Absorption and scattering properties of
micro- and nano-size phytoplankton
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Introduction

Size distribution of natural phytoplankton assemblages
and the physiological properties are one of the fundamental
features in marine carbon cycle. Particularly, large-cell
plankton, such as micro- (20 — 200um in diameter) and
nano-size phytoplankton (2 — 20um in diameter) can
influence significantly on the production due to the
occurrence of opportunistic and sporadic large blooms. One
of the bloom-forming species is dinoflagellate. To monitor
the size distribution of phytoplankton or the blooms, optical
approach would be one of the most effective ways. The
optical approach is based on Inherent Optical Properties
(10Ps) of phytoplankton, such as absorption and scattering
coefficients of phytoplankton (as[A] and bg[A]). Both
apn(A) and bpy(A) are influenced by cell volume which is the
most critical parameter in the geometrical characteristics of
natural assemblage of phytoplankton.

Cell volumes of micro- and nano-size phytoplankton
indicate 10° fold variations. Because of the wide difference
in the cell volume, the non-linear relationships between
phytoplankton biomass, such as chlorophyll a (Chl a) and

IOPs, such as aph(A) and bpy(A) are observed. Based on the
large set of in situ data, a*sn(1) can be used to distinguish
cell sizes in natural phytoplankton assemblages (Ciotti et al.
2002), whereas b*p(A) have not been used yet to
differentiate cell sizes.

In a water column, the 10Ps of phytoplankton would
be influenced by the physiological properties. The b* (L) is
influenced by the intracellular carbon contents, and
therefore the b*p;(A) could be indexed on the ratio of
particulate organic carbon to Chl a (POC:Chl a) as
physiological properties of natural assemblages of
phytoplankton. In addition, a molar ratio of photoprotective
carotenoids (PPC) to total carotenoids (TC) is one of the
index of the physiological properties of natural assemblages
of phytoplankton. The variations in relative proportions of
PPC alter the shape of a*p, spectra from 490 to 530nm
normalized by 676nm (Johnsen et al. 1994). The
relationships between b*y(k)and POC:Chl a, and a*u
spectra and PPC:TC could be utilized to evaluate the
physiological properties of natural assemblages of



phytoplankton.

A parameterization of IOPs for micro- and nano-size
phytoplankton provides a simple tool to monitor the size
distribution in the ocean and the physiological properties by
using optical measurements. Establishment of relationships
between phytoplankton biomass, such as Chl a and the IOPs
by including dinoflagellate species to each size group will
improve our understanding of the optical characteristics of
natural assemblages of phytoplankton in relation to cell size.

The objectives in this study are to investigate the
relationship between cell size and I0OPs of micro- and
nano-size dinoflagellates in culture in relation to published
data (Study 1), and to investigate the cell size effect on IOPs
in the natural assemblages of phytoplankton (Study 2).
Furthermore,  physiological  properties of  natural
assemblages of phytoplankton are investigated by using
I0Ps of phytoplankton.

Materials and Methods
Studyl. Absorption and scattering properties of
dinoflagellates

Dinoflagellates Prorocentrum micans and P. minimum
were incubated at 20°C, 35 PSU salinity in a modified /2
medium without silicate. Light was provided by cool
fluorescent light on on a 12 h light: 12 h dark cycle. Light
intensity was 300 and 600 pmol photons m2 s which were
the saturated and supra-saturated light conditions,
respectively. The supra-saturated light intensity could
induce the photoprotective acclimation by PPC. At the
middle of exponential growth phase usually on day 2,
subsamples from each experimental bottle were taken after
6 hour of the light phase. Phytoplankton pigments were
determined by high performance liquid chromatography
(HPLC). Cellular carbon (C) concentration was determined
by elemental analyzer. The ratio of cellular carbon to
cellular Chl a contents (C:Chl a) was calculated based on a
weight basis.

Absorption coefficients of phytoplankton (ap[A]) were
measured by Quantitative Filter Technique (QFT) using
spectrophotometer with an integration sphere.  Chlorophyll
a specific apn(1) (@*pn[A]) were determined by dividing with
Chl a concentration.

Scattering coefficients of phytoplankton (bpn[A], where
underline indicates coefficient measured by absorption-
attenuation meter [ac-9]), were calculated as the difference
between the absorption and the attenuation coefficient of
phytoplankton (as[A] and cm[A]). The am(r) and
Cpn(X) were measured at nine wavelengths; 412, 440, 488,
510, 532, 555, 650, 676, and 715nm, which were commonly
employed in the current satellite. Chlorophyll a specific
bon(A) (b*pn[A]) were determined by dividing with Chl a
concentration.

Study 2. Absorption and scattering properties of micro-
and nano-size fractionated phytoplankton assemblages

Natural assemblages of phytoplankton were obtained at
the optical depths of 0.0, 2.3, and 4.6 in open and coastal
waters. The optical depths were determined from the

underwater measurement of photosynthetically available
radiation (PAR) by lowering the underwater irradiance
meters. Open water samples were collected at 16 stations in
the Indian Sector of the Southern Ocean (SO) during the
cruise of the TR/V Umitaka-Maru (Tokyo University of
Marine Science and Technology) in the austral summer of
2010/2011 and 2011/2012. Coastal water samples were
collected aboard the research vessel “Tachibana” at station
M (35°09°47”N, 139°10°33”E) off the Manazuru Peninsula
in Sagami Bay (SB) every month during the period from
July 2009 to December 2010. The water samples in SB were
prescreened through 183 pum mesh of plankton net cloth
(bulk sample). The bulk samples in SO and SB were further
size-fractionated with 20 um mesh plankton net cloth and 2
um pore size membrane filters.

Phytoplankton pigments were determined by HPLC.
The ratio of photoprotective carotenoids to total carotenoids
(PPC:TC) was calculated based on a molar basis. The
pigment concentration of micro-size fraction (bulk—20pum)
and nano-size fraction (20-2 pum) were estimated by
subtracting <20 um from bulk fractions, and <2 um from
<20 um fractions, respectively. The relative proportion of
micro- and nano-size fractions to bulk fractions (%) were
determined by relative Chl a concentrations to bulk Chl a
concentrations. Bulk particulate organic carbon (POC) was
determined by elemental analyzer. The POC:Chl a was
calculated based on a weight basis.

Absorption coefficients of particle (a,[A]) and
phytoplankton (agn[A]) of bulk, <20 um and <2 pum fractions
were measured as in Study 1. To evaluate the spectral
characteristics of a*p, the a*y, spectra from 488 to 532nm
were normalized by a*p, at 676nm which is the absorption
peak by Chl a. Slope of a*, spectra was calculated as
follows:
a*phslope =
(@*pn[488] — a*pn[532]) / (a*,n[676] x [488 — 532]) ().

Scattering coefficients of particles (by[A]) were
calculated as the difference between absorption and
attenuation of particle (a,[A] and c,[A]) at nine wavelengths.
In SO, vertical profiles of a,(A) and cp(1) of bulk sample
were measured by ac-9 which was set up as a profiling
instrumentation. In SB, the ay(1) and cy(1) of bulk, <20 um,
and <2 um fractions at three optical depths were measured
by using ac-9 which was set up as a bench-top
instrumentation in a fixed tilt position at 45°. To estimate the
scattering coefficient of phytoplankton (b*[A]) from bp(R),
the ratio of a*;(555) to a*p(555) measured by QFT were
used as follows:
b*un(676) = b*,(676) x a*,n(555) / a*p(555) 2).

Size Indices (SI) of natural assemblages of
phytoplankton were derived from relative Chl a proportion
of micro-, nano-, and pico-size fraction to bulk fraction (%)
and weighed value for absorption and scattering of three cell
size class, micro-size (Mass and Msca), nano-size (Naps and
Nscat), and pico-size fraction (Pas and Psca), respectively, as
follows:



Slaps=(Mapsx[micro-size(%)]+ NansX[nano-size(%)]

+ PansX[pico-size(%)]) /100 (3)
Slscar=(MscaX[micro-size(%)]+ Nscax[nano-size(%)]
+ PsarX[pico-size(%6)]) /100 (4).

The weighted values were derived from the cultural
relationships between the cell size and a*m;(A) and/or
b*sn(1) when the number of cell of natural assemblage of
phytoplankton was assumed as a power function of d with
exponent of —4.

Differences in optical properties between micro- and
nano-size fractions were tested with a non-parametric tested
with Mann-Whitney Rank Sum Test. Analysis of covariance
were carried out to compare the slopes and intercepts of
regression lines of the cultural relationships between 10Ps
and cell size, and in situ relationships between IOPs and
size index.

Results and Discussions
Studyl. Absorption and scattering properties of
dinoflagellates

Equivalent spherical diameters (d) of P. micans and P.
minimum of both light conditions were 25.0 + 0.22 and 12.6
+ 0.24 pm, respectively. The d of P. micans was about
2-fold larger than that of P. minimum. The a*p, (676) and
b*sn (676) of P. micans were approximately 20% and 35%
lower than that of P. minimum, respectively.

I enumerated the d, a*,n(676), b*pn(676), and C:Chl a
of phytoplankton species with various cell sizes in
published data to evaluate those of P. micans and P.
minimum. Both a*p;(676) and b*p;(676) significantly
decreased with increasing d (p<0.05, Fig. 1A and B). The
decreasing a*,n(676) with increasing d is due to pigments
self-shading in the cell (package effect, Berner et al. 1989).
The decreasing b*;n(676) with increasing d could be
induced by the increasing Chl a contents per cell
(Motokawa and Taguchi 2015).
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Fig. 1. Relationships between log d and log a*;(676) (A), log d and log
b*:(676) (B). Dotted lines indicate regression lines. Open and closed
symbols indicate literature and this study, respectively.

The b*,n(676) of various species including P. micans
and P. minimum increased significantly with the C:Chl a
(p<0.001, Fig. 2). The C:Chl a and the b*,;(676) of P.
micans and P. minimum exhibited relatively high values.
Although the intracellular C and Chl a contents are
dependent on cell size under given growth conditions, the
C:Chl a is independent of cell size. The significant
relationship between the b*;(676) and C:Chl a suggests
that the C:Chl a could play a role of the variation in the
b*pn(676) as a function of cell size.
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Fig. 2. Relationships between log C:Chl a and log b*,(676). See Fig. 1
for the symbols and dotted line.

Study 2. Absorption and scattering properties of micro-
and nano-size fractionated phytoplankton assemblages
Relationships between size index and a*p(676) and/or
b*n(676)

Investigations of size distribution of phytoplankton
assemblage and the optical properties were divided into four
regions according to the differences in the water mass: at the
North of Antarctic Convergence (AC) in SO (NAC), at the
South of AC in SO (SAC), in SB during winter (from
December to February, WSB), and in SB from spring to
autumn (from March to November, SSB).

Bulk Chl a concentrations ranged from 0.15 to 3.8 mg
m3. The highest and lowest bulk Chl a concentrations were
observed in SSB and NAC, respectively. The micro- and
nano-size fractionated Chl a concentrations increased with
increasing bulk Chl a concentrations. The relative
proportion of micro-size fractions increased with increasing
bulk Chl a concentrations, whereas that of nano-size
decreased.

The Slass and Sl in all regions were similar because
the weighted value of each size class was similar between
the absorption and scattering analyses. The average Slass and
Slsat in NAC, SAC, and WSB fell in the range of the
nano-size phytoplankton, whereas the average Slas and
Sl in SSB fell in the range of the micro-size
phytoplankton.

The a*,;(676) and b*,n(676) decreased significantly
with increasing Slas and Slsa, respectively, when the all
regions were considered together. The slopes of the in situ
relationships between a*m;n(676) and Slas Were not
significantly different from the slopes of the cultural
relationships between a*;(676) and d derived from Study 1
(Table 1). The similarity suggests that the effect of cell size
on a*;(676) of natural assemblage of phytoplankton with
various cell sizes could be evaluated by the Slas. The higher



intercept of the in situ relationship compared with that of
the cultural relationship suggests that the in situ relationship
could be influenced by the physiological properties of
phytoplankton which could covary with the environmental
conditions.

The slopes of the in situ relationships between
b*,n(676) and Sl were not significantly different from the
slopes of the cultural relationship between b*;(676) and d
derived from Study 1 (Table 1). This similarity confirm that
decrease in b*,n(676) could be determined by not only size
distribution of cells, but also cumulative cell volume of
phytoplankton assemblage. The intercept of the in situ
relationship was significantly higher than that of the cultural
relationship. The higher intercept of the in situ relationship
could be due to the high light conditions because the high
light conditions could induce the decreasing Chl a per cell,
and the b*;n(676) increased consequently. In addition, the
difference in b*mn(676) of natural assemblages of
phytoplankton could be induced by the difference in the
carbon contents. The higher intercept of the in situ
relationships could be due to the carbon contents other than
phytoplankton, such as detritus.

Table 1. Regression analyses between a*;(676) and d and/or Slas,
b*:n(676) and d and/or Slsc; from cultural experiment (Study 1) and in
situ experiment (Study 2). n, r?, and p indicate the number of sample,
determination coefficient, and probability, respectively. Alphabets
indicate significant difference at p<0.01.

Population Equation N Yi Slope r2 p

Culture  Loga*,(676) 50 -1.78%°  -0.10° 0.08 <0.05
=Yy + SlopexLog d

Insitu  Log a*,(676) 77 -146° —011° 0.06 <0.05
= Y + SlopexLog Sl

Culture  Log b*,,(676) 26 —0.46° ~042" 016 <0.05
= Yin + SlopexLog d

Insitu Logb*,(676) 58 —020° 039" 0.07 <0.05

= Yine + SlopexLog Slye

Relationships between optical properties and physiological
properties

The bulk a*y° decreased with decreasing bulk
PPC:TC (mol mol?) of phytoplankton assemblage. The
PPC:TC increased with increasing optical depths, so that the
PPC:TC could indicate the photoprotective response to light
changes in a water column (Motokawa et al. 2014). The
composition of PPC and TC in phytoplankton cell is
different among phytoplankton species, however the
PPC:TC as a function of light intensity was similar between
micro-size and nano-size fractions. The a*y°P and
PPC:TC was similar between micro-size and nano-size
fractions, and therefore the a*,»*'°P could be utilized to
evaluate the photoprotective acclimation of phytoplankton
without the size effect on the a*p°Fe,

The bulk b*,n(676) increased significantly with the
POC:Chl a (p<0.001, Fig. 3) when all regions were
considered together. As the physiological response to the
environmental conditions, the C:Chl a of phytoplankton
decrease with the decrease in light intensity or increase in

temperature (Geider 1987).
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Fig. 3. Relationship between POC:Chl a and b*,(676). Dotted lines
indicate regression lines. Open and closed symbols indicate the
Southern Ocean and Sagami Bay, respectively.

Assuming that the scattering efficiency of detritus is similar
to that of phytoplankton, the similar slopes of the
relationships between b*,;(676) and POC:Chl a and/or
C:Chl a (Table 2) suggest that the relative amount of detrital
carbon increase with decrease in C:Chl a of phytoplankton
cell.

Table 2. Regression analyses between b*,(676), C:Chl a, and POC:Chl
a in cultural experiment (Study 1) and in situ experiment (Study 2). See
Table 1 for n, r?, and p. Alphabets indicate significant difference at
p<0.01.

Population Equation n Yy Slope r? p
Culture  Log b*;,(676) 26 —2.16° 074° 052 <0.001
=Yy + SlopexLog C:Chl a
Insitu Log b*;(676) 62 —2.85%° 094> 047 <0.001

=Yy + SlopexLog POC:Chl a

Conclusions

This study presented that both a*,n(676) and b*,(676)
decreased with cell size, such as d of single species with
various cell size (Study 1) and size index derived from the
relative Chl a abundance and the weighed values (study 2).
The relationships could assist the understanding for
inverting remotely sensed data to the size distribution of
phytoplankton assemblage. In addition, the difference in the
intercepts of the relationships between the IOPs and d
and/or size index suggests that the more accurate evaluation
of the effect of cell size on the 10Ps would require the
knowledge of physiological properties of natural
assemblage of phytoplankton. The significant relationships
between a*,*°"* and PPC:TC, and b*;;(676) and POC:Chl a
in the present study suggest that the a*p°P® and b*,(676)
can assist to correct the physiological effect of the cell size.
The estimated size distribution of natural assemblage of
phytoplankton and physiological properties from remotely
sensed data could contribute to the understanding marine
carbon cycle.
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