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Abstract

To assess the potential effects of future climate change on Undaria pinnatifida cultivation in the Seto Inland Sea, Japan, we
developed an individual-based growth model for the U. pinnatifida sporophyte. Initially, we validated the model’s perfor-
mance using field observation data. The simulation results replicated temporal variations in the total lengths of sporophytes
at two stations with differing oceanographic conditions. Subsequently, we conducted numerical simulations of sporophyte
growth in the Seto Inland Sea during the 1990s and projected outcomes for the 2090s under four emission scenarios of the
Representative Concentration Pathway (RCP 2.6, 4.5, 6.0, and 8.5). The majority of areas exhibited decreased sporophyte
growth in the 2090s compared to the 1990s, except for the eastern area under the RCP 2.6 scenario. This decline was attrib-
uted to delayed cultivation start times associated with ocean warming and reduced dissolved inorganic nitrogen concentra-
tions. Interestingly, the impacts of ocean warming on U. pinnatifida cultivation were not uniformly negative. In addition to
adverse effects, there were positive effects that accelerated growth rates in low-temperature winter areas. Sensitivity analyses
revealed that the balance between positive and negative impacts varied geographically; moreover, the contrasts were enhanced
with higher RCP scenarios. Simulations for climate change adaptation using a high-temperature tolerant cultivar indicated
that yield losses could be mitigated, even under the RCP 8.5 scenario. Despite uncertainties in the simulation results, such as
future management of nutrient loads and herbivore feeding damages, our projections underscore the potential sustainability
and future viability of U. pinnatifida aquaculture in the Seto Inland Sea.
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Introduction

The annual production of seaweed has seen a rapid
increase worldwide, largely due to the expansion of aqua-
culture. In 2020 it reached approximately 35 million
tonnes, constituting 29% of total aquaculture production
(FAO 2022). Seaweed farming is anticipated to serve mul-
tiple purposes, including food production, the extraction
of nutritional compounds, and climate change mitigation
(e.g.,Duarte et al. 2017; Wang et al. 2018; Froehlich et al.
2019; Ross et al. 2023; Sultana et al. 2023; Troell et al.
2023).

Among the various seaweed species, the large brown
macroalga Undaria pinnatifida (Harvey) Suringar (Lami-
nariales; Phaeophyceae) stands out as a major commercial
seaweed native to the northwest Pacific. U. pinnatifida is
rich in carbohydrates, proteins, microelements, and various
secondary metabolites, with strong bioactivities (Wang et al.
2018). It is extensively cultivated as a seafood in East Asian
countries such as Japan, Korea, and China (Yamanaka and
Akiyama 1993). Since the 1970s, U. pinnatifida has invaded
coastal regions worldwide, including Europe, North and
South America, and Oceania (James et al. 2015; Epstein and
Smale 2017). Recent report indicates cultivation in countries
like France, Spain, Australia, and New Zealand (FAO and
WHO 2022). The global annual production of U. pinnatifida
reached approximately 2.8 million tonnes in 2020, account-
ing for 8% of total algal production (FAO 2022).

In Japan, large-scale cultivation of U. pinnatifida has been
ongoing since the 1950s (Yamanaka and Akiyama 1993).
One of the primary cultivation regions is the area surround-
ing the Naruto Strait, referred to as the Naruto area, situ-
ated in the eastern Seto Inland Sea (Fig. 1). In this area, the
cultivation season for U. pinnatifida sporophytes extends
from autumn to spring, primarily during the winter. Main-
taining sufficient yields in the non-feeding aquaculture of
U. pinnatifida relies heavily on oceanographic conditions,
with water temperature being a critical factor. Juvenile spo-
rophytes attached to seed ropes are transferred to the ambi-
ent sea area for nursery cultivation once the water tempera-
ture sufficiently decreases, as they are susceptible to high
temperatures. It is recommended to start the culture at an
ambient water temperature of 23°C to avoid physiological
damage (Dan et al. 2015). An increase in water tempera-
ture may lead to a shortened culture period due to delays in
aquaculture initiation, resulting in decreased yields (Tanada
2016; Yoshida et al. 2019). Additionally, nutrient deficiency
in seawater can lead to withering and discoloration of U. pin-
natifida sporophytes (Yoshikawa et al. 2001; Gao et al. 2013;
Makino et al. 2015; Endo et al. 2017; Kakehi et al. 2018;
Kaga et al. 2022), making nutrient concentration another
crucial factor for sustainable cultivation of U. pinnatifida.
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Fig. 1 Map of the study area in the Seto Inland Sea, Japan, depicting
observation stations (Stns. A and S) with open circles

The Sixth Assessment Report (AR6) of the intergovern-
mental panel on climate change (IPCC) projects significant
climate change impacts and various risks for coastal eco-
systems by the end of the 21st century (IPCC 2022). In the
Seto Inland Sea, a coupled hydrodynamic-biogeochemical
model was used to predict oceanographic conditions in the
2090s under the Representative Concentration Pathway
8.5 (RCPS8.5) scenario (Higashi et al. 2020). The study by
Higashi et al. (2020) indicates that the winter water tempera-
ture in the 2090s in Harima-Nada, an area in the eastern Seto
Inland Sea adjacent to the Naruto area, will rise by approxi-
mately 3°C compared to the 1990s. Additionally, the winter
nutrient concentration is expected to be lower than that in
the 1990s. From a long-term management perspective, pre-
dicting the impacts of these future oceanographic conditions
on the cultivation of U. pinnatifida is a crucial step. This
prediction will aid in devising appropriate countermeasures
to ensure the sustainability of the aquaculture industry in
the Seto Inland Sea.

Herein, we developed an individual-based growth model
for the sporophyte of U. pinnatifida and applied it to the
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Seto Inland Sea. Next, we simulated the seasonal growth of
U. pinnatifida in the 1990s and 2090s under the present and
future climate scenarios, respectively. Differences in growth
dynamics among the areas were identified and sensitivities
of environmental factors were evaluated using the growth
model. In recent years, there have been several attempts to
develop high-temperature tolerant cultivars as countermeas-
ures for ocean warming (Tanada 2016; Niwa and Kobiyama
2019; Murase et al. 2021). Assuming that cultivations of
high-temperature tolerant cultivars could be initiated earlier
in the future climate conditions, compensating for the yield
loss will be possible. Therefore, we conducted another simu-
lation to evaluate the effect of countermeasure with a high-
temperature tolerant cultivar as a tool for climate change
adaptation.

Materials and methods
Study area

The Seto Inland Sea (SIS), Japan’s largest semi-enclosed
coastal sea, has an average depth of 38 m and encompasses
over 700 small islands (Fig. 1). It is flanked by three large
islands: Honshu, Kyushu, and Shikoku, and connects to the
Pacific Ocean via the Bungo and Kii Channels. The sea fea-
tures several basins, known as “Nada” in Japanese, which are
linked by narrow channels called “Seto”. The oceanographic
conditions in the SIS exhibit significant horizontal contrasts,
influenced by surface heat fluxes, freshwater inputs from riv-
ers, and tidal currents that prevail around the narrow chan-
nels (Chang et al. 2009). The water quality in the area is
affected by intrusions of offshore waters originating from
the Kuroshio and the continental shelf through the Bungo
and Kii Channels (Takeoka 2002; Yanagi and Ishii 2004;
Kobayashi and Fujiwara 2009; Leng et al. 2023). Geographi-
cally enclosed sub-basins adjacent to densely populated
watersheds, such as the inner part of Osaka Bay, exhibit
relatively high concentrations of nutrients and chlorophyll
a due to anthropogenic loads (Abo et al. 2018; Nishijima
2018; Higashi et al. 2020). The eastern SIS is the primary
region for the cultivation of U. pinnatifida.

Growth model for sporophyte of U. pinnatifida

We developed an individual-based growth model for the
sporophyte of U. pinnatifida to simulate seasonal growth
influenced by environmental factors. While most labora-
tory experiments on U. pinnatifida growth have focused on
changes in blade areas of young sporophytes to estimate rel-
ative growth rates (Morita et al. 2003; Baba et al. 2006; Baba
2008; Murase et al. 2021), our study utilized total length
(TL) data from field observations conducted by Takenaka

et al. (2021) to validate the model’s performance. Due to the
absence of blade area measurements in this dataset, we used
the square of TL as a dependent variable. When TL and the
width of the sporophyte have a linear relationship, the rela-
tive growth rate of the square of TL roughly corresponds to
that of the blade area. The model incorporates environmen-
tal variables affecting sporophyte growth, including water
temperature, nutrient concentration (specifically dissolved
inorganic nitrogen: DIN), water motion (i.e., current speed),
and cultivation density (i.e., insertion interval of seed rope
to cultivation rope). Additionally, erosion at the blade tip
was considered based on previous studies simulating brown
macroalgae (Broch and Slagstad 2012; Zhang et al. 2016).
The governing equations are as follows:

dL?

o= _ _ 2

7 (u—y)L (D
u=FfIFWNU)WD) 2)
y =f(L?) 3)

where L denotes the TL of the U. pinnatifida sporophyte in
meters. The symbols u and y denote the rates of growth and
erosion, respectively, per day. These rates are determined by
several factors: water temperature (7: °C), DIN concentration
(N: pM), current speed (U: m s~ the insertion interval of
the seed rope to the cultivation rope (D: m), and the square
of TL (L*: m?).

The growth of the U. pinnatifida sporophyte is influenced
by temperature, with an optimal range of 0°C-27°C. How-
ever, the optimum growth rate is site-specific, typically fall-
ing within 5°C—20°C (Epstein and Smale 2017). Laboratory
culture experiments have found that the optimum tempera-
ture for the growth of young sporophytes is approximately
15°C-20°C (Morita et al. 2003; Baba 2008; Gao et al. 2013;
Murase et al. 2021). Based on laboratory experiments with
three strains from the east coast of Shikoku, including the
Naruto cultivar (Murase et al. 2021), we set the function of
water temperature as follows:

aT+p aT+p
_ (L (L
= () () e

where T, represents the optimum temperature for growth,

while a and f are constant values. The parameters of 7,
(17.37°C), a (0.078), and S (1.05) were derived using the
least squares method with the nls function in R 4.0.4 (R Core
Team 2021). The growth function indicates that maximum
growth occurs at 7, and the growth rate decreases rapidly
when the temperature exceeds 20°C (Fig. 2). We assumed
that the growth function depicted in Fig. 2 remained consist-

ent throughout the sporophyte growth period.
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Fig.2 Relationship between water temperature and the normalized
growth rate of Undaria pinnatifida sporophyte derived from labora-
tory experiments. Open circles, gray squares, and cross symbols are
three strains originating from the eastern coast of Shikoku Island.
The solid line represents an approximated function (n = 18, residual
standard error = 0.041; see details in the ‘“Materials and methods”
section)

For sporophyte growth, we considered the DIN con-
centration and adopted the Michaelis-Menten function as
follows:

N

SN = :umaxm )

where p,,,. and K represent the maximum growth rate
and the half saturation constant for DIN concentration,
respectively. Laboratory experiments with young sporo-
phytes have shown that the maximum relative growth rates
are 0.262-0.285 day~! (Murase et al. 2021), 0.258 day~!
(Morita et al. 2003), 0.20-0.25 day_] (Gao et al. 2013), and
0.15-0.20 day ™" (Baba et al. 2006). In this study, we set 4,
to 0.25 day~!. For young sporophytes, a nitrate concentra-
tion of >20 ugN L™! (= 1.4 uM) is conducive to growth, as
they wither at concentrations of <10 pgN L™! (= 0.7 uM)
(Kakehi et al. 2018; Kaga et al. 2022). Discoloration of spo-
rophytes was observed at DIN concentrations below 2 pM
in the Naruto area (Makino et al. 2015). Previous laboratory
studies have shown that half saturation constants for nitrate
and ammonium have wide ranges (2.2 and 407.2 pM, Torres
et al. 2004; approximately 10-20 and 10-90 pM, Dean and
Hurd 2007; 0.1-149 and 7.8-182 pM, Sato et al. 2016). Ky,
was estimated to be 17 pg N L™! (= 1.2 uM) using the total
nitrogen content in blades obtained from field observations
(Kitadai and Kadowaki 2004). In this study, we adopted K,
as 1.2 pM based on these findings.

Water motion is a crucial factor for nutrient uptake in
macroalgae (Hurd et al. 1996; Yoshida et al. 2011). Previ-
ous studies have indicated the effect of water flow velocity
on the growth of U. pinnatifida sporophytes (Baba et al.
2006; Nanba et al. 2011). Following Hurd et al. (1996), the

@ Springer

function of water current speed is expressed as an expo-
nential formula:

f) = {1 —exp(%)} ©

where U, represents the critical current speed at which
the nutrient uptake rate is 63% of the maximum. Based on
growth experiments of young sporophytes in an outdoor
raceway tank system, which demonstrated relatively low
growth rates in cases of less than 0.05 m s~! (Baba et al.
2006), U, was set to 0.05 m s™".

Cultivation density influences the biomass production
and morphology of U. pinnatifida, and the growth and/
or quality decrease with excessive density (Kitadai and
Kadowaki 2004; Gao et al. 2014; Dan et al. 2015; Sato
et al. 2023). In the Naruto area, thin seed ropes are cut
to approximately 0.03 m and inserted into thick cultiva-
tion ropes at intervals of 0.3—-0.5 m (Dan et al. 2015).
This insertion interval was incorporated into the model
as follows:

D+ 2
f(D) = D+D2. @)

where D, represents the threshold value of the insertion
interval. In this study, D, was set to 0.5 m. The growth rate
decreases with a decrease in the insertion interval of the seed
rope D. If D is zero, the function becomes 0.5.

Several studies have explored the relationships between
blade erosion for U. pinnatifida sporophytes and various fac-
tors such as water temperature (Stuart 1997), DIN concen-
tration (Yoshikawa et al. 2001), and age (Nishikawa 1967).
However, Dean and Hurd (2007) reported no significant cor-
relation between erosion rates and any environmental prop-
erty. In this study, we present an erosion function dependent
on the TL of the sporophyte as follows:

f(L?) =mL* (8)

where m represents the erosion rate and ¢ is a constant coef-
ficient. We set o to 0.5, indicating that the function value
increases linearly with the TL. The value of m was diagnosti-
cally determined to be 0.06 m~! day~! in order to reproduce
the temporal changes in the growth of sporophytes observed
at two stations in the western SIS.

While several studies have highlighted the effect of irra-
diance on the growth of U. pinnatifida sporophytes (Kita-
dai and Kadowaki 2004; Baba 2008), we did not consider
irradiance conditions for the current growth model. This is
because we assumed that there would be no significant dif-
ference in the surface layer among the areas, both in the pre-
sent and future. The integration of the model was carried out
using an Euler-forward scheme with a time step of 1 hour.
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Field observation data for input and validation
of the growth model

Our model’s performance was initially validated using field
observation data obtained by Takenaka et al. (2021). They
conducted field experiments on the growth of U. pinnatifida
sporophytes (insertion interval of seed rope D = 0.2 m) at
five stations, ranging from the southern Bungo Channel to
northern Hiroshima Bay, to examine the influences of envi-
ronmental gradients. In this study, we used oceanographic
data and the TL of sporophytes at two stations, located in the
northeastern Bungo Channel (Stn. A, 33.314°N, 132.471°E)
and southern Hiroshima Bay (Stn. S, 33.937°N, 132.402°E),
as input and validation data for the growth model. These
locations were chosen due to negligible damage from her-
bivorous fishes. Daily water temperature and monthly DIN
concentration at both stations were linearly interpolated
over time and used as input variables for the growth model.
Mean current speeds observed at the two stations (0.070 m
s~'at Stn. A and 0.064 m s! at Stn. S) were also factored
into the growth simulations. At Stn. A, the initial size of
the sporophyte was 0.15 m on 22 December 2015, and the
simulation ran until 13 April 2016. At Stn. S, the initial size
was 0.35 m on 5 January 2016, and the simulation ran until
20 April 2016.

Environmental data sets and simulations
in the 1990s and 2090s

We conducted numerical simulations across the entire
coastal area of the SIS for both the 1990s and the 2090s.
To simulate the growth of the U. pinnatifida sporophyte we
utilized environmental datasets comprising daily averaged
water temperature, DIN concentration, and current speed in
the surface layer. These datasets were generated by a coupled
hydrodynamic-biogeochemical model with a horizontal res-
olution of 1 km, serving as input data for the growth model.
The hydrodynamic-biogeochemical model incorporates
benthic and pelagic systems, including the carbon—nitro-
gen—phosphorus-oxygen-coupled cycle (Higashi et al. 2020).
The hydrodynamic model is based on the three-dimensional
hydrostatic Boussinesq equations, solved by the finite dif-
ference method using a horizontal collocated and vertical
z-level grid (Higashi et al. 2015). The biogeochemical model
has compartments of phytoplankton (two diatoms and dino-
flagellate), inorganic matter (ammonium, nitrate, phosphate,
and adsorbed phosphorus), particulate organic matter (fast-
and slow-labile), dissolved organic matter (fast- and slow-
labile), and dissolved oxygen. For the simulations, the model
was driven by 1 present (PRSNT: HPA_mO02) and 4 future
cases (RCP2.6: HFA _rcp26_c3, RCP4.5: HFA_rcp45_c3,
RCP6.0: HFA_rcp_c3, RCP8.5: HFA_rcp_c3) of atmos-
pheric conditions among 19 ensemble cases obtained from

the Non-Hydrostatic Regional Climate Model (NHRCM;
Sasaki et al. 2008) with 20 km horizontal resolution. Bound-
ary conditions and input data for present climate simulation
were sourced from a four-dimensional variational ocean re-
analysis for the Western North Pacific over 30 years (FORA-
WNP30; Usui et al. 2017). Future conditions were adjusted
by incorporating the change in linear trend predicted by the
Model for Interdisciplinary Research on Climate version 5
(MIROCS5; Watanabe et al. 2010). Terrestrial nutrient loads
and nutrient concentrations at the lateral ocean boundaries
remained consistent across present and future climate cases,
with the former being based on numerical simulations of
water pollutant emissions in 2014 surveyed by the Japan
Ministry of Environment, and the latter being climatological
data from the World Ocean Atlas 2009 (Garcia et al. 2010).
The hydrodynamic-biogeochemical model effectively rep-
licated physical conditions and water qualities in the SIS at
the end of the 20th century and projected them for the end of
the 21st century under four emission scenarios (RCP2.6, 4.5,
6.0, and 8.5). Detailed information regarding model configu-
ration and performance can be found in Higashi et al. (2019;
2020; 2018). These studies accurately estimated and incor-
porated the terrestrial discharges of freshwater and nutrients,
and carefully validated the spatio-temporal dynamics of sim-
ulated water temperature, salinity, chlorophyll-a concentra-
tion estimated from phytoplankton, and total nitrogen con-
centration using observed data. The datasets simulated by
the hydrodynamic-biogeochemical model are available via
the website of the National Institute for Environmental Stud-
ies, Japan (Higashi 2022). Additionally, the M, tidal current
amplitude calculated by the two-dimensional tidal model
(Guo et al. 2013) was incorporated into the daily averaged
current speed in each grid. This adjustment was necessary
as the daily averaged current speed did not encompass the
semi-diurnal tidal currents predominant in the SIS. The tidal
model had the same horizontal resolution (i.e., 1 km) as the
hydrodynamic-biogeochemical model and nearly the same
model domain. Given that most cultivations are restricted to
nearshore areas, we utilized environmental data within one
grid from the shore for the growth model. The cultivation
season for U. pinnatifida sporophyte spanned from autumn
in one year to the following spring (i.e., the cultivation
season in 1990 ranged from autumn 1990 to spring 1991).
Simulations for the 1990s and the 2090s were conducted by
calculations covering the cultivation seasons from 1990 to
1999 and from 2090 to 2099, respectively.

In the cultivation process, juvenile sporophytes
attached to seed ropes are transferred to the ambient sea
area for nursery cultivation once the water temperature
drops below 23°C. Nursery cultivation typically lasts
from approximately three weeks to one month, allowing
the juveniles to grow to one or a few centimeters (Dan
et al. 2015; Tanada et al. 2015; Niwa 2016; Niwa and
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Kobiyama 2019; Yoshida et al. 2019). Following these
schedules, the growth model simulations were initiated 20
days after the water temperature fell below 23°C in each
grid. The initial size of the sporophyte and the insertion
interval of the seed rope D were set to 0.01 m and 0.4 m,
respectively. All simulations for both the 1990s and the
2090s under climate change scenarios were carried out
until 30 April each year.

On a different note, new cultivars with high-temperature
tolerance have been developed through crossbreeding in
recent years as part of climate change adaptation strate-
gies (Tanada 2016; Niwa and Kobiyama 2019; Murase
et al. 2021). Niwa and Kobiyama (2019) observed sig-
nificant growth in many young sporophytes of the new
cultivar during nursery cultivation, despite the early start
at a high temperature of 24.5°C. Similarly, Murase et al.
(2021) found that the new cultivar with high-temperature
tolerance exhibited the same optimal temperature range
for growth (15°C-20°C) as the conventional cultivar, yet
demonstrated a high survival rate even at temperatures of
>25°C. In addition to the previous simulations, we con-
ducted another simulation focusing on climate change
adaptation in the 2090s. Assuming that the new cultivar
could thrive under early start timing (i.e., high water tem-
perature conditions) for nursery and subsequent full cul-
tivation, the adaptation simulation commenced 20 days
after the water temperature dropped below 25°C, while
maintaining the same other conditions.

Results
Model validation using field observation data

Temporal variations in water temperature, DIN concen-
tration, and TL of sporophyte at two stations used for
model validation are depicted in Fig. 3. Throughout the
observation period, the water temperature and DIN con-
centration at Stn. A consistently exceeded those at Stn.
S. At Stn. A, water temperature and DIN concentration
were 13.4-18.0°C and 2.5-10.6 uM, respectively. Mean-
while, at Stn. S, water temperature and DIN concentra-
tion were 10.9-14.6°C and 0.1-5.1 pM, respectively. The
TL of sporophyte at Stn. A, exhibited rapid growth from
0.15 m in late December 2015 to 1.20 m in early March
2016, followed by a decline to 0.75 m in mid-April 2016.
Conversely, the growth rate at Stn. S remained relatively
low, with the maximum TL reaching 0.64 m in late March
2016. The simulation outcomes at both stations accurately
replicated the observed temporal changes in TL of the spo-
rophyte, except for the deviation observed at Stn. A in
April 2016.
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Fig.3 Temporal changes in (a) water temperature and (b) DIN con-
centration observed at Stns. A and S (solid black and broken gray
lines), alongside (c) the total length of Undaria pinnatifida sporo-
phyte observed (closed black and open gray circles) and simulated
(solid black and broken gray lines) at Stns. A and S

Simulations in the 1990s and 2090s
Environmental conditions

Temporal variations in water temperature, DIN concentra-
tion, and current speed from November to April, averaged
over the simulation area encompassing the entire SIS, are
presented in Fig. S1. Both water temperature and DIN con-
centration exhibited distinct seasonal variations in both the
1990s and the 2090s. Specifically, water temperature reached
its minimum in February-March, while DIN concentration
peaked in December-January. Notably, water temperature
showed an overall increase, and DIN concentration exhibited
a general decrease in the 2090s, particularly under higher
RCP scenarios. The average water temperature from Novem-
ber to March was 14.7°C in the 1990s, compared to 15.7°C,
16.4°C, 16.9°C, and 18.2°C in the 2090s under the RCP2.6,
4.5, 6.0, and 8.5 scenarios, respectively. The difference in
water temperature between the 1990s and the 2090s under
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the RCP8.5 scenario was approximately 3.5°C. In contrast,
current speed exhibited slight seasonal variation with peaks
in January-February, and this pattern remained consistent
between the 1990s and the 2090s across all RCP scenarios.

Fig. S2 illustrates the distributions of surface water tem-
perature, DIN concentration, and current speed averaged
from November to March in the 1990s and the 2090s. These
variables displayed significant geographical contrasts among
different areas in both time periods. The water temperature
was relatively high in the Bungo and Kii Channels, which
connect to the Pacific Ocean, while it was lower in Suo-
Nada, a shallow basin, and Bisan-Seto, a narrow channel.
Although water temperature increased in the 2090s under
higher RCP scenarios, the differences in increasing rates
among different areas were not substantial. High DIN con-
centrations (>5 pM) were observed at major river mouths
and in the inner part of Osaka Bay, while relatively low DIN
concentrations were found in Hiuchi-Nada, Aki-Nada, and
southern Hiroshima Bay, both in the 1990s and the 2090s.
Large current speeds (>0.5 m s~!) were predominantly dis-
tributed in areas surrounding the straits and narrow channels
with numerous small islands, consistent across both time
periods.

Fig. S3 illustrates the spatial distributions of the first days
below 23°C and 25°C, which serve as criteria for the initia-
tion of current cultivation and cultivation of a high-temper-
ature tolerant cultivar, respectively. In the 1990s, the first
day below 23°C occurred between early October and early
November. This onset was earlier around the Bungo Chan-
nel and along the coast of Honshu. However, in the 2090s,
this day was progressively delayed with higher RCP sce-
narios. The average onset across all coastal grids in Fig. S3,
encompassing the SIS and the Pacific Ocean, shifted from
18 October in the 1990s to 21 November in the 2090s under
the RCP8.5 scenario. In certain areas, particularly under the
RCP8.5 scenario, the first day below 23°C was delayed until
December in 2090. This delay was more pronounced in the
western SIS regions such as the Bungo Channel, Iyo-Nada,
and Aki-Nada, but less so in Bisan-Seto. Similarly, the spa-
tial distribution of the first day below 25°C mirrored that of
the first day below 23°C in each scenario, albeit occurring
earlier. Under the RCP2.6 scenario, this onset was notably
earlier than in the 1990s. The average onset across all coastal
grid points under the RCP8.5 scenario was nearly identical
to the onset below 23°C under the RCP4.5 scenario.

Growth dynamics of sporophyte in the Naruto area

In the Naruto area the primary cultivation zone in the SIS,
we compared the growth dynamics of sporophytes between
the 1990s and the 2090s (Fig. 4). During the 1990s full
cultivation typically commenced on 14 November averaged
over the Naruto area for a decade. The TL of sporophytes

reached approximately 1 m by late February, surpassing
1.4 m in early April. However, in the 2090s, the initiation
of cultivation was consistently delayed across all RCP sce-
narios due to ocean warming. The mean start dates were
postponed by 9 days compared to the 1990s under the
RCP2.6 scenario, by 14 days under the RCP4.5 scenario,
by 21 days under the RCP6.0 scenario, and by 30 days
under the RCP8.5 scenario, respectively. While the growth
curve under the RCP2.6 scenario trailed behind that of the
1990s until the end of February, sporophyte size exceeded
the 1990s levels in March. Conversely, the growth curves
under the RCP4.5, 6.0, and 8.5 scenarios remained below
the 1990s levels throughout the cultivation season. By the
end of March, the mean TL ratios to the 1990s were 104%,
88%, 86%, and 77% under the RCP2.6, 4.5, 6.0 and 8.5
scenarios, respectively. Sporophyte growth decelerated in
April, with mean TL at the end of April remaining con-
sistent with end-of-March levels in both the 1990s and the
2090s, irrespective of RCP scenarios.

In simulations conducted in the 2090s for climate
change adaptation using a high-temperature tolerant culti-
var (RCP2.6, 4.5, 6.0 and 8.5 adpt), the mean start dates
were advanced by 9 days compared with the 1990s under
the RCP2.6 scenario, and the dates were postponed by 3,
4 and 15 days compared with the 1990s under the RCP4.5,
RCP6.0 and RCP8.5 scenarios, respectively. Under the
RCP2.6 scenario, the mean TL of sporophytes exceeded the
1990s levels throughout the cultivation season. The growth
curves under the RCP4.5 and 6.0 scenarios exhibited tem-
poral changes quite similar to those in the 1990s, with the
difference between the 2090s under the RCP8.5 scenario and
the 1990s diminishing compared to the non-adaptation case.
At the end of March, the mean TL ratios to the 1990s were
112%, 98%, 97%, and 92% under the RCP2.6, 4.5, 6.0, and
8.5 scenarios, respectively. In April, the TL of sporophytes
either remained at the same level or began to decline across
all RCP scenarios.

Spatial distributions of sporophyte growth

There were notable geographical variations in sporophyte
growth among different areas during the 1990s (Fig. 5). At
the end of March, large TLs of sporophytes >1.4 m were seen
in regions such as the Bungo and Kii Channels, as well as in
the eastern SIS encompassing Osaka Bay, Harima-Nada, and
Bisan-Seto. Conversely, relatively smaller TLs below 1.0 m
were noted in the western-central SIS areas, including Suo-
Nada, Hiroshima Bay, Hiuchi-Nada, and along the Pacific coast.

In the 2090s, while TLs under the RCP2.6 scenario exhib-
ited a partial increase of up to 10% in the eastern SIS com-
pared to the 1990s, TLs under the RCP4.5, 6.0, and 8.5 sce-
narios decreased in most regions, except for the large river
mouths and the inner part of Osaka Bay (Fig. 6). Particularly
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Fig.4 Temporal changes in the
total length of Undaria pinnati-
fida sporophyte in the Naruto
area (the rectangle area in the
lower panel of Fig. 1) during
the 1990s under present climate
conditions (PRSNT) and the
2090s under future climate con-
ditions based on the RCP2.6,
4.5, 6.0, and 8.5 scenarios. The
cases for climate change adapta-
tion using a high-temperature-
tolerant cultivar are depicted in
the right four figures (RCP2.6,
4.5, 6.0, and 8.5 adpt). Open
circles indicate the median start
days of cultivation among 10
years, averaged over the Naruto
area. Solid lines and colored
areas represent the means and
standard deviations for 10 years.
The start day of cultivation and
the mean total length of sporo-
phyte in the 1990s are overlaid
in the 2090s
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Fig.5 Distribution of the total length of Undaria pinnatifida sporo-
phyte on 31 March, averaged over the 1990s

noteworthy was the decrease rate of >40% observed in the
Bungo Channel and the western SIS areas like Iyo-Nada,
Hiroshima Bay, and Aki-Nada under the RCP8.5 scenario.
In cases involving climate change adaptation, TLs increased
across all areas compared to cases without adaptation in the
2090s. Under the RCP2.6 scenario with adaptation, TLs in
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the 2090s surpassed those of the 1990s in nearly all areas
of the SIS, with the highest increase observed in the eastern
SIS, especially in Bisan-Seto. Even under the RCP4.5, 6.0,
and 8.5 scenarios, TLs in the eastern SIS were larger than
those observed in the 1990s.

Sensitivity analyses

We conducted sensitivity analyses to assess the impact of
individual environmental factors under climate change sce-
narios on sporophyte growth. In these analyses, we simu-
lated sporophyte growth considering three environmental
factors (water temperature, DIN concentration, and current
speed) individually in the 2090s compared to the conditions
in the 1990s (Fig. 7). In cases where only water tempera-
ture changed, sporophyte growth increased in Suo-Nada and
Bisan-Seto, where water temperatures were relatively low
during winter, but decreased in Iyo-Nada, Hiroshima Bay,
Aki-Nada, Hiuchi-Nada, and along the Pacific coast. These
geographical contrasts were more pronounced in higher RCP
scenarios. Conversely, in cases where only DIN concentra-
tion changed, TL gradually decreased in almost all areas,
particularly with higher RCP scenarios. Changes in current
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Fig.6 Distribution of the ratios
of the total length of Undaria
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speed had minimal effects on the growth of U. pinnatifida
sporophytes.

Discussion

To assess the potential impacts of future climate change sce-
narios on the cultivation of U. pinnatifida, we developed an
individual-based growth model for its sporophyte. Initially,
we validated the model’s performance using field observa-
tion data (Fig. 3). The water temperature at Stn. A was found
to be more conducive to growth, as the average temperature
over the cultivation period were closer the 7,,,, compared
to that at Stn. S. Similarly, DIN concentration at Stn. A
appeared more advantageous for growth compared to Stn.

S. Our simulation results replicated the temporal changes in
TL of sporophytes at these two stations, despite their differ-
ing oceanographic conditions. In the subsequent step, we
conducted numerical simulations for both the 1990s and the
2090s under various RCP scenarios to assess the impacts of
climate change on sporophyte growth, both in the Naruto
area and across the entire SIS.

In the Naruto area, the simulated growth curve of the
sporophyte in the 1990s (Fig. 4) closely aligned with obser-
vations from previous studies (Dan and Kato 2008; Kato and
Dan 2010; Tanada et al. 2015; Niwa and Kobiyama 2019).
TL in the 2090s, except for the RCP2.6 scenario, exhibited
relatively lower values than the 1990s because of the delayed
initiation time of cultivation (Fig. S3) and a decrease in DIN
concentration (Fig. S2). The simulated TLs in the 2090s
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Fig.7 Similar to Fig. 6, but under the RCP2.6, 4.5, 6.0, and 8.5 scenarios, considering only changes in water temperature, DIN concentration,

and current speed

under the RCP4.5, 6.0, and 8.5 scenarios indicated decreases
of 12-23% at the end of March. The exponential relationship
between TL and wet weight (e.g., Kato and Nakahisa 1962;
Yoshikawa et al. 2001) implies significant yield losses in
the 2090s. Nevertheless, the growth rate in February-March
was higher in the 2090s compared to the 1990s because the
water temperature during that period approached the opti-
mum temperature for growth (17.37°C, T, ope 1N Eq. 4) due to
the increase in water temperature. In the case of the RCP2.6
scenario, the mean TL exceeded 100% of the 1990s at the
end of March, suggesting the potential for increased yield in
the 2090s. On the other hand, simulations for climate change
adaptation using a new cultivar with high-temperature toler-
ance projected a suppression of TL decrease. The TL with a
high-temperature tolerant cultivar decreased only 8% at the
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end of March in the 2090s even under the RCP 8.5 scenario,
while the conventional cultivar decreased 23% (Fig. 4).
Given that cultivations of high-temperature tolerant culti-
vars could commence earlier, it may be possible to mitigate
yield loss. Alternatively, adjusting the end of cultivation to
maintain a consistent cultivation period is another option,
but our study suggests that this may not result in increased
yields as sporophyte growth slows down in April. Overall,
the simulation results underscore the significant impacts of
ocean warming on U. pinnatifida cultivation and highlight
the effectiveness of climate change adaptation through the
use of a high-temperature tolerant cultivar in the Naruto
area. Technological developments, such as onshore nursery
cultivation, to accelerate the start timing of cultivation are
anticipated to help sustain cultivation yields.
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The spatial distribution of TL in the 1990s indicates
higher sporophyte growth in the eastern SIS (Fig. 5), align-
ing with actual cultivation areas (https://www.jfa.maff.go.
jp/jlenoki/gyogyouken_jouhou3.html); accessed 8 Decem-
ber 2023 and suggesting potential for future expansion of
aquaculture scale, particularly in areas like the northern part
of Osaka Bay where cultivation is currently not conducted.
In the eastern SIS, although the average water tempera-
ture is relatively low, DIN concentration is comparatively
high compared to other areas (Fig. S2), and current speeds
are elevated in the Naruto area and other strait areas (Fig.
S2), making these oceanographic conditions conducive to
growth. Additionally, high growth in the Bungo Channel is
observed, attributed to the criterion of 23°C at the start of
cultivation (Fig. S3). Intermittent decreases in water tem-
perature due to bottom cold-water intrusion from the con-
tinental shelf slope (Kaneda et al. 2002) and tidal mixing
(Nagai and Hibiya 2012) around the Bungo Channel during
stratified seasons contribute to a relatively extended cultiva-
tion period with an early start timing, resulting in large TL
in the area.

As highlighted, the increase in water temperature has both
negative and positive effects on U. pinnatifida cultivation.
While it delays the start of cultivation, it also accelerates spo-
rophyte growth by approaching the optimum temperature for
growth. Sensitivity analysis focusing on changing water tem-
perature (Fig. 7) indicates enhanced sporophyte growth in Suo-
Nada, Bisan-Seto, and Harima-Nada, where winter water tem-
peratures (Fig. S2) are significantly lower than the optimum.
This is consistent with the higher growth rate in the Naruto
area during the 2090s compared with the 1990s from February
to March, as depicted in the simulated time series. Conversely,
in areas like the Bungo Channel, Iyo-Nada, and the eastern Kii
Channel, where winter water temperatures are closer to the
optimum, the positive effect is relatively minor. The sensitiv-
ity analyses suggest that the ratio of positive/negative impacts
will lead to enhanced geographical contrasts of sporophyte
growth in the SIS with higher RCP scenarios. Notably, Bisan-
Seto appears to hold potential for future growth promotion
in cultivation. Given the documented long-term increase in
water temperature in the SIS over recent decades (Nishikawa
et al. 2010; Abo et al. 2018), continuous monitoring of future
trends in water temperature and their effects on U. pinnatifida
cultivation is essential.

DIN concentrations in the 2090s under all RCP scenarios
were lower than those in the 1990s in the SIS. Since the
decrease in nutrient concentration directly influences the
growth of U. pinnatifida sporophyte, the sensitivity analy-
sis focusing solely on changing DIN concentration revealed
a decrease in TL in almost all areas in the 2090s (Fig. 7).
Consequently, TLs in the 2090s under the RCP4.5, 6.0, and
8.5 scenarios decreased even in areas where an increase in
TL would have been predicted solely by increasing water

temperature. In our simulation, DIN concentration was cal-
culated assuming that current nutrient loads would remain
unchanged in the 2090s. The decrease in DIN concentra-
tion, despite the assumption of unchanged nutrient loads, is
attributed to increased phytoplankton consumption due to
higher water temperatures in winter (Higashi et al. 2020).
The SIS became eutrophic in the 1960s and 1970s due to
anthropogenic nutrient loads, but subsequent measures to
reduce nutrient loads have led to a significant decrease in
nutrient concentrations (Yamamoto 2003; Yanagi 2015). In
recent years, the impact of nutrient deficiency on fisheries
production has been indicated, leading to legislative changes
moving toward nutrient management (Abo and Yamamoto
2019). Terrestrial anthropogenic nutrient loads depend on
demographic and social conditions and affect nutrient con-
centrations, particularly in the nearshore area of the SIS
(Abo et al. 2018; Leng et al. 2023). Therefore, it is important
to note that the simulation results include uncertainty regard-
ing DIN concentration in the 2090s. In recent years, coun-
termeasures such as the utilization of fertilizer in farming
areas have been developed in preparation for the decrease
in ambient nutrients (Ikewaki et al. 2016).

In this study, it should be noted that the risk of herbivory
was not considered in the simulations. Previous research
has documented feeding damages inflicted on U. pinnati-
fida by herbivorous fishes and isopods through field and
laboratory experiments (Yamaguchi 2010; Tanada et al.
2019; Endo et al. 2021; Noda and Murase 2021; 2022; Tak-
enaka et al. 2021). Typically, feeding damage occurs dur-
ing warmer periods, particularly above 15°C-20°C, and is
less likely during colder winter months when temperatures
drop below 15°C (Yamaguchi 2010; Endo et al. 2021; Tak-
enaka et al. 2021). By not accounting for feeding damage,
this study may underestimate the impact of reduced pro-
duction attributed to ocean warming in future projections.
Although high-temperature tolerant cultivars are expected
to be developed, addressing feeding damage remains a cru-
cial consideration for climate change adaptation. Strategies
such as the development of repellents and guards against
herbivorous fish have been explored (Hori et al. unpublished
data). Additionally, the application of blue light emission to
young sporophytes has shown promise in boosting U. pin-
natifida production by promoting growth and deterring graz-
ers (Suzuki et al. 2019). These technological advancements
should be integrated with the introduction of new cultivars
with high-temperature tolerance to ensure the sustainability
of the aquaculture industry.

Seaweed farming is anticipated to contribute to climate
change mitigation and adaptation due to its dual role as a
carbon sink and food source (Duarte et al. 2017; Spillias
et al. 2023). As such, the need for quantitative evaluation
of seaweed farming is expected to increase steadily. In this
study, we developed and applied an individual-based growth
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model that explicitly describes the physiological processes
of the U. pinnatifida sporophyte. This model enables a quan-
titative assessment of the positive and negative effects of
each environmental factor on seasonal sporophyte growth.
While the TL of the sporophyte was used as the objective
variable in this study, for evaluating yields in the area, quan-
titative estimates of biomass (weight) will be needed. This
includes not just single sporophyte growth but also com-
munity biomass, such as weight per unit length of rope.
Such quantitative estimates are essential for feasibility and
sustainability of aquaculture farming. Furthermore, it is
also possible to elucidate the material cycle and estimate
the resulting carbon uptake by considering the contents of
biophile elements such as C, N, and P. Previous studies have
already developed an individual-based growth model that
includes nitrogen and carbon reserves. The model is cou-
pled with a 3D hydrodynamic-biogeochemical model and
has been used to evaluate the cultivation potential of sugar
kelp, Saccharina latissima, in Norway (Broch et al. 2013;
2019). The further development of the present model of U.
pinnatifida sporophyte will be the focus of future work.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10811-024-03291-1.
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