>, coincident with the top of the nitracline, within the SAMW.
Concentrations of coccolithophore cells and detached coccoliths were much less related to the density field than
chlorophyll was. Highest integrated euphotic coccolith concentrations were observed when the integrated
POC:chlorophyll ratio was highest. PIC:POC ratios increased with depth and approached maximum values near
the top of the nitracline. Great Calcite Belt waters (upper 300m) showed biogenic silica:particulate inorganic
carbon ratios (BSi:PIC) > 1 while all other waters showed BSi:PIC ratios < 1. Peaks in PIC and BSi were ob-
served within, and above the SAMW, in waters with low phosphate and silicate concentrations. The results of
this study suggest that coccolithophore-rich SAMW in the Southern Ocean is being conditioned after its for-
mation, such that by the time it upwells in the Atlantic equatorial region, the water is no longer conducive to
coccolithophore growth.

1. Introduction

1.1. Coccolithophore ecology

properties are important for their remote detection by satellite (Balch,
2018). However, the backscattering properties of coccoliths vary as a
function of species, size and shape (Balch et al., 1999; Fournier and
Neukermans, 2017; Gordon and Du, 2001), all of which are highly

Coccolithophores are single-celled calcifying algae of the phylum
(or division) Haptophyta and class Prymnesiophyceae that produce
calcite scales, called coccoliths. Both the coccolithophores and their
detached coccoliths are ubiquitously found in the surface waters
throughout the global ocean. They are influential on ocean bio-
geochemistry due to their dense calcite which provides ballast for
sinking organic debris plus they help drive the biological carbon pump
and alkalinity pump (Riebesell et al., 2009). They also have a strong
impact on the optical properties of seawater (particularly back-
scattering) due to the high refractive index of calcite and these
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variable across the entire Atlantic basin.

There have been a number of key basin-scale studies of cocco-
lithophores, their distributions in the pelagic realm as well as in the
sediments (Hagino et al., 2000; McIntyre and Be, 1967; Okada and
Honjo, 1973a, b; Okada and McIntyre, 1977, 1979). Indeed, much of
what we know about coccolith distributions in sediments was based on
a number of early studies (Andreé, 1920; Deflandre and Fert, 1952,
1954; Gaarder, 1954; Lohmann, 1902, 1908). There also has been
considerable work on their pelagic distributions, taxonomy, biology,
physiology and ecology summarized in various works (Balch, 2018;
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Green and Leadbeater, 1994; Poulton et al., 2017; Taylor et al., 2017;
Thierstein and Young, 2004; Winter and Siesser, 1994). While there is
generally a good correspondence between the relative species abun-
dance of coccolithophores in oceans and sediments (Baumann et al.,
2004; Ziveri et al., 2004), there is a slightly broader geographic dis-
tribution of various coccolithophore species in the pelagic realm than in
the sediments (McIntyre and Be, 1967).

Coccolithophore species occupy three important niches in the sea in
shallow and deep waters. Young (1994) defined three general ecolo-
gical groupings of coccolithophores, each associated with three distinct
environments: (1) placolith-bearing cells such as Emiliania huxleyi,
found in shelf or mid-ocean upwelling regions, (2) umbelliform cells
such as Umbellosphaera tenuis, found in more oligotrophic, nutrient-
depleted waters and (3) floriform cells such as Florisphaera profunda,
which are associated with deep photic-zone assemblages in low to mid-
latitudes (see also Boeckel and Baumann (2008)). Moreover, Young
(1994) discussed the appearance of motile cells within the placolith-
bearing group; flagellae could substantially enhance the ability of
coccolithophores to exploit stratified, nutrientpoor environments.

Coccolithophores represent a highly diverse class of phytoplankton,
whether measured using a conventional diversity index (like the
Shannon Weiner index (H’)) or the most simple index of diversity, the
numbers of species (or species richness, S) (Magurran, 2004). At the
HOTS (Hawaiian Ocean Time Series) station in the subtropical North
Pacific, a total of 125 species of coccolithophores (along with 19 pre-
viously undescribed species) were enumerated in a two-year study
using scanning electron microscopy (SEM), with as many as 58 species
found in one sample (Cortés et al., 2001). These 125 species represented
63% of all the known extant coccolithophore species (199 in total)
(Jordan and Kleijne, 1994). Contrasting this high species richness is low
species evenness (J’) (Magurran, 2004), with only five species con-
tributing ~30% of the total coccolithophore community. In the sub-
tropical North Atlantic, 60 coccolithophore species were observed using
light microscopy (which is less reliable for coccolithophore classifica-
tion to the species level than SEM) (Haidar and Thierstein, 2001).
Nonetheless, of those 60 species, only six comprised 89% of the com-
munity and 44 species comprised < 2% of the community, again em-
phasizing the very low species evenness of subtropical Atlantic cocco-
lithophore communities (Thierstein et al., 2004). In contrast, Poulton
et al. (2017) described the coccolithophores from the equatorial and
subtropical Atlantic, and within 199 samples, they observed 171 species
of coccolithophores, with 140 representing < 5% of total cell numbers.
The result is that most coccolithophore species are so rare that they are
not observed in cell count samples unless large enough volumes are
sampled. Such low evenness is similar to other plankton groups, such as
copepod zooplankton (McGowan and Walker, 1993); these observations
are consistent with the “paradox of the plankton” where high diversity
is at odds with ecological models that would predict far fewer co-ex-
isting species, based on classic niche partitioning arguments. Fast re-
source depletion (Li and Chesson, 2016), herbivory (Leibold et al.,
2017), and inter-specific variability (Menden-Deuer and Rowlett, 2014)
are some of the hypotheses used to explain such high planktonic di-
versities. Species diversity is also thought to decrease with increasing
latitude (Barton et al., 2010) .

More recent work has continued to demonstrate this extraordinary
diversity within the haptophyte family (which include the coccolitho-
phores) and that both calcifying and non-calcifying haptophytes dom-
inate global phytoplankton standing stock (based on the abundance of
their unique accessory pigment, 19’-hexanoyloxyfucoxanthin [19-Hex])
(Liu et al., 2009). Liu et al. (2009) suggest that haptophytes contribute
more biomass globally than the photosynthetic prokaryotes, Pro-
chlorococcus (Chisholm et al., 1988) and Synechococcus (Waterbury
et al., 1979) and likely contribute more to global primary production.
Liu et al. (2009) propose that the haptophytes contribute some 30-50%
of the total standing stock of photosynthetic algae in the world ocean.
Further, some floriform coccolithophores live below the standard
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euphotic zone, thus extending haptophycean productivity into the sub-
euphotic regions of the upper water column. Indeed, there is historical
evidence for mixotrophy for a few species of coccolithophores (Conrad,
1941; Houdan et al., 2006; Pintner and Provasoli, 1968). That is, they
appear to grow on both inorganic and organic carbon sources (Medlin
et al., 2008).

1.2. Subantarctic Mode Water and controls on phytoplankton productivity

Subantarctic Mode Water (SAMW) is considered the major source of
nutrients extending northward of the 30°S parallel (Sarmiento et al.,
2004). It is associated with a pycnostad between potential densities (gp)
of 26.5 to 27 and forms just to the north of the Subantarctic Front
(Cerovecki et al., 2013). It carries low pre-formed silicate and iron due
to extensive uptake by diatoms in its region of formation. However,
SAMW carries pre-formed nitrate northward as high-nutrient-low-
chlorophyll (HNLC) waters, tracking the bottom of the euphotic zone as
it moves to the north. This water arrives at the base of the euphotic zone
in the Atlantic equatorial upwelling region, giving the region a HNLC
character. Cyclonic eddies in overlying waters might also lift this
SAMW water vertically; this combined with relative amounts of silicate
and nitrate plus HNLC character could further influence the classes of
algae that can grow in the overlying water (such as diatoms versus
coccolithophores). A similar mechanism was proposed previously by
Bibby and Moore (2011) for controlling the diatom abundance in the
subtropical North Atlantic and Pacific (except note, they were referring
to Si*, the difference between silicate and nitrate). SAMW can be traced
well north in the North Atlantic Ocean (McCartney, 1982; Poole and
Tomczak, 1999; Sloyan and Rintoul, 2001) and some three quarters of
the primary production north of 30°S (including equatorial waters) is
hypothesized to be supported by SAMW formation in the Southern
Ocean, ultimately originating in the region of the Subantarctic Front
(Sarmiento et al., 2004).

The following work is based on the synthesis of previously un-
published results from over a decade of Atlantic Meridional Transect
(AMT) cruises between 2004-2015, sampled between north temperate
waters and south temperate waters of the Atlantic Ocean. We address
several fundamental knowledge gaps about coccolithophores in the
Atlantic at basin scales. What is the mean distribution (and variance) of
coccolihophores and their detached coccoliths? How is this related to
the mean nutrient distributions for these same cruises? How do the
ecological indices of coccolithophores and their detached coccoliths
(diversity, richness and evenness) vary across the Atlantic basin? How
is coccolithophore abundance observed in these cruises related to the
biogeochemistry, including particulate inorganic carbon (PIC; asso-
ciated with coccolithophores), particulate organic carbon (POC; asso-
ciated with all organic matter, living and detrital), biogenic silica (BSi;
associated with mostly diatoms) and chlorophyll concentration (asso-
ciated with all phytoplankton). We examine variability of coccolitho-
phores and biogeochemical variables as a function of water masses (e.g.
SAMW), nutrient chemistry and biogeography to define the overarching
factors controlling coccolithophore distributions.

2. Methods
2.1. Regions sampled and water sampling protocols

Abbreviations used in this work are given in Table 1. The data to be
presented in this paper were collected on ten AMT cruises between
September 2004 and November 2015 between the United Kingdom and
either Cape Town, South Africa (cruises 15-17) or Punta Arenas, Chile
or Stanley, Falkland Islands (cruises #18-22, 24, 25; Table 2; Fig. 1). All
cruises went southwards from the UK except AMT cruise 16 which went
northwards from South Africa to the UK. For the cruises ending in South
America, water sampling ended just north of the Falkland Islands at
~50°S. Seawater was typically sampled during daily pre-dawn
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Table 1 2
©
Abbreviations used in this study. =)
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AMT Atlantic Meridional Transect g
%] [=\}
BSi Biogenic Silica * | BHIBRIFTITIER
cv Coefficient of variation
DCM Deep Chlorophyll Maximum
DIN Dissolved Inorganic Nitrogen
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NAG North Atlantic Gyre
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PF Polar Front
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SEM Scanning electron microscopy & V5838 58¢Q
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STW South Temperate Water
Zchimax 1% irradiance light depth
8
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(02:00-04:00h, local time) plus mid-morning (11:00-12:00h) deploy- E
ments using a rosette sampler fitted with 24 water bottles (20L) and a g
Sea-Bird 9/11 CTD. Standard sampling depths were at the following =
light levels (as a percent of surface irradiance): 55, 33, 14, 1 and 0.1%. !

g p ) 99, 14, S| N v~ o« =)
Other samples were taken at selected depths in order to fill- in the # | 225222380 &
profile depending on the shape of the chlorophyll fluorescence profile,
especially across the deep chlorophyll maximum (DCM) and to a
maximum depth of 500 m. The percent light estimates were based on "

. . . . o
either the previous day’s measurement with a scalar Photosynthetically =
Active Radiation (PAR) sensor mounted on the CTD or assuming that &

. . . . g
the DCM sat at the 1% irradiance light depth (Zpmay)- The diffuse at- 22 R S
H* OO OO0 OANON

tenuation coefficient for PAR (m™) was approximated as 4.6/ Zcnimax
and light depths were calculated as the optical depth divided by the
diffuse attenuation coefficient. This approach assumed that the diffuse
attenuation coefficient was constant over the euphotic zone. Discrete
surface samples were also regularly drawn from the ships’ underway
seawater lines for calibration and validation of the underway sampling
system. Nutrient analyses were performed to measure concentrations of
nitrate, phosphate and silicate, using a Technicon, five-channel auto-
analyser (Bran + Luebbe AAII) (Kirkwood, 1989; Woodward and Rees,
2001). While some nutrient sections have been previously published
from individual AMT cruises, the mean nutrient sections (and their
variance) presented here, are unique for the group of cruises presented
in Table 2 and have heretofore never been published.

North and South Atlantic Ocean
North and South Atlantic Ocean
North and South Atlantic Ocean
North and South Atlantic Ocean
North and South Atlantic Ocean
North and South Atlantic Ocean
North and South Atlantic Ocean
North and South Atlantic Ocean
North and South Atlantic Ocean
North and South Atlantic Ocean

Sampling Domain

2.2. Discrete sample analyses

The technique of Poulton et al. (2006b) was used to measure CaCO3
concentration (particulate inorganic carbon; PIC). Briefly, 100-200 mL
samples were filtered onto 0.4um pore-size polycarbonate filters and
rinsed first with filtered sea water, then potassium tetraborate buffer
(adjusted to pH=38.3) to remove sea water calcium chloride. This pH
adjustment was critical to insure that carbonates were stable during
sample storage. Later, filters were placed in trace metal-free centrifuge
tubes with 5mL 0.5% Optima grade nitric acid and the Ca concentra-
tion measured using inductively-coupled-plasma optical emission
spectroscopy (Cheng et al., 2004) which has a precision of + 1.9%.
Chlorophyll a concentrations were measured using 250mL seawater
aliquots filtered through 25mm diameter Whatman GF/F glass fiber
filters, extracted in 90% acetone at 4°C for 18-20h (Poulton et al.,
2006a) with fluorescence measured using a TD700 Turner Designs
fluorometer, calibrated using purified chlorophyll a (Sigma-Aldrich).
The precision of this method is < * 10% for replicate measurements.
For measuring particulate organic carbon (POC), 1-4.2L of seawater

RRS James Clark Ross
RRS James Clark Ross
RRS James Clark Ross

RRS Discovery
RRS Discovery
RRS Discovery
RRS James Cook
RRS James Cook
RRS Discovery
RRS James Cook

Ship

Atlantic Meridional Transect 15
Atlantic Meridional Transect 16
Atlantic Meridional Transect 17
Atlantic Meridional Transect 18
Atlantic Meridional Transect 19
Atlantic Meridional Transect 20
Atlantic Meridional Transect 21
Atlantic Meridional Transect 22
Atlantic Meridional Transect 24*
Atlantic Meridional Transect 25*
Total

Cruise

Specific cruise details (ship, location, number of stations (“Stn”) and number surface underway (“UW”) samples and dates) for data used in this work. For cruise numbers with asterisks, only results for scanning electron

microscopy are being presented in this work.

Table 2
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Fig. 1. Map of station locations in this study. See Table 2 for specific cruise details. Gray shading of the global oceans represents bathymetry (darker regions are
shallower). Dark grey region surrounding cruise tracks shows the data that are included in the mean sections shown later in this paper. Data outside of this region

represent 1.2% of the total data set.

were filtered through pre-baked (> 400°C, 12h) 25mm diameter
Whatman GF/F filters and stored at -20°C. Filters were then acid fumed
(to remove PIC) and POC measured using a Thermo Finnegan Flash
EA1112 Elemental Analyser (Poulton et al., 2006b). Filters wetted with
filtered seawater were used as blanks. The root mean square difference
(RSD) of the technique is = 10-15%. Biogenic silica was measured
using the NaOH digestion technique (Brzezinski and Nelson, 1989)
which is based on the original technique of Paasche (1973b). The
technique dissolves > 98% of the amorphous (biogenic) silica and <
1% of the mineral silica, after which the reactive silicate was analyzed
(Parsons et al., 1984). The RSD of the technique is + ~15% (Demarest
et al., 2011).

Microscope enumeration of plated coccolithophore cells and coc-
coliths (for total abundance) were performed using polarized light
microscopy, a relatively inexpensive and fast technique for measuring
total numbers of coccolithophore cells and detached coccoliths (but
providing less reliable species information than SEM). Water samples of
50-100 mL were filtered through a 25mm diameter Millipore HA filter,
rinsed with potassium tetraborate buffer (pH = 8.3), and frozen in a

petri dish until counted (Haidar and Thierstein, 2001; Haidar et al.,
2000). Prior to mounting, the filters were dried in an oven at 60°C.
Canada Balsam (60°C) or Norland brand optical adhesive was first
placed on top of a cleaned microscope slide, then the sample filter was
placed on top of this, followed by a cover slip. The filter was examined
with an Olympus BH2 microscope equipped with polarization optics
and automated sample stage after which, birefringent coccoliths and
plated coccolithophore cells were imaged and enumerated. The filters
were counted at a magnification of 400X and 150-200 images were
taken of each slide. Given the magnification, volume filtered, and
numbers of microscope fields examined, the effective volume counted
per sample was 1.69-3.38 mL. Detached coccoliths, plated coccolitho-
phore cells and aggregates of coccoliths were imaged automatically
with images processed using CCC image-analysis software (Balch and
Utgoff, 2009). Detailed light microscopy of cells, cell walls, organelles,
(and absolute species identification) is difficult on HA filters treated
with Canada Balsam or Norland-brand optical adhesive using trans-
mitted light, whereas birefringence patterns of coccoliths can still be
easily discerned in polarized light. Thus, when presenting birefringence
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microscopy results for coccolithophore cells, we combine counts of
plated cells and coccolith aggregates as coccolithophores since it is
difficult to discriminate between the two categories, in practice. For this
reason, it is not possible to cross-calibrate species identification be-
tween the birefringence counts and the SEM counts (below). None-
theless, as there is considerable birefringent debris in ocean water,
polarization microscopy is still a highly reliable way to discriminate
birefringent debris from coccoliths (Balch and Fabry, 2008) (as the
latter have distinct birefringence patterns that can aid in identification
(Moshkovitz and Osmond, 1989)). All water column integration of the
above variables used standard trapezoidal integration.

Scanning electron microscopy was only performed on AMT cruises
24 and 25 (Table 2). All but seven samples were taken from the surface
and DCM. Samples were prepared for SEM analysis by filtering 100mL
seawater onto a 0.4pum pore-size, 25mm diameter, polycarbonate filter,
rinsing with potassium tetraborate buffer, then drying the filter at 60°C.
The effective filter area of the polycarbonate filter had a diameter of
21mm. Filters were cut and mounted on aluminum SEM stubs (12.7mm
diameter) and gold coated prior to analysis on Bigelow’s Zeiss Supra25
field emission SEM, according to Goldstein et al. (2003). Typically,
filters were examined at 15,000X magnification (field diameter
=240um) across the entire stub length of 12.7mm (with a range of
8,000X to 42,000X for imaging, depending on the size of the coccolith
or coccolithophore cell). The effective volume of sample thus examined
was 0.88 mL. The identification of coccolithophore species was done
according to Young et al. (2003). All taxa with full citations are given at
the Nannotax website (http://mikrotax.org/Nannotax3). A list of the
species encountered during AMT 24 and 25 is given in the Supporting
Information (Table S1) and included 110 species. For AMT 25, in ad-
dition to the enumeration of all the coccolithophore species, we also
classified three observed morphotypes of Emiliania huxleyi, Types A, B
and C (Poulton et al., 2011). Diversity (H’), richness (S) and evenness
(J’) of the assemblages were calculated (Magurran, 2004) for both the
coccolithophore cells as well as the detached coccoliths (for which
species origin could be determined).

2.3. Data analysis

There was no standard ship track for the AMT cruises (Fig. 1),
therefore we report the mean sections of each variable, plotted against
latitude using Ocean Data View (ODV; Version 5) (Schlitzer, 2018).
Since all but three of the cruises ended in South America, the mean
section used in this analysis was centered on the South American cruise
track (Fig. 1; see shaded area). Data from east of 15°W in the South
Atlantic (on the opposite side of the Atlantic basin; AMT 15-17) were,
thus, not included in the mean section. The data near the coastal
Mauritanian upwelling (AMT15 only) were also not included in the
mean section as they were in the highly eutrophic, West African up-
welling system. These data (57 of 4,579 samples) represented only
~1.2% of the entire data set. Inter-cruise variance of coccolithophore
concentration, biogeochemical and nutrient results were calculated for
cruises 15-22 using Ocean Data View. Data were gridded in the hor-
izontal at 10° latitude increments ( + 5° latitude) and depth binning of
10( = 10)m, 30( = 10)m, 50( = 10)m, 70( = 10)m, 90( * 10)m,
125( = 25)m, 200( = 50)m, 300( = 50)m, and 500( * 150)m. Var-
iance was described using the coefficient of variation (CV = standard
deviation/mean).

As noted earlier, all AMT cruises except one (AMT16), took place in
the northern hemisphere fall/southern hemisphere spring. AMT16 took
place in the southern hemisphere austral fall/northern hemisphere
spring. In order to determine whether we could group AMT16 data with
the rest of the AMT cruises in our analysis, we tested whether cruise
sections for each variable (as a function of latitude and depth) were
significantly different for AMT16 versus all other cruises. We performed
a Model I ANOVA, two-factor analysis, examining the least-square-fit
relationship between each variable in question (e.g. chlorophyll,
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coccolithophore abundance, etc.) as a function of both latitude and
depth. For all variables except temperature, salinity and oxygen, data
were log transformed first as they were log-normally distributed
(Campbell, 1995). We compared the cruise groups in two ways: 1) we
examined the significance of the least-square relationship for each
variable as a function of latitude and depth (using the F statistic with
the associated model and error degrees of freedom) and then 2) we
tested if the means for model predictions for the two cruise groups were
significantly different from each other based on their RMSE. The results
are given in Table S1 (Supporting Information); they show that each
variable could be modeled as a statistically-significant relationship
(P < 0.01, in fact most showed P < 0.001) as a function of latitude and
depth for the cruise compilations that included all cruises except AMT
16 (the number of data points ranged from 1332 to 6600). For AMT16
data alone, all variables could also be significantly modeled (P < 0.01)
as a function of latitude and depth, except for log;o PIC and logio
chlorophyll. Based on the sectional data, and associated RMSE errors in
measurements, the mean predicted variables between cruise groups
were not statistically different from each other for any of the variables
(p < 0.05) (Table S1) and grouping all the AMT cruises into a single
group is justified.

3. Results

3.1. Vertical sections of biogeochemical variables and coccolithophore/
coccolith concentration

The section of PIC concentration along the North and South Atlantic
showed highest concentrations (0.25uM) within the north temperate
waters (NTW) and south temperate waters (STW) (roughly within the
top 250-300m depth) (Fig. 2A). Moreover, there was a surface and deep
PIC maximum at 300m (0.1-0.15uM) in the North Subtropical Gyre
(hereafter, referred to as the North Atlantic Gyre, NAG) , Equatorial
region (EQ) and STW. The water mass definitions that we use in this
work were given elsewhere (Robinson et al., 2006a). A distinct surface
minimum in PIC concentration (~0.06 uM) was found in the upper
50m of the EQ and in the NAG near the 27 sigma theta density anomaly
(0g) isopycnal at ~200m. The very lowest PIC concentrations
(< 0.04uM), however, were observed at 500m of depth in the south
subtropical gyre hereafter referred to as the South Atlantic Gyre (SAG;
measured on eight different occasions from three different cruises,
AMT17, 21 and 22 ). Note that the SAG was the only region where such
deep samples were taken. The mean section of POC concentration
showed greatest values in the top 100m of the entire section, above the
0p of 27 (Fig. 2B). Highest concentrations of POC (10-16uM) were ob-
served in the top 100m of the STW, with lower values (3-4uM) observed
in deep waters of the SAG, EQ and NAG. The mean section of BSi
concentration showed maximum concentrations of 0.3uM in the STW,
with subsurface maxima (~0.03uM) in both the SAG and NAG between
100-200m (26-27 op; in the region of the DCM; Fig. 2C and D), slightly
deeper in the SAG. In contrast to the SAG and NAG, there were typically
more vertically uniform BSi concentrations in the NTW and EQ waters
(0.03-0.05uM) and STW waters (0.2-0.3uM), at least down to 300m
depth (Fig. 2C). Maximum concentrations of chlorophyll were 1-2ug L™
seen in the STW. There was a pronounced DCM with concentrations of
0.5ug L, the DCM was found between the oy of 27 isopycnal (deepest)
and 26 oy isopycnal (shallowest), except in the NTW where it extended
upwards to gg 25.5 and the EQ region where it outcropped at the sur-
face (Fig. 2D).

Concentrations of coccolithophore cells showed a dynamic range of
almost an order of magnitude, with peak abundance in the upper depths
of the NTW and STW (100-200 cells mL; Fig. 2E). Both the NAG and
SAG showed highest concentrations in the upper 100m (50-60 cells mL"
1), higher than surface concentrations in the EQ (typically 40-50 cells
mL™). There were deep coccolithophore populations at 20°S in the SAG,
down to 200m depth. The concentration of coccolithophore cells
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Fig. 2. North-South mean sections along AMT transects (showing sections that end in South America) of concentration of (A) PIC (uM), (B) POC (uM), (C) BSi (uM),
(D) chlorophyll a, (ug LY, (E) coccolithophore cells (mL™Y), (F) detached coccoliths (mL™), (G) PIC:POC ratios, and (H) BSi:PIC molar ratios. Isopleths of density
anomaly (0p) are shown in white. Regional water masses designated across the top of panels A and B, and demarcated in all panels with vertical dashed lines.

decreased dramatically below the NAG and SAG, with mean values of
~30mL? below 250-300m of depth. Deep concentrations of cocco-
lithophores were greatest (60 cells mL™?) in the NTW (~50°N, ~300m)
and STW (south of 30°S, ~200-250m; Fig. 2E).

The concentration of detached coccoliths varied over about one
order of magnitude from 1000-10,000 mL™ (Fig. 2F). Highest coccolith
concentrations (~10,000mL™') were observed at the poleward ex-
tremes of the transect in the top 100-150m. Coccolith concentrations
were 2,500 mL™? in both the NAG and SAG and the distributions showed
relative patterns similar to the coccolithophore cells described above.
Regions with lowest detached coccolith concentrations (1,000-1,600
coccoliths/mL) were observed below 300m depth in the NAG and 500m
depth in the SAG. However the SAG was the only region where 500m
samples were taken, thus we cannot infer the NAG had similarly low
values at 500m. There were subsurface maxima in coccolith con-
centration (6000-7000 mL™") on north and south extremes of the EQ,
centered in waters with densities between oy 26-27.2. There were also

subsurface peaks in coccolith abundance (2000-3000mL) between o,
27 and 27.5 in both the NAG and NTW. There were elevated con-
centrations of detached coccoliths (~2000 mL?) at 300-350m in the
STW, EQ and NTW regions (Fig. 2F).

The PIC:POC ratio varied between 0 to ~0.4 over the transect with
generally increasing values with increasing depth (beginning at a o
~26.5- 27; Fig. 2G). This was true, even in the SAG and south EQ
waters, where there were slightly elevated PIC:POC ratios in the top
20m depth but values still increased with depth. The highest PIC:POC
ratios (> 0.2) were found in the NAG and NTW at 100-300m depth. For
the very deepest samples in the SAG (500m), PIC:POC ratios declined to
values close to zero, as PIC approached zero (Fig. 2A).

The ratio of BSi:PIC showed highest values of 1-2 in the southern
part of the STW from 0-300m depth. The subtropical gyres (NAG and
SAG) generally showed lowest values of the BSi:PIC ratio overall (0.1-
0.2) with values of 0.3-0.5 in the depth of the DCM (Fig. 2D, H). BSi:PIC
ratios < 1 were observed over the remainder of the study area with a
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Fig. 3. North-South combined sections along AMT transects (showing data for transects that end in South America) for (A) nitrate (uM; canary-colored dashed
contour designates the 1uM nitracline) (B) phosphate (uM; canary-colored dashed contour designates the 0.2uM nitracline), (C) silicate (uM; canary-colored dashed
contour designates the 1uM silicicline), (D) nitrate-silicate (residual nitrate; uM; canary-colored dashed contour designates the 0 uM residual nitrate contour), and (E)
nitrate/phosphate molar ratio (canary-colored dashed contour designates the Redfield Ratio of 16). Isopleths of density anomaly (0p) are shown in white. Regional
water masses designated across the top of panels A and B, and demarcated in all panels with vertical dashed lines.

clear region of ratios of 0.5 under the EQ zone.

The average distributions of nitrate, phosphate and silicate are
shown as north-south mean sections with water density overlaid
(Fig. 3). The nutrient sections generally showed asymmetry between
the NAG and the SAG with nutrient drawdown occurring at different
depths in the SAG and NAG. Nutrient concentrations showed some
concurrence with the density field but the nutriclines were not always
associated with the same isopycnal. The nitracline (defined as the depth
where the nitrate concentration was 1uM) was between the oy of 26 and
27 in the STW and NTW, closer to the oy 27 isopycnal in the SAG and
NAG and shallower than the oy 25 isopycnal in the EQ waters (Fig. 3A;
see canary-colored dashed line). The depth of the phosphate nutricline
(here defined as the depth where phosphate was 0.2uM) was similar to
the nitracline in the STW, SAG, EQ and NTW but in the NAG, the
phosphate nutricline was between 200-300m depth (Fig. 3B), well

deeper than the nitracline. The relative distribution of silicate was si-
milar to the phosphacline, with roughly similar depths of the silicate
nutricline (here defined as the depth where silicate concentration was
1 uM; Fig. 3C). The difference between nitrate and silicate concentra-
tions (“residual nitrate” (Barrett et al., 2018; Sarmiento et al., 2004;
Townsend et al., 2010)), had positive values over the entire water
column in most of the STW. In the SAG, NAG and NTW, residual nitrate
was negative shallower than the 26.5 oy isopycnal while in the EQ,
there were negative residual nitrate values above the 24 oy isopycnal
(Fig. 3D). The ratio of nitrate to phosphate fell below the Redfield Ratio
(molar ratio of 16 (Redfield et al., 1963)) shallower than the: (a) 27.5 oy
isopycnal in the STW and SAG, (b) 25-27 gy isopycnals in the EQ and (c)
26-27 oy isopycnals in the NAG and NTW.

PIC concentration showed a high overall intercruise CV (0.6-4.4;
meaning that the standard deviation was *+ 60-440% of the mean).
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Highest PIC CV values of 2-4 were observed in the NTW at depths PIC CV values of 0.6-1 (Fig. 4A). CV values for POC ranged from 0.1-1.1
shallower than 125m (Fig. 4A) as well as in the NAG between 125- and the greatest CV values were generally seen at 300m depth and it
300m (CVs of 0.6-2). The only other regions showing elevated PIC CVs was patchy at shallower depths (Fig. 4B). BSi CVs ranged from 0.6-3.3
were in the top 100m of the EQ and STW. The remaining waters showed over all the AMT cruises, with peak values in the NTW and NAG (upper
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125m) and deeper depths of the SAG (200-500m) (Fig. 4C). Chlorophyll
a was only sampled in the euphotic zone and showed CVs ranging from
0.6-3.6, overall. Highest CVs for chlorophyll a were found in the NAG
and SAG (upper 100m) (Fig. 4D). The inter-cruise variance in the
concentration of coccolithophore cells showed CV values of 0.5-1.9
(Fig. 4E). CV values for coccolithophore cell concentrations were gen-
erally highest in the top 125m of the water column. The SAG showed
higher coccolithophore CVs down to 300m depth (Fig. 4E). Relative to
the coccolithophore cells, the concentrations of detached coccoliths
demonstrated far lower inter-cruise variability with CVs ranging from
0.08-0.26. Except for the 125m depth in the NTW, typical CVs of the
concentration of detached coccoliths were < 0.1. The PIC:POC ratio
showed two locations near the surface in the SAG and STW with CV
of > 2, otherwise the PIC:POC ratio had a CV of <1 (Fig. 4G). The
BSi:PIC ratio showed greatest inter-cruise variance (CV up to 6) in the
top 100m of the SAG, STW and in the EQ. Otherwise, the CV of the
BSi:PIC ratio typically was < 1.

The variability of the nutrients between cruises was significant
(Fig. 5) and there was greater overall variability for nitrate than for
phosphate or silicate. For example, the CV of nitrate was 0.6- 9.7 with
the highest values (by far) observed in the SAG and its border with the
STW. Otherwise, nitrate CV values were 0.6-2.3 with slightly higher
values of 2-3 in the surface NAG (Fig. 5A). Cruise variability in phos-
phate showed CVs from 0.2-3, with a trend slightly different from ni-
trate with the greatest phosphate CVs observed in the NAG, EQ and
border with the NTW (Fig. 5B) and some moderately elevated values at
the border between the STW and SAG. Silicate CVs had overall varia-
bility of 0.1-1.9, with highest values generally in the top 125m. How-
ever the largest silicate CV was observed in the top 300m in the STW
and SAG (Fig. 5C). Residual nitrate CVs varied overall between 0.1 and
10 with greatest inter-cruise variance in the upper 100m of the NTW
and its border with the NAG (Fig. 5D). The nitrate:phosphate ratio CV
ranged between 0.5 and 6 with greatest inter cruise variance in the SAG
and its border region with the STW, above 100m depth.
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Fig. 6. Relative abundance of common coccolithophore species observed in SEM samples during AMT cruises 24 and 25, respectively: (A,G) Emiliania huxleyi, (B,H)
Umbellosphaera tenuis, (C,I) Umbellosphaera irregularis, (D,J) Gephyrocapsa oceanica, and (E,K) Discosphaera tubifera. (F,L) Cruise tracks of AMT 24 and 25 shown for

reference.

3.2. Scanning electron microscopy results

total coccolithophore assemblage for AMT 24 and 25 was E. huxleyi. It
dominated in both high latitudes of both hemispheres, in both surface

Using SEM, we identified 107 coccolithophore species (Table S2). and DCM waters (Fig. 6A, G). It generally showed highest fractions of
The coccolithophore species that contributed the largest fraction of the the total floral assemblage in the top 10m (Table S2). Counts of E.

10



W.M. Balch, et al.

Deep-Sea Research Part I 151 (2019) 103066

C. murrayi Frac. F. profunda Frac. M. adriaticus Frac.
OA T T T my o> B T T D) my gl C B b} my o2
J ( q J ( ' J ( .
B Py s 2 Py S Mos 2 & S
50 —l. -; — & 0.4 — ? “aroyll | < o oo | Mo.15
100 , § D @ .o 0.3  § e Mo 0.6 Y e Mo -
o Iy 0.2 g | ® 04 2% '
150 i 1™ [J oo i 10.05
i ) §8o s8p
-60° -40° -20° 0° 20° 40°
Latitude (deg.)
R. clavigera Frac. U. foliosa Frac.
= & 5 R | wmy 02 T T T =y §0.4 % -
D—¥— ! o ‘?‘ E4~ ) o e 'v. o~
50 2% %o | 015 2" v | flo3 22,300
100 b M e 0.1 - - 02 B
150 e - oo - =50 }
c 200 o @ | o i ) o & | o | ~AMT
-60° -40° -20° 0° 20° 40° -60° -40° -20° 0° 20° 40° -60° -40° -20° 0Q°
= Longitude (°W)
)
Q' C. murrayi Frac. F. profunda Frac. M. adriaticus Frac.
w — = 0. Hl o s 1 I T T 10.2
( ; )
D 50 pag & 0.06 | o =5 | 08 1l =3 0.15
| 1 0.6 !
100 0.04 » ! 0.1
e ® 0.4 -
150
0.02 =) 0.2 . 0.05
sl ' ! ’ i i
L L q o i,
-40° -20° 0° 20° 40°
Latitude (deg.)
R. clavigera Frac. U. foliosa Frac.
0 jrrreesmsc o XC 0.5 T T i
' 0.4 K
L _J b
50 %2l ol | -t P |
100/ < 0.3 i L ‘I
i | [ ] ® i =
0.2
150 3
200 : H j ;
r i i i
S40° -20° 0° 20° 40° -40° -20° 0° 20° 40° -90° -60° -30° 0°

Latitude (°N)

Latitude (°N)

Longitude (°W)

Fig. 7. Relative abundance of total coccolithophore species observed in SEM samples that were deep-dwelling species from AMT cruises 24 and 25, respectively:
(A,G) Calciosolenia murrayi, (B,H) Florisphaera profunda, (C,I) Michaelsarsia adriaticus, (D,J) Rhabdosphaera clavigera, and (E,K) Umbilicosphaera foliosa. (F,L) Cruise

tracks of AMT 24 and 25 shown for reference.

huxleyi coccospheres and coccoliths from AMT25 were split into three
observed morphotypes (Type A, B and C based on the description of
Young et al. (2003)) and their fractional abundance of the entire as-
semblage calculated (Fig. S6). The Type A morphotype of E. huxleyi was
the most commonly observed at all latitudes, for both coccospheres and
detached coccoliths, in surface and deep samples alike (Figs. S6A and
D). The Type B morphotype showed lower relative abundances than
Type A, contributing, at most, 30-50% of the entire coccolithophore or
coccolith assemblages. It was mostly present in the southern hemi-
sphere (Figs. S6B and E). The Type C morphotype of E. huxleyi was most
abundant at the Subantarctic Front, representing ~ 30-80% of the re-
spective floral assemblages of coccolithophores and coccoliths (Figs.
S6C and F). North of the Subantarctic Front, the relative proportion of
Type C E. huxleyi was highest in the DCM (Fig. S6C).

A common coccolithophore species was Umbellosphaera tenuis,
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predominantly seen in subtropical waters of both hemispheres, more
abundant at the surface and less in the DCM (Fig. 6B and H; Table S2).
After E. huxleyi, Umbellosphaera irregularis was the next most abundant
species across the cruises, particularly in surface waters of the tropics
(Fig. 6C, I, Table S2). Gephyrocapsa oceanica was observed at lower
frequencies still and was relatively cosmopolitan but patchily dis-
tributed, seen both in surface and mid-depth samples of the tropics and
subtropics (Fig. 6D and J; Table S2). Discosphaera tubifera, while seen in
only a few cases in DCM waters, was more commonly seen in surface
samples of the subtropics (Fig. 6E, K; Table S2).

We also examined several coccolithophore species commonly found
in the deeper populations (Fig. 7; Table S2). We include a focus on these
species since these calcifiers are likely to be important players in the
carbonate production within these deep waters, which include the
northward-flowing SAMW. These species include: Calciosolenia murrayi
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(which was usually found at 40-100m but we note that it was also
observed in several surface SAG and EQ samples during AMT 25
(Fig. 7A and G)), Florisphaera profunda (observed at 50-200m;
Fig. 7B,H), Michaelsarsia adriaticus (sampled in two surface samples
during AMT 24, otherwise seen between 50-130m with no cells seen in
AMT25 counts; Fig. 7C,I), Rhabdosphaera clavigera (seen in a number of
surface samples and otherwise observed between 40-200m; Fig. 7D, J)
and Umbellosphaera foliosa (observed at 50-200m; Fig. 7E,K).

Diversity (based on the Shannon index; H’), species richness (S) and
evenness of the coccolithophore assemblage (J’) were calculated for
both AMT cruises where SEM data were available. For the two AMT
cruises, the ecological indices were compared between the coccolitho-
phore species (based on SEM observations of plated cells; Fig. 8A-C; G-I)
versus the species associated with detached coccoliths (Table 3; Fig. 8D-
F, J-L). Our results showed that the diversity of the coccolithophores
(Fig. 8A,G) was significantly higher than the diversity of species de-
taching their coccoliths (Fig. 8D, J; Table 3). Species richness was also
greater for the plated coccolithophore cells (Fig. 8B,H) than for the
species that detached their coccoliths (compare Fig. 8E, K). For AMT24,
the evenness of the species that dropped their coccoliths (Fig. 8F) was
significantly higher than the evenness of the total coccolithophore as-
semblage in AMT24 (Fig. 8C) but this was not the case for AMT25
(Fig. 8LL; Table 3). In summary, the diversity, H’, was about double,
and S was more than double, for the total coccolithophore species as-
semblage (107 species) than the coccolithophore species that drop their
coccoliths (31 species; Table S2).

We also examined the variability of the ecological indices as a
function of absolute value of the latitude (where latitude would in-
corporate the effects of both the temperature and/or light, for ex-
ample). All such relationships had low coefficients of correlation. We
provide the least-squares-derived relationships in Table 4, only when
statistically significant. For AMT24, there was a statistically-significant
inverse relationship between H’, S and J’ plotted against the absolute
value of latitude (Figs. S1, S2, S3). For AMT25 there were no significant
relationships between H’, S or J° when plotted against the absolute
value of latitude. However, with removal of a single outlier datum for
the AMT25 species richness, the negative relationship indeed became
significant (Table 4; Fig. S4). That same sample also had an anom-
alously high H’ but with removal of that datum, the relationship of H’
with the absolute value of latitude was still insignificant (P > 0.05;
results not shown). A comparison between the ecological indices for the
surface and DCM populations showed significant differences for AMT24
(H’ and S) and AMT25 (J°) (Table 5). In all other cases, the ecological
indices were not significantly different between surface and deep as-
semblages (Table 5; Fig. 8).

The SEM-derived species assemblages were grouped into fractions
of placolith-bearing, umbelliform, or floriform coccolithophores as well
as a miscellaneous group defined by Young (1994). The miscellaneous
group included species that rarely dominate the coccolithophore spe-
cies assemblage but make up > 80% of the total observed species
and < 20% of the total coccolithophore cells. They include families
from Helicosphaeraceae, Syracosphaeraceae, Calyptrosphaeraceae
(holococcolith bearing species), Pontosphaeraceae and Rhabdo-
sphaeraceae. Placolith-bearing cells represented the largest fraction of
surface and deep coccolithophore assemblages in the South Atlantic
(STW to the EQ water regions) (Fig. 9A, F). Umbelliform coccolitho-
phores were mainly observed in the subtropical gyres (surface and
fluorescence maximum depths) (Fig. 9 B,G). With few exceptions (e.g.
AMT24), the floriform species were confined to the fluorescence max-
imum depths) (Fig. 9 C,H) . It should be noted that the fraction of
species not included in these first three groupings, was, at times, over
half of the observed species, more so in AMT 24 than in AMT25
(Fig. 9D, D).
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3.3. Biological and biogeochemical variability as a function of water masses
and chemistry

In order to understand the biological and biogeochemical variability
associated with water masses along the upper 500m of the AMT
transect, a number of the variables from each cruise were plotted in
temperature/salinity space (Fig. 10), Lowest density waters were found
in shallow waters of the EQ (Fig. 10A and B) while, generally, the
densest waters in the upper 500m generally fell between the 26.5 and
27 0y isopycnals, extending from the southern hemisphere into the
northern hemisphere (Fig. 10B). The density isopycnals of SAMW are
marked with coarse dashed lines (shallow limit) and fine dashed lines
(deeper limit) in the T/S plots of Fig. 10). SAMW is formed between the
Polar Front and Subantarctic Front (Cerovecki et al., 2013). During the
AMT cruises, SAMW was characterized by the ratio of dissolved in-
organic nitrogen to dissolved inorganic phosphorus (DIN/DIP) molar
ratios near the Redfield Ratio of 16 (Fig. 10C) and residual nitrate va-
lues of 5-15uM, indicating a general excess of nitrate over silicate
(Fig. 10D). Highest coccolithophore cell concentrations were found in
shallower waters above the SAMW, at 30°S-40°S (Fig. 10E), with low
DIN/DIP ratios (of 0-3) and residual nitrate values near zero (Fig. 10D).
Highest BSi concentrations were seen within the SAMW and just above
it (Fig. 10F). Elevated PIC concentrations were observed in the same
shallow water mass that contained the highest coccolithophore con-
centrations. Moreover, high PIC concentrations were also observed at
200m depth within the SAMW (Fig. 10G), which also corresponded to
waters with PIC:POC ratios of ~0.1 or higher (Fig. 10H).

In order to examine the same variables, but as a function of nutrient
chemistry, we plotted them as a function of silicate and phosphate
concentrations (as log-log plots; Fig. 11). Silicate was chosen due to its
strong obvious relevance to diatoms while phosphate was chosen due to
its strong relevance to coccolithophore growth (Thierstein et al., 2004;
Townsend et al., 1994). Log-log plots helped elucidate the variability at
low nutrient concentrations. Moderate-to-high coccolithophore cell
concentrations were observed when silicate concentrations were ~0.1-
2uM and phosphate concentrations were 0.08-1uM (Fig. 11E). A
polygon was drawn by eye around these data points in Fig. 11E con-
taining the highest coccolithophore concentrations, and that polygon
was reproduced in Fig. 11A-D, F, G to examine associated biogeo-
chemical variability within these low nutrient waters with elevated
coccolithophore concentrations. For example, elevated concentrations
of coccolithophores were observed at depths of 0-150m (Fig. 11A), g
isopycnals of 26-27 (Fig. 11B), DIN/DIP molar ratios less than the
Redfield Ratio (Fig. 11C), residual nitrate concentrations of 0 to slightly
positive values (Fig. 11 D), moderate-to-high BSi concentrations
(Fig. 11F), moderate-to-high PIC concentrations (Fig. 11G) and a high
range of PIC/POC ratios (Fig. 11H).

3.4. Relating particle abundance to biogeochemical variables

The concentration of detached coccoliths was significantly corre-
lated to the total concentration of coccolithophore cells over all cruises
(Fig. 12, note the log axes). The least-squares fit power function to these
results is given in the figure legend. The significance of this relationship
is that at low concentrations of coccolithophores, the ratio of detached
coccoliths to plated coccolithophore cells averages ~40 while at ele-
vated concentrations, the ratio of detached coccoliths to plated cocco-
lithophore cells is ~90. The concentration of PIC was highest (3 pmol L
1) in stations with greatest concentrations of coccoliths and plated cells
(Fig. 12). The euphotic zone concentration of coccoliths was also ex-
amined as a function of the POC:chlorophyll ratio (Fig. 13). Highest
euphotic integrated coccolith concentrations (1 x10'° to 3x10'° coc-
colithophores m™) were typically associated with waters containing
integrated POC:Chl ratios > 360 (by mass), where integrated chlor-
ophyll concentrations were < 15mgm™>, characteristic of more oligo-
trophic environments.
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Table 3
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Statistics for mean diversity (H"), species richness (S) and evenness (J') for cocccolithophores and detached coccoliths for AMT24 and AMT25. Statistically different

averages (alpha level < 0.05) are also designated with bold face font.

Index Cruise Mean coccolithophores Mean coccoliths DF t Stat t crit (2-tailed) P<

H' AMT24 1.091 0.521 229 7.418 1.970 2.30E-12
AMT25 1.628 0.754 208 11.137 1.971 6.75E-23

S AMT24 4.073 1.831 184 6.140 1.973 4.98E-09
AMT25 7.162 2.562 163 10.138 1.975 4.92E-19

J AMT24 1.099 1.387 66 -2.950 1.997 4.39E-03
AMT25 1.121 1.090 141 1.783 1.977 7.68E-02

4. Discussion
4.1. Vertical distributions of coccolithophores: are there typical patterns?

The vertical distributions of coccolithophore cells observed in these
AMT cruises, especially in the NAG and SAG, showed that by 150-
200m, the concentrations decreased to about one third of the surface
values (Fig. 2E). Moreover, the concentrations of detached coccoliths
decreased to 10% of surface values below the NAG and SAG at depths of
300-400m (Fig. 2F). This is consistent with previous observations al-
though there are relatively few vertical profiles of coccolithophore cells
published elsewhere with the latitudinal range described here (Honjo
and Okada, 1974; Okada and Honjo, 1973b; Poulton et al., 2017).
Hagino et al. (2000) observed that in stratified waters, highest abun-
dance of coccolithophore cells was observed at the thermocline, and
decreasing below this depth. In more mixed conditions, coccolitho-
phore cells were biased to the upper euphotic zone (Balch et al., 2018).
Oligotrophic waters at the Bermuda Atlantic Time Series have sug-
gested strong subsurface maxima of haptophytes (either as haptophyte
pigments or cell counts) centered between 60-100m, decreasing to
undetectable concentrations by 200m (Haidar and Thierstein, 2001;
Krumhardt et al., 2016). Okada and Honjo (1973a) published vertical
profiles of coccolithophore concentrations in the top 200m for 19 sta-
tions along a transect from the subarctic to south central Pacific. Their
results showed, almost without exception, decreases in coccolitho-
phorids over the top 200m to levels about 10% of values seen shallower
in the water column. In a meridional section across the Equatorial Pa-
cific, stations closest to the equator showed the least vertical hetero-
geneity regarding coccolithophore abundance whereas off the equator,
vertical heterogeneity increased as waters became more oligotrophic in
character (Hagino et al., 2000). In the subantarctic South Atlantic (50-
55°S, 37-42°W) subsurface coccolithophore maxima were clearly ob-
served at depths of 50-80m (as observed by others (Boeckel and
Baumann, 2008; Poulton et al., 2017; Poulton et al., 2006b)), below-
which concentrations decreased.

It is tempting to conclude that the deep drop in abundance of calcite
coccoliths and coccospheres at depths exceeding 200m, particularly
under the NAG and SAG (Fig. 2E) was due to either: (1) grazing and
conversion into fast-sinking fecal pellets (Baumann et al., 2014; Honjo,
1976) or (2) bio-induced dissolution in microaggregates or the guts of
epi-pelagic zooplankton which are corrosive to calcite, despite the fact
that such surface waters are still above the chemical lysocline and
generally considered supersaturated for calcite (Harris, 1994; Milliman

Table 4

Table 5

Ecological indices of diversity (H'), species richness (S) and Evenness (J') for
surface and deep (fluorescence maximum) populations of coccolithophores.
Cruise-wide means are given along with t-test results [two sample comparisons
assuming unequal variances] for tstat; tcrit values and probability of accepting
the null hypothesis (same mean values) when they are indeed different.
Significantly different surface and deep values are indicated using bold face
font.

Index Cruise Mean surf Mean deep DF tStat tcrit (2-tailed) P <

H AMT24 1.379 1.210 176 2.657 1.973 0.009
AMT25 1.800 1.704 52 0.829 2.007 0.411
S AMT24 4.190 3.397 230 2.687 1.970 0.008
AMT25 7.559 6.971 64  0.533 1.998 0.596
J AMT24 1.104 1.108 179 -0.183 1.973 0.855
AMT25 1.087 1.141 48  -2.245 2.011 0.029

et al., 1999; White et al., 2018). Other studies have shown strong de-
creases in PIC, coccospheres and coccoliths in the top 100-500m sug-
gestive of aggregation, consumption and defecation, or dissolution
through acid guts (Sherrell et al., 1998; Thomalla et al., 2008; Wollast
and Chou, 1998). The calcite saturation state in the NAG and SAG
(Qca1c) at 300m depth is highly supersaturated but there is nonetheless
evidence of dissolution above the carbonate saturation horizon (Chung
et al., 2003).

4.2. Variability of nutrients and biogeochemical variables

The average nitrate sections were qualitatively and quantitatively
similar to those published previously from other AMT cruises (Aiken
et al., 2017; Hale et al., 2017; Painter et al., 2008; Poulton et al., 2006b;
Robinson et al., 2006b). The section of mean dissolved inorganic
phosphate also showed the same general spatial distribution as the ni-
trate distribution and was fully consistent with previous phosphate
sections (Hale et al., 2017; Tsuchiya et al., 1992, 1994). The mean si-
licate section showed the same qualitative pattern to the other nutrients
but, quantitatively, a deeper depth of the silicate nutricline than for
nitrate and phosphate nutriclines, also observed by others (Tsuchiya
et al., 1992, 1994).

The asymmetry in the nutrient sections of the North and South
Subtropical Gyre were most pronounced for phosphate (Fig. 3B) where
the NAG phosphate concentrations were, on average, drawn down more
than in the SAG. The asymmetry was not as apparent in the mean ni-
trate section, which has been described previously (Robinson et al.,

Least-square linear fit relationships between the absolute value of latitude and diversity (H'), species richness (S) and evenness (J') for AMT cruises 24 and 25.
Statistical significance of each relationship (last column) is given for two-tailed, alpha, type 1 error.

AMT Cruise Independent variable (X) Dependent variable (Y) SE of dependent variable (Y) Slope SE of slope Intercept SE of intercept r DF P<
24 Absolute latitude (deg) H' 0.671 -0.0093 0.0039 1.358 0.126 0.212 122 0.05
24 Absolute latitude (deg) S 0.3549 -0.0485  0.0206 5.458 0.669 0.208 122 0.05"
24 Absolute latitude (deg) J' 0.162 0.0028  0.0011 1.046 0.0338 0.252 99 0.05
25% Absolute latitude (deg) S 3.446 -0.0771  0.0261 9.129 0.805 0.279 102 0.01

& With one outlier removed, regression is not statistically significant.
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Fig. 9. Sections of the relative coccolithophore cell abundance contributed by the main ecological groupings of coccolithophores based on the types of coccoliths
(Young, 1994), as observed in AMT24 and 25, respectively: (A,F) placolith-bearing, (B,G) umbelliform coccoliths, (C,H) floriform coccoliths, (D,I) other cocco-
lithophore species not included in the first three categories above). (E, J) Cruise tracks of AMT24 and 25, respectively.

2006b). The lower phosphate concentrations in the NAG may indicate
more nitrogen fixation occurring there (which alleviates nitrogen lim-
itation, thus allowing more phosphate drawdown). This also allowed
the nitrate:phosphate ratios to increase above the Redfield ratio at only
150m in the NAG as opposed to ~300m in the SAG (Fig. 3E). Residual
nitrate distributions also showed a strong asymmetry between the NAG

15

and SAG where the depth of the zero value was at 150 and 250m, re-
spectively (Fig. 3D). We caution that the data presented here are mostly
from cruises during the northern hemisphere autumn, hence seasonal
variability might complicate this interpretation. However, the CV va-
lues of residual nitrate at those depths in the SAG and NAG are low
(Fig. 5D), so the asymmetry trend appears stable across this multiple
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Fig. 13. Integrated euphotic POC concentration (mmoles m?) plotted against
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represents the integrated euphotic coccolithophore concentration. Isopleths of
POC:chlorophyll mass ratios also are shown.

cruise data set. Such an asymmetry in the residual nitrate distribution
likely affects the relative productivity of diatoms versus non-siliceous
phytoplankton in the two subtropical gyres.

The interannual variance of the nutrient field (as quantified by the
CV) was likely greatest in the gyres for the most limiting nutrient
(Fig. 5). This is because, assuming a constant precision of each nutrient
method, as the mean concentration of the limiting nutrient approached
zero, the CV (standard deviation/mean) would have increased pro-
portionately. The SAG showed the greatest CV for nitrate (5-10) as
compared to a CV of 1-2 in the NAG (Fig. 5A), suggesting nitrate lim-
itation in the SAG (or nitrate-iron co-limitation as suggested by
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Browning et al. (2017)). Conversely, the interannual variability of the
phosphate distributions were greatest in the NAG and EQ (CV =1-3)
compared to CVs of 0.2-0.5 in the SAG (Fig. 5B), suggestive of phos-
phorous limitation in the NAG which has been promoted by others
(McLaughlin et al., 2013; Salihoglu et al., 2008; Wu et al., 2000).

PIC distributions (Fig. 2A) were fully consistent with other basin
scale estimates of PIC from other AMT cruises (Poulton et al., 2007).
The same was true for comparisons of mean surface PIC concentrations
with satellite PIC estimates, based on the NASA PIC ocean color algo-
rithm, which showed highest surface PIC concentrations in the STW
where elevated concentrations of coccolithophores are associated with
the Great Calcite Belt (GCB) or NTW where high concentrations of
coccolithophores are also commonly reported (Balch et al., 2005, 2016;
Holligan et al., 1993; Hopkins et al., 2015). CVs for PIC suggested the
most interannual variability in the NTW, not the STW/GCB. This may
simply be due to the more ephemeral appearance of coccolithophore
blooms in the NTW, especially during the sampling period of the AMT
cruises (late northern hemisphere fall). The mean BSi section (Fig. 2C),
which showed relatively homogeneous concentrations over the top
300m in the STW, EQ and NTW, illustrates that these waters are regions
of strong silica export. Such export patterns have been described based
on sediment trap data (as well as models derived from sediment trap
data) (Honjo et al., 2008).

The average chlorophyll a section (Fig. 2D) for the cruises sampled
here (Table 2) was highly similar to patterns observed from other AMT
cruises (Aiken et al., 2017; Poulton et al., 2006a; Robinson et al.,
2006b), and again, the interannual variance was greatest in the gyres
(Fig. 4D). There was relatively poor coherence between the chlorophyll
a and POC sections, though (Fig. 2B,D) which likely resulted from
photoadaption of the deep phytoplankton (hence increased chlor-
ophyll:carbon ratios at depth) but also, the POC likely included sig-
nificant fractions of non-living organic carbon associated with hetero-
trophic bacteria, zooplankton, detritus, etc., which would have lowered
the coherence with chlorophyll (Fig. 2B) (Gundersen et al., 2001;
Poulton et al., 2007). Presumably, the high interannual variability of
POC was associated with variability in the vertical transformations of
POC over the top 300m, as well (Thomalla et al., 2008) .

4.3. Coccolithophore species assemblages and their variability

The relatively invariant background concentration of detached
coccoliths in the upper 300m of the water column was striking. Such
stable concentrations could be due to relatively constant production
rates combined with slow loss rates. For example, detached coccoliths
sink at velocities of 0.14md™*! (Honjo, 1976) while plated coccolitho-
phore cells sink about 10X faster (1.3m dt (Eppley et al., 1967)). The
majority of the detached coccoliths (when they were present) were
from the ubiquitous species, E. huxleyi (Fig. 6G), which also would have
contributed to the relatively invariant background concentrations.

The most abundant coccolithophore species was E. huxleyi, seen
throughout both AMT 24 and 25 (Fig. 6) with increasing relative
abundance with increasing latitude. This was wholly consistent with
the prior observations of McIntyre and Be (1967), who showed E.
huxleyi to be the most (or second-most) abundant species for their
subarctic, subantarctic and bordering transitional regions (McIntyre
and Be (1967), see their table 10). Indeed, E. huxleyi was noted to be
present in each of the five floral assemblages described by McIntyre and
Be (1967): subarctic, subantarctic, transitional, subtropical and tro-
pical. Others have also shown increasing dominance of E. huxleyi with
increasing latitudes (Holligan et al., 2010; Poulton et al., 2017). Other
common coccolithophores such as U. tenuis and U. irregularis were de-
scribed to have the highest relative abundance in subtropical and tro-
pical regions, respectively (McIntyre and Be, 1967); this was also ob-
served in our results (Fig. 6B and C). Our results, and those of Poulton
et al. (2017) (for different AMT cruises, #12 and #14), show these
species to be most abundant in the upper euphotic zone (see their table
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8; Table S2), although there were clear cases where U. tenuis was ob-
served in the DCM (Fig. 6B, H). While G. oceanica rarely surpassed 20%
of the coccolithophore floral assemblage in AMT 24 and 25, overall, it
was present, at an average relative abundance of ~1% of the total
coccolithophore assemblage and showed strong patchiness, our results,
again, were consistent with McIntyre and Be (1967) who showed G.
oceanica to be present in tropical, subtropical and transitional floral
assemblages. Poulton et al. (2017) classified this species as rare and
MclIntyre and Be (1967) classified this species to be < 1% of the total
flora in these biogeographic zones. D. tubifera was included in McIntyre
and Be (1967) description as being a surface dwelling species in tropical
and subtropical floral groups which was generally consistent with our
observations (Fig. 6E,K) except we observed clear cases of this species
in the DCM in AMT25 (Fig. 6K).

Along with comparing the distributions of individual species, we
also addressed the similarity of the entire coccolithophore floral as-
semblages with those described by McIntyre and Be (1967). Their table
10 lists the coccolithophore species that made up the floral assemblages
for tropical, subtropical, transitional, subarctic and subantarctic re-
gions. We compared each of our species assemblages to their floral
assemblages, calculating a qualitative index of similarity based on
species presence or absence. The comparison was based on the fraction
of each assemblage that we found that was in common with McIntyre
and Be (1967) list. For example, if we qualitatively observed the exact
same species assemblage observed by Mcintyre and Be (1967), the
sample would be scored a 1. If we observed half the species of a given
MclIntyre and Be (1967) assemblage, it would be scored as 0.5. If we
observed other species to be “diluting” the McIntyre and Be (1967)
assemblage (i.e. species not on their list), the assemblage score was
decreased accordingly by the fractional makeup of those other non-
listed species.

Using this index, we typically observed samples with less than half
of the species assemblages in common with the McIntyre and Be (1967)
lists (typically a maximum of 20-30% for any given geographic do-
main), and there was considerable overlap geographically (Fig. S5). For
example, we found samples in the subtropics that showed 20-30% of
the species in common with McIntyre and Be’s tropical assemblage, and
vice versa. This was true for both AMT 24 and AMT25 results (Figs. S5A
and B; S5G, H). The transitional assemblages were indeed observed
near the poleward end of the subtropical domains but these, too,
showed overlap with the subtropical assemblages. The surface and deep
patterns also did not necessarily covary (Fig. S5). Most noteworthy
however, was the fraction of the Subantarctic assemblage with 40-50%
scores south of 40°S (Fig. S5C). Moreover, McIntyre and Be’s sub-
antarctic floral assemblage was observed in the DCM of the subtropics
and tropics, showing scores of 40-50% similarity. To the extent that
floral assemblages match the waters from which they originated, this is
consistent with the subduction of SAMW northwards along the density
surface at the base of the euphotic zone (Fig. S5C). The E. huxleyi
morphotypes also conveyed this pattern, with the Type C cells (typically
most common in the Southern Ocean (Young et al., 2003)), sporadically
found in the DCM of both hemispheres (Fig. S6C) (Saavedra-Pellitero
et al., 2014).

The deep coccolithophore species observed in the DCM below 100m
in the SAG during AMT 24 and 25 (F. profunda, R. clavigera, M. adria-
ticus, C. murrayi and U. foliosa; Fig. 7) were somewhat different than the
profiles described by Boeckel and Baumann (2008) (F. profunda, Ge-
phyrocapsa ericsonii, Oolithotus antillarum, Oolithotus fragilis) or those
described by Baumann et al. (2008) (Calcidiscus leptoporus, F. profunda,
Oolithotus sp., and U. sibogae). The species that we observed were a
subset of the species observed by Poulton et al. (2017) for lower and
sub-euphotic depths. What is consistent is that these coccolithophores
growing near depths of 200m in the SAG would be close to the depth of
the nitracline (Fig. 3A) and clearly close to the limits of light-limited
photosynthesis (see also Fig. 9 showing the distribution of the floriform
grouping of coccolithophores, as defined by Young (1994)).
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Nonetheless, the DCM samples from the AMT cruises typically fall
around the 1% light depth (base of the mixed layer) (Poulton et al.,
2017) at the base of the euphotic zone, which is at the limits of auto-
trophic growth. While not definitive, mixotrophic life strategies for
these and deeper populations might provide a selective advantage
(Aubry, 2009). These deep species would also reside in SAMW and
would be modifying it in its northward transit from its source in the
Southern Ocean.

4.4. Coccolithophore diversity and ecological groupings

The higher diversity of the coccolithophore assemblages in the top
50m as compared to the DCM is comparable to results seen by others, at
least in the South Atlantic (Boeckel and Baumann, 2008). Moreover, the
highest species richness was observed in the SAG (for both cells and
detached coccoliths), also observed previously (Boeckel and Baumann,
2008; McIntyre and Be, 1967; Okada and Honjo, 1973b; Poulton et al.,
2017). Species richness estimates from this study were lower than those
described by Poulton et al. (2017), who also sampled from other AMT
cruises. This was likely due to the lower effective volume of water ex-
amined in our samples (0.88 mL) compared to the 15mL samples used
by Poulton et al. (2017). Poulton et al. showed with rarefaction curves
that increasing the volume viewed by a factor of four in the same
sample, approximately doubled the number of species observed (see
Fig. 3 of Poulton et al., 2017). Thus, a priori, we would have expected
our richness estimates to be ~4X lower than Poulton et al. (2017),
missing the rarest species, which indeed was the case.

There also were statistically significant inverse relationships of di-
versity with the absolute value of latitude (Table 4), which has been
suggested by others (O'Brien et al., 2016; Poulton et al., 2017; Righetti
et al., 2019). Species evenness showed the opposite pattern; at high
latitudes, species were more evenly distributed among the fewer species
present, whereas at low latitudes, there was the tendency to have a few
dominants along with rare species among the diverse assemblages. This
is opposite to the trend showed by Poulton et al.(2017). Thus, there was
both lower diversity and richness in high-latitude waters, which also
showed the highest PIC, coccolithophore and coccolith concentrations
(Figs. 2, 8, S1, S4). The tendency towards elevated diversity at lower
latitudes is not unique just to coccolithophores but is seen in other
planktonic phyla such as tintinnids and foraminifera (Dolan et al.,
2006; Rutherford et al., 1999).

4.5. Implications for ocean color

This trend of lower diversity for the coccolithophore species that
detach their coccoliths, compared to the overall coccolithophore di-
versity has ramifications for their optical properties. Algorithms that
are currently used to estimate PIC are fundamentally backscattering
algorithms (Balch et al., 2005; Mitchell et al., 2017), reliant on an
average PIC-specific backscattering cross-section, which for the original
PIC algorithms was predominantly derived from one species, E. huxleyi,
because it causes massive blooms (Balch et al., 1996a, 1996b, 1999).
Moreover, detached coccoliths are typically 40-90X more concentrated
than the plated coccolithophore cells that produce them (Fig. 12) and
their typical < 3um diameter gives them peak scattering cross-sections
(Balch et al., 1996a). Detached coccoliths, therefore, play a dis-
proportionate role in the backscattering signal of suspended PIC as seen
by ocean color satellites. At high coccolithophore concentrations such
as in a bloom, the proportion of reflectance originating from the opti-
cally-active detached coccoliths will more than double (Fig. 12).
Moreover, the backscattering cross-sections of individual coccoliths will
depend on the morphology of the coccoliths which will vary by species
(Gordon and Du, 2001; Neukermans and Fournier, 2018). In short, a
reduced diversity of detached coccoliths means that there will be less
morphological variability for the highly optically-active, detached
coccoliths, hence less variability in the PIC-specific backscattering cross
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section. Thus, PIC algorithms will be more reliable for converting op-
tical backscattering to the concentration of PIC (Balch, 2018) at high
latitudes with greater PIC concentrations, where E. huxleyi dominates.
At lower latitudes with lower PIC concentrations, however, there will
be a higher coccolithophore diversity with different coccolith
morphologies and less reliable conversion of optical backscattering to
PIC. The one optical study involving a variety of coccolithophore spe-
cies other than E. huxleyi, showed higher PIC-specific backscattering
cross-sections (Balch et al., 1999).

4.6. SAMW and controls on coccolithophores

What is most striking about the coccolithophore distributions seen
across the north and south Atlantic, over all of the cruises, is that the
lowest surface coccolithophore and PIC concentrations were con-
sistently observed in the EQ (lower than even the subtropical gyres;
Fig. 2A), where biogenic silica (an indicator of diatom biomass) was
moderately elevated in the EQ (Fig. 2C). Bishop et al. (1977) also ob-
served similarly low PIC concentrations in the equatorial Atlantic.
Poulton et al. (2017) also commented on the low abundance of coc-
cospheres in EQ waters as observed over two AMT cruises, where the
highest coccosphere numbers were recorded from temperate waters
(> 30°S) and the lowest from equatorial waters. The question is whe-
ther this was bottom-up control (by nutrients) or top-down control (by
grazing). If it is bottom-up control, then the question is what is the
ultimate source of the nutrients for the phytoplankton populations of
the EQ upwelling region of the Atlantic? Thus, do the low concentra-
tions of coccolithophores in the equatorial Atlantic result from an in-
ability of coccolithophores to grow in upwelled SAMW there? If the
situation is caused by top-down control, then the question is what
predators are selectively consuming the coccolithophores. This is a
fertile area for future study.

Our analysis of the different variables associated with the different
water masses (Fig. 10) suggests that regions of elevated PIC, cocco-
lithophore cells and BSi (basically, most of the biomineralizing phyto-
plankton classes) in the STW were associated with SAMW or waters just
above it. Moreover, these regions had increased PIC:POC ratios. The
SAMW, regardless of whether it was in the north or south Atlantic, was
characterized by the DIN/DIP ratio closer to the Redfield ratio, con-
ducive to general phytoplankton growth. Equatorial waters showed
silicate upwelling shallower than the 26 oy isopycnal (above the
SAMW) which was likely the cause of the BSi peak seen over the top
300m of the water column of the EQ (Fig. 2C).

The association of peaks of coccolithophores, diatoms (as BSi) and
PIC in SAMW (Fig. 10E, F, G) was also seen when the data were plotted
according to nutrient chemistry (Fig. 11). That is, peaks in coccolitho-
phores and diatoms (BSi) were mostly seen in waters within (or above)
the SAMW (Fig. 11) that showed moderately low silicate and phosphate
as well as waters that were shallower than 150m (Fig. 11A). The high
diatom abundance would have drawn down the silicate levels. More-
over, waters shallower than 150m would have been at the base of the
euphotic zone, thus, suggesting a possible light connection in the nu-
trient drawdown. These waters were characterized by Redfield ratios at
or below 16 (Fig. 11C) and residual nitrate values that were zero to
slightly positive, so nitrate was in excess (Fig. 11D). Notably, when PIC
and BSi were plotted against each other, there was no statistically sig-
nificant relationship between them (results not shown). This indicates
that neither biomineralizing algal class in these low nutrient waters was
responding to the same stimulus, contrary to Barber and Hiscock’s, “a
rising tide lifts all phytoplankton” (Barber and Hiscock, 2006). We can
only conclude that there are other factors that are allowing one bio-
mineralizing algal class to dominate the other in these nutrient stressed
situations, factors such as top-down grazing, or bottom-up limitation or
co-limitation by another nutrient, trace metal or vitamin. See also
Nissen et al.(2018) for more discussion on this based on a modeling
exercise in the Southern Ocean.
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4.7. Coccolithophore-diatom competition

The coccolithophores of the GCB (Balch et al., 2011a) may be pre-
conditioning this SAMW (just as the diatoms have been suggested to do,
by drawing down the silicate in SAMW before it is subducted)
(Sarmiento et al., 2004). Such coccolithophore preconditioning would
increase the pCO,, draw down alkalinity, as well as other trace metals
or cofactors required for coccolithophore growth (Balch et al., 2016). It
remains an open question whether this preconditioning is what is
keeping the equatorial Atlantic coccolithophore populations at such
low levels when this SAMW upwells at the EQ some 40 years later. A
similar phenomenon might happen in the Pacific, too. While cocco-
lithophores are indeed observed in equatorial Pacific waters, bright
coccolithophore blooms are not (Balch and Kilpatrick, 1996; Balch
et al., 2011b; Okada and Honjo, 1973a). Blooms of large diatoms are
observed in equatorial Pacific waters, which ultimately may be out-
competing coccolithophores there, especially in areas of fertilization by
iron and silicate (Brzezinski et al., 2011; Yoder et al., 1994).

Both iron and silicate are important in the competition between
diatoms and coccolithophores (Balch et al., 2016; Brzezinski et al.,
2011). Previous observations from the equatorial Pacific waters showed
that both chlorophyll and bulk PIC increased in a statistically sig-
nificant fashion, associated with equatorial upwelling, (Balch et al.,
2011b) but that diatoms and coccolithophores varied inversely in con-
trolled microcosm experiments where silica, iron and germanium (an
inhibitor of diatom cell division) were added (Brzezinski et al., 2011).
Coccolithophores there did not respond to iron addition (suggesting
that they were not limited by iron, unlike the large diatoms) whereas,
when relieved of competition by diatoms (by silicate limitation or
germanium addition), coccolithophores flourished. Similar competitive
relationships between diatoms and coccolithophores have been hy-
pothesized in the GCB (Balch et al., 2016; Nissen et al., 2018); the
presence of silicate meant that diatom growth could be maintained at
high rates, but when silicate levels dropped below ~2uM (Paasche,
1973a, b), the remainder of the phytoplankton community could
maintain their growth in high-nutrient-low-chlorophyll (HNLC) waters.
However, under conditions where diatoms were growth-limited for si-
licate and iron, coccolithophores were able to out-compete picophyto-
plantkon, nanophytoplankton and dinoflagellates (Balch et al., 2016),
forming high-reflectance blooms visible from ocean color satellites.

4.8. PIC fluxes and the carbonate versus silicate ocean concept

In the global sediment trap database of Honjo et al. (2008), vertical
fluxes of PIC, associated with equatorial upwelling, are some of the
highest measured, in the mid-Pacific equatorial waters and eastern
equatorial Pacific. There were somewhat lower PIC fluxes in the eastern
equatorial Atlantic (Honjo et al., 2008). Observation of elevated PIC
fluxes in equatorial waters combined with our observations of reduced
coccolithophore standing stocks there appear to be contradictory unless
the downward flux of PIC at 1-3.5km depth is dominated by other
calcifiers such as pteropods and foraminfera. Our AMT PIC sampling
protocol would have been unlikely to include PIC from foraminifera
and pteropods since the sample volumes were < 0.5 liters and the nu-
merical abundance of foraminifera and pteropods is typically several
per liter or several per cubic meter, respectively, thus their appearance
in our PIC samples would have been stochastic, at best. Therefore, our
observations would be consistent with the conclusion of Sarmiento
et al. (2002) that any elevated PIC:POC export ratios in equatorial
waters are due to foraminifera- and pteropod-associated calcite fluxes,
not coccolithophore fluxes.

Honjo et al. (2008) described the “silica ocean” and the “carbonate
ocean” as a way to quantify the predominant source of ballast for the
flux of sinking POC. That is, when the molar ratio of the POC:PIC fluxes
or BSi/PIC fluxes is < 1 then this is deemed the carbonate ocean. When
these ratios are > 1 then this is deemed a “silica ocean”. Using these
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criteria, about 80% of the world ocean is considered to be a “carbonate
ocean”, particularly dominated by the oligotrophic subtropical gyres
(Honjo et al., 2008). Indeed, while the POC:chlorophyll ratio increases
in oligotrophic regions in surface waters (Rasse et al., 2017), we, too,
saw that highest euphotic zone-integrated concentrations of cocco-
lithophore cells were associated with waters with elevated euphotic
POC:euphotic chlorophyll ratios, in a predictable fashion, across mul-
tiple cruises (Fig. 13). This is the first time this has been demonstrated
over such a large geographical area as the Atlantic Basin and over a
multi-year time period. This directly supports the carbonate ocean
concept of Honjo et al. (2008).

4.9. Concluding remarks

The results of these AMT cruises show highest abundances of coc-
colithophores with communities of low diversity, low species richness,
and high evenness (more evenly distributed species among the fewer
species present) in the NTW and particularly the STW. Indeed, there is a
high abundance of the placolith-bearing coccolithophore species, E.
huxleyi, particularly apparent in the GCB, found in the STW and the
Subantarctic Front. The presence of deep euphotic and sub-euphotic
coccolithophore populations in the SAG and NAG provide tantalizing
suggestion that these deep-dwelling species of coccolithophores may be
heterotrophic and/or mixotrophic (see also Poulton et al. (2017)).
Moreover, the placolith-bearing, umbelliform and floriform cocco-
lithophore species are growing in the SAMW pycnostad, originally
formed at the Subantarctic front, then subducted equatorwards
(Cerovecki et al., 2013). The grand question remains as to why the
equatorial Atlantic is so low in coccolithophore abundance, when it is
generally considered productive for other phytoplankton groups such as
diatoms? We hypothesize that the placolith-bearing coccolithophores of
the GCB as well as the deep floriform coccolithophores are pre-
conditioning the SAMW before and after it is subducted northward, and
that affects which phytoplankton can thrive in that water when it up-
wells at the equator decades later. This hypothesis could be addressed
through the application of marine ecosystem models (which can ad-
dress both top-down and bottom-up controls) or through systematic
examination of the SAMW source waters along with controlled ex-
periments to define the factors that affect coccolithophore growth and
loss. Ultimately, the results will have ramifications to our under-
standing of the chemistry (alkalinity balance, nutrient balance, pro-
ductivity) of both the SAMW and equatorial waters, as well as basin-
scale primary production.
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