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Abstract: The kelp, Undaria pinnatifida, is a popular traditional food in the Republic of Korea.
Here, we examine the quantitative traits in three cultivars of this kelp, namely ‘Kamaishi’, ‘Kijang’,
and ‘Myeongecheon’. These cultivars are adapted for growth in the Goheung area, Jeollanamdo,
Republic of Korea. Growth parameters are assessed monthly at the Myeongcheon and Gyedo
aquafarms between January and May 2003. Five environmental conditions and two traits are
analyzed in terms of growth patterns, relationships among traits, genotype (cultivar) x environment
(aquafarm) interactions, and the principal components of these interactions. Descriptive (scatter plots)
and inferential (correlation and regression) analyses reveal that the genotype x environment
interaction is quantitative. Principal component analysis (PCA) reveals that the first principal
component explains around 83% and 77% of total sample variance in the Myeongcheon and Gyedo
aquafarms, respectively. When economically valuable traits are considered, cultivar growth rates are
highest at the Gyedo aquafarm and the performance of ‘Kamaishi’ is superior to the other cultivars.

Keywords: Undaria pinnatifida; Phaeophyceae; Laminariales; aquafarm; quantitative trait

1. Introduction

In the northwestern Pacific Ocean, three species of the brown algal genus Undaria are endemic
to China, Japan, and Republic of Korea [1,2]. Four species of Undaria grow in the Republic of Korea:
U. peterseniana (the southern coastal area around Jeju island), U. pinnatifida, U. pinnatifida f. distans,
and U. pinnatifida £. typica (all in the southwestern coastal area around Wando island) [3,4]. Members
of Undaria are consumed by both abalones and humans. Indeed, they represent one of the largest
phyco-cultivation industries in China, Japan, and the Republic of Korea. Studies conducted on
Undaria in the Republic of Korea have focused on cultivation [5-8], morphological variations [9-11],
and the growth of juvenile sporophytes in culture [12], amongst other issues. However, the breeding
of Undaria species in the Republic of Korea has not hitherto been investigated in detail. From the
perspective of ecological breeding, which focuses on the adaptation of a particular cultivar to a specific
region, it is important to consider morphological, ecological, physiological, biochemical, and genetic
characteristics of local cultivars or ecotypes. When defining breeding objectives, it is necessary to
emphasize breeding strategies and tactics, as well as advance a plan for rational breeding management.
By doing so, growers will have access to basic information enabling them to select the best cultivar
for their region or production objective, including the specific conditions appropriate for cultivation.
Ecological morphology, or ‘ecomorphology’, is the study of the relationships between the morphology
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of an organism and its environment [13]. One of the central paradigms in this field is a focus on
organismal performance as a crucial link between phenotype and ecology [14]. The size and shape of
morphological characters are rarely constant within a species; although some characteristics typically
exhibit low levels of phenotypic variation, others vary extensively among individuals from different
populations or among individuals from different generations [15]. Phenotypic differences between
groups sampled from contrasting habitats might be due to genetic differences or purely environmental
effects on individuals. For a given genotype, a phenotypic alteration, caused by a change in the
environment arises as a result of phenotypic plasticity, which can involve a response that is both
adaptive, i.e., norm of reaction [16], and nonadaptive, i.e., noisy plasticity [17].

The aim of this study was to investigate variability in the main morphological traits of three
Korean U. pinnatifida cultivars and the environmental factors that determine this variability in two
representative aquafarms with high productivity of kelp as a food in Jeollanamdo, Republic of Korea.

2. Materials and Methods

Two aquafarms were the study sites for this research: Myeongcheon and Gyedo in the Goheung
area of Jellanamdo, Republic of Korea (Figure 1). Samples (‘Kamaishi’, ‘Kijang’, and ‘Myeongcheon’) were
taken from the Myeongcheon aquafarm and cultivated at the Myeongcheon and Gyedo aquafarms.
In the late spring of 2002, mature sporophylls were collected from three cultivars of Undaria pinnatifida:
‘Kamaishi’, ‘Kijang’, and ‘Myeongcheon’. Samples were taken from their corresponding cultivation
ropes at the Myeongchon and Gyedo aquafarm. On 4 June 2002, in vitro, seeding was performed for
20-30 min (water temperature = 17 °C, specific gravity of water = 1.0261, and light intensity ~ 500 lux).
Controlled culture conditions were then maintained at the Myeongcheon aquafarm (water temperature
between 17.6 and 26.0 °C, specific gravity of water between 1.0227 and 1.0261, and light intensity
between 300 and 500 lux) In vivo, provisional outplanting began on 5 October 2002, when the water
temperature was 21.5 °C and the specific gravity of water was 1.0220. Seed collectors were cultivated
in the open sea, where sporelings were allowed to grow to about 2-3 cm long. The 3—4-cm seeded
strings were inserted at 30-cm intervals into intermediate slender ropes and the ropes were wound
around the main cultivation ropes at a depth of 1 m. Regular cultivation was initiated in January 2003,
when the water temperature was 11.0 °C and the specific gravity of water was 1.0240.

From 3 January to 13 May 2003, monthly measurements were made of the blade length (BL)
and blade weight (BW) of these three cultivars. The water was sampled using a 1.8-L portable midlayer
water sampler incorporating a thermometer (Model 1920-H60-0896; Wildlife Supply Company,
Yulee, FL, USA). These samples were then analyzed in the laboratory to determine the ratios of
nitrite to nitrogen (NO;-N) using the N-(1-Naphthyl)-ethylenediamine dihydrochloride method [18];
nitrate to nitrogen (NOj3-N) via cadmium-copper reduction [19]; ammonia-nitrogen (NH4-N) using
phenolhypochlorite [20]; and phosphate to phosphorus (PO4-P) using the ascorbic acid method [21].
Seawater temperature (Temp), salinity (Sal), speed of current, total nitrogen (TN), total phosphorus
(TP), and the level of suspended particulate matter (SPM) at each aquafarm were all recorded in
each month of kelp cultivation (Table 1). These measurements facilitated examination of growth
patterns, relationships between quantitative traits (BL and BW), and genotype (cultivar) x environment
(aquafarm) (G x E) interactions. They also yielded data for a principal component analysis (PCA)
carried out using the vegan package version 1.6.9 in R (Free Software Foundation, Boston, MA, USA)
to explore the effects of monthly character changes in U. pinnatifida. Finally, the Multivariate
Statistical Package (MVSP, Kouvach Computing Service, Anglesey, Wales, UK) was used to conduct
group-level PCA.
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Figure 1. Map showing cultivation sites at Gyedo and Myeongcheon.

Table 1. Measurements of seawater temperature (Temp), salinity (Sal), total nitrogen (TN),
total phosphorus (TP), and suspended particulate matter (SPM) at Myeongcheon (M) and Gyedo
(G) aquafarms between January and May 2003.

Month

Environmental Factor =~ Aquafarm .
January February March April May

Temp (°C) M 73 8.3 12.6 15.8 15.8
P G 6.4 8.4 12.5 15.7 15.8
Sal (%) M 33.8 33.8 33.4 32.7 32.3
¢ G 33.8 33.8 33.4 32.7 32.3
M 0.117 0.108 0.108 0.105 0.104
-1
TN (mg L™) G 0.119 0.110 0.110 0.108 0.105
M 0.016 0.017 0.013 0.011 0.01
-1
TP (mg L) G 0.018 0.015 0.012 0.011 0.01
M 15.4 18.6 15.8 30.2 37.8
-1
SPM (mg L™5) G 15.4 18.6 15.8 30.2 37.8

3. Results and Discussion

With the exception of January, Temp and Sal at the two aquafarms were nearly identical every
month (Table 1). Monthly TN, TP, and SPM values were almost identical between the two aquafarms.
Figure 2 shows the BL and BW for the three cultivars at both aquafarms between January and May
2003. The lowest median BL, as well as the lowest variability in BL (defined as the interquartile range),
was observed in the ‘Myeongcheon’ cultivar sampled from the Myeongcheon aquafarm in January.
The distribution of BL at this location for this cultivar in January was unimodal, slightly right-skewed,
but nearly symmetrical for the middle 50% of values.
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The lowest BW value at Myeongcheon was observed for ‘Kijang’, although one outlier was present
(Figure 2). The variability in BW was lower in this cultivar compared to the others, and the median was
skewed to under the interquartile range. The BW distribution in March was therefore unimodal for
this cultivar, slightly skewed to the right, and exhibited low variability. The means, medians, standard
deviations, standard errors, coefficients of variation, and maximum and minimum values for each
cultivar in each aquafarm are listed in Table 2. ‘Kijang” had the longest mean BL at 107.75 cm in the
Myeongcheon aquafarm, whereas ‘Kamaishi’ exhibited the longest mean BL at 113.67 cm in Gyedo.
‘Myeongcheon’ had the highest mean BW at 224.09 g in the Myeongcheon aquafarm, whereas ‘Kamaishi’
exhibited the highest mean BW at 224.49 g in Gyedo. Comparing across the cultivars and aquafarms
revealed that ‘Kamaishi’ grown at Gyedo performed best for both traits.

Daily relative growth rates in terms of BL and BW are reported in Table 3. At the Myeongcheon
aquafarm between May and June, the daily relative growth rates of BL were 0.0028 for ‘Kamaishi’,
0.0020 for ‘Kijang’, and 0.0039 for ‘Myeongcheon’. For BW these values were 0.0192 for ‘Kamaishi’,
0.0201 for ‘Kijang’, and 0.0039 for “Myeongcheon’. At the Gyedo aquafarm between May and June,
the daily relative growth rates of BL were 0.0022 for ‘Kamaishi’, 0.0019 for ‘Kijang’, and 0.0035 for
‘Myeongcheon’. For BW these values were 0.0215 for ‘Kamaishi’, 0.0216 for ‘Kijang’, and 0.0218 for
"Myeongcheon’. At both aquafarms, ‘Myeongcheon’ exhibited the fastest increases in BL, while ‘Kijang’
exhibited the slowest. Daily relative BW growth rate was also highest for “Myeongcheon” at both
aquafarms, while ‘Kamaishi” exhibited the slowest rate. Negative BL and BW values indicate tissue
erosion, causing blades to lose length and mass over time; such erosion, which occurred early for
‘Kijang’ at Myeongcheon.

Table 2. Mean, median, standard deviation (SD), standard error (SE), coefficient of variation (CV),
maximum (Max), and minimum (Min) values of blade lengths (BL), and blade widths (BW) for
three cultivars of U. pinnatifida at Myeongcheon (M) and Gyedo (G) aquafarms between January and

May 2003.

Trait Aquafarm Cultivar Mean  Median SD SE CV  Max Min

Kamaishi 105.35 108.5 36.24 2.63 034 200 30

M Kijang 107.75 110.5 29.19 212 027 172 38

BL (cm) Myeongcheon ~ 104.18 100.0 39.97 2.90 038 216 36

Kamaishi 113.67 113.5 32.66 237 029 191 43

G Kijang 109.05 109.5 30.37 2.20 028 189 40

Myeongcheon — 92.67 90.0 28.28 2.05 031 178 40

Kamaishi 201.54 159.0 157.50 1143 078 720 12

M Kijang 169.69 129.0 13570 984 080 610 6

BW (g) Myeongcheon — 224.09 195.0 17828 13.07 0.80 720 6

Kamaishi 244.49 232.0 18735 1359 077 824 10
G Kijang 161.92 114.0 15223 11.04 094 860 11
Myeongcheon  194.35 142.0 168.30 1221 0.87 762 11

Table 3. Daily relative growth rates of blade lengths (BL) and blade weights (BW) for three cultivars of
U. pinnatifida at Myeongcheon (M) and Gyedo (G) aquafarms between January and May 2003.

Aquafarm Cultivar Trait January-February February-March March-April April-May May-June

Komaishi BL 0.0197 0.0021 —0.0118 0.0010 0.0028
amaisi BW 0.0446 0.0201 0.0132 —0.0015 0.0192
M 3 BL 0.0170 —0.0042 —0.0063 0.0010 0.0020
Kijang
BW 0.0478 0.0117 0.0251 —0.0057 0.0201
BL 0.0187 0.0120 —0.0155 0.0010 0.0039
Myeongcheon

BW 0.0512 0.0296 0.0071 0.0026 0.0226
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Table 3. Cont.

Aquafarm Cultivar Trait January-February February-March March-April April-May May-June

Kamaishi BL 0.0145 0.0091 —0.0153 0.0010 0.0022
maisii BW 0.0408 0.0304 0.0112 0.0037 0.0215
G 3 BL 0.0142 0.0043 —0.0115 0.0010 0.0019
Kijang
BW 0.0338 0.0256 0.0190 0.0081 0.0216
Myeonecheon  BL 0.0126 0.0030 —0.0027 0.0010 0.0035
yeong BW 0.0399 0.0293 0.0103 0.0081 0.0218
Myeongcheon Gyedo
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Figure 2. Box plots of blade lengths and blade weights for three Undaria pinnatifida cultivars at
Myeongcheon and Gyedo aquafarms between January and May 2003. [J, ‘Kamaishi’ cultivar; 4, ‘Kijang’
cultivar; }

Myeongcheon’ cultivar.

The relationship between BL and BW is presented in Figure 3 and Table 4. A high and moderate
correlation was found between these two traits for ‘Myeongcheon’ and ‘Kamaishi’, respectively, at Gyedo
(r = 0.752 and r = 0.639, respectively). The greater the increase in BL for a given increase in BW,
the greater the adaptation and appropriateness of a particular cultivar to a particular site. Across all
cultivars at both aquafarms, the slope of the regression line (i.e., the response of blade length to changes
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in blade width) was steepest for ‘Myeongcheon’ at Gyedo with a 1 unit increase in blade weight (i.e., x)
being associated with a 0.126 unit increase in blade length (i.e., y).
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250 - Kamaishi y=00513x+92.860 oo ¥=0.1114x +86.432
r?=0.1161 r2=0.4086
r=0.3407 r=0.6392
200 . t
. .
-
- . . .
3 . b B . P
5 150 o sy s 3+ 2 8
£ o B e, + - .
= ‘:0 * ? 3
g + @t o B o e
] tl.: . e o D¢
8100 | « & e ol A . L
2 & ..,.3 LI . bt
00&0“ * .
F 3 .
* ¢ e
50 s 3 -
bt
*
0 s L L . ,
250 r Kijang ¥=0.1096x +89.154 _  Kiiang y=0.0884x +94.738
=0,2595 2=0.1962
r=0.5439 r=0.4429
200 + L
G
3
&
=)
s
a
]
@
o . . \ s L L . . s
250 - Myeongcheon y=00125x+75786 pMyeangcheon y=0.1264x +68.113
=0.3074 P=05654
. . r=0.5544 r=0.7519
*
200 . .
. . * ’. . 4
* *
5150
£
» *
5
]
S 100
= .
LE Y .'0 * *
. &
50 N4
0 n " L s
0 200 400 600 800 © 200 400 600 800 1000
Blade weight (g) Blade weight (g)

Figure 3. Relationships between blade weights and blade lengths of three U. pinnatifida cultivars at
Myeongcheon and Gyedo aquafarms between January and May 2003.

G x E interactions represent phenotypic differences caused by different genotypes responding to
the same environmental parameters in different ways, or by the same genotype producing variable
phenotypes in different environments [22,23]. These interactions can be used to estimate the influence
of genetic variation on phenotypic plasticity. Where a G x E interaction is demonstrated using
two different environments, this relationship can also suggest that the values for a given trait
(or character) expressed in the different environments (henceforth, “character states”, or rG) are
genetically independent. That is, if there is no significant G x E, then there is complete genetic
dependence between the rG values obtained from each environment. Furthermore, if there is not
at least a partial genetic independence for rG in the different environments, it would be evident as
a non-significant interaction effect [17]. Figure 4 illustrates the genetic variation in plasticity for traits
in two ways: (1) G x E (cultivar x aquafarm) interaction plots; and (2) scatter plots which illustrate
the data from which cross-environment genetic correlations between rG can be estimated. In the
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left-hand panels, each line corresponds to the mean phenotype exhibited by the three cultivars at each
aquafarm; that is, a graphically-simple reaction norm. The slopes of these lines therefore indicate
the extent of phenotypic plasticity for each genotype. The performance of the three cultivars in the
two environments suggested that G x E interaction was due entirely to a change in scale, and lacked
a reversal of genotype ranks, or quantitative G x E. Likewise, the data in Table 5 did not reveal any
significant G x E. In the right-hand panels of Figure 4, the magnitude of the cross-environment genetic
correlation for a given value of the G X E interaction was presented i.e., the values for the interactions
between the three cultivars and the two environments. For these analyses, when rG = %1, the genetic
variation required for a change in the current level of phenotypic plasticity is 0; when 0 <G <1,
the required variation is intermediate, and when rG = 0, the required variation is high. Compared with
Gyedo, the Myeongcheon aquafarm exhibited a better fit for increases in BL and BW in ‘Mycheongcheon’,
whereas these traits did not differ greatly between the two aquafarms for the other two cultivars.
The rG values for ‘Myeongcheon’ were >0 and <1, meaning that the magnitude of the G x E interaction
varied between the aquafarms. The Mycheongcheon aquafarm appeared to be associated with a more
optimal level of phenotypic plasticity compared to the Gyedo aquafarm.

Table 4. Analysis of variance between blade lengths and blade weights of three U. pinnatifida cultivars
at Myeongcheon (M) and Gyedo (G) aquafarms between January and May 2003.

Aquafarm Cultivar  Source of Variation = Sum of Squares  Degrees of Freedom Mean of Squares Fy L
5% 1%
Regression 3,455,197.96 1 3,455,197.96
Kamaishi Residual 6,333,041.65 378 16,754.08 206.23 3.87 6.70
Total 9,788,239.61 379
Regression 364,560.26 1 364,560.26
M Kijang Residual 3,641,396.17 378 9633.32 3784 387 6.70
Total 4,005,956.43 379
Regression 1,500,166.78 1 1,500,166.78
Muyeongcheon Residual 6,597,635.13 378 17,454.06 85.95 3.87 6.70
Total 8,097,801.91 379
Regression 1,625,844.04 1 1,625,844.04
Kamaishi Residual 6,835,287.26 378 18,082.77 89.91 3.87 6.70
Total 8,461,131.31 379
Regression 265,584.52 1 265,584.52
G Kijang Residual 4,554,470.39 378 12,048.86 2204 387 6.70
Total 4,820,054.91 379
Regression 982,066.12 1 982,066.12
Myeongcheon Residual 5,504,694.84 378 14,562.68 67.44 387 6.70
Total 6,486,760.96 379

Table 5. Analysis of variance in phenotypic plasticity measurements—blade length (BL) and blade
width (BW)—from three U. pinnatifida cultivars at Myeongcheon and Gyedo aquafarms between

January and May 2003.
Trait  Source of Variation Sum of Squares Degrees of Freedom Mean of Squares Fo Fso)
Aquafarm 48.51 1 4851 0.09 4.26
Cultivar 425.81 2 212.95 0.37 3.40
BL Interaction 309.79 2 154.90 0.27 3.40
Residual 13,671.69 24 569.65
Total 14,455.90 29

Aquafarm 519.37 1 519.37 0.02 4.26
Cultivar 32,583.77 2 16,291.88 0.73 3.40
BW Interaction 1505.365 2 752.68 0.03 3.40

Residual 538,266.6 24 22,427.78

Total 572,875.10 29
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Figure 4. Genetic variation in the plasticity of blade lengths and blade weights plotted in two ways
for three cultivars of U. pinnatifida at Myeongcheon (M) and Gyedo (G) aquafarms between January
and May 2003. Left: Genotype x Environment interaction plots. Right: Scatter plots from which
cross—environment genetic correlations between character states (rG) can be estimated.

PCA-generated eigenvalues and loading factors for the data collected in 2003 are shown in Table 6.
The eigenvalues of the first principal components at Myeongcheon and Gyedo were 9.120 and 8.456,
respectively, which explained 82.9% and 76.9% of the total sample variance. Thus, sample variation
was captured very well by the first principal component, and a reduction in data from 11 variables to
one principal component was considered reasonable.

The principal component scores for the morphological and habitat characteristics of U. pinnatifida
are plotted in Figure 5. For both Myeongcheon and Gyedo, BL was located in the second quadrant,
while BW, Temp, and SPM were situated in the third quadrant. For Myeongcheon, Sal and TP were
located in the first quadrant, while TN was found in the fourth quadrant. By contrast, for Gyedo,
Sal remained in the first quadrant, but both TP and TN were situated in the fourth quadrant.

For both aquafarms, two groups can be identified along Axis 1: BL-relevant and BW-relevant.
Two additional groups were present along Axis 2: morphological trait-relevant and morphological
trait-free. For Myeongcheon, Axis 1 revealed that BL tended to correlate with Sal and TP, whereas Axis
2 indicated that BW tended to be associated with Temp and SPM. For Gyedo, Axis 1 showed that BL
tended to be associated with Sal, while Axis 2 indicated that BW tended to be associated with Temp
and SPM. It has hitherto been reported that the northern and southern genotypes of U. pinnatipida
have maintained the genetic characteristics of their origin fronds, despite generations of cultivation in
the Naruto Strait [24]. In contrast, most other studies have reported that the different morphs of these
species result from phenotypic plasticity to environmental conditions, such as a plastic physiology
to a range of environments, ontogenetic adaption to the local environment, and pre-adaption to the
culture environment [25-29]. In a study off the Japanese coast, no correlation was found between
genetic markers (the mitochondrial cox3 gene and the nuclear marker ITS1) and the morphological
characteristics of this species [30]. These phenotypic differences have therefore arisen as a result of
interactions between individual genotypes and environmental conditions at each aquafarm.
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Table 6. Eigenvalues and loading factors from a PCA based on three U. pinnatifida cultivars at
Myeongcheon and Gyedo aquafarms between January and May 2003.

Variable Myeongcheon Gyedo
Axis 1 Axis 2 Axis 1 Axis 2
Temp ? —0.325 —0.048 —0.333 —0.129
Salb 0.302 0.318 0.307 0.325
TN € 0.311 —0.122 0.325 —0.149
TP d 0.329 —0.078 0.306 0.27
SPM ¢ —0.274 —0.415 —0.278 —0.364
KBLf —0.238 0.529 —0.243 0.506
KBW 8 —0.327 —0.071 —0.343 —0.032
GBLh —0.216 0.587 —0.263 0.37
GBW i —0.318 —-0.217 —0.333 —0.082
MBLJ —0.324 0.118 —0.219 0.498
MBW k —0.326 —0.113 —0.338 —0.035
Eigenvalues 9.120 1.583 8.456 1.887
Percentage 82.909 14.387 76.877 17.158
Cumulative Percentage 82.909 97.297 76.877 94.034

Abbreviations: * Seawater temperature (Temp); b Salinity (Sal); ¢ Total nitrogen (TN); d Total phosphorus (TP);
¢ Suspended particulate matter (SPM); { Blade length of ‘Kamaishi’; 8 Blade weight of ‘Kamaishi’; * Blade length of

‘Kijang’; ' Blade weight of ‘Kijang;J Blade length of ‘Myeongcheon’; ¥ Blade weight of ‘Myeongcheon’.

Mds 2

!
I& 210

ads 2

Sal.

17
Ads 1

(b)

Figure 5. Plots of principal component scores for morphological and habitat characteristics of
U. pinnatifida between January and May 2003. (A) Myeongcheon aquafarm; (B) Gyedo aquafarm.
Abbreviations: KBL, Blade length of ‘Kamaishi’; KBW, Blade weight of ‘Kamaishi’; GBL, Blade length of
‘Kijang’; GBW, Blade weight of ‘Kijang’; MBL, Blade length of ‘Myeongcheon’; MBW, Blade weight of

‘Myeongcheon’.

In conclusion, the variability in morphometric parameters of three U. pinnatifida cultivars
aquacultured in the coastal areas of Gyedo and Myeongcheon suggests relatively high growth rates
in the former aquafarm with moderate to high correlations between blade length and blade weight.
Among the three cultivars, ‘Kamaishi’ grown at Gyedo was revealed to be highly adapted to growth
in this area. Further, multivariate analysis of various environmental factors suggested that the blade
length and blade weight of all cultivars across both aquafarms are substantively affected by seawater
temperature. Overall, these findings could be applied to facilitate optimization of Kelp production

systems in Korea.
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