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Improving technology for monitoring of harmful algal species is an important issue in fisheries indus-
tries, coastal management, and public health agencies. We have studied the possibility of monitoring harm-
ful algal species using specificity of chlorophyll fluorescence spectrum obtained through the investigation of
fluorescence properties of various species. We found that the peak wavelengths of the chlorophyll fluores-
cence spectra of Karenia mikimotor and Chattonella marina var. antiqua slightly shift towards longer
wavelengths compared to other species. Based on these findings, we have developed an 4% situ Harmful
Algal Indication sensor (HAI sensor), which measures the Fluorescence spectral Shift Index (FSI), which is
defined as the ratio of fluorescence intensities at two different wavelengths (670 and 690 nm) for represent-
ing the degree of fluorescence spectrum shifts, from the fluorescence intensities excited by blue light. The
performance evaluation of HAI sensor for algal strains showed that FSI of Karenia mikimotoi and
Chattonella marina var. antiqua were higher than those of other species. These results indicate that HAI
sensor is able to detect these harmful algae. The field studies, conducted in Saiki Bay, Oita Japan in 2017,
compared vertical profiles of FSI measured by HAI sensor with the species composition estimated by
microscopic analysis. In these observations, HAI sensor successfully detected vertical distributions of
Karenia mikimotoi. Furthermore, we have conducted long—term mooring observation using two units of
HAI sensor, which were placed at mid and near-bottom layers and connected to a telemeter system in Saiki
bay, Oita Japan in 2019. In this observation, HAI sensor detected the presence of Karenia mikimotoi at
concentrations as low as 27 cells ml™”, suggesting that HAI sensor is useful for harmful algal blooms (HABSs)
monitoring and early warning systems.
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INTRODUCTION

Harmful Algal Blooms (HABs) can cause serious dam-
age to fisheries and aquaculture industries. HABs produce a
variety of toxins that cause heavy mortality of fish and other
marine organisms during their bloom, which in turn can
affect these organisms stocks and disrupt business activi-
ties (Furuya et al., 2018). In Asia, Karenia mikimotos
(Dinophyceae) and Chattonella marina var. antiqua
(Raphidophyceae) are among the phytoplankton species
that have caused severe damage frequently (Imai et al.,
2006, 2012, Sakamoto et al., 2020), and because of that,
their dynamics have been monitored daily (Sakamoto et
al., 2020).

Currently, most of the HABs monitoring is done
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using discrete water sampling. These samples need to
be transferred from the field to a laboratory to have the
present phytoplankton species identified and counted
using optical microscopy. However, this procedure is
costly, time consuming, and not very accurate as it is
highly manual oriented and requires high skilled person-
nel to identify target species (Yuan et al. 2012). Still,
frequency and coverage of observations must be
increased in order to improve accuracy, which is very
difficult at current stage. Therefore, there is a need for
new technologies that would allow enhancing monitoring
coverage and efficiency in order to prevent or reduce the
HABs economic impact.

There are many commercially available instruments
that can measure chlorophyll fluorescence. Usually, the
information obtained from these instruments is quite
general and only allow us to infer about the total bio-
mass, since information about phytoplankton groups or
species cannot be obtained. However, there are more
sophisticated fluorometers, such as those described in
Beutler et al. (2002) and Yoshida et al. (2010) that make
use of different wavelengths to excite the phytoplankton
when measuring 7 vivo fluorescence. These instru-
ments are able to separate phytoplankton in groups, but
still, cannot separate them at species level. Therefore,
these instruments are not adequate for continuous HABs
monitoring, which requires species identification and
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concentration estimates. In fact, autonomous and con-
tinuous species identification at the current stage is still
a challenge. There are works describing different strate-
gies for automation and identification of phytoplankton
species including harmful algae (Buskey and Hyatt,
2006; Olson and Sosik, 2007; Shapiro et al., 2015).
However, as far as we know, these solutions involve a
high costs and/or a significant level of complexity. A
device that directly identify and estimates a particular
species has yet to be developed.

In this study, we address these issues through
the investigation of chlorophyll fluorescence proper-
ties of various species including K. mikimotot and
C. marina var. antiqua and the development of a
harmful plankton detection sensor making use of chloro-
phyll fluorescence characteristics. In addition, we have
assessed the sensor performance using cultured species
as well as profiling observations and a long—term moor-
ing observation at sea.

MATERIALS AND METHODS

Comparing algal strains using a fluorescence spec-
trophotometer

Algal strains shown in Table 1 were grown to station-
ary phase using modified SWM-3 medium (salinity 30,
pH 7.9) in an incubator (at 25°C, under 110 zzmol pho-
tons m™ s™', 12:12 h light:dark cycle). After that, while
measuring the chlorophyll fluorescence intensity of the
algal strains shown in Table 1 (No. 1 to 10) with the n
vivo fluorometer (Model 10AU, Turner Designs, Inc.,
USA), a medium was added to the algal strain to prepare
the chlorophyll fluorescence intensity of 100 to 200
approximately. Then these prepared cell suspensions
were transferred to a glass cuvette and stirred and the
fluorescence spectra were measured with a fluorescence
spectrophotometer (Model F2700, Hitachi High-tech
Science Corp., Japan). The fluorescence spectropho-
tometer excitation and emission bandpass were set to
5nm, and the fluorescence spectrum was measured at
an excitation wavelength of 430nm and a detection
wavelength of 600 to 750nm. Fluorescence spectra
were normalized at the detection wavelength of 675 nm

to 1 and compared between species.

Definition of Fluorescence spectral Shift Index
(FSI)

Fig. 1 shows the fluorescence spectrum of the algal
strains measured by the fluorescence spectrophotome-
ter normalized by the fluorescence intensity at a wave-
length of 675 nm. From Fig. 1, K. mikimotoi and
C. marina var. antiqua had the highest fluorescence
intensity at a wavelength of 680 nm, while other species
peaked at a wavelength of 675nm, denoting that
K. mikimotor and C. marina var. antiqua fluorescence
spectra peaks were slightly shifted towards longer wave-
lengths when compared to other species.

In order to express and quantify such fluorescence
spectra shift, we have developed the Fluorescence spec-
tral Shift Index (FSI), which is the ratio of fluorescence
intensity at 690 nm to that at 670 nm and can be define
as follows,

FSI- Fluorescence intensity at 690 nm

Fluorescence intensity at 670 nm.

We calculated the FSI for each algae strain as a proxy for
the degree to which the peak of the fluorescence spec-
trum shifted towards longer wavelengths as shown in
Fig. 2. We observed that C. marina var. antiqua FSI
was equal to 1.01 while other species were in the range
of 0.564 to 0.73. Note that these F'SI values were normal-
ized by K. mikimotoi FSI.

Development of the HAI sensor

We have developed an underwater diffraction grat-
ing spectrophotometer in order to investigate phyto-
plankton fluorescence in the field (article under prepara-
tion). This prototype was developed focusing on explor-
ing fluorescence properties in the field, and together
with laboratory experiment data mentioned above,
allowed us to build a low—cost sensor that focus on HABs
monitoring and early warning systems, the Harmful Algal
Indication sensor (HAI sensor).

The HAI sensor measures FSI in the field, and con-
sequently, detects species in which the fluorescence
spectrum peak is shifted, such as K. mikimotor and
C. marina var. antiqua. The instrument has fluores-

Table 1. Algal strains used in the comparison and characterization of fluorescence spectra for several algae and in the
evaluation of the HAI sensor. The abbreviations (abbr.) described are used in the following figures

No. Species Isolation region (strain) Abbr.

1 Chattonella marina var. antiqua Harima-nada, Japan (NIES-1) Ca
2 Heterosigma akashiwo Hakata Bay, Japan Ha
3 Prorocentrum mintmum Hakata Bay, Japan Pm
4 Karenia mikimotoi Hakata Bay, Japan Km
5 Heterocapsa circularisquama Asoura Bay, Japan He
6 Skeletonema marinoi—dohrnii complex Osaka Bay, Japan (NIES-324) Sm
7 Skeletonema pseudocostatum Hakata Bay, Japan Sp
8 Chaetoceros muelleri The north pacific, USA (CCMP 1316) Cm
9 Chaetoceros debilis Hakata Bay, Japan Cd
10 Isochrysis galbana English Channel Britanny Coast, France (NIES-2590) Ig
11 Karenia mikimotoi Imari Bay, Japan Kmi
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Fig. 1. Normalized fluorescence intensity spectra (with detection wavelength of 675 nm being 1) of several phytoplankton species.
K. mikimotoi and C. marina var. antiqua are shown in solid line and other species shown in dashed line.
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Fig. 2. FSI results for different species of phytoplankton. These
results are normalized using K. mikimotoi FSI results.

cence sensor with an excitation wavelength at 430 nm
(Light Emitting Diode — LED) and measures fluores-
cence at 670 nm and 690 nm using bandpass optical fil-
ters. The instrument was designed to be small and light
that can be deployed easily in the field. The HAI sensor
configuration differs considerably from its prototype,
since a diffraction grating spectrophotometer with suffi-
cient wavelength resolution for analyzing emitted fluo-
rescence, will be undoubtedly larger and heavier.

Fig. 3 shows the current available configurations of
the HAI Sensor, with additional temperature and pres-
sure sensor or an anti-fouling wiper for long-term obser-
vations. Power supply and communication are done via
underwater cable and its hand-held processing unit or
via integration with the mooring control system. The
housing is made of titanium and it has 7 cm of diameter,
17.6 cm of length, and 0.8 kg of weight (in air).

HAI sensor performance evaluation using algal
strains

We have verified the performance of the sensor
using algal strains shown in Table 1 (No.1, 2, 5, 6 and
11). Cell density dilution series were prepared from the
algal strain. Each sample was prepared by dispensing
the algal strain with a micropipette into a black bucket
filled with filtered seawater. The dimensions of the
black bucket are 12.9cm in diameter (12.3 cm inside
diameter) and 20 cm in height (19.7 cm inside). The
sample was stirred with a glass rod carefully so as not to
generate bubbles, and immediately after that, the HAI
sensor was immersed at a constant height and per-
formed measurements for about 1 minute. After the
sensor measurements, the samples were counted for cell
density using a microscope. The filtered seawater used
to prepare the sample series emits a slight chlorophyll
fluorescence. We assumed that this is due to chlorophyll
contamination from cells destroyed during the filtration
process. Therefore, before putting the algae strain in
the black bucket, we measured only filtered seawater as
a baseline to be subtracted from the sample series.

Field experiment

We carried out vertical profiling observations using
the HAI sensor together with water sampling at the sta-
tion A and B, in Saiki bay, Oita Japan (Fig. 4), from July
to September 2017. In order to confirm the chlorophyll
fluorescence intensity maximum, we conducted chloro-
phyll fluorescence intensity vertical profiling using a
water quality profiler (Model AAQ175, JFE Advantech
Co., Ltd., Japan). Surface seawater was collected with a
bucket. At the station A, water was collected from
depth of 2m, 5m, at chlorophyll fluorescence intensity
maximum and at the bottom (1m above the bottom)
with a water sampler (RIGO-B Transparent Water
Bottle, Rigosha & Co., Ltd., Saitama, Japan). At the sta-
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Fig. 3. Current available configurations of the HAI Sensor. (A) Overview of the HAI sensor (https:/www.jfe-advantech.co.jp).
We have the HAI sensor together with its hand-held processing unit and underwater cable. (B) We show all available
sensors and their disposition and features. (C) Disposition of an anti—fouling wiper.
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Fig. 4. The observation stations A (32° 56.907' N, 131° 57.788' E),
B (32°57.328' N, 131°57.558' E), and C (32° 57.059' N, 13°
57.467' E) in the Saiki Bay, Oita Japan.

tion B, we collected water at the chlorophyll fluores-
cence intensity maximum depth using the water sam-
pler. After water sampling, we performed vertical profil-
ing observations using the HAI sensor (profiling speed of
about 0.5m s™). The sampled water was brought to the
laboratory on the same day, and had cell densities of
K. maikimotoi, C. marina var. antiqua and Diatoms

counted using a microscope. In addition, since the
length of the water sampler was 0.7m, the measured
results by the HAI sensor were averaged within£0.256 m
every 0.5 m for evaluation.

Long-term monitoring experiment

Long-term continuous HABs monitoring test using
the HAI sensor was performed at the station C, in Saiki
bay, Oita Japan (Fig. 4), from April to September 2019.
The sensor, equipped with an anti-fouling wiper, was
moored and connected to a telemeter system (Model NI-
TEBN, Nishimura Syokai Co., Ltd., Nagasaki, Japan) for
a long-term deployment. Two units of the sensor were
moored at the middle (depth of 6 m) and at the bottom
(1.5m above the bottom) of the water column and per-
formed observations at every 15 minutes. At every
observation, the wiper first wipes the sensor surface, and
then the sensors (at mid—water and near-bottom) meas-
ured 15 cycles alternately with 9 samples at 1 s interval
each. A total of 135 measured values were obtained and
averaged for each observation. Cell density analysis of
K. maikimotoi, C. marina var. antiqua and Diatoms
from the obtained water samples were carried out within
the same day.
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RESULTS

HAI sensor performance evaluations using algal
strains

Fig. 5 shows the FSI results from prepared samples
measured with the HAI Sensor. The FSI of K. mikimotoi
showed values from 2.35 to 2.39 at cell densities of 4 cells
ml™ to 854 cells ml™”, and the F'SI of C. marina var. antiqua
presented values from 2.08 to 2.15 at cell densities of 6
cells ml™ to 673 cells ml™. For other species, the FSI was
1.95 or less at all densities.

Field experiment
Fig. 6 shows the vertical profile of the measured FSI
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Fig. 5. FSI results for several algal strains in different cell density
conditions.
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Fig. 6. Microscopic analysis and vertical profiling done by the HAI
sensor during a K. mikimotoi HAB event on August 25"
2017 at station A in Saiki bay, Oita, Japan (Fig. 4). (A) Cell
densities estimated by microscopic analysis. Solid bars
present K. mikimotoi, white bars present Diatoms. (B)
FSI (circles) and chlorophyll fluorescence intensity (Chl.
flu. — showed with triangles) vertical distribution obtained
by the HAI sensor in relative fluorescence units (RFU).

and chlorophyll fluorescence intensity and the results of
microscopic analysis at the station A on August 25" 2017
during a K. mikimotot red tide event in Saiki bay, Oita,
Japan. The microscopic analysis results showed that
at the surface, 2m, 5m and 9 m depth, the densities of
K. mikimotoi were 0, 7, 450 and 56 cells ml™, respec-
tively, and the densities of diatoms were 10100, 3700,
100 and 0 cells ml™, respectively. On the other hand, the
vertical profile measurement results with the HAI sensor
showed that at the surface, 2m, 5m and 9 m depth, the
FSI were 1.82, 1.84, 2.29 and 1.90, respectively, and the
chlorophyll fluorescence intensity were 1.66, 1.25, 14.67
and 2.15 RFU (Relative Fluorescence Units), respec-
tively. The FSI and chlorophyll fluorescence intensity
maxima were found at 5m as shown in Fig. 6, where the
density of K. mikimotoi was 450 cells ml”. The maxi-
mum value of FSI reached around 2.35, which is the
same value presented by the K. mikimotor algal strain
we used in laboratory. Fig. 7 shows the vertical distribu-
tion of FSI and chlorophyll fluorescence intensity
together with microscopic analysis results at station B on
September 7" 2017 in Saiki bay, Oita, Japan. The micro-
scopic analysis results showed that K. mikimotor densi-
ties at surface and at 3 m depth, were both 0 cells ml™,
and diatoms densities were 5975 and 4200 cells ml”,
respectively. Whereas, the FSI obtained from the HAI
sensor was equal to 1.81 and 1.70 at the surface and 3m
depth, respectively. The chlorophyll fluorescence inten-
sities were 3.26 and 5.44 RFU at the surface and 3m
depth, respectively. Fig. 7 also shows the chlorophyll
fluorescence intensity maximum between 3 and 4m
depth. However, we did not observe a F'SI maximum at
this depth range.
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Fig. 7. Microscopic analysis and vertical profiling done by the HAI
sensor during a HAB event (which K. mikimotoi was not
present) on September 7™ 2017 at station B in Saiki bay,
Oita, Japan (Fig. 4). (A) Cell densities estimated by micro-
scopic analysis. Solid bars present K. mikimotoi, white
bars present Diatoms. (B) FSI (circles) and chlorophyll
fluorescence intensity (triangles) vertical distribution
obtained by HAI sensor.
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Long-term monitoring experiment

Fig. 8 shows observation results obtained by the HAI
sensors during a period of time in which K. mikimotot
cell density were higher than usual. The FSI time series
obtained from the sensor placed at mid—water peaked at
FSI equal to 2.12 during the period from 8:04 to 13:56 on
August 9" 2019. The FSI obtained from the near-bottom
sensor showed values between 1.67 and 1.79 and did not
form a clear peak during the same period of time.
However, from 19:41 to 23:40 on August 9" 2019, the
near-bottom sensor showed higher FSI values and peaking
at FSI equal to 2.00, while the FSI measured at the mid
water column was in the range of 1.81 to 1.91 and did not
form a clear peak. In addition, water sampling and optical
microscope analysis were carried out at 9:45 on August 9™
2019, and the results showed that K. mikimotoi was pre-
sent at cell densities of 27 cells ml" at mid-water, while
diatoms were not present. At near-bottom, K. mikimotor
was present at cell densities of 27 cells ml' at mid—
water, while diatoms were not present. At near-bottom,
K. mikimotoi was still present at 1 cell ml™ and diatoms
remained inexistent.

DISCUSSION

Measuring the fluorescence spectra of the algal strains
(Table 1) and comparing each spectrum (Fig. 1), we con-
firmed that the peak wavelength of the fluorescence
spectra of K. mikimotor and C. marina var. antiqua
slightly shifts towards longer wavelengths compared to
other species. Hence, we defined the FSI as a proxy for
the degree of the fluorescence spectrum shift. We
showed by using algal strains (Table 1) that the FSI of
K. maikimotor and C. marina var. antiqua are higher
than those of other species (Fig. 2), which allowed us to
use the FSI to infer about fluorescence spectrum shift
and identify K. mikimotoi and C. marina var. antiqua.

We have developed the Harmful Algal Indication sen-
sor “HAI Sensor” that measures the FSI in the field. A
simple spectroscopic method using optical filters allowed
us to make a simple structure sensor that measures the
fluorescence intensity at wavelength at 670nm and
690 nm. The instrument is compact and easily deployed
in the field.

The performance of the HAI sensor was evaluated
by measuring algal strains (Table 2) for several species
and at different cell densities. As shown in Fig. 5, the
FSI of K. mikimotor and C marina var. antiqua was
higher than other species and similar to those obtained
using a fluorescence spectrophotometer. In addition,
Fig. 5 shows that the HAI sensor can measure the FSI
regardless of the cell density, since we obtained satisfac-
tory results even when the density of K. mikimotor was
4 cell ml" or higher and C. marina var. antiqua was 6
cell ml™" or higher.

From the profiling observations, we identified the
chlorophyll fluorescence maximum at the same depth
range of the FSI maximum observed using the HAI sensor
(Fig. 6), which in turn suggests that chlorophyll fluores-
cence maximum is very likely caused by K. mikimotos.
On the other hand, in Fig. 7, the chlorophyll fluores-
cence intensity maximum could not be associated to F'SI
results (no clear maximum was identified). We assume
that chlorophyll fluorescence intensity maximum at that
time was caused by species other than K. mikimotor or
C. marina var. antiqua. Therefore, the HAI sensor
allowed us to quickly identify if a chlorophyll fluores-
cence maximum is formed or not by K. mikimotor dur-
ing vertical profiling the water column. This fact brings
us new ways to approach HABs monitoring when com-
pared to the tools currently available using conventional
methods, such as the ability to quickly infer about spatial
distribution of the species in question.

In the long-term continuous monitoring test, the
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Fig. 8. FSI results from the long—term monitoring test of K. mikimotoi. The solid circles are FSI data at mid—water (6 m depth) and the
pluses are F'SI near the bottom (1.5 m above the bottom). The white circle is F'ST at 9:41 9th August, which is close to the time
where K. mikimotoi were detected by microscopic observation at cell densities of 27 cells ml™.
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HAI sensors were moored at the middle and near-bottom
of the water column considering the K. makimotor diel
vertical migration, which is described in the literature
(Koizumi et al., 1996, Shikata et al., 2014, 2020).
Although there were no large K. mukimotor red tide
events during the observed period, the FSI measured
from the HAI sensor moored at mid—water exceed 2 on
August 9" 2019. On the same day, water sampling and
microscopic analysis results showed K. mikimotor was
indeed present (27 cells ml™), which suggests that FSI
obtained by the HAI sensor can identify K. mikimotot
even when its cell densities are not particularly high. In
addition, the FSI diel variation observed at mid-water
and near-bottom suggests that the HAI sensor was able
to register K. mikimotoi diel vertical migration, which
allow us not only to infer about the presence of this spe-
cies but also about its dynamics. Our results show the
potential of this new sensor in identifying and describing
temporal and spatial distribution of K. mikimotor, which
is an important species for HABs monitoring in Asia
(Furuya et al., 2018).

The HAI sensor showed a very satisfactory perfor-
mance in our tests in Saiki Bay and has the potential to
significantly reduce the operational costs involved in the
monitoring of these two species. In the future, we will
evaluate C. marina var. antiqua red tide events, and
apply this new technique to HABs monitoring and early
warning systems. We are also confident that the HAI
sensor can be used to identify other harmful species that
have similar traits, such as Karenia brevis and possibly
other similar species. However, this still needs to be
confirmed through field and laboratory experiments.
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