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Controlling factors of large-
scale harmful algal blooms with
Karenia selliformis after record-
breaking marine heatwaves

Satomi Takagi*, Hiroshi Kuroda, Natsuki Hasegawa,
Tsuyoshi Watanabe, Tatsuya Unuma, Yukiko Taniuchi,
Takashi Yokota', Daisuke Izumida', Toru Nakagawa,
Tadahide Kurokawa and Tomonori Azumaya

Kushiro Field Station, Fisheries Resources Institute, Japan Fisheries Research and Education
Agency, Kushiro, Japan

Unprecedented, large-scale harmful algal blooms (HABs) dominated by
Karenia selliformis occurred off the southeastern coast of Hokkaido, Japan,
from late September to early November 2021, about a month after intense and
extensive marine heatwaves (MHWs) had subsided. The aims of the present
study were to understand the mechanism of development, maintenance, and
decay of the HABs as well as to investigate the effect of the MHWSs on the HABs.
We developed a one-dimensional, lower trophic-level ecosystem model
(NEMURO") to simulate the HABs. The model successfully simulated the
2021 HABs and indicated that their development, maintenance, and decay
were controlled primarily by changes of water temperature. Nitrate supply from
subsurface layers by seasonal vertical diffusion in autumn also helped to
maintain the HABs. Vertical diffusion following MHWs in 2021 contributed to
the long duration of the preferred temperature for K. selliformis and the
occurrence of pre-bloom of K. selliformis, resulting in preconditioning and
accelerating the HABs. However, simulations for normal years (i.e., the
climatological mean during 2003-2018) showed that HABs could have
occurred, even in the absence of MHWSs. The simulations indicated that
massive blooms of other phytoplankton species (e.g., diatoms) would not
have occurred in 2021, even in the absence of a K. selliformis bloom. The
implication was that the HABs in 2021 were the species-specific responses of K.
selliformis. The proposed mechanism of the HABs was peculiar to our study
area and differed from that previously reported for other K. selliformis bloom:s.
Specifically, the preferred temperature for the HABs of K. selliformis was clearly
lower than the previously reported preferred temperature of K. selliformis; thus,
the physiological characteristics of the K. selliformis that bloomed in our study
area differed from those of other K. selliformis strains. These discoveries
provide the first evidence to explain how MHWs affect HABs, and to
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understand how inter-regional dissimilarities of K. selliformis can lead to large-scale,
devastating outbreaks under different oceanographic conditions.

KEYWORDS

harmful algal blooms, one dimensional ecosystem model, NEMURO, Karenia selliformis,
marine heatwave, northwestern Pacific Ocean

1 Introduction

Harmful algal blooms (HABs) are a worldwide problem that
causes a variety of negative impacts on marine ecosystems,
aquaculture, fisheries, local economies, and human health and
well-being (Morris, 1999; Anderson et al., 2015; Berdalet et al.,
2015; Brown et al., 2020; Sakamoto et al., 2021). The frequency
and geographic distribution of HABs have increased in recent
decades (reviewed by Fu et al, 2012). Recent reports of a
correlation between the frequency of HABs and changing
climate conditions, including warming, stratification intensity,
and natural patterns of climate variability such as the El Nino
Southern Oscillation and Pacific Decadal Oscillation (Leon-
Muiioz et al., 2018; Phlips et al., 2020; Trainer et al., 2020; Lim
et al,, 2021) have suggested that climate change is increasing the
risk of HABs.

Record-breaking marine heatwaves (MHWs; Hobday et al,,
2016) occurred over the northwestern Pacific Ocean during
July-August 2021 (Kuroda and Setou, 2021). About a month
after the MHWSs, unprecedented, large-scale HABs were first
observed along >300 km of the southeastern coast of Hokkaido,
Japan, including places where water depths were less than 300 m,
that is, coastal shelf waters. The HABs continued until early
November 2021 (Kuroda et al., 2021; Hasegawa et al., under
review). The consequences included disastrous massive die-offs
of wild sea urchins, chum salmon in fixed nets, and juvenile
fishes in rearing facilities (Kuroda et al., 2021). Karenia
selliformis was identified as a dominant species of the HABs
(Iwataki et al., 2022). Just 1 year before the occurrence of the
HABEs, a large-scale bloom of K. selliformis was recorded to the
east of the Kamchatka Peninsula during September—October
2020 (Bondur et al.,, 2021). Particle-tracking simulations of the
HABs in southeast Hokkaido suggested that the Pacific Ocean
east of the Kamchatka Peninsula could have been one of the sites
from which the algae or their seeds were transported (Kuroda
et al, 2021). In addition, rDNA sequencing showed that the K.
selliformis from the HABs that occurred southeast of Hokkaido
in 2021 and east of Kamchatka in 2020 were identical (Iwataki
et al., 2022).

Large blooms of K. selliformis have been reported in various
regions such as the Gulf of Gabes, Tunisia (Feki et al., 2008;
Zingone et al, 2021); Kuwait and adjacent locations in the
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Arabian Gulf (Heil et al,, 2001); around the coast of South
Island, New Zealand (MacKenzie et al., 1996); and south of Chile
(Mardones et al., 2020). These blooms have killed a variety of
marine organisms. Monitoring and statistical modeling of K.
selliformis blooms in the Gulf of Gabés have revealed a
relationship between K. selliformis blooms and environmental
factors, including nutrient concentrations, salinity, and
temperature (Feki et al., 2008; Feki-Sahnoun et al., 2014; Feki-
Sahnoun et al., 2017; Feki-Sahnoun et al., 2018; Feki-Sahnoun
et al., 2020). The requirement of high salinity (>36.0) for the
blooms has been documented in several studies (Feki et al., 2008;
Medhioub et al., 2009; Feki-Sahnoun et al., 2017; Feki-Sahnoun
et al., 2018; Feki-Sahnoun et al., 2020). Feki-Sahnoun et al.
(2017) have reported higher concentrations of K. selliformis in a
highly saline, semi-enclosed lagoon compared with the adjacent
open coastline and have suggested that the weak advection of
water out of the lagoon results in little dilution of the K.
selliformis population and sustains the growth and
maintenance of the bloom. The blooms of K. selliformis that
occurred southeast of Hokkaido in 2021 were along the open
coast facing the North Pacific Ocean, and the salinities along the
coast ranged from 32.0 to 35.0 (Kuroda et al., 2017). In addition,
the presence of terrestrial sanctuaries in southeast Hokkaido,
one of which is a Ramsar Site (http://www.env.go.jp/en/nature/
nps/park/kushiro/index.html; accessed on 8 February 2022),
suggests that nutrients from industrial developments are
insignificant causes of pollution along the coastline of
southeast Hokkaido. Therefore, the geographical and
environmental conditions differ greatly between southeast
Hokkaido and other regions where the mechanisms
responsible for HABs of K. selliformis have been investigated
previously, for example, estuaries, lagoons, and closed bay. The
implication is that the HABs that occurred oft the southeast
Hokkaido coast in 2021 could be caused by different
mechanisms. It is also noteworthy that previous studies of K.
selliformis blooms have not proposed any mechanism for the
demise of the blooms.

Inclusion of physical data in an ecosystem model can enable
demonstration of phytoplankton bloom dynamics and nutrient
cycles. The minimum trophic structure and the number and
kinds of biological relationships thought to be essential to
describe ecosystem dynamics in the North Pacific are
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represented in the Pacific International Council for the
Exploration of the Sea Climate Change and Carrying Capacity
prototype, lower trophic-level, marine ecosystem model named
“NEMURO” (North Pacific Ecosystem Model for
Understanding Regional Oceanography). NEMURO can be
driven with environmental metrics (temperature, light
intensity, and vertical diffusion coefficient) and thereby
simulate changes in phytoplankton biomass. Kishi et al. (2007)
have described the biological and physical processes simulated
by NEMURO and the equations that describe the exchange of
material and energy between the state variables of the model. In
the same study, they also used NEMURO to reproduce the
seasonal changes of concentrations of nutrients and chlorophyll
a at Stn. A7 off southeast Hokkaido (41.5°N, 145.5°E, Figure 1).
The trophic structure of the area where the HABs occurred off
southeast Hokkaido in 2021 can thus be reproduced using a
modified version of NEMURO.

The purpose of the present study was to investigate the
mechanisms responsible for the development, maintenance, and
decay of the HABs off southeast Hokkaido in 2021 by simulating
the HABs using a one-dimensional version of NEMURO. We
tuned NEMURO to simulate coastal shelf water, and we added a
new compartment that reflected the biological characteristics of
K. selliformis and seasonal changes in chlorophyll a
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concentration off southeast Hokkaido. We also investigated the
effect of the MHWSs by simulating conditions during normal
years before the HABs occurred.

2 Materials and methods

2.1 NEMURO model

The one-dimensional (vertica) NEMURO model used in
this study followed the biomass (umol L™") of 11 compartments:
large phytoplankton (PL), small phytoplankton (PS), large
zooplankton (ZL), small zooplankton (ZS), predatory
zooplankton (ZP), nitrate (NO;), ammonium (NH,), silicic
acid (Si(OH),), particulate organic nitrogen (PON), biogenic
silica (Opal), and dissolved organic nitrogen (DON). Section 1.1
in the Supplementary Material shows the equations governing
the flows of nitrogen and silicon through the 11 compartments.
PL is assumed to represent diatoms, which make siliceous tests.
PS represents small phytoplankton other than diatoms. ZL
represents omnivorous meso-zooplankton that undergo
seasonal, vertical migrations; they ascend into and descend
below the model domain (Kishi et al., 2001). ZS represents
microzooplankton such as ciliates and zooflagellates, and ZP
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Location of Stns. Al and A7 (yellow stars) and schematic of surface ocean currents (arrows) around Hokkaido during summer—autumn. Water
depths >6500 m (i.e., trenches) and < 200 m (i.e., continental shelf) are shown by dark and light gray shading, respectively. The bold, light-blue
line roughly indicates coastal waters where fisheries experienced devastating damages that were attributable to harmful algal blooms after mid-

September 2021.
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represents omnivorous macrozooplankton such as euphausiidae
and chaetognatha. The rate of change of the biomass in each of
the 11 compartments was described by a differential equation
(Kishi et al., 2007). The source and sinks of the 11 compartments
were represented by individual biochemical processes that were
determined independently in each compartment or as functions
of the biomasses in other compartments. For the case of source
and sink of phytoplankton, photosynthesis, respiration,
excretion, grazing by herbivorous zooplankton, and other
causes of mortality affected each phytoplankton group. Those
processes were all assumed to be temperature dependent.
Photosynthesis was also assumed to depend on light intensity,
which decreased with increasing depth and NO; and NH,
concentrations. In addition, Si(OH), concentrations assumed
to influence the photosynthetic rates of PL. The factors that
drove the model were the seawater temperature, vertical
diftusion coefficient, and light intensity.

2.2 New compartment “PK ”

To simulate the HABs that occurred off southeast Hokkaido
in 2021 (for brevity, “the 2021 HABs”), a new compartment,
“phytoplankton population dominated by K. selliformis (PK),”
which reflected the biological characteristics of K. selliformis and
the surface chlorophyll a concentrations off southeast Hokkaido
during the 2021 HABs, was added to NEMURO (NEMURO™).
Figure 2 is a schematic of NEMURO". The flow of nitrogen
through PK was based on the flow of nitrogen through PS. The

10.3389/fmars.2022.939393

rate of change of the PK biomass was described as follows:

2 (PK) = Photosynthesis(PK) — respiration(PK) — mortality(PK)
—extracellular excretion(PK) — grazing(PK to ZS)

—grazing(PK to ZL) + %(Kza(gf))

(1)

where K, is the vertical diffusion coefficient. The initial PK
biomass was 2.0 umol N L™". Grazing pressures on PK by ZL and
ZS were assumed to be half the grazing pressures on PS to reflect
the high rejection rate of Karenia sp. by zooplanktons (Schultz &
Kiorboe, 2009; Xu and Kigrboe, 2018). The maximum growth
rate (V,uqx ) of PK was set to 3.0 d”!, which was higher than that
of PL, because a previous study had reported the V,,,,, of Karenia
mikimotoi, which was also detected in the water samples from
the 2021 HABs (Iwataki et al., 2022), to be higher than that of
diatoms (Li et al., 2010). Past studies have documented the
influence of salinity and temperature on the growth rate of
Karenia sp., including K. selliformis (Magana and Villareal, 2006;
Errera & Campbell, 2011; Feki et al., 2013; Mardones et al.,
2020). Because the salinity off southeast Hokkaido is in the range
32.0-35.0 throughout years (Section 1.2 in the Supplementary
Material; Kuroda et al., 2017), any effects of salinity were
omitted to keep the model simple. The f(T) term, which
represents a temperature-dependent function (Kamezawa
et al., 2009), was included in the equation for photosynthesis
of PK (GppPK) as follows:

GppPK = V,.x xP(I) x Py(N) x P3(T) x PK  (2)

(9)

i ZP
4

(a) Photosynthesis
(b) Respiration

(c) Mortality

(d) Grazing

(e) Extracellular excretion
(f) Predation

(g) Egestion

(h) Excretion

o (i) Decompositicn
(j) Nitrification

(k) Sinking

(I) Vertical migration

FIGURE 2

Schematic of the NEMURO" showing the 12 compartments and the processes linking them. Solid and dashed arrows indicate flows of nitrogen and
silicon, respectively. Dotted arrows indicate the exchange or sinking of materials between the modeled box and the region below the mixed layer.
PL, population of large phytoplankton (diatom); PK, phytoplankton population dominated by Karenia selliformis; PS, population of phytoplankton
other than PL and PK; ZL, population of large zooplankton; ZS, population of small zooplankton; ZP, population of predatory zooplankton; NOs
nitrate; NH,, ammonium; Si(OH),, silicate; PON, particulate organic nitrogen; Opal, biogenic silica; DON, dissolved organic nitrogen.
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Ao I
P(I) = xexp|1l — dz (3)
H, Lopipx Lopipxc

I'= Iy exp(-x]2]) @
K =0, + 0,(PK+PS+PL) (5)

3 NH4
PZ (N) = NO;+ Ko, e exp(_‘PPKNH4) + NHy+ Kyp,px (6)
P5(T) = exp (kapPK T) x fe(T) (7)

where PK, biomass of PK measured in nitrogen (umol N Lfl);
PS, biomass of PS measured in nitrogen (umol N L™Y); PL,
biomass of PL measured in nitrogen (pmol N L™ Hy, upper
depth of the layer (m); H,, lower depth of the layer (m); Ioypxo
PK optimum light intensity (W m?); Iy, light intensity at the
upper depth of the layer (W m™); Z, vertical coordinate (m); 0.y,
light extinction coefficient of seawater (m™); o, self shading
coefficient (umol N L' m™ Kyo,px» PK half-saturation
constant for nitrate (umol N L™"); Wpx, PK ammonium
inhibition coefficient (umol N L™ Kym,pro PK half-saturation
constant for ammonium (umol N L™ kgpppis PK temperature
coefficient for photosynthetic rate (°C™); T, seawater
temperature (°C).

The terms P;(I), P»(N), and P5(T) change as functions of
light intensity, nitrogen (nitrate and ammonium) concentration
and water temperature, respectively. The nitrogen uptake term
P,(N) is based on Michaelis-Menten relationship and gourmet
term of ammonium (preference of phytoplankton for ammonia
over nitrate; Wroblewski, 1977).

The function f(T) in the equation for P5(T) (Eq. [7]) was the
product of two sigmoid functions (Thornton & Lessem, 1978).

f(T) =gcta xgcth (8)

geta = % 9)

geth = % (10)

ta = exp [((teT;fell)) ln{ka %H (11)
th = exp [éﬁ__g) ln{xk3 %H (12)

The sigmoid functions increase (gcta) and decrease (gctb)
with changes in seawater temperature.

To determine the values of tel—te4, daily values of satellite-
derived chlorophyll a concentrations (SCCs) and Himawari-8-
derived sea surface temperatures between 140-150°E and 40-46°N
from 31 August 2021 to 31 December 2021 were collected from the
European Union’s Copernicus Marine Service and the Japan
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Aerospace Exploration Agency P-tree system, respectively. The
frequency distribution of SCCs that exceeded 10 mg m™> was
calculated as a function of sea surface temperatures based on
Kuroda et al. (2021). We then calculated the values of tel—te4 that
produced the highest correlation coefficient between the frequency
distributions and the f,(T) function (Figure 3; Table 1). Phototaxis
was omitted because significant effects on PK concentrations were
not observed (see Section 1.3 in the Supplementary Material for
details). The other parameters of PK were the same as the default
parameters of PS.

2.3 Model setting

The original parameter set of the 11 compartments in
NEMURO had previously been modified to reasonably
simulate seasonal cycles of biochemical components at Stn. A7
(Kishi et al., 2007), near the Kuril-Kamchatka Trench, where
there is on average a northeastward Oyashio return flow
(Kuroda et al., 2017). Our focus was on the Pacific shelf, the
location of the core of the 2021 HABs. The 11 compartments in
NEMURO™ was therefore tuned to reproduce seasonal changes
of nutrients and plankton concentration at Stn. Al on the shelf
at a water depth of ~100 m (144° 50.0’E, 42° 50.0’N; Figure 1).

The one-dimensional (vertical) NEMURO™ for Stn. A1 had
101 vertical layers with intervals of 1 m. We neglected horizontal
and vertical advection. Physical variables (i.e., temperature and
the vertical diffusion coefficient) were not explicitly determined
with the model but extracted from the daily mean output of a
three-dimensional, realistic ocean model with a horizontal
resolution of 1/50° (Kuroda et al., 2021). The realistic ocean
model could reasonably simulate oceanographic conditions
around the study area. The daily outputs during 2003-2018
and 2021 were applied to our simulation; the outputs during
2003-2018 were climatologically averaged and input to
NEMURO" as normal conditions. The outputs during 2021
were input to NEMURO" as the conditions during a year with
HABs and MHWs. The state variables for the 11 compartments
in the water column were computed sequentially by integrating
the diffusion-reaction equations.

The initial NO; and Si(OH), concentrations in NEMURO™
were set to 15.0 umol L™' and 25.0 umol L', respectively, the
corresponding average concentration at Stn. Al in January of
2003-2018 estimated from field measurements (Kuroda et al.,
2017; Kuroda et al., 2019). Light intensity at the sea surface was
calculated from the radiation model of Reed (1977).

A time step of 5 s was used in the numerical integration.
Daily mean external forcing data were linearly interpolated at
each time step during the model run. The model quickly reached
a nearly steady state after the first month of integration. The
model simulations were therefore carried out from 1 January for
360 days, because our primary focus was the summer-autumn
time interval. The initial biomass of each compartment and the

frontiersin.org
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FIGURE 3

Frequency distributions of chlorophyll-a concentrations that exceeded 10 mg m

3 (open circles) versus sea-surface temperature. The black line

shows the f-(T) function fitted to the data. The daily satellite-derived chlorophyll-a concentrations (SCCs) and Himawari-8-derived sea surface
temperatures at longitudes of 140-150°E and latitudes of 40—-46°N from 31 August 2021 to 31 December 2021 were collected from the
European Union’s Copernicus Marine Service and the Japan Aerospace Exploration Agency P-tree system, respectively. The frequency
distribution for SCCs exceeding 10 mg m 3 was calculated as a function of sea surface temperatures on the basis of Kuroda et al. (2021).

driving forces were set for each layer. We analyzed the daily
model outputs averaged over 17,280 time steps (i.e, 1 day)
(Section 2.4).

Values of the biochemical parameters in the 11
compartments other than PK were identical to the default
values for Stn. A7 (Kishi et al., 2007), except for the maximum
growth rates of PS and PL. The tuning of these values was
essential to reasonably simulate the seasonal cycle of nutrients
and microalgae at Stn. A1, which is strongly affected by seawater
and microalgae from the Sea of Okhotsk rather than from the
North Pacific Ocean, which affects conditions at Stn. A7 (e.g.,
Kuroda et al, 2019). To determine the maximum growth rates,
climatological mean forcings averaged over 2003-2018 were
input to the one-dimensional NEMURO™ without inclusion of
the initial biomass of the PK compartment (i.e., PK=0). We
varied V,,,, from 0.5 to 4 times the default values. Finally, V..
of 2.4 d" for PL and 1.0 d™" for PS were selected because those
values best reproduced the seasonal changes at Stn. Al (see
Section 1.4. in the Supplementary Material for details).

TABLE 1 Parameter values of f.(T) function.

Symbol Parameter description Value
tel Temperature for xk1I 11.7
te2 Temperature for xk2 143
te3 Temperature for xk3 14.4
ted Temperature for xk4 15.6
xk1 Proportion of f(T) for tel 0.3
xk2 Proportion of f(T) for te2 0.98
xk3 Proportion of f,(T) for te3 0.98
xk4 Proportion of f(T) for te4 0.5

Frontiers in Marine Science

2.4 Simulation of HABs and sensitivity
experiments

The NEMURO" was run with the 2021 forcing data at Stn.
Al (Figures 4A, C). We inserted the initial biomass of PK on day
60 because the particle-tracking simulation by Kuroda et al.
(2021) had indicated that a small percentage of the algal cells in
the 2021 HABs that were transported from the eastern coast of
the Kamchatka Peninsula would have reached the waters off
southeast Hokkaido in the beginning of March 2021 at
the earliest.

Two sensitivity experiments were performed by changing the
model settings. To investigate the effects of HABs on the lower
trophic-level ecosystem on the shelf, we ran NEMURO" without
a PK compartment (i.e., PK=0) with daily mean forcing during
2021 and compared results of the NEMURO" with and without
PK. To evaluate effects of the MHWSs in summer 2021 on the
occurrence of the HABs, the NEMURO" with a PK compartment
was run with the climatological daily mean forcing averaged over
2003-2018 at Stn. Al (Figures 4B, D). In the second sensitivity
experiment, the initial biomass of the PK was set on day 60.

3 Results

3.1 Seasonal changes of PK
concentration in 2021

Figure 5 shows seasonal changes of the PK concentration,
the initial value of which was inserted on day 60 in 2021. The PK
concentration immediately decreased to less than 0.1 umol N L™
within 15 days after the insertion. The surface concentration
increased slightly in July and then fluctuated during July-
August. At depths above 25 m, the PK concentration briefly

frontiersin.org
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Seasonal changes of water temperature (A, B) and vertical diffusion coefficient (C, D) at Stn. AL. A and C indicate the daily mean in 2021. B and
D indicate averaged daily means during 2003-2018. Black arrows indicate the period when the marine heatwaves occurred. Daily means were
extracted from a three-dimensional realistic ocean model with a horizontal resolution of 1/50° (Kuroda et al., 2021).

increased in mid-August and then abruptly decreased. At depths
less than 25 m, the PK concentration increased from September
and exceeded 0.4 pmol N L' during late September to early
November. The PK concentration then decreased to less than 0.1
umol N L™" at the end of November. The NEMURO" thus
reproduced the 2021 HABs reasonably well.

Figures 6A, C show seasonal changes in the values of the
source term (GppPK) and the sum of sink terms (respiration,
mortality, extracellular excretion, and grazing by ZS and ZL ) in
the PK biomass equation (Eq. [1]) with the 2021 driving forces.
The values in the surface layer (0-10 m) and subsurface layer
(15-25 m) are shown separately because of the different manner
of development of the PK concentration. In the surface layer, the
source term increased from July, became erratic, and then
increased dramatically from mid-September (Figure 6A). It
then reached a peak at the end of October and decreased
during November. In the subsurface layer, the source term
increased dramatically in the middle of August, decreased
until the beginning of September, and then remained relatively
high until the beginning of November (Figure 6C). The sink

term exceeded the source term during August-September in the
surface layer and from November in both layers.

The values of each term in GppPK, which changes with light
intensity (P;(I)), nitrogen concentration (P,(N)), and temperature
(P5(T)) are shown in Figures 6B, D to help explain the variations
of PK. Because GppPK is the product of the PK concentration and
the dimensionless variables P;(I) , P,(N) , and P5(T), the smallest
of the dimensionless variables is most limiting to PK production.
At the surface, P;(T) was the limiting factor (<0.01) until the
middle of June. It increased toward the middle of July and was
erratic between late July and mid-September. It subsequently
increased to a peak in the middle of October. In the subsurface
layer, P5(T) was the limiting factor (<0.01) until the end of July. It
increased sharply in the middle of August, remained high during
the remainder of August, decreased in early September, and then
increased to a peak in the middle of October. In both layers, P5(T)
decreased after the middle of October, became less than 0.01 at the
beginning of December, and was the most limiting factor during
December. Pi(I) did not largely change until December. P,(N)
increased temporarily in the middle of August and then gradually
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FIGURE 5

Seasonal changes of PK concentration simulated with the daily mean of driving forces at Stn. Al in 2021. The biomass was initialized on day 60.
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FIGURE 6

Seasonal changes of the values of each term in the equation for PK and GppPK at depth intervals of 1-10 m (A, B) and 15-25 m (C, D) in 2021. A
and C show the source (GppPK) and sink (sum of respiration, mortality, extracellular excretion, and grazing) terms in the PK biomass equation (Eq.
[1]). B and D show values of P(l) , P»(N) , and Ps(T) in GppPK (Eq. [2]). Gray shading shows the period when Px(T) was the factor limiting GppPK.

increased after late October. Because production by PK increased
when the restriction by P5(T) was lifted, PK production was
temperature dependent. However, the patterns of the peaks
differed between PK production (Figures 6A, C) and P;(T)
(Figures 6B, D).

3.2 PL, PS and nutrient concentrations
simulated with and without inclusion
of PK

Figure 7 shows seasonal changes of PL, PS, NOs, Si(OH).,
and NH, concentrations in 2021 simulated with and without
initial insertion of PK on day 60. Both simulations showed
increases of PL and PS and decreases of NOs and Si(OH), in
spring. In the simulation without inclusion of PK, PL and PS
concentrations during September-November were higher than
those in the simulation with inclusion of PK (Figures 7A-D).
However, those concentrations in autumn were low compared
with the concentrations in spring and the PK concentrations
during autumn blooms (Figure 5). There was not a large
difference in the NO; concentration dynamics between the two
simulations (Figures 7E, F). The Si(OH), concentration
decreased in July and September—October in both simulations,
but the reduction of the Si(OH), concentration was greater in the
simulation without inclusion of PK (Figures 7G, H). The NH,
concentration decreased to <0.05 umol N L™ in July and
September-October in the simulation with PK (Figures 71, J).

3.3 Simulated inclusion of PK under
normal year condition

Figure 8 shows seasonal changes of PK concentrations
simulated with climatological daily mean forcing data as the

Frontiers in Marine Science

08

normal conditions without MHWSs. The PK concentration was
<0.1 pmol N L™" until the end of July and increased gradually
from August. It remained >0.4 pmol N L™' during October.
These results indicated that even under normal conditions
without MHWs, a bloom of K. selliformis could occur if K.
selliformis was present, but the occurrence of the simulated
bloom was delayed compared with 2021 (Figure 5).

4 Discussion

4.1 Model reproducibility of the 2021
HABs

The inclusion of PK in the simulation along with the 2021
driving forces showed that the increase of the PK concentration to
>0.4 pumol N L' occurred in the subsurface layer during late
August (pre-bloom). The main PK outbreak then occurred at
depths shallower than 25 m during late September to early
November (Figure 5). The simulated result that the highest PK
concentration occurred in the subsurface layer prior to the main
outbreak was consistent with the chlorophyll fluorescence
intensity off southeast Hokkaido at the beginning of September
2021 (Misaka and Ando, 2021) and the pattern of K. mikimotoi
HABs (Aoki et al,, 2017). Kuroda et al. (2022) have reported that
the SCCs in the area where the 2021 HABs occurred increased
greatly from mid-September, and the SCCs remained high until
mid-October. The high chlorophyll a concentrations in surface
water sampled in a harbor located in southeast Hokkaido during
mid-September to mid-November (Hasegawa et al., under
review) indicated that the inclusion of PK in the present
simulation could have reproduced the transition and
underlying dynamics of the development, maintenance, and
decay of the 2021 HABs. The preferred temperature for K.
selliformis (11°C-17°C) estimated by fitting the SCCs with f(T)
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Seasonal changes of PL (A, B), PS (C, D), NOs (E, F), Si(OH)4 (G, H), and NH, (I, 3) concentrations at Stn. Alin 2021. A, C, E, G and | are simulations
with initial inclusion of PK on day 60, and B, D, F, H and J are simulations without inclusion of PK.

(Figure 3) was consistent with the temperature range when the
chlorophyll a concentration in water samples from the harbor
was high (Hasegawa et al., under review).

Grazing pressure on PK by ZL and ZS in NEMURO" were
reduced to half the pressure on PS to reflect the high rate of

Depth (m)
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FIGURE 8

rejection of PK by zooplanktons. We also conducted numerical
experiments without reducing the grazing pressure and could
not reproduce the PK outbreak during late September to early
November (our unpublished data). The reduction of grazing
pressure was employed on the basis of results from previous
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Seasonal changes of PK concentration simulated with the mean daily driving forces at Stn. Al during 2003-2018. The biomass was initialized on

day 60.
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studies. Those studies have indicated that K. selliformis is the
most problematic species of several toxic dinoflagellates in the
Gulf of Gabeés (Feki et al., 2008; Dammak-Zouari et al., 2009).
The allelopathy and toxicity of K. mikimotoi, which was also
detected in the 2021 HAB, are efficient competitive strategies
that prevent other algae from gaining an advantage and inhibit
the ingestion of K. mikimotoi by zooplankton (Li et al., 2019).
Reducing the grazing pressure on PK by a factor of 2, however,
may not be the most appropriate way to represent the toxic
effects of K. selliformis. It may therefore be necessary to
reconsider the implications of its toxicity and reformulate
those implications by using the results of experiments with
representative zooplanktons grazing on K. selliformis. Such
experiments are being carried out by our project team.

The simulation without inclusion of PK resulted in higher
concentrations of PL and PS in September and lower Si(OH),
concentrations in late July and during late September to mid-
October compared with the concentrations when PK was
included (Figures 7A-H). These results indicated that the
bloom of K. selliformis indirectly suppressed the blooms of
other phytoplankton. The suppression of PL resulted in less
consumption of Si(OH)4. In situ measurements of silicate
concentrations and diatom abundance around Stn. Al on the
shelf in October 2021 (Taniuchi et al. unpublished data) revealed
patterns like our simulated results. This consistency between the
simulations and observations indicated that the 2021 HABs
greatly changed the structure of the marine ecosystem off
southeast Hokkaido at low trophic levels.

The maximum cell density of PK simulated in the present
study was 256000 cells L' estimated using the minimum nitrate
cell quota of K. mikimotoi (3.13 pmol per cell; Yamaguchi and
Itakura, 1999). It is noteworthy that this density was close to that
of Karenia spp. (~277000 cells L") at a depth of 10-m off
southeast Hokkaido estimated based on a ship survey in October
2021 (Kuroda et al., 2022). The magnitude of the simulated PK
blooms was small compared with the spring bloom of PL, despite
previous studies having reported that SCCs in the area where the
2021 HABs occurred exceeded 10 mg m™ and were comparable
with the chlorophyll a concentrations at Stn. Al during April (8-
15 ug L', see Supplementary Figure 4 for detail) (Kuroda et al.,
2021; Kuroda et al., 2022). Our model thus underestimated the
blooms of K. selliformis in 2021. Possible reasons for the
discrepancy include uncertainties of biochemical parameters at
Stn. Al that were not adjusted in this study and biochemical
processes peculiar to HABs that were not included in our model.
The one-dimensional simplification may also be responsible for
the underestimation. Horizontal advection as well as vertical
processes associated with submesoscale variability were
neglected in the one-dimensional simplification. In fact,
however, the spatial distribution of K. selliformis abundance is
characterized by patch- and streak-like inhomogeneous,
submesoscale structures on the shelves (Kuroda et al., 2022). If
such submesoscale processes contributed more to the blooms of
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K. selliformis in 2021 than to the spring blooms of microalgae
other than K. selliformis, a one-dimensional simplification may
have underestimated the blooms of K. selliformis in 2021. Future
work should examine the impacts of the simplification by
extending the model from one to three dimensions.

Although our simulation showed a decrease of the NH,
concentration when the PK concentration increased (Figure 71),
an increase of ammonium concentration during the 2021 HABs
was reported based on monitoring of shoreline water in Kushiro
(Hasegawa et al., under review). There are two possible reasons
for the discrepancy between our simulation and in situ
observations. One is the difference in the focal regions. Our
model focused on Stn. Al, which is in coastal shelf water
shallower than 100 m, whereas their monitoring was
conducted in a fishing harbor at depths less than 10 m
(Hasegawa et al., under review). The other possibility is the
effect of factors not considered in the NEMURO". The fact that
there was a massive die-off of animals such as sea urchins and
chum salmon caused by the 2021 HABs suggests that
ammonification of the nitrogen in the dead animals may have
been a source of ammonium. The NEMURO" consisted of
phytoplankton, zooplankton, and the nutrients silicon and
nitrogen. Therefore, nutrients supplied from the massive
mortality attributed to the 2021 HABs were not represented in
the model. Additional investigations that include consideration
of macro-organisms would be required to understand the effect
of the 2021 HABs on the whole ecosystem.

4.2 Factors that controlled the 2021
HABs and the effect of the MHWs

The simulated results of the 2021 HABs showed that the
occurrence and termination of the 2021 HABs were controlled
principally by changes of water temperature. The PK
concentration temporarily increased during July in the surface
layer and during August in the subsurface layer. The PK
outbreak then occurred between late September and early
November (Figure 5). At each of these times, the value of P;
(T) increased abruptly (Figures 6B, D), and the water
temperature changed to the optimum temperature of
approximately 14°C for PK (Figure 3). The result was
elimination of any restriction of PK production by P;(T)
without a decrease of Pi(I) or P,(N) (Figures 6B, D). The
implication is that changes of water temperature determined
the onset of the increase of K. selliformis production. A similar
result has been obtained in previous studies: An increase of water
temperature is one of the triggers for an outbreak of K. selliformis
(Clement et al., 2001; Uribe and Ruiz, 2001; Brand et al., 2012;
Feki et al, 2013). We should note here that the temperature
increased during the rapid, pre-bloom growth of PK in the
subsurface layer in late August, but it decreased in the surface
layer and increased in the subsurface layer before the main
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outbreak in the present study. During March—June and
December, when the water temperature was less than 10°C
and the PK concentration was less than 0.1 pmol N L™
(Figure 5), P3(T) was less than 0.01 at depths shallower than
25 m and hence was the limiting factor (Figures 6B, D). In the
subsurface layer, the value of P5(T) remained very small until
early August, when the temperature was still less than 10°C.
After mid-November, the source term (GppPK) dropped below
the sum of the sink terms in the equation for PK biomass
(Figures 6A, C), and the PK concentration decreased. The
decrease of water temperature and P;(T) at that time indicated
that the decrease of the water temperature had reduced PK
production. The result was the decline of the PK concentration.
A temperature greater than the lower limit of the preferable
temperature range for K. selliformis therefore inhibited K.
selliformis blooms.

Vertical migration plays an important role in initiating
HABs of K. mikimotoi, because it allows the K. mikimotoi cells
to access nutrients in subsurface water and still receive enough
light (Gillibrand et al, 2016). We observed that algal cells
accumulated at the surface of a fishing harbor in the daytime
during the 2021 HABs. However, inclusion of phototaxis of PK
in a simulation did not significantly affect PK concentrations (see
Section 1.3 in the Supplementary Materials for details). This
observation was consistent with the highly temperature
dependence of K. selliformis production.

Some large-scale HABs following MHWSs have been
reported globally (e.g., Johnk et al., 2008; Roberts et al., 2019).
Past studies have suggested that the MHWS triggered the HABs,
but the mechanism has been unclear. In the case of southeast
Hokkaido, record-breaking MHWSs occurred at the sea surface in
the northwestern Pacific Ocean in July 2021 (Kuroda and Setou,
2021). The 2021 HABs was the first case of the occurrence of a
large-scale bloom of K. selliformis after MHWs. The conditions
that triggered the 2021 HABs were somewhat similar to
conditions at the beginning of K. selliformis blooms in Tunisia:
unusually high temperatures and greatly reduced rainfall
compared with normal years (reviewed by Brand et al., 2012).
However, the results of the simulation under normal conditions
in the present study suggested that the K. selliformis blooms
could occur even in the absence of MHWs (Figure 8). In the
simulation without inclusion of PK, the increased concentration
of PL during September was less than 0.4 umol N L'
(Figure 7B), which was lower than the PK concentration that
reproduced the 2021 HABs (Figure 5). The 2021 HABs could
therefore have occurred only as long as a population of K.
selliformis was present in the coastal waters off southeast
Hokkaido before the summer. In other words, the HABs in
2021 were species-specific responses of K. selliformis.

The implications of this conclusion do not, however, mean
that the MHWSs contributed little to the 2021 HABs. Our
numerical simulations revealed that the timing of the onset of
the pre-bloom and main bloom as well as their durations were
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regulated by the MHWs. According to Kuroda and Setou (2021),
there were MHWSs between 10 July and 18 August 2021; the
MHWs developed rapidly toward the end of July, reached a
maximum, and subsided immediately after 10 August,
synchronously with a drastic meridional shift of the westerly jet.
As a result of the subsidence around mid-August, the sea surface
temperature immediately decreased, whereas the subsurface
temperature increased temporarily because of very intensive
vertical convection and mixing (Figure 4A). This vertical
convection and mixing accelerated entrainment of subsurface
water into the surface layer and resulted in uplifting of nutrient-
rich water into the euphotic zone. This process was reflected by
the higher vertical diffusion coefficient in mid-August in 2021
than during normal years (Figures 4C, D). Our simulation for
2021 also revealed a supply of NO; and Si(OH), from deep layers
in mid-August, regardless of inclusion of PK (Figures 7E-H).
These results indicated that the higher PK concentration during
the pre-bloom in the subsurface layer compared with normal
years was due to NO; supplied via vertical diffusion associated
with the subsidence of the MHW s (Figures 4C, D), as Kuroda et al.
(2021) have suggested. Our simulation thus reproduced the pre-
bloom primarily in the subsurface layer where the temperature
was favorable, and the favorable temperature and blooms
continued until the end of August when the water temperature
decreased following the water column destratification.
Incidentally, a similar, simulated pre-bloom in the subsurface
layer did not occur under normal conditions (Figure 8).

The duration of the simulated main bloom after mid-
September was also controlled by water temperatures. Water
temperatures at the sea surface after the 2021 MHWSs tended to
be higher than in normal years and decreased slowly after
September (Figures 4A, B). The slowness of the cooling
process during autumn 2021 played an important role in
prolonging the time during which temperatures were favorable
for K. selliformis growth. The increase of P,(N) when Ps(T)
began to decrease in late October suggested that maintenance of
the 2021 HABs was also supported by seasonal nitrogen supply
from subsurface water.

There were two P5(T) peaks during July-November 2021 in
our simulation (Figure 6B). However, the value of the source of PK
was clearly higher during the second than the first P5(T) peak
(Figure 6A). The difference implied that the production and
concentration of PK during the blooms depended on the PK
concentration just before the blooms. We therefore propose that K.
selliformis concentrations, enhanced by the pre-bloom which was
triggered by the subsidence of MHWs, would have preconditioned
and accelerated the main bloom and extended its duration.

4.3 Biological characteristics of PK

Internal transcribed spacer and large subunit sequence
rDNA phylogenies have divided K. selliformis strains into two
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groups: group I: southeast Hokkaido, Kamchatka, and Chile
(strain isolated in 1999); group II: Tunisia, New Zealand, Iran,
and Chile (strain isolated in 2018) (Iwataki et al., 2022). In the
case of K. mikimotoki, the temperature to which strains have
adapted has varied between subspecies: 10°C-25°C for a
Norwegian isolate (Tangen, 1977) and 6°C-20°C for a
European isolate (Holligan, 1985). The range of estimated
preferred (11°C-17°C) and optimum (approximately 14°C)
temperature for the K. selliformis population in the 2021
HABs were narrower and somewhat lower than those reported
for K. selliformis populations from the Gulf of Gabes (Feki-
Sahnoun et al,, 2017) and a strain isolated from HABs in Chile
during 2018 (Mardones et al., 2020). Although Feki-Sahnoun
et al. (2017) have suggested that an increase of water
temperature is followed by an increase of salinity (>42.0) that
cause the occurrence of K. selliformis blooms, the fact that the
salinities at Stn. Al were 32.5-34.5 throughout the year
(Supplementary Figure 1) implies that the 2021 HABs were
not affected by changes of salinity. The low preferred
temperature and salinity of K. selliformis in the present study
compared with those previously reported for K. selliformis
suggested that there is regional variability between populations
of K. selliformis. Inter-regional, comparative studies of K.
selliformis blooms are needed to understand the mechanisms
that lead to regional adaptation.

The 2021 HABs were extensive and covered an area along
>300 km of coastline. This area included some very nearshore
areas, where river discharges caused an influx of nutrients and
very low-salinity waters. Analyses of SCCs have suggested that
very low-salinity waters from rivers (typically, <32.0) would link
to high SCCs in very nearshore areas, whereas high-salinity
(>33.6), subtropical waters would suppress the occurrence of
HABs (Kuroda et al, 2021; Kuroda et al., 2022). Thorough
understanding of the HAB phenomena would require that the
spatial differences of salinity be simulated by a three-
dimensional model.

5 Conclusions

To investigate the mechanisms responsible for the
development, maintenance, and decay of the 2021 HABs, we
developed NEMURO", a modified version of NEMURO, that
included a new compartment (PK) that simulated the
characteristics of K. selliformis. The following results were
obtained with the simulations:

o The development, maintenance, and decay of the 2021
HABs occurred primarily in response to changes of
water temperature

« Nitrate supplied by seasonal, vertical diffusion in autumn
helped to maintain the 2021 HABs
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o The 2021 HABs could have occurred even if there had
been no MHW s

o The subsidence of the 2021 MHWs led to an influx of
nitrate in mid-August and prolonged the time when the
temperatures in autumn were within the range that
accelerated the 2021 HABs of K. selliformis

o The preferred temperature and salinity of K. selliformis in
the present study were low compared with those
previously reported for K. selliformis in other regions

The present study for the first time explained how MHWs
affect HABs. The results revealed that the mechanisms
responsible for the 2021 HABs differed from the mechanisms
associated with K. selliformis blooms reported in other regions.
These discoveries should lead to better understanding of how the
regional peculiarities of K. selliformis can lead to large-scale,
devastating outbreaks under different environmental conditions.
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