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Abstract: Vertical distributions of biogenic silica (bSi), particulate inorganic carbon (PIC) and key
biomineral-forming phytoplankton indicate vertical zoning, or partitioning, during the late summer
stratified period in the northeast Atlantic. Coccolithophores were generally more numerous in the surface
mixed layer, whilst PIC concentrations were more homogenous with depth throughout the euphotic
zone. Diatoms were notably more abundant and more diverse in the lower euphotic zone beneath the
mixed layer in association with subsurface maxima in chlorophyll-a, bSi and oxygen concentrations.
The four dominant coccolithophore species (Emiliania huxleyi, Gephyrocapsa muellerae, Syracosphera spp.,
and Rhabdosphaera clavigera) represented 78 ± 20% (range 31–100%) of the observed community across
all sampled depths yet simultaneously contributed an average of only 13% to measured PIC pools. The
diatom community, which was dominated by Pseudo-nitzschia spp. and by a species tentatively identified
as Nanoneis longta, represented only ~1% of the bSi pool on average, with contributions increasing within
the chlorophyll maximum. Despite a slow gradual deepening of the surface mixed layer in the period
prior to observation, and adequate nutrient availability beneath the mixed layer, biomineral pools at this
time consisted largely of detrital rather than cellular material.

Keywords: diatoms; coccolithophores; biominerals; subsurface chlorophyll maximum; northeast At-
lantic

1. Introduction

Biomineral-forming phytoplankton play an important role in mediating the flux of
organic carbon to the ocean’s interior [1–4]. Bloom-forming taxa such as diatoms and coccol-
ithophores precipitate significant quantities of biogenic silica (bSi) or particulate inorganic
carbon (PIC; calcite) throughout the year but particularly during bloom events [5–9]. These
biominerals can increase particle density and aid the export of organic material from the
upper ocean, with PIC generally considered to be the more important biomineral for sink-
ing fluxes, owing to its greater density [10,11]. In temperate and higher latitude regions
of the ocean, coccolithophores typically dominate the phytoplankton community in late
spring or summer [12]. In contrast, diatoms are recognized for their dominance during the
spring bloom, for their persistence in stratified environments throughout the year [13], and
for their contribution to occasional autumn export fluxes [14].

Many studies have demonstrated that different phytoplankton species exhibit prefer-
ences for different ecological niches, with strong vertical gradients or temporal changes
in environmental conditions being key determinants for when and where species may
be found, e.g., [15–17]. For the northeast Atlantic, vertical partitioning of phytoplankton
groups has been demonstrated both within the seasonal subsurface chlorophyll-a maxi-
mum [18], and more generally across the euphotic zone [19], with such partitioning linked
to irradiance and nutrient gradients. Nevertheless, information on the co-distribution of
inorganic biomineral pools and biomineralizing phytoplankton remains rather limited,
particularly for the late stratified period. It is, for example, unclear how relationships
found in spring between biomineral and biomineralizing phytoplankton distributions
evolve throughout the stratified period (e.g., [20]) or, more simply, whether biomineral
pools during the late stratified period are best considered as aged detrital material retained
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within the upper ocean or as recently produced cellular material, thereby retaining some
diagnostic value for recent productivity events. This latter distinction is relevant for under-
standing the dynamics of remotely sensed PIC pools [21,22], or for identifying the source of
ballast material aiding autumn export events, particularly given the significant interannual
variability in autumn phytoplankton blooms across the northeast Atlantic [23,24]. Here,
biomineral and biomineralizing phytoplankton distributions are examined during the
autumn period to quantify and attribute contributions from cellular and detrital material
to measured biomineral pools as a step towards improved understanding of biomineral
drivers of autumn export events.

2. Materials and Methods
2.1. Sampling and Environmental Characterisation

Sampling was conducted in the northeast Atlantic between 3 and 14 September
2013 (early meteorological autumn) at a nominal position of 16.22◦ W, 48.66◦ N and
approximately 44 km southeast of the Porcupine Abyssal Plain (PAP) sustained observatory
(16.5◦ W, 49◦ N, Figure 1; [25,26]). The sampling location was the site of an extensive
year-long mooring and glider deployment conducted for the OSMOSIS project [27,28],
with the cruise itself focused on the recovery of multiple moorings and ocean gliders
following conclusion of the OSMOSIS project [29]. CTD operations (Sea-Bird 9/11+; Sea-
Bird Electronics Inc., Bellevue, WA, USA) were thus conducted for mooring and glider
calibration purposes or to characterise the upper water column for associated turbulent
microstructure measurements, with collection of water samples for other purposes a low
priority. Results presented here are based on opportunistic water sampling over that 10-day
period, with station position dictated by mooring location, glider recovery position or
convenience. All stations were located within a 6 km radius of the nominal sampling
position, thus providing limited spatial coverage. Water samples were collected from three
irradiance layers corresponding to the mixed layer, the lower euphotic zone (base of mixed
layer to 1% surface irradiance) and the sub-euphotic zone (<1% surface irradiance to a
maximum of ~100 m). Sampling density varied by parameter, with 12 depths sampled
between the surface and 100 m for inorganic nutrients, 6 depths for chlorophyll and
biominerals pools (~2 depths per irradiance layer) and 3 depths for phytoplankton (1 depth
per irradiance layer). Accompanying CTD data were used to estimate the mixed layer depth
using the density threshold approach of de Boyer Montegut et al. [30], which identifies the
mixed layer depth based on a density increase of 0.03 kg m−3 relative to density at 10 m
depth. Profiles of chlorophyll fluorescence and dissolved oxygen concentration were used
to provide an indication of biological productivity. Dissolved oxygen concentrations were
measured using a Sea-Bird Electronics SBE43 dissolved oxygen sensor (Sea-Bird Electronics
Inc., Bellevue, WA, USA) fitted to the CTD frame and calibrated against Winkler titrations.
Chlorophyll fluorescence was measured using a Chelsea Technologies AquaTracker (Mk
III) fluorometer (Chelsea Technologies Ltd., Surrey, UK) subsequently calibrated against
discrete chlorophyll samples.

2.2. Irradiance Conditions

A small number of vertical irradiance (PAR) profiles were obtained (n = 3) and a
mean attenuation coefficient (kd) of 0.1007 ± 0.0005 m−1 was calculated from the slope
of the natural log of irradiance against depth (e.g., [31]). A mean euphotic depth (Zeu) of
46 m (1% surface irradiance) was estimated from the relationship between optical depth (τ,
equivalent to 4.605 for 1% irradiance) and attenuation coefficient (i.e., Zeu = τ

−Kd ).
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Figure 1. Study location in the northeast Atlantic with sampling site indicated by the black circle. The nominal position of
the Porcupine Abyssal Plain (PAP) sustained observatory is indicated by the black square.

Subsurface PAR irradiance conditions at selected depths were approximated using
the mean attenuation coefficient and surface PAR irradiance measurements (E0) collected
using duplicate Skye Instruments PAR sensors (Skye Instruments Ltd., Powys, UK) fitted
to the bridge top. Subsurface PAR intensity was estimated using Equation (1) by scaling
individual 30 s average E0 measurements with a transmission coefficient of 0.98 [32] to
represent transmission through the atmosphere–ocean boundary before PAR at the depth
of interest (Ez) was calculated for each time step.

Ez = (E0 × 0.98)× Exp (−kd × z) (1)

Total daily photon flux (mols photons m−2 d−1) was estimated by summation of all
measurements factoring in the 30 s sampling period, whilst maximum daily photon flux
(µmols photons m−2 s−1) was taken as the instantaneous daily maximum.

2.3. Nutrients

Concentrations of phosphate, silicate, nitrite and total nitrate (NO3 + NO2) were
measured on water samples collected by CTD cast and frozen at −20 ◦C until analysis. All
samples were stored in 15 mL polypropylene falcon tubes and analysed within 1 month
of the cruise ending using a SEAL Analytical Quaatro autoanalyzer (SEAL Analytical
Ltd., Wrexham, UK) and standard methodologies [33]. Detection limits were estimated as
3 times the standard deviation of the lowest measured standard and were 0.01 for nitrate,
0.03 for silicate and 0.01 for phosphate. Nutrient concentrations are reported in units of
µmol L−1.
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2.4. Total and Size-Fractionated Chlorophyll-a

Total and size-fractionated chlorophyll-a concentrations (chl-a; mg m−3) were mea-
sured fluorometrically using the non-acidified technique of Welschmeyer [34]. For mea-
surements of total chl-a, 250 mL of seawater was filtered through a 25 mm Whatman GF/F
filter (Cytiva, Buckinghamshire, UK) followed by pigment extraction in 90% acetone in
the dark at 4 ◦C for 18–20 h. Pigment extracts were measured on a Turner Designs Trilogy
fluorometer (Turner Designs, San Jose, CA, USA) calibrated against a pure chl-a standard
(Merck, Gillingham, UK).

Size-fractionated chl-a measurements were obtained for two size fractions (>10 µm and
<10 µm) by filtering 250 mL of seawater through a 25 mm diameter, 10 µm polycarbonate
filter (>10 µm fraction; Whatman Nucleopore (Cytiva, Buckinghamshire, UK)), retaining the
filtrate, and filtering this through a 25 mm Whatman GF/F filter (<10 µm fraction (Cytiva,
Buckinghamshire, UK)). Pigment extraction and sample analysis for both polycarbonate
and GF/F filters followed the procedure for total chl-a measurements.

2.5. Biogenic Silica

Biogenic silica (bSi; µmol L−1) concentrations were obtained following chemical
digestion [35]. The 500 mL seawater samples were filtered onto 25 mm diameter 0.8 µm
polycarbonate filters (Whatman Nucleopore (Cytiva, Buckinghamshire, UK)). Filters and
blanks (fresh filters washed with 0.2 µm filtered seawater) were oven dried at 40 ◦C and
then stored in 15 mL centrifuge tubes. Samples were subsequently digested by the addition
of 5 mL of 0.2 M NaOH (Merck, Gillingham, UK) and baked at 85 ◦C for 2 h before the
solution was pH neutralised to pH 7–8, with the addition of 10 mL of 0.1 M HCl (Merck,
Gillingham, UK). The solution was then analysed as for dissolved silicate concentrations
using a SEAL Analytical Quaatro nutrient autoanalyzer and the same methodologies.

2.6. Particulate Inorganic Carbon

Particulate Inorganic Carbon (PIC; µmol L−1) concentrations were measured using In-
ductively Coupled Plasma Atomic Mass Spectrometry (ICP-MS) [36]. The 500 mL seawater
samples were filtered onto 25 mm diameter 0.8 µm polycarbonate filters (Whatman Nucle-
opore, (Cytiva, Buckinghamshire, UK)). Residual sea salt was removed by rinsing with a
weak analytical grade ammonium solution (180 µL concentrated ammonium hydroxide to
1 L of milli-Q water) and filters were dried at 40 ◦C and stored in 2 mL Eppendorf tubes
until analysis. Filters were transferred to 15 mL Falcon tubes and weighed before being
chemically digested in 10 mL of 2% nitric acid and reweighed to obtain the acid weight.
Solutions were analysed for calcium content using ICP-MS. The sample inorganic carbon
content was derived assuming a 1:1 molar equivalence with the measured calcium content
(present as CaCO3).

2.7. Phytoplankton Community

Water samples were collected at 6 stations primarily for analysis of the coccolithophore
community. At these stations, between 500 mL and 1 L of seawater was collected by CTD
cast from 3 depths and filtered onto 25 mm diameter 0.8 µm polycarbonate filters (Whatman
Nucleopore), which were washed with a weak ammonium solution to remove sea salts
before being oven dried and stored in labelled petrislides. Sampled depths corresponded
to the surface mixed layer, the lower euphotic zone and sub-euphotic zone. A small
section (~0.5 × 0.5 cm in dimension) of each filter was mounted onto an aluminium
stub and coated in 2 nm gold. A Leo 1450VP scanning electron microscope (SEM) (Carl-
Zeiss, Oberkochen, Germany) was used to capture 225 fields of view (FOV) arranged in a
15 × 15 grid covering ~1 mm2 of the filter at a magnification of x5000. The actual volume
of seawater examined per sample, taking into account the initial filtered volume and the
number of usable FOV, equated to between 1.57 and 3.20 mL. Each FOV micrograph was
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visually inspected and the coccolithophore species were identified using classification
schemes [37–39] and enumerated before abundances calculated as

Abundance
(

cells mL−1
)
=

C × F
A

V
(2)

where C is the total number of cells counted, F is the total filter area covered by the sample
(mm2), A is the total filter area examined (mm2), and V is the sample volume filtered (mL).
A is calculated as the area of each FOV (4.054 × 10−3 mm2) multiplied by the number of
usable FOV [40].

For interpretative purposes, all Syracosphaera species were aggregated, whilst all
other rare coccolithophore species contributing <5% to total community abundance were
grouped under the heading of ‘others’.

Whilst the SEM technique is considered quantitative for coccolithophore abundances [41],
it provides less quantitative information on larger phytoplankton species such as diatoms
and dinoflagellates due to the small sample volumes ultimately examined. Diatoms were
identified following [42–44].

2.8. Biomineral Budgets

The proportion of the PIC pool represented by dominant coccolithophore taxa was
estimated by converting cellular abundances to cellular calcite using established conver-
sion factors [45–47] (Table 1). Similarly, the proportion of the bSi pool represented by
dominant diatom taxa was estimated using conversion criteria from [48–50], specifically
0.12 pmol Si cell−1 for Pseudo-nitzschia sp. (based on P. delicatissima) and 0.02 pmol Si cell−1

for Nanoneis sp. (based on biovolume relationships [49,51]).

Table 1. Coccolithophore cellular conversion factors.

Species Coccolith Calcite (pmol) Coccoliths per Cell Cellular Calcite (pmol) Source

Emiliania huxleyi 0.024 22 0.52 [45]
Syracosphaera spp. 0.012 35 0.42 [45]

Gephyrocapsa mullerae 0.080 20 1.60 [46,47]
Rhabdosphaera clavigera 0.67 20 13.49 [46,47]

3. Results
3.1. Mixed Layer Conditions

The mixed layer depth varied from 20.9 to 34.8 m and, on average, the mixed layer
occupied 62% of the euphotic zone (mean depth 46 m; Figure 2). Mean mixed layer
conditions for each station are presented in Table 2. Chl-a, bSi and PIC concentrations within
the mixed layer were low but variable, suggesting a degree of biological heterogeneity
or patchiness within the mixed layer, possibly explained by coincident hydrographic
variability (Figure 3). Size-fractionated chl-a data showed that the <10 µm size fraction (i.e.,
pico- and small nanoplankton) was dominant and represented 90 ± 4% of the total chl-a
pool within the mixed layer (Table 2). Nutrient pools were exhausted with mixed layer
nutrient concentrations generally <0.1 µmol L−1, though mixed layer Si concentrations did
reach 0.2–0.3 µmol L−1 at stations 7 and 8 (Table 2)
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Table 2. Sampling locations and mean mixed layer conditions for each station. The proportion (%) of chl-a in the <10 µm size fraction is shown in parentheses in the total chl-a column.

Station Date/Time Latitude
(◦ N)

Longitude
(◦ W)

Mixed Layer
Depth (m)

Temperature
(◦C)

Salinity
(PSS-78)

Total Chl-a
(mg/m3)

(% <10 µm)

NO3−

(µmol L−1)
PO43−

(µmol L−1)
Si

(µmol L−1)
bSi

(µmol L−1)
PIC

(µmol L−1)

1 03/09/2013
15:49 48.6802 16.1907 20.9 18.96 35.59 0.58 (88.4) 0.04 0.04 0.02 - -

2 03/09/2013
19:34 48.6802 16.1907 26.8 19.35 35.71 0.41 (91.6) 0.03 0.03 0.05 0.19 0.16

3 04/09/2013
13:01 48.6827 16.1590 24.9 19.12 35.66 0.67 (90.9) 0.05 0.03 0.02 0.13 0.16

4 04/09/2013
21:39 48.6685 16.2330 28.8 19.11 35.70 0.63 (-) 0.05 0.03 0.03 - -

5 06/09/2013
18:03 48.6465 16.2605 24.9 18.33 35.55 0.73 (85.5) 0.04 0.04 0.04 0.16 0.12

6 08/09/2013
18:38 48.7102 16.2028 34.8 17.94 35.50 0.95 (85.5) 0.09 0.05 0.07 0.23 0.15

7 12/09/2013
15:27 48.6282 16.2760 30.8 19.01 35.71 0.52 (94.4) 0.04 0.03 0.23 0.17 0.25

8 13/09/2013
09:29 48.6325 16.2728 34.8 19.03 35.70 0.51 (92.7) 0.04 0.05 0.30 0.18 0.14

Mean ±
S.D. 28.3 ± 5.0 18.9 ± 0.5 35.64 ± 0.08 0.63 ± 0.17

(89.9 ± 3.5) 0.05 ± 0.02 0.04 ± 0.01 0.09 ± 0.11 0.15 ± 0.07 0.14 ± 0.07
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3.2. Lower Euphotic Zone

Chlorophyll-a fluorescence profiles revealed the presence of a subsurface chlorophyll
maximum within the lower 5% of the euphotic zone (Figure 2). The fluorescence maximum
had an average depth of 37.5 ± 4.9 m (range 29.9–43.7 m) (Table 3). The fluorescence
maximum was consistently at least 10 m deeper than the base of the mixed layer. Irradiance
conditions at the subsurface chlorophyll maximum can only be approximated given the
limited number of PAR profiles but the subsurface chlorophyll maximum was found
at a depth equivalent to a mean irradiance of 2.6 ± 1.4% (range 1.2 to 4.9%) of surface
irradiances. During the study period, the subsurface chlorophyll maximum would have
received a daily integrated photon flux of 0.4 to 0.9 mols photons m−2 d−1, with maximum
daily photon fluxes of 26 to 48 µmols photons m−2 s−1.

Table 3. Conditions at the subsurface chlorophyll maximum (SCM) taken as representing the lower euphotic zone. The
proportion (%) of chl-a in the <10 µm size fraction is shown in parentheses in the total chl-a column.

Station Depth of
SCM (m)

Light
Level %

Total Chl-a
(mg m−3)

(% <10 µm)

NO2
(µmol L−1)

NO3
(µmol L−1)

PO4
(µmol L−1)

Si
(µmol L−1)

bSi
(µmol L−1)

PIC
(µmol L−1)

1 35.0 2.9 2.85 (91.1) 0.1 0.52 0.11 0.21 - -
2 43.7 1.2 1.30 (93.8) <LOD 0.08 0.06 0.03 0.17 0.15
3 39.5 1.9 1.41 (93.9) 0.1 0.46 0.11 0.06 0.17 0.15
4 39.3 1.9 2.01 (-) 0.1 1.00 0.15 0.09 - -
5 31.3 4.3 2.63 (90.4) <LOD 0.28 0.10 0.03 0.34 0.19

6 a 29.9 4.9 1.43 (85.5) 0.01 0.26 0.09 0.11 0.24 0.14
7 41.6 1.5 0.91 (95.8) 0.01 0.17 0.06 0.39 0.52 0.10
8 39.9 1.8 1.49 (94.1) 0.24 1.31 0.20 0.96 0.49 0.20

Mean
± S.D. 37.5 ± 4.9 2.6 ± 1.4 1.75 ± 0.68

(92.1 ± 3.4) 0.09 ± 0.09 0.51 ± 0.43 0.11 ± 0.05 0.23 ± 0.32 0.32 ± 0.15 0.16 ± 0.04

a Note that due to advective movement of the water column between down cast and up cast, results for station 6 (30 m) appear vertically
separated from the depth of the fluorescence maximum (49 m) shown in Figure 2.

The subsurface chlorophyll maximum was co-located with a subsurface oxygen max-
imum (Figure 2). Mean mixed layer oxygen concentrations ranged from 243.6 to 252.3
(mean 247.2 ± 2.8) µmol L−1, whilst oxygen concentrations at the subsurface maximum
were 265–273 (mean 267.6 ± 3.0) µmol L−1. Oxygen concentrations were, thus, 13–28 (mean
20.4 ± 4.7) µmol L−1 higher at the subsurface oxygen maximum than in the overlying
mixed layer. Mean mixed layer oxygen concentrations were ~12.8 µmol L−1 above satu-
rated concentrations at the mean mixed layer temperature and salinities.

At the subsurface chlorophyll, maximum measured chl-a concentrations were 2.9-fold
higher on average than mixed layer chl-a concentrations (Table 3; t-test, p < 0.05). The chl-a
pool was still dominated by small phytoplankton <10 µm in size, with this size fraction
representing 92 ± 3% of the total chl-a pool. Most stations displayed a very slight shift
towards greater dominance of the total chl-a pool by the <10 µm fraction within the lower
euphotic zone. Though by no means eutrophic, the subsurface chlorophyll maximum was
present in nutrient-replete waters and average macronutrient concentrations were 14.6-
fold, 3.2-fold and 2.6-fold higher for NO3

− + NO2
−, PO4

3− and Si, respectively, compared
to the mixed layer and, thus, comparable to 8%, 20% and 10% of typical winter surface
concentrations. NO2

− concentrations were occasionally measurable at the subsurface
chlorophyll maximum. A midwater bSi maximum was observed in the lower euphotic
zone coincident with the subsurface chlorophyll maximum. For individual stations, bSi
concentrations could be up to twice as high as measured in the mixed layer, reaching
a maximum of 0.52 µmol L−1. On average, bSi concentrations for the lower euphotic
zone were around 80% higher than found in the mixed layer. Average PIC concentrations
for the lower euphotic zone, meanwhile, were highly comparable to concentrations for
the mixed layer, being ~10% lower on average, with limited evidence for any significant
vertical gradients. Notably, station 3 did exhibit a PIC peak on the upper shoulder of
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the chlorophyll maximum (but not at the maximum), whilst station 7 displayed a strong
maximum in the mixed layer, indicating vertical heterogeneity (Figure 3).

3.3. Sub-Euphotic Zone

A distinct NO2
− maximum was present ~7 m beneath the base of the euphotic zone at

a mean depth of 53 ± 7 m equivalent to an average irradiance of 0.6 ± 0.3% (Table 4). The
NO2

− maximum was ~12 m deeper on average than the subsurface chlorophyll maximum
and thus, vertically decoupled from it. Maximum NO2

− concentrations reached 0.84 µmol
L−1. Chl-a concentrations remained measurable beneath the base of the euphotic zone but
decreased rapidly, reaching concentrations of ~0.1 mg m−3 by 75 m. Chl-a concentrations
at the NO2

− maximum were reduced by around 40% compared to the lower euphotic zone
(t-test, p < 0.05) but remained high compared to the surface mixed layer. Mean bSi and PIC
concentrations at the NO2

− maximum decreased by around 25% compared to concentrations
within the lower euphotic zone and decreased further beneath the NO2

− maximum.

Table 4. Conditions at the Primary Nitrite Maximum (PNM) (beneath base of traditional euphotic zone, 1% surface
irradiance). The proportion (%) of chl-a in the <10 µm size fraction is shown in parentheses in the total chl-a column.

Station Depth of
PNM (m)

Light
Level %

Total Chl-a
(mg m−3)

(% <10 µm)

NO2
(µmol L−1)

NO3
(µmol L−1)

PO4
(µmol L−1)

Si
(µmol L−1)

bSi
(µmol L−1)

PIC
(µmol L−1)

1 47.9 0.8 1.8 (94.7) 0.71 3.57 0.25 0.61 - -
2 60.2 0.2 1.1 (95.1) 0.84 4.35 0.3 0.42 0.20 0.08
3 45.6 1.0 1.3 (94.4) 0.31 1.2 0.19 0.09 0.22 0.15
4 61.1 0.2 0.3 (-) 0.61 6.28 0.4 0.52 - -
5 47.5 0.8 1.1 (93.6) 0.8 3.8 0.31 0.26 0.22 0.15

6 a - - - - - - - - -
7 59.8 0.2 0.8 (-) 0.31 4.87 0.32 0.98 0.18 0.09
8 51.0 0.6 1.3 (98.0) 0.82 4.42 0.36 1.27 0.42 0.13

Mean ±
S.D. 53.3 ± 6.8 0.6 ± 0.3 1.11 ± 0.44

(95.2 ± 1.7) 0.63 ± 0.23 4.07 ± 1.54 0.30 ± 0.07 0.59 ± 0.41 0.25 ± 0.10 0.12 ± 0.03

a No nitrite maximum observed at station 6.

The nitracline, which could only be approximated from the low-resolution bottle
samples, was not correlated consistently to either the depth of the mixed layer or to
the depth of the euphotic zone; consequently, both approximations remain valid generic
descriptors. Attempts to universally describe the position of the nitracline following
linear interpolation and use of either an arbitrary concentration of 0.1 µmol NO3

− L−1

or by calculation of the maximum vertical NO3
− gradient were also inconsistent. For

approximately half of the profiles, the depth of the euphotic zone was equivalent to the
depth of maximum NO3

− gradient and the euphotic zone depth would, thus, seem to be
the most common shorthand description for the position of the nitracline.

3.4. Integrated Results

Nutrient, particulate and chlorophyll-a pools were uniformly integrated to 50 m to
summarise conditions for the euphotic zone (Table 5). Integrated nutrient pools varied 5.9-
fold for NO3

−, 2.6-fold for PO4
3− and 13-fold for Si between stations, whereas integrated total

chl-a varied only 1.8-fold. There was slightly more variability in the >10 µm chl-a size fraction,
which varied 2.8-fold between stations. Integrated bSi and PIC pools varied 2.2-fold and 1.4-
fold between stations, with averages of 11.7 ± 3.5 mmol Si m−2 and ~8.1 ± 1.1 mmol C m−2.
Integrated bSi concentrations were significantly correlated with integrated Si concentrations
(Integrated bSi = 0.243 × Integrated Si + 8.4316 (R2 = 0.76, p < 0.05)), whereas integrated bSi
and mixed layer or surface bSi concentrations were not significantly correlated.
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Table 5. Euphotic zone (0–50 m) integrated nutrient, particulate and chlorophyll pools.

Station Integration
Depth (m)

Integrated
NO3−

(mmol m−2)

Integrated
PO43−

(mmol m−2)

Integrated Si
(mmol m−2)

Integrated bSi
(mmol Si

m−2)

Integrated
PIC

(mmol C m−2)

Integrated
Total Chl-a

(mg m2)

Integrated
<10 µm Chl-a

(mg m2)

% of Total
Chl-a in <10
µm Fraction

Integrated
>10 µm Chl-a

(mg m2)

% of Total
Chl-a in >10
µm Fraction

1 50 39.87 4.71 8.87 - 65.4 59.7 91.2 5.8 8.8
2 50 8.01 2.33 2.48 9.16 7.64 42.1 39.3 93.6 2.7 6.4
3 50 13.21 3.26 2.20 7.85 8.06 44.8 41.6 92.9 3.2 7.1
4 50 39.32 5.42 3.59 - 58.1 - - - -
5 50 44.66 5.56 4.37 10.40 7.09 67.4 60.2 89.4 7.1 10.6
6 50 47.50 5.26 9.24 11.35 7.51 48.8 42.0 85.9 6.9 14.1
7 50 14.05 2.64 16.52 17.40 10.09 38.4 35.9 93.6 2.5 6.4
8 50 40.94 5.96 28.61 14.24 7.98 45.0 42.4 94.2 2.6 5.8

Mean ± S.D. 30.95 ± 16.20 4.39 ± 1.43 9.48 ± 9.09 11.73 ± 3.52 8.06 ± 1.06 51.2 ± 11.0 45.9 ± 9.9 92 ± 3 4.4 ± 2.1 8 ± 3
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3.5. Phytoplankton Community

A total of 50 phytoplankton species were identified from the SEM micrographs, con-
sisting of 27 coccolithophores, 2 silicoflagellates, 10 dinoflagellates and 11 diatoms.

Diatom diversity was low in the surface mixed layer (four species) but increased
to eight species within the lower euphotic zone. Pseudo-nitzschia spp. (delicatissima
group; width <3 µm) were common to most samples (up to 110 cells mL−1). Infrequent
observations of a species tentatively identified as Nanoneis longta (up to 9.9 cells mL−1),
Chaetoceros sp. (one sample; 1.8 cells mL−1), Dactyliosolen mediterraneus (two samples, up to
2.5 cells mL−1) and Thalassiosira sp. (three samples, up to 1.8 cells mL−1) were also made
(Figure 4). Small Pseudo-nitzschia spp. cells (<20 µm in length) were dominant, representing
on average 78% of observed diatom cells, occasionally being the only diatom genus present
(Figure 5). Mean abundances of Pseudo-nitzschia spp. were low in the surface mixed layer
(0.4 ± 0.4 cells mL−1) but increased in the lower euphotic zone (34.6 ± 33.6 cells mL−1) and
sub-euphotic zone (38.9 ± 8.5 cells mL−1). Mean abundances of Nanoneis longta displayed
a comparable vertical distribution, increasing from 0 cells mL−1 in the surface mixed layer
to 0.5 ± 0.9 cells mL−1 in the lower euphotic layer and 5.6 ± 5.1 cells mL−1 in waters
immediately below the base of the euphotic zone.

A) B) C) D)

E)
F) G) H) I)

J)

K)

Figure 4. Photomontage of observed diatom species. (A) Unidentified pennate 30 µm long, (B) Nanoneis longta, (C)
Fragilariopsis sp., (D) Thalassiosira sp., (E) Unidentified, (F) Nitzschia sp., (N. bicapitata?), (G) Navicula sp. ~30 µm, (H)
Pseudo-nitzschia sp., (I) Nitzschia bicapitata, (J) Unidentified diatom—girdle view, (K) Chaetoceros sp. Note that images are not
to scale.
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Figure 5. Diatom community composition in autumn in the northeast Atlantic. Results are based on cellular abundances
and presented by station and by sampled depth corresponding to the surface mixed layer (SML), lower euphotic zone (LEZ)
and sub-euphotic zone (SEZ). See text for definitions.

The silicoflagellates Dictyocha fibula (<0.63 cells mL−1) and Dictyocha speculum
(<0.62 cells mL−1) were rarely observed and only within the lower euphotic zone.

Coccolithophore diversity was highest in the surface mixed layer (4–12 species per sam-
ple) but a second diversity peak (7–11 species) was also present in the lower euphotic zone
coincident with the subsurface chlorophyll maximum. Common coccolithophore species
were Emiliania huxleyi (up to 13.2 cells mL−1), Gephyrocapsa muellerae (13.1 cells mL−1),
Rhabdosphaera clavigera (4.4 cells mL−1), and Syracosphera spp. (10.8 cells mL−1). The
coccolithophore community varied significantly between stations and between sampled
depths, suggesting a heterogenous environment. Viewed as a proportion of the coccol-
ithophore community, the cosmopolitan species Emiliania huxleyi could represent up to
85% of the community in an individual sample (Figure 6). Notable contributions from
Gephyrocapsa muellerae (up to 72%), Syracosphera spp. (up to 69%), Corisphaera spp. (up to
49%) and Rhabdosphaera clavigera (up to 36%) were also evident within individual samples.
All other species made maximum contributions of <20%. Samples representing the lower
euphotic zone displayed frequent changes in the dominant species, suggesting extensive
patchiness in this depth interval. Corisphaera spp. was present at three stations, notably
station 3, where it represented a major component (49%) of the community in the lower
euphotic zone, and station 5, where it was present at all sampled depths (surface mixed
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layer, lower euphotic zone and sub-euphotic zone), but, elsewhere, was otherwise rare
(<17% of community). On average, Emiliania huxleyi, Gephyrocapsa muellerae, Syracosphera
spp., and Rhabdosphaera clavigera represented 78 ± 20% (range 31–100%) of the observed
community across all sampled depths.
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Figure 6. Coccolithophore community composition in autumn in the northeast Atlantic. Results are based on cellular
abundances and presented by station and by sampled depth corresponding to the surface mixed layer (SML), lower euphotic
zone (LEZ) and sub-euphotic zone (SEZ). See text for definitions.

There were strong vertical gradients in species abundance for several species. The
mean abundance of E. huxleyi decreased from 4.2 ± 4.7 cells mL−1 in the surface mixed layer
to 1.1 ± 1.5 cells mL−1 in the lower euphotic zone. The gradient in R. clavigera mean abun-
dances was similar, decreasing sharply, with depth from a maximum of 1.4 ± 1.5 cells mL−1

in the surface mixed layer, whilst Syracosphera spp. abundances were largely invariant,
with depth ranging from 2.8 to 3.8 cells mL−1. Amongst the four dominant species, G.
muellerae was the only species to show an increase in mean abundance with depth, with
highest average abundances of 6.2 ± 6.0 cells mL−1 found in waters technically beneath
the base of the euphotic zone.
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3.6. PIC Budget

Contributions made by individual coccolithophore species to measured PIC pools
varied widely between samples but were generally rather small. For the entire dataset,
Emiliania huxleyi accounted for an average of only 1.1 ± 1.7% (range 0 to 6.5%) of mea-
sured PIC pools. An identical contribution of 1.1 ± 0.9% (range 0 to 2.8%) was made by
Syracosphaera spp. Larger contributions of 2.5 ± 5.9% (range 0 to 23.4%) were made by
Gephyrocapsa mullerae, whilst Rhabdosphaera clavigera contributed 8.2 ± 14.5% (range 0 to
56.1%). Collectively, these four species accounted for an average of 12.9 ± 16.3% (range 0 to
64.1%) of measured PIC pools. Vertically, however, there were some notable gradients. On
average, E. huxleyi represented 1.9 ± 2.6% of the mixed layer PIC pool, 0.7 ± 0.8% of the
lower euphotic zone PIC pool and 0.2 ± 0.3% of the sub-euphotic zone pool, suggesting a
vertical partitioning of the species distribution given otherwise stable PIC concentrations
between the mixed layer and lower euphotic zone. A similar pattern was evident for R.
clavigera, which represented 19.5 ± 21.4%, 4.1 ± 4.7% and 0% of the mixed layer, lower
euphotic zone and sub-euphotic zone PIC pools, respectively. G. mullerae displayed a
marked contrasting pattern contributing 0.6 ± 0.7%, 1.3 ± 1.8% and 12.9 ± 14.8% of the
mixed layer, lower euphotic zone and sub-euphotic zone PIC pools, respectively, and
thus, made greater contributions to PIC pools with increased depth. The contribution
made by Syracosphaera spp. displayed no clear vertical gradient, with mean contributions
of 1.6 ± 0.8%, 0.7 ± 1.0% and 1.2 ± 0.4% for the mixed layer, lower euphotic zone and
sub-euphotic zone PIC pools.

3.7. bSi Budget

Although small Pseudo-nitzschia sp. and Nanoneis longta dominated the diatom com-
munity, they appear to have contributed very little to the bSi pool. Pseudo-nitzschia sp.
accounted for an average of 1.0 ± 1.2% (range 0 to 3.9%) of individual bSi samples, whilst
N. longta accounted for an average of 0.01 ± 0.02% (range 0 to 0.05%). Collectively, these
two genera accounted for an average of 1.0 ± 1.2% (range 0 to 3.9%) of the measured bSi
pool. Vertically, Pseudo-nitzschia sp. represented an average of 0.04 ± 0.03% of the mixed
layer bSi pool, 1.5 ± 1.4% of the lower euphotic zone bSi pool and 2.1 ± 0.69% of the
sub-euphotic zone pool. N. longta, meanwhile, represented ~0.0 ± 0%, 0.01 ± 0.01% and
0.03 ± 0.04%, respectively. Both species represented more of the bSi pool with depth, but
neither were dominant components.

4. Discussion

Biomineralizing plankton make important contributions to carbon export fluxes via
the addition of mineral ballast to particulate organic carbon [1]. In temperate waters
with marked seasonality such contributions are usually greatest during, or immediately
following, periods of high biomineral synthesis such as during blooms, or following the
onset of seasonal mixing (the so-called ‘fall dump’ [14]). The observations reported here
indicate vertical zoning in the respective distributions of PIC, bSi and biomineral-forming
phytoplankton throughout the euphotic zone during the stratified conditions typical of the
late summer/early autumn period. Diatoms, in particular, were more diverse and more
numerous in the lower euphotic zone beneath the mixed layer, coincident with a subsurface
chlorophyll-a maximum, a bSi maximum and an oxygen maximum, with these co-located
features implying active biological production. These results are consistent with previous
observations from the northeast Atlantic region, indicating primary production occurring
at depth during the summer months [52,53] and with reports of diatom pigment markers
beneath the mixed layer [19]. In contrast, coccolithophores were typically more abundant
within the surface mixed layer, whilst PIC concentrations were more homogenous with
depth throughout the euphotic zone. Previous descriptions of the vertical distribution
of coccolithophores and diatoms in the northeast Atlantic under stratified conditions
indicated that both groups were more likely to be located at depth particularly in association
with a subsurface chlorophyll maximum [18]. Such observations only partially agree



Oceans 2021, 2 503

with results presented here, whilst diatoms were indeed found to be associated with the
subsurface chlorophyll maximum—a clear preference for the mixed layer was evident for
coccolithophore species.

Conditions in surface waters were nutrient-poor, with an indication that NO3
− may

have been more strongly drawn down than P or Si. Compared to typical winter nutrient con-
centrations, which, for this region of the northeast Atlantic, are ~8, ~0.5 and ~3 µmol L−1

for NO3
−, PO4

3−, and Si [54–57], the mean surface concentrations represented <1, 6 and
3% of typical winter concentrations for NO3

−, PO4
3−, and Si, respectively. Such conditions,

therefore, may not be favourable for high rates of production. Typical winter nutrient
concentrations were reached at around 120 m depth.

Integrated PIC and bSi concentrations were comparable to previous observations
reported for this time of year (e.g., [6,19]), suggesting that the observed distributions may
be broadly typical for the northeast Atlantic region. Significantly, neither the observed
coccolithophore nor diatom species were found to make substantial and sustained contri-
butions to measured biomineral pools, with the low cellular contributions confirming that
the bulk of both PIC and bSi pools consisted of detrital material. Though, how robust are
such conclusions?

In this study, cellular abundances have been used to estimate the proportion of the
PIC or bSi pool represented by cellular material by using estimates of cellular PIC or Si
content as conversion factors. Implicitly, therefore, the misidentification of species or use
of inappropriate estimates of the cellular elemental content would have an impact on the
budgetary calculations. As diatom diversity was lower than the coccolithophore diversity,
any such errors are likely more significant for the bSi budget than for the PIC budget but
both budgets contain important caveats.

In the case of the PIC budget, the presence of rare heavily calcified coccolithophore
species, and of other calcifying organisms, may distort the overall cellular contribution [45],
though this is considered unlikely in this case, as not only were significant quantities of
detrital material visually evident in individual SEM micrographs but even loose coccoliths
from rarer, more heavily calcified species (e.g., Calcidiscus leptoporus) were only very infre-
quently observed (though not completely absent). Thus, the low contribution of 13% made
by the four dominant coccolithophore taxa (E. huxleyi, G. muellerae, Syracosphera spp., and R.
clavigera) to the PIC pool of the temperate northeast Atlantic (48.7◦ N) contrasts markedly
with comparable observations reported from the Iceland Basin (59–60◦ N), where during
late summer non-bloom conditions, Emiliania huxleyi alone can represent 68–89% of the
PIC pool [58]. This difference likely reflects the diverse environments sampled (temperate
vs. sub-polar) and the significant latitudinal gradient in coccolithophore distribution and
abundance present in this part of the North Atlantic [12,20,59].

For the bSi budget, the estimate of the bSi pool represented by diatom cells indicated
a low cellular contribution of ~1%. This estimate is biased by the assumption that the two
dominant diatom species were the only species contributing to the bSi pool, whilst any
contribution from silicoflagellates was minimal. Furthermore, diatom abundances and
community diversity may have been underestimated as a consequence of enumerating
from small seawater volumes (<3.2 mL). Nevertheless, for seven of the eight stations, the
assumption that Pseudo-nitzschia spp. and N. longta were dominant appears correct, whilst
omission of rarer species from the bSi budgetary calculations is unlikely to significantly
impact the overall conclusion that the bSi pool was predominately detrital in character. At
station 8, a notably different diatom community was encountered, which included several
larger species including Chaetoceros sp. and Dactyliosolen mediterraneus, indicating spatial
patchiness may also be an important caveat on the low estimate of cellular contribution.

Due to the low diversity of species, correct identification of those species represents a
critical constraint on the bSi budget. Cells identified in this study as Pseudo-nitzschia sp.
could not be identified to the species level due to low image resolution obscuring taxo-
nomic details, thus introducing some uncertainty over both species identity and the most
appropriate cellular Si conversion factor to use. Several independent taxonomic experts
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were consulted but were unable to reach a consensus on identity. Based on knowledge of
the phytoplankton community at the sampling location and for the time of year (e.g., [60]),
cells were attributed (by the author) to the Pseudo-nitzschia genus. Cells were subsequently
associated with the delicatissima group/complex by virtue of having widths <3 µm and a
linear shape, (e.g., [42,61]). A cellular Si content of 0.12 pmol Si cell−1 was thus assumed
based on the results of Boutorh et al. [50] for Pseudo-nitzschia delicatissima. This cellular
Si content is for nutrient- and iron-replete conditions. Under Fe-depleted conditions, the
cellular Si content can halve to 0.06 µmol Si cell−1 [50]. A caveat to the bSi budgetary
calculations, therefore, is that the estimated contribution by Pseudo-nitzschia cells to the bSi
pool could have been approximately 50% lower were Fe limitation present in the northeast
Atlantic at the time of sample collection. This reduction would not, however, invalidate the
general conclusion that the bSi pool was predominantly detrital.

More fundamental, however, are concerns over the accuracy of the cellular Si content
used in the calculations to derive the bSi budget. The typical length of Pseudo-nitzschia
delicatissima cells (40–76 um; [42]) is generally longer than for the cells observed here
(~15–30 µm), potentially indicating an overestimation of the contribution made by these
smaller Pseudo-nitzschia cells to the bSi pool (if similarly silicified). Again, such a situation
would not alter the general conclusion that the bSi pool is predominantly detrital. However,
at 0.12 pmol Si cell−1, the Si content is towards the lower end of estimates for other species
within this genus. For example, Marchetti and Harrison [62] reported cellular Si contents
of between 0.57 and 2.69 pmol cell−1 for four Pseudo-nitzschia species (P. heimii (type 1), P.
heimeii (type 2), P. dolorosa, P. turgidula) under Fe replete conditions. Notably, such estimates
imply cellular Si contents that are ~5 to ~22 times larger than assumed here. Translated to
the bSi budget calculations, such increases would have a significant impact on the estimate
of the bSi pool represented by Pseudo-nitzschia cells (potentially increasing that contribution
to 22%). However, P. heimii is a comparatively large cell (typical length 67–120 um) [42]
and more usually considered part of the Pseudo-nitzschia seriata group [42], so use of its
cellular Si content of 2.69 pmol cell−1 is not appropriate here. The estimate of 0.57 pmol Si
cell−1 reported by Marchetti and Harrison [62] for P. dolorosa, however, may be a viable
alternative (based solely on affiliation with the delicatissima group), with the implication
that, on average, ~4.8% of the bSi pool could be represented by Pseudo-nitzschia. Whilst
this would represent a significant increase from the 1% contribution estimated here, the
majority of the bSi pool nonetheless remains detrital.

Implications for Autumn Export Events

Small diatoms within the nanoplankton size class (2–20 µm) are generally overlooked
due to the difficulties of identification, but may play an important role in carbon export
fluxes [63]. In the northeast Atlantic, observations of Nanoneis are limited to reports of
Nanoneis hasleae, a small 5 µm cell, occurring during the spring bloom [64,65]. In the Gulf
of Mexico, however, high subsurface abundances of the larger N. longta have been reported
during late summer and early autumn [66]. Although the resolution of the micrograph shown
in Figure 4b precludes visualization of all key taxonomic characteristics to definitively identify
the cells as N. longta, the colony morphology and timing of the observation are comparable to
examples reported by recent studies [66,67]. Furthermore, at ~18 µm in length, the individual
cells appear larger than the standard description of N. hasleae [42,68], potentially making this
a rare observation of N. longta in the northeast Atlantic.

At the time of sampling, the seasonal breakdown of stratification had yet to commence,
mixed layer chlorophyll and nutrient concentrations were low, and the chlorophyll pool
(and by extension the phytoplankton community) was dominated by small cells <10 µm
in size. Continuous mixed layer depth measurements reported by [28], however, show
that the mixed layer had approximately doubled in thickness from its annual minimum
depth of ~15 m measured in July to the average depth of 27 m reported here for September.
Despite this deepening, the mean mixed layer conditions reported in this study remained
comparable to the summer seasonal means reported by [28]. Consequently, the observed
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distribution of biominerals and phytoplankton likely represented conditions prior to any
autumn export pulse. Partial support for this statement is provided by long-term sediment
trap records collected at 3000 m depth at the PAP site northwest of the study region [69]
(Figure 1), which registered a small peak in dry-weight flux in mid-October, approximately
1 month later [70]. Assuming an approximate sinking velocity of ~100 m day−1 for sinking
particles [71], organic material ballasted with biomineral material may have begun to
exit the upper ocean at approximately the same time as observed here. Thus, the results
presented here imply that detrital biomineral material, potentially accumulated in surface
waters throughout the summer period, is likely more important for aiding autumnal export
pulses rather than cellular biomineral material resulting from in situ growth.
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