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Species competition among the toxic dinoflagellates Alexandrium tamarense and Gymnodinium catenatum
and the diatom Skeletonema costatum was simulated using a mathematical model. Prior to the model simulation,
competition experiments using the three species were conducted to obtain data for validation by the simulation
model. S. costatum dominated at a density of ~10* cells/mL compared to the other species in the medium
with dissolved inorganic phosphorus (DIP). The growth of S. costatum was also stimulated by the addition
of dissolved organic phosphorus (DOP), such as uridine-5-monophosphate (UMP) or glycerophosphate
(Glycero-P), although this species is unable to take up DOP. This implies that the growth of S. costatum
may be supported by DIP, which is hydrolyzed by alkaline phosphatase produced from A. tamarense and
G. catenatum. The species competition model was run assuming the environmental conditions of northern
Hiroshima Bay, Japan, during spring and summer. G. catenatum increased in cell density and neared the
level of S. costatum at the end of the calculation. In the sensitivity analyses by means of doubling and
halving parameters, depleted DIP had little effect on the cell density of G. catenatum. However, the growth
of A. tamarense and S. costatum was significantly affected by changes in the parameter values. These
results indicate that if DIP depletion is ongoing, species that have a large phosphate pool in their cells,
such as G. catenatum, will predominate in the community.
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inorganic phosphorus (DIP), Dissolved organic phosphorus (DOP)

M E #|4=%22] DIN: DIP H]¢] Hdle 2 ESFAEL] £ oS

%34 YE Hiroshima%Ho] £&8] 7)<l (Dissolved AP A 21T} (Smayda, 1990). A# 2 Y¥E HiroshimaThe] 22
inorganic phosphorus; DIP)2 &% HA¥ o] A& 34 o]s} A 4UEE B9 1970d kol s FERFVE SR EH AR
FE BQlth ol 197995 E HEH Seto W) 874 BA 80 FHHYE feiAE JHEEFIL et o o
5% ZX¥ (Law Concerning Special Measures for Conserva- o, AF7tA &8 7150 Y MEL f3lEe] £do=
tion of the Environment of the Seto Inland Sea) a2 <1 A3}7) HARG QI AFe 68 AES T2 JrH(Oh et al,
= 73t 9 Qo] FE AA AR FRZE A3 njtkrea] 2005a). )5, Alexandrium tamarense’= HiroshimaTtoll 4] 1992
¢ Frdel AaEo] #l4 F DIP7E AA 3] A7) wEo) el 22 A2E5 AR o#f vi'd Hiroshima¥he] & 2]
o} (Yamamoto et al,, 2002a). 1 A3} X F s 59 &2 ol W= FAAA B HIPE Fa YT} (Asakawa et
H-712 4 (dissolved inorganic nitrogen; DIN)9} DIPS] H] (DIN: al., 1993; 1995). Gymnodinium catenatum= ©| W 3)FE 53}
DIP ratio)7} Al 3=oFXTHO et al., 2005a). e 75 FURZFE 19809UI7HA S A G IR
At WA Q101 (Hada, 1967; Tkeda et al., 1989; Nishioka
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Hole $¢39 B JdRg7A] &38kaL glo] (Matsuoka and
Fukuyo, 1994), o] &l @& o|wjsjFo] =3E ZAA s
Atk

S, §E8 $-712 (dissolved organic phosphorous; DOP)
< R ol mel A DOP (MW <10 kda)$} &<}k
DOP (MW >10 kda)Z &gttt AEA32] DOP= 9 4§
3ol HEEFAE HA o] FHAY, AYBANNE &
A719o] Bol GEFA 2o B} (Suzumura et al., 1998).
TLE-A L] DOPE ester 20l Wi} phosphomonoesters)
phosphodiester®} 22 2314 DOPS} phosphonate®} 0] 715
Bl aael o) #alE A ¢b= FEsA DOPRE TR
YE TokyoWh2 V314 DOP7L 67% ooz E¢ta, v
A 2] DOP= phosphomonoester®} phosphodiester 2 &R 5=
Ao Z B AT} (Suzumura et al, 1998). H AU AH ol A
fral A2 Y9AFE°] phosphomonoester$} phosphodiestersS
Z o] &3}= Ao ¥EA (Yamaguchi, 1999; Yamaguchi and
Itakura, 1999; Oh et al., 2002; Kim et al., in press), 3 & of x|
DIP7} A gt ete 2% 2] DOPE o] &30 24 faf 8z
A= 4 & JF& v At R3vb Yo (Yamaguchi
and Itakura, 1999; Oh et al., 2005a).
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A. tamarense, G. catenatum R S. costatum-& 19973 34,
129 2 449 9] Hiroshima?t 3= A pasteur pipette (2F @50-
100 uMYE ©]-8-8td MEZS E25Y tHGuillard, 1995). 27
€ AlZE 9734 (0.22 M pore size, Millipore GSWP, USA)
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AHEE WA= A. tamarense®t G. catenatum-S Hiroshima®h
& vl o 2 g 28] A) (Guillard and Ryther, 1962)9]
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< A7V f2+selenium B A o)A vl F3I ) UFEL Hul
AAETE Hole &5 XA A wjgstgon (A. tamarense
= 15C, G. catenatum®} S. costatum- 25°C; Yamaguchi, 1994;
Yamamoto and Tarutani, 1997; Yamamoto et al., 2002b; Oh
and Yoon, 2004), Q&% Z=& 27} 30 psut 300 umol/m?/s
(12L:12D; cool-white fluorescent lamp)Z Z& 3R thAHE
o] 3t A2 AMY (Provasoli et al, 1959)} H# A Ho =
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At

A. tamarense, G. catenatum 12|11 S. costatum®|
B

A. tamarense, G. catenatum 18IL 8. costatum®) ¢ 7374
£ 27 93 o8 7EA SR S8 AL At E3m)
&S AT WS AK QIF G E vl e R ¢ L1 HiA|
(Keller et al., 1987; Guillard and Hargraves, 1993)5 ©]-&3}¢]
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monophosphate (UMP)$} glycerophosphate (Glycero-P)7} 3%
5peME F7HE AK-L1 Wi Aol HEsATh viddEs 2%
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.01, ortho-P9} DSi =+ membrane filter (HA, Millipore
Corp., USA)Z o35 & HlAo] osf A3k
(Strickland and Parsons, 1972). DOP &5+ Koroleff (1983)°]]
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% DpIPY FE2 Wl o2 3Tt RE AFL mEAY
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Fig. 1. The conceptual diagram of uptake, assimilation and
excretion processes in phytoplankton cell. o, uptake; pi,
assimilation; Pj, internal phosphorus pool; POP, structural
and other storage P component; Ortho-P, orthophosphate and
E, excretion.

T HiA] 58] Q1] ol oEste] 47t WL 4
tamarense$t G. catenatum DOPE ©|-§ 7153817 wf&ol
(Oh et al, 2002), Zdlo| A= DOPL| W45 F713l4c}t BE
DOP<= ortho-PE U ALEAZFHEC]7] W&ol A4 F+5
SFA] 5813l alkaline phosphatase (APase)ol] 2]sll 7133
%, Poll 59 TH(Oh et al, 2005a; b). 1A B Hdlo e
wl A Zoll ortho-P7} ML H B EHE DOPE o|-43le] 44
T VEE FTASIAT). AN, S costatumS APase’F §1719))
(Oh et al,, 20052), DOP] &4 & AstHct aglu s
costatum-e DSiS T4 + YL E YL

o] 2o o+ Michaclis-MentenH4 2| o] whe} §48A4
Wgol met Frse A2 7F438HATh (Dugdale, 1967).

pP:pmaXP.SP/(KSP+SP) .................................................. (1)

A 7]o A Ks': ol i3k Wt sgae
(half-saturation constant for phosphorus; M)
skl B QY] TE
(external phosphorus concentration; #M)
Pma © AU A FFET
(maximum phosphorus uptake rate; pmol/celi/hr)
S. costatum®] DSi®] FFE FE oS4 W2 B4be
Michaelis-Menten?] ©] ©}d Paasche (1973)9l whe} A3ks T
- A2 AHEstaTk

oSi= meSi.(SSi*SOSi)/{KSSi_‘_(SSiﬁSOSi)} .................... 2)

Ks*: DSioll ol §F whazshaka (half-saturation constant for
phosphorus; M)

So*: Hjaked = %7]9] DSi ¥ (threshold external
phosphorus concentration; M)

S¥: Hj kel = DSi ¥ (external phosphorus concentration;
#M)

Oomac: FT DSi 44 % (maximum phosphorus uptake
rate; pmol/cell/hr)

A. tamarense$} G. catenatum® A7FL A E Q) -2
ue} Aete Ao2 AT (Droop, 1973).

u :ﬂ'maxp(l — Quin /QP) e ?)

0 AN A IS (specific growth rate; /day)

Laad: Q7F F3Y o) Ho)/4dd) 945 (maximum
specific growth rate when Q is infinity; /day)

Quin”: 4 1 5% (minimum phosphorus cell quota;
pmol/cell)

Q7 Al Q1§77 (cell quota of phosphorus; pmol/cell)

o]7]4 Q¥ internal pool (P)3 POPE &3+ Aolt} s,
Q°, Pig] A1z WEte] W Wile oo o
ds’/dt=-pN
dQP/dt: p-uQP ................................................................ )
dPi/dt: o- (D eettTIreteesieesssesice .(6)

AZT (NS Wshe

ANJAETIN woeererssemssnimesss et 7)
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dN/dt:N(r_hN) ................................................................ .(8)

A7NA, e WHARAS T e
(intrinsic rate of natural increase; /day)
h: Verhulst-Pearl coefficient

web, AZke) T AESY WEE BE go] Ade
o,

AN/AE= N fmax( L-QuuinfQ))-AN}  reeresssseeemsssesmssseninisinsenns 9)

S. costarum®) ARAEEE B4 Gk Fo Astd dUdd

o] whe} AJAFo] oA HE Blackman®] # A& W3 (Blackman's
rate-limiting concepty S ©]&-3FATHCullen et al, 1992).

#=MIN { e (1-Quin /Q), ttman”'(1-Quin” 1Q™)} ++++(10)

Qumin: AZ DSi 3 (minimum  silicate cell quota;
pmol/cell)
Q% MZU DSi g% (cell quota of silicate; pmol/cell)

A. tamarense®} G. catenatum®] ¥]Z-2 Oh et al. (2006)2]
Aol A ortho-PY] FE7}F 0.6 xMP 33M & © DOP
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dPOP/dt:p]-E ................................................................ .(11)
E: W& (Excretion; 1M)

DOPY Wi&& 25, €% % FIEY vx9 22 ¥
A ®ZEA w-gste] ME4 =7 28 A (Kuenzler,
1970). AT, B ndoXe B E ) 943 &5
DOP7} HiEHEE 713

MEH o] B30 Qe APase= FEZHAEY T2
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At

DIP:DOP.H ............................................................... (12)
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& 4= gtk weEbd DOPE 184l 3E FA1.0 2 phospho-
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Fig. 2. The conceptual diagram of species competition
assuming the environmental conditions of northen Hiroshima
Bay in spring and summer. Three species were introduced
and three kinds of nutrients were considered. Ortho-P,
Mono-DOP, Di-DOP and Tri-DOP indicated the ortho-
phosphate, phosphomonoester, phosphodiester and phos-
photriester, respectively.

2005b). o= 4% 2) DOPT phosphomonoester”} L,
phosphodiester”} ¥ ThHs A2 YERATE (Oh et al, 2005b). B
phosphotriester’} 34> Zo 4 nMZ §&3) o= A
(Hodson et al., 1981), TokyoRFoll 4] DOP % phosphomonoester
9} phosphodiester?] H]-&©°] °F 1:39] HIEE EAgth=
(Suzumura et al, 1998) R 52 Fasle] A9t AEE
FAES wlE T3 B2 A7V A SFAT, cyclic-
AMP7} FaAR o2 XA §)o] (Kuenzler, 1970); A.
tamarense, G. catenatum ZLE) 1L 8. costatumZF-E] & H &
DOPE phosphomonoester2 283t} o] ¢FX2Y w3
STELLAE o|-&3l4tt B8] 48 7 A4 md g o&
3lod z}zvo] MBS F A A A tamarense, G. catenatum
D S costarum® AEDZ| 3 =842 HAAFHL
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A. tamarense, G. catenatum % S. costatum?2| E&
HH 2t

¢l FFYLC = ortho-PE H7HEIHE 49, ortho-P ST
HF 3 6 0.82 uM7HA] HASA AT DSiv= 145
pMZHA| A GARE, 11 o)Fddle FE W3} )l (Fig
3). A. tamarense, G. catenatum “1E|3L S. costatum®] A|LLE
© 64ARE Gdr)ol gt o, o5 A4S Adele
FAdAL ortho-PHTE S costatum® W MEXEAEE 10*
cells/mLE, A. tamarense® G. catenatum®B.Tk 2 order E ST}
DOPE H:47] Z71%8) e ASHACH, FEE 005 M
19l

UMP%} Glycero-PE 7St &3 viFoll A 4. tamarense,
G. catenatum 18]3l S. costatum®] A EBE] W3}+= ortho-P
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Table 1. Growth and nutrient uptake parameters for Alexandrium tamarense, Gymnodinium catenatum and Skeletonema costatum

used in the present model

Species Nutrient source Parameters Units Values References
Maximum uptake rate pmol/cell/hr 1.64 Yamamoto and Tarutani (1996)
Half saturation constant M 2.64 Yamamoto and Tarutani (1896)
Minimum cell quota pmol/cell 0.56 Yamamoto and Tarutani (1996)
Ortho-P Maximum cell quota pmol/cell 0.97 This study™
Maximum cell pool pmol/cell 0.01 Tarutani (1997)
Assimilation rate pmol/cell 0.50 Tarutani (1997) .
Maximum specific growth rate /hr 0.02 Yamamoto and Tarutani (1999)
A. tamarense ATP Half saturation constant UM 5.63 Oh et al. (2006)
Maximum uptake rate pmol/cell/hr 5.04 Oh et al. (2006)
DOP UMP Half saturation constant uM 20.0 Oh (unpublished)
Maximum uptake rate pmol/cell/hr 1.00 Oh (unpublished)
Glvcero-P Half saturation constant M 30.0 Oh (unpublished)
4 Maximum uptake rate pmot/cell/hr 0.50 Oh (unpublished)
Excretion Excretion rate pmol/cell/hr 0.012 Oh et al. (2006)
Maximum uptake rate pmol/cell/hr 1.42 Yamamoto et al.(2004)
Half saturation constant uM 3.40 Yamamoto et al.(2004)
Minimum cell quota pmol/cell 1.83 Yamamoto et al.(2004)
Ortho-P Maximum cell quota pmoi/cell 11.3 This study®
Maximum cell pool pmol/cell 9.46 Yamamoto et al.(2004)
Assimilation rate pmol/cell 0.29 Yamamoto et al.(2004)
Maximum specific growth rate /hr 0.02 Yamamoto et al.(2004)
G. catenatum ATP Half saturation constant uM 7.61 Oh et al. (2006)
Maximum uptake rate pmol/cell/hr 1338 Oh et al. (2006)
DOP UMP Half saturation constant puM 7.61 Oh (unpublished)
Maximum uptake rate pmol/cell/hr 13.38 Oh (unpublished)
Glvcero-P Half saturation constant UM 7.61 Oh (unpublished)
Y Maximum uptake rate pmol/cell/hr 13.38 Oh (unpublished)
Excretion Excretion rate pmol/cell/hr 0.084 Oh et al. (2006)
Maximum uptake rate pmol/cell/hr 0.0384 Tarutani and Yamamoto (1994)
Half saturation constant UM 0.68 Tarutani and Yamamoto (1994)
Minimum cell quota pmol/cell 0.0028  Tarutani and Yamamoto (1994)
Ortho-P Maximum cell quota pmol/cell 0.01 Tarutani and- Yamamoto (1994)
Maximum cell pool pmol/cell 0.0091 Tarutani and Yamamoto (1994)
Assimilation rate pmol/cell 0.015 Tarutani and Yamamoto (1994)
Maximum specific growth rate /hr 0.052 Tarutani and Yamamoto (1994)
Half saturation constant uM - -
ATP .
Maximum uptake rate pmol/cell/hr - -
S. costatum
DOP UMP Half.saturaﬂon constant uM y -
Maximum uptake rate pmol/cell/nr - -
Glycero-P Half saturation constant UM - -
y Maximum uptake rate pmol/cell/hr - -
Maximum uptake rate pmol/cell/hr 0.095 Tarutani (1997)
DSi Half saturation constant uM 0.042 Tarutani (1997)
Minimum cell quota pmol/cell 0.043 Tarutani (1997)
Maximum cell quota pmol/cell 0.19 Tarutani (1997)

*Calculated as Qmax™= Qmin £'max (£'max=£min) from Morel (1987).
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Fig. 3. Fits of the species competition model to the experiment
under batch culture with 5 #M orthophosphate (ortho-P) and
25 #M dissolved silicate (DSi). (a) cell densities of
Alexandrium tamarense, Gymnodinium catenatum and
Skeletonema costatum. (b) nutrient concentrations (ortho-P
and DSi) of the ambient water. The curves and symbols are
the simulated data and the experimental data, respectively.
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