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Abstract: Cochlodinium polykrikoides is a typical harmful algal species which generates the red-tide in the coastal
zone, southern Korea. Accurate algal growth model can be established and then the prediction of the red-tide
occurrence using this model is possible if the information on the optimal growth model parameters are available
because it is directly related between the red-tide occurrence and the rapid algal bloom. However, the limitation
factors on the algal growth, such as light intensity, water temperature, salinity, and nutrient concentrations, are so
diverse and also the limitation function types are diverse. Thus, the study on the algal growth model development
using the available laboratory data set on the growth rate change due to the limitation factors are relatively very poor
in the perspective of the model. In this study, the growth model on the C. polykrikoides are developed and suggested
as the optimal model which can be used as the element model in the red-tide or ecological models. The optimal
parameter estimation and an error analysis are carried out using the available previous research results and data sets.
This model can be used for the difference analysis between the lab. condition and in-situ state because it is an
optimal model for the lab. condition. The parameter values and ranges also can be used for the model calibration and
validation using the in-situ monitoring environmental and algal bloom data sets.

Keywords: Cochlodinium polykrikoides, optimal growth condition, limitation factor, parameter estimation, algal

bloom (red-tide) model
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Table 1. References on the Cochlodinium polykrikoides growth rate

Environmental factors

Reference . Water Nutrients

Codes Light inity —

. .. tempera- Salinity

intensity ture NO; NH, PO,
02010 O A A x X X
02006 O x X XX X
K2001 O O O o O O
12001 O O O o O O
Y2005 O @) A X X x
K2004 O A A X X X
G2012 X X X o O O

Ref.: Reference Code, 02010=Oh et al. (2010); O2006=0h et al.
(2006); K2001=Kim et al. (2001); L2001=Lee et al.
(2001); Y2005=Yamatogi et al. (2005); K2004=Kim et al.
(2004); G2012=Gobler et al. (2012); Graphic symbol:
O = Contour data, A= Graph data, and X = No data

Table 2. Coastal seas of the C. polykrikoides sampling stations

Reference .
Codes Sampling coastal seas
02010 Yokjido coastal seas, Korea (2008. 8)
02006 Inokushi Bay entrance, Kyushu, Japan (2005. 3.)
K2001 Southern coastal seas in Korea (1996)
12001 Southern coastal seas from Wando to Busan,
Korea (1999)
Western Kyushu coastal seas, Japan
Y2005 (2002. 8. & 2003. 6)
K2004 Furue Bay, Nagasaki, Japan (2001. 1)
G2012 Flanders Bay, New York, USA (2006)
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Table 3. Limitation function types on the algal growth model

Growth limitation factors Limitation function types Hinax
- A8
§(0)) a1+ p o
Light intensity _ 1 ( _ !)
(4, zmole/nls) S = ap-exp(1—y a
IAY A%
A :p(-) 'CXP[I —p(-) } p
q q
AT) = 0" “
AT) = pu- exp(—2.3 ﬂL) 7
T, opt— L min
Water temperature . .
(7, °C) - (Zje [1_@”
AT)=a 5 Xp 5 a
T—q
A =p1-(=L ] P
max ¢
Salinity _ 5)7 ) B §)V}
. PSU) S a(ﬂ exp[l a(ﬂ a
Nitrate NO;+b
- NO5) = .
(NO, , M) SINGs) = a5 — a
. Phosphate PO, +p
Nutrient: - PO,) =
utrients (PO, 1M) f(PO,) aP04+ p a
Ammonium NH\¢ NH )¢
! NH,) = (--ﬁ) e [1—(—-1‘)}
(NH,, M) ANH) = a(==) -exp| 15 ¢
Ref. T, and T, can be estimated optimally as the model parameters, though these values also can be estimated with ease using each data set

22} i BRI =BE, T=FL, S= 9%, N=3%4
SE)elM e 3 S sk ey, S
2} tjokst sk *ﬂ"]lﬂ‘jr(Table 3% ). 9 A7 T
ThAl ghmLjol, AAkel, QAL 0% AlE 4 glom, 7zt
Ak Feje] TR 2AT 5 Qlok & AFeAE o

mean squared) 25 331 0, 24
RMS @47} 71 242 3R ddg Agsiqivt. 22 wizii
T FAE S BA e A5 Aus 23S

0] 2] A& (sum of squares)O.Z 273} 2] MATLAB
2 73X AT “Isqeurvefit® $Fr5 o|-8-81o] A vf

sSSP,

9] FE7t AR o] MBS I Hoju= Sk B4
of| Al A 2latel o, A A1 WEde] fAFs 45
oz HA myisE F9sr5l o, ZHze tist vz
F 443 2 RMS 242 Table 4-700] AAlslon, A
3 2tE9} 28 Awo) vlw 78S AAREE o] &3 A
o} 71 22 RMS k5 AlAlshs AFRE v]alsto] Fig.
19 A EFRATE. HE B =FoflA A|A|EF H A vy 5=
AAae 242 T ARE o83 A9 TYs Fele
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3 7397}
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F sl WE Z5(algae) A3 FE W 3}41-2 Michaelis-
Menten 3 El| 9] $H(saturation curve)?} FA3l &35 &k
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Table 4. Optimal parameter values and RMS errors of the C. polykrikoides growth rate in the light intensity conditions for each data set

I+ 1
Reference data A= a-l-:/—; A = azexp(l _9

a p 14 RMSE a b RMSE

02010 0.30 -15.33 27.07 0.012 0.27 244.59 0.028
02006 0.34 -14.05 8.64 0.017 0.33 192.77 0.026
L2001 0.58 -2.01 16.60 0.033 0.49 74.99 0.040
K2001 0.45 -11.54 6.19 0.005 0.40 127.59 0.034
K2004 0.32 -9.49 9.55 0.021 0.30 139.06 0.022
Y2005 0.53 -5.23 17.80 0.030 0.45 109.27 0.031
Total data 0.41 -4.70 1541 0.091 0.38 119.86 0.083

Ref. Unit of e, a, and RMSE = [1/day]. Unit of £, % and b= umole/m’/s

Table 5. Optimal parameter values and RMS errors of the C. polykrikoides growth rate in the water temperature conditions for each data set

c C T* r
=al=] ex 1—(1)} = [1—(-—-—-—1)J
Reference data AD (D p[ b D =p T,—¢q
a b c RMSE p q r RMSE
L2001 0.44 23.12 2.93 0.006 0.42 22.15 2.06 0.031
K2001 0.44 23.66 234 0.011 0.42 23.79 3.62 0.007
Total data 0.44 23.44 2.75 0.021 0.42 2233 2.50 0.039

Ref. Unit of &, p, and RMSE = [1/day]. Unit of 5 and ¢ ="°C Unit of ¢ and r = [-, dimensionless]

Table 6. Optimal parameter values and RMS errors of the C. A A A =07} B 0F .
. . o Als 8 Meyer-Arendt, 1968; Murphy Jr.,
polykrikoides growth rate in the salinity conditions for each el F-2l7F A 5Pt (Meyer-Aren iy It

data set 2012). o] Y-S thas HAdsto] ahgel whE BTl

) T Hrol AT ARESE FH2 AFER JRE o) F

Ref dat fS) = oc(%) eXp[l —(%ﬂ 3to] 434 ¥ UH(Thimijan and Heins, 1983; Shim, 2003).
ererence data

i Al de] old¥e i F3REe A,

@ B 4 RMSE Luminous efficacy (mW/Im =mW/(lux/m’) = 2.93-3.49 A =
L2001 0.37 32.16 3.05 0.027 AAE 3 Qe wheba] theat o) o] Ao M= 71X
K2001 038 3230 112 0013 = 3R] (2-3)°0] 28 HTh Table 401 AAE vl fS0]
Total data 0.37 31.35 1.98 0.073 A B b= ST B oS ALEE] W], B e Wik
Ref. Unit of & and RMSE =[1/day]. Unit of f=PSU. Unit of y=[-, R 0 o] S E Yol wiskslo] Algalolo} BT},

dimensionless]

2] Michaelis-Menten 32} 3348} E3}5 HHR= 35 o] 100 zmole/m’/s = 7,386 lux =21.6 W/m®
g3to] mi7IHFe} RMS 22 F738181Th(Table 3 7). F =44.6 Ly/day = 1.86 MJ/m’/day (Thimijan and Heins, 1983) (2)
A3} C polykrikoides 2752 AT oM 2 g0

.]

o

M= 3A8) a7t nlekste] 4% Michaelis-Menten $H= 100 zmole/m’/s = 6,300 lux = 22.0 W/m’
B} AEsh) TEE L Qs Zlo R wekw Q). et A = 45.4 Lylday = 1.90 MJ/m’/day (Shim, 2003) 3)

Aol wheh Aol AR FEH 7 A Alolutar, ko] W

& W% A Aol7t v s & Uth(Fig. 1(a) 3= FEohs g FRolxE H7 2xdo] Eskl YeRkar
). 53] 2375 Aol 217 030-0.58(1/day)= FA A7t ATk, C. polykrikoides 73782 F% 5710 weh A4 o=
Uar Qlont, A FERS7E B K2001 ARsoll g3k & ‘el e Holm W, 0] Aol HA o
TYPEE AYsigion, AAE Al M HelE 2 AellA A Bloldr s e JASH Fhashe s FEEH
S A SRIARF o ThE Q1) ot Ao % gtk Holr, o] Ayt AF7o] HAKE vl A A el §)
o} ghH B A 2lg ol ARESE FE 0] W9l imole/m’/sO) ThFig. 1 (b) =), 4% HA 722 23.1-23.7°C FE0]
7] el 7PIAE R Al E = Fe(PA, iradiance)E A w, FAZolA Hlohvh= o] A EE 24T T 3
£3R= 7-9-olli= MJIm’(F53= Langleys = calorie/cm’) % $H15} = dREERI o) AFshrEhdst 208 7IA)E o] 83t
ofof B}, F (s 25)9) Wl v toksly| witel $ o w7 SE F4 33l
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Table 7. Optimal parameter values and RMS errors of the C. polykrikoides growth rate in the nutrient concentration conditions for each

data set
(a) Nitrate and phosphate concentrations (V)
NO;+c PO,+c
N0y = d 58], AP0 = al pot)
Reference data } !
RMSE
1/da b
a (1/day) (M) ¢ (uM) (Uday)
Nitrate 0.37 26.47 12.74 0.024
L2001
Phosphate 0.41 0.95 0.03 0.025
Nitrate 0.36 11.14 4.28 0.035
K2001
Phosphate 0.42 1.49 0.30 0.031
G2012 Nitrate 0.45 4.34 2.95 0.009
Nitrate 0.38 7.05 2.62 0.048
Total data
Phosphate 0.42 1.42 0.24 0.032
(b) Ammonium concentrations (M)
NH )\ NH)\”
SNHy) = “(7“) exp| | ‘(74) ]
Reference data
RMSE
a (1/da -
(1/day) B (b 28 (Uday)
L2001 0.38 30.52 0.43 0.021
K2001 0.38 27.90 0.41 0.021
G2012 0.44 99.99 0.49 0.019
Total data 0.39 44.45 0.45 0.051
B {5 araen o | o e |2 Fevsame ek |2 Frem
j 100 150 200 250 300 Kl /’ 4 7 R - u
Light Intensity (umole/m®/s) Light Intensity (umole/m?/s) ! ';emper:mve [ tz:) . ! ;emoer:ture ® é) ‘
(a) Light intensity (umole/m?/s) (b) Water temperature (° C)
— Feteoms 0 ° Fvieam . \’W : Lo L
g:a - gnu i § o —— § & 2 L :
; i " £ o
§o o e go g
g 5’ Fonl o
i 15 o] 4 W0 1 Zs ainlé(PSU) EIE 700 Ni":oe (No;&ﬂ) (uM)zsu 300 30 20 4 Iy Nw ouer)'(z;?M)” 760 180 200
(c) Salinity (PSU) (d) Nitrate concentrations (pM)
; = . =N . [Zam, T
é o - T
En“ ° et '%n“ I g:au“ T Eo
g“ g“ g"ck : %a [ 6 Lo oma
! Phusp'hate (Pé‘rP) wr;) . ! PMSo‘hate(PO‘-P)(N:) 'umm;“?um (Nﬁ‘V’N)(uﬁr o Ammonium (Neig ) (M)
(e) Phosphate concentrations (uA/) (B Ammonium concentrations (4.4

Fig. 1. Optimal fitting-function forms for the C. polykrikoides growth (left panel = in case of using all data set, right panel = in case of the
specific one data set showing the minimum RMS error, see the gray cells of the Tables 4-7)
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Table 8. Mathematical growth model of the C. polykrikoides

1= 0.946—0.177T—0.04745+0.01218 T
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