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[1] Intense phytoplankton blooms were observed along the Patagonian shelf-break with
satellite ocean color data, but few in situ optical observations were made in that region. We
examine the variability of phytoplankton absorption and particulate scattering coefﬁcients
during such blooms on the basis of ﬁeld data. The chlorophyll-a concentration, [Chla],
ranged from 0.1 to 22.3 mg m3 in surface waters. The size fractionation of [Chla] showed
that 80% of samples were dominated by nanophytoplankton (N-group) and 20% by
microphytoplankton (M-group). Chlorophyll-speciﬁc phytoplankton absorption coefﬁcients
at 440 and 676 nm, a*ph(440) and a*ph(676), and particulate scattering coefﬁcient at
660 nm, b*p(660), ranged from 0.018 to 0.173, 0.009 to 0.046, and 0.031 to 2.37 m2
(mg Chla)1, respectively. Both a*ph(440) and a*ph(676) were statistically higher for the
N-group than M-group and also considerably higher than expected from global trends as a
function of [Chla]. This result suggests that size of phytoplankton cells in Patagonian
waters tends to be smaller than in other regions at similar [Chla]. The phytoplankton cell
size parameter, Sf, derived from phytoplankton absorption spectra, proved to be useful for
interpreting the variability in the data around the general inverse dependence of a*ph(440),
a*ph(676), and b*p(660) on [Chla]. Sf also showed a pattern along the increasing trend of
a*ph(440) and a*ph(676) as a function of the ratios of some accessory pigments to [Chla].
Our results suggest that the variability in phytoplankton absorption and scattering
coefﬁcients in Patagonian waters is caused primarily by changes in the dominant
phytoplankton cell size accompanied by covariation in the concentrations of accessory
pigments.
Citation: Ferreira, A., D. Stramski, C. A. E. Garcia, V. M. T. Garcia, Á. M. Ciotti, and C. R. B. Mendes (2013),
Variability in light absorption and scattering of phytoplankton in Patagonian waters: Role of community size structure
and pigment composition, J. Geophys. Res. Oceans, 118, 698–714, doi:10.1002/jgrc.20082.

1. Introduction
[2] The absorption coefﬁcient of phytoplankton, aph(l),
plays an important role for a variety of oceanographic
science questions and applications, including the propagation
of light [e.g., Atlas and Bannister, 1980; Sathyendranath and
Platt, 1988], primary production [e.g., Morel, 1991; Marra
et al., 2007], algal physiology [e.g., Stramski and Reynolds,
1
Instituto de Oceanograﬁa, Universidade Federal do Rio Grande, Rio
Grande, Brazil.
2
Marine Physical Laboratory, Scripps Institution of Oceanography,
University of California San Diego, La Jolla, California, USA.
3
Centro de Biologia Marinha, Universidade de São Paulo, São
Sebastião, Brazil.
4
Centro de Oceanograﬁa, Faculdade de Ciências, Universidade de
Lisboa, Lisbon, Portugal.

Corresponding author: Amabile Ferreira, Instituto de Oceanograﬁa, Universidade Federal do Rio Grande, Rio Grande, RS 96201-900, Brazil.
(amabilefr@gmail.com)
© 2013 American Geophysical Union. All Rights Reserved.
2169-9275/13/10.1002/jgrc.20082

1993; Bouman et al., 2003], and thermal structure [e.g., Lewis
et al., 1983; Stramska and Dickey, 1993] within the upper water
column. Because aph(l) is one of principal inherent optical
properties of seawater affecting the spectral reﬂectance of the
ocean, this absorption coefﬁcient is also important to science
and applications associated with the use of satellite and airborne
observations of ocean color [e.g., Morel and Bricaud, 1981;
Roesler and Perry, 1995; Sathyendranath et al., 2001].
[3] Variations in aph(l) may result from changes in
phytoplankton concentration, optical properties of individual
cells, or both [e.g., Morel and Bricaud, 1981; Stramski et al.,
2001]. In particular, the variability observed around the
general trends of statistical relationships between the
concentration of chlorophyll-a, [Chla], and aph(l) is related
to pigment packaging (or package effect) and pigment
composition in phytoplankton cells. Pigment packaging is a
well-documented source of variability in aph(l), which
depends on cell size and intracellular concentration of
pigments [Morel and Bricaud, 1981; Bricaud and Morel,
1986; Sathyendranath et al., 1987; Ciotti et al., 1999]. The
chlorophyll-speciﬁc absorption coefﬁcient of phytoplankton,
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a*ph(l) (i.e., aph(l) per unit of [Chla]), is generally found to
decrease with an increase in both [Chla] and the average cell
size within phytoplankton populations, and is also related
to the proportions of accessory pigments relative to [Chla]
[e.g., Bricaud et al., 2004].
[4] Following the work of Sathyendranath et al. [1987], a
number of recent studies have attempted to separate the
effect of pigment composition from that of pigment packaging upon the aph(l) spectra [Lohrenz et al., 2003; Toepel
et al., 2005; Fishwick et al., 2006; Chazottes et al., 2007;
Wang et al., 2007; Matsuoka et al., 2011]. In general, the
effects caused by variations in pigment composition are
smaller than those produced by cell size [e.g., Bricaud
et al., 2004]. However, seasonal variability in the relative
importance of both factors was observed in speciﬁc regions
of the oceans [e.g., Toepel et al., 2005].
[5] Signiﬁcant efforts have been devoted to the
development of models and approaches, including those
involving satellite remote sensing of ocean color, for
deriving information about cell size from phytoplankton
absorption spectra [see Brewin et al., 2011b for a review].
Ciotti et al. [2002] introduced a phytoplankton cell size
parameter, Sf, and showed that combined effects of the
dominant cell size and covarying pigments can explain
about 80% of the variability in phytoplankton absorption
spectra in surface oceanic waters. It was postulated that the
shape of phytoplankton absorption spectra can be
reproduced with the parameter Sf, which describes the
complementary contributions of two basis vectors representing the extreme cases of spectral shapes corresponding to the
smallest (picophytoplankton) and largest (microphytoplankton) dominant cell sizes of phytoplankton community. Ciotti
et al. [2002] emphasized that Sf is not dependent solely on
the cell size, and that the pigment packaging also plays a role
implying the effect of intracellular concentrations of various
pigments. For example, for the same dominant cell size, the
Sf values will tend to decrease if phytoplankton community
shows an increase in the concentrations of intracellular
pigments caused, for instance, by photoacclimation [see also
Ciotti et al., 1999].
[6] Phytoplankton is also an important light-scattering
agent in seawater [Morel and Ahn, 1991; Stramski and
Kiefer, 1991]. Empirical relationships based on in situ
measurements have been proposed between [Chla] and the
beam attenuation (scattering plus absorption) coefﬁcient
[e.g., Voss, 1992; Loisel and Morel, 1998; Behrenfeld and
Boss, 2006], scattering coefﬁcient [e.g., Gordon and Morel,
1983; Loisel and Morel, 1998; Huot et al., 2008], and
backscattering coefﬁcient [e.g., Reynolds et al., 2001;
Stramska et al., 2006; Huot et al., 2008]. Changes in
chlorophyll-speciﬁc particulate scattering coefﬁcient, b*p(l)
(i.e., particulate scattering coefﬁcient per unit of [Chla]),
observed in the ﬁeld have been related to phytoplankton
physiological status [Behrenfeld and Boss, 2003], but the
role of cell size in scattering properties of natural
phytoplankton communities has been addressed only in few
recent studies [Gernez et al., 2011; Brewin et al., 2012;
Martinez-Vicente et al., 2012]. The potentially high correlation between scattering and backscattering coefﬁcients may
support the use of satellite-derived [Chla] and particulate
backscattering for investigation of phytoplankton biomass
and physiology [Westberry et al., 2010] as well as size

structure [Loisel et al., 2006]. The quantiﬁcation and understanding of the causes of variability in both absorption and
scattering properties of natural phytoplankton communities
are thus essential for improving our ability to retrieve biologically relevant information from in situ and remote-sensing
optical data. This study aims to provide a contribution to
such understanding of phytoplankton-related optical variability in Patagonian waters.
[7] During austral spring and summer, high levels of
phytoplankton biomass persistently occur in the Patagonian
inner shelf and shelf-break region, making it one of the most
productive zones in the global ocean [Takahashi et al., 2002;
Gregg et al., 2005]. The seasonal cycle of phytoplankton
biomass in the vicinities of the Patagonian shelf-break was
recently examined using remote-sensing data [Garcia
et al., 2004; Rivas et al., 2006; Romero et al., 2006;
Signorini et al., 2006]. Fieldwork in this region suggests that
the development and sustainability of phytoplankton blooms
are associated with both nutrient supply from the Malvinas
Current and water column stability along the shelf-break
front [Carreto et al., 1995; Garcia et al., 2008]. The
Patagonian shelf waters have been also recognized to play
an important role in the global oceanic uptake of CO2 from
the atmosphere [Takahashi et al., 2002; Bianchi et al.,
2009]. Speciﬁcally, Schloss et al. [2007] demonstrated an
inverse relationship between the air-sea differences of CO2
partial pressure with surface [Chla] under the dominance of
diatoms in the Argentinean continental shelf. Such scenario
was not observed when small (≤5 mm) ﬂagellates dominated
the phytoplankton assemblages.
[8] Optical measurements have been rarely conducted in
the Patagonian waters [Ferreira et al., 2009; Lutz et al.,
2010; Garcia et al., 2011]. The objective of this study is to
characterize the variability of phytoplankton absorption
and particulate scattering coefﬁcients in the Patagonian
shelf-break waters and vicinities on the basis of large data
set collected during six cruises in austral spring and summer
from 2006 to 2009. Our data analysis also aims at providing
insights on inﬂuences of the dominant cell size and pigment
composition on variability in phytoplankton absorption and
scattering coefﬁcients as a function of bulk chlorophyll-a
concentration.

2. Data and Methods
2.1. Oceanographic Cruises and Data Collection
[9] Data analyzed in this study were collected on six
research cruises in the Patagonian inner-shelf and shelfbreak region. Three cruises referred to as PATEX 2, PATEX
4, and PATEX 6 took place during the austral spring season,
speciﬁcally 28–31 October 2006, 16–21 October 2007, and
14–18 October 2008, respectively. Two cruises, PATEX 5
and PATEX 7, were conducted in austral summer during
the periods of 4–7 January 2008 and 5–8 January 2009,
respectively. Finally, PATEX 3 took place during transition
between summer and fall from 25 to 29 March 2007. The
locations of stations (Figure 1) extend from the northern
portion of the Argentinean shelf (PATEX 6) through the
highly productive waters along the Patagonian shelf-break
(PATEX 2, 3, and 4) and the southern inner shelf (PATEX 5),
to the area south of Malvinas (Falkland) Islands (PATEX 7).
Overall 176 stations were visited by performing cross-shelf
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single data set with no discrimination between these depths.
This data set includes 236 measurements of absorption spectra
and chlorophyll-a concentration with ﬂuorometric method,
223 measurements of beam attenuation coefﬁcient, and 132
HPLC determinations of pigments.

Figure 1. Locations of 176 oceanographic stations where
measurements and sample collections were made during
the PATEX cruises within the Patagonian shelf-break and
adjacent areas.

and along-shelf transects during the six cruises. At all
stations, vertical proﬁles of temperature, salinity, dissolved
oxygen, chlorophyll ﬂuorescence, and beam attenuation coefﬁcient at 660 nm were taken with a CTD/Rosette system
(SeaBirdW 911+) which included 5 L Niskin bottles for water
sampling. Seawater was collected at several depths for
further laboratory analysis. We also note that research conducted on an earlier cruise PATEX 1 (October 2004) was
described by Garcia et al. [2008] and these data are not
analyzed in this study.
[10] Measurements of the following bio-optical parameters
are used in this study: the concentration of total chlorophyll-a, size-fractionated chlorophyll-a, concentrations of
phytoplankton accessory pigments, spectral absorption
coefﬁcients of particulate matter including the partitioning
into phytoplankton and non-phytoplankton components,
and the beam attenuation coefﬁcient at a single light
wavelength of 660 nm. The chlorophyll-a concentration
was determined with the ﬂuorometric (F) and High
Performance Liquid Chromatography (HPLC) methods.
We use data only from near-surface depths and depths of
maximum chlorophyll ﬂuorescence. For all PATEX cruises,
the depths of maximum ﬂuorescence varied between about
15 and 30 m and were typically located just below the mixed
layer. Microscopy and HPLC analyses showed very similar
phytoplankton community composition near the surface and
at depths of maximum ﬂuorescence [Souza et al., 2012;
Gonçalves-Araujo et al., 2012; M. S. Souza, personal
communication, 2011]. In addition, no clear difference
was observed in phytoplankton absorption and particulate
scattering properties between the near-surface and maximum
ﬂuorescence depths. Therefore, our analysis was applied to a

2.2. Determinations of Phytoplankton Pigments and
Size Fractions
Fluorometric Determinations of Chlorophyll-a
[11] Discrete water samples (0.5–1 L) were ﬁltered onto
25-mm glass ﬁber ﬁlters (Whatman GF/F) for post-cruise
determinations of the concentration of total chlorophyll-a
by ﬂuorometric method, which is denoted by [Chla]F. In
addition, samples were ﬁltered through a 20 mm mesh and
the collected ﬁltrate was subsequently ﬁltered on the GF/F
ﬁlter for the determination of the fraction of chlorophyll-a
associated with phytoplankton cells less than 20 mm in size.
This fraction of chlorophyll-a concentration represents the
combined contributions of picophytoplankton and nanophytoplankton, which is denoted by [pico + nano Chla]F. The
difference between [Chla]F and [pico + nano Chla]F yields
a contribution of microphytoplankton (>20 mm in size),
which is denoted by [micro Chla]F.
[12] Immediately after ﬁltration, the GF/F ﬁlters were
wrapped in aluminum foil and placed in liquid nitrogen for
storage until post-cruise analysis. After the cruises, pigments
were extracted in 90% acetone and chlorophyll-a determinations were made with a calibrated Turner Designs TD-700
Fluorometer [Welschmeyer, 1994]. These ﬂuorometric
determinations were made for both total and fractionated
chlorophyll-a in all samples collected on the six cruises.
HPLC Determinations of Pigments
[13] The concentrations of phytoplankton pigments were
obtained by HPLC technique for samples collected during
four cruises, PATEX 4, 5, 6, and 7. The protocol for
collection and storage of HPLC samples was the same as
that for the ﬂuorometric determinations. Mendes et al.
[2007] and Souza et al. [2012] described in detail the HPLC
procedure used in this work. A speciﬁc set of pigments
detected with the HPLC method is used in our study, which
includes (1) total chlorophyll-a, [Chla]HPLC, which is the
sum of monovinyl chlorophyll-a, chlorophyllide-a, and the
chlorophyll-a epimers and allomers (note that divinyl
chlorophyll-a was undetectable); (2) chlorophyll-b, [Chlb];
(3) 190 -hexanoyloxyfucoxanthin, [Hexa]; (4) photosynthetic
carotenoids, [PSC], which include [Hexa], fucoxanthin, 190 butanoyloxyfucoxanthin, and peridinin; and (5) photoprotective
carotenoids, [PPC], which include diadinoxanthin, alloxanthin,
and zeaxanthin. Other pigments, whose concentrations are
typically very low, are considered to be less important and
are not included in our analysis.
[14] An unknown carotenoid with absorption peak
centered at about 460 nm was detected in 37 samples
collected on four cruises, PATEX 2, 3, 4, and 6. The
presence of this carotenoid consistently shifted the primary
blue peak of phytoplankton absorption from about 440 nm
towards 460 nm (see section 3.5). This pigment is hereafter
referred to as P460.
Estimation of Phytoplankton Size Fractions From HPLC
Data
[15] The ﬂuorometric determinations made on unfractionated samples and 20 mm ﬁltrates provided the estimates of

700

FERREIRA ET AL.: PHYTOPLANKTON ABSORPTION AND SCATTERING

[pico + nano Chla]F and [micro Chla]F. It is also useful to
obtain additional information on separate contributions of
picophytoplankton and nanophytoplankton to total
chlorophyll-a concentration from HPLC pigment data. This
information can be obtained from a method proposed by
Vidussi et al. [2001] with reﬁnements by Uitz et al. [2006].
In this method several diagnostic accessory pigments serve
as biomarkers of speciﬁc phytoplankton taxonomic groups
and these taxa are assigned to one of the three size classes:
pico-, nano-, or microphytoplankton. This assignment is
based on observations that microphytoplankton include
primarily diatoms, nanophytoplankton prymnesiophytes,
and picophytoplankton prokaryotic species. It must be
recognized that this approach has limitations because
various phytoplankton groups can share certain diagnostic
pigments and some taxa include cells covering a wide range
of size. Despite these limitations, this method has proven
to provide useful information about pigment-based composition and size structure of phytoplankton communities
[Bricaud et al., 2004; Uitz et al., 2006, 2008; Ras et al.,
2008].
[16] We used our HPLC data of diagnostic pigments from
four cruises (PATEX 4, 5, 6, and 7) to obtain estimates of
chlorophyll-a concentrations associated with the three size
classes, [pico Chla]HPLC, [nano Chla]HPLC, and [micro
Chla]HPLC. We found poor agreement between the relative
contributions of size fractions to total chlorophyll-a obtained
from HPLC-derived diagnostic pigments and from ﬂuorometric measurements of samples fractionated by ﬁltration.
These differences are quantiﬁed through slopes of the
following linear relationships: (i) [pico + nano Chla]F versus
[Chla]F, (ii) [micro Chla]F versus [Chla]F, (iii) [pico + nano
Chla]HPLC (i.e., the sum of [pico Chla]HPLC and [nano
Chla]HPLC) versus [Chla]F, and (iv) [micro Chla]HPLC versus
[Chla]F (see Table 1). Speciﬁcally, the contribution of
[micro Chla]HPLC estimated from HPLC-derived diagnostic
pigments is signiﬁcantly higher than the contribution of
[micro Chla]F obtained from the sample fractionation with
ﬂuorometric measurements. The opposite result is observed
for the sum of picophytoplankton and nanophytoplankton
contributions, for which the method based on diagnostic
pigments yields lower values compared with the fractionation/ﬂuorometric data.
[17] The observed discrepancies are, at least partly, related
to limitations of the method based on diagnostic pigments as
brieﬂy mentioned above. For example, the relatively high estimates of [micro Chla]HPLC may result from the fact that
fucoxanthin is assumed to be diagnostic of large-sized

diatoms that belong to microphytoplankton although this
pigment can be also present in smaller diatoms and prymnesiophytes within the nanoplankton size class. Therefore,
we decided to base our analysis on the use of data of
[pico + nano Chla]F and [micro Chla]F, which are available
for all six PATEX cruises. In addition, for the four cruises
for which HPLC data are available, we also partitioned
[pico + nano Chla]F into two components [pico Chla]HPLC
and [nano Chla]F/HPLC. The [pico Chla]HPLC component is
estimated from the method based on HPLC-derived diagnostic pigments, and the [nano Chla]F/HPLC component is
estimated as a difference between [Chla]F and [micro Chla]F
plus [pico Chla]HPLC. We assume that the estimates of [pico
Chla]HPLC are reasonable because the diagnostic pigments
of picophytoplankton are present exclusively in this cell
size range.
2.3. Classiﬁcation of Samples Based on the Dominant
Size Fraction of Phytoplankton
[18] The dominant size fraction of phytoplankton was
deﬁned on the basis of relative contribution of each size
class-speciﬁc concentration of chlorophyll-a to total [Chla]F.
Speciﬁcally, we assumed that a contribution greater than
50% deﬁnes the dominance. The picophytoplankton and
nanophytoplankton contributions were not distinguished
from one another for the PATEX 2 and PATEX 3 samples,
but we can assume that the nanophytoplankton was dominating in cases when [pico + nano Chla]F was dominant.
This assumption is supported by generally very small contributions of picophytoplankton estimated from HPLC pigment
analysis performed on samples from PATEX 4, 5, 6, and 7
(Table 1). For these cruises, only two samples were dominated by picophytoplankton and eight samples did not
satisfy our 50% criterion for the size fraction dominance.
We ignore these 10 samples in further analysis, so the total
number of samples in our analysis is reduced from 236
to 226. The majority of samples (181 out of 226) were
classiﬁed as nanophytoplankton dominated. The remaining
45 samples were dominated by microphytoplankton. The
absorption and scattering coefﬁcients are discussed below
within the context of these two groups, which are referred
to as N-group (nanophytoplankton-dominated group) and
M-group (microphytoplankton-dominated group).
2.4. Determinations of Particulate and Phytoplankton
Absorption Coefﬁcients
[19] Spectra of particulate absorption coefﬁcient, ap(l) in
m1, were measured with a quantitative ﬁlter pad technique

Table 1. The Values for the Slope Parameter of the Linear Function Derived From Regression Analysis of the Chlorophyll-a Concentration Associated With Phytoplankton Size Classes Versus the Total Chlorophyll-a Concentration, [Chla]F or [Chla]HPLCa
Slopes

Cruise
PATEX 4
PATEX 5
PATEX 6
PATEX 7

[pico + nano Chla]F
versus
[Chla]F

[micro Chla]F
versus
[Chla]F

[pico + nano Chla]HPLC
versus
[Chla]HPLC

[micro Chla]HPLC
versus
[Chla]HPLC

0.65
0.89
0.99
0.41

0.35
0.11
0.02
0.59

0.02
0.27
0.44
0.19

0.99
0.73
0.56
0.81

a
The information on the class-speciﬁc chlorophyll-a concentration was derived from the size fractionation method followed by ﬂuorometric
determinations of chlorophyll-a in fractionated samples (subscript F) or from HPLC analysis of pigments (HPLC subscript). See text in section 2.2 for details.
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[Mitchell et al., 2000]. Water samples (0.5–2 L) for these
measurements were ﬁltered onto 25 mm Whatman GF/F
ﬁlters. The ap(l) measurements were made in the 300–750
nm spectral range at 1 nm intervals with a dual beam
spectrophotometer (Cary Model 1E). Immediately upon the
ap(l) measurements, the sample ﬁlters were subject to
methanol extraction (PATEX 2 and 3) and bleaching with
sodium hypochlorite (PATEX 4, 5, 6 and 7), and then
rescanned in a spectrophotometer to obtain the estimates of
non-algal (also referred to as detrital) absorption coefﬁcient,
ad(l) [Kishino et al., 1985; Tassan and Ferrari, 1995;
Mitchell et al., 2000]. For the calculations of ap(l) and
ad(l) coefﬁcients, we used the ampliﬁcation factor b given
by Ferreira et al. [2009]. The spectral absorption coefﬁcient
of phytoplankton, aph(l), was calculated as a difference
between ap(l) and ad(l).
2.5. Estimation of Phytoplankton Cell Size Parameter
[20] To examine differences in the shape of phytoplankton
absorption spectra and to estimate a cell size parameter for
phytoplankton, each phytoplankton absorption spectrum
was normalized to its mean value computed on the basis of
all spectral values between 400 and 700 nm [Ciotti et al.,
2002]. The normalized spectrum is denoted as a<ph>(l).
Assuming that variations in the spectral shape of phytoplankton absorption are mainly driven by the dominant cell
size, Ciotti et al. [2002] developed a model that reconstructs the shape of a<ph>(l) with a linear combination of
two spectra representing complementary contributions of
the smallest (picophytoplankton) and largest (microphytoplankton) cell sizes. We used a least squares LevenbergMarquardt algorithm to ﬁt the observed a<ph>(l) to a linear
model by adjusting the values of the derived cell size parameter, Sf [see equation 3 in Ciotti et al., 2002]. This procedure yields an estimate of the size parameter Sf that is
consistent with a given observed spectrum of a<ph>(l) and
the model-reconstructed spectrum of a<ph>(l). The values
of Sf are constrained to vary from 0 to 1. Sf tends to 0 when
large cells of phytoplankton (>20 mm) are dominant, and
1 when small cells (<2 mm) dominate. The intermediate
values represent all possible situations between these two
extremes. The goodness of the model ﬁt was evaluated
for each phytoplankton-normalized spectrum by computing
the coefﬁcient of determination, R2, between all spectral

values of the observed spectrum and all spectral values
of the spectrum reconstructed by the model.
2.6. Determinations of Particulate Scattering
Coefﬁcient
[21] The beam attenuation coefﬁcient of suspended
particles, cp(660) in m1, was measured at a light
wavelength of 660 nm with a C-star beam transmissometer
(WETLabs, Inc.) along a 25 cm pathlength throughout
the water column. Details of the protocol for determining
cp(660) are provided by WETLabs., Inc. (http://www.wetlabs.
com/products/). We assumed that measurements taken in
deep waters (~1000 m) but far away from the sea bottom provide the best estimate of particle-free attenuation of seawater
[Loisel and Morel, 1998]. These deep-water measurements
were subtracted from all beam attenuation measurements
taken in surface ocean layer on a cruise-by-cruise basis to
remove the contribution of pure seawater. The resulting values
are considered to represent the beam attenuation by particles
under the assumption that the contribution of dissolved matter
to the attenuation of light at 660 nm is negligible. The measurements taken at 5 m depth were assumed to represent the
near-surface beam attenuation, which is reasonable from the
standpoint of avoiding or minimizing the potential intermittent
contributions of air bubbles injected by breaking waves. For
the purposes of analysis in this study, we use the particulate
scattering coefﬁcient at 660 nm, bp(660), for the near-surface
and ﬂuorescence maximum depths. This coefﬁcient was
calculated as bp(660) = cp(660)  ap(660).

3. Results and Discussion
3.1. Total and Fractionated Chlorophyll-a
[22] The range of variation in surface [Chla]F is shown in
Table 2. At the depth of maximum chlorophyll ﬂuorescence,
[Chla]F ranged from about 0.3 to 24 mg m3 (not shown)
and was slightly higher than surface concentrations. The
variability in [Chla]F was mainly associated with differences
in both the time and geographical location of sampling
among the different cruises.
[23] Very high surface pigment concentrations with the
mean values of about 6.2 and 6.0 mg m3 were measured
along the Patagonian shelf-break during the austral spring
cruises, PATEX 2 and PATEX 4 (Table 2 and Figure 2).

Table 2. The Minimum (Min), Maximum (Max), and Mean Values (Mean  Std Where Std Is Standard Deviation) of Near-Surface
Concentrations of Total Chlorophyll-a, [Chla]F, for Each PATEX Cruisea

Cruise
PATEX 2
PATEX 3
PATEX 4
PATEX 5
PATEX 6
PATEX 7

Min [Chla]F
mg m3

Max [Chla]F
mg m3

1.46
0.24
0.32
0.45
0.21
0.10

11.85
2.16
22.30
2.35
3.13
2.72

Mean  Std [Chla]F
mg m3
6.24  2.96
1.35  0.42
5.99  6.05
1.01  0.40
1.29  0.77
0.67  0.52

Mean  Std
pico +
nano %

Mean  Std
pico %

Mean  Std
nano %

Mean  Std
micro %

N

38  25
89  8
74  14
79  20
87  18
78  26

–
–
11
65
13  12
28  28

–
–
74  14
72  22
75  21
50  31

62  25
11  8
26  14
21  21
13  16
22  28

26
30
33
18
41
28

a
The mean (Std) for the percent contributions of picophytoplankton (pico), nanophytoplankton (nano), and microphytoplankton (micro) to total [Chla]F,
and the number of data (N) are also shown. Note that the sum of separate contributions of pico- and nanophytoplankton based on the combination of fractionation with ﬂuorometric determinations of chlorophyll-a and HPLC pigment analysis (columns 6 and 7) is slightly different than the combined pico +
nano contribution based on the sample fractionation (column 5). See text in section 2.2 for details.
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Satellite-based ocean color observations during austral
spring usually show conspicuous phytoplankton blooms
along the shelf-break zone, which is in contrast with the
surrounding areas [Rivas et al., 2006; Romero et al.,
2006]. Garcia et al. [2008] suggested that the supply of
macronutrients by upwelling, and possibly also iron by
upwelling and transport over the continental shelf, contribute to the maintenance of the spring blooms. The maximum
surface values of [Chla]F on PATEX 2 and 4 (11.85 and

22.30 mg m3, respectively) were observed at the shelfbreak zone between 42S and 45S, likely due to intense
shelf-break upwelling processes. These observations are
consistent with the study of Carreto et al. [2008].
[24] The northernmost transect around 40S occupied
during PATEX 2 (Figure 1) showed relatively low [Chla]F
in the range of 1.46–3.45 mg m3. This observation likely
reﬂects a late phase of the bloom compared with higher
latitudes of the continental shelf-break, as the blooms tend

Figure 2. The percent contributions of chlorophyll-a concentration associated with the three phytoplankton
size-classes to total chlorophyll-a concentration, [Chla]F, as a function of [Chla]F, for each PATEX cruise:
(a) PATEX 2, (b) PATEX 3, (c) PATEX 4, (d) PATEX 5, (e) PATEX 6, and (f) PATEX 7. The data points
shown as squares are for contribution of picophytoplankton (i.e., 100 [pico Chla]HPLC/[Chla]F); crosses
for nanophytoplankton (i.e., 100 [nano Chla]F/HPLC / [Chla]F); and triangles for microphytoplankton
(i.e., 100 x [micro Chla]F / [Chla]F). In Figures 2a and 2b, squares and crosses combined correspond to data
for picophytoplankton and nanophytoplankton combined (i.e., 100 [pico + nano Chla]F / [Chla]F) for
PATEX 2 and 3 (see text in section 2.2 for details).
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to start in the north and develop progressively in the
southward direction following typical pattern associated
with increasing light and temperature [Rivas et al., 2006].
[25] During another spring cruise, PATEX 6, the observations were made at latitudes lower than 40 S within the
northernmost part of the region investigated in our study
(Figure 1). These observations showed relatively low values
of surface [Chla]F with the mean of about 1 mg m3, when
compared to generally higher values that were observed also
in spring but at higher latitudes during PATEX 2 and
PATEX 4. This difference can be attributed to speciﬁc
conditions that occur within the region of PATEX 6. Specifically, this is the Brazil-Malvinas Conﬂuence Zone, which is
a highly energetic region of waters just off the coast of
Argentina and Uruguay where the warm poleward-ﬂowing
Brazil Current encounters the cold equatorward-ﬂowing
Malvinas Current. The environmental conditions and their
effect on phytoplankton biomass and community during
PATEX 6 are described elsewhere [Gonçalves-Araujo
et al., 2012].
[26] In late summer (March 2007), relatively low to
moderate values of surface [Chla]F from 0.24 to 2.16
mg m3 were measured during PATEX 3. A region characterized by high ocean reﬂectance and surface values of [Chla]F
ranging from 0.45 to 2.35 mg m3 was investigated during
the PATEX 5 cruise (January 2008). Microscopic and
pigment analyses conﬁrmed the signiﬁcant abundance of
coccolithophorides [Souza et al., 2012] and the optical
properties associated with the coccolithophorid bloom are
described by Garcia et al. [2011]. Another summer cruise
(PATEX 7) was carried out in the southernmost part of the
investigated region (January 2009). This cruise was also an
attempt to sample waters with high reﬂectance detected by
satellite ocean color sensors south of the Malvinas Islands.
However, the expected coccolithophorid bloom was not found
at the visited stations. Fairly low surface values of [Chla]F with
the mean of 0.67 mg m3 were typically observed during
PATEX 7.
[27] Figure 2 shows the percent contribution of the three
phytoplankton size classes (pico-, nano-, and microphytoplankton) to total [Chla]F as a function of total [Chla]F for
each cruise. The percent contribution of picophytoplankton
could not be estimated for PATEX 2 and PATEX 3 because
HPLC analysis was not performed for these two cruises (see
section 2.2). Thus, in addition to [micro Chla]F, [pico + nano
Chla]F was estimated for PATEX 2 and PATEX 3 cruises.
Considering the biomass ranges on both cruises and the
generally small picophytoplankton contributions estimated
from HPLC pigment analysis for other cruises (Table 2),
signiﬁcant role of picophytoplankton in waters sampled
during PATEX 2 and PATEX 3 is highly unlikely.
Therefore, we can assume that nanophytoplankton is the
dominant size fraction for PATEX 2 and PATEX 3 in cases
when [pico + nano Chla]F dominates the total [Chla]F. For
PATEX 2, 75% of samples were dominated by microphytoplankton and the remainder by nanophytoplankton. For
PATEX 3, all samples showed dominance by nanophytoplankton (Figure 2).
[28] The [micro Chla]F component made a main contribution to total [Chla]F only during PATEX 2 (Figure 2a), with
the exception of the northernmost transect visited during this
cruise where the lowest [Chla]F values were measured

(1.46–4.05 mg m3). If the six stations of this transect are
excluded, the mean contribution of [micro Chla]F to total
[Chla]F is 69% for PATEX 2. Between the spring 2006
(PATEX 2) and summer 2007 (PATEX 3), a shift from the
dominance of [micro Chla]F to [pico + nano Chla]F was
observed (Figure 2b). The [pico + nano Chla]F component
contributed, on average, 90% to total [Chla]F on the PATEX
3 cruise.
[29] During the following spring cruise in 2007 (PATEX 4),
[nano Chla]F/HPLC was mostly responsible for the generally
increased values of total [Chla]F (Figure 2c). We recall that
the highest [Chla]F values were found on this cruise. The
[micro Chla]F component generally made a signiﬁcant, albeit
not dominant contribution to total [Chla]F on the PATEX 4
cruise (on average 26%; Figure 2c and Table 2). However,
for four samples [micro Chla]F contributed 50, 50, 59, and
51% to total [Chla]F which was 3.77, 0.41, 0.29, and 5.36
mg m3, respectively. Microscopy analysis revealed a general
dominance of diatoms from nanoplankton size range (mainly
Thalassiosira ssp.) in the PATEX 4 samples (M. S. Souza, personal communication, 2011). These results are consistent with
earlier ﬁndings from the PATEX 1 cruise [Garcia et al., 2008].
[30] During the coccolithophoride bloom on PATEX 5
(January 2008), [nano Chla]F/HPLC was the primary component that controlled the total [Chla]F with an average contribution of 72%. For some samples, [micro Chla]F contributed
substantially to total [Chla]F (Figure 2d). On PATEX 6,
[nano Chla]F/HPLC was also the major component of total
[Chla]F (an average contribution of 75%) and [micro Chla]F
made a signiﬁcant contribution in several samples (Figure 2e).
For most samples collected on PATEX 7, changes in both
[nano Chla]F/HPLC and [micro Chla]F were responsible for
variations in total [Chla]F (Figure 2f). We note, however, that
whereas [pico Chla]HPLC remained generally weakly variable
with very small contribution to total [Chla]F (Figure 2), the
average contribution of [pico Chla]HPLC to total [Chla]F
reached 28% on PATEX 7 (Table 2). For many PATEX 7
samples, the total [Chla]F increased slightly as a result of
increases in [pico Chla]HPLC as shown in Figure 2f. For
two samples, the [pico Chla]HPLC contribution to total
[Chla]F reached about 90% when [Chla]F was relatively
low (~1 mg m3; Figure 2f).
3.2. Phytoplankton Absorption as a Function of
Chlorophyll-a
[31] For the analysis presented in this and next section, we
excluded 37 phytoplankton absorption spectra from the total
of 226 spectra. The excluded spectra show atypical absorption peak around 460 nm and are discussed separately in section 3.5. As a result of such data selection, we obtained 189
phytoplankton absorption spectra, aph(l), combined with the
data of size-fractionated chlorophyll-a. These spectra are
divided into two groups; the nanophytoplankton-dominated
group (N-group) with 151 samples and microphytoplanktondominated group (M-group) with 38 samples.
[32] The absorption coefﬁcients of phytoplankton at 440
and 676 nm, aph(440) and aph(676), varied broadly from
about 0.013 to 0.66 and 0.008 to 0.42 m1, respectively,
and this variation is accompanied by large variability in
[Chla]F (Figure 3). The chlorophyll-speciﬁc absorption coefﬁcients of phytoplankton at 440 and 676 nm, i.e., the phytoplankton absorption coefﬁcients normalized by [Chla]F,
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Figure 3. The phytoplankton absorption coefﬁcient aph(l)
at two light wavelengths, (a) 440 nm and (b) 676 nm, as a
function of total chlorophyll-a concentration, [Chla]F, for
PATEX 2 to PATEX 7 cruises. The data points are shown
for samples dominated by nanophytoplankton (N-group)
and microphytoplankton (M-group), where the dominance
is determined in terms of contributions of these size classes
to total chlorophyll-a concentration [Chla]F. The lines represent the best ﬁt regression between aph(l) and [Chla]F (see
Table 3). The inset graphs compare our regression lines
(N-group in grey and M-group in black) with relationships
from literature, which include B95 [Bricaud et al., 1995],
B04 [Bricaud et al., 2004], D06 [Devred et al., 2006], and
B11 [Brewin et al., 2011a]. The equation for aph(676) versus
chlorophyll-a concentration was not provided by Bricaud
et al. [2004]. The relationships of Devred et al. [2006] and
Brewin et al. [2011a] are for 443 nm and 670 nm rather than
440 nm and 676 nm.

denoted hereafter as a*ph(440) and a*ph(676), ranged from
0.018 to 0.173 and from 0.009 to 0.046 m2 (mg Chla)1,
respectively (note that Chla is here used as an abbreviation
for the word chlorophyll-a). Also, the T-student analysis
(a = 99%) showed that these coefﬁcients were signiﬁcantly
higher for the N-group than M-group.
[33] Empirical relationships between aph(l) and [Chla]F
were determined separately for each group. A power
function in the form aph(l) = A [Chla]F B, where the A and
B parameters are derived from regression analysis, provided
reasonably good ﬁts to our data. The results of this
regression analysis are shown for two example wavelengths,

440 and 676 nm, in Table 3 and Figure 3. It is generally
known that variations in the size structure of phytoplankton
population and the intracellular concentrations of various
pigments are responsible for the variability of aph(l) at a
given chlorophyll-a concentration in water [e.g., Bricaud
et al., 2004]. Our data support the notion that the contributions of accessory pigments and package effect to this
variability seem to be greater at shorter wavelengths because
the data points at 440 nm are scattered more around the bestﬁt lines compared with 676 nm.
[34] For comparison, Figure 3 also shows the relationships
obtained by Bricaud et al. [1995], Bricaud et al. [2004],
Devred et al. [2006], and Brewin et al. [2011a], on the basis
of large data sets collected in different regions of the world’s
ocean. These relationships are referred to as B95, B04, D06,
and B11, respectively. Our best ﬁt lines for both the N-group
and M-group show considerably higher values of aph(440) at
any given chlorophyll-a concentration (on average by a
factor of 2) compared with the B95 relationship (Figure 3a).
The B04 relationship, which is based on a different data set
than B95, is closer to our relationships although the slopes
are considerably different. The D06 and B11 curves are
between B04 and B95. Compared with the blue spectral
band at 440 nm, the differences between our relationships
and B95 are smaller in the red band at 676 nm (Figure 3b).
However, the B95 relationship still yields systematically
lower values of aph(676) than the PATEX relationships.
Because the contribution by pigments other than chlorophyll-a to absorption in this spectral band is very small or
negligible, this result may suggest that cell size of
phytoplankton in the Patagonian region is generally smaller
than in other oceanic regions at similar chlorophyll-a
concentrations.
[35] One possible cause of the differences between our
results and those of Bricaud and co-workers can be
attributed to the choice of the correction algorithm for the
b ampliﬁcation factor in the calculations of particulate
absorption. We veriﬁed that the b correction from Bricaud
and Stramski [1990], which was used in subsequent studies
of Bricaud and co-workers, would increase the aph(l) values
for the PATEX data set by a factor of approximately 1.2 to
1.3 in the blue spectral band. Therefore, this would explain

Table 3. Results From the Regression Analysis Between The Phytoplankton Absorption Coefﬁcients at 440 and 676 nm, aph(440)
and aph(676), and the Total Chlorophyll-a Concentration, [Chla]Fa

N-Group

M-Group

A
B
R2
N
A
B
R2
N

aph(440)

aph(676)

0.09
0.56
0.82
151
0.07
0.51
0.91
38

0.03
0.74
0.92
151
0.03
0.62
0.95
38

a
The regression formula is aph(l) = A [Chla]F B where A and B are the best
ﬁt parameters. The determination coefﬁcient, R2, and the number of data, N,
are also shown. The results are presented for the samples dominated by
nanophytoplankton (N-group) and microphytoplankton (M-group) during
the PATEX 2 to 7 cruises. All regression analyses are signiﬁcant for
p < 0.0001.

705

FERREIRA ET AL.: PHYTOPLANKTON ABSORPTION AND SCATTERING

only a fraction of the differences between our relationships
and the B95 relationship, but could possibly explain the
differences with the B04 relationship.
[36] Another factor that may contribute to these differences is that the HPLC-derived chlorophyll-a is used
in B95 and B04, which can differ markedly from the
ﬂuorescence-derived chlorophyll-a in our study, especially for
diatom-dominated waters. A linear ﬁt applied to our data of
[Chla]HPLC versus [Chla]F provided the equation [Chla]F =
1.19 [Chla]HPLC + 0.42 (R2 = 0.95; N = 175; p < 0.0001,
where N is the number of observations), which indicates
signiﬁcantly higher values of [Chla]F compared with
[Chla]HPLC. However, we also note that the total chlorophylla in the studies of Bricaud et al. [1995, 2004] includes
phaeopigments, which may reduce the differences between
the HPLC and ﬂuorometric determinations of chlorophyll-a
concentrations. To address the potential issue of phaeopigments in our comparisons, we also determined the linear
relationships between the absorption coefﬁcients, aph(440)
and aph(676), and the sum of [Chla]HPLC and phaeopigments,
[Phaeo], without considering the dominant size class. Our
aph(440) values are higher than both the B95 (on average
2.9-fold) and B04 (on average 1.7-fold) values, and our
aph(676) values are higher on average 2.2-fold than the
values derived from the B95 relationship.
[37] The above comparisons suggest that the magnitude of
aph(l) at a given chlorophyll-a concentration, and hence the
values of a*ph(l), are considerably higher for Patagonian
waters compared with the average trends based on data from
many other regions within the world’s ocean. The main
supporting evidence for this ﬁnding is based on our observations in the red spectral band, where variations in a*ph(676)
can be attributed primarily to changes in the package effect.
It therefore appears that cells forming the blooms in Patagonian waters are relatively small compared with cells present
in many other oceanic regions with similar chlorophyll-a
biomass. This observation is also supported by our Patagonian data set which shows relatively high estimates of [micro
Chla]HPLC from HPLC-derived diagnostic pigments (see
section 2.2) when compared to [micro Chla]F obtained from
fractionated [Chla]F. This is because the approach for
taxonomic composition that uses the HPLC-derived
diagnostic pigments makes a general assumption that
diatoms belong to microplankton-size class, so smaller
diatom cells, if present, can be misclassiﬁed as microphytoplankton. Microscopy analysis of PATEX samples indicated
that blooms in Patagonian waters are typically dominated by
diatoms from the nanoplankton size range, although
occasionally diatoms from the microplankton size range
may dominate (e.g., PATEX 2).
3.3. Phytoplankton Absorption and Cell Size
Parameter
[38] The phytoplankton absorption spectra normalized to
their mean value computed on the basis of all spectral values
between 400 and 700 nm, denoted as a<ph>(l), are shown in
Figure 4 for the N-group and M-group. A stronger package
effect is evident for the M-group spectra, which show lower
values for the ratio of the blue-to-red absorption peak than
the N-group spectra. This result is generally consistent with
the study of Ciotti et al. [2002], who found that most of the
variability in the spectral shape of phytoplankton absorption

Figure 4. Spectra of phytoplankton absorption coefﬁcient
normalized by the average value of absorption between 400
and 700 nm (thin grey lines), for PATEX 2 to PATEX 7 cruises.
The data are shown separately for (a) nanophytoplanktondominated samples (N-group) and (b) microphytoplanktondominated samples (M-group). For each group of data, the
mean normalized spectrum (thick solid line) and the standard
deviation spectrum multiplied by 5 to facilitate visualization
(dashed line) are also shown.
coefﬁcient between 400 and 700 nm can be explained by
specifying the cell size of dominant phytoplankton. Note
also that the standard deviation of a<ph>(l) for N-group is
generally higher than for M-group in the 420–490 nm
spectral range, which likely reﬂects a larger contribution of
accessory pigments associated with smaller cells [Bricaud
et al., 1995].
[39] In the present study, Sf was estimated from each
a<ph>(l) spectrum for the six PATEX cruises. The values
of Sf varied from 0.04 to 0.81 and the model of Ciotti
et al. [2002] provided generally good agreement between
the observed and model-reconstructed spectra of a<ph>(l),
with R2 > 0.92 for most cases. The average (standard
deviation) values of Sf are 0.52 (0.21) and 0.33 (0.14)
for the N-group and M-group, respectively.
[40] A clear trend of decrease in the chlorophyll-speciﬁc
absorption coefﬁcient of phytoplankton, a*ph(l), with an
increase in [Chla]F is shown in Figure 5, which is consistent
with similar data presented previously [Dmitriev et al., 2009
and references therein]. Such pattern reﬂects large variability
in phytoplankton biomass, package effect, and species
composition in our samples. Because the parameter Sf varies
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Figure 5. (a) Chlorophyll-speciﬁc absorption coefﬁcient of
phytoplankton at 440 nm, a*ph(440), as a function of total
concentration of chlorophyll-a, [Chla]F, for PATEX 2 to
PATEX 7 cruises. (b) Same as Figure 5a but for the chlorophyll-speciﬁc absorption coefﬁcient of phytoplankton at 676
nm, a*ph(676). The data are shown for samples dominated
by nanophytoplankton (grey symbols) and microphytoplankton (black symbols) for different ranges of cell size parameter, Sf, as indicated. The statistics for the linear
regression on log-transformed data for the N-group are
R2 = 0.51, p < 0.0001, N = 151 for a*ph(440) versus [Chla]F
and R2 = 0.40, p < 0.0001, N = 151 for a*ph(676) versus
[Chla]F. For the M-group the statistics are R2 = 0.84,
p < 0.0001, N = 38 for a*ph(440) versus [Chla]F and
R2 = 0.71, p < 0.0001, N = 38 for a*ph(676) versus [Chla]F.
within a continuum of cell sizes, i.e., from 0 (the strongest
package effect) to 1 (the weakest package effect), it is useful
to examine whether Sf can explain the large variability
observed in a*ph(l) at any given [Chla]F. A closer inspection
of results presented in Figure 5 indicates that Sf agrees with
the variability in a*ph(440) and a*ph(676) as a function of
[Chla]F. In general, the lower [Chla]F and higher a*ph(440)
and a*ph(676) correspond to higher values of Sf (i.e., smaller
phytoplankton cells). The higher [Chla]F and lower values of
a*ph(440) and a*ph(676) are related to lower Sf (larger cells).
In particular, the lowest values of Sf (≤0.2) corresponded to
[Chla]F higher than 10 mg m3. In addition to this overall
pattern, a wide range of a*ph(l) was observed at any given
[Chla]F, and any given value of a*ph(l) was associated with
large variation in [Chla]F.
[41] The determinations of Sf aid to some extent in clarifying the seemingly random variability in a*ph(l) as a function

of [Chla]F. For instance, over similar ranges of a*ph(l) two
distinct groups of Sf were observed: (i) 0.4 < Sf ≤ 0.6 when
[Chla]F was less than 1 mg m3, and (ii) Sf > 0.6 for
[Chla]F from 1 to 2 mg m3 (Figure 5). These results do
not seem surprising even though they are not fully consistent
with the general expectation of increasing cell size with increasing chlorophyll-a concentration [Bricaud et al., 1995
and references therein]. During the PATEX cruises, the
variability in timing, location, and environmental factors
controlling phytoplankton blooms resulted in relatively low
Sf values (i.e., relatively large cells) in waters with relatively
low chlorophyll-a concentrations.
[42] It is noteworthy that similar Sf values are observed
within relatively wide ranges of variation in both [Chla]F
and a*ph(l) (Figure 5). Another observation is that samples
with the smallest values of Sf ≤ 0.2 belong to the N-group
and not M-group. This result, which is observed at high
concentrations [Chla]F, appears inconsistent with the general
expectation that the smallest values of Sf correspond to the
largest cells. Such inconsistencies can occur because the
parameter Sf does not depend solely on cell size, but instead
reﬂects a combined effect of several factors affecting the
spectral shape of phytoplankton absorption [Ciotti et al.,
2002]. These factors include the pigment composition and
the package effect that depends not only on the cell size
but also the intracellular pigment concentration [Morel and
Bricaud, 1981]. The generally good agreement between the
cell size parameter Sf and a*ph(l) relies largely on the degree
of covariation between the cell size and other factors
controlling the phytoplankton absorption spectrum, as
proposed in the original model of Ciotti et al. [2002].
Therefore, the parameter Sf cannot be simply interpreted to
represent solely a dominant cell size because the intracellular
concentration of various pigments will also inﬂuence this
parameter at a given cell size. This is well illustrated by
our observation that some of the Sf values smaller than 0.2
belong to the N-group. This observation suggests that the
package effect caused by high intracellular pigment concentration was particularly important for the nanophytoplankton
size range, which resulted in ﬂattening of absorption spectra,
and hence relatively small values of Sf.
[43] Summarizing the results in Figure 5, we note that
variations in the cell size parameter Sf along the general
pattern of decrease in a*ph(l) with increasing [Chla]F reﬂect
variations in the package effect associated with changes in
the dominant cell size and also variations in intracellular
pigment concentrations and pigment composition. These
different sources of variability are generally difﬁcult to
separate. In addition, our results point to challenges of
classiﬁcation of phytoplankton populations into discrete size
classes, pico-, nano-, and microphytoplankton. These challenges result from the fact that phytoplankton communities
consist of very many species of different sizes and there is
some variability due to changes in cell size and taxonomic
composition within the predeﬁned size ranges.
3.4. Phytoplankton Absorption and Pigment
Composition
[44] For the analysis involving pigment composition we
consider 132 HPLC determinations of concentrations of total
chlorophyll-a, [Chla]HPLC, and accessory pigments along
with the corresponding absorption measurements. We found
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a high correlation between the log-transformed [Chla]HPLC
and [PSC + PPC] (R2 = 0.89; N = 132; p < 0.0001), which is
consistent with earlier observations [Trees et al., 2000].
The [PSC]:[Chla]HPLC ratio was weakly correlated with the
aph(490):aph(676) ratio (R2 = 0.35; N = 132; p < 0.0001). A
much stronger correlation (R2 = 0.71; N = 132; p < 0.0001)
was found between [PPC]:[Chla]HPLC and aph(490):aph(676).
Note that the aph(490):aph(676) ratio is indicative mainly
of variability in accessory pigments rather than the package
effect, which is supported by weak although signiﬁcant correlation with [Chla]HPLC (R2 = 0.19; N = 132; p < 0.001). This
ratio showed a strong correlation with [Hexa]:[Chla]HPLC
(R2 = 0.60; N = 132; p < 0.0001). Other pigment ratios did
not provide signiﬁcant correlation with aph(490):aph(676).
These results indicate that the pigment ratios [PPC]:[Chla]
HPLC and [Hexa]:[Chla]HPLC, and to a lesser extent also
[PSC]:[Chla]HPLC, contribute to the variability of aph(490):
aph(676).

[45] We next examine the variability of a*ph(l) as a function of pigment ratios. In this analysis, we consider both the
N-group and M-group data separately. The aph(l) coefﬁcient
is here normalized by [Chla]HPLC and not by [Chla]F as previously. Only 12 samples for the M-group are included because the HPLC data are not available for PATEX 2 and 3.
[46] Figure 6 shows that an increase in the [PSC]:[Chla]HPLC,
[PPC]:[Chla]HPLC, [Hexa]:[Chla]HPLC, and [Chlb]:[Chla]HPLC
ratios is accompanied by an increase in a*ph(440). This
is especially well pronounced for the relationships between a*ph(440) and [Hexa]:[Chla]HPLC (Figure 6c) and
[Chlb]:[Chla]HPLC (Figure 6d). These results are consistent with the expectation of greater relative importance of
accessory pigments at relatively low chlorophyll-a concentrations and/or when small cells are more important than
larger cells [see Bricaud et al., 1995]. We also note that
similar patterns to those presented in Figure 6 were observed
for a*ph(676) despite the fact that the effect of accessory

Figure 6. Chlorophyll-speciﬁc absorption coefﬁcient of phytoplankton at 440 nm, a*ph(440), plotted as
a function of the ratio of the concentration of various pigments to the concentration of total chlorophyll-a,
[Chla]HPLC: (a) the ratio of photosynthetic carotenoids [PSC] to [Chla]HPLC, (b) the ratio of photoprotective carotenoids [PPC] to [Chla]HPLC, (c) the ratio of 190 -hexanoyloxyfucoxanthin [Hexa] to [Chla]HPLC,
and (d) the ratio of chlorophyll-b [Chlb] to [Chla]HPLC. The data are shown for samples dominated by
nanophytoplankton (grey symbols) and microphytoplankton (black symbols) for different ranges of cell
size parameter, Sf, as indicated, for PATEX 4 to PATEX 7 cruises. The statistics for the linear regression
on log-transformed data for the N-group are R2 = 0.07, p = 0.002, N = 129 for a*ph(440) versus [PSC]/
[Chla]F; R2 = 0.23, p < 0.0001, N = 129 for a*ph(440) versus [PPC]/[Chla]F; R2 = 0.47, p < 0.0001,
N = 124 for a*ph(440) versus [Hexa]/[Chla]F; R2 = 0.40, p < 0.0001, N = 115 for a*ph(440) versus
[Chlb]/[Chla]F. For the M-group the statistics are R2 = 0.25, p = 0.07, N = 12 for a*ph(440) versus [PSC]/
[Chla]F; R2 = 0.61, p = 0.001, N = 12 for a*ph(440) versus [PPC]/[Chla]F; R2 = 0.53, p = 0.004, N = 12 for
a*ph(440) versus [Hexa]/[Chla]F; R2 = 0.74, p < 0.0001, N = 12 for a*ph(440) versus [Chlb]/[Chla]F.
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pigments is very small or negligible in the red spectral band
(not shown). The coefﬁcients a*ph(440) and a*ph(676) were
found to be signiﬁcantly correlated (R2 = 0.82; N = 226;
p < 0.0001 for the log-transformed data).
[47] Similar trends observed for both a*ph(440) and
a*ph(676) as a function of pigment ratios indicate that the
relative contribution of carotenoids is correlated with cell
size and package effect. Also, lower values of Sf (larger
phytoplankton cells) are related to lower values of a*ph(440)
for all four pigment ratios (Figure 6). These results are consistent with those observed in previous analysis (section
3.3). For instance, a broad range of variation in a*ph(440) is
associated with a narrower variability in [PSC]:[Chla]HPLC,
although several data points in the range 0.4 < Sf ≤ 0.6 clearly
depart from the average trend (Figure 6a). Interestingly,
these samples were taken in the southernmost region of the
Patagonia shelf-break during PATEX 7 (Figure 1). For this
cruise, the biomass levels were among the lowest observed
(Figure 2 and Table 2) and were associated with the presence of prasinophytes (M. S. Souza, personal communication, 2011) that contain chlorophyll-b. The samples from
PATEX 7 showed variations in a*ph(440) as a function
of [PPC]:[Chla]HPLC ratios, which also departed from the
mean trend observed when considering the whole data set
(Figure 6b).
[48] The plot of a*ph(440) versus [Hexa]:[Chla]HPLC ratio
shows smaller variability around the mean trend and less
overlapping of the data points between the Sf ranges
(Figure 6c) than the other pigment ratios presented in
Figure 6. The 190 -hexanoyloxyfucoxanthin pigment is
known to be typical for Phaeocystis microorganisms and
the concentration of this pigment, [Hexa], relative to chlorophyll-a concentration was suggested as a proxy for the
abundance of this phytoplankton group [Jeffrey and Wright,
1994]. On the basis of microscopy and CHEMTAX technique [Mackey et al., 1996], we observed that Phaeocystis
was an important contributor to total biomass in all samples
from the PATEX cruises (M. S. Souza, personal communication, 2011). The size of these phytoplankton cells (2–6 mm)
falls within the lower range of nanoplankton class, thus the
increase in [Hexa] is typically associated with high Sf values
(Figure 6c). The lowest [Hexa]:[Chla]HPLC ratio (<0.04;
Figure 6c) and a*ph(440) were observed on PATEX 4 during
an intense bloom of diatoms with very high biomass levels
(see Figure 2c).
[49] The general dependence of a*ph(440) on [Chlb]:
[Chla]HPLC agrees with a substantial importance of prasinophytes during all PATEX cruises (M. S. Souza, personal
communication, 2011). The most important contribution of
this phytoplankton group was found for the PATEX 7
samples. During that cruise, the surface waters were
characterized by relatively high a*ph(440), intermediate Sf
(0.4 < Sf ≤ 0.6), and the highest [Chlb]:[Chla]HPLC ratios
(Figure 6d).
[50] In summary, our results indicate signiﬁcant degree of
covariation between the dominant cell size of phytoplankton,
pigment composition, and chlorophyll-speciﬁc absorption
coefﬁcient of phytoplankton. The trend of increasing cell size
is accompanied by a decreasing trend in both the ratios of
accessory pigments to chlorophyll-a and the chlorophyllspeciﬁc absorption coefﬁcient. The increase in the ratios
of accessory pigments to chlorophyll-a is accompanied by

an increasing trend in the chlorophyll-speciﬁc absorption
coefﬁcient.
3.5. Special Features in Phytoplankton Absorption
Spectra
[51] We now turn our discussion to special or unusual
features within the UV and visible spectral regions, which
were observed in the spectra of phytoplankton absorption
in the Patagonian waters. For the discussion of the features
within the UV region, we present the total particulate
absorption spectra, ap(l), rather than phytoplankton spectra,
aph(l). This is because the method of determining aph(l),
which involves the measurement of detrital absorption,
ad(l), on samples bleached with sodium hypochlorite did
not provide reliable results in the UV region. Each ap(l)
spectrum was normalized by its average value based on
all spectral absorption values between 300 and 700 nm. This
normalized spectrum is denoted as a<p>(l). The mean
normalized spectrum for each PATEX cruise shows the
ap(l) maximum around 330 nm (Figure 7a), which indicates the presence of Mycosporine-like amino acids, MAAs

Figure 7. (a) The mean spectra of particulate absorption
coefﬁcient for each PATEX cruise as indicated. The spectra
are normalized to the average value of particulate absorption
between 300 and 700 nm. (b) The particulate absorption
coefﬁcient at 330 nm, ap(330), as a function of the concentration of photoprotective carotenoids, [PPC], for PATEX 4 to
PATEX 7 cruises. The statistics for the linear regression on
log-transformed data of ap(330) versus [PPC] are R2 = 0.35,
p < 0.0001, N = 132.
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[Whitehead and Vernet, 2000]. The MAAs are considered
to act as potential blockers for the UV damaging radiation.
The absorption peak centered at about 330 nm was observed in the majority of spectra at both near-surface depths
and the depths of maximum chlorophyll ﬂuorescence. The
presence of MAAs has already been reported in the Argentine Sea [Negri et al., 1992; Carreto and Carignan, 2011].
Negri et al. [1992] observed the occurrence of MAAs in association with a dinoﬂagellates bloom over the Argentine
Shelf. These compounds were interpreted as a genetic adaptation that provides these microorganisms with a competitive advantage under high radiation intensities at the UV
wavelengths. Negri and co-workers suggested that the
above mentioned physiological property can provide dinoﬂagellates with a competitive advantage over diatoms in
nutrient-rich, well-illuminated, and low-turbulent environments. Our results show, however, the presence of MAAs
during all PATEX cruises (Figure 7), even during massive
diatom blooms (PATEX 2 and PATEX 4) along the Patagonian shelf-break waters. The PATEX cruises covered a
relatively wide range of seasonal conditions (October to late
March), which suggests that light conditions during spring
and summer periods support elevated MAAs concentrations
regardless of the dominant phytoplankton groups.
[52] Signiﬁcant variations in the shape and position of the
UV absorption maximum observed in the data collected in
the eastern South Paciﬁc were suggested to reﬂect the
presence of different types of MAAs [Bricaud et al.,
2010]. In contrast, on all PATEX cruises this maximum
was relatively stable and always centered at about 330 nm,
which suggests a dominance of a speciﬁc type of MAAs
(Figure 7a). By analyzing the dependence of ap(330) on
[PPC] we tested whether the magnitude of the UV peak
can reﬂect an intracellular photoprotective process. We note,
however, that the quantitative results regarding the
magnitude of the MAAs peak in the ap(l) spectra must be
interpreted with special caution because (i) the correction
procedure for the b ampliﬁcation factor has not been
optimized for the UV spectral region, (ii) ap(l) includes
not only phytoplankton absorption but also the detrital
absorption, and (iii) MAAs are soluble in water, so they
can be released through the intact cell membranes during
freezing process of the samples. Moreover, MAAs can be
released during or very shortly after ﬁltration [Laurion
et al., 2003]. Despite these reservations a general pattern
can be observed, with relatively low ap(330) associated with
low [PPC] during PATEX 7 and an increase of ap(330) with
[PPC] for other cruises (Figure 7b). Further research is
needed to examine how MAAs might be associated with
photoprotection within the visible and UV spectral regions
in phytoplankton communities in the Patagonian shelf-break
and surrounding waters.
[53] Another spectral feature that deserves special
attention in our study is the blue absorption maximum of
phytoplankton absorption. For 37 samples from the PATEX
cruises, i.e., ﬁve samples from PATEX 2, four from PATEX
3, 21 from PATEX 4, and seven from PATEX 6, we
observed that the blue maximum peaked at about 460 nm
rather than at typical wavelengths around 440 nm
(Figure 8a). Closer inspection of HPLC chromatograms for
these samples showed a pronounced absorbance at 460 nm
caused by an unknown carotenoid, which is here referred

a

b

Figure 8. (a) Spectra of phytoplankton absorption coefﬁcient of 37 samples for PATEX 2 to PATEX 7 cruises, which
show an unusual absorption maximum around 460 nm.
(b) The HPLC chromatogram of absorbance at 440 nm in
mAU (mass Absorbance Unit) obtained for an example
near-surface sample. The inset graph shows the peak of
absorbance centered at 460 nm of an unknown carotenoid
referred hereto as P460.
to as P460 (Figure 8b). Other investigations detected a
fucoxanthin derivative with maximum absorbance at 460
nm in the Patagonian waters in association with other degraded pigments such as pheophytin-a and pyropheophytin-a (J. Carreto, personal communication, 2009). These
observations suggest that the fucoxanthin derivative could
be derived from grazing by mixotrophic dinoﬂagellates
[Carreto et al., 1985]. Grazing by zooplankton might be
the main regulating factor of spring phytoplankton blooms
in the neritic region of the Argentinean shelf-break (J.
Carreto, personal communication, 2009).
[54] In order to investigate if the presence of the P460
pigment could be related to the anomalous maximum in
the phytoplankton absorption spectra, we applied a principal
component analysis to the unusual aph(l) spectra to extract
information on the aph(l) variance structure [e.g., Lubac and
Loisel, 2007]. A moderately strong correlation (R2 = 0.66;
N = 28; p < 0.001) was found between the scores of the ﬁrst
mode of variability in aph(l) (which explained 93% of the
variance) and the P460 pigment. No signiﬁcant correlation between P460 and other pigments was found, although
the correlation with [Fuco] is not very small (R = 0.40;
N = 28; p = 0.06). This may support the notion that P460
is derived from fucoxanthin. These results indicate that
the P460 pigment is the main factor responsible for the
anomalous blue peak in the phytoplankton absorption spectra
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observed in some samples collected in the Patagonian shelfbreak waters.
[55] We also note that an enhancement of phytoplankton
absorption in the 460–470 nm range was observed in the
study of coastal waters in the western North Atlantic, which
was attributed to an increase in chlorophyll-b concentration
relative to chlorophyll-a [Hoepffner and Sathyendranath,
1992]. This feature did not, however, produce a distinct
primary maximum in the blue spectral region because
maximum or nearly maximum values of absorption were
still observed at usual spectral location close to 440 nm. In
addition, Hoepffner and Sathyendranath [1992] observed
an enhancement of absorption near 650 nm, which
corresponds to the maximum absorption of chlorophyll-b
in the red part of the spectrum. In contrast, in our study the
uncommon phytoplankton spectra show a distinct peak of
absorption at about 460 nm and no additional feature in the
red (Figure 8a).
3.6. Particulate Scattering Coefﬁcient and
Phytoplankton Cell Size
[56] The relationship between the chlorophyll-speciﬁc
particulate scattering coefﬁcient at 660 nm, b*p(660) (i.e.,
bp(660) normalized by [Chla]F) and [Chla]F was examined
with the data partitioned into different ranges of size
parameter Sf in a similar fashion as was done for chlorophyll-speciﬁc absorption coefﬁcients. The b*p(660) coefﬁcient varied from 0.031 to 2.37 m2 (mg Chla)1 and showed
a clear inverse dependence on [Chla]F, which is qualitatively
similar to what has been observed for chlorophyll-speciﬁc
absorption coefﬁcients. The patterns and scatter in the data

Figure 9. Chlorophyll-speciﬁc scattering coefﬁcient of
particles at 660 nm, b*p(660), as a function of total concentration of chlorophyll-a, [Chla]F, for PATEX 2 to PATEX 7
cruises. The data are shown for samples dominated by
nanophytoplankton (grey symbols) and microphytoplankton
(black symbols) for different ranges of cell size parameter,
Sf, as indicated. The statistics for the linear regression on
log-transformed data of b*p(660) versus [Chla]F are
R2 = 0.63, p < 0.0001, N = 151 for N-group and R2 = 0.86,
p < 0.0001, N = 38 for M-group.

points of b*p(660) versus [Chla]F associated with the
variability in Sf (Figure 9) are also similar to those observed
for the absorption data. We note that a strong relationship
(R2 = 0.74; N = 223; p < 0.0001) between a*ph(440) and
b*p(660) was found. Both the chlorophyll-speciﬁc phytoplankton absorption and chlorophyll-speciﬁc particulate
scattering tend to be inversely related to cell size parameter
Sf, so that the dominance of relatively larger cells results in
lower chlorophyll-speciﬁc optical coefﬁcients.

4. Conclusions
[57] We have demonstrated that nanophytoplankton is
mostly responsible for elevated levels of phytoplankton
biomass in the Patagonian shelf-break and adjacent waters.
The microscopic analysis of samples indicates that diatoms
from nanoplankton size range typically dominate the blooms
in these waters. These results point to limitations of
approaches based on HPLC-derived diagnostic pigments
for estimating relative proportions of phytoplankton size
classes, because these approaches generally assume that
diatoms are associated primarily with the microplankton size
range. Our data also point to differences between the cell
size structure of phytoplankton assemblages in Patagonian
waters and other oceanic regions at similar chlorophyll-a
biomass. The magnitude of absorption coefﬁcients of
phytoplankton at a given chlorophyll-a concentration and also
the chlorophyll-speciﬁc absorption coefﬁcients of phytoplankton are typically considerably higher in Patagonian waters
compared with the average trends based on data collected in
various regions of the world’s ocean. Also, we observed that
the chlorophyll-speciﬁc absorption coefﬁcients in Patagonian
waters are signiﬁcantly different for assemblages dominated
by nanophytoplankton and microphytoplankton.
[58] A cell size parameter derived from the phytoplankton
absorption spectra varied in a consistent fashion with
chlorophyll-a concentration for both the chlorophyll-speciﬁc
phytoplankton absorption and chlorophyll-speciﬁc particulate scattering coefﬁcients. Smaller cells are typically
associated with lower chlorophyll-a concentrations and
higher chlorophyll-speciﬁc optical coefﬁcients. The cell size
parameter also showed a rather well-behaved pattern along
the increasing trend of the chlorophyll-speciﬁc phytoplankton absorption as function of the ratios of photosynthetic
and photoprotective pigments to chlorophyll-a concentration. These results suggest that most of the variability in
phytoplankton absorption and scattering coefﬁcients in
Patagonian waters is explained by changes in the dominant
cell size accompanied by covariation in the concentrations
of accessory pigments. Hence, the considerable variability
in both chlorophyll-speciﬁc phytoplankton absorption and
chlorophyll-speciﬁc particulate scattering that we observed
at any given chlorophyll-a concentration highlights the
limitation of traditional bio-optical models in which the
phytoplankton component is parameterized in terms of total
chlorophyll-a concentration alone.
[59] All absorption spectra of phytoplankton measured in
this study showed consistent features in the UV spectral
regions around 330 nm, which are caused by the presence
of Mycosporine-like amino acids. Also, in some samples
we observed the occurrence of anomalous maximum of
phytoplankton absorption in the blue spectral region around
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460 nm, which is associated with an unknown carotenoid
likely related to grazing processes. Further studies are
required to examine the extent to which the photoprotective
processes and the presence of unusual pigments in
phytoplankton of Patagonian waters might produce special
features in the optical properties which differ from those
normally observed in most other regions of the world’s
ocean. The ﬁndings of our study have implications to biooptical modeling of Patagonian waters and emphasize the
need for increased efforts aiming at detailed characterization
of regional optical properties in order to improve the
usefulness of optical measurements, including ocean color
remote sensing, for the study of these marine ecosystems.
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