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a b s t r a c t
Identiﬁcation of phytoplankton functional groups is key to understanding marine biogeochemical cycles. For
more accurate understanding of phytoplankton community structure and its implications for ocean color remote
sensing applications, we investigated seasonal changes in phytoplankton pigments with high-performance liquid
chromatography (HPLC), hyperspectral absorption coefﬁcients of detritus (ad(λ)), phytoplankton (aph(λ)), and
colored dissolved organic matter (aCDOM(λ)), and hyperspectral aph(λ) derived from remote sensing reﬂectance
(aph_Rrs-derived(λ)) in the coastal waters of Funka Bay from 2010 to 2012. Chlorophyll a (Chl a) concentrations
measured by HPLC ranged from 0.29 to 8.6 mg m−3. Phytoplankton community compositions, as estimated by
chemotaxonomic analysis (CHEMTAX) based on HPLC phytoplankton pigments, showed a seasonal succession
of diatoms, chlorophyll b-containing phytoplankton (chlorophytes and prasinophytes), and cyanobacteria. Additionally, to identify the dominant type of phytoplankton with an alternative technique to CHEMTAX analysis, we
employed a derivative spectroscopy/similarity index (SI) approach for aph(λ) as an optical detection technique
for discriminating between different types of phytoplankton. In particular for diatom-dominated stations, SI
values relative to the second derivative spectra of aph(λ) of diatom cultures, isolated from our study region,
were signiﬁcantly higher than those for chlorophyll b-containing phytoplankton- and cyanobacteriadominated stations. Furthermore, we found a strong relationship between the SI values calculated from the
second derivative spectra and the composition of diatoms as estimated by CHEMTAX. These results suggest
that the two different methods validated each other's performance and precision in estimating relative diatom
abundance from bulk samples and that it is possible to optically discriminate the dominance of diatoms using derivative spectra of aph(λ). We extended this combination approach to hyperspectral aph_Rrs-derived(λ), using a
quasi-analytical algorithm within 400–546 nm range. We found a signiﬁcant correlation between SI values obtained from the second derivative spectra of aph_Rrs-derived(λ)/aph_Rrs-derived(443) and the composition of diatoms
derived by CHEMTAX, but it was not as high as for aph(λ) measured by ﬁlter-pad analysis. These results indicate
that using hyperspectral optical data of aph(λ) and Rrs(λ) with derivative spectroscopy is potentially a promising
approach to identify seasonal variability in the composition of diatoms in coastal waters. Furthermore,
a hyperspectral approach in combination with CHEMTAX analysis as a reference for phytoplankton community
structure has proven useful in improving our understanding of phytoplankton community structure in the
coastal waters of Funka Bay.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction
Phytoplankton play a central role as carbon ﬁxers in aquatic ecosystems. Although all phytoplankton utilize CO2 to produce organic matter,
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some different taxonomic groups have unique physiological processes,
which in turn affect marine biogeochemical cycles. For example, diatoms utilize silicates and are important bloom-forming phytoplankton,
contributing ~ 40% of global ocean productivity (Armbrust, 2009;
Falkowski, Barber, & Smetcek, 1998). In contrast, small cells such as
cyanobacteria contribute to phytoplankton biomass and both primary
and export production in oligotrophic waters (Richardson & Jackson,
2007). In coastal waters, phytoplankton contribute largely not only to
the aquatic carbon cycle but also to aquaculture. It is well known that
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diatoms (e.g., Pseudo-nitzschia spp.), as well as harmful algae such
as raphidophytes and dinoﬂagellates, inﬂuence cultured aquatic organisms, leading to concerns for both ﬁshery markets and human
health (Babin et al., 2005; Imai, Yamaguchi, & Hori, 2006). Therefore,
it is essential to quantify and monitor phytoplankton community structure to understand the contribution of each phytoplankton group to marine biogeochemical cycles and their inﬂuence on cultured aquatic
organisms.
Although several methods exist for identifying phytoplankton
groups (e.g., microscopy, ﬂow cytometry, and genetic analysis), phytoplankton pigment chemotaxonomy with high performance liquid
chromatography (HPLC) is the most widely adopted method for estimating phytoplankton biomass and community structure (Kozlowski,
Deutschman, Garibotti, Trees, & Vernet, 2011; Llewellyn, Fishwick,
& Blackford, 2005). Phytoplankton pigments are also increasingly
essential for recognizing phytoplankton functional types through satellite ocean color remote sensing (e.g., Alvain, Moulin, Dandonneau,
& Bréon, 2005; Hirata et al., 2011; Pan, Mannino, Russ, Hooker, &
Harding, 2010). For estimating phytoplankton community structure,
the CHEMTAX program based on matrix factorization (Mackey,
Mackey, Higgins, & Wright, 1996) is recognized as a useful and reliable
tool. This program has been applied to various geographic domains, including the open ocean (e.g., Veldhuis & Kraay, 2004), iron fertilization
experiments (e.g., Suzuki et al., 2005), and coastal waters (e.g., Isada
et al., 2009). CHEMTAX has also been applied to satellite ocean color remote sensing (Pan, Mannino, Marshall, Filippino, & Mulholland, 2011).
The program uses factor analysis and a steepest-descent algorithm to
optimize the relative ratios of pigment:chlorophyll a (Chl a) used in calculating the abundance of each phytoplankton group contributing to
Chl a concentration (Mackey et al., 1996). Therefore, the initial ratio matrix of pigment:Chl a inﬂuences the program's output of phytoplankton
abundances. However, one of the major difﬁculties of the CHEMTAX
program is the choice of an initial ratio matrix of pigment:Chl a, which
is required to ﬁnd the optimal ratio (Latasa, 2007; Wright et al., 2009).
Change in pigment composition is one of the major factors inﬂuencing the light absorption coefﬁcient of phytoplankton, aph(λ) (Bricaud,
Claustre, Ras, & Oubelkheir, 2004; Hoepffner & Sathyendranath, 1991).
Variations in aph(λ) also depend on variations in the package effect
(Morel & Bricaud, 1981), the size structures of phytoplankton (Ciotti,
Lewis, & Cullen, 2002), light (Fujiki & Taguchi, 2002), and nutrients
(Matsuoka, Larouche, Poulin, Vincent, & Hattori, 2009). Therefore, currently, aph(λ) is used as an indicator of phytoplankton physiology and
primary productivity (Hirawake, Shinmyo, Fujiwara, & Saitoh, 2012;
Isada et al., 2013; Marra, Trees, & O'Reilly, 2007). Variations in aph(λ) inﬂuence the light in the water column and, in turn, affect reﬂectance.
Therefore, optical observations, including observations from in situ
moored systems and ocean color remote sensing, are an effective tool
for monitoring variability in phytoplankton dynamics in aquatic ecosystems (Cullen, Ciotti, Davis, & Lewis, 1997; Schoﬁeld et al., 1999). Derivative spectroscopy provides more detailed information on the spectral
shape of aph(λ) (Bidigare, Morrow, & Kiefer, 1989; Butler & Hopkins,
1970a,b; Faust & Norris, 1985; Millie, Kirkpatrick, & Vinyard, 1995;
Smith & Alberte, 1994). This analysis ampliﬁes minor inﬂections in the
absorption spectrum and separates closely related pigments features.
In this sense, several studies have investigated the relationship between
photosynthetic pigments or species-speciﬁc pigments and the derivative spectra of aph(λ) at a given wavelength in order to develop algorithms for retrieving phytoplankton pigments (Aguirre-gómez, Weeks,
& Boxall, 2001; Astoreca et al., 2009). Based on derivative analysis,
Millie et al. (1997) showed a method for detecting the toxic dinoﬂagellate Karenia brevis (formerly known as Gymnodinium breve) using the
similarity index (SI), calculated by comparing the fourth derivative
absorption spectra of an unknown sample with those of a reference
monospeciﬁc K. brevis culture in laboratory experiments. Subsequently,
Kirkpatrick, Millie, Moline, and Schoﬁeld (2000) demonstrated a linear
relationship between K. brevis biomass and SI values in natural mixed
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populations. Thus, the derivative spectroscopy/similarity index (SI)
approach for aph(λ) would provide useful information to distinguish
among phytoplankton groups, and potentially among species.
Recently, improvements have led to bio-optical hyperspectral sensors that become powerful tools for investigating phytoplankton
dynamics in more detail (Chang et al., 2004; Devred et al., 2013; Ryan,
Davis, Tuﬁllaro, Kudela, & Gao, 2014). Highly resolved spectra of
reﬂectance allow the discrimination of several distinguishing features
related to the pigments and ﬂuorescence of phytoplankton. Therefore,
hyperspectral measurements of phytoplankton absorption (aph(λ))
and remote sensing reﬂectance (Rrs(λ)) with derivative spectroscopy
have been exploited for use in various estimations such as seaﬂoor
types in carbonate sediments with microbial pigments (e.g., Louchard
et al., 2002), seagrass and benthic algae (Dierssen, Zimmerman, Drake,
& Burdige, 2010), phytoplankton pigment assemblages in open ocean
(Torrecilla, Stramski, Reynolds, Millán-Núñez, & Piera, 2011), biooptical provinces (Taylor et al., 2011), and phytoplankton size structure
(Organelli, Bricaud, Antoine, & Uitz, 2013). Craig et al. (2006) developed
a method for detecting Karenia brevis using hyperspectral Rrs(λ) with
a quasi-analytical algorithm (QAA, Lee & Carder, 2004), which is
the inversion method for estimating aph(λ). In this study, a derivative
spectroscopy/SI approach for aph(λ) was employed. Similarly, Lubac
et al. (2008) assessed the suitability of multispectral and hyperspectral
approaches for identifying Phaeocystis globosa blooms using ﬁeld
measurements of Rrs(λ). They showed the advantage of a hyperspectral
approach based on a derivative spectroscopy/SI analysis over a multispectral approach to detect different phytoplankton taxonomic groups
with remote sensing.
The hyperspectral aph(λ) data with the derivative spectroscopy/SI
approach has been proven appropriate for discriminating among phytoplankton groups. However, extracting information on speciﬁc phytoplankton groups from aph(λ) still remains a challenging task. In this
sense, the use of CHEMTAX analysis based on HPLC phytoplankton
pigments in natural waters can contribute to the investigation of the relationship between phytoplankton community structure and bulk optical absorption properties. An assessment of phytoplankton community
structure and its relation to the light absorption of phytoplankton could
improve our ability to use ocean optics and ocean color remote sensing
to predict primary productivity and biogeochemical cycling.
The objective of this study is to investigate the utility of hyperspectral
optical data for assessing the variability of phytoplankton groups using
CHEMTAX analysis as a reference for phytoplankton community structure and also improve our ability to obtain more accurate estimations
of phytoplankton community composition via ocean color remote sensing. To achieve this goal, an in situ seasonal dataset of phytoplankton
pigments, cell densities of diatoms, hyperspectral absorption coefﬁcients
of detritus, phytoplankton, and colored dissolved organic matter (ad(λ),
aph(λ), and aCDOM(λ)), and hyperspectral Rrs(λ) was collected in
the coastal waters of Funka Bay, which is located off the southwest of
Hokkaido Island, Japan. Funka Bay is known to be one of the most important aquaculture regions for scallops, which depend on phytoplankton
biomass and composition as a food source (Baba, Sugawara, Nitta,
Endou, & Miyazono, 2009). The growth of hanging cultured scallops in
Funka Bay is inﬂuenced by the diatom blooms (Hashimoto, Ueno,
Takahashi, Suzuki, & Itabashi, 2010). In particularly, a method for discriminating diatoms from other phytoplankton taxa using hyperspectral
optical measurements is described.
2. Methods
2.1. In situ samples and data collection
Seawater sampling and radiometric measurements were conducted
from onboard the T/S Ushio Maru and T/S Oshoro Maru from April 2010
to January 2012 in Funka Bay and the Tsugaru Strait, in the coastal waters off southwestern of Hokkaido, Japan (Fig. 1 and Table 1). Water
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Fig. 1. Sampling stations in Funka Bay and the adjacent area in southern Hokkaido, Japan. The “S” and “E” in the eastern portion of Tsugaru Strait are the abbreviations of capes Shiriyazaki
and Esan.

samples for phytoplankton pigments, cell densities of diatoms, light
absorption properties (detritus, phytoplankton, and colored dissolved
organic matter (CDOM)), and size-fractionated chlorophyll a concentrations were collected from surface waters (0–2 m) in acid-cleaned
buckets and/or Niskin bottles attached to a CTD sampler (SBE 19plus
Sea-Bird Electronics CTD) (Table 1).
2.2. Radiometric measurements and data processing of remote sensing
reﬂectance
Vertical proﬁles of downwelling spectral irradiance, Ed(λ), and upwelling radiance, Lu(λ), were measured using a freefall hyperspectral
proﬁling radiometer (HyperProII, Satlantic, Inc.). Incident irradiance

at the sea surface, Eds(λ), was also measured. Measurements were
taken over the spectral region 350–800 nm at a spectral resolution of
3.3 nm, with each band having a full-width half-maximum (FWHM)
bandpass of 10 nm. Radiometers were operated at a distance of approximately 30–60 m from the vessel to avoid ship-shadow effects. Initial
data processing for radiometric calibration, dark correction, immersion
coefﬁcient, pressure tare, data interpolation (0.1-m depth resolution),
and the removal of data with tilt N 5° was made using Prosoft v. 7.7.16
software (Satlantic, Inc.). No correction for sensor self-shading was applied. Next, each proﬁle was visually checked and analyzed, and the
depth intervals for the surface extrapolation were selected (mostly
from 2–3 to 10 m). To avoid wave-focusing effects, data from measurements taken within the selected depth interval, generally starting

Table 1
A summary of sampling periods, number of stations, station names, and measurements conducted on each cruise in this study. US: Ushio Maru; OS: Oshoro Maru; Size-Chl a: sizefractionated chlorophyll a concentration by ﬂuorometry; HPLC: phytoplankton pigments with HPLC; ad, ph, CDOM(λ): light absorption coefﬁcients of detritus, phytoplankton, and colored
dissolved organic matter (CDOM); Rrs(λ): hyperspectral remote sensing reﬂectance; Cells: cell counting measurements by light microscopy.
Cruises

Periods

Total number of stations

Station names

Measurements

US194
US196
US199
US201
US201-2
US208
US210
US219
OS225
US222
US228
US232
US237
US242
US246

19–21 April 2010
21–23 May 2010
19 June 2010
20–22 August 2010
28–30 August 2010
21–23 October 2010
10–13 November 2010
6–8 February 2011
21–25 February 2011
6 March 2011
14–16 May 2011
27–28 July 2011
27–29 September 2011
17–19 November 2011
10 January 2012

5
2
2
3
2
2
2
3
1
1
7
4
8
4
5

6, 9, 13, 23, 30
13, SE9
9, 13
9, 13, 30
13, SE9
13, 30
13, SE9
9, 13, 30
SE9
13
7, 9, 13, 18, 23, 30, SE9
9, 13, SE3, SE9
7, 9, 10, 13, 18, 23, 30, SE9
13, SE3, SE5, SE9
9, 10, 13, 18, 30

Size-Chl a, HPLC, ad, ph, CDOM(λ), Rrs(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ), Rrs(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ), Rrs(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ), Rrs(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ), Rrs(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ), Rrs(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ), Cells, Rrs(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ), Cells, Rrs(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ), Cells, Rrs(λ)
Size-Chl a, HPLC, ad, ph, CDOM(λ), Cells
Size-Chl a, HPLC, ad, ph, CDOM(λ), Cells
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at 2–3 m, were used. After that, the spectral diffuse attenuation coefﬁcients for downwelling irradiance, Kd(λ), and upwelling radiance,
KLu(λ), were determined as the slopes of least-squares regression ﬁt of
the log-transformed proﬁles of Ed(λ) and Lu(λ) (Stramski et al., 2008).
Using the coefﬁcients Kd(λ) and KLu(λ), values for Ed(λ, z = 0−), and
Lu(λ, z = 0−) were calculated by extrapolating to beneath the sea surface. The spectral remote sensing reﬂectance just above the sea surface,
Rrs(λ), was calculated as follows:


þ
−
Lw λ; 0 ¼ 0:544  Lu ðλ; 0 Þ

Rrs ðλÞ ¼



Lw λ; 0þ
:
Eds ðλÞ

ð1Þ

ð2Þ

The coefﬁcient 0.544 is the propagation factor for Lu at the air–sea interface (Austin, 1974; Mueller, Fargion, & McClain, 2003). In this study,
Rrs(λ) data observed under solar zenith angles over 60° with clouds
were excluded. The angle values in the selected data ranged between
22° and 60° with a mean value of 44° ± 11°.
2.3. Phytoplankton pigments and size-fractionated chlorophyll a
The concentrations of chlorophylls and carotenoid pigments were
measured with high-performance liquid chromatography (HPLC).
Water samples (1000–2000 ml) were ﬁltered onto Whatman GF/F ﬁlters
(25-mm in diameter) under gentle vacuum pressure (b 0.013 MPa). The
ﬁlters were folded in half, blotted with ﬁlter paper, and immediately
stored in liquid nitrogen before storage in a deep-freezer (− 80 °C)
until analysis on land. The frozen ﬁlters were broken into small pieces,
soaked in 3 ml DMF (N,N-dimethylformamide) containing a known
amount of canthaxanthin as an internal standard, and sonicated for
30 s on ice with a Branson SONIFIER model 250. The sample extract
was ﬁltered through 0.45-μm PTFE and mixed with a buffer solution
of 28 mmol L−1 tetrabutylammonium acetate (TBAA) at pH 6.5. Then,
the samples were kept at 4 °C for 5 min for equilibration before injection (Bidigare, van Heukelem, & Trees, 2005). The extracted samples
were analyzed using a CLASS-VS HPLC system (Shimadzu) with a
Zorbax Eclipse XDB-C8 150 × 4.6-mm internal diameter (ID) column
with 3.5-μm particle size (Agilent Technologies), maintained at 60 °C.
A binary linear gradient system proposed by Van Heukelem and
Thomas (2001) was used to separate pigments by means of solvent A
(28 mmol L−1 TBAA solution at pH 6.5: methanol, 30:70, v:v) and solvent B (100% methanol). Pigment separation was achieved within
30 min, including a binary linear gradient system with 5–95% B in
22 min, and an isocratic method with 95% B in 8 min. The ﬂow rate
was 1.2 mL min−1. All pigment concentrations were calculated using
response factors generated from calibration with a suite of pigment standards (DHI Water and Environment, Denmark).
The seawater samples (200–500 ml) for size-fractionated Chl a measurements by ﬂuorometry were also ﬁltered onto 47-mm Nuclepore
membranes (10- or 2-μm pore size) or Whatman GF/F ﬁlters (~0.7-μm
pore size) with a hand-operated vacuum pump (b0.013 MPa). The ﬁlters were soaked in 6 ml of DMF in a glass cuvette at −20 °C for more
than 24 h (Suzuki & Ishimaru, 1990). Chl a concentration was determined using a Turner Designs 10-AU ﬂuorometer with the nonacidiﬁcation method of Welschmeyer (1994).
2.4. Cell densities of diatoms
The seawater samples (500 ml) for the identiﬁcation and enumeration of diatom cell densities were preserved immediately with Lugol's
iodine solution and refrigerated at 4 °C until counting in the laboratory
on land. The samples were concentrated to 30 ml by setting, and aliquots of the concentrated samples were analyzed with an inverted
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microscope (NIKON ECLIPSE TE200). Identiﬁcation of diatoms was carried out following Tomas (1997).
2.5. Light absorption coefﬁcients of particles and CDOM
Water samples (1000–2000 ml) were ﬁltered onto Whatman GF/F ﬁlters (25-mm in diameter) under gentle vacuum pressure (b 0.013 MPa).
The ﬁlters were immediately stored in liquid nitrogen until analysis
on land. The optical density of all particles (ODp) was measured every
1 nm from 350 to 750 nm using a multi-purpose spectrophotometer
(MPS-2400 or MPS-2450, Shimadzu) equipped with an end-on type
photomultiplier tube. The measurements were carried out according
to the glass-ﬁber ﬁlter technique of Kishino, Takahashi, Okami, and
Ichimura (1985). A blank ﬁlter wetted with ﬁltered seawater was
used as a blank. The particulate matter on the ﬁlter was soaked in
NaClO solution (ca. 1% ﬁnal concentration) to bleach phytoplankton
pigments, according to Tassan and Ferrari (1995). The bleached ﬁlters
were sufﬁciently rinsed by ﬁltered seawater and measured to obtain
the optical densities of detritus (ODd). Both measured ODp and
ODd were corrected for the path length ampliﬁcation effect using
the equation of Cleveland and Weidemann (1993) to convert them to
hyperspectral absorption coefﬁcients of particles and detritus, ap(λ)
and ad(λ), respectively. The hyperspectral absorption coefﬁcients of
the phytoplankton, aph(λ), were obtained by subtracting ad(λ) from
ap(λ). Hereafter, the in situ light absorption spectra of phytoplankton
obtained from ﬁlter-pad analysis are referred to as aph_Filter-pad(λ)
when compared with Rrs(λ)-derived aph(λ) by the inversion method
(see Section 2.7.3).
For the measurement of absorption of colored dissolved organic
matter (CDOM), seawater samples were ﬁltered into glass bottles covered with aluminum foil using 47-mm Nuclepore membranes (0.2-μm
pore size) with a hand-operated vacuum pump (b0.013 MPa). These
ﬁltered samples were then analyzed on board. The optical density of
CDOM (ODCDOM(λ)) was measured in a 10-cm quartz cylinder cell
from 350 to 750 nm in 1-nm increments using a multi-purpose spectrophotometer (MPS-2400 or MPS-2450, Shimadzu) with reference to
Milli-Q water. To minimize the effects of temperature and salinity on
the absorbance among samples, the ODCDOM(λ) value averaged over a
5-nm interval around 685 nm was assumed to be 0, and the ODCDOM(λ)
spectrum was shifted accordingly (Babin et al., 2003). Finally, the measured absorbance values were converted into hyperspectral absorption
coefﬁcients of CDOM, aCDOM(λ), by following the equation:
aCDOM ðλÞ ¼ 2:303

ODCDOM ðλÞ
0:1

ð3Þ

where 2.303 is a factor for converting between log10 and the natural
logarithm, and 0.1 is the optical pathlength (m).
2.6. Diatom and dinoﬂagellate cultures
The aph(λ) of three diatom species (Thalassiosira nordenskioeldii,
Chaetoceros debilis, and Chaetoceros furcellatus) and one dinoﬂagellate
species (Alexandrium tamarense), which were isolated from this study
region, were measured to provide standard reference absorption spectra for diatoms and peridinin-containing dinoﬂagellates using the
same methods described above (see Section 2.5). Each culture of the
three diatom species was spiked with f/2 nutrients and maintained
under a diel cycle of 13:11 h light:dark under 50 μmol photons m−2 s−1
1 at 10 °C. A. tamarense was maintained under a diel cycle of 14:10 h
light:dark under 100 μmol photons m−2 s−1 at 10 °C in modiﬁed
SWM-3 media (Chen, Edelstein, & McLachlan, 1969; Imai, Itakura,
Matsuyama, & Yamaguchi, 1996). In this study, exponentially growing
cultures of diatoms and dinoﬂagellate were used. Additionally, the average light absorption coefﬁcients of the three diatom species were used
to represent the diatom group.
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Table 2
Pigment to chlorophyll a ratios used for CHEMTAX in this study. (a) Seed ratio matrix derived from the work of 1Isada et al. (2009), 2Hashihama et al. (2008), 3Higgins et al. (2011), and
4
Suzuki et al. (2005), (b) initial ratio matrix after 61 randomized starting matrices, and (c) ﬁnal ratio matrix.
Name
Class/pigment

Peri

19′-But

Fuco

Neo

Pras

Violax

19′-Hex

Allox

Zeax

Chl b

Chl a

(a) Seed ratio matrix
Diatoms
Dinoﬂagellates
Haptophytes
Pelagophytes
Cryptophytes
Chlorophytes
Prasinophytes
Cyanobacteria

0
0.891
0
0
0
0
0
0

0
0
0.0053
0.934
0
0
0
0

0.661
0
0.233
0.624
0
0
0
0

0
0
0
0
0
0.0663
0.0633
0

0
0
0
0
0
0
0.364
0

0
0
0
0
0
0.034
0.114
0

0
0
1.252
0
0
0
0
0

0
0
0
0
0.261
0
0
0

0
0
0
0
0
0.064
0.0583
0.334

0
0
0
0
0
0.284
0.894
0

1
1
1
1
1
1
1
1

(b) Initial ratio matrix
Diatoms
Dinoﬂagellates
Haptophytes
Pelagophytes
Cryptophytes
Chlorophytes
Prasinophytes
Cyanobacteria

0
0.847
0
0
0
0
0
0

0
0
0.004
0.980
0
0
0
0

0.427
0
0.273
0.539
0
0
0
0

0
0
0
0
0
0.051
0.050
0

0
0
0
0
0
0
0.338
0

0
0
0
0
0
0.028
0.138
0

0
0
1.354
0
0
0
0
0

0
0
0
0
0.305
0
0
0

0
0
0
0
0
0.010
0.053
0.375

0
0
0
0
0
0.408
0.281
0

1
1
1
1
1
1
1
1

(c) Final ratio matrix
Diatoms
Dinoﬂagellates
Haptophytes
Pelagophytes
Cryptophytes
Chlorophytes
Prasinophytes
Cyanobacteria

0
0.847
0
0
0
0
0
0

0
0
0.004
0.980
0
0
0
0

0.427
0
0.273
0.539
0
0
0
0

0
0
0
0
0
0.051
0.050
0

0
0
0
0
0
0
0.338
0

0
0
0
0
0
0.026
0.148
0

0
0
1.354
0
0
0
0
0

0
0
0
0
0.305
0
0
0

0
0
0
0
0
0.010
0.053
0.375

0
0
0
0
0
0.485
0.109
0

1
1
1
1
1
1
1
1

Abbreviations: Peri, Peridinin; 19′-But, 19′-butanoyloxyfucxanthin; Fuco, fucoxanthin; Neo, neoxanthin; Pras, prasinoxanthin; Violax, violaxanthin; 19′-Hex, 19′-hexanoyloxyfucoxanthin;
Allox, alloxanthin; Zeax, zeaxanthin; Chl b, chlorophyll b; Chl a, chlorophyll a.

northwest subarctic Paciﬁc (Hashihama et al., 2008; Isada et al., 2009;
Suzuki et al., 2005) and from Higgins, Wright, and Schlüter (2011)
(see Table 2a). Next, 60 further pigment matrices were generated
by the Microsoft Excel RAND function by multiplying a randomly determined factor F by each value in the seed pigment matrix, where
F = 1 + 0.7(R − 0.5), and R is a random number between 0 and 1. In
total, 61 solutions were created. The best 10% of these solutions (n = 6)
with the lowest root mean square errors provided by CHEMTAX were
chosen and averaged as the optimized matrix (i.e., initial ratio matrix,
Table 2b). Then, the ﬁnal ratios were determined by CHEMTAX
(Table 2c). By using CHEMTAX with the ratios, the following phytoplankton groups were distinguished: diatoms, dinoﬂagellates (type 1, Zapata,
Fraga, Rodríguez, & Garrido, 2012), haptophytes (type 6, Zapata et al.,
2004), pelagophytes, cryptophytes, chlorophytes, prasinophytes (type
3), and cyanobacteria.

2.7. Data analyses
2.7.1. Community composition of phytoplankton with the CHEMTAX
program
Phytoplankton pigments data were used to calculate the contributions of various phytoplankton groups to the concentration of Chl a
with CHEMTAX v1.95 (Mackey et al., 1996; Wright et al., 2009). The
optimized marker pigment:Chl a ratios in this study region were determined following the method of multiple starting points for CHEMTAX
optimization (Wright et al., 2009). Phytoplankton groups were selected
based on previous studies with microscopy analysis in Funka Bay
(Odate, 1989; Shinada, Shiga, & Ban, 1999; Tsunogai & Watanabe,
1983) and on Suzuki et al. (2005), who estimated the community composition of phytoplankton in the western subarctic Paciﬁc. The seed
pigment matrix was obtained from previous studies conducted in the
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Fig. 2. Spatiotemporal variability in temperature and salinity measured by CTD at the surface (0–2 m) from April 2010 to January 2012.
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Additionally, we applied a multiple linear regression analysis of the
CHEMTAX-derived Chl a concentrations of each phytoplankton group
to aph_Filter-pad(λ) data for several combinations of three bands in
the Sea-viewing Wide Field-of-view Sensor (SeaWiFS), Moderateresolution Imaging Spectroradiometer (MODIS), and MEdium Resolution Imaging Spectrometer (MERIS) following Sathyendranath et al.
(2005) and the equation:

h
þ b3 aph


Filter‐pad

λiþ2 or iþ3

i

Filter‐pad

λiþ1 or iþ2

i¼1

n

ð5Þ

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h
iﬃ

i
PD ¼

mean aph

where [Chl a_PFT] is the CHEMTAX-derived Chl a concentration for the
phytoplankton Functional types (PFTs): diatoms, Chl b-containing phytoplankton (chlorophytes plus prasinophytes), and cyanobacteria. b1,
b2, and b3 are partial regression coefﬁcients, and i is the band number
of ocean color sensors. The combinations of three bands considered in
the analysis were as follows: 412–443–490, 443–490–510, 443–490–
530, 490–510–555, and 490–530–555.
2.7.2. Cluster analysis based on HPLC phytoplankton pigments, CHEMTAX
outputs, and hyperspectral optical data
A hierarchical cluster analysis was used to classify the seasonal
dataset of phytoplankton pigments into speciﬁc pigment groups.
Ratios of the concentration of each individual pigment to chlorophyll
a levels were used to minimize the variability in pigment composition
associated with changes in phytoplankton biomass and to account
for differences in magnitude of these ratios in the cluster analysis
(Pan et al., 2010; Taylor et al., 2011; Torrecilla et al., 2011). The pigments used in CHEMTAX analysis were employed for this analysis
(Table 2). To select the most suitable clustering algorithm, ﬁve clustering algorithms (i.e., ward, single, complete, unweighted pair group
method using arithmetic averages (UPGMA), and weighted pair group
method using arithmetic averages (WPGMA)) with Euclidean distance
were assessed following the method proposed by Mérigot et al.
(2010) and Carteron, Jeanmougin, Leprieur, and Spatharis (2012). The
results showed that UPGMA outperformed others in this study. Therefore, the cluster analysis based on HPLC pigments was carried out
using Euclidian as a distance metric and UPGMA as a linkage algorithm.
We also performed cluster analysis using CHEMTAX estimates based on
Euclidian distance and UPGMA. Following Torrecilla et al. (2011)
and Taylor et al. (2011), an angular distance was used for hyperspectral
optical data of aph_Filter-pad(λ) because it reﬂects mainly the differences in the spectral shape of optical data. Next, the cophenetic
index (c), a measure of how precisely two cluster trees preserve
their structure between data objects, among these trees was calculated. It provides a measure of similarity between the absorption
cluster trees and a reference cluster tree based on HPLC pigments. The
analyses were conducted using R version 3.0.1 (R Development Core
Team) with the clue (Hornik, 2012) and proxy (Meyer & Buchta,
2012) packages.
2.7.3. Inversion method of phytoplankton absorption spectra with
hyperspectral Rrs(λ)
Light absorption spectra of phytoplankton were also derived from in
situ hyperspectral Rrs(λ) with the inversion method of Quasi-Analytical
Algorithm (QAA) version 5 (Lee & Carder, 2004; Lee, Lubac, Werdell, &
Arnone, 2009). Because it is difﬁcult to derive aph(λ) from Rrs(λ) at
wavelengths over 555 nm due to the strong dominance of pure water
in the total absorption of this spectral region (Craig et al., 2006; Lee
& Carder, 2004), data beyond this range were not used in this study.
The root mean square error (RMSE), which was computed as relative
values to give equal weights to all measurements, and the percentage
difference (PD) were calculated to quantify differences in the spectra

Filter‐pad ðλÞ−aph Rrs‐derived ðλÞ

h
mean aph

ð4Þ

2

i

Filter‐pad ðλÞ

 100%

ð6Þ

where n is the number of samples.

0.14

a

0.12
0.1

ad(λ)(m-1)

¼ b1 aph



RMSE ¼
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uX
n h



i2
u
u
log10 aph Rrs‐derived ðλÞ − log10 aph Filter‐pad ðλÞ
t

0.08
0.06
0.04
0.02
0
0.14

b

0.12
0.1

aph(λ)(m-1)

P FT 

i
h
Filter‐pad ðλi Þ þ b2 aph

between aph_Filter-pad(λ) and aph_Rrs-derived(λ) using the following
equations:

0.08
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0
0.14

c

0.12

aCDOM(λ)(m-1)

½Chla

h
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Fig. 3. Spectral averages observed in this study of the absorption coefﬁcient of (a) detritus
(ad(λ)), (b) phytoplankton (aph(λ)), and (c) CDOM (aCDOM(λ)). ad(λ) and aph(λ) were determined by ﬁlter-pad analysis, and aCDOM(λ) by spectrophotometric measurement on
board. Box plots of each absorption component correspond to MODIS (412, 443, 488,
531, 551, 667, and 678 nm), SeaWiFS (510 nm), and MERIS (510 and 620 nm) bands.
Blue rectangles, red horizontal lines in boxes, red closed circles, and I-bars represent interquartile ranges, medians, means, and minimum and maximum values, respectively, except
for outliers exceeding 1.5 times the interquartile ranges.
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2.7.4. Derivative analysis and similarity index
Derivative analysis is helpful in the study of hyperspectral data
(Tsai & Philpot, 1998), because it provides detailed information about
small spectral variations. To investigate the similarities of both
aph_Filter-pad(λ) and aph_Rrs-derived(λ) relative to the reference aph(λ)
phytoplankton cultures, derivative spectroscopy was applied to these
spectra. Before the derivative analysis, aph(λ) data were normalized to
aph(443) to emphasize the spectral shape of absorption rather than its
magnitude. Additionally, a mean ﬁlter smoothing method to minimize
some of the random noise was applied to the normalized spectra:
 
aph λ j ¼

Xn

a ðλi Þ=aph ð443Þ
i¼1 ph

;

n

ð7Þ

where n is the ﬁlter size (FS) and j is the index of the middle point of the
ﬁlter. Hereafter, the smoothed spectra of aph(λ)/aph(443) are referred to
as the non-derivative spectra.
After smoothing, the second derivative spectra (2nd deriv.) of aph(λ)/
aph(443) were computed as follows (see Tsai & Philpot, 1998):

the similarity index (SI) as an angular distance (Kirkpatrick et al.,
2000; Millie et al., 1997; Schoﬁeld et al., 1999):
SI ¼ 1−


2
x1  x2
 arccos
;
π
kx1 k  kx2 k

ð9Þ

where x1 includes the non- and second derivative spectra of phytoplankton cultures, and x2 is the corresponding spectra of aph_Filter-pad(λ)/
aph_Filter-pad(443) or aph_Rrs-derived(λ)/aph_Rrs-derived(443). The value of SI
is a number from 0 to 1, and is equal to 1 when perfect similarity exists
between the analyzed spectrum and the standard reference absorption
spectrum of the phytoplankton culture. Regarding SI calculation, although the wavelength range used for the second derivative analysis
using ﬁlter-pad analysis was 400–700 nm, the calculated wavelengths
ranged from 409 (=400 + 9) to 691 (=700 − 9) nm. For Rrs-derived
aph(λ), wavelengths of 400–546 nm were used for the second derivative
analysis, and the calculated wavelengths ranged from 409 (=400 + 9)
to 537 (=546 − 9) nm (see Section 3.5).
3. Results

 

aph ðλi Þ−2aph λ j þ aph ðλk Þ
d aph 
;
 ¼
ðΔλÞ2
dλ2 
2

ð8Þ

3.1. Physical properties and water mass classiﬁcation from the absorption
budget

where Δλ (=λk − λj = λj − λi) is the band separation (BS) between
adjacent bands. It is important to determine the suitable selection of
FS and BS in the smoothing and derivative analysis. In this study, 9 nm
was chosen for both FS and BS, according to the analysis performed by
Torrecilla et al. (2011), in which the optimal values of FS and BS for
hyperspectral aph(λ) data were examined.
The non- and second derivative spectra of a ph_Filter-pad (λ)/
aph_Filter-pad(443) and aph_Rrs-derived(λ)/aph_Rrs-derived(443) were compared with those corresponding to the phytoplankton cultures using

Seasonal changes in seawater temperatures and salinities at the
surface (0–2 m) from April 2010 to January 2012 are shown in Fig. 2.
Water masses in April 2010 and from February to March 2011 were
inﬂuenced by the intrusion of the Coastal Oyashio Water (COW)
(0 b temperature b 3 °C; 32.0 b salinity b 33.3; Miyake et al., 1988;
Nakada et al., 2013). In particular, water masses in late February and
March 2011 were completely occupied by the COW. After the intrusion
of the COW, sea surface temperatures (SST) from May to August 2010
and from May to September 2011 gradually increased as the sea surface
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Fig. 4. Ternary plots of the relative absorption attributed to detritus, phytoplankton, and CDOM at different wavelengths corresponding to the MODIS, SeaWiFS, and MERIS bands. Each
color represents a different range of salinity. Closed symbols in each color represent stations where chlorophyll a concentration was N2 mg m−3.
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Fig. 5. (a) Contribution of each phytoplankton group to Chl a concentration, as estimated by CHEMTAX analysis, and (b) the relative contribution of each size fraction to total Chl a levels,
determined ﬂuorometrically at the surface. Open circles in (a) represent the Chl a concentrations measured by HPLC. The numbers in x-axis indicate station names.

3.2. Phytoplankton community compositions based on CHEMTAX and
size-fractionated Chl a
Chlorophyll a (Chl a) concentrations measured by HPLC and phytoplankton community compositions as estimated from CHEMTAX

100

= 0.82
p < 0.001
n = 22

80
60
40
20

1x107

1x106

1x105

1x104

1x103

1x102

0
1x101

Composition (%) of diatoms t oChl a
level as estimated by CHEMTAX

decreased in salinity due to the effects of melting snow (Nakada et al.,
2013). In October 2010 and November of both years, the water mass
was inﬂuenced by the intrusion of the Tsugaru Warm Water, high saline water (T N 6 °C, salinity N 33.6), which originates from the Kuroshio
(Kuroda et al., 2012). Subsequently, the surface water temperature
gradually decreased toward January and February during winter.
Thus, different types of water mass were encountered during each
cruise.
Light absorption coefﬁcients of detritus (ad(λ)), phytoplankton
(aph(λ)), and CDOM (aCDOM(λ)) observed in this study are summarized
in Fig. 3. The seasonal variability of ad(λ) was low when compared with
aph(λ) and aCDOM(λ). To characterize water masses in terms of the
light absorption budget, the relative contributions of each absorption
component to the total non-water absorption (at-w(λ) = ad(λ) +
aph(λ) + aCDOM(λ)) were examined at wavelengths corresponding to
MODIS bands and at the 510-nm wavelength of both SeaWiFS and
MERIS (Fig. 4). Ternary plots of these three components showed that
aCDOM(λ), especially at 412 and 443 nm, was the major light absorbing
component, except for the spring phytoplankton bloom (when Chl a
concentrations were N 2.0 mg m−3, see closed symbols in Fig. 4), and
that the majority of ad(λ) was less than 25% at all wavelengths. These
results were consistent with the previous research ﬁndings of Sasaki,
Miyamura, Saitoh, and Ishizaka (2005) in Funka Bay. Values of aCDOM(λ)
in this study were not signiﬁcantly correlated with salinity except at
412 nm (R = –0.32, p b 0.05, n = 51).

Diatoms abundances (cells l-1)
Fig. 6. Relationship between the composition of diatoms as estimated by CHEMTAX
analysis and the cell densities of diatoms with microscopy from May 2011 to January
2012 (see Table 1).
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analysis over the study period were shown in Fig. 5a. Chl a concentrations (closed white circles in Fig. 5a) varied by a factor of 30 and ranged
from 0.29 mg m−3 at Stn. 10 in September 2011 to 8.6 mg m−3 at Stn.
13 in April 2010. The calculated pigment:Chl a ratios in CHEMTAX analysis (Table 2) were within the range of the values recently summarized
by Higgins et al. (2011), except for the Chl b:Chl a ratio of prasinophytes.
The Chl b:Chl a ratio of prasinophytes (0.109, Table 2c) in this study was
slightly lower than the minimum values in the culture (0.131) of
Higgins et al. (2011) but was within the range of 0.020–2.111, with an
average of 0.911 ± 0.580, obtained from the ﬁeld data of Higgins et al.
(2011); see Table 6.2. As shown by CHEMTAX results (Fig. 5a), the composition of diatoms to Chl a levels varied widely over the study period,
from 6 to 96%. A signiﬁcant relationship between the composition of diatoms as estimated by CHEMTAX and the cell densities of diatoms from
May 2011 to January 2012 was found in this study (Fig. 6 and Table 1).
In particular, diatoms contributed N80% to Chl a concentrations during
the spring bloom (April in 2010 and from February to May in 2011).
Furthermore, winter populations in January 2012 and February 2011
mainly consisted of diatoms (ca. N50%). Chl b-containing phytoplankton
(chlorophytes and prasinophytes) were widely distributed after the
spring diatom blooms, in May and June 2010, and during autumn, in
November 2011, and they were the secondary component during winter, in February 2011 and January 2012. The highest composition (54%)
of summed chlorophytes and prasinophytes was found at Stn. 9 in June
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2010. Cyanobacteria were the secondary and major constituents of the
population in August 2010 and July and September 2011, respectively.
Their contribution reached a maximum of 68% at Stn. 30 in September
2011. The compositions of haptophytes and cryptophytes were somewhat enhanced during summer and autumn. No predominance of
dinoﬂagellates or pelagophytes was found over the study period.
Micro-sized (N10 μm) phytoplankton estimated by ﬂuorometry mainly
dominated the phytoplankton community from January to May, when
diatoms predominated, whereas nano- (2–10 μm) and pico-sized
(0.7–2 μm) phytoplankton dominated the community during summer
and autumn (Fig. 5b). According to these results, spearman's rank correlation test showed signiﬁcant relationships among the compositions of
micro-, nano-, and pico-sized Chl a by ﬂuorometry; the CHEMTAX composition of diatoms plus dinoﬂagellates (ρ = 0.77, p b 0.001, n = 50),
the sum of haptophytes, pelagophytes, and cryptophytes (ρ = 0.65,
p b 0.001, n = 50), and the sum of chlorophytes, prasinophytes, and
cyanobacteria (ρ = 0.75, p b 0.001, n = 50), respectively (Fig. 5).
The cluster analysis based on HPLC pigments mainly classiﬁed the
seasonal pigments dataset into four cluster groups (Fig. 7). Average
values for the ratios of each individual pigment concentration to Chl a
levels and for the phytoplankton community composition as estimated
by CHEMTAX in each cluster are shown in Table 3. These results show
that the ﬁrst and second clusters consisted of diatoms (Clusters A and
B), the third cluster was dominated by cyanobacteria (Cluster C), and
the fourth cluster contained predominantly Chl b-containing phytoplankton (i.e., chlorophytes and prasinophytes) or mixed phytoplankton
populations (Cluster D). Additionally, although phytoplankton community structures were nearly the same within each cluster, Chl a concentrations considerably changed. The cophenetic index (c) between HPLC
pigments- and CHEMTAX-based cluster trees was 0.539 (Table 4). This is
most likely due to that HPLC pigments data is a direct approach to phytoplankton community characterization, whereas CHEMTAX has some
uncertainties related to the initial ratio of pigment:Chl a. The compositions of diatoms as estimated by CHEMTAX were high in Clusters A
and B (Fig. 5a), because the highest average value of pigment to Chl a
ratio levels in Clusters A and B was the ratio of Fuco:Chl a (Table 3).
However, the rest of pigment ratios in Cluster A differed from those in
Cluster B, thereby leading to the separation of two stations in Cluster A
from Cluster B. When two data in Cluster A (i.e., Stns. 6 and 23 in April
Table 3
The average for the ratios of each pigment concentration to Chl a levels and for the phytoplankton composition as estimated by CHEMTAX, corresponding to each cluster based on
phytoplankton pigments.
Cluster
B
n = 26
Mean ± SD

C
n=6
Mean ± SD

D
n = 17
Mean ± SD

Phytoplankton pigment
Peri
0.031 ± 0.004
19′-But
0.001 ± 0.001
Fuco
0.539 ± 0.064
Neo
0.003 ± 0.002
Pras
0.000 ± 0.000
Violax
0.000 ± 0.000
19′-Hex
0.000 ± 0.000
Allox
0.003 ± 0.004
Zeax
0.008 ± 0.011
Chl b
0.011 ± 0.015

0.018 ± 0.009
0.021 ± 0.016
0.333 ± 0.060
0.006 ± 0.004
0.012 ± 0.011
0.007 ± 0.005
0.031 ± 0.026
0.018 ± 0.015
0.008 ± 0.014
0.038 ± 0.037

0.037 ± 0.042
0.025 ± 0.007
0.089 ± 0.018
0.013 ± 0.005
0.013 ± 0.010
0.015 ± 0.007
0.082 ± 0.015
0.023 ± 0.024
0.186 ± 0.059
0.089 ± 0.043

0.041 ± 0.023
0.037 ± 0.020
0.157 ± 0.037
0.016 ± 0.004
0.026 ± 0.012
0.018 ± 0.010
0.129 ± 0.049
0.028 ± 0.019
0.050 ± 0.039
0.116 ± 0.053

Phytoplankton group
Diatoms
92.8 ± 0.28
Dinoﬂagellates
3.1 ± 0.6
Haptophytes
0.0 ± 0.0
Pelagophytes
0.1 ± 0.1
Cryptophytes
0.6 ± 0.8
Chlorophytes
1.7 ± 2.4
Prasinophytes
0.0 ± 0.0
Cyanobacteria
1.8 ± 2.5

75.5 ± 15.9
2.2 ± 1.0
2.3 ± 1.9
2.2 ± 1.7
5.7 ± 4.8
7.0 ± 6.9
3.6 ± 3.0
1.5 ± 3.4

10.9 ± 3.6
4.2 ± 4.7
6.0 ± 1.0
2.5 ± 0.8
7.3 ± 7.8
17.1 ± 7.6
4.3 ± 2.8
47.8 ± 16.1

30.5 ± 9.7
4.8 ± 2.7
9.7 ± 3.8
3.9 ± 2.2
9.3 ± 6.2
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Fig. 7. Results of cluster analysis of phytoplankton pigments based on the Euclidean
distance and UPGMA. Framed rectangles A, B, C, and D represent cluster groups.
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Table 4
The cophenetic indices (c) between pigment-, CHEMTAX-, and ﬁlter-pad aph(λ)-based
cluster trees in the different wavelength ranges.
HPLC

CHEMTAX

CHEMTAX

0.539

–

Filter-pad aph(λ) (400–700 nm)
Non-derivative spectra
2nd derivative spectra

0.197
0.318

0.056
0.410

Filter-pad aph(λ) (400–546 nm)
Non-derivative spectra
2nd derivative spectra

0.266
0.309

0.020
0.339

2010) were excluded, higher c value (0.727) between HPLC pigmentand CHEMTAX-based cluster trees was found compared with the c
value using all data (0.539).
3.3. Phytoplankton absorptions and the derivative spectra of in situ
measurements and cultures
Fig. 8 shows examples of the in situ phytoplankton absorption
spectra normalized at 443 nm (aph_Filter-pad(λ)/aph_Filter-pad(443))
and their second derivative spectra (2nd deriv. of aph_Filter-pad(λ)/
aph_Filter-pad(443)) among stations in which diatoms predominated
(95%, Stn. 13 in March 2011 in Cluster B), Chl b-containing phytoplankton (54%, total of chlorophytes and prasinophytes, Stn. 9 in June
2010 in Cluster D), and cyanobacteria (68%, Stn. 30 in September 2011
in Cluster C) estimated by CHEMTAX. Although the non-derivative
spectrum of chlorophytes seemed similar to that of cyanobacteria, the
second derivative spectra of the two groups were distinct. At wavelengths between 400 and 550 nm, larger differences in the second derivative spectra were found among phytoplankton groups due to the
different compositions of carotenoid pigments (Bricaud et al., 2004).
Additionally, differences in the second derivative spectra of diatoms
and either chlorophytes or cyanobacteria were also found at wavelengths over 555 nm. The c values of aph_Filter-pad(λ)-based cluster tree
relative to HPLC pigments- and CHEMTAX-based cluster trees were
also calculated (Table 4). The c values were high when using second derivative spectra in two different ranges. However, smaller c values were
obtained compared with the c value between HPLC pigments- and
CHEMTAX-based cluster trees.
The absorptions and derivative spectra normalized at 443 nm of
the average of the three diatom species, and the peridinin-containing
dinoﬂagellate (A. tamarense) are shown in Fig. 9. The spectral shape of
the three diatom average differed from the spectral shape of the dinoﬂagellate A. tamarense at all spectral ranges.

Diatoms - 95%

3.4. Similarity analysis of aph(λ) of in situ measurements and cultures
Average SI values relative to aph(λ) of the average of three diatom
cultures and dinoﬂagellate culture using aph_Filter-pad(λ) data within
the 400–700 nm range in each HPLC pigment-based cluster (Fig. 7)
are summarized in Table 5. In terms of the average of three diatom
cultures, SI values were clearly high in diatom-dominated stations
(Clusters A and B) when considering second derivative spectra. Furthermore, the SI values estimated from the second derivative spectra were
also highly correlated with the composition of diatoms as calculated
from CHEMTAX (Spearman's rank correlation, Fig. 10a–b) and the cell
densities of diatoms with microscopy (Spearman's rank correlation,
Fig. 10c–d). In using the range of 400–546 nm, the highest Spearman's
rank correlation between SI values and the composition of diatoms as
estimated by CHEMTAX was found when using second derivative spectra (non-derivative spectra: ρ = 0.13, p = 0.36, n = 51; second derivative spectra: ρ = 0.53, p b 0.001, n = 51).
On the contrary, no positive relationships were found between the
composition of peridinin-containing dinoﬂagellates as estimated by
CHEMTAX and the SI values relative to A. tamarense culture calculated
from aph(λ) data and its second derivative (Spearman's rank correlation, Fig. 10e–f).
3.5. Similarity analysis of aph(λ) derived from hyperspectral Rrs(λ)
The hyperspectral remote sensing reﬂectances (Rrs(λ)) measured
in this study are depicted in Fig. 11. The spectral shapes and magnitudes
of Rrs(λ) varied considerably, indicating that various water types existed
during each cruise. Comparisons of aph_Rrs-derived(λ) and aph_Filter-pad(λ)
at several wavelengths showed a signiﬁcant relationship for all wavelengths(Fig. 12a), and especially when excluding values of percentage
difference (PD) over 100% (i.e., Stn. 6 in April 2010 and Stn. 9 in
May 2011) (Fig. 12b). Root mean-square error (RMSE) values were
low except for wavelengths over 547 nm (Fig. 12c). PD values within
the 400–546 nm range between aph_Filter-pad(λ) and aph_Rrs-derived(λ)
ranged from 5.3 to 180%, with an average of 32 ± 37%. An example
of performance for the best case is shown in Fig. 12d. If PD values
over 100% were excluded (i.e., Stn. 6 in April 2010 and Stn. 9 in May
2011), PD values from 5.3 to 52%, with an average of 22 ± 11%, were
obtained. To better account for differences in spectral shape rather
than in magnitude features in the derivative analysis, we normalized
spectra of aph_Filter-pad(λ) and aph_Rrs-derived(λ) at 443 nm before comparison. PD values including the data from Stn. 6 in April 2010
and Stn. 9 in May 2011 showed a mean of 13 ± 6.2%. These results indicated that the inversion method of QAA well reproduced the spectral
shape of aph(λ). When estimating SI, as RMSE values were lower for
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Fig. 8. Examples of the in situ (a) non- and (b) second derivative spectra of aph_Filter-pad(λ)/aph_Filter-pad(443) with the predominance of diatoms, Chl b-containing phytoplankton, and
cyanobacteria, as estimated by CHEMTAX. Gray frames with dashed lines represent the spectral locations of ocean color sensors in MODIS. The spectral bands at 510 nm and 620 nm
of SeaWiFS and MERIS, respectively, are also overlaid.
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Fig. 9. Normalized absorption spectra (aph(λ)/aph(443)) and the second derivative spectra (2nd deriv. of aph(λ)/aph(443)) of the average of the three diatom cultures and the dinoﬂagellate
culture (Alexandrium tamarense). Gray frames are as in Fig. 8.

aph_Filter-pad(λ) from 400 to 546 nm (Fig. 12c), the second derivative
spectra of aph_Rrs-derived(λ)/aph_Rrs-derived(443) were calculated within
the range from 409 (=400 + 9) to 537 (=546 − 9) nm. Our results
for SI relative to the average of the three diatom cultures had higher
values at diatom-dominated stations (Cluster B), especially for second
derivative spectra (Table 5), even the values obtained were lower than
the ones using aph_Filter-pad(λ). A signiﬁcant relationship between the SI
values calculated from second derivative spectra and the composition
of diatoms as estimated by CHEMTAX was found (Spearman's rank
correlation, Fig. 13).
4. Discussion
4.1. The optical discrimination of phytoplankton groups by CHEMTAX and
aph(λ)
CHEMTAX with HPLC phytoplankton pigment (Mackey et al., 1996)
is a valuable tool for investigating whole phytoplankton communities,
including the pico- and nano-phytoplankton groups, which are sometimes difﬁcult to identify using light microscopy. Although CHEMTAX
analysis has been successfully used in many investigations, one of the
difﬁculties with this method is the choice of initial ratios of pigment:
Chl a (Latasa, 2007; Mackey et al., 1996; Wright & Jeffrey, 2006). Therefore, it is important to carefully select and optimize the initial ratios of
Table 5
Average values of the similarity index (SI) relative to the average of three diatom
cultures, and dinoﬂagellate culture (A. tamarense) for the non- (left side) and second (right
side) derivative spectra of a ﬁlter-pad within the 400–700 nm range and Rrs-derived
aph(λ)/aph(443) within the 400–546 nm range in each cluster.
Cluster

Non-derivative spectra
Mean ± SD

SI values based on aph_Filter-pad(λ) relative to diatoms
A
0.870 ± 0.012
B
0.931 ± 0.029
C
0.886 ± 0.012
D
0.904 ± 0.024
A. tamarense
0.925

2nd derivative spectra
Mean ± SD
0.832 ± 0.032
0.825 ± 0.055
0.677 ± 0.031
0.713 ± 0.049
0.755

SI values based on aph_Filter-pad(λ) relative to dinoﬂagellates (A. tamarense)
A
0.818 ± 0.009
0.720 ± 0.007
B
0.878 ± 0.035
0.728 ± 0.055
C
0.832 ± 0.015
0.620 ± 0.026
D
0.850 ± 0.026
0.649 ± 0.039
SI values based on aph_Rrs-derived(λ) relative to diatoms
A
0.948 ± 0.031
B
0.956 ± 0.016
C
0.921 ± 0.019
D
0.913 ± 0.035

0.462 ± 0.125
0.549 ± 0.075
0.430 ± 0.033
0.412 ± 0.042

major phytoplankton groups (Mackey et al., 1996), especially in regions
such as Funka Bay, for which no comparable data for HPLC pigments and
initial ratios are available. To date, two main optimization procedures
for the pigment:Chl a matrix have been proposed, one by Latasa
(2007) and the other by Wright et al. (2009). The procedure of Latasa
(2007) is a combination of different initial seed values and successive
runs of CHEMTAX, and this method has been used in various waters
(e.g., Eker-Develi et al., 2012; Latasa et al., 2010). However, using this
method, it is difﬁcult to observe a clear convergence in ratio values
(Latasa et al., 2010). The procedure proposed by Wright et al. (2009)
uses 61 CHEMTAX trials from randomized starting matrices and has
similarly been used in different regions (e.g., Mendes et al., 2012;
Schlüter, Henriksen, Nielsen, & Jakobsen, 2011). A combination of both
procedures was exploited by Mendes et al. (2011) and de Souza,
Mendes, Garcia, Pollery, and Brotas (2012). Kozlowski et al. (2011) evaluated the performance of both optimization procedures with a pigments dataset for the Antarctic coastal region. They showed subtle but
non-signiﬁcant differences between the methods of Latasa (2007) and
of Wright et al. (2009).
In the present study, the randomized starting matrices of Wright
et al. (2009) were used to estimate the optimal initial ratio. The obtained pigment:Chl a ratios were within the range summarized by
Higgins et al. (2011) (Table 2). In terms of cluster tree based on HPLC
pigments (Fig. 7), although two stations in Cluster A were separately
clustered from Cluster B due to the different compositions of pigments
(Table 3), the cophenetic index (c) indicated that cluster tree based
on the CHEMTAX estimates showed good agreement with a reference
cluster tree based on HPLC pigments, especially when considering
data excluding two stations in Cluster A (i.e., Stns. 6 and 23 in April
2010, see Section 3.2). Seasonal variability in the composition of sizefractionated Chl a concentrations estimated by ﬂuorometry showed
the same trend as the results of CHEMTAX (see Section 3.2 and Fig. 5).
Seasonal changes in phytoplankton community structure as estimated
by CHEMTAX were consistent with previous studies. Previous studies
with microscopy analysis in Funka Bay have reported that a diatom
bloom occurred during spring in 1996 (Shinada et al., 1999), whereas
cyanobacteria dominated during summer in 1988 (Odate, 1989).
Odate, Yanada, Mizuta, and Maita (1993) reported the predominance
of micro-sized (N10 μm) phytoplankton during the spring diatom
bloom in Funka Bay in 1989. Dinoﬂagellates were not predominant
over the study period. Although Tsunogai and Watanabe (1983)
showed that dinoﬂagellates dominated after the spring diatom bloom
of 1981, Kudo, Miyazono, Shimada, and Isoda (2005) and Miyazono,
Nagai, Isao, and Tanizawa (2012) recently showed that a massive
A. tamarense bloom started in the early 1960s and has continued until
the late 1980s, but also that A. tamarense abundance has been declining
since the 1990s.
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Fig. 10. Relationships between the similarity index (SI) relative to the average of three diatom cultures derived from the non- and second derivative spectra of aph(λ)/aph(443) by ﬁlter-pad
analysis using the range 400–700 nm and (a–b) the composition of diatoms as estimated by CHEMTAX, and (c–d) the cell densities of diatoms with microscopy, respectively. (e–f)
Relationships between SI relative to A. tamarense cultures derived from the non- and second derivative spectra of aph(λ)/aph(443) by ﬁlter-pad analysis using the range 400–700 nm
and the composition of peridinin-containing dinoﬂagellates as estimated by CHEMTAX. Colors and symbols correspond to colors in HPLC pigments-based cluster groups A, B, C, and D
(Fig. 7).

The cluster analysis was also performed based on hyperspectral optical data of aph_Filter-pad(λ). Subsequently, the c values of aph_Filter-pad(λ)based cluster tree relative to HPLC pigments- and CHEMTAX-based
cluster trees were calculated (Table 4). Smaller c values were obtained
compared with the c value between HPLC pigments- and CHEMTAXbased cluster trees, indicating that the seasonal changes in phytoplankton
groups was more complicated to be assessed based on the cluster analysis of aph_Filter-pad(λ). However, higher c values were obtained when
second derivative spectra of aph_Filter-pad(λ) were considered (Table 4).
Therefore, once identiﬁed different water masses based on HPLC and
CHEMTAX data, we employed a derivative spectroscopy/similarity

index (SI) approach for aph_Filter-pad(λ) as an alternative method for
identifying the dominant phytoplankton. This approach provides an
optical detection technique for differentiating particular phytoplankton
groups in mixed phytoplankton assemblages (Kirkpatrick et al., 2000;
Millie et al., 1997). The results indicate that SI values relative to the average of the three diatom species using the second derivative spectra in
clusters A and B were higher (Table 5). Furthermore, we found a strong
relationship between the SI values calculated from second derivative
spectra and the composition of diatoms as estimated by CHEMTAX
(Fig. 10b). These results indicate that pigment and optical-based
methods validate each other's performance and precision in estimating
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0.007

(Figs. 5 and 7). Furthermore, SI values of the diatom-dominated clusters
(Clusters A and B), relative to the average of the three diatom species
estimated from the second derivatives, were signiﬁcantly higher than
those of the Chl b-containing phytoplankton- and cyanobacteriadominated groups (Fig. 10 and Table 5). It is known that these three
classes, which have distinct algal lineages, possess unique absorption
spectra because of their different pigments: diatoms (red lineage) contain Chl c and fucoxanthin; cyanobacteria (prokaryote), zeaxanthin and
phycobiliproteins; and chlorophytes and prasinophytes (green lineage),
Chl b (Falkowski et al., 2004). These algal classes can be potentially
discriminated by an optical absorption approach (Bissett et al., 2001;
Schoﬁeld et al., 2004). In laboratory experiments with algal cultures,
Millie, Schoﬁeld, Kirkpatrick, Johnsen, and Evens (2002) showed that
the SI values of diatoms containing Chl c were different from those
of Chl b-containing phytoplankton and cyanobacteria, meaning that
the differential absorptions of these phytoplankton groups could be detectable using the derivative spectroscopy/SI approach. Accordingly,
one of the main reasons for the signiﬁcant relationship between diatom
compositions as estimated by CHEMTAX and SI values (Fig. 10b) in this
study could be the seasonal succession of diatoms, Chl b-containing
phytoplankton, and cyanobacteria. These results suggested that it
is possible to optically discriminate diatom-rich waters using a derivative spectroscopy/SI approach with bio-optical hyperspectral sensors
(radiometers and spectrophotometers) on in situ mooring systems
and satellites.
Since dinoﬂagellate, especially A. tamarense, cause scallop paralysis
in Funka Bay (Miyazono et al., 2012), it is essential to identify the
phytoplankton group in our study region. Nevertheless, in terms of
peridinin-containing dinoﬂagellates, no positive relationships between
the composition of dinoﬂagellates as estimated by CHEMTAX and SI
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Fig. 11. Hyperspectral remote sensing reﬂectance (Rrs(λ)) derived from in situ radiometric
measurements in this study. Gray frames are as in Fig. 8.

relative diatom abundance from bulk samples. Therefore, both SI
values and CHEMTAX results have proven valuable to overcome the
challenging task posed in this study. The derivative spectroscopy/SI approach for aph(λ) in combination with CHEMTAX data as the reference
for phytoplankton community structure has proven useful in improving
understanding of phytoplankton community structure in the coastal
waters of Funka Bay, in particular for those dominated by diatoms.
As represented by the results of the CHEMTAX and cluster analyses
based on phytoplankton pigments, seasonal changes in the phytoplankton community structure in Funka Bay were mainly due to the succession of diatoms, Chl b-containing phytoplankton, and cyanobacteria
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Fig. 13. Relationship between the composition of diatoms to Chl a concentration as estimated by CHEMTAX and the similarity index (SI) relative to the average of three diatom cultures
derived from the (a) non- and (b) second derivative spectra of Rrs-derived aph(λ)/aph(443). Colors in each symbol correspond to colors in cluster groups of A, B, C, and D in Fig. 7.

values relative to A. tamarense were found for any absorption spectra
(Fig. 10e–f). Dinoﬂagellates were not predominant over the study
period (Fig. 5), so the optical features of dinoﬂagellates did not account
for a large fraction of the bulk absorption spectra. It has also been
reported that A. tamarense contains mycosporine-like amino acids
(MAAs) (Carreto, Carignan, & Montoya, 2001), which absorb the ultraviolet regions. Therefore, to optically identify A. tamarense, further
studies are needed to investigate the absorption and reﬂectance due
to MAAs, as in the investigation of Kahru and Mitchell (1998).
The pigment composition of phytoplankton varies widely with
changes in irradiance (Laviale & Neveux, 2011) and micro- and macronutrients (Hopkinson et al., 2007). The absorption spectra of phytoplankton were also inﬂuenced by the package effect (Morel & Bricaud,
1981), cell-size composition (Ciotti et al., 2002), photoacclimation
(Stæhr & Cullen, 2003), and changes in light (Johnsen & Sakshaug,
2007). The spectral shape of aph(λ) depends on the physical condition
of phytoplankton, which in turn inﬂuences the calculations of SI. In
this study, exponentially growing cultures of diatoms and dinoﬂagellates were used. The dial cycle used for these cultures differs from that
of summertime in Funka Bay (15:9 h light:dark). Therefore, further
studies are needed to examine the inﬂuence of photoacclimation on SI
estimations in natural mixed phytoplankton assemblages. Additionally,
as we used only diatom and dinoﬂagellate cultures in this study, the
method we developed should be validated for other phytoplankton
groups and other locations.

that SI values using the second derivative spectra were signiﬁcantly
correlated with the composition of diatoms (Fig. 13b). These results
suggest that hyperspectral Rrs(λ) with a derivative spectroscopy/SI
approach could be a promising method for estimating the dominance
of diatoms from in situ mooring systems and satellites. However,
compared with in situ aph_Filiter-pad(λ) data (Fig. 10), aph(λ) estimated
from hyperspectral Rrs(λ) was less precise. The visible range from 400
to 700 nm was used for the ﬁlter-pad analysis, and wavelengths over
547 nm were excluded from the hyperspectral analysis due to the absorption of water (Fig. 12).
To assess the effects of phytoplankton community structure on
light absorption spectra, we examined correlations between the composition of diatoms, Chl b-containing phytoplankton (chlorophytes plus
prasinophytes), and cyanobacteria as estimated by CHEMTAX and
the in situ second derivative spectra (2nd deriv. of aph_Filter-pad(λ)/
aph_Filter-pad(443)) at each wavelength from 400 to 700 nm (Fig. 14).
Interestingly, each phytoplankton group covered different regions of
the visible light spectrum, including wavelengths over 547 nm. As phytoplankton composition switched from diatoms to Chl b-containing
phytoplankton and then cyanobacteria, the high correlation with blue
bands shifted toward longer or green bands. Variability in the spectral
shapes reﬂected the presence of different pigments (i.e., Chl c, Chl b,
and phycobiliprotein) among the phytoplankton groups. These features could contribute to the colorful niches of phytoplankton (Stomp,

4.2. Implications for ocean color remote sensing

Correlation coefficient (R)

The emergence of hyperspectral sensors (e.g., radiometers and spectrophotometers) has provided new opportunities to investigate phytoplankton dynamics in more detail. Several studies have shown the
effectiveness of hyperspectral data for assessing phytoplankton pigment assemblages in coastal and open oceans (Lee & Carder, 2004;
Torrecilla et al., 2011) and for detecting speciﬁc phytoplankton species
or phytoplankton size structure both in the ﬁeld (Craig et al., 2006;
Lubac et al., 2008; Organelli et al., 2013) and in laboratory experiments
with cultures (Mao et al., 2010). Furthermore, Bracher et al. (2009)
developed the method for identifying cyanobacteria and diatoms
(PhytoDOAS) from hyperspectral data of the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY)
satellite sensor. Subsequently, Sadeghi et al. (2012) improved the
PhytoDOAS method to allow coccolithophore bloom identiﬁcation.
In this study, the derivative spectroscopy/SI approach described
above was applied to hyperspectral Rrs(λ)-derived aph(λ) estimated
by QAA (Lee & Carder, 2004; Lee et al., 2009) to distinguish the
dominance of diatoms from other phytoplankton. The results showed
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Fig. 14. Correlation coefﬁcients (R) between the composition of diatoms, Chl b-containing
phytoplankton (chlorophytes plus prasinophytes), and cyanobacteria as estimated by
CHEMTAX and the in situ second derivative spectra of aph_Filter-pad(λ)/aph_Fulter-pad(443)
from 400 to 700 nm. Gray frames are the spectral bands recommended in this study
(see Table 7).
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Table 6
Results of a multiple linear regression analysis of CHEMTAX-derived Chl a concentrations in diatoms, Chl b-containing phytoplankton (chlorophytes plus prasinophytes),
and cyanobacteria on aph_Filter-pad(λ) for a suite of three bands in the SeaWiFS, MODIS, and MERIS bands. Asterisks represent signiﬁcance levels: *: 0.01 b p ≤ 0.05; **: 0.001 b p ≤ 0.01;
***: p ≤ 0.001.
Phytoplankton

412 nm

443 nm

490 nm

Diatoms
Chl b phytoplankton
Cyanobacteria

151***
−20.3***
−1.67

−279***
30.0***
0.91

510 nm

−133**
45.0***
8.51**

Diatoms
Chl b phytoplankton
Cyanobacteria

10.4
−9.12***
−2.43

−69.3
34.7***
7.34**
−256**
60.2***
15.5*

Huisman, Stal, & Matthijs, 2007). Second derivative spectra at 443 nm
and 490 nm were positively correlated with diatom composition, but
were negatively correlated with Chl b-containing phytoplankton.
Recently, Lawrenz, Pinckney, Ranhofer, MacIntyre, and Richardson
(2010) found co-variation in diatom and chlorophyte abundances
with the spectral attenuation coefﬁcient (Kd(λ)) in Winyah Bay, South
Carolina, USA: chlorophytes showed positive relationships with
(Kd(442)), while diatoms were negatively correlated with (Kd(442)).
Furthermore, multiple linear regression analysis of the CHEMTAXderived Chl a concentrations of these three algal classes on aph(λ)
for a suite of three bands in SeaWiFS and MODIS also revealed a
shift from blue to green bands with changing phytoplankton groups
(Table 6). Different slopes in the empirical ocean color chlorophyll
algorithm for the SeaWiFS sensor (O'Reilly et al., 1998) are due to wavelength switching from the Rrs(443) at low Chl a concentration, to
Rrs(490) at moderate Chl a concentration, and to Rrs(510) at high Chl
Table 7
Summary of the spectral bands proposed by Hoepffner and Sathyendranath (1991),
Lee et al. (2007), and this study, and channel positions used for ocean color sensors.

411

Hoepffner and
Sathyendranath (1991)

Lee et al.
(2007)

384

385
395

413

SeaWiFS

MODIS

MERIS

412

412

413

443

443

443

490
510

488

490
510

425
433

435

458

461 (465)

488
512
531

490

440
460
475
490
510

532

531
545

556
585
599
615
633
646

555
583
623

676

560

615
635

620

665

694

700

667

665

678

681

670
685
710

0.80
0.84
0.22
184***
−30.8***
−5.22*

547**
−108***
−32.0
398
−26.2
−65.9***

0.79
0.82
0.23
−282
63**
24.3

0.81
0.82
0.22

−263
−4.15
74.4**

0.79
0.74
0.33

a concentration (e.g., Dierssen, 2010; Mao et al., 2010). Therefore,
our results could account for the inverse relationship in these studies.
Interestingly, 15 wavelengths showing high correlations with each phytoplankton community within the visible range cover the spectral bands
of SeaWiFS, MODIS, and MERIS (Table 7 and Fig. 14). The bands presented in this study are similar to those proposed by Hoepffner and
Sathyendranath (1991), who applied a Gaussian approach to decompose aph(λ), and by Lee, Carder, Arnonr, and He (2007), who showed
the 17 spectral bands required for ocean color sensors from a derivative
analysis of hyperspectral Rrs(λ). Additionally, Moline, Oliver, Bergmann,
Glenn, and Schoﬁeld (2004) also showed the 25 useful wavelengths for
detecting differences in phytoplankton by examining the relationship
between the phytoplankton community and hyperspectral reﬂectance
in coastal waters. Therefore, the 15 bands presented in Table 7 could
be helpful in improving the estimation of phytoplankton community
structure with multispectral optical data. However, according to IOCCG
(2014), a recurrent problem in using ocean color data to extract information on phytoplankton is the limited number of wavelengths. IOCCG
(2014) suggested that the development of hyperspectral sensor may
make it possible for retrieving additional spectral features of phytoplankton communities that are indistinguishable though current multispectral
sensors. In this sense, our results indicate that using hyperspectral optical data of aph(λ) and Rrs(λ) with derivative spectroscopy/SI approach is
a promising approach to identify seasonal variability in the composition
of diatoms in the coastal waters of Funka Bay. However, higher correlations were also found at wavelengths over 547 nm (Fig. 14). Recently,
Aurin and Dierssen (2012) showed that the most successful semianalytical model to retrieve inherent optical properties (IOPs) from
ocean color remote sensing requires a red reﬂectance channel between
600 and 650 nm. Therefore, more accurate estimations of the dominance of diatoms by the derivative spectroscopy/SI approach are required for aph(λ) at longer wavelengths.

551

565
580

644
655

662
674

249***
−41.2***
−6.11

−74.4*
18.4***
9.70***

Diatoms
Chl b phytoplankton
Cyanobacteria

R
0.78
0.70
0.17

−1.51
−7.12***
−2.10

This
study

555 nm

264***
−13.6
1.83

Diatoms
Chl b phytoplankton
Cyanobacteria

Diatoms
Chl b phytoplankton
Cyanobacteria

530 nm

709

5. Summary
In this study, we showed that the derivative spectroscopy/SI
approach for hyperspectral aph(λ) in combination with CHEMTAX
analysis based on HPLC phytoplankton pigments as a reference for
phytoplankton community structure is a valuable tool for estimating
phytoplankton community structure and identifying the dominance of
phytoplankton groups from bulk absorption in the coastal waters
of Funka Bay. We also extended this method to hyperspectral remote
sensing reﬂectance data and demonstrated that a hyperspectral optical
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approach could be promising for monitoring phytoplankton groups
when they are dominant. These results suggested that the combination
of the derivative spectroscopy/SI approach for hyperspectral aph(λ) and
CHEMTAX analysis is helpful to develop methods for identifying phytoplankton functional groups from data obtained from in situ moored systems and satellites equipped with bio-optical hyperspectral sensors,
and hence essential to improve our understanding of phytoplankton
community structure. The real challenge of ocean color remote sensing
is the identiﬁcation of different groups of phytoplankton under nonbloom conditions (Nair et al., 2008). In this sense, our spectral-based
approach has proven useful for detecting and monitoring seasonal
changes of different phytoplankton groups in particular, for diatoms.
However, this method should be validated for the assessment of other
phytoplankton groups and for other regions. Furthermore, the estimation of aph(λ) at longer wavelengths would be required for more
accurate identiﬁcation of phytoplankton groups from space, because
remarkable differences in derivative spectra among phytoplankton
groups were also found at wavelengths over 547 nm. Further studies
are needed to investigate the relationship of IOPs and ﬂuorescence
(MacIntyre, Lawrenz, & Richardson, 2010) with phytoplankton community structure, and to develop a method for estimating IOPs at longer
wavelengths.
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