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The study of particle size distribution (PSD) gives insights on the dynamics of distinct pools of particles in the
ocean, which reﬂect the functioning of the marine ecosystem and the eﬃciency of the carbon pump. In this
study, we combined continuous particle size estimations and discrete measurements focused on phytoplankton
to describe a spring bloom in the North West Mediterranean Sea. During April 2013, about 90 continuous
proﬁles of PSD quantiﬁed through in situ laser diﬀraction and transmissiometry (the Laser in situ Scattering and
Transmissiometry Deep (LISST-Deep), Sequoia Sc) were complemented by Niskin bottle samples for ﬂow cytometry analyses, taxonomic identiﬁcation by optical microscopy and pigments quantiﬁcation. In the euphotic
zone, the PSD shape seen by the LISST was fairly stable with two particle volume peaks covering the 2–11 µm
and 15–109 µm size fractions. The ﬁrst pool strongly co-varied with the chlorophyll ﬂuorescence emitted by
phytoplankton cells. In addition, over the 2–11 µm fraction, the LISST derived abundance was highly correlated
with the abundance of nanophytoplankton counted by ﬂow cytometry. Microscopy identiﬁed a phytoplankton
community dominated by nanodiatoms and nanoﬂagellates. High correlation of LISST derived particle carbon
and Particulate Organic Carbon and high nitrogen in the Particulate Organic Matter also supported a dominance
of actively growing phytoplankton cells in this pool. The second, broader pool of particles covering sizes
15–109 µm was possibly microﬂocs coming from rivers and/or sediments. This study demonstrates the complementarity of continuous measurements of PSD combined with discrete measurements to better quantify size,
abundance, biomass, and spatial (both vertical and horizontal) distribution of phytoplankton in open ocean
environments.

1. Introduction
Plankton is a key compartment of marine ecosystems. The relation
between plankton sizes and their rates of growth or sinking, referred to
as allometry, is widespread (Peters, 1983). Sampling the size distribution of plankton in situ oﬀers strong clues about the biomass stocks and
ﬂuxes that may transit between the various planktonic compartments.
The size distribution is complementary to the species composition, with
the advantage of being easier to measure. However, no single device
can sample the whole size spectrum of organisms which covers several
orders of magnitude. Any given device can only measure a speciﬁc size
range with at a speciﬁc resolution given its construction and the rarity
of large particles for a given volume sampled. Therefore, several devices
must be used simultaneously in order to observe each part of the size

⁎

spectrum. For instance, mesozooplankton organisms (200–2000 µm)
can be quantiﬁed by the Laser Optical plankton counter (LOPC, Herman
et al., 2004; Espinasse et al., 2014). Nano to micro organisms
(1.25–200 µm) can be characterized using the LISST (Laser in situ
Scattering and Transmissiometry), an instrument based on laser diffraction recently used to study living particles (Karp-Boss et al., 2007).
For the ultraplankton (1–10 µm, Strickland, 1965), ﬂow cytometry has
been used very successfully for the last 30 years (Yentsch et al., 1983).
In controlled conditions, the LISST allowed for the sizing and distinguishing of phytoplankton cells of contrasting shapes, provided they
were approximately spherical (Karp-Boss et al., 2007; Rienecker et al.,
2008; Font-Muñoz et al., 2015). In coastal areas, LISST estimates of
particle volume and abundance compared well with particulate organic
matter and chlorophyll a (Chl-a) measurements (Serra et al., 2001;
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Anglès et al., 2008; Kostadinov et al., 2012). More recently, oﬀ Hawaii
at Station ALOHA in open-ocean oligotrophic conditions (Barone et al.,
2015; White et al., 2015) LISST particle abundances compared well
with phytoplankton abundances from ﬂow cytometry. However, to our
knowledge, no large scale oceanographic campaign has ever combined
LISST measurements with several single cell techniques such as ﬂow
cytometry and optical microscopy. In the Northwestern Mediterranean,
we gathered a large set of LISST proﬁles acquired in parallel with discrete bottle samples in the context of the Deep Water formation EXperiment (DeWEX) cruise. The objectives of this study were to combine
these methodologies to (i) describe the particle pools seen by the LISST
over the region, (ii) to discriminate the phytoplanktonic part in light of
discrete measurements performed by ﬂow cytometry and microscopy,
and (iii) to analyze their spatial distribution in relation with their environment. The information collected allows for an accurate characterization of the phytoplankton bloom.
2. Materials and methods
2.1. The DeWEX cruise
The dataset was acquired during the second cruise of the Deep
Water formation EXperiment (DeWEX-2) (MERMEX French Program;
Conan (2013) doi: 10.17600/13020030), onboard the R/V Le Suroît.
Sampling was carried out from April 5th to April 24th 2013 and covered the Northwestern Mediterranean Sea basin (Fig. 1).
A total of 100 stations were distributed following a star-shaped path
crossing the cyclonic circulation of the basin. At each station, a sensor
measuring
conductivity,
temperature,
and
depth
(CTD,
SeaBirdElectronics’ 911+ technology) was deployed in the water
column. The CTD was coupled to a rosette carrying 12 L Niskin bottles.
Beam transmittance (WetLabs C-Star at 650 nm) and chlorophyll
ﬂuorescence (Chelsea Aquatracka III) were measured. The CTD-rosette
lowering speed was 1 m s−1. During the ascending proﬁle bottles were
closed with on average 5 bottles in the upper 100 m. Particulate nitrogen (PON) and phosphorus (POP) were simultaneously analyzed
according to the wet oxidation procedure of Pujo-Pay and Raimbault
(1994). PON and POP were collected by ﬁltration of about 500 mL of
seawater onto precombusted (24 h) 0.7 µm pore size glass ﬁber ﬁlters
(Whatman GF/F, 25mm), that were immediately oxidized (30 min at
120 °C) into a Teﬂon vial. Filters were dried in an oven and stored, in
ashed glass vial and in a dessicator until analyses in the laboratory on a
continuous ﬂow analysis (AAIII HR). Particulate organic carbon (POC)
was collected by ﬁltration of about 3 L of seawater onto precombusted
(24 h) 0.7 µm pore size glass ﬁber ﬁlters (Whatman GF/F, 25 mm) as
recommended in Schöniger (1952) protocol. Filters were dried in an
oven and stored in ashed glass vial and in a dessicator until analyses in
the laboratory on a CHN Perkin Elmer 2400. Chlorophyll pigment
concentrations were quantiﬁed by HPLC (High Performance Liquid
Chromatography) following Vidussi et al. (1996), modiﬁed by Claustre
et al. (2004). The ﬂuorescence signal of the ﬂuorometer was calibrated
with Chl-a pigment concentrations from HPLC as described in Mayot
et al. (2017). A LISST-Deep (Sequoia Scientiﬁc) was placed vertically on
the side of the rosette. Optical windows of LISST were rinsed with
MilliQ water and wiped carefully prior to each cast.
2.2. LISST measurements
The LISST-Deep instrument obtains in situ measurements of particle
size distribution, optical transmittance, and the optical volume scattering function (VSF) at depths down to 3000 m. In this study, it
measured the light attenuation and scattering from a red light-emitting
laser diode of 670 nm wavelength at a frequency of 1 Hz. Using Mie
Theory, the scattering signal was transformed into particle volume
concentration (hereinafter VC) in µL L−1 within 32 size classes, covering the size range 1.25–250 µm with log-based increments [Agrawal

and Pottsmith, 2000]. Note that we refer to the class boundaries in the
text, while in the ﬁgures we use the center of classes. Following the
conclusions of White et al. (2015), the kernel matrix corresponding to
spherical particles was used to invert scattering into VC. The LISST
measures all particles, independently of their nature (biogenic or not).
A background scattering measurement is necessary to compute particle
volume from the measured signal. Here, following Barone et al. (2015),
we took the in situ minimum raw scattering signal for each proﬁle in the
200–1000 m layer, to avoid the thick bottom nepheloid layers (Durrieu
de Madron et al., 2017).
2.2.1. Quality check of LISST data
The pressure sensor of the LISST had a spurious oﬀset so we used the
CTD pressure sensor to correct LISST proﬁle depths. First the deepest
measurement of the LISST was oﬀset to correspond to the deepest CTD
measurement. Then, each LISST proﬁle (total VC) was plotted together
with synchronous measurements of ﬂuorescence and/or transmittance.
For 22 proﬁles showing proﬁle mismatch (detected as an oﬀset of a
vertical gradient or a peak greater than 2 m, see Fig. 2) a manual oﬀset
was applied to make the LISST proﬁle match ﬂuorescence and/or
transmittance ones. Measurements were retrieved from the downward
casts only. To avoid contamination by particles smaller and larger than
the range covered by the LISST and ambient light contamination, data
from the 1st and 32nd size classes were ignored (Andrews et al., 2011).
Because of the high VC and high variability at classes 31 and 32 (from
180 to 250 µm) potentially impacting neighboring bins (Agrawal and
Pottsmith, 2000), we discarded classes 29–32 from our analysis, restricting our analysis to classes below 128.9 µm (i.e. 27 classes from
2nd to 28th).
Then, for each proﬁle, a quality control procedure was applied: (I)
LISST measurements with a VC larger than 1 µL L−1 in any class were
considered as outliers and removed. 1 µL L−1 is an upper bound for
surface volume concentration, considering this and other dataset collected in the same region. LISST measurements corresponding to layers
with Brunt–Väisälä frequency N exceeding 0.025 s−1 were also removed to avoid “shlieren” (Mikkelsen et al., 2008) (0.04% of measurements). (II) Following Barone et al. (2015), measurements were
removed (2.1% of measurements) whenever they fell outside of the
mean ± 3 standard deviation of a 10 m centered bin (containing 10
LISST measurements on average). (III) A median ﬁlter with a window
size of one meter was applied. There was generally one measurement
per meter but near the surface it could increase up to ten per meter.
Then (IV) data were vertically interpolated on a one-meter resolution
grid to ﬁll the gaps. As transmittance was greater than 76% across all
proﬁles, multiple scattering by particles was always negligible (Agrawal
and Pottsmith, 2000). For three stations, wind speed exceeded 11 m s−1
and may have induced bubbles impacting LISST scattering signal near
the surface (Barone et al., 2015). However, no visible eﬀects on PSD
were detected.
2.2.2. LISST derived parameters
For a given size class i, the abundance of particles (Ni; particles L−1)
was calculated by dividing the VCi measured by the spherical volume
(Vi; µL) of a sphere of diameter equal to this class center.

Ni = VCi /Vi
From the PSD, the median particle diameter was computed for all size
classes (D50t) and for classes corresponding to the nanophytoplankton
size range (2–20 µm, D50nano). For particles in the size range
2–109 µm, the carbon content (Bi; μmol C dm−3) was estimated according to Menden-Deuer & Lessard's (2000) equation:

Bi = 10−0.583 × Vi0.860 × 8.3·10−08 × Ni
with Vi in µm3. Constant values in the equation were chosen to correspond to a phytoplankton community essentially composed by autotrophic protists including diatoms whose volume is smaller than 3000
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Fig. 1. Map of CTD stations during DeWEX 2nd cruise (04/05/2013–04/24/2013). Stations in red dots were analyzed with ﬂow cytometry. Numbering follows chronological order.
Isobaths 100 m and 1000 m are traced.

µm3 according to microscopic observations. For consistency, we chose
to keep the same equation to estimate the carbon content of particles of
volume greater than 3000 µm3 (ESD > 18 µm).

2.3. Flow cytometry measurements
The abundances and size classes of phytoplankton were analyzed
using traditional bench top ﬂow cytometry. Samples were ﬁrst collected
in a 40 mL bottle from which 4 mL vials containing 0.02% ﬁnal concentration glutaraldehyde were ﬁlled and incubated for 15 min in the
dark. Samples were then frozen at −80 °C until analysis.
For each sample, 500 µL of the working subsample (950 µL of the
sample + 50 µL of a Trucount® beads solution + 10 µL of a 2 µm
diameter beads solution) was analyzed by an Accuri™ C6 (BD
Biosciences) ﬂow cytometer. Accuri™ C6 was equipped with a 488 nm
laser beam and a 640 nm laser beam. It measured green ﬂuorescence
(FL1; 533/30 nm), orange ﬂuorescence (FL2; 585/40 nm) and Red
ﬂuorescence (FL3 > 650 nm) induced by the blue (488 nm) laser beam;
and a far red ﬂuorescence (FL4 675/25 nm) induced by the red (640
nm) laser beam. It also recorded Forward (0°, ± 13°) and Side
(90°, ± 13°) Light Scatter intensities. Enumeration and mean optical
properties were extracted using the AccuriCFlow Sampler (BD
Biosciences) software. The concentration of Trucount® beads solution

was used to verify ﬂow stability. The use of 2 µm beads helped deﬁning
the forward scatter threshold separating pico- (size < 2 µm) and nanophytoplankton (2–20 µm) on 2D projections (cytograms). Cytometry
only counted ﬂuorescent particles as measurements were triggered by
autoﬂuorescence.
Eight cytograms were used to deﬁne areas corresponding to statistical phytoplankton populations, according to their own characteristics
(size, ﬂuorescence) as described in the literature (Veldhuis and Kraay,
2000; Grégori et al., 2001). In the following, this dataset is referred to
as traditional ﬂow cytometry.
An independent dataset was acquired during the cruise with an
automated ﬂow cytometer (Cytosense benchtop ﬂow cytometer from
CytoBuoy b.v) installed on a dedicated continuous sampling system set
up to pump surface water (at 3 m depth, Dugenne et al., 2014). The
Cytosense automated ﬂow cytometer was equipped with a 488 nm laser
beam. The volume analyzed was controlled by a calibrated peristaltic
pump and each particle passed in front of the laser beam at a speed of 2
m s−1. The particle resolved size range varied from < 1 µm up to 800
µm in width and several hundreds of µm in length for chain forming
cells. The trigger to record a signal was based on pigment ﬂuorescence.
The instrument allowed for the quantiﬁcation of pico-, and nanophytoplankton populations, up to microphytoplankton when abundant
enough in the 5 mL analyzed. Each phytoplankton group was manually
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Fig. 2. Station 99. (A) Vertical proﬁle of VC for pico > 1.5 µm, nano
and micro size classes from the LISST (respectively gray, black and
dark red dots), calibrated ﬂuorescence and Chl-a concentration from
bottles (respectively green line and dots). (B) PSD for layer above
Zﬂuo=0.03 and C) for layer below Zﬂuo=0.03. ESD marks represent class
centers. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

Table 1
Census of stations and discrete measurements (n=) available for comparison in our dataset.

CTD-ﬂuo
LISST
Microscopy
Flow cytometry

CTD-ﬂuo

LISST

Microscopy

Flow cytometry

100
87
32
11 (n = 108)

87
25
11 (n = 108)

32
4

11 (n = 108)

clustered thanks to the Cytoclus® (http://www.cytobuoy.com/
products/software/) dedicated software. The high spatial resolution
of the dataset for surface water and the large volumes analyzed
strengthened the validation of nano-microphytoplankton counts that
could be at the counting detection level limit for traditional ﬂow cytometry (Thyssen et al., 2014). In the following, this dataset is referred
to as continuous ﬂow cytometry.
The upper size limit of objects that can be accurately analyzed is set
by the tubing diameter, which is 100 µm for traditional and 800 µm for
continuous cytometry. Then, the eﬀective upper size limit is smaller,
due to the rarity of large sized particles, sedimentation and sample
ﬁxation. It is worth noting that cytometers do not measure size directly
but record forward scatter (FWS). The size estimates are based on the
FWS intensity, calibrated with silica beads of known sizes. The relationship between size and FWS is used to estimate the phytoplankton
size.

collection (0.3% ﬁnal concentration), stored in the dark and analyzed
after sedimentation in Utermöhl settling chambers. Microorganisms
were identiﬁed and when possible, counted and then divided into six
categories: nanoplanktonic diatoms, microplanktonic diatoms, nanoﬂagellates, dinoﬂagellates, silicoﬂagellates and microzooplankton.
Most nanoﬂagellates were autotrophs. Identiﬁcation was possible for a
size range of approximately 5–500 µm. Furthermore, pictures of sedimented subsurface samples of 7 stations (13, 28, 31, 55, 71, 95 and 99)
were taken and processed using a custom made ImageJ (Schneider
et al., 2012) macro to extract the projected areas of each plankton cell.
These areas were then converted to Equivalent Spherical Diameter
(ESD) by computing diameter from a disk with an area equal to the
projected area. Because of the limited number of stations, only the
abundance of objects < 20µm was quantitatively estimated. Table 1
summarizes our dataset with its diﬀerent data types.
2.5. Data analysis

2.4. Optical microscopy

To compare LISST measurements with measurements from Niskin
bottles, LISST data were averaged over a 5 m range centered on the
Niskin bottle depths. As our focus was on phytoplankton within the
particulate pool, we used a criterion based on the calibrated ﬂuorescence proﬁle to select the uppermost layer with phytoplankton present
within the particulate pool. This value (> 0.03 mg m−3 Chl-a) is the
upper limit of the background level of ﬂuorescence at depth well below
the euphotic layer, and we deﬁne Zﬂuo = 0.03 as its depth. For each
proﬁle, the mixed layer depth was computed using the density diﬀerence criterion of De Boyer Montegut et al. (2004).

To reduce the workload, samples from only 32 stations of the
DeWEX-2 cruise were analyzed by optical microscopy. Phytoplankton
composition was determined for the surface Niskin bottles and some
subsurface bottles. Samples of 125 mL were ﬁxed with lugol after

2.5.1. Chlorophyll ﬂuorescence and VC from LISST
To study the relation between VC and ﬂuorescence, a table was built
with all VC measurements at all stations at depth above Zﬂuo = 0.03
(27 columns × 14930 rows). A Principal Component Analysis (PCA)

R. Leroux et al.

was computed on these data and ﬂuorescence was added as a supplementary variable. Furthermore, Spearman correlations between ﬂuorescence and VC for each LISST size class were computed. The signiﬁcance threshold was reduced to 0.001 to take into account multiple
testing.
2.5.2. Traditional ﬂow cytometry and abundance from LISST
Flow cytometry was able to count phytoplankton cells from less
than 1 µm (Prochlorococcus and Synechococcus) to 100 µm in size. To
compare abundances derived by cytometry and by LISST, a robust
overlap in the size range was needed. Thus, we retained the nanoplankton size range (2–20 µm) for LISST measurements as a ﬁrst guess,
then adapted this range according to our results. 108 samples from
bottles at stations 14, 16, 18–25 and 99 allowed comparison between
LISST and cytometry measurements. Among these samples, 56 came
from depths above Zﬂuo = 0.03.
2.5.3. Typology of proﬁles
To identify patterns within our large dataset of VC proﬁles, we used
a clustering algorithm. A table was built with each line corresponding
to a station. Each line contained the sum VC for size 2.1–10.8 µm,
averaged within the 0–70 m layer (as this layer contains the bulk of the
phytoplankton biomass), as well as the surface VC over 2.1–10.8 µm.
Because of the lack of data between the surface and 10 m depth, 11
proﬁles were removed from the analysis. Missing surface VC measurements were ﬁlled by repeating the upper ﬁrst measurements since the
LISST PSD was fairly constant in the upper 10 m in most proﬁles. The
Euclidean distance between each line of the table was computed and a
clustering with PAM method (Partitioning Around Medoids, Reynolds
et al., 1992) was applied. We retained 3 clusters following the criterion
of Caliński and Harabasz (1974).
The data analysis was carried out using R (https://cran.r-project.
org/).

These two groups were not correlated as illustrated by the angle ∼90°
between the two groups of vectors. The ﬁrst group co-varied with
ﬂuorescence as shown by the PCA and Spearman correlations (rho always > 0.74, p < 10−3).
Based on the grouping of classes obtained by PCA, instead of using
the deﬁnition of the ‘nano’ size range 2–20 µm, we used particles with a
size range between 2.1 µm and 10.8 µm to compare with nanophytoplankton abundances determined by traditional ﬂow cytometry. From
now on, we will refer to the 2–11 µm Particle Pool and the 15–109 µm
Particle Pool for simplicity. The l 2–11 µm pool represented more than
half of total VC and 79% of total particles in terms of abundance. The
15–109 µm pool represented 26% of total VC. Total VC (1.5–128.9 µm)
ranged from 0.09 to 1.27 µL L−1 in the upper 70 m and decreased to
about 0.04 µL L−1 below 70 m.
The Total Particle Volume was summed for sizes 1.25–109.2 µm,
including the ﬁrst size class in order to compare our results with other
studies (noted hereinafter TPV1,25–109). It was on average 0.35 ± 0.18
µL L−1 with a maximum of 0.86 µL L−1 between 20 and 80 m depth.
Below, at 125 m depth, TPV1,25–109 dropped to 0.094 ± 0.082 µL L−1.
Considering the two particle pools 2–11 µm and 15–109 µm, on average
TPV2–11 was 0.30 ± 0.19 µL L−1 above 70 m, and 0.18 ± 0.14 µL L−1
for depths above Zﬂuo=0.03. For particle pool 15–109 µm, TPV15–109 was
equal to 0.13 ± 0.09 µL L−1 within the upper 70 m layer, and
0.10 ± 0.06 µL L−1 for depths above Zﬂuo=0.03. Below Zﬂuo=0.03,
TPV2–11 strongly decreased to 0.004 ± 0.003 µL L−1 and TPV15–109
dropped to 0.014 ± 0.016 µL L−1. These values did not take into account depths deeper than 1000m to avoid the bottom nepheloid layer
(Durrieu de Madron et al., 2017). Over the upper 150 m, the median
size D50t was 54.1 µm and D50nano was 14.7 µm. When only the upper
70 m were considered, D50t decreased to 15.9 µm and D50nano to 5.4
µm.
3.3. Estimation of the phytoplanktonic fraction within the 2–11 µm particle
pool

3. Results
3.1. Environmental conditions during the cruise
The sampling started during the peak of the phytoplankton spring
bloom, about 10–15 days after the restratiﬁcation started (Mayot et al.,
2016). Mixed layer depths ranged from 581 m in the center of the
sampling grid (former convection region) to 11 m in the peripheral area
with a median of 23 m. The Zﬂuo = 0.03 varied from 73 m to 351 m
with a median of 136 m. Chlorophyll concentrations above Zﬂuo =
0.03 reached 6.34 mg m−3 with a median of 0.27 mg m−3.
3.2. Pools of particles determined by the LISST volume concentration
Station 99 illustrated a typical high VC proﬁle (Fig. 2). The maximum Chl-a, here restricted to the upper 30 m, had a vertical extent
corresponding closely to the depth of maximum abundances for LISST
size classes 2.1–20.9 µm. The LISST upper size class (20.9–128.9 µm)
distribution was noisier and had several peaks in the 0–60 m layer. On
the PSD, the upper layer with ﬂuorescence > 0.03 mg m−3 showed a
peak of VC for sizes 2.1–12.7 µm while this peak was strongly reduced
at depth. A second, weaker peak at largest sizes classes was present at
all depths but with higher particle volume at depths above Zﬂuo =
0.03. These characteristics are shared by most stations except for the
depth of maximum Chl-a.
The PCA of VC (Fig. 3) showed that almost all size classes strongly
co-varied with axis 1 which represented 51% of the variance. Axis 2
represented 24% of the variance and separated two groups of classes: a
ﬁrst group containing classes 2.1–10.8 µm with a negative correlation
with axis 2 and a second group containing classes from 15.0 to 109.2
µm with a positive correlation. Classes 1.6, 1.9 and 118.7 µm were
excluded from the groups due to their low loads with dimension 1.

For the nanophytoplankton size classes, there was a good correlation between particle abundances from LISST and nanophytoplankton
abundances determined by traditional ﬂow cytometry (Spearman rho
= 0.92, p < 10−3). LISST abundances were most of the time higher
than traditional ﬂow cytometry. The scatter is also reduced for higher
abundances.
The proportion between LISST and traditional ﬂow cytometry
abundance measurements was computed with the 56 samples above
Zﬂuo = 0.03. Regardless of ﬂuorescence, the ratio LISST/traditional ﬂow
cytometry was greater than 1 (median = 2.82).
Nanodiatoms and nanoﬂagellates were counted by optical microscopy and abundances were compared with the LISST 2–11 µm abundance (Fig. 5). For both nanodiatoms and nanoﬂagellates, the spearman
correlation was signiﬁcant (respectively rho = 0.49, p = 0.013 and rho
= 0.52, p = 0.008). However, LISST abundances were much higher
than total nanophytoplankton counts (median about 6.76 times more).
This ratio was closer to 1 when abundances increased.
3.4. Composition and size distribution of plankton cells
Two main dominant groups were identiﬁed by optical microscopy:
nanoplanktonic diatoms and diverse nanoﬂagellates (respectively 18%
and 78% on average abundance over the 32 samples). They were the
dominant groups except at stations 88 and 89 (South) where small dinoﬂagellates were more numerous. Diatoms were dominated everywhere by species Minidiscus trioculatus (on average 93%) with a maximum abundance observed at station 84 with 19. 106 cells L−1 and
representing 88% of total plankton counted. This centric diatom species
is cylindrical with diameter from 2 to 5 µm (Throndsen et al., 2007).
Nanoﬂagellates dominated the nanoplankton community in 20 out of
32 stations where they represent 90% of the total plankton counted by
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Fig. 3. PCA of VC table for size classes from 1.5 to 128.9 µm combining
all measurements (numbers refer to the class centers). Only measurements above Zﬂuo=0.03 were considered. The dotted blue arrow represents the supplementary variable ﬂuorescence. The ﬁrst axis contains 51.26% of total variance and the second, 23.69%. (For
interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

Fig. 5. Abundances from the Particle Pool 2–11 µm vs abundances of the most abundant
categories counted by optical microscopy, nanodiatoms and nanoﬂagellates. Axis are log
scaled. Lines represent linear models ﬁtting with these data (n = 27).
Fig. 4. Abundances from the LISST Particle Pool 2–11 µm versus abundance from traditional ﬂow cytometry (nanophytoplankton) for 108 samples gathered at stations 14, 16,
18–25 and 99. In dotted line, the linear model with formula between those variables for
samples at depth above Zﬂuo=0.03. Solid line is equation y = x. Dots are colored from grey
to blue then green according to their corresponding ﬂuorescence. Axis are log scaled. The
linear ﬁt equation for non-transformed data is y = 3.05 ± 0.2 x – 2.69·105 ± 8.41·105.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

optical microscopy. For many stations, this was the only taxon visible
by optical microscopy. The maximum recorded concentration was
75·106 cells L−1 at station 28.
The PSD determined from optical microscopy (ImageJ processing)
and LISST measurements both showed a particle volume maximum for

sizes between 3 and 6 µm (Fig. 6a). Median particle volume estimated
from microscopy was smaller than that determined by the LISST
(Fig. 6b).
3.5. Contribution of the small and large particle pools to POC
A good agreement between LISST derived particle carbon for
Particle Pool 2–11 µm and POC was found (Fig. 7) at depths above
Zﬂuo=0.03. The variation in LISST derived particle carbon was essentially driven by the 2–11 µm Particle Pool. The LISST derived particle
carbon of the 15–109 µm Particle Pool was not correlated with POC and
was approximately constant throughout the water column (average 5.4
mgC m−3).
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Fig. 6. (A) An example of PSD from optical microscopy and LISST at station
28 and (B) Boxplot of the ratio VC (microscopy)/VC (LISST) for the seven
stations considered. ESD marks represent class centers.

4. Discussion
4.1. Particle pools seen by the LISST: Comparison with other studies

Fig. 7. POC vs LISST derived particle carbon. Solid line: line y = x. Dotted line: linear
model for the Particle Pool 2–11 µm. Spearman correlation test is signiﬁcant p-value <
0.001 and R = 0.8767.

3.6. Typology of proﬁles for the 2–11 µm particle pool
The three clusters identiﬁed with the PAM method illustrate the
gradient of proﬁles with high VC concentrated in the ﬁrst 30 m (red) to
proﬁles with lower VC diluted from 0 to 80 m (blue) (Fig. 8a). The
intermediate cluster had a shape similar to the blue cluster but with
higher VC. The horizontal distribution of clusters (Fig. 8B) showed a
center region with high VC surrounded by a peripheral region of mixed
intermediate and low VC, both on the northern and southern sides of
the center region. The spot of intermediate VC in the south corresponded to an anticyclonic eddy (Fig. 8b and c).

Two particle pools were identiﬁed with LISST PSD, in the range
2–11 µm and 15–109 µm. These particle pools do not covary and their
vertical distribution diﬀer. We ﬁrst review other studies reporting observations of particle pools by LISST.
In February, during a ﬂood event of the Rhône river, Many et al.
(2016) identiﬁed several pools of particles with a LISST-100 and LISSTHOLO over a meridional transect across the Gulf of Lions shelf. On the
outer shelf, comparable to oﬀshore waters sampled during DeWEX-2,
three modes were identiﬁed on the PSD, centered around 10 µm
(3–30µm), 100 µm (30–200 µm) and 400 µm. The 10 µm mode was
attributed to ﬁne silts, while the 100 µm mode was identiﬁed as microﬂocs, themselves composed of ﬁne grained particles from Rhone
river. The potential contribution of phytoplankton to these pools was
not quantiﬁed.
In the Cretean Sea (Eastern Mediterranean) Karageorgis et al.
(2012) observed a PSD dominated by particles of size around 60–80 µm
identiﬁed as microﬂocs. Spring TPV1,25–250 was generally 6–10
µL L−1 in 0–15 m, and was < 1 µL L−1 in deep water. Microﬂocs < 100
µm dominated TPV with D50 between 82 and 92 µm. Aggregates were
generally in the 60–80 µm size range, some larger aggregates (100 µm)
were fecal pellets. Our particulate pool 15–109 µm probably corresponds to the pool covering sizes 30–200 µm identiﬁed as microﬂocs by
Many et al. (2016) over the outer Gulf of Lions and Karageorgis et al.
(2012) in the Cretean Sea. Its particle volume is higher in the ﬁrst 70 m
but it is still present at depth below 70 m (Fig. 2), for some proﬁles
down to 1000 m deep. This vertical distribution, extending far below
the surface layer, suggests non-living particles in this pool (detritus,
aggregates and/or terrigenous particles).
The 2–11 µm pool detected here was not shown in Karageorgis et al.
(2012). In contrast, Barone et al. (2015) reported a similar particle pool
of size between 3 and 10 µm in the oligotrophic Northern Paciﬁc
Subtropical gyre during summer. This pool dominated their VC (90% of
1.25–109.2 µm for depths 20–180 m) but no composition was available.
The TPV1,25–109 of Barone et al. (2015) was 0.076 ± 0.014 µL L−1 for
20–80 m with a maximum of 0.16 µL L−1 close to the mixed layer
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Fig. 8. Clusters of the VC over the Particle Pool 2–11 µm
from the LISST. Only the ﬁrst 70 m of proﬁles were used.
(A) Vertical proﬁles of the quantiles 25, 50 and 75 of the
total VC for each cluster (B) Horizontal distribution of the
three clusters (C) Boxplot of the VC over the Particle Pool
2–11 µm for each cluster.

depth. In the same location but taking into account seasonal ﬂuctuations, White et al. (2015) reported a TPV1,25–109 of 0.065 ± 0.033
µL L−1 at 25 m and 0.032 ± 0.017 µL L−1 at 125 m. Our data showed
about 10 times higher particle volume for the same depth range and
season.
For Barone et al. (2015) and White et al. (2015), particles larger
than 100 µm were below detection and thus not quantiﬁed. Consequently, they observed a Davg of 10.7–11 µm for 0–150 m and the 2–20
µm fraction dominated TPV. In our study, Davg is about 12.4 µm on
average which conﬁrms the dominance of the 2–11 µm particle pool in
the full particle pool. The 15–109 µm particle pool made up of microﬂocs with probably sediment and/or riverine origin is thus peculiar to
the Mediterranean basin. The location of Station ALOHA, remote from
terrestrial inﬂuences and in the subtropical gyre, probably explains the
absence of this pool.

4.2. Nature of particles seen by LISST
To better understand what is the type of the particles detected by
the LISST, PSD data were compared with several discrete measurements. Table 2 summarizes the characteristics of each method.
LISST derived particle carbon and POC strongly co-varied (Fig. 7).
Barone et al. (2015) also showed a strong co-variation of LISST derived

particle carbon and POC. Using VC from 1.25 to 109.2 µm, Barone et al.
(2015) estimated that about 38% (according to their Fig. 7) of total
particulate carbon was contributed by LISST derived particle carbon
between 25 and 75 m depth. In our study, LISST derived particle carbon
for the same size range and the 10-75m layer, represented on average
60% (CI95%: 0.53–0.67) of POC. Our ﬁgures are larger in magnitude
and indicate the dominance of larger (2–11 µm) particle sizes in the
total POC than for Barone et al. (2015). Considering the high correlation obtained, LISST derived particle carbon can be used as a proxy for
POC in our dataset.
Moreover, the linear model computed on these data for the 2–11 µm
particle pool showed a very close relation between total POC and LISST
derived particle carbon for this size class Indeed, coeﬃcients are signiﬁcant with a slope close to 1 (Fig. 7). This means that POC variations
are mostly driven by the abundance of particles between 2.1 and 10.8
µm. Additionally, the stoichiometry of the POM is peculiar (on average
42 ± 38:9 ± 6:1 for C:N:P molar ratio above Zﬂuo=0.03). The C:N ratio
(4.2 ± 1.9) is lower than Redﬁeld ratio (6.6). This low C:N is typical of
phytoplankton populations experiencing high growth rates (Goldman
et al., 1979). This intense growth is also supported by high primary
production estimates ranging from 85 to 9036 mgC/m2/d for the upper
50 m (median 1444 mgC/m2/d, P Conan et al., unpublished data).
Conversely, there is no correlation of POC with the 15–109 µm LISST

Underestimate nanoﬂagellate < 5µm,
ignore cells in aggregates.
Shrinking due to lugol (up to 10% ESD)
100 (diatoms)
1 (nanoﬂagellates)

5
All above a given
ﬂuorescence threshold

All living particles

0.5
All above a given
ﬂuorescence threshold

Eﬀect of background measurement.
Leakage eﬀect, spherical shape
assumption
Underestimate nano and microplankton.
Cell loss due to ﬁxation (Marie et al.,
2014)
Underestimate microplankton
1.41

Discrete, from Niskin bottle, ﬁxed
with lugol

derived particle carbon suggesting an inorganic nature as in
Karageorgis et al. (2012).
Compared to cytometry data, the 2–11 µm LISST particle pool covaried strongly with nanophytoplankton counted by traditional ﬂow
cytometry (Fig. 4; rho = 0.92). However, LISST abundances were about
3 times higher than those obtained by traditional ﬂow cytometry. First,
this higher abundance from LISST is expected as living, non-living and
inorganic particles are all counted, while the ﬂow cytometry count is
triggered by ﬂuorescence induced in pigments present in phytoplankton. Second, we suspect an underestimation by traditional ﬂow
cytometry. Underestimation by traditional ﬂow cytometry is supported
by the comparison of abundances obtained with continuous ﬂow cytometry, which analyzes a larger volume (5 mL instead of 0.5 mL).
Comparing measurements for the best-matching surface water samples
(sampled at distance < 2.4 km), traditional and continuous ﬂow cytometry results were strongly correlated (Rho = 0.9, n = 9), but continuous ﬂow cytometry counted on average 2.90 times more particles
within the nanophytoplankton group (IC95%: 1.96–3.84) (data not
shown). This underestimation was already observed (Thyssen et al.,
2014) but its causes are not settled. Taking this underestimation of
traditional ﬂow cytometry into consideration, the abundance of the
nanophytoplankton determined by ﬂow cytometry is roughly equivalent to the LISST abundance for particle pool 2–11 µm. Since both instruments gave similar results in particle counts, this suggests that the
2–11 µm pool is dominated by nanophytoplankton and that the LISST
can be used successfully to monitor it.
Compared to optical microscopy observations in the range 1–15 µm,
the average of particles detected by the LISST is larger than that estimated by microscopy (Fig. 6). This can be partly linked to the lugol
ﬁxation of samples (up to 10% decrease in diameter, Montagnes et al.,
1994) but the LISST also assumes particle sphericity which could inﬂuence its counting (Karp-Boss et al., 2007). The abundance estimated
by optical microscopy is much smaller than the LISST abundance. Based
on the good agreement between LISST and cytometry abundances
(Fig. 4), we suspect an underestimation of abundance by optical microscopy for this size range, possibly linked to the non-counting of
aggregates containing cells. In terms of phytoplanktonic composition,
microscopy analysis showed a large nanophytoplanktonic abundance
with dominance of nanoﬂagellates and actively growing nanodiatoms
dominated by Minidiscus trioculatus (numerous dividing cells). The size
range of these diatoms (diameter of 1–5 µm when the cell is not in division) is consistent with the LISST 2–11 µm peak.
The phytoplanktonic nature of the 2–11 µm pool is also supported
by its ﬂuctuation with respect to the hour of the day. PSD were time
averaged into 4h time bins. In the 0–30 m layer, we found a signiﬁcant
increase of particle volume from the morning to the afternoon (resp.
0.34 ± 0.22 µL L−1 from 7 to 11 am and 0.62 ± 0.48 µL L−1 from 3 to
11 pm, Kruskal-Wallis chi-squared = 33.04, p = 3.7 · 10−6). Mean size
also increased from the morning to the afternoon (4.67–5.00 µm,
Kruskal-Wallis chi-squared = 13.9, p = .016). This is consistent with
phytoplankton cell cycle observations by cytometry in the
Northwestern Mediterranean Sea (Dugenne et al., 2014; Thyssen et al.,
2014). Daylight allows photosynthesis to occur, leading to an increase
of cell size and total particle volume in the afternoon, while at night
cells divide leading to smaller sizes in the morning (Vaulot and
Chisholm, 1987).
4.3. Spatial distribution of the 2–11 µm particle pool

Optical microscopy

Continuous and automated
scanning ﬂow cytometry

Traditional ﬂow cytometry

Discrete, from Niskin bottle,
ﬁxed with glutaraldehyde and stored
in liquid nitrogen
Discrete, sample from surface
pumped seawater

1.48–128.9
Sensors sensitivity. Variable bin resolution.
Contamination by out of range particles
0.5–100
Sensors sensitivity, tubing size, volume analyzed and
abundances, software and hardware limits
∼0.5–800 (width)
Sensors sensitivity, tubing size volume analyzed and
abundance, software and hardware limits
1–1000:
Optic resolution and volume of sedimented samples
(note: for sizes < 5 identiﬁcation is diﬃcult)
LISST

Continuous (1 Hz),
in situ

All

Known biases
Volume analyzed per sample
(mL)
Type of particles counted
Size range (µm)
Limited by
Sample type
Method

Table 2
Main characteristics of the methods used to estimate nanophytoplankton abundances used in this study. Note that these characteristics are speciﬁc to this study. For cytometry, the eﬀective upper size limit is smaller than the theoretical one given.
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The three clusters of LISST VC proﬁles for the 2–11 µm particle pool
illustrate three types of proﬁles, from low (blue), intermediate (green),
to high (red) VC (Fig. 8). These three proﬁle types are essentially distinguished by their integrated value of VC, and to a lesser extent by
their shape. The increasing value of integrated VC from the blue to the
red cluster is consistent with increasing POC, Chl-a and nanophytoplankton abundance values as shown in Fig. 9. To understand the
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Fig. 9. Boxplot of environmental variables (Mixed layer depth (Zmld), Zﬂuo=0.03, Cytometry abundance, Fluorescence, POC, Chl-a, POC:PON) according to clusters deﬁned on LISST VC
proﬁles. Same colors as Fig. 8. For depth-resolved variables, only depths 0–70 m were used. For cytometry, note that only 11 eleven stations were available. Clusters with same letters are
not signiﬁcantly diﬀerent from each other according to a Kruskal-Wallis test followed by a Nemenyi post-hoc test.

horizontal distribution of these three proﬁle types, it is useful to consider the preceding winter period when deep convection was occurring
over a large region centered on station 99 (See Donoso et al., 2017;
Mayot et al., 2017 and Severin et al., 2017). This intense process created two well deﬁned zones: the Deep Convection Zone (DCZ) with
homogeneous vertical proﬁles, low phytoplankton and high nutrient
concentrations, and the peripheral zone with various degrees of stratiﬁcation and phytoplankton abundance. In spring, the horizontal circulation and turbulent restratiﬁcation has only weakly modiﬁed the
winter distribution. The DCZ stratiﬁed later than the peripheral zone,
which led to a later but stronger phytoplankton bloom (Mayot et al.,
2017).
The cluster with high VC (red) is present in the former convection
region and shows surface maximum VC and Chl-a, typical of a recent
bloom. The intermediate cluster (green) is spread in the peripheral
region of the convection (Fig. 8b and c). The low VC cluster (blue) is
scattered North and South of the convection region, except East of
Baleares, where there is a contiguous region of low VC. In the vertical,
the VC proﬁle shape generally resembles the ﬂuorescence proﬁle (see
Fig. 2) except near the surface, probably due to non-photochemical
quenching. When a deep Chl-a maximum was present, its depth corresponded to a local maximum of VC but weaker in amplitude, possibly

indicating photoacclimation.
4.4. Limits of our analysis
The conditions of the cruise were favorable for use of the LISST to
quantify the phytoplankton pool: open ocean waters, actively growing
cells and high dominance of a few cell types approximately spherical in
shape. Other datasets must be gathered to test whether our results can
be easily replicated elsewhere.
In order to use LISST data, a background (clear water) scattering
value has to be subtracted before the inversion step to estimate the
particle volume. This background value is estimated by either clear
water (usually 0.2 µm ﬁltered) on deck or in situ clear water. Here, as
Barone et al. (2015), we chose to use the minimum of in situ scattering
between 200 and 1000m for each proﬁle. Since this layer has low and
rather constant POC (10–50 mgC m−3), we argue that it can be considered as a stable reference across stations, with the change of background being only due to ﬂuctuations in the instrument's optics. Using a
single background value applied to all the proﬁles led to a dataset with
a larger variance across proﬁles and was therefore abandoned. The high
VC and variability at classes 31 and 32 (> 180 µm) possibly contaminated classes smaller than 130 µm. The origin of these high values
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and variability may lie in the suboptimal vertical positioning of the
LISST-Deep on the rosette. Although we cannot accurately estimate the
extent of this contamination, observations in controlled laboratory experiments showed a signiﬁcant contamination of VC as far as 8 classes
away from the actual size class of particles present in the sample
(leakage eﬀect, Agrawal and Pottsmith, 2000). We observed that high
VC values at classes 31 and 32 led to reduced VC for classes down to
30µm. Therefore, the VC values for the 15–109 µm particle pool may be
underestimated. Mounting the LISST horizontally below the rosette and
using a slower cable velocity, which would produce more data per
meter, could probably minimize the noise observed in classes 31 and
32.
5. Conclusion
As demonstrated by the combination of laser diﬀraction (LISST),
ﬂow cytometry, and optical microscopy data, the 2013 spring bloom in
the Gulf of Lions was characterized by a dominance of nanophytoplankton with mean size 5 µm, mostly represented by nanoﬂagellates
and nanodiatoms (Minidiscus trioculatus). This nanophytoplankton
dominance, observed by ﬂow cytometry and identiﬁed by microscopy,
was clearly distinguished in the LISST signal by a large peak between
2.1 and 10.8 µm. While cytometry and microscopy allows for the determination of bloom composition for a limited number of depths and
stations, in situ deployment of LISST provides high-resolution, depthresolved distributions and sizes of key particle pools over an extended
area thanks to its high sampling frequency. To further take advantage of
these three techniques to characterize phytoplankton, dedicated laboratory experiments must be undertaken. As a perspective, since LISST
is mostly restricted to the size class < 200 µm (nano- and microplankton and particles), we believe it would be very promising to
combine the LISST with the LOPC and the Underwater Vision Proﬁler in
order to build a continuous particle size distribution covering picophytoplankton to zooplankton, along with identiﬁcation of larger particles (Picheral et al., 2010). This will help to characterize ecosystem
productivity, the transfer of energy to upper trophic levels (Espinasse
et al., 2014) and vertical matter export from the surface to the deep
ocean (Guidi et al., 2008).
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