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INTRODUCTION

Phytoplankton communities are the foundation of
ocean life, providing the energy that supports nearly
all marine species and affecting biogeochemical cy -
cling of carbon (Falkowski & Raven 2013). They are
also highly responsive to changes in environmental
conditions; therefore, variations in phytoplankton
com position play a crucial role in structuring marine
food webs, and are also accurate indicators of eco -
system-level perturbations (Margalef 1963, Irwin et

al. 2006, Harris 2012, Guinder & Molinero 2013). In -
deed, the study of the links between environmental
conditions and phytoplankton community composi-
tion, and the analysis of the changes in community
structure in response to key ecosystem and biogeo-
chemical processes, such as primary production, car-
bon export and nitrogen fixation, are major objec-
tives of current biological oceanography (Karl et al.
2001, Boyd et al. 2010).

Variations in size structure and community compo-
sition determined from pigment analysis reveal rele-
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vant information on the shifts in the functioning of
marine ecosystems in response to different environ-
mental forcings (e.g. Lohrenz et al. 2003). Changes in
pigments and size spectra can be indicative of varia-
tions in the way matter is processed throughout the
food web, seasonal succession and multitrophic-level
effects in phytoplankton communities. For example,
changes in size structure from dominance of small
picoplankton to larger nano- and microphytoplank-
ton are associated with a variation from rapid carbon
cycling by the microbial loop to dominance of more
lineal food chains and increases in the biological
pump due to more rapid sedimentation of particulate
matter (Azam et al. 1983, Laws et al. 2000).

For a long time, conventional light microscopy
has been the main tool for the identification and
quantification of phytoplankton. However, because
of the large number of species present in aquatic
systems, detailed descriptions of phytoplankton as -
semblages at the species level are time consuming.
Also, large differences can emerge from the differ-
ent ways of analyzing the samples depending on
the number of cells counted, the size of the sample
examined and differences in the identification and
counting criteria used by the taxonomists (Jakobsen
et al. 2015, Zingone et al. 2015). Finally, microscopy
analysis has limitations, particularly for the differ-
entiation of small-sized species that dominate the
phytoplankton community in many areas (Goericke
2011). These constraints of morphological cell iden-
tification have stimulated scientific interest in alter-
native methods for phytoplankton assemblage char-
acterization such as pigment analysis (Gieskes &
Kraay 1983, Yentsch & Phinney 1985, Wright et al.
2005), variations in size structure (Ma rañón 2009,
Huete-Ortega et al. 2010) and, more recently,
molecular methods (Bornet et al. 2004, Rusch et al.
2010).

The characteristic signatures of pigments for the
identification of phytoplankton groups have been
summarized in various studies, but taxonomic identi-
fication from pigment signatures is not yet a straight-
forward task (Jeffrey & Hallegraeff 1987, Gieskes
1991, Millie et al. 1993). The analysis of pigments ob -
tained from either field samples or remotely sensed
radiances is a widely used technique for the charac-
terization of phytoplankton assemblages (Beut ler et
al. 2002). For example, spectrofluorometrically de -
rived pigments, a readily available and affordable
technique (Neveux et al. 2011), or more detailed
HPLC pigment analyses and multivariate statistical
analysis (i.e. CHEMTAX; Mackey et al. 1996), are
routinely used for phytoplankton assessment to avoid

laborious microscopy identification (Neveux & Lan-
toine 1993, Mackey et al. 1996, Uitz et al. 2006, Ras et
al. 2008, Zhang et al. 2011). Nevertheless, pigment-
based techniques can be limited when differentiat-
ing between groups sharing similar pigment mark-
ers, and hence information of community structure
provided by pigment-based characterization may be
incomplete.

Alternatively, phytoplankton can be assessed by
their cell size. Size structure is an interesting char-
acteristic because it is linked to key biological func-
tions such as metabolism, productivity, growth and
predation (Marquet et al. 2005, Litchman & Klaus-
meier 2008, Marañón 2015). Techniques such as
image analysis and laser diffraction techniques (e.g.
flow cytometers) are increasingly used for phyto-
plankton identification and size structure analysis
(Haraguchi et al. 2017). Several sophisticated instru-
ments have been developed to analyze phytoplank-
ton communities in situ. Examples are the Imaging
FlowCytobot (Olson & Sosik 2007), the CytoSense
and the FlowCAM (Sieracki et al. 1998) that com-
bine flow cyto metry and image analysis to provide
in situ measurements of the phytoplankton commu-
nity at the genus or species level. While the future
of plankton re search increasingly relies on the use
of these or similar instruments (Campbell et al. 2013,
Dugenne et al. 2014, Thyssen et al. 2015), these new
technologies for detection of phytoplankton at the
group and species levels require careful training of
the classification system (Sosik & Olson 2007, Anglès
et al. 2015).

In the present study, we propose and test a simple
and robust method to distinguish changes in the
phytoplankton community using combined pigment
and size structure information. Data obtained from
fluorescence spectra and high-resolution in situ par-
ticle size distribution are analyzed using canonical
correlation analysis (CCA) of the pigment−size rela-
tionships to infer changes in phytoplankton groups.
Results from this method are validated with phyto-
plankton assemblage characterization by traditional
microscopy and flow cytometry.

MATERIALS AND METHODS

Field sampling

To test the proposed methodology, a field study
was carried out at a station located at a depth of
40 m (39.4894° N, 2.6744° E) in the inner part of
Palma Bay, Mallorca (Fig. S1 in the Supplement at
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www. int-res. com/  articles/ suppl/ m594 p051 _ supp.
pdf). Twelve samplings were performed be tween
10 April and 26 September 2014 (see Table S1 in
the Supplement for exact dates). During each sam-
pling, continuous profiles of temperature, salinity
and particle size distribution were obtained with
an SBE-25 CTD and an attached laser in situ scat-
tering and transmissometry (LISST)-100X trans -
missometer (Sequoia Scientific), respectively. Also,
water samples for pigment analysis, phytoplankton
identification and nutrient analysis were collected
at 5 depths (5, 10, 20, 30 and 40 m) throughout the
water column with a 2.5 l Niskin bottle.

Suspended particle size distribution, including
both phytoplankton and other non-algal components,
was measured using the LISST-100X. This instru-
ment measures the particle size distribution as the
particle volume concentration by size ranges (i.e. vol-
ume of particles in the seawater per unit volume of
seawater) using a technique based on laser diffrac-
tion theory. The LISST uses a 670 nm collimated laser
beam to illuminate the suspended particles, and a 32-
ring detector measures the intensity of the scattered
light, corresponding to 32 different size classes loga-
rithmically spaced from 2.5 to 500 µm (Agrawal &
Pottsmith 2000, Agrawal et al. 2008). The LISST was
lowered vertically, attached to the CTD cage, with
the sensor looking down to avoid direct sunlight,
which can affect the measurements in the smallest
size classes (Reynolds et al. 2010).

From each water sample, a 2 l subsample was fil-
tered onto Whatman GF/F filters for spectrofluoro-
metric pigment analysis and stored frozen until
analysis in the lab. The filters were introduced in a
centrifuge tube containing 10 ml of 90% acetone,
and left in the dark at 4°C for a 24 h extraction. The
tubes were then centrifuged for 5 min at 3500 rpm
(2205 × g), and the spectral fluorescence matrices for
excitation (400−480 nm) and emission (600− 700 nm)
were ob tained with a Varian spectrofluorometer
(Cary Eclipse model). Concentrations of chlorophylls
(chl) a, b and c were estimated as in Neveux &
Panouse (1987). Errors of this method with respect to
the spectrophotometric measurements are 3−12% for
chl a, 7− 10% for chl b and 10− 16% for chl c. The ratio
be tween chl b and chl c is used as a taxon (or group)
indicator. Higher values of chl b indicate the pres-
ence of Pro chlorococcus, picoeukaryotes and nano-
flagellates, while higher values of chl c are indicative
of diatoms and dinoflagellates (Gibb et al. 2000).
Light attenuation coefficients in the bay are gener-
ally low (0.06 ± 0.01 m−1 ± SD; authors’ unpubl. data)
and be tween 10 and 20% of surface irradiance pene-

trates to the vegetated sea floor at the sampling sta-
tion. Therefore, it is unlikely that light affected our
pigment measurements.

Another subsample of 150 ml was used for identi -
fication and quantification of nano- and microphyto-
plankton by means of light microscopy. The 150 ml
samples were preserved with Lugol’s iodine solution
(1%). The general procedure for identifying and
quantifying phytoplankton involved sedimentation
(24 h) of a subsample in a 50 ml settling chamber, and
subsequent counting of cells in an appropriate area
(Throndsen 1995) using a Leica-Leitz DM-IRB in -
verted microscope.

Picoplankton was quantified by flow cytometry. A
subsample of 2 ml was fixed in the dark for 30 min
with paraformaldehyde plus glutaraldehyde (1 and
0.05% final concentrations, respectively), immedi-
ately stored in liquid nitrogen, and transferred to a
−80°C freezer after arrival at the laboratory. The sam-
ples were analyzed with standard protocols on a Bec-
ton-Dickinson FACScalibur flow cytometer following
the recommendations of Gasol & del Giorgio (2000).

Pico-, nano- and microphytoplankton cell concen-
trations were converted to biovolume estimates to
compare with the LISST data. A disadvantage of the
LISST is that the number of cells or particles from
the particle size distribution can only be calculated
assuming a spherical shape (Reynolds et al. 2010).
This approximation may be valid for small coccoid
cells or in cases of massive blooms of quasi-spherical
flagellates (e.g. Anglès et al. 2008). However, poor
cell abundance estimations are obtained when non-
spherical cells dominate the phytoplankton assem-
blage, because the particle size distribution depends
on both the shape of the cell and its relative orienta-
tion with respect to the beam of incident light (Gib-
son et al. 2007). Consequently, we converted the
phytoplankton cell abundance estimates from light
microscopy and flow cytometry to biovolume. Phyto-
plankton biovolume was assessed independently for
each taxon/species from the cell shape characteris-
tics and geometric models following Olenina et al.
(2006).

The rest of the water sample was used for nutri-
ent analysis. Nitrate and nitrite concentrations
(NO3 + NO2), hereafter dissolved inorganic nitrogen
(DIN), were measured with an Alliance autoana-
lyzer following Grasshoff et al. (1983). Ammonium
only represents a small fraction of DIN in these
coastal waters and was therefore not measured.
The limit of detection, calculated as 3 times the
standard deviation of subsequent blank measure-
ments, was 0.001 µM.
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Statistical analysis of phytoplankton 
size distribution

To separate the phytoplankton size distribution
from non-algal components, a CCA was applied to
the concurrent measurements of particle size distri-
bution from the LISST and pigment concentrations
(chl a, b and c) measured by spectrofluorometry from
the water samples. Since our LISST-100X measures
particles from 2.5 to 500 µm, we completed the lower
range of the size spectrum (0.7, 1 and 2.5 µm frac-
tions) using the equivalent volume concentration of
the abundances of Prochlorococcus, Synechococcus
and picoeukaryotes, respectively, obtained by flow
cytometry, assuming that cells were spherical (Hall &
Vincent 1990). These complementary data are not
necessary if the more recent version of the instru-
ment (LISST-200X, with size detection of 0.8 to
500 µm) is used.

The CCA seeks basic vectors such that the correla-
tion between the projections of the particle size dis-
tribution and pigment concentrations onto these vec-
tors is maximized. In other words, the vectors will
correspond to the particle size distributions that are
highly related with pigment concentrations. Since
non-algal components have no pigments, the result-
ing vectors for the particle size distribution will be
associated with phytoplankton. Different CCA
modes will separate the phytoplankton size distribu-
tion according to the pigment concentrations, which
allows the identification of phytoplankton groups.
The mathematical formulation of the CCA is given
below and a schematic representation of the proce-
dure is shown in Fig. S2.

We define a particle size matrix X (n × m), contain-
ing the particle size distribution from the LISST
(complemented with flow cytometry data) for each
observation time (n) and for each depth and size bin
(m). The length of m is 1295 (35 particle size classes ×
37 depth bins). Matrix Y (n × k) contains the pigment
concentrations, where k is the number of observa-
tions of different pigments. We note that the number
of observation times (n) has to be the same for both
matrices, but they can have a different number of
variables (size bins, number of pigments and sam-
pling depths). Since we measured 3 different pig-
ments (chl a, b and c), the length of k is 15 (3 pig-
ments × 5 depths). The method could be similarly
applied to more detailed pigment data (i.e. obtained
with HPLC).

The CCA identifies coherent structures between
the 2 data matrices X and Y (Hotelling 1936). Briefly,
let vector χ be a linear combination of matrix X; that

is, vector χ is an (n × 1) vector (temporal evolution of
phytoplankton for each mode, in our case) defined by

χ = Xc (1)

where c (m × 1) is the base function (phytoplankton
size distribution modes) for matrix X. We also defined
η (n × 1) (temporal evolution of pigments for each
mode) as a linear combination of matrix Y with base
function d (k × 1) (pigment modes)

η = Yd (2)

The CCA attempts to find c and d such that the
covariance between χ and η is maximum under the
conditions where the base functions are orthonormal,
cc ’ = I and dd ’ = I, where I is the identity matrix. The
covariance between X and Y is defined as

(3)

Once calculated, the modes are arranged such that
the first mode corresponds to the largest eigenvalue,
and successively. The percentage of covariance ex -
plained by the i th mode, the squared covariance frac-
tion (SCF), is

(4)

where the squared Frobenius matrix norm is the to -
tal amount of squared covariance summed over all
entries in R. For visualization purposes, the phyto-
plankton size distribution modes (c vectors) are
rearranged in a matrix of 35 particle size classes × 37
depth bins. Similarly, the pigment modes (d vectors)
are rearranged in a matrix of 3 pigments × 5 depths.

RESULTS

Abiotic factors

Temperature data show the typical spring to sum-
mer transition in Palma Bay, Mallorca, where water
column stratification is governed by the seasonal
evolution of temperature (Fig. 1a). Minimum temper-
atures (~15°C) were found in April when the water
column was weakly stratified, whereas maximum
surface temperatures exceeding 26°C were observed
from mid-August to the end of the study period. From
late May to September, progressive warming of the
surface layer generated a strong thermal gradient at
depths of 20 to 30 m. Salinity was mostly uniform dur-
ing the sampling period (not shown). DIN was typi-
cally low (<1 µM) except in the deep layers during
April (>2 µM), when the water column was well
mixed (Fig. 1b).

R
X Y

n
= ′

R
i

i iSCF
2

2
( )=
χ η

54



Font-Muñoz et al.: Assessing phytoplankton community composition 55

Observed phytoplankton dynamics

The evolution of phytoplankton biomass, as de -
termined from chl a, is shown in Fig. 2a. The maxi-
mum chl a concentration was observed during
April (sampling 2) at the deep levels (>2.2 mg m−3).
The strong thermal gradient likely limited surface
phytoplankton biomass during summer (<0.1 mg
m−3). Other pigments presented lower concentra-
tions throughout the survey (maximum of 0.2 mg
m−3). From these, chl b concentration was the high-
est at deeper levels during summer (Fig. 2b,d, sam-
plings 4, 6−7 and 9− 11). In contrast, as indicated by
the ratio between chl b and chl c, chl c was com-
paratively higher at deeper levels during April
(samplings 1−3) and near the surface during the
entire study period (Fig. 2d). The 3 chl pigments
are highly related to DIN and inversely related to
temperature, as indicated by a principal component
analysis (PCA) of the environmental variables (tem-
perature, salinity, DIN) and pigment data (Fig. S3).
This relationship is mainly dictated by the seasonal
evolution of temperature and DIN concentration
when the thermal gradient intensifies at the begin-
ning of May.

In agreement with the maximum chl a concentra-
tion, the phytoplankton biovolume was dominated by
diatoms such as Pseudo-nitzschia sp. and Chaeto-
ceros spp., and dinoflagellates such as Protoperidi -
nium spp., that peaked during April (sampling 2) at

the deep levels (Fig. 3a−c). After this bloom, nano-
flagellates became dominant (samplings 3−5) in most
of the water column (Fig. 3d). During summer (sam-
plings 8−12), Prochlorococcus and pikoeukaryotes
were the most abundant species in terms of biovol-
ume, with the latter being restricted to the deeper
levels (Fig. 3e,f). The sum of the remaining phyto-
plankton species only represented a small fraction
of the biovolume (Fig. 3h). Pseudo-nitzschia sp.,
Chaetoceros spp. and Protoperidinium spp. mainly
contributed to higher chl c at deeper levels during
April, while nanoflagellates, Prochlorococcus, Ptero -
sperma spp. and picoeukaryotes were responsible for
chl b at deeper levels during summer.

Fig. 1. Evolution of (a) temperature (°C), and (b) dissolved
in organic nitrogen (µM) at Palma Bay during the study pe-
riod. Vertical grey lines correspond to the sampling dates

Fig. 2. Evolution of chlorophylls, in mg m−3: (a) chl a, (b) chl b
and (c) chl c. (d) Ratio between chl b and chl c. Vertical grey 

lines correspond to the sampling dates
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Observed suspended-particle dynamics

Particle size distribution from the LISST data pro-
vides information on the dynamics of suspended par-
ticles, which include both phytoplankton and non-
algal components. To analyze the main patterns of
variation of total suspended particles, we conducted
a PCA with particle size distribution data in the size
range of 0.7−100 µm. The time-averaged particle size
distribution for each depth shows that large particles
(20−80 µm) peaked at depths of 30−40 m where

mean concentrations exceed 0.04 µl l−1, and also near
the surface (50−80 µm; Fig. 4a). A secondary peak of
smaller particles (<2 µm) was also found at most
depths. The PCA reveals deviations from the time-
averaged particle size distribution. The first PCA
mode explains 65% of the total particle variance. The
corresponding particle size distribution shows posi-
tive values for sizes from 0.7 to 100 µm at deeper lev-
els and negative values for sizes from 2.5 to 35 µm at
levels above 30 m depth (Fig. 4b). The second PCA
mode (Fig. 4c) explains 15% of the variance and rep-
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Fig. 3. Evolution of main phytoplankton species or groups, in µl l−1: (a) Pseudo-nitzschia sp., (b) Chaetoceros spp., (c) Protoperi-
dinium spp., (d) nanoflagellates, (e) Prochlorococcus, (f) picoeukaryotes, (g) Pterosperma spp. and (h) the remaining phyto-

plankton species. Vertical grey lines correspond to the sampling dates
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resents the variability of very large (>55 µm) and
small (<2 µm) particles. Large particles particularly
accumulated near the surface, whereas small parti-
cles presented a maximum at deeper levels. As
shown in Fig. 4d, the temporal variation of the first
PCA mode shows positive values from April to Sep-
tember with 2 maxima during samplings 2 and 6. The

product of the PCA mode and its temporal evolution
indicates the corresponding variation. For example,
particles from 0.7 to 100 µm at deeper levels in -
creased from April to September as both (mode and
temporal variation) were positive in the first PCA
mode. Positive values in the temporal variation of the
second PCA mode reveal that very large (>55 µm)
particles at the surface and small (<2 µm) particles at
deeper levels considerably increased during sam-
pling 4, which took place after 2 d of intense rainfall
in the area (>15 mm). The negative peaks with re -
spect to the average during samplings 5, 6 and 8
reveal a decline of these particle sizes.

Estimates of phytoplankton size distribution

As expected, pigment composition and particle size
distribution did not compare well. For example, the
pigment data displayed in Fig. 2 show high concen-
trations of chl c in April (samplings 1−3) and en -
hanced chl b at deeper levels during summer (sam-
plings 4, 6−7 and 9−10). In contrast, the particle size
distribution indicates that particles larger than 7 µm
are present at deeper levels (see Fig. 4), especially
in samplings 2 and 6, and a remarkable in crease of
large particles (>55 µm) occurs at the upper levels
in May (sampling 4). This reveals an important in -
fluence of non-algal particles in the total suspended
particles. In addition, the pigment compo sition agrees
fairly well with the biovolume of the dominant spe-
cies. However, it does not provide information on the
involved cell sizes. We used the CCA between pig-
ment composition and particle size distribution to re -
move the influence of non-algal particles and  identify
the cell sizes corresponding to the different pigments.

The first CCA mode (Fig. 5), explaining 90% of the
combined data variability, reveals a general increase
in particle sizes (2−100 µm) and pigments at the
deeper levels (30−40 m). The phytoplankton size dis-
tribution exhibits peaks at 2.5, 8 and 40 µm, which
suggests a community composed of different phyto-
plankton size groups and/or a dominant phytoplank-
ton species with a non-spherical shape (Fig. 5a). All
pigments (chl a, b and c) present a similar contribu-
tion to this CCA mode (Fig. 5b−d). The temporal evo-
lution of the CCA mode shown in Fig. 5e indicates
that the increase in particles and pigments at deeper
levels occurred in April (sampling 2).

The second CCA mode, which explains 8% of the
variability, indicates an increase of most particle
sizes (peaking at 1, 5, 20 and 60 µm) and pigments
(especially chl b) at 40 m depth (Fig. 6). This increase
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Fig. 4. Total suspended particle size distribution: (a) time av-
eraged volume concentration (µl l−1), (b) first principal com-
ponent analysis (PCA) mode (which explained 65% of the
total particle variance), (c) second PCA mode (which ex-
plained 15% of the variance), and (d) temporal variation of
the first (blue line) and second (red line) PCA modes. Color 

bars indicate volume concentrations (µl l–1)
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was accompanied by a reduction of particles smaller
than 50 µm and pigments at 30 m. These changes in
the water column occurred during summer (sam-
plings 4, 6, 7, 9 and 10). The opposite behavior took
place at the beginning and end of the study period
(samplings 1−3, 11 and 12) and during sampling 8.
Also, an increase of particles larger than 50 µm at
levels above 30 m was related to a decrease in pig-
ment concentration.

One of the advantages of the CCA is the removal of
the non-algal particle contribution, by identifying
coherent structures between particle size distribution
and pigment composition. If the contribution of non-
algal particles is low, both PCA and CCA compo-

nents should be highly correlated. The correlations
be tween PCA and CCA components in our case
study yield relatively good correlations (0.62 and
0.88 for PCA1/CCA1 and PCA2/CCA2), revealing a
low presence of non-algal particles in Palma Bay
(Fig. S4). However, the PCA is not able to identify the
cell sizes corresponding to the different pigments as
the CCA does.

Method validation

Fig. 7 shows the evolution of the total integrated
particle size distribution from the LISST measure-
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Fig. 5. First canonical correlation analysis (CCA) mode for (a)
phytoplankton size distribution (where this mode explained
90% of the combined data variability), (b) chl a, (c) chl b,
(d) chl c (all chl in mg m–3) and (e) corresponding temporal
variation of phytoplankton size distribution (red line, µl l–1)

and chl pigments (blue line, mg m–3)

Fig. 6. Second canonical correlation analysis (CCA) mode for
(a) phytoplankton size distribution (where this mode ex-
plained 8% of the combined data variability), (b) chl a, (c) chl b,
(d) chl c (all chl in mg m–3) and (e) corresponding temporal
variation of phytoplankton size distribution (red line, µl l–1)

and chl pigments (blue line, mg m–3)
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ments, the total integrated non-algal particle size dis-
tribution, total integrated phytoplankton size distri-
bution from the CCA and total phytoplankton biovol-
ume (µl l−1) from flow cytometry and micro scopy
counts. The total integrated particle size distribution
was obtained by integrating the LISST data (comple-
mented with flow cytometry) for all size ranges. The

total integrated phytoplankton size distribution cor-
responds to the sum of the first 2 CCA modes for all
size ranges. The total integrated non-algal particle
size distribution is the total integrated particle size
distribution minus the total integrated phytoplankton
size distribution. The total phytoplankton biovolume
is the biovolume sum of all species and groups deter-
mined by flow cytometry and microscopy counts. The
comparison between the total integrated particle size
distribution and the total phytoplankton biovolume
yields a low correlation (r = 0.35, p < 0.01) due to the
influence of non-algal particles. The correlation
between the total integrated phytoplankton size dis-
tribution and the total phytoplankton biovolume is
much better (r = 0.75, p < 0.01), indicating good per-
formance of the CCA method.

As mentioned before, the CCA is also able to
extract information on the cell sizes that correspond
to phytoplankton species (or groups) with high con-
tent of chl b and chl c. The results from the CCA indi-
cate that the first mode corresponds to phytoplankton
with higher chl c and the second mode to higher chl b
(Figs. 5 & 6). Fig. 8 compares the integrated first 2
modes (sum of all size ranges for each mode) with the
dominant species (or groups) from flow cytometry
and microscopy counts that contain higher chl c (i.e.
Pseudo-nitzschia sp., Chaetoceros spp., Protoperi -
dini um spp.) and higher chl b (i.e. nanoflagellates,
Pro chloro coccus, Pterosperma spp., picoeukaryotes).
Good correlations are obtained between the inte-
grated first CCA mode and the integrated species (or
groups) with high chl c (r = 0.72, p < 0.01) and
between the integrated second CCA mode and the
integrated species (or groups) with high chl b (r =
0.78 p < 0.01).

DISCUSSION

In this study, we proposed and tested a methodo -
logy based on the use of CCA in concurrent measure-
ments of particle size distribution and pigment con-
centrations for analyzing phytoplankton community
composition. This method allows separating the algal
and non-algal components of the particulate matter
while providing information on the different phyto-
plankton groups. With the constraints of using only 3
pigments (chl a, b and c), we successfully identified
the main groups associated with each pigment of the
phytoplankton community at a coastal location in the
Mediterranean Sea. Indeed, we also obtained valu-
able quantitative information on phytoplankton bio-
volume. These biovolume estimations are relevant in
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Fig. 7. Evolution (in µl l−1) of the (a) total integrated particle
size distribution from the laser in situ scattering and transmis-
sometry (LISST) measurements, (b) total integrated non-algal
particle size distribution, (c) total integrated phytoplankton
size distribution from the canonical correlation analysis, and
(d) total phytoplankton biovolume from flow cytometry and
microscopy counts. Non-algal particle size distribution was
determined from the particle size distribution minus the 

phytoplankton size distribution
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the calculation of algal carbon content that, using
other methods, requires many calculations and the
use of imprecise conversion factors (e.g. Geider et al.
1997).

Laser transmissometry provides direct measure-
ments of particle size distribution, allowing estima-
tions of phytoplankton size distribution using the
proposed CCA. Our results show good agreement
when compared to the phytoplankton biovolume de -
rived from flow cytometry and microscopy counts
(Fig. 7c,d). A further advantage of the proposed
metho do logy is that information obtained on commu-
nity size structure may be more regular and more
mechanistically interpretable than species composi-
tion (Edwards 2016). For example, seasonal varia-
tions in temperature and nutrient availability are
reflected in complex successional changes in species com -
position, but interpretation of the structural changes
from a large-celled, diatom-dominated community in
spring to a small-celled, flagellate-dominated com-
munity during the summer may be more straight -
forward (i.e. Goericke 1998).

While size structure can be assessed by different
laboratory techniques, several studies have demon-
strated the suitability of LISST to analyze phyto-
plankton size distribution in situ (Serra et al. 2001,
Anglès et al. 2008, Barone et al. 2015, Font-Muñoz
et al. 2015). For example, Rienecker et al. (2008)
showed that peaks in the phytoplankton size distri-
bution can be used to identify the presence of species

such as Pseudo-nitzschia and Asterionella spp. when
these species dominate the phytoplankton commu-
nity. Also, Karp-Boss et al. (2007) demonstrated that
the peaks in the size distribution can provide valu-
able information on the different axes of symmetry of
non-spherical cell species like Ceratium longipes.

In our case, complementary information on pig-
ment composition helps to overcome the limitations
of LISST measurements by using the CCA method.
Pigment−size relationships can be used to identify
some algal groups or species. Our results show that
the spring phytoplankton bloom was characterized
by 2 main peaks (8 and 40 µm) and an increase in
chl c, which suggested diatom dominance. This was
corroborated by the microscopy analyses that re -
vealed a high abundance of Pseudo-nitzschia sp.
This pennate diatom presents a characteristic spec-
tral signature displaying 2 main peaks that corre-
spond to its main axes of symmetry. Likewise, an
increase in Prochlorococcus was suggested by a peak
at sizes <1 µm and a simultaneous increase in chl b.

An important aspect of our methodology is the res-
olution provided by the LISST-100X (1 Hz sampling
frequency), especially when compared with the reso-
lution of microscopy counts. High resolution sam-
pling, together with the large volume sample ana-
lyzed (~2.5 ml s−1) by the LISST, guarantees better
representability of the information provided by this
method than by discrete water samples and subse-
quent microscopy analysis. Further, phytoplankton
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Fig. 8. Evolution (in µl l−1) of the integrated phytoplankton size distribution for (a) the first and (b) the second canonical correla-
tion analysis (CCA) mode, and the integrated phytoplankton biovolume for groups (or species) containing (c) chl c and (d) chl b
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size distribution summarizes the structural changes
associated with species variations while providing
clues on ecosystem level processes such as energy
and mass flux (Reul et al. 2006). While acknowledg-
ing the importance of detailed identification of phyto -
 plankton species composition in the natural environ-
ment, the ecological implications of changes in
species composition are often difficult to interpret,
particularly when many taxa coexist. This is typically
approached by clustering the information associated
with different criteria, such as species functionality.
For these purposes, size distribution data can be an
interesting alternative.

Identification of the spatial and temporal modes of
variation achieved by CCA of size and pigment data
provides a simplified, yet highly valuable, interpreta-
tion of the spatial−temporal variations in phytoplank-
ton structure. This technique only requires particle
size and pigment information that may be available
from different marine instrumentation and, there-
fore, can be a good alternative to more sophisticated
and costly instrumentation. The limitations of the pro -
posed methodology in the identification of the differ-
ent phytoplankton groups are mainly imposed by the
resolution of the particle size distribution and the
number of characteristic pigments analyzed.
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