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1. Introduction

ABSTRACT

In recent years, the global distribution of phytoplankton functional types (PFT) and phytoplankton size classes
(PSC) has been determined by remote sensing. Many of these methods rely on interpretation of phytoplankton
size or type from pigment data, but independent validation has been difficult due to lack of appropriate in situ
data on cell size.
This work uses in situ data (photosynthetic pigments concentration and cell abundances) from the
north-east Atlantic, along a trophic gradient, sampled from 2005 to 2010, as well as Atlantic Meridional
Transect (AMT) data for the same region, to test a previously developed conceptual model, which calculates
the fractional contributions of pico-, nano- and micro-plankton to total phytoplankton chlorophyll biomass
(Brewin et al., 2010). The application of the model proved to be successful, as shown by low mean absolute
error between data and model fit. However, regional values obtained for the model parameters had some
effect on the relative distribution of size classes as a function of chlorophyll-a, compared with the results
according to the original model. The regional parameterisation yielded a dominance of micro-plankton
contribution for chlorophyll-a concentrations greater than 0.5 mg m~>, rather than from 1.3 mg m~3 in
the original model. Intracellular chlorophyll-a (Chla) per cell, for each size class, was computed from the
cell enumeration results (microscope counts and flow cytometry) and the chlorophyll-a concentration for
that size class given by the model. The median intracellular chlorophyll-a values computed were 0.004,
0.224 and 26.78 pg Chla cell ™! for pico-, nano-, and micro-plankton respectively. This is generally consistent
with the literature, thereby providing an indirect validation of the method based on pigments to assign size
classes. Using a satellite-derived composite image of chlorophyll-a for the study area, a map of cell abundance
was generated based on the computed intracellular chlorophyll-a for each size-class, thus extending the
remote-sensing method for mapping size classes of phytoplankton from chlorophyll-a concentration to
mapping cell numbers in each class. The map reveals the ubiquitous presence of pico-plankton, and shows
that all size classes are more abundant in more productive areas.

© 2013 Elsevier Inc. All rights reserved.

Sathyendranath, 2008; Yoder et al., 2010). However, to understand
the role of phytoplankton in the ocean carbon cycle, other properties

The use of ocean-colour remote sensing has greatly increased
knowledge about spatial, seasonal and inter-annual variability of
phytoplankton biomass as indexed by chlorophyll-a, at regional and
global scales (e.g. Dandonneau et al., 2004; Devred et al.,, 2009; Platt &
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are required, in addition to their chlorophyll concentration.
Phytoplankton covers a wide spectrum of biological diversity
(Bowler et al., 2009), encompassing taxonomic groups with distinct
sizes, life cycles, turn-over rates, nutrient stoichiometry, biochemical
composition and ecological requirements. Different phytoplankton
groups perform an array of diverse functions in the marine ecosystem.
In this context, phytoplankton functional types (PFT) have been defined
to link certain phytoplankton groups (which can be polyphyletic) with
specific biogeochemical functions (Nair et al., 2008). The number of
defined PFT can vary according to the scientific question being
addressed (Le Quéré et al., 2005), but calcifiers (coccolithophores),
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silicifiers (diatoms), nitrogen fixers (Trichodesmium and N, fixing
prokaryotes), pico-autotrophs (pico-eukaryotes, and cyanobacteria
such as Prochlorococcus and Synechococcus) and DMS producers
(e.g., autotrophic flagellates) are commonly considered.

The detection of PFT from space has been the subject of ocean-colour
research in recent years (e.g. Hirata et al,, 2011; Nair et al., 2008) with the
aim of supplementing our understanding of biogeochemical cycles on a
global scale (e.g. Blackford et al, 2004; Le Quéré et al, 2005). Two
major bio-optical methods have been established: i) those based on
distinctive spectral-characteristics of each group (e.g. Alvain et al., 2005;
Ciotti & Bricaud, 2006; Devred et al, 2011; Kostadinov et al., 2009;
Sathyendranath et al, 2004); and ii) those based on the well-
established relationships between cell-size and phytoplankton abun-
dance (Brewin et al., 2010; Hirata et al., 2008, 2011; Uitz et al., 2006).

Such bio-optical methods have relied upon a combination of
remote sensing and in situ data. The analysis of phytoplank-
ton pigments by high performance liquid chromatography (HPLC),
which allows the assessment of phytoplankton communities (Jeffrey
et al., 2007), has been commonly used to complement bio-optical
data, and pigment composition is now used routinely as an aid to
infer phytoplankton size structure (Devred et al., 2011; Vidussi
et al, 2001). Despite collection of in situ data being expensive
and time consuming, the need to acquire more information on
phytoplankton community structure, ecophysiological parameters
or bio-optical properties, is identified by most authors as a major
requirement to the further development of both remote sensing of
PFT and ocean-biogeochemistry models (Brewin et al., 2011b;
Hirata et al., 2012; Le Quéré et al., 2005; Raitsos et al., 2008).

Claustre (1994) defined an index for the proportion of “new
producer” biomass in a phytoplankton community, based on the
observation that chlorophyll-a concentration was linearly correlated
with fucoxanthin and peridinin contents, and established a set of diag-
nostic pigments to define phytoplankton taxa. Later, Vidussi et al.
(2001) used diagnostic pigments as size-class markers to derive
pico-plankton (<2 pym), nano-plankton (2-20 pm) and micro-plankton
(>20 um) components (Sieburth et al, 1978) of phytoplankton in the
Mediterranean. In this implementation, micro-plankton included di-
atoms and dinoflagellates, nano-plankton comprise haptophytes,
cryptophytes, chrysophytes, prasinophytes and chlorophytes, where-
as pico-plankton, include the cyanobacteria Prochlorococcus and
Synechococcus, as well as several other classes, designated under the
general term of pico-eukaryotes, whose composition and diversity are
poorly known (Worden & Not, 2008). On account of its simplicity, the
use of diagnostic pigments to derive algal size groups gained a wide ac-
ceptance in the marine community (Barlow et al., 2007; Bouman et al.,
2005; Brewin et al., 2011b; Bricaud et al, 2004; Dandonneau et al.,
2004; Taylor et al.,, 2011, amongst others). More recently, using a large
in situ database of vertical pigment profiles, Uitz et al. (2006) performed
an empirical parameterisation for inferring the vertical structure in phy-
toplankton size classes (PSC) from surface chlorophyll-a.

A size-based approach to phytoplankton functionality is not always
fully satisfactory from a biogeochemical perspective (Nair et al., 2008).
For example, diatoms are silicifiers and typically categorised as
micro-phytoplankton, yet some diatoms fall into the nano-size range.
Despite these smaller diatoms having the same biogeochemical func-
tion they are likely to respond differently with respect to size-based
functionality (e.g., export production). There are also some examples
of nano-phytoplankton of a similar size having a contrasting biogeo-
chemical function (e.g., calcifiers and DMS producers). Despite this,
many functions of phytoplankton, such as nutrient uptake, light ab-
sorption, metabolic rates and sinking are strongly related to size. The
link between function and size has resulted in some biogeochemical
models adopting a size-based representation of phytoplankton com-
munities (Le Quéré et al., 2005 and references herein)

Brewin et al. (2010) developed a model to derive PSC from
remotely-sensed chlorophyll-a concentration. In their approach,

Atlantic Meridional Transect (AMT) data and the Uitz et al. (2006)
diagnostic pigment approach, adjusted to account for pico-eukaroytes
in oligotrophic waters, were used to parameterise a conceptual model
(Sathyendranath et al., 2001) and produce maps of pico-, nano- and
micro-plankton at a global scale. In another study, the relationship
between chlorophyll, PSC and seven PFT was statistically analysed
from a large pigment database by Hirata et al. (2011), who determined,
using SeaWiFS imagery, the relative abundance of PSC and PFT at the
global scale.

An alternative approach was presented by Kostadinov et al. (2009,
2010), who developed a bio-optical algorithm that used the spectral
shape of the back-scattering coefficient derived from remotely-sensed
ocean-colour data to compute information on the particle size
distribution (PSD). The abundance of total particles, partitioned into
three size classes, was mapped at the global scale and then linked to
the three size classes of phytoplankton in the open ocean.

Knowledge of phytoplankton cell abundance is important for the
comprehension of oceanic primary production, as from cell numbers,
estimates of cell biovolume can be done, which can be consequently
converted into carbon units (e.g., Hillebrand et al., 1999). Information
on cell abundance per size class at highly resolved spatial and temporal
scales would be extremely valuable to address a number of issues, from
carbon cycling to fisheries management. In a review paper, Finkel et al.
(2010) pointed out that a shift of the phytoplankton community
from dominance by pico-plankton to a dominance by nano- and
micro-plankton is associated with a shift from a rapid-carbon-cycling
pelagic food web to an increase in the biological pump, due to an in-
crease of particulate matter sedimentation. There is a growing concern
that the relative global distribution of pico-, nano- and micro-plankton,
where pico-plankton dominates in oligotrophic stratified waters and
micro-plankton in nutrient-rich waters, could be modified by climate
variability (Brewin et al., 2012; Kostadinov et al., 2010).

Regarding the connection between phytoplankton structure and
fisheries, the link between the dominance of larger phytoplankton
cells and higher fisheries productivity has been made by Ryther
(1969). According to Platt et al. (2007), although it has been difficult
to prove the causal connections between properties of marine ecosys-
tems and fisheries success, remote sensing is the appropriate tool to
examine spatial and temporal variations of primary productivity,
the first-order link between fisheries and the ecosystem that supports
them.

In this paper, we have combined in situ data collected along
a trophic gradient in the eastern North Atlantic Subtropical
Gyre (NAST) province (Longhurst et al., 1995), with oligotrophic
(Horseshoe seamounts), mesotrophic (Azores Islands) and eutrophic
(upwelling Portuguese coast) areas, sampled from 2005 to 2010, as
well as data from Atlantic Meridional Transect (AMT) cruises
within the area 30-43° North and 8.5-30° West. Diagnostic pigment
analysis, together with microscope cell counts and flow cytometry
data from the area, were used in combination with a conceptual
model of phytoplankton size structure (Brewin et al., 2010), to derive
maps of size-fractionated phytoplankton cell counts in the eastern
Atlantic.

The main objectives of this work were: (i) to parameterise the
conceptual model of Brewin et al. (2010) to a specific region; and
(ii) to use intracellular chlorophyll estimates for the three size-classes,
computed from the in situ database, to map cell abundance from
remotely-sensed chlorophyll-a.

2. Methodology

Data were collected from several cruises in the eastern North
Atlantic during 2005 to 2010. Additionally, data from the Atlantic
Meridional Transect (AMT) cruises 2-19, collected from 1996 to 2009,
were provided by the British Oceanographic Data Centre (BODC), com-
prising photosynthetic pigments and cell enumeration from flow
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cytometry. A total of 1100 samples (including 381 AMT samples) were
used in our analysis. Fig. 1 shows the study area and Table 1 summarises
the relevant properties measured during the different cruises.

Analysis of phytoplankton pigments by HPLC on AMT data
followed the methodology of Gibb et al. (2000). For the other cruises,
the following method was used: water samples were filtered onto
Whatman GF/F filters. Pigments were extracted with 2-5 ml of
95% cold-buffered methanol (2% ammonium acetate) for 30 min at
-20 °C, in the dark. Pigment extracts were analysed using a Shimadzu
HPLC comprising a solvent delivery module (LC-10ADVP) with
system controller (SCL-10AVP), a photodiode array (SPD-M10ADVP),
and a fluorescence detector (RF-10AXL). Two different protocols were
used:

1) Chromatographic separation was carried out using a C18 column
for reverse-phase chromatography (Supelcosil; 25 cm long;
4.6 mm in diameter; 5 pm particles) and a 35 min elution
programme. The solvent gradient followed Kraay et al. (1992)
adapted by Brotas and Plante-Cuny (1996) with a flow rate of
0.6 ml min~! and an injection volume of 100 pl. This procedure
was applied to samples from Cascais NRO5, Nazaré 2006, Nazaré
PGO6 and Azores.

Chromatographic separation was carried out using a monomeric
0OS C8 column (Symmetry C8, 15 cm long, 4.6 mm in diameter,
and 3.5 um particle size). The solvent gradient followed Zapata
et al. (2000) with a flow rate of 1 ml min~!, an injection volume
of 100 I, and 40 min elution programme. This procedure was
applied to samples from Horseshoe seamounts (cruises POS384
and HM09) and Nazaré 2010.

—

The first protocol was developed mostly for estuarine and coastal
samples. It has significantly lower detection and quantification limits
than the second one, as well as a shorter elution programme and a
lower solvent flow rate, making it cheaper and faster. The second
protocol has the advantage of discriminating chlorophylls c1 and c2,
as well as monovinyl chlorophyll-a and divinyl chlorophyll-a (divinyl
chlorophyll-a is present in Prochlorococcus, whereas all the other
phytoplankton taxa contain monovinyl chlorophyll-a). Further details
of both methods can be seen in Mendes et al. (2007) and Hooker et al.
(2012).
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A quality control filter was applied to all pigment data, following
Aiken et al. (2009), which uses the relationship of accessory pigments
(i.e., all carotenoids plus chlorophylls b and c) and total chlorophyll-a
(the sum of monovinyl chlorophyll-a, divinyl chlorophyll-a and
chlorophyllide a) to accept or eliminate particular samples or entire
cruises.

For pico- and nano-plankton cell counting, samples from POS384
and HMO09 cruises were collected in 3.5 ml cryovials, preserved with
formaldehyde, kept in liquid nitrogen during the cruise, and stored
at —80 °C until analysis. An Accuri C6 Flow Cytometer was used,
following the procedure described in Tarran et al. (2006), but with a
flow rate of 100 ul min~—! and a sample volume of 500 pl. Within
the analysis it was possible to resolve Prochlorococcus, Synechococcus,
pico-eukaryotes, coccolithophores, cryptophytes and other nano-
eukaryotes. Flow cytometric cell counting in AMT samples is
described in Tarran et al. (2006).

Microscope cell counts were performed on Azores and Cascais
NRO5 cruise samples using the Utermohl technique, with sam-
ples preserved with neutralised formalin (2%), in 100 ml settling
chambers (Silva et al, 2008). Scanning electron microscope
images were obtained for some samples of POS384: water volumes
of 2.5-41 from different depths were filtered through Nuclepore
filters, dried at 40 °C in Petri dishes for 12 h and sealed with
Parafilm® until observation in a JEOL JSM-5200LV microscope. Cell
enumeration results, from flow cytometer and microscope counts
were used to compute Intracellular chlorophyll-a concentrations
(see below).

The size classes were assessed from pigment concentration using
the method proposed by Vidussi et al. (2001), in which the fraction of
each size class is given by the ratio of diagnostic pigments characteristic
of the algal groups contributing to that size class to the sum of all seven
diagnostic pigments, with weighting proposed by Uitz et al. (2006).
Here, the weighted sum of all diagnostic pigments, equivalent to total
chlorophyll-a is computed from the expression C=}_ W;P;, where
W={1.41, 1.41,1.27,0.35, 0.6, 1.01 and 0.86}, and P = {fucoxanthin,
peridinin, 19’hexanoyloxyfucoxanthin, 19’butonoyloxyfucoxanthin,
alloxanthin, chlorophyll b + divinyl chlorophyll b and zeaxanthin}.

The following steps were performed: i) The fractions of
chlorophyll-a concentrations associated with each size class were
inferred from the relative concentration of the seven diagnostic
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Fig. 1. Map of sampling stations. Blue — Ampere Seamount; Black — Seine Seamount; Light Blue — Gettysburg Seamount; Red — Gorringe Seamount; Grey — Cascais (NR05); Light
Green — Nazaré PG06, Nazaré 2006 and Nazaré 2010; Green — Azores; Purple — AMT cruises.
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Table 1
Summary of the cruises.

Cruises/Data sets Latitude Trophic status Date No. of stations ~ Observations HPLC
Longitude W, Flow cytometry (FC)
decimal degrees Cell counts (CC)

Horseshoe seamounts: 33.4°-36.7° N Oligotrophic 8-25 May 2009 15 Profiles till 150 m HPLC
Seine, Ampere, Gettysburg ~ 11.5°-14.4° W FC
(POS384 cruise)

Horseshoe seamounts: 36°-37°N Oligotrophic 2-6 June 2009 14 Profiles till 100 m HPLC
Gorringe 10°-12° W FC
(HMO9 cruise)

Azores 2008/2009 36.9°-38.9° N Mesotrophic May-June 2008 27 Surface, 15 and 30 m HPLC
S. Miguel 25.0°-27.4° W April-July 2009 27 CC
Santa Maria
Terceira

Nazaré 2006 39.2°-39.8° N Upwelled 22 June-5 July 2006 92 Surface HPLC
9.1°-9.9° W coast

Nazaré 2010 39.3°-39.71° N 6-18 March 2010 71 Profiles till 50 m HPLC
9.1°-9.8° W

Nazaré PG06 Fixed point 10-11 1 5, 50 m and DCM HPLC
39.61° N Sept 2006 (24 h cycle)
9.29° W

Cascais NRO5 38°-39° N Vicinity of Tagus river 29 August-6 Sept 2005 228 Surface, and DCM samples ~ HPLC
9°-10°' W CC

AMT 2, 3,4, 6, 8, 10, 12, 13, 33°-43°N Oligotrophic 1996-2009 74 Profiles till 150 m HPLC
14, 15,18 and 19 10°-30° W FC for

AMT13, 18 and 19

pigments listed above, using a pico-eukaryote adjustment (see Brewin
et al,, 2010 and Hirata et al., 2011). The fractions were then multiplied
by the in situ chlorophyll-a concentration to derive size-specific
chlorophyll-a concentrations; ii) we then fitted the model developed
by Brewin et al. (2010), which calculates the fractional contributions
of the three phytoplankton size classes (micro-, nano- and pico-
plankton) as a function of total chlorophyll-a, to the whole in situ
data (see Brewin et al., 2011a for details on how the model was
fitted); and then iii) intracellular chlorophyll-a concentrations for each
size class were calculated by dividing size-specific chlorophyll-a concen-
trations by the cell enumeration results (microscope counts and
flow cytometry) for each sample. Uncertainty in size-fractionated
chlorophyll-a was computed by taking the mean of the absolute value
of the difference between the model of Brewin et al. (2010) and the in
situ data, relative to the in situ data; whereas uncertainty in intra-
cellular chlorophyll-a for each size class was computed as the average rel-
ative deviation in the size-specific intracellular chlorophyll-a concentra-
tions, with respect to its mean. Knowing the relative uncertainty in
size-fractionated total chlorophyll-a and intra-cellular chlorophyll-a,
allowed the computation of the fractional uncertainty in cell counts,
since the fractional error of a quotient is approximately the difference be-
tween the fractional errors in the numerator and denominator (Topping,
1962).

The euphotic depth (Z.,) for each sample was estimated using the
surface chlorophyll-a concentration following Morel et al. (2007). The
first optical depth was then computed as Z.,/4.6. Although the
equation in Morel et al. (2007) was derived for case I waters, we
used it for all samples, as our objective was only to re-calculate
chlorophyll-a per cell for each size class, taking into account only
samples collected within the first optical depth of the water column,
the layer typically detectable by satellite ocean-colour.

By applying the three-component model of Brewin et al. (2010) to
satellite chlorophyll-a data, using model parameters based on our in situ
dataset in the first optical depth, the satellite derived size-fractionated
chlorophyll-a concentrations were computed on a pixel-by-pixel basis.
Then with the size-specific intracellular chlorophyll-a concentrations,
derived from our in situ database, cell abundances for each size class
were computed on a pixel-by-pixel basis. We applied this approach to a
Level 3 Aqua MODIS monthly composite for May 2009 and produced a
cell abundance map at a synoptic scale for the study region.

3. Results

This study included samples along a trophic gradient within the
biogeochemical province eastern North Atlantic Subtropical Gyre
(NAST), comprising oligotrophic areas in the mid-Atlantic and eutrophic
areas of the Portuguese upwelled coast, also covering the Horseshoe
seamounts and the Azores (islands of S. Miguel, Santa Maria and
Terceira). Fig. 2 shows the average, standard deviation and median of
total chlorophyll-a for the cruises listed in Table 1. The distribution of
the data was as follows: 22% with Chla<0.1 mg m 3, 63% within the in-
terval 0.1<Chla<1 mg m~>,and 15% with Chla>1 mg m 2, the overall
average and median being 0.55 and 0.27 mg m~> respectively. The
highest concentrations (8-10 mg m~>) were found over Nazaré Canyon
in July 2010, during a strong upwelling event. The majority of the sam-
ples (56%) were taken within the first optical depth.

Similar average and median chlorophyll-a values were recorded for
AMT cruises, Seine, Ampere, Gettysburg and Gorringe seamounts and
Santa Maria Island. However, phytoplankton assemblages at seamounts
were distinct from the AMT: results from flow cytometry showed that
the percentage of Synechococcus spp. and Prochlorococcus spp. to total
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Fig. 2. Chlorophyll-a averages, standard deviation and medians for the various cruises.
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pico- and nano-plankton biovolume was only 6% for seamounts but 60%
for AMT samples. In Terceira and S. Miguel, a rich and diversified
population of coccolithophores was observed, with cell abundances
up to 35x10° cells =", The cruises off the Portuguese continental
coast (Cascais NRO5 and Nazaré) had 30% of samples with values of
Chla>1 mg m?3, this biomass increase was due to upwelling (as in the
case of Nazaré) or to the influence of the Tagus Estuary, with incoming
riverine nutrients (as is the case of Cascais); micro-plankton fraction,
estimated from pigments data, according to Uitz et al. (2006), was on
average 77% occasionally reaching 97%.

The application of the three-component model of Brewin et al.
(2010) to our dataset is shown in Fig. 3. Plotted on the y-axis are
the concentrations of chlorophyll-a attributed to micro-plankton
(Cm), to nano-plankton plus pico-plankton (Cp ), to nano-plankton
alone (Cy,) and to pico-plankton alone (Cp), with total chlorophyll-a
on the x-axis. The fractional contributions of micro-plankton (Fy,),
the sum of nano-plankton and pico-plankton (Fyp), nano-plankton
(Fn), and pico-plankton (F,) are also shown in the figure as a function
of total chlorophyll-a. The parameters of the model include the as-
ymptotic maximum of chlorophyll-a that small size classes can
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reach (C™®, either <20 um or <2 pm), and the initial slope (S) of
the curve describing the size-fractionated chlorophyll-a as a function
of total chlorophyll-a for the small cells. Values of the model parame-
ters are presented in Table 2. There was a significant difference in
model parameters above and below the first optical depth. The
value obtained for C™® was always greater below the first optical
depth, which is consistent with the increase in chlorophyll-a content
per cell with decreasing light levels.

Fig. 4 shows the size-class fractions estimated for the first optical
depth, and for the layer below the first optical depth. The model
displays similar distributions for micro-plankton (Fig. 4a, e), and
combined nano-pico-plankton fractions (Fig. 4b, f) for both optical
depths, but with higher mean absolute error (MAE) in the lower
layer. The main differences were in the pico- and nano-plankton
distributions. At low chlorophyll-a concentrations (<0.1 mg m~3),
pico-plankton are dominant in the first optical depth, whereas the
fractional contributions of pico- and nano-plankton are similar in
the deeper layer.

Fig. 5 shows the size-specific intra-cellular chlorophyll-a concen-
trations obtained for the whole dataset (Fig. 5a), the first optical
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Fig. 3. (a-d) The three component model fitted to chlorophyll-a values associated with the different size classes: micro-plankton (Cm), pico-plankton and nano-plankton combined
(Cp,n), nano-plankton by itself (Cn), and pico-plankton by itself (Cp). (e-h) The size-specific fractional contributions of micro-plankton (Fm), nano-+ pico-plankton (Fn,p),
nano-plankton (Fn), and pico-plankton (Fp), plotted according to the model as a function of total Chla (MAE: mean absolute error). For (a-d) these are provided in log10 space,

and for (e-h) in linear space.
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Table 2

Parameter values obtained for the three component model applied to our dataset. (C™**): asymptotic maximum of chlorophyll-a for this size class, (S): the initial slope of the curve.

Bracket values represent upper and lower 95% confidence interval.

Model parameters (Brewin et al., 2010) All data Abovelst optical depth Below 1st optical depth
C™ nano- + pico-plankton 0.356 (0.328 to 0.386) 0.280 (0.249 to 0.314) 0.421 (0.380 to 0.467)
C™* pico-plankton 0.071 (0.064 to 0.079) 0.058 (0.054 to 0.063) 0.119 (0.098 to 0.143)
S nano- + pico-plankton 2.587 (2.345 to 2.852) 3.417 (2.957 to 3.915) 2.166 (1.902 to 2.458)
S of pico-plankton 10.803 (8.820 to 13.062) 17.056 (14.693 to 18.646) 3.910 (2.878 to 5.252)

depth (Fig. 5b) and below the first optical depth (Fig. 5c¢), with the
median, mean and mean absolute deviations. The estimated intracellu-
lar chlorophyll-a content ranges over 5 orders of magnitude from pico-
to micro-plankton cells, which is reasonable, as cell volume spans 5 or 6
orders of magnitude from prochlorophytes (0.113 um?>, Tarran et al,,
2001) to diatoms or dinoflagellates (for example, Detonula pumila,
13,500 um>, and Ceratium furca, 46,000 um>, both common species
along the Portuguese continental coast and the Azores). The intracellu-
lar chlorophyll-a concentration was consistently higher in samples from
lower light levels, in all size classes. The median values obtained for all
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the dataset were 0.004, 0.224 and 26.78 (pg Chla cell™!), for pico-,
nano- and micro-plankton, respectively, consistent with values from
the literature (see Table 3). Moreover, the range of intracellular
chlorophyll-a indicated in Table 3, and plotted in Fig. 5a as horizontal
coloured bars, for pico-, nano- and micro-plankton size classes, was in
accordance with the limit values estimated for each size class. It should
be noted the species Skeletonema costatum and Thalassiosira pseudonana
(Table 3) have dimensions which do not fit into the micro-plankton cell
size category (as a number of other diatom and dinoflagellate species),
and, hence, were not considered for Fig. 5a.
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mean absolute error).
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Fig. 5. Chlorophyll-a per cell for pico-, nano-, and micro-plankton, estimated from cell enumeration results and chlorophyll-a concentration in different size classes estimated using
the model of Brewin et al. (2010), considering (a) all data; (b) only samples from the 1st optical depth; and (c) only samples from below the 1st optical depth (c). Median, mean and
absolute deviation are displayed. In (a), the blue, green and red horizontal bars represent the range of values found in literature for pico-, nano,- and micro-plankton respectively

(see Table 3).

A cell-abundance map for each size class, with the corresponding
fractional chlorophyll-a concentration, from an Aqua MODIS monthly
composite image of May 2009 is shown in Fig. 6. The ranges obtained
for the three size classes cell numbers were as follows: for
pico-plankton, 9.9x10° to 2.9x 10'°, for nano-plankton 2.3x 107 to
1.9%10° and for micro-plankton, 8.1x10% to 3.2x10% cells m 3.
Relative uncertainty for each pixel was computed as 59%, 41% and
48% for pico-, nano- and micro-plankton respectively. Pico-plankton
relative contribution to total chlorophyll-a concentration is 60-70%
in the oligotrophic subtropical gyre, micro-plankton attained 70%
along the coast and north of 40° N, whereas nano-plankton contribu-
tion never exceeded 50%, the higher values being located in the
regions where neither pico- nor micro-plankton dominated, in
terms of chlorophyll-a concentration.

The geographic pattern obtained was consistent with knowledge
of the eastern NAST province (Loureiro et al., 2011; Mendes et al.,
2011; Mendonga et al.,, 2012; Oliveira et al., 2009; Silva et al., 2008;
Silva et al., 2013; Tarran et al., 2006). The distinction between the
more productive sub-polar gyre and the oligotrophic subtropical
gyre is clearly seen in the distribution of the three size classes, with
each size class being higher by at least one order of magnitude in
the sub-polar gyre. Micro-plankton ranged from 8.1x10% to
3.2x10% cells m~3, being more abundant along the coasts of
Portugal, Galicia and Morocco, and above 40° N. Nano-plankton
abundance varied from 2.3x107 cells m~> around 30°-32° N, to
approximately 1.9x10° cells m—> along the coast. The map also

shows the ubiquitous presence of pico-plankton cells, ranging from
9.9%10° to 2.9x 10 cells m~3, which constitute at least 90% of
cell number throughout the chlorophyll-a range from 0.01 to
10 mg m 3.

The model predicted that the fraction of chlorophyll-a from
micro-plankton would be approximately 96% when total chlorophyll
was 10 mg m > (the maximum in situ value recorded), even though
the cell number would be only 1.3% of the total. This is due to the four
orders of magnitude difference between intracellular chlorophyll-a
from micro- and pico-plankton. Pico-plankton have a higher
abundance in terms of number of cells regardless of trophic status.
However, due to their low intracellular chlorophyll concentrations,
this size class contributes little to total chlorophyll biomass at high
concentrations. In such environments, larger cells with much higher
intracellular chlorophyll contribute the most to total chlorophyll
biomass, despite having lower cell counts.

4. Discussion

The potential use of ocean-colour remote sensing to map the
distribution of phytoplankton has stimulated research on several
bio-optical methods, which are based on phytoplankton pigment
data, to establish the relative contribution of different PSC or PFT
to total chlorophyll-a. The model of Brewin et al. (2010) used in
the present study, was applied directly to HPLC data to compute
chlorophyll-a from pico-, nano- and micro-plankton. The model was
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Table 3
Intracellular chlorophyll-a concentration (Chla), or divinyl chlorophyll-a (DVChla)
from the literature.

Chla or DivChla
pg cell !

Taxons Authors

Pico-eukaryotes

Prasinophyte Ostreococcus 0.04 Six et al. (2008)

Prochlorophytes (DivChla) 0.1-1x1073 Bouman et al. (2006)
0.1-7x1073 Veldhuis and Kraay (2004)
023x1073 Grob et al. (2007)
02-3x1073

Coccolithophores

Emiliana huxleyi 0.049-0.283 Saunders (1991)

E. huxleyi 0.075-0.1 Ra et al. (2010)

Prymnesiophytes

Pavlova lutheri 0.156-0.288 Saunders (1991)

Cryptophyceae

Hemiselmis sff virescens 0.032-0.194 Saunders (1991)

Chroomonas salina 0.30-1.131 Saunders (1991)

Isochrysis sp. 041 Our data, not published

Diatoms

Skeletonema costatum 0.27-0.61 Rivkin (1990)

Thalassiosira pseudonana 0.35 Hitchcock (1982)

Nitzschia sp. 1.32 Our data, not published

Thalassiosira weissflogii 2.70-5.21 Saunders (1991)

Cylindrotheca closterium 8.05 Ruivo et al. (2011)

Dytilum brightwellii 23-66 Rivkin (1990)

Detonula pumila 57 Our data, not published

Rhiizosolenia formosa 3.33-5.24x10? Richardson et al. (1996)

Dinoflagellates

Scripsiella trochoidea 1.26 Our data, not published

Amphidinium carterae 7.27 Ruivo et al. (2011)

S. trochoidea 9.76-11.18 Saunders (1991)

Prorocentrum lima 6.18-8 Our data, not published

Protogonyaulax tamarensis 11-42 Rivkin (1990)
(Alexandrium tamarense)

Akashiwo sanguinea 54 Park et al. (2002)

Gymnodinium instriatum 122 Park et al. (2002)

Gymnodinium nelsonii 307 Hitchcock (1982)

developed for case [ waters of the Atlantic Ocean. The present work
deals with a specific biogeochemical province, the North Atlantic
Subtropical Gyre (NAST, Longhurst et al., 1995) encompassing three
trophic regimes; oligo-, meso- and eutrophic (see Fig. 2). The applica-
tion of the model to a wide assemblage of data from this complex
area, proved to be successful, as shown by low mean absolute error
between data and model fit.

Nevertheless, the regional values obtained for the model parame-
ters, the asymptotic maximum of chlorophyll-a for the small cells
(C™) and the initial slope (S), were different from those presented
by Brewin et al. (2010) for the case I waters of the Atlantic Ocean as
a whole, which had some effect on the relative distribution of size
classes as a function of chlorophyll-a. Nano-plankton fraction was
higher than the pico-plankton fraction for total chlorophyll-a level
greater than 0.2 mg m 3, close to the corresponding value reported
by Brewin et al. (2010), but micro-plankton fraction was higher
than 50% for total chlorophyll-a level greater than 0.5 mg m~ 2,
whereas Brewin et al. (2010) indicated that the dominance of
micro-plankton started much later (1.3 mg m~3). These differences
illustrate the value of tuning the model to the region of interest. Our
dataset is more diverse than that of Brewin et al. (2010), in the
sense that it contains regions with low chlorophyll-a values, but
with seamounts and islands, where circulation patterns are complex.
It is thought that current-topography interactions may increase levels
of nutrients in oligotrophic waters found around seamounts (White
et al., 2007). The relative dominance of micro-plankton fraction at
chlorophyll-a concentrations near 0.5 mg m~>, indicated when the

model is applied to our data, is supported by microscope observations
and by ongoing work on the Portuguese Coast. Around Terceira
Island, values of 0.15 mg Chla m ™2 corresponded to a combined cell
abundance of diatoms and dinoflagellates of 23,000 cells I™'. At
the Ampére and Seine Seamounts, scanning electron microscopy,
showed not only the presence of coccolithophores (Emiliana huxleyi,
Gephyrocapsa, Umbiliscosphaera and Calcidiscus) but also the abun-
dance of diatom genera such as Pseudonitzschia, Chaetoceros,
Thalassiosira and Thalassiotrix. Specifically for the Seine Seamount,
Mendonga et al. (2012) reported a clear seamount effect on microbial
community structure and biomass during spring, with an increase
in all autotrophic groups (except Procchlorococcus), in relation to
reference stations away from seamounts, with an enhanced micro-
plankton cell abundance and species diversity. In conclusion, the
application of the Brewin et al. (2010) model to a region as the
north-east Atlantic, showed that the application of a conceptual
model, derived from a global database to the region is possible, as
long as the dataset spans a large range of chlorophyll-a values, and
provided the model is re-parameterised for the region using the
local data.

The dispersion of the data around the model plots, in particular
within the interval 0.1 to 1 mg Chlam~3, for nano-plankton, and
around 0.1 for pico-plankton, can probably be attributed to the diverse
nature of sampled sites, and concomitantly, to the heterogeneity of
phytoplankton assemblages. The set of pigments identified around
Azores islands and seamounts included a variety of pigments allocated
to nano-plankton classes, such as 19’hexanoyloxyfucoxanthin, 19’
butonoyloxyfucoxanthin, prasinoxanthin, alloxanthin and chlorophyll
b, but which could also be in part attributed to pico-eukaryotes,
detected by flow cytometry in Horseshoe Seamounts samples. In the
Azores samples, relatively high concentrations of fucoxanthin and
frequent occurrences of peridinin indicated the presence of diatoms
and dinoflagellates respectively (confirmed by microscopy cell
counts). As for AMT samples, phytoplankton communities were more
homogeneous, as 60% of biovolume was due to Synechococcus and
Prochlorococcus, a feature also evident in pigments results, as the
mean ratio zeaxanthin/total chlorophyll-a is significantly higher
(0.285 in AMT samples versus 0.098 in seamounts plus Azores
samples).

When the data were split into samples from above and below the
first optical depth, the results hardly differed for micro-plankton
fraction: this can be justified by the fact that diatoms, (always
the major contributor to micro-plankton in our samples, data not
shown), dominate in more turbulent, nutrient-rich environments
(Margalef, 1978), and hence their distribution was similar in both
optical depths.

The model distributions of the nano- and pico-plankton fractions
considered separately for the deeper samples were similar to
each other, with a plateau on the lower side of the scale for the
nano-plankton (Fig. 4g, h), instead of the higher fraction of pico- and
lower fraction of nano-plankton displayed in surface samples
(Fig. 4c, d). This implies that the contribution of pico-plankton at low
chlorophyll-a values is higher in surface waters than in deeper
waters. Uitz et al. (2006) highlighted deviations in the pico- and
nano-plankton concentrations, when comparing surface layers with
the integrated euphotic zone (see their Fig. 6). Moreover, Brewin et al.
(2010) showed a significant correlation between model parameters
and optical depth, suggesting that nano-plankton prevails in low
chlorophyll-a — low light environments, whereas pico-plankton
dominate in low chlorophyll-a, high-light conditions. The existence of
a deep nano-flagellate population has also been seen in the tropical
North Atlantic (Claustre & Marty, 1995), the North Pacific gyre
(Monger et al., 1999), Mozambique coast (Sa et al,, 2013), and in the
South Pacific (Ras et al., 2008), though the reason for its existence is
still unclear (see Ras et al., 2008). However, it remains to be studied to
what extend such apparent depth variations in size class at low



74 V. Brotas et al. / Remote Sensing of Environment 134 (2013) 66-77

10

9.0

logso [m"]
10

AQUA MODIS May 2009

Pico % chlorophyll

Nano % chlorophyll

."> i ?’g?}""’ 4 e
At X
E i3
S ety
b o
s
Y S
o b; 30
v,/

Micro % chlorophyll

g ;4
? ]" " sy
) = £

Fig. 6. Cell abundance estimation and chlorophyll-a relative contribution for the three size classes from remote sensing chlorophyll-a. An Aqua MODIS May 2009 monthly L3 com-
posite was used. Chlorophyll-a for each size class was estimated from the three component model, and divided by the mean chlorophyll-a per unit cell obtained from combining

information from the model, microscope cell counts and flow cytometry.

chlorophyll are influenced by the reductionist character of the diagnos-
tic pigment approach, and by higher errors in the model at lower
chlorophyll-a concentrations below the first optical depth (see Fig. 4).

Below the first optical depth, higher intracellular chlorophyll-a
concentrations (up to 2-fold) were observed for the three size classes
(Fig. 5) in relation to samples above the first optical depth. This is
expected considering the wealth of literature highlighting increasing
intracellular chlorophyll-a with decreasing light levels as a conse-
quence of photoacclimation. The median values obtained for all data
(0.004, 0.224 and 26.78 pg Chla cell ™! for pico-, nano-, and micro-
plankton respectively) are plausible values, and generally display a
unimodal distribution.

Table 3 summarises bibliographic information on intracellular
chlorophyll-a for many species along a cell size gradient, mostly
obtained in cultures. The dependence of chlorophyll-a content per
cell on light intensity, temperature and nutrient availability has
been thoroughly discussed (e.g. Geider et al., 1997), explaining the
large variability found in the literature. The ranges of intracellular
chlorophyll-a we found for the three size-classes are in accordance
with literature values (Table 3). There was a wide range of intracellu-
lar chlorophyll-a concentrations for micro-plankton species (Fig. 5),
which is likely due to the range in cell volume, as it can vary by 4
orders of magnitude within diatoms and dinoflagellates. It is
worth pointing out that there is a scarcity of data on intracellular
chlorophyll-a concentrations for common marine species.

Pigment-based size-class assignment has an inherent uncertainty,
because of two factors: on the one hand, the diagnostic pigments
used are not all unique to the phytoplankton taxa with which they

are mostly associated (e.g. fucoxanthin, the proxy for diatoms, is present
in other classes such as coccolithophores, pelagophytes or chrysophytes;
peridinin is not present in all dinoflagellate species and many pico-
eukaryotes contain fucoxanthin and 19’hexanoyloxyfucoxanthin, Roy et
al, 2011). On the other hand, some phytoplankton taxa, which typ-
ically belong to a certain size class, may have species that belong to
other classes. For example, diatoms, which are classified as micro-
phytoplankton, have species belonging to nano-plankton. Some of these
smaller diatoms (e.g. Pseudonitzschia spp. and Thalassiosira spp.) have
been reported as common species from the study area (Mendes et al.,
2011; Oliveira et al., 2009; Silva et al., 2008; Silva et al., 2013). Here, we
have combined a model for partitioning total chlorophyll-a into size clas-
ses that is based on diagnostic pigments, with cell abundances measured
using flow cytometry or microscope counts for large cells, to infer
intracellular pigment concentrations. The results are consistent with
values from the literature, providing some indirect validation for the
pigment-based method.

Based on the agreement between the model and in situ size-
fractioned chlorophyll data (Figs. 3 and 4), as well as the plausible
size-specific intracellular chlorophyll-a concentrations derived from
them (Fig. 5; Table 3), we have estimated cell abundances for the
three size classes from remotely-sensed chlorophyll-a. We used an
image (Fig. 6) to illustrate the method. May 2009 was chosen as more
than 200 in situ samples were taken in May and early June of 2009,
and the vast majority was collected in spring and summer. The image
showed a ubiquitous presence of pico-plankton cells, more abundant
in the richer waters above 40° N and east of 15° W. The existence of a
background population of small-sized cells was postulated by Yentsch
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and Phinney (1989), who suggested that in eutrophic waters, cell size
structure was modified by adding larger cells without any apparent
loss of the small-sized cells. Later, Chisholm (1992) indicated that in
nutrient-rich areas, pico-plankton attain their maximum chlorophyll-a
biomass (0.5 mg Chla m~—3), but that under such conditions they
represent only a small percentage of total chlorophyll.

Particle size distribution provides important information on ocean
ecosystem structure and function (Marafién, 2009). Kostadinov et al.
(2009) pointed out that few measurements of particle size distribution
have been made in the pelagic ocean and that little is known about its
time-space variation. They developed a bio-optical model to estimate
particle size distribution from remote sensing, based on the retrieval of
the backscattering coefficient spectrum from SeaWiFS normalised water
leaving radiance. Despite the differences between the Kostadinov et al.
(2009) approach (designed to derive total particle size at global scales)
and ours (designed to retrieve phytoplankton size classes at regional
scales from chlorophyll-a concentration), there are similarities in the
results from both approaches: for example, all three size classes are
more abundant in more productive regions, at least by two orders of
magnitude. The ranges they found were: for pico-plankton 10° to
102, for nano-plankton 10° to 10'' and for micro-plankton, 10° to
108 cells m—>. Our results, estimated for a specific biogeochemical
province, fit within the same orders of magnitude, but, with some differ-
ences which would be expected considering the characteristics of the
eastern North Atlantic, compared with the global ocean, that result
in narrower ranges in this study: for pico-plankton, 9.9x10°
to 2.9x10'°, for nano-plankton 2.3x107 to 1.9x10° and for micro-
plankton, 8.1x10% to 3.1x 108 cells m 3.

In situ studies from this area confirm these ranges. For micro-
plankton off the Portuguese coast, Oliveira et al. (2009) established
2x108 cells m~3 as the threshold for considering a bloom event,
reporting a maximum of 3.51x108 cells m~>. Studying the Seine
Seamount, Mendonca et al. (2012) recorded 4 x10'° cells m~2 for
pico-plankton (including Synechococcus, Prochlorococcus and pico-
eukaryotes) and 1x10° cells m—3 for autotrophic nano-flagellates.
Veldhuis and Kraay (2004), reported 1.55x 10! cells m 3 for surface
pico-plankton (where more than 95% was Prochlorococcus) and
3% 108 cells m~3 for small eukaryotes for the subtropical Atlantic
Ocean (their stations 4 and 5). Whereas pico-plankton values of
Mendonga et al. (2012) fit within our uncertainty range (4-60%),
those reported by Veldhuis and Kraay (2004) surpass it by half an
order of magnitude. However, it should be noted that our image
represents only a composite for May 2009, aiming at illustrating the
possibilities of this approach.

5. Conclusion

The results obtained in this work indicate that the estimation of
cell abundances from remotely-sensed chlorophyll-a seems to be a
promising avenue. Long time-series of remote sensing derived
information on size structure offer the possibility to detect shifts
in phytoplankton communities as a response to global changes.
Moreover, in the context of global change, we have to consider that
the ecosystem response to the change may also include changes to
the relationship between total chlorophyll and phytoplankton size
structure.

The three component model of Brewin et al. (2010) describing the
distribution of size-classes as a function of chlorophyll-a was imple-
mented at a relatively large regional scale along a trophic gradient
using regional measurements. Though the model holds at the regional
scale, some differences in the model parameters and characteristics
emerged, which are possibly explained by the ecological characteris-
tics of sampling areas.

Results support the assumption that there is an overall dominance
of pico-plankton, in terms of cell numbers from oligotrophic to
eutrophic regions. More productive areas present higher cell numbers

in all cell size classes, but the increase in chlorophyll-a is given by the
increment in chlorophyll-a fraction due to larger cells.

The approach presented in this work, whereby the abundance of
cell-size classes of phytoplankton can be derived from satellite
imagery is a novel and promising contribution to the understanding
of the biogeochemical role of phytoplankton in our planet.
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