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Ecophysiological Studies on the Population Dynamics of Toxic
Dinoflagellate Alexandrium tamarense

Kenji Tarutani

Abstract In spring of 1992, the first paralytic shellfish poisoning (PSP) was experienced in
Hiroshima Bay due to the occurrence of toxic dinoflagellate Alexandrium tamarense bloom. Since
then, PSP due to this species has become an annual event and poses a serious problem to the oyster
culture industry as well as to public health because Hiroshima Bay has the highest production of
cultured oysterin Japan. In order to elucidate the ecophysiology of A. tamarense in Hiroshima Bay,
the physiological characteristics were experimentally obtained along with field observations, and the
community dynamics of phytoplankton was investigated using the mathematical models in the
present study. Environmental factors affecting the population dynamics of phytoplankton
monitored in Kure Port, Hiroshima Bay, from February to May 1995 suggested that nutrient supply
into this area was largely depending on the inflow of freshwater, and the growth of phytoplankton
was limited by the availability of phosphate or silicate. Field monitoring data also showed that
A. tamarense was not predominant in the phytoplankton community but coexisted with other species
(Skeletonema costatum, Chaetoceros spp., Heterocapsa triquetra etc.). Population dynamics of A.
tamarense and S. costatum were studied under two different phosphate supply modes in non-steady
state semicontinuous cultures; daily supply and weekly supply modes. In the daily supply mode,
the simulation model based on both the truncation model and the Droop model predicted the popula-
tion dynamics of these species well. In the weekly supply mode, while the simulation model more
appropriately described the observed dynamics of S. costatum, it could not reproduce the experimen-
tal growth of A. tamarense. This seemed to be due to time lag between phosphate supply and the
growth response.  An improved model, which includes the processing time of incorporated intrac-
ellular phosphate, could describe these non-steady state dynamics of A. tamarense. The dynamics
of competition among three phytoplankton species (A. tamarense, H. triquetra, and S. costatum)
studied using the same numerical model under various phosphate and silicate supply conditions. ~A.
tamarense and H. triquetra were able to coexist with S. costatum only when silicate load was small.
Under high frequency nutrient supply (daily), H. triquetra always predominated over A.
tamarense. On the other hand, under low frequency nutrient supply (weekly), A. tamarense often
predominated over H. triquetra and sometimes coexisted with S. costatum while H. triquetra was
depressed. These results showed that A. tamarense can coexist with S. costatum only when the
latter is limited by the availability of silicate. However, low frequency nutrient supply conditions
are highly favorable to A. tamarense than H. triguetra. These results obtained in the present study
suggest that the proliferation of the toxic dinoflagellate A. tamarense in estuaries can be prevented by
controlling the riverine nutrient loading ratio and the supply intervals.
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Table 1-1. Shellfish toxification with paralytic shellfish
poisoning (PSP) in Hiroshima Bay during

1992-1995
. . Maximum toxicity
Year Species Duration MU - g7
1992 Crassostrea gigas 23 Apr. — 15 May 38.0
1993 Crassostrea gigas 9 Apr.—21 Apr.
6 May — 28 May 9.84

1994 Crassostrea gigas - 2.78

Tapes japonica 11 May — 25 May 6.41

Mpytilus edulis - 2.50
1995 Crassostrea gigas 22 Apr. — 22 May 37.4

Tapes japonica 18 Apr. — 17 May 34.8

Mpytilus edulis 14 Apr. — 22 May 9.96
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Fig. 2-1. Location of the sampling station in Kure Bay.

L7z THEXEEEEHE 0%, F4F, BHOHEL
ERRT T V7 N2 TH B Alexandrium tamarense O H
BRI T 5225 ) ¥ TRENE B KERBE ©
HUMI TN TW5S, CORERRS L, R, I
T SAYA BB IR R & & 12 A, tamarense 78
BLRBEIOMTIERTHLLIHLNERY,
372, ZOHRBEBHEMioOBEIR L EEFRWZ & h
5, REBIBUIREOREFTD—2THSHH) L)
WEDPLENTWE (EBE 1995), chbnZ i,
AHEBIC BT B A. tamarense DIEFEZIET 5 2 L5
BEEAOEHMEHENTALI A THROTCEETHLZ L
ERBTLHLDOTH S,

DX BBENS, ARTREBEICBITS A
tamarense DFLBBLBPETHEHRL LT, RET
199548 2 A% 5 5 A % T1T o 2B B oW Tl %,
S5, BONLERPD, MIERICBI) 5 A tamarense
DOMAEREEIRE L BIBER & OBFKRIZOVWTEET S,

A A &

BHNZ R D 5 R BRFA BB IS ERAE ORR
#10m) BT, 199542 H16H» 6 S A3IHE T
Fo7z (Fig.2-1), BUNSEIZE 1 ~2mE L, KAjE
LC AW omEiReRi 2 R PAAICAT 5 72,

AKEBIOESZ7 Ly 7B THE I guTFy b L
AR —ASTDICE s THIE L2 T2, N Y%
FAWTERB Om) 25, NV FrgkBsAvCyE
Gm) BLUER GEELE1m) »58KL, BHEWE
BLUCHRWEREOSH 2O 777 &
IE R - e A B A '

FOREEARRE (POC) BIURIREABZEE (PON)
BRI L7:80Kk% & b0 LdshEk (450°C, 2 HEfE) L
25 AT 7 AN—T 4 % — (Whatman GF/F) Tl
5@ (<20 cmHg) L, Yanaco #:# CHN 2—4%




66 Lt

(MT-3) IC& > THH LTz F72, ZOWEEH VT,
TUrEST7TREE (NH-N), HB+-HMBRReER
((NO,+NOy-N) BLUBfFEE2ER (DIN) 2%h
EhA v F7x/—iE (Sasaki and Sawada 1980),
Cu-Cd BTt-F 7FNVIZF LV IT7 I Vi (Wood et al.
1967) B X CCBHEE S U ME S & -Cu-Cd & T
(Koroleff 1983a) 12 & o THHT L7zo NH,-N & (NO,
+NO5)-N @Fl1% DIN, DTN 25 DIN 22 Lilwizd
DEBHEEBAHER DON) & L7

RAREY ~ (PP) OFWIEAKE D O L OHEMRE
(80°C, 1043) L7=2A¥ 7L ¥ 74 v%— (Millipore
type HA, L4 045 ym) TURSIEER, BSERBRME
SME-F) 757 7 — (Strickland and Parsons
1972) IZ& o> Tt 72, ZOWHEH VT, Y ¥
EERE) » (POP) BIUWBFESY v (DIP) 2<%h
ZFNE) 757 v 7 —k (Murphy and Riley 1962)
T OHBEEE Y ) INESME-E Y T T v—# (Koroleff
1983b) CX o THH L7ze DTP 55 PO,-P ZZ LG\
72bOFBEHEEERKY ~ (DOP) & L7,

B AFE BS) BRKEZ27VRT— - K)
H—RKEAL b ATV T4 07— FLE04um) TH
FlIE L, NaOH ##-€) 757 v 7V —# (Ragueneau
and Treguer 1994) 12X o THHT L7ze F72, WHITE
Y 77 v 7 )V —iE (Strickland and Parsons 1972) 12 &
L5 AR 4% (Si0,-S1) OFGHIE L7z,
 suuv4lVa (Chla), 7=*E%E (Phaeo) WK
KERMEYL VD —X 7 4 )% — (Saltorius SM11306,
L8 045 yum) THEFIMEBEL, 95% 7 & ¥ THiHE,
W3t (Strickland and Parsons 1972) 2 & 0 45#7 L7z

Y7o vy YEORESB L CHBEEORHERIERE
EOHKE 5 REUNIBERHE T TRET A2 LI
Lo TIT o720 ‘

& R

Alexandrium tamarense O MBEZREOLE A
tamarense & 3 B A2 1 cells - ml™ DM E TH
B L7 (Fig. 2-2A). 4 A AICHIIREE W 10 cells -
ml/ ' ZLEEY, 4 A17H SmBTEEEE (140 cells -
ml ') SEL. TOH%, —RNCEILZ 004
BTA»S 5 Hamch T CRUEML, 5 Akmicid
WL F72, 4 B28HWIE 2 EgMMICmE, BFS
CEBEETTHAH L ELRLKBOMMK (Fukuyo
1985) DFFEL BB E iz,

SRIEIICIE, BN EZ8LC, ZEBLY bHEME
TEEECHET A HEENA LN, L LD E, W
Ry LK EERRICIREBERPEEBIIA LN, Zh
12, EMEOETICE DR, MlRFRET CBEH LA
LB EEDbNS,

Py

Depth (m)
l I | I‘llnl 11 |?

-
(=]

Depth (m)
l -] I(|n| 11 I?

ey
o

Depth (m)
Ly v s I(lnl 11 |?

ey
o

Depth (m)
[ I‘-lnl 1t 1?

-l
o

o

m

Depth (m)

-t
o
|

[=]
o -

epth (m)
1 |C{Iu P11 I

m

10—

Fig. 2-2. Temporal changes in cell density (cells - m! ") of the
dominant phytoplankton species in Kure Bay from
February 17 to May 31, 1995. (A) Alexandrium
tamarense, (B) Skeletonema costatum, (C) Chaetoceros
spp., (D) Heterocapsa triquetra, (E) Leptocylindrus
danicus, and (F) Prorocentrum dentatum.
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Fig. 2-3. Temporal changes in (A) water temperature (°C), (B)
salinity, and density (sigma-T) in Kure Bay from
February 17 to May 31, 1995.
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Fig. 2-4. Temporal changes in concentration (uM) of (A)

ammonia-N, (B) (nitrite+ nitrate)-N, (C) dissolved
organic nitrogen, (D) phosphate-P, (E) dissolved
organic phosphorus, and (F) silicate-Si in Kure Bay
from February 17 to May 31, 1995.
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Fig. 2-5. Temporal changes in concentration of (A) particulate
organic carbon (uM), (B) particulate organic nitrogen
(uM), (C) particulate phosphorus (uM), (D)
biogenic silica (uM), (E) chlorophyll a (ug - ™, and
(F) pheopigments (ug - ™) in Kure Bay from
February 17 to May 31, 1995.
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tamarense IR ZERT 5 L9 oy S5 > 7 b
VREE Y A L BREEAVNS v (RIREENE, HUR
1987), %72, BAELICHHHL, 97 I 2 THEL A
W, MWREEFDBEHADIE, BIEIZLZEDOHRD
I BTN OBERLIC L 5T, MESHES LS
Thr)H EHERLENTWS (White 1976) . Therriault ef
al. (1985) X St. Lawrence Estuary T® A. ramarense
Ok, BETAHAINCE > TEEEINE TNV —20D
BRER—FHLTWEIEND, KEOREEZD1ZHT
FHIADOFEADPREOWMZELE L TnETHAH ) L
WLTwB, —F, BED LI ZAKEORCHNERTIX
BERIZ & D BRAKEOWMIANFHAT S E, BHETS
HHE I & D EEKASRAE T 720, BN THEROMEY 7
SV N UEBHSETESTLE ). SHOBMITD
KBS DIET A SN BEMERIC A tamarense 73H
W57 (Fig. 22A, 3B)e SO ENG, AHO
HRICBR 2D L BIEHARRECEE LTS
DbOLIERIND,

DIN, PO,-P B X U SiO,-Si i1, FJIIAITHAL,
HAREOET L-BOFRBTRABUITEM L2, 72,
INnSDHEKRL & DIN B XU POP 2B B,
BBURKEETHY, SiO-SilcBLTDd, 3 Adadr
55 AT TOHBTERT T 2EmMRA LNz (Fig.
2-4)0 TOI L, FFIZRBIERICMHE SN L RER
DOREFDPTINKDFEABELTRETHAL) L%

BLTW5, £2°C, RERRELETEOBREH
N2l h, EETEIEOREERL ITHES L OMHIC
HERAOHEAES 5N (Fig. 26, DIN; r = 0.95,
PO,-P; r = 0.89, Si0,-Si;r=0.92, p<0.01), 22T,
WAM3BOBOREXBRTONY 7757 ¥ NE
(DIN; 1.8 uM, PO,P; 0.22 M, SiO,-Si; 11 uM) T

50
O

(DIN) = -54(Sa||n|ty)+180
r—

25 30 35

| (PO4-P) = -0.057 (Salinity) + 2.1
@ r=0.89

PO4-P (uM)
[=]
T

0.2
0 1 I ) 1 I I ) ] 1
25 30 35
50
1 (Si02-Si) = -4.2 (Salinity) + 150
o~ 40— r—O 92
= i
=2 304
E?, 20 ]
S~
@ 10+
0 ] T ] 1 I 1] ] L) 1
25 30 35
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Fig. 2-6. Relationship between salinity and (A) dissolved inor-
ganic nitrogen, (B) phosphate-P, and silicate-Si con-
centration at surface in Kure Bay from February 17 to
May 31, 1995.

LERETHE, FREFNONBEROLF OEIS 2
DNy 2 TSy v FERELFIWER, AERLE%
KHONBEBRELRLTWSLIDEEZLNDE, 2D
LI FENIS, AW ENTHAKTODIN, POPBL
UF Si0,-Si #EEE IR Zh 2 180 uM, 1.9 uM B X UF 140
UM LR SN, TS D% 199645 3 ~ 6 HIZKH
N EFEOKEAFFEDIZTHUE S NS FKERORER
Z (DIN; 120 uM, PO,-P; 1.8 uM, SiO,-Si; 180 uM, #
IEME) EHEELTABE, DIN 22w T L5ERE
Eho 7275, POLP B XU Si0,-Si 1B L CTidiZiz—3%
LTz BETIZD H25, ZORKEDLEJITRBE
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Table 2-1. Reported half-saturation constants of nutrient uptake (K,) for the ma-
rine phytoplankton species observed in the present study.

. K, (uM)
Species
NH,N NO;-N PO,-P Si0O,-Si

Bacillariophyceae :

Asterionellopsis glacialis 0.6 — 1.5°  0.7-1.3" - -

Chaetoceros debile 0.5” - - 2.29

Ditylum brightwellii 1.1? 0.6° - 1.9-459

Leptocylindrus danicus 05-34% 12-13% - -

Skeletonema costatum 05-3.6° 04-05° 0.7%9  04-13°
Dinophyceae

Alexandrium tamarense 2.0° 15-28" 19-26%9 -

Heterocapsa triguetra - - 1.6° -

Prorocentrum minimum - - 2.07 -

9 Eppley et al. (1969); R Cﬂonway and Harrison (1977); @ Paasche (1973);
® Tarutani and Yamamoto (1994); © This study; ? Maclsaac et al. (1979);
® Yamamoto and Tarutani (1996);  Cembella ez al. (1984)

R S N B IR, 4512 PO,-P B & UF Si10,-Si D KER
SEANKOBACKEL TWBILE2XFHTHHOT
H5Bo

PO, P REZBNHM Y, BBURKEETHD,
CHEBTEHBRNREAETHS 5 A31HZKR & 02 uM
UTFThHolze BENEREFH,LFLNTWEIEEMY
TF v b UREITE B POSP BLY AL O PRl Bix
05~3uM #BETH % (Table 2-1) —77, DINEEIZ
ERERICBVTH 07~ 10y M BEEELTEY, B2
BTEBRICA SIS S. costatum % Chaetoceros debile
DEEFEH (04~05 uM) EHET 5 E RV, L7
MBoT, VryBREBIBTLBNNMPoREY 7>
M OBHEHIRL CWAERO—D2TH L LRI
%o

Si0,-Si BEIL, R TERTAERERICL A A
BRIEIN D 3R D REREH (0.6~7 uM; Table 2-1) &
W, BFLHNEVEREZ LRV LELERDDL,
Si0,-S1 12DV T, 5~10 M OBEAITEL, ZHU
T OWRETIIMMDOWEIE G - T C O BEFIIAET
TERVEVWIFELDHLZ NS (A 1979, 7
A RPHEBEHOMBEZHIRL TR RTE XD
ha, £/, SHOBHEICE T, S costatum 5
Chaetoceros spp., R\>C L. danicus ~& 9 JETHE
HOBEEIE L. RIS OEERIZr f RBEO
BETFICHBBIISEL, 74 RICLZHBERRT T20ik
MR BEASEIN S % 4% (Bienfang er al. 1982, Harrison et
al. 1986), L. danicus %° Chaetoceros B OEMIXr 4 &
BREOERTHICH NS VILREE L HERT 5 Z &S
n T2 (Bienfang and Harrison 1984), L7245,
B CHR SN HEROEER 2 I REEICRESh
LELEBEEO T A RIRFEOKT IS 2RE0MESL L

THATHZELWEETH S,

A. tamarense \ZETEE O B HHEIARIE S A b 2K
THI LMD, KRBHICHFET S VA N OBFERR S
O YA M OWRIR - SEFAEBICHT B ERIEFED
RABEEELZHAL,ICTEI) L TEETHD L) IBH
Ak ENRTwA (Anderson and Wall 1978, Anderson et
al. 1983, Anderson et al. 1984), LMl (1995) 1XIEE
BERPICBITAARTEY X D OKFE - SRESAHIZOWT
REZIT, YA NOSEESMR L RENROSHE
HEBEIBOTEILL—BELTWwEZ L, T2, —HD
W (BREZEDL) T 1.0X10%cysts + ecm > 22 5
BOWEETAEY A MBEELTWAZLEHLAIZL
720 SO XY A MPAFMED seed population & LT
BELBHPRLLTWAEI LI THEE, RIZZ
NHEDYRMPTNTHEFL, # 10 m BEDOKRDOHE
HmHcE vz LT, TOEER 1cells- mi™!
BEICEEYT, ZRICBNSNEEREL BT 5L
1 ~2H/h& Ve Lo T, 7h—20BRLVI K
T, VA MOGAPERBICHETAURICNZ, RIEM
fansamAMICH T AR bEREL & b,

S oBlH» s, BREIZBWTIX, (1) A tamarense
DM D S. costatum X Chaetoceros spp. & £ DH:
BEFARBENRBEECTEELTEY, ZhbOETHE
BREERIFOONLWIE, (2) BEKboEEER
IERE, FFICPOPPERETHLHI LH, WY TS
Y7 bV OBFEE POSPIZ & o THIB & T B W REN
PEWZE, 3) FEROBFIZECTIKOTAIK
HLTBY, RENEEETHL L, FHLr LR
o TOXD LERIT, IEBBICBIT 5 A tamarense O
WSR2 BT 29 2T, SBEICYT IS v
7 N OBRHEIRE R O N ERERIRICHE H L2205 db
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BThHHILERTLDTH 5,

$EME Alexandrium tamarense N') »ERIEEV)
A A B S VEEDEN /1% Heterocapsa
triquetra & & U Skeletonema costatum

& DEEE

FEEIIRY 75 7 b VML OV TOBEGE R
MIBZICE EE ST, HARRETICBI 2EHOBRFR
PERR e 317, DV CIIHEER BB CREL RIZTHER
BRD—DTHbh, ZDD, WWYTI ¥ 7 b OWHE
LEREEOMBREERNICIBEL LY LT ARADE
{DOWFEEZIC L » TITPh T & 72,

W7o v o b v OWIEEE & R & ORI, &
B OOBEONMBHEOEFT VR TRENS, U ED
X, BREE (W PZOWMEEHEIRL TWLREED
= (S) IKREFETAHE VI DDT, Monod D& LT
moshnTwsd (Monod 1949),

S

Pt (3.1)
2T, w, EERCKILBERE, K 3FBMERTH
5o Monod #3id, BREKPOREIFRE LY TS
Vo b OMREINE L A ERBEST A0 THEIL
o, ERENERETEDLIZTERETHL. LIL
A5, WEOLFESE CIHEBEORERRE CH
ETHIEDPHEEICHE LV E V) FERNZMEDP L
B2IE, 7¥EAY v MEREEOYS, WHERED U,
WEVEEZ R &, BREARIRL T 5 RERDORER
BE, RHBEANTER3), EEOF—7~DB.1K
O#EBIZLIETLIEREEL %25, —F, Droop (1968,
1973) i, HERHEEEDSBREK T ORERRE ICERIRE
THDOTIREL, LLARBEOMBNEEER (Q &
BELTWA I EEERNIR LA, T, RO
Droop X TH %,

\ O,

u_,um(] 0 ], (3.2)
ZT, Wl Q VERKOBOIEMAEE, Qi Q0
DE/NEHETH Ho Droop DRWIEW T T v 7 b ¥R
FEEOME A MbHT, ERNICRIBTRIILI L
MHNTw5 (Droop 1983),

W75 Y7 bk BRBEORY AAKEE (p)
%, BEOKROBRE (S IERELT, BEREATS
% Michaelis-Menten &R U OXRD & 9 ZET VK
THEBEENS (Dugdale 1967),

P = Pooax (3.3)

K5
DI, pue REKIY BHKE, K, 1HLMAERT
BB

W75y b Y RHIC L > TENENR% o 1R

BEEZB-TBY, ZOBVWISEEEL2D AN
FICO RS NG, FEEOIY AL PLHWIIIZL B O
PORLFEREICHMLERTHY, LROETFTNVADOE
AEH L T TR D DU EOBRIIT . Lo
T, DroopE 7 )% Michaelis-Menten€ 7V 4 515 b
BEBOINGA—FHRED LD REBREREZFONE
WO RIZBWTHHETH S LIV R, L2LRY
B, REHEOW) ALRPEHE Vo -BREBITLTE
SR7ME, TNODNRGA—FBNW TS5 b D
AT ERTMorOBEE LD B L HHNT
b, I, TNETREBEZOHROERVHSH L
o, RERNOLHTIIBWTS, FOBEBEEEZE V.

WY, BRECBIHEM TS V7 P v OMBIRER
Lo THIBENTVEBEEPSVEEZEZ LN TV
(Kilham and Hecky 1988, Mahoney 1989), € ™7z,
FROLILEEMEY 7T 7 P OB L URER
WY A DB EEN L, doldd NO;H-N B LLIE
NH,N 28 RIZITbNTELZEEDH L, LA LA
B, E, KIFHBETEPKFOY Y oERR) ¥
SERUAROERZEOBBICL T, YV VORARTE
PRAERICH B BIAE, W 1991). F7, R4 -
HE (1990) 1%, FEBERIINO-NZRMLTD A
tamarense DWETMIE LA SN H o 7298, POLP O
MTEOMEPBRHRES N LBMELTWD, Zhb
DT Eid, RPHFBTIERLD DY VWS T >~
7 NUOEEEHIRLTCWAILERBTLHDTH
5o

2 ZTARETIX, A tamarense & RO HEFEIFIC b
HEBR CHRENEEECHEEL TV IIFEE A
triquetra B & OEEEE S. costatum D) Y HIREHTIZE
\F B HE5E R & UNT POL-P BUY 5AH D HARK) 2 B 15RO
HEHLMIL

MRs LORE
MG EBERY EBRICHWE A tamarense 131992
4 5 IR BIEKERBS OB ILBRKIEBE > R
W, 2L 7-BAEK (ATHS92) %3y 321, €Xv b
Pk (WS - T 1979) KXo TEBLLzZ u—
CHTH B, 7z, S costatum B LT H. triguetra i &
HICEEDI995F 5 AL BB, S ML, AR
HL-EH 70—V KTH b

HRACHEREREICIE, JRBBRBIK T VTR L 72
KEafk £/2 ¥ (Guillard 1975; Table 3-1) {Z -3
W% 5%DEETHRMLIdO%RHmE UCTHEE L,
TR, RBERE» O RN L RRICHERD
44 R EME, F— 7 L—T75 (121°C, 30
M) TAHIEREVER Lz, —F, MiEERLPICAR
BRI, ATHEK L1 354 (Guillard and Hargraves
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Table 3-1. Chemical composition of culture media.

£/2 L1
(Guillard 1975)  (Guillard 1995)
Seawater 1000 mi
Distilled water 1000 ml/
NaCl 410 mM
KCl 8.0
MgCl, - 6H,O 14.8
MgS0, - TH,0 20.3
CaCl, + 2H,0 2.7
KBr 10.0 uM
SrCl, - 6H,0O 100.0
H;BO; 97.0
NaF 10.0
K1 0.20
NaHCO; 4,76 mM?
Macro nutrients
NaNO, 883 M 883 uM
NaH,PO, - 2H,0 36.3 36.3
Na,SiO; * 9H,0 107 107
Trace metals
FeCl, - 6H,0 117 uM 11.7 uM
Na,EDTA - 2H,0 11.7 11.7
MnCl, - 4H,0 900 oM 900 nM
ZnS0, - TH,0 80.0 80.0
Co(l, - 6H,0 50.0 50.0
CuSO, - 5SH,O 20.0 10.0
Na,MoO, : 2H,0 30.0 90.0
Na,SeO; 10.0
NiCl, + 6H,0O 10.0
Vitamins
Thiamin HCl 300 oM 300 nM
Biotin 2.1 2.1
B, 0.37 0.37

# 2.38 mM in original L1 media (Guillard 1995)

1993, Guillard 1995; Table 3-1) #H\7zo 727201, 3%
BHEL ORI 75 ~ 7 b v D5 % IR
T AR ZEIR L, NaHCO; OREME % 2.38 mM 2»
L 476 mM ICHE L, EXREBLTY ViFEE L TIE
ZNZFN NaNO; B X ' NaH,PO, - 2H,0 % fivy, SiO,-
Si (Na,SiO; « 9H,0) & S. costatum DFFREFIZO AR
ML72 NOs-N, PO,-P B LU Si0,-Si iEE 1, #he
N200uM, 2uM BLT200uM & L7z, 2hoaHl
W, WEBICERA L, BERBORER 15£1°C, X
FREFIZ 200 uE - m~% -7 & L, BHRSEENZ 121: 12D
WZEkE L7zo

FEFIEE WML CoOHREBEOMBASTEREELD
MRE EENICINET AR, BBELLTIEA
Fy MEREERD LRV A 72 X%y MERKER
VBB EDVL V. AFEICBVTH LY, 71
A5y MEEEEOME 2 RALY, HEMO—D A

»

tamarense BEERERBETH L TZOWHEEZHE LS
HESNLZ EhE, EHETLEE L\ PEEiles
BH L.

PO,-P % BFEHIREF & L7z 8 v 753 TR Bl
DM % ELEERE % 10~12480 300 ml =A 7 F A2
12 150ml $o5E L7z, BH L VEHL0:00~10: 30
IR (A tamarense B & U H. triquetra; 0.10~0.35
d™', S. costatum; 0.10~0.50 d™") ZJE U CHERE K
xRy, ZhEiFEO LI EREFRMLZ. REWo 72
BERTONMBEELEHNEL, Z20EHRE5%D
HMXTRAEPICINS L7z e &, RIIEHRBISELZEA
% UCHME R, BERP O PO,PIBES XU POCIR
ExlE L7

MR Y e ER (Q) & POP DEEELD HRA
XD RDT

S

_So—
Q= N

2T, S ko PO,-PIEE, SIEEERTO
PO,-P i, NEIHMIBEE TH L, T, HEEROFMN
2 X DA U7 E AR R 24T ) L TR
HOFFERICREET 0L E2, WHEEE (W iX
KAWL o CTEH LA (Tilman and Kilham 1976,
Nakamura 1985)

3

u=-In(I-D),

ZIT, DIIARETH 5,

HHREE AN ) Y SR RDOBE L LT Droop @
A (B2)TERL, MENEEBEREE IOV TERNIC
B L7z0 78T A—5 (U Qo) 13, FERTER/HIAREL
X oT#EE L
) CBMEDE) AH BRI AADBRBERGEZ ST
i3 % 720124, FEBEBRIME, ZOHY AREEHN—
ETHLHEMAN, Thbh, MEBOBREIELLRZNX
3 GBI TEREZTY 2 LB 0EE %5 (Harrison et
al. 1989), #Z T, AWFFETIE, 9, PO,PEY AR
DR LEBEMEZRAS L L, TOREELD LI
BB BB 0 IS D BB AEAL L 22w X 9 2B T PO,-P
B AADBEKIFEICOVWTRET A I EE L,

EEIL, VY REZREBICD DMBENRIAT 720 €
D72, T, POLP #BRBIRKF & LNy F5538
RICBWT, FBREFO POLP 4G L, MO
i35 F TN EFT o720 Z DRIBEN % PO-P %
SRV L EBTARL%, BEDH 4 M 255
LT POSP BB U720 10RRI#ERE, 2 ~3050HE
THEEWEZRIL, PO, PIREORIEELE B L7z,

FRROBSETHE SN FIHERZ 100mI=A7 5 A2
P2A0Z2 50 ml TOGELZ. SRS IZEENH 0.50~
10uM 75 %5 POP ML, —ERREER,
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BEREFOPOPRELHE L, FEFMIT LBOR
DAABREORIBENMICET HIERBRICETE, A
tamarense B & U H. triguetra D& 21320400, S.
costatum DY EWITZ S HBE L. £72, BmMEO
PO, PEX, o2 LORKEEREL IR L THREZR
FLBERICPOL ZHML, F0RELZHEST ST
LIk o TRD . T_TOERE, WHHHHT T
720 WUV AARBEL, BAEFHED POSP DREEL L
Ko, BNEO POP BREOEE L L T Michaelis-
Menten &, (3.3) THTZ & T, ZOEERTFEICONT
ERBIICFM L7720 789 A =% (Opaw K,) &, FERTE
BABREICE o CHEZE L7
SHFEE POP BIUPPRER, AKkEHOHH-LD
B¥E (80°C, 1043) LAAVYTI VI 45—
(Millipore, Type RA, FL#& 1.2 um) THFIHEE (<10
cmHg) L, #hEhEY 77 7V — (Murphy and
Riley 1962), MIERBNESHE-EY 757 ¥ TV —&
(Strickland and Parsons 1972) ik > TH#T L7z, %
72, POCIIEXEKE D OH LA (450°C, 2
M) L7739 A7 74/5=74 V% — (Whatman GF/C)
TIRS|3ER L, Yanaco #:8 CHN 2—% (MT-3) =/
WTHHT L7z

WX, RKEN T— VI THEER, Sedgwick-
Rafter 34K, Palmer-Maloney MU L < iZMERE
BREEH, D2 b400la% BT LicLo
TRD7zo

& ®

HIEOMIEAY S EHERFE H wriguetra BX U S.
costatum Ti&, FOEEREBRICBWT, FBETO
PO,-P I IZ TR T ORFE CHRIEA (0.01 uM) B
TTHY, ThoOWHEAPOPIZ Lo THIRShTw
LI LM ENT, A tamarense LT, M
#%0.10~0.25 d7! D#IFE Tix POP 2 &g, &
FEDOBAIT D Z DOHID PO,PIZ & o THIBE S Tz,
L L, #REH0308 50703547 oA, Ml
WEEDSEMIRAT B & L DS, MELRVLREBPIC
PO,P FBIEL T ize Thid, BE S { MR AME
OB RBFEEEI LD 2720 & U85 (washout)
THHLEZDND,

Droop O & FLAk b b7z A tamarense D Y, B &
0 O, EZFNZEh 054d7", 0.56 pmol - cell ' TH o
720 ¥72, H triguetra B LU S. costatum O i, 13T
2n072d7 ' BLUT1.2d7), QpiEFNFI0.21 pmol
cell ™! BL U 4.0 fmol - cell ™' £ BRED SNz,

FIZ Lo THIET A AFKRESERLED 20, MBAY
VEKBORIEL UTHIKMN P/C leE vy, 3 EOMIE
Wtk % I L7- (Fig. 3-1, Table 3-2)o A. tamarense O

~1.0

T - Skeletonema costatum

9 0.8

[ -

£ 0.6 Heterocapsa triquetra

5 .1 I

S 0.4 “ ----

(5] - 4

£ ;

8 0.2 ’ Alexandrium tamarense
4

=3 H

» 0.0 I I I | 1 l I l !
0 2 4 6 8 10

Cellular P/ C ratio (atomic ratio)

Fig. 3-1. Comparison of specific growth rates as a function of
cellular phosphorus to carbon ratio for Alexandrium
tamarense (@), Heterocapsa triquetra (4 ), and
Skeletonema costatum (®). Each curve shows the
best fit to the Droop equation.

Table 3-2. Growth kinetics parameters of Alexandrium
tamarense, Heterocapsa . triquetra, and
Skeletonema costatum obtained by fitting the
Droop model to the experimental data. 95%
confidence limits in parentheses

QOC :u‘mc
(pmol P - nmol C™) @m

Alexandrium tamarense 2.0(1.7-2.3) 0.59 (0.50 — 0.68)
Heterocapsa triquetra 2.5(1.9~-2.8) 0.71 (0.50 - 0.91)

Skeletonema costatum 1.3(1.1-1.5) 1.2 (0.88-1.5)

MBLPI P/C Jik, S. costatum D1.0~5.8F51H L7z
IO EiE, AEORMMBEAY) Y EFEHLYDRE
IRED S. costatim \[THAAHM TP SWI EZRLT
Wb, £77, 1,5 0F (FhENMBENY vEEEE
HURESHED ) TRLIL EORALEMEEES
JUHMREGSHARD ) ORDMBEANY) Y EHR) 12
MLCTREERTAELZ (P<0.05) 2RO LHNT,
$%bb, A tamarense i S. costatum T, u,C A
12 ThHHDIHL, QF BHISHETHo7 AEOH
#RiZ H. triquetra & S. costatum EDETHA LN, H
triquetra @ 1,C B LV Q,° 1 S. costatum DENENKY
358X 1IETH o720 —F, A tamarense L H.
triquetra & % W 5 &, MEMICHEREZEZZRD LR
Wb DD, A. tamarense DI H. triquetra X ) b u',°
0.83%), Q,° (0.82f) & ISR H - 2o

) ERIBE Y AAH DRRESEAL A ramarense DHE,
PO,-P iIN#B#200 81, (ZIZ—E0HETHY AAh %
1T, 200 #HOMBA Y &AM O 13812
EL. FOHBOPOLPHY ALAMED EFRTEET
FIE—ETh o728, RINE205 B O AKBE & A
BHEBBIZIET LA (P<0.05, Fig. 3-2)o H. triquetra
OB S, FARICELY AR BB DT 55 POP IR
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Fig. 3-2. Changes in external phosphate concentration after
perturbing the phosphorus-starved cultures of
Alexandrium tamarense (@), Heterocapsa triquetra
(&), and Skeletonema costatum (@) with 4 uM
phosphate.

Phosphate-P (M)
.7

=3
i

200 THR BN, E72, 200 DR AAERE S E
B THE TIRIZ—ZETH o7 S. costatum DHFEIZ
%, BUY AARE DK T A POL-P i 105 LA &
rO;hff:o

1 UBRIEEN ) A A DBEMKTEE  Michaelis-Menten 3

15
~ - Skeletonema costatum
= Ve
2 ‘E_) 10 _— .......... . ........... ‘
E _6 | o
o - .
g g . * Alexandrium tamarense
2% 5
5 41¢ e 88—
E ]
~ - Heterocapsa triquetra
O— 1 I I I 1 I 1 | | I 1
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Phosphate-P (¢M)
Fig. 3-3.. Comparison of carbon-normalized phosphate uptake

rates as a function of external phosphate concentra-
tion for Alexandrium tamarense (@), Heterocapsa
triquetra (£), and Skeletonema costatum ().
Each curve shows the best fit to the Michaelis-
Menten equation.

®

PO RED SNz A tamarense O e BET K, 3ZN
ZN 1.4pmol - cell ' - h™', 2.6 M TH o7z, F72,
H. triguetra B X U7 S. costatum O pq, 13ZENE1 0.39
pmol - cell ™! - h™' 3 X T 38 fmol * cell™' - h™, K, i&
FNFN 1.6 M B LT 0.68 /,LM LRBEb bR,
PO,P B AAEE L A REEFRED ) TEL,
3 #D PO,-P LY JAAER %J:I:i?)? Lt (Fig. 3-3, Table 3-
3)o A. tamarense i S. costatum \ZHA .S CRALRTE
EHED ) ORKPOLP LY AALEE) 2/ EVDIT
L, K, (POPEYAAKEL BIURKEHERD
DTHRLZE EOPMAELH FREVEWIBRNIE
Sz (P<0.05)o H. triquetra ® p,,° b S. costatum
DENCHRTHEBINE Do 7245 KB LTE A
triguetra DFHVRE VD ODFDEIHETH S LiFW
2 o770 A tamarense & H. triquetra & TUE Praxs
KC LD CHBLRENRD DN o zt, WO PO,-P
WY ALEEZ BT S &, BRESET G2uM) T
A. tamarense DF VR E VETICH - 720

Z =

A. tamarense & S. costatum & OFEBTIFEWINT A —
FEIEETLE, WHOKIIBNTY, 72, POLPD
WY RACEH L CHERBLESRBD LN, Thbb,
A. tamarense O ', \¥ S. costatum D12\ HBET, F
72, A. tamarense H* S. costatum & %O HRE THHES
L7012 1.5~ 2 oA Y ERREELEL L
770 & BT A. tamarense ® PO,-P EL Y AAEE X, B
KA D PO,-P ASWh 72 HiBETH - Td, S costatum
2T o7z, FMERDOBRIE, H triquetra b S. costatum
EDMIZHKY LD, THZLIE, HRABETICBY
T, POSP DAEWM TS V7 b v OBEEHIRNT & L
TEZ8H121%, A. ramarense % H. triguetra 7% S.
costatum L VEETHZ LT BAHADTE, /\ﬁ@"é
ZETEZIARATARTHALIEEZERL TS, L7
o, A. tamarense S H. triquetra H3% OEAREE % 3L
KT BH72DITIE S, costatum OEFEVMMOER, B2
SiO-SiigERE, Lo THIRENALZ EBMEE R
%0

Table 3-3. Phosphate uptake kinetics parameters of Alexandrium tamarense,
Heterocapsa triguetra, and Skeletonema costatum obtained by fitting

the Michaelis-Menten model to the experimental data. 95% confi-
dence limits in parentheses
c c
Kp Prax i, pmaxC/KpC
(uM) (pmol P - nmol C™)
Alexandrium tamarense 2.6 (1.5 —4.6) 59( 48— 7.6) 2.3
Heterocapsa triquetra 1.7 (0.78-3.5) 44(35- 5.8) 2.6
Skeletonema costatum 0.68 (0.13-1.6) 13 (11 -15) 19
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—%, S. costatum DYEFEH PO,P UM OERIC X o
THIRENTWE2EE2BET S L, A tamarense &
H. triguetra DBEHFHRD POLP O B R HAG S B
S o TS AR AL 5. YT T V7 b D%
BRI T O 3205 4 THHH I LML
nTw5b (Sommer 1985, 1989),

(1) KR OSREE 2 REEMITHY A T BN
(affinity strategy; Ppa/K, 25K) o

(2) BWMYRALZREELZELPICHAL THET S
WA (growth strategy; 4 25K) o

(3) BUYRAAZERBEEZMBAICEZ 2 EHIEE
(storage Strategy; Pmar > Ln) o
A. tamarense & [y WCIERBE p FREVI LR D,
LB E LI THLEEZOND, —F, H tri-
quetra i3y, BFHBHRKENZ L b, HHEEE L5
BThbEARELI, Lo T, POP P EERIC
SN TWS X I REMT T, WMYRAZPOLP %
FRPICKIE LTS 5 H. triquetra AR TH B D
2L, POP 2 SVARITHE S NG &) REHT T
1, BHGEICLERD E D POLP #HLY AA, POP iR
EEDME T L2Z2BSIC e R L Ol 5 2 LS REZR
A. tamarense AR N 2 5D D THA ) T LIUHER
b,

W75 v 27 b Ak BREEOMY AAEEX, &
%, FTOBWEIKRELT, BRERISATH S Michaelis-
Menten & & W U OEF VR (3.3) TERHASI NS
(Dugdale 1967)o LA L7%255, FKEHOBY AAhE
BEAS, RBHEBEOAZ ST, MEEOAIIRE (RN
OXRBHEAERE) CLKGEL, BEE & HITELT 55
FBEREW T T V27 POV OPOBTMLNTNS
(Conway ez al. 1976, Collos 1983, Harrison et al. 1989).
#1213, Conway etal. (1976) 1%, NH-NZ72idSiO,-
SiZMAEIRET & L7 S. costatum |2 KHRER % RN
L7z& 2 OB ) AREEOEE % F-, HNE30~6057
DRICaERIY AABRONEZ L, T/, TOBRK
BRI ZENE D 3R DN SV—EDOME TR Ah e
752 %&RL, ZhEn% V, (surge uptake) B X
V; (internally controlled uptake) & ZE 5% L 72 A.
tamarense I LD LT A 3EOMY TS5V 7 F DY
¥ RZMNIZ POP Z¥RII L7z & & D PO,-P Y AH
HEEC D AROZH RO b/ (Fig. 3-4). Conway
etal. (1976) &, V, ZMBANICHEAT HREHRE S — NV
OFREHE LB, VISHBRRER T -V OFRR
2L BEIRAE ATV BB EOBY) AARETHA ) LH#
£272, %72, Dugdale (1977), Dugdale eral. (1981)
X, 20X %HES% Truncation EF NV EWI ERT
T bt 2L REE LT, Thbb, BENZIY
AHKREBEIARETH B LE LIHEIC, MIBAREE

£
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Fig. 3-4. Changes in phosphate uptake rates after perturbing
the phosphorus-starved cultures of Alexandrium
tamarense (@), Heterocapsa triquetra (£ ), and
Skeletonema costatum (@) with 4 uM phosphate.

T=VOFRRIZED 74— Ny ZJHEREFBH &,
Y A& HEE D Michaelis-Menten %% FEARTE 4O
BHEEIYYWMONIBTREAENLETHIDTH S,
Y VRZIREEIZH B A. tamarense FIL D PO,-P LY A
AEEIZELTDH, F0 PO,P BEMKAEMEDL V, ICH4
AR ORY AAD 55 NIRRT O —E
B YW SR TREN (Fig. 3-5A) . RBORLR
& H. triquetra B X U° S. costatum ® PO4-P BLY JAKIZ
OWT Y2 (Fig. 3-5B, Co

IO BRI, REERZREBCDH MRS
BRBRMLSECLTBEINS LIZR 52\ (Collos
1983)0 7272, BoRO@MERTIE, LR X) HRAERN
VARDPESUHADOHEEAr—VTRONLGELDH S
Z e H» 6 (Parslow et al. 1985, Harrison et al. 1989),
EBIBEOREIC L > TREL SNTWITRENED 5
CELAFEETHSL (WA 1993), SRHOKERIL, &
72 &b A. tamarense, H. triquetra B X OF S. costatum
O POP I AAHICH L TIIFMMN R LR 2 2T <&
Thb, I TOMETI, HFEDI A AAF—ILT
BoNINT A— 5 Z B THRELT, BRE~OHEILZ
#HU7- b, H—@ Michaelis-Menten 3% # A AA 24
BREFMCE T, BERELBEIHRLL) LTH54
RLUIZLIER SNz, L LEYS, BRERT, B
BRSBTS v 7 b ORGEEBEEZS
Ba, FREEREIIHREG - ZRMCRECEH LT
BT ENPD, ERREFEELCERILTLLEYNT
B, LzdtoC, W7y v o b Y EROBREHR
REHEOIERE LR T 5720, S HICHEER
GHETTOEREEDZRLIEFTVEEAT LI LD
HThDHLELZOND,
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Fig. 3-5. Phosphate uptake rate versus phosphate concentra-

tion after perturbing phosphorus-starved culture of
(A) Alexandrium tamarense, (B) Heterocapsa trigue-
tra, and (C) Skeletonema costatum with 4 uM
phosphate. The dashed curves show the Michaelis-
Menten equation obtained with short-term uptake
experiments. The solid lines show the internally
controlled uptake rates (V)).

BENE FEEEELYET O Alexandrium tamarense O
EkEERE & 2D ETF IV

KEIRORY A KR 2 By I ZE WA L, YT
7y ORFEERRAEEOEESELH LML
£ LT EEAE, TRITRIBELITPRTE,
Bl 21X, Eppley eral. (1969) &, WEMW TS5 27 b
YREIZDOWT, ZORBIEOIY AAH L MIEE EREN
Michaelis-Menten 33 £ U Monod 3N GEELL, 15
OPHMERF BT 5 2 812 X ) 54t R RS
WEMM L7zo $72, Tilman (1980, 1981) iX, Monod
REMARAIZBERAST TN, YOKEMEY S5 >~
7 b OB S FERE LI L,

N DOHFZEIE, EORIFGIERIRE L W REI

P

HIOLDDTH D, BMEHEOTEIEY voDIE, Fh
LOBRITHEL RITTHRA RERPEHICEELT
WEEBAICRONDG, L L6, HBRHEZE LR
ARV HERENTWAELE L SN T AT
WAREEIC BT D, NEES ZEILER Eo/EHIC
ZoT, WHKEBEHOELLZZ LIPS NE R oTE
72 (Denman and Gargett 1983). RN, EWHLR
EATAREIWHE, BEBICBVTIE, SHIZEHEER
GEEMEETAZLICE T, RPBEERBICET LD
BT Cw5, L > T, INREERRE T TOMY 75
Y7 by OBEEBRCEERERE L EET 20,
EEREBOREICETCHEFEORELD LIEEEER
REEE L7 b BHEOBENLERTRTDH 5,

HLEARBEOBREISEFIREIET 20T 5 H1E
OO LD E LTEILET 5N 5 (Hutchinson 1961,
Connell 1978), #EEICBWTI, 2O L) REILOVE
DL L THREERBOEHIEEENTYS (McGowan
and Walker 1985), ARE T, EHREICBITHHFHER
AR AR DB AR BRE TR 2 5 2 O
W75 s v, A tamarense B LU S. costdtum %
PO/P OB HENR L HEBTCREL, Thonfd
BRI OWTRE L, 372, EBERE b &1,
D XD BIEEEEETTOMEREROTH 2T E
T HEINE TN OBEE RA T,

s S UFEE
SRS S OEERS ERIAWDW A. tamarense
BLS. costatum DER 7 0 — R TH S, HESEM
HEREMELELTH 5.
EEEEEREE FERTEEREERTITV, ARE
& A. tamarense fBE At washout ¥3°, 2 S. costatum
HROWEAEED Y RIS 2 v X 512 0.25
d' &l BEABIIEDLLLOF— 7 L—TR
WahiL72500ml =7 9 X 3% v, EEROBEIX
240 ml & L7z, POSPiEEL 2 uM & L7z L1 2,
IR REAS A, tamarense DA 124 1.0X 10% cells
ml™Y, S. costatum DFEITIE 1.0X10%cells - mi™' & 7%
B5EH, V) rBE L HEHRNT & LNy FREET
MNEGEHEFOMBEEEEL, BHE»rH VT IR
B 7

R RREE CTH 5 POLP OHLRHESE 2722
B OEBREZHAL, —0iF, BEOIEFEELF
R 1 H 1H, 2uM ® POAP &t CARY 5 2
EIZE o T, POLPEAH L7, B9 —2ik, PO-P%7
HHBTHHE L. T42bb, 0, TBLXUI40BILD
& PO, P #E&teis 2 AIML, 1~6HH, 8§ ~13HH
BIU15~208 B (A tamarense DREEFOA) X
PO,P ZZE R VB THRMEIT o 72, BB PO
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PO,-P gL, 69 5 POP OBEN LI OERR L
FEe2bHEHI1014uM & LTz

1B 1E, HROBICREIALEERICOWT, #la
TR EBERETO POPBRELZHE L, MRy v&
HEE, MR»500) VoL ERL ) 51 3E/M8w
IGEL, BRI D PO PIEEOEEN XKL -
TEHL7,

So. =S,

Qs = N _ 4.1
ZZT, Qu BEU N, BERENR(G+1) HEHOMNE
WY v EREB L UHIREE, S, BLU S, BELEN
t H B OISR S L ORI O POPIRETH 5,

® F W

W75 v 7 bk B RBIROR Y AHHEEDPHE
WEREDLE 5T, MEOABIRE HRMNXEESS
) ICHEREL, B LB ICEHTIHEOHALI L
BRIE TNz, F72, A tamarense B X X S. costatum
D POP Y AKIZE LTI, D& LIRS
Truncation €7V (Dugdale 1977, Dugdale et al. 1981)
EVIAEZHICLoTHHATELZLFHL M E R T2,
Z 2 TARETE, POAP O Y AHR%E Z O Truncation £
FNERWTET L E LD

Truncation & F VD@ X, Davisetal. (1978) »5%:
B S costatum W X B SiO-Si LY AR ITHWIZE TV
LEAWICEH—DELFICEIV, £F, MBA
PO,-P ®7—) (internal phosphate pool; S) ASHFEL
TBY, ZOT—VERETELIIERDY VL&Y HrE
BEND LD ERE L. POPREZD L ILHIPIRE
hosik, Thabb, S—UABL LIEHRESN
TV WIS ERE D PO,PARIMENS L, TOIR
FEEZHRIEL T POGP 57— WICHLD AT b —TF
T VHERRENS L, Mlaidd XPCRERFEROIY
AR EFHRETET, ZTORERT— V2SR YE
LN E % EAEAE I ARB T TR (o)
WCEoTHIBRE NS, ELICHY AASEITTHE, &R
BAKE D POPEENET T 5720, REHEELY bl
HAMEE D OEY AAEEDFHAVNS L e ), BURE
JKH D PO,-PIEEEIARAE LY AR EATI o POLP L
D A O ERTEME % Michaelis-Menten . TR$ & b
HOBREUTO L) ICERENS,

P = Pumax m,
P75, S =Spme Tl B E &I,
p= MIN[pm s p,Jo (42)

TIZT, pid (MAMERSZD D) POLP LY A A
B, SiE PO,PRE, S Ml — Vo POLP &

FE, Pua TR POSP LY AHBEE, K, T EafE
B, Spmas WHIBER 7 — L OBK POP EFE, p idft
HEETH S, Davisetal. (1978) ik p 3BT SO
BI% & L C Michaelis-Menten . CF L Tw 5 %5, A€
TN TRRMMOINT A—F ZHIRL, EFNVZ L ik
T 572D ppld—EEWEL, BLETHLNV,
EERALT. E72, Shme SHD AREESMEENT
ORBEBEIZL o THIR SN TWARE (Ty) W) AE
7z POP EDSHMRBIC L ) POP ~EEAT L7 PO,-P
BEELI LI THELL, Thbb,

SI,max:TS (P - P1) s (43)

b, BREBRIZOWTIE, Droop DEFI (3.2
X)) FEHL
L7225 T, REFNIZ 4 DOREER, T4bb,
REERE S, HRAY VEERE Q, MRAT— Vo
PO P &HEE S, BLUHREE N P OBREINE, P
BWIEREBRR TITo ER~OFEAE2ER TS L, HRE
DENFNOEBORHEMIZRRNIZ L o TREE IS,
das

I —p-N, 4.4)
%%=p—wQ, (4.5)
‘ift’ =p-pr, 4.6)
%g=wNo .7

%72, A. tamarense ZHREEMEBTIZB VT, PHIC
D&H PO,-P ZWY AR, BEHICHIBLAREIT) 2 &A%
BENTOUBIERD A 1994), WMo pEEDL
L, oMo 2udBRT LRRICTbLE D LR
BLIz. HRBOMNIMEIX, FREDEDLICHEBL
770 OB EB L OERIS Table 4-1 BL UM 4212
EDTR LI YIalb—varvik, 45 A5y
506508 L72ARDNVET - 7y ¥ESEERHVY,
@A ~@NREBINTHIEICL > TTo 7

& F
Y UBIEOHIA P SEE (BH) OBE A tamarense
OMFAEE T ERBIASE, B, IZHmL, oWt
FEER TR Thiv: (Fig. 4-1A) . EBME TEOME
FHIE 25X 10% cells - ml ! THotzo —F, HEBEH
D PO PREBIUHIRANY Y EFEIZEDIIBIL,
PO,-P IFEIZ108 B HMHBA LT (<0.01 uM) @
i, 7, MBEAY Y EFEIXISHELE, 2iZ2—8D
5 (0.8~1.0 pmol - cell™) THB L7 (Fig.4-1B,C)o
S. costatum DOMRFEE D BELPITEINL 7248, A
tamarense LT B L, FOMMEILVAETHY,
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Table 4-1. Lists of symbols, with their description and
units used in this study

State

variables Description Unit
S External phosphate uM
concentration
Q Cellular phosphorus pmol-cell ™!
St Internal phosphate pool pmol-cell ™!
Op Processed cellular phosphorus  gmol-cell ™
N Cell density cells-/™!
Variables
p Phosphate uptake rate pmol-cell™ +h™!
u Specific growth rate d-!
So Influent phosphate M
concentration
Constants
Priax Maximum phosphate uptake pmol-cell”'-h™!
rate
K, Half saturation constant M
or Assimilation rate pmol-cell '-h™!
Si. max Maximum internal phosphate ,umol-celr1
pool
U Maximum specific growth d!
rate
o Minimum cellular phosphorus  umol-cell ™!
O Maximum cellular umol-cell ™’
phosphorus
T Processed time h
D Dilution rate d-!

Table 4-2. Parameter values of Alexandrium tamarense
and Skeletonema costatum used in this study

Parameter Alexandrium  Skeletonema Unit
Prmax 1.4x107° 3.8X107%  umol - cell™! - h™!
K, 2.6 0.68 uM
or 2.7x1077 15X10™®  ymol - cell™ - h™!
S mas 3.8%x1077 14x107°  umol - cell™
U 0.54 1.2 d!
QO 5.6x1077 4.0%10™°  pmol - cell™!
On 2.0x1073 5.1x107%  pmol - cell™!
7 48 0 h

5 HEICIZERIREBISEL 72 (Fig. 4-2A), BEBFO
PO,-P B IEX5EER 3 H B ICHRIBBEALT (<0.01 uM)
L, HMRaNY S EFEDMEEESTEIRBIGEL
725 HHURE, (31Z—E oM (5.4~8.7 fmol - cell ')
TH#B L7 (Fig. 4-2B,C),

INBDOEBRTFT—5%d LIz, EEHERLETICBITS
Droop €5 VEH DR BEIZOWTHRE L7z [LHFHE
B () BAX»PSHEBL, ol EfERNE
Feik: % VT Droop ORICHBTIEDBLI LIZE Y, i)

w

Cell density
(x 10° cells-ml™)
N

0 IIIIl||llIII|lIIlII

Cellular-P
(pmol P-cell™)

c ‘IIIIIIIIIIIIIIIIIIlT—l_

1c

()

(L
IIIIIIIIIIIIIIIIIIIII

0 7 14 21
Incubation days (d)

Phosphate-P (uM)

o

Fig. 4-1. Time courses of (A) the cell density, (B) the phospho-
rus cell quota of Alexandrium tamarense, and (C) the
external phosphate concentration during the experi-
ment with daily phosphate supply. The dashed and
solid lines show the simulation results by the model
based on the Droop equation and the processed nutri-

~ ent equation, respectively.

BILUQ, BHEE L7
u= {ln NH_I—II'I Nz (1_D>} s (48)

IT, Ny BEUNEERZR (t+1) BLUtH
BoMiasEE, DIIHNETH L, WS D ILIEHHEE
EHIRRY &R L OBR%E Droop DX TET Z &AF
WHETH o7 (Fig. 4-3). /2, BoON7 ), (A
tamarense 0.57d7Y, S. costatum1.1d™") BX U Q, (A.
tamarense 0.54 pmol - cell™', S. costatum 6.3 fmol -
cell ™) &, EHEMHT COEBEEL D LITHELL
B (BIESHR) LdITET-HKLTwi,

ETFMCE ST, MREE, BEBHOPOPRES
JTHEAY Y EEROREE(LEFHL/-E 25, A
tamarense 3 X O° S. costatum & b, FN O OEAEEEE
BEPLY)IEBICEHETAZLIMERTH o7 (Fig. 4-1
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Fig. 4-2. Time courses of (A) the cell density, (B) the phospho-
rus cell quota of Skeletonema costatum, and (C) the
external phosphate concentration during the experi-
ment with daily phosphate supply. The solid lines
show the simulation results by the model based on the
Droop equation and the processed nutrient equation.
Simulation results by both models were completely
equal.

D PEHEB L O Fig. 4-2 FOER) .
)L EIEDEHANRSEE (7 AR OBE POP D
% 7 BB CIT - 1254, EBERGHB O A. tamarense
ORI EOEMIIEFE B, TH Y, 108 HOME
R (5.3X10% cells - mI™Y) & PO,-P 2@ HAH L7
Ba (11X10% cells * mi™Y) ORIRICBE R Do 72
(Fig. 4-4A) s Z D14, HMRHEX15~16H BIZRD
IZEE 7o, 17H B AR, BOSEmML7z. EBRRTRO
WlEEE 1.7X10% cells - mI™! Th o7z FBEEA
D PO, PIBES L UHIBNY Y &F &I, POP O
WIEE L, #h#h<001~3.8 M B X O 0.57~
8.3 pmol - cell ! DHPH TR AR K L7 (Fig. 4-4B,
O

S. costatum DHINREEIX, PO,P 2 EBAMKL-BEE

-h
o
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Fig. 4-3. Fitting of the Droop equation to the plots of the spe-
cific growth rate against the cellular phosphorus con-
tent obtained from the experiment with daily phos-
phate supply. The dashed curve shows the fitting
from the steady state experiments. (A) Alexndrium
tamarense and (B) Skeletonema costatum.

LEIBRIC, EERBIMATE, BLICHmL 7z (Fig. 4-5A).
L Lads, EEREBEELNT, PO P OftFIZE
bhwiiL, E0BREBAT B L)LY — Y 2R
L7zo BB POLP IEX 1 HEIZHML 7218,
WAL, 3 HEDRGMEBBRADLT (<001 M) T
»o7: (Fig. 4-5C). MAY ¥ E&F &L PO,P D4tiE
ICEDBVENT S b00, ZOBELHIC—EME (G4
~4.9 fmol - cell ") ICFTHPT B EVI LB/ Y —
v %57 (Fig. 4-5B).

S. costatum D¥FETIE, POLP 2EAMB LB E L
Rk, ZoligmEE LMy v EFR L OMRE
Droop PR THETZEVPHRETHY, /2, BOIL
U (14d7YH BXUQ, @2fmol - cell ) dEHLRM
TTOEBEREZD LICHELLM BELIESR) &b
EIZ—F LT (Fig 46B)o LALEAS, A
tamarense DX, FDEEFREFEIC Droop X% EH
THZLIZHNEETH -7 (Fig. 4-6A),

S. costatum DFEEBHBBIIEFTNVICE-T, &Y
FRICHER SN (Fig. 45 90 %ER) . —F, A
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Fig. 4-4. Time courses of (A) the cell density, (B) the phospho-
rus cell quota of Alexandrium tamarense, and (C) the
external phosphate concentration during the experi-
ment with weekly phosphate supply. The dashed
and solid lines show the simulation results by the
model based on the Droop equation and the processed
nutrient equation, respectively. Inverted triangles
indicate the day when phosphate was spiked.

tamarense DEFAINE, FORBE/LEZBHHTE -0
FBWH D POPRBEOATH 7z (Fig. 4-4C PO
. MRFmECEHLCE, EHEEOBICH2HDY
AL STHBHRLNT: (Fig. 4-4A HOER) . —7F,
A CEERICE LTI, RENZESIIREHS AL
A, B 2D o 72 (Fig. 4-4B MO o

£ =

i SN B PO-P ORENF UHETD, FOME
BZEoT, W77 7 by OBEKRERIRLS
EDEBWICHLNE otz POLP ZEHMH LS
&, S. costatum IEHHTEERBIGEL, —EOM
T % MEEF Liel T 720 A tamarense \ZEEBRIIMFIZE
EIRBIOET A ETICRES o278, MRREERL
B S N E R 2o —F, POLP % 7 AMET

5
10°HV A 4
2~ o2 A
2= 10°-
S0
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. Time courses of (A) the cell density, (B) the phospho-
rus cell quota of Skeletonema costatum, and (C) the
external phosphate concentration during the experi-
ment with weekly phosphate supply. The solid lines
show the simulation results by the model based on the
Droop equation and the processed nutrient equation.
Simulation results by both models were completely
equal. Inverted triangles indicate the day when
phosphate was spiked.

HAE L2235 Eid, WS b IC 2 OMHEBEE RIS L 72
T CTHREEIER L7z 20X RERERE, %8
BoOMBEEFARBEET COMY 75 > 7 b v ok
HERBICHODEELRIITILEETRTADDOTH b,
PO,-P W HMM L2 8&121d, A tamarense, S.
costatum & b WIEFEREE LML) Ve R E OBRE
Droop PR TET Z LW TH o720 72, POLP D
Y AR B L OB EICE 2N Truncation €7V
B LU Droop EFNVEBEHT S &ICL o T, WEDME
HEBREL PR ) IEEICTFHCE 2z, Lo T, POP
PRENEEECHRINTWD L) 26, T4b
b, EEREENESEEIERL TS L) hRES
HTBT TS 7 b voBRBRSEZTFHT2
FEELT, KEFVEENTHEENVZ D,
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Fig. 4-6. Fitting of the Droop equation to the plots of the spe-
cific growth rate against the cellular phosphorus con-
tent obtained from the experiment with weekly phos-
phate supply. The fitting was not succeeded
for Alexandrium tamarense due to the dispersion of
the plot. The dashed curve shows the fitting from
the steady state experiments. (A) Alexndrium
tamarense and (B) Skeletonema costatum.

—%, PO,<P % 7 HREFECTHAS L7oHE I 3R R
ol Thbbh, S costatum \ZEL T, ZOEE
BEELAET VI o TR VIFEITHT S Z &4°
TEeTdH o 7-25, A. tamarense DREEHERICEHL T
i, EREEEFVICIZTFIHEE ST L 2P o7
72721, RO POP BREOEREILIIARET VI
Lo THBEENAEZZ LR S, POP ORLY ALBREIC
Truncation EFNVEBEHA L2 L xFY4TH Y, HIEHE
HENZOROMBENY Y EERICEET S5 LI KE
CEDMHo2bDEENENE, DL ) ITFHEEFS
BTy 75 v 7 b v oiEhERE% Droop €7 VT
RFEEND XD BN RBERAHEET NV TRLAL AWK
EREEEFVICEL B TFHREE ST LRI, &
NEFTIIRESNTEY, FKEEOMY A L BRH
LoOREKTh, $abb, B AKREHEEDA—K
PBEOERTH B LHEELZIN TS (Burmaster 1979,
Cunningham and Nisbet 1980, Sciandra 1991) .

Z OREE % YT 5 72912 Burmaster (1979) 13, 38

JERRE L MIENREREAREOMIC—EDIL A - 5
FERBATAHIEEZREL

#=#M(ﬁ-§i), (4.9)
ZZTC, TR A TS, Q. iF T EEERT OMIBE RS
BHEEFARTHD, L2LEDS, 20X 54 A -
FTDEAIE ST, EMELIZIRELEEHZRTHD
S NTHBY (Cunningham and Nisbet 1980), #3°
LB TH L ERVRI RV, —F, BYRAIZRER
ZHIICHAT A ETICRES DEEZRLITTHS
& Bid 5, Demanche ef al. (1979) 3£ E oM
AP IC & > TR ST 2 EFVOBHERE L
COEFVIIERNCENLDOTED S0, TOMM
W ZICEREV) HTRREL %), Rtk o
"C, Davidsoneral. (1993), Davidson and Cunningham
(1996) &, BHEIHL, LirdRBENEERZETV
& LT “processed nutrient model” 3% L7z, TDE
FiE, B AATIREE 2 BRI RELBICET
EERTH2DOIC—BEORMEZET L LW HTIE
Burmaster (1979) *FUTH 5%, WEFEEGRIN
TREEOMBAEERIKFETH L) MTER S,
ZOEAR SN RERIRE (N,) ZHRATS % HH
(7) BEGEHEL T REERE L ERTH L, i

ERUETTO N, OBMEILE,
d
%:pt—r' "Ny -exp(=D-7)—D-Np, 4.10)

TEEND, 22T, pe BEIV N BENEN T
MR ORBEI Y AAREB L UHBEETH S, £
72, AR ENLFIBEOMBAEEE (Qp=N/N) &
HEREE (1) oK% RT OIS, Davidson et al.
(1993), Davidson and Cunningham (1996) (%, R®
—XREHRALTW5S,

u=y(0p~0ro) 4.11) _

T, yREBIEH, Qpid O DBANEHE (=
Droop DRIZBIT B Q) THbo —7H, FEBREES
BHTIBWT, Qp PEEHZE(LI,

Qs _ pre-Nie(I-D)™

dt N
THEINDL, 7, SED A. tamarense = HEMLEE L7z
EBEE (POP % 7 HEBTHRIG LB »5, ¢
RASERRIEIREL p& Qp EDERERDZEZA, W
ZoBREETICE, EEO—%K LD B E LA Droop
OFR LR UHOBHBEDEFNVRE B WL FVRRYT
Ho7: (Fig. 47o

. Q,(I-D)"*

H=pa {1— 0 }

wBensy, 05447 BLUQ, (0.59 pmol - cell ™)

(4.12)

_,U’QP,

(4.13)




1%

[e s}
[\

o
©

o
o
!

o
»
|

o
Y
l

Specific growth rate (d)

o
o

| T
0 2 4 6

Processed cellular-P (pmol P-cell™)

Fitting of the processed nutrient equation to a plot
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Fig. 4-7.

b, BESEMT THE SN2 Droop DXOEFNEIZIT—FK
L7z (BIE), 22T, p& 0 LOBKRE 413)RT
#£L, A tamarense DEBRERIGERALLZ A, 2D
FABERELIZIZERT S 2 LT E o7 (Fig.4-1
BLU 44T OER,

KREE, BV VYRZRBCDEIWY TS 7 b
HEAERED POLPIZEBE NS E, LIFLITHEHE
WCHEETHLUED POLP # E2#MIZH Y AL, bW
% “luxury uptake” & L THIONTWABHFEZRT
(Cembella et al. 1984, Rhee 1973)c ZOREDEREY
YEMBTAILT, WMMT T b EREKTO
PO,P 51598 L CHO ML MR35 Z LT RE L T2 5o
A. tamarense B & U° 8. costatum OWEIZDOWTH, U
VREZRBIIBATHIEED POP FAMIND &
luxury uptake %179 Z & SHER Ehiz, T T}, A
tamarense TR 5 N7z PO,-P DY A A L HEHE & DR
M Z23nd, FAEOBERSRICEDOL ) LREBER
IZTTHA ) B POP DY AA & HEFE & oo B2 R R
BT NAEET 5 ik 5T, POLP AINEROM
BN Y EFEOEIMA L ) BEFCRD S h: (Fig. 4-
4B)o ZHZ LI, TD X REY AL HEFE L DOREH
B2 Y OBERE V) AT luxury uptake & FBE
DFRED2OTIEERBLT NS, LZHF->T, T
D 2OOKEER ICHE T S A tamarense 1%, PO&-P @
M AMESRE C, BB O POLP 2SLIE LIEHET %
I BEHETICBVT, LD AEFICERELZERTLS
LOWEETH L EHBEIND,

FREEOW Y AR & B E OFICERNZ ThsETD
BHEDH A EZUEIN LM LN T2, ZOFM
BRI OVWTRWELRBHLMIIER TR, F
2, M7y b OBEEEBEETVICL ST

&

BHTA2HA1E, LELITERSRIEAE D -7
(Grover 1991a, b)o L2 L7425, H¥IT A tamarense
D& ) ICHBBIC BT, EEETHY, 72, TOH
BB A LB E EOEERERICOW TR LA BICE
EHLZ2WAHEBEEOMEOTHELEEZLNS,

BVE #EHMTZ7> 7 N BEHBEOEFIVICEK
B4R ¢ Alexandrium tamarense 0)IEYE
HEAE

EYBHEOFHEBE R ZOBREHLMTTSHZ L,
HARBEN R S BEELHAREO—2THE, 7TV
7 b Y2 L T, Hutchinson (1961) 2 & % “para-
dox of the plankton” & XI5 MEICHKZFHEL, £0
LML T A8, Thbb, SWEKRLE ST
b URESHBRNBERRET CRET A LT RRE &
LIS OWTRICHBERE RIS ED SNTE
7> (Tilman 1981, Kilham 1986, Tilman ef al. 1986)
EHELC R T, BWHOBRBILLEVIBETS, A
E-RBHBETST VT b OWEHEE FBIBEORBBIL & % B
DRI TR TV A, HEBBICERE L0
& Sommer (1995) ZETLKAHICEBE LRV, RE\BT .
19954EETAT o 1B B W T D, A. tamarense DY
FHERICHBEHEEZ I L L T A Moy 7T v 7 b U ES
HBREFETHEELTVA I LA SH, Ik
OANERETH S EFRBEN: FLE),
MEETE, doidd POP ZHLICEREREDTE
7275, SiO,-Si bEHERY V& L HICHEIIBIT L5%E
WH—2EARINTRBY, ¥ ABEOKRERHOHER
P—HWOWEREOAPLEEL TS L) MTRELRF
HETHb. AE (1979) &, ZOHIEHL, SiO,-Si
PR TV N OBHBERETAE 1 RFTHS
LW RFEERRELA. Thbb, Si0-Si BPRSER
A3 5K CIREBERENER T 525, HEHOMBN
SI/P BX U SN HIZBE, WARFLDIPEYREN
&N, HAREO Si0,-Si A POP % NOs-N X 0 B
BIFWRL SN, ZORE, FZo7z POLP R NOs-N
o T Si0-Si 2 UEE LR WHEREI M S &
EZ . BICABEEIC L 5 ERBILERTIE, POLP
% NO;-N OAFEIHM I 3720, WEREEOM
P —BREND, COL)LEFREBMLERICBT
% Si0y-Si DWA B L I\ & v ) R, BEOF
E-BHETT 7 N UBEOLEBIL, SRILORKE L
THEMEN TS (Smayda 1990) . '
£ 2T, RETI A tamarense, H. triguetra B X
S. costatum O 3 FEH LRI NS REN 2B 75 ~
7 M UBEENRIC, EROSOBEGEESRELEFVER
WTHETAZLICL-T, SN 5 POP BLU
Si0,-Si DIk, #BEL S MG B E TR P LR
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BICRITTHEEZ W L7

®E F

SREBIEOWMYIAHA POP OB AAIEHL T, EV

BTHAB L0, TITIEEET 5, S. costatum 12

X % 8i0,-Si DHLY AARIZDWT D, POLP DEFE L

12, Truncation EFNVZHWTERT I & & Lz, POLP

DYE ERBRDDIE, TORY ALORERFEZ BE

@ Michaelis-Menten 2, TiZ7% {, Paasche (1973) I

Yo TREENLZAREAVCTELZZNTH So
55— 8,

K" +(5%=S,0)"

ZIT, Sy EY AATEEZ SiO-Si IREDORETSH

%,

T2, HIIRHO) v EHEBLU A EEFEFRK
i (ghzrn 0, BLUQ,”) ETHL, POLP B
XU Si0,-Si DB AAFELETEIDEEZ . &
B, 0, BLUE, 5 1TF, Vb LM ZRZRE
CHLMBEZEREL TNy FEELT o BRICBONIR
K VEEBBIUBEKRIAREHREZ T ENAV,
HEEE BB DWW T, “processed nutrient model”
(BVERR) @A L. 72721, S costatum DWEFE
HER, UV —Yy eoRMEICREY, KR L o TRE
EhbrdDL L7z,

Pry_ 124
#:MIN[#-J{]_ML}

pSi =pm‘uSi (51)

0"

sl 0ta-py
o {] T o8 H (5.2)
L,

2T, RELTHEREEREEELTVWS
W, FRBOFNFROEROBMEMIIRAICL T

B E N5,
as’ ij i . . .
7=—Z(P’ N i=1,2,3;j=P,Si, (5.3)
do™ . ) L.
-{%—=p”—u“Q” i=1,2,3;j=P,Si, (54
das, . . S
i=1,2,3;j=P, Si, (5.5)
dN’ D
o CHON =123, (5.6)
40, P N U=DY"™
dat N HoQr
i=1,2,3;,j=P, Sio (5.7)

T, REFiIREER TSy YRR, jRU VB L

T4 #F%25RT. HPBODIPMEIZ, FREDED L
WCEMRLA, YIal—Yavid, §44 A7y 7%
0.6 L724 ROV - 7y FEMEZHY, (5.3)
~OBNRERT A LI TITFole AWIER
BLUEHIE Table 5-1 BX U 52 1CF D TRLA

Table 5-1. Lists of symbols, with their description and
units used in this study

State Description Unit
variables
s* External phosphate UM
concentration
5% External silicate concentration uM
o° Cellular phosphorus pmol - cell™
0" Cellular silica pmol-cell™!
sy Internal phosphate pool umol-cell™’
s~ Internal silicate pool pmol-cell ™!
o Processed cellular phosphorus  gmol-cell ™
QPSi Processed cellular silica umol-cell_1
N Cell density cells- 7!
Variables
i Phosphate uptake rate pmol-cell ™ *h ™!
o Silicate uptake rate pmol-cell™"+h ™!
i Specific growth rate da!
So Influent phosphate uM
concentration
S5 Influent silicate concentration  uM
Constants
Pmed Maximum phosphate uptake ~ gmol-cell '-h™'
rate
pme’ Maximum silicate uptake rate  umol-cell™'+h™"
KF Half saturation constant for uM
phosphate uptake
K Half saturation constant for M

silicate uptake

Spo Threshold concentration for uM
silicate uptake

ol Phosphate assimilation rate pmol-cell '-h ™!
o Silicate assimilation rate umol-cell *-h™!
Simae ~ Maximum internal phosphate  umol-cell” !
pool
S mee ~ Maximum internal silicate pmol-cell ™!
pool
wok Maximum specific growth d!
rate for phosphate
o Maximum specific growth d!
rate for silicate
0 Minimum cellular phosphorus ~ pmol-cell ™"
05 Minimum cellular silica pmol-cell™!
0." Maximum cellular umol-cell ™
phosphorus
0 Maximum cellular silica umol-cell ™!
i Phosphate processed time h
75 Silicate processed time h
D Dilution rate d!
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‘Table 5-2. Initial values and constants used in the present model simulations

S.t ate Initial values Unit
variables
N 0.2 UM
s 5.0 1M
Alexandrium Heterocapsa  Skeletonema
o° 1.0x107° 5.0x1077 1.0x107% pmol - cell ™!
Q¥ - - 1.0x107’ umol - cell ™!
Y3 0 0 0 pmol « cell ™!
S~ - - 0 pmol -+ cell !
o 5.6X107¢ 2.1x1077 40x107° umol - cell ™"
05" - - 43x1078 pmol - cell ™
N 1.0x10° 1.0x10° 1.0x10° cells - I
Constants Values
Alexandrium Heterocapsa  Skeletonema
P 1.4x107¢ 3.9%1077 3.8x107° pmol - cell™ - h!
Omar. - - 9.5%107° pmol - cell ™« h!
K 26 1.6 0.68 uM
K - - 0.80 uM
Sa - - 0.32 M
i 2.7%x1077 1.9x1077 1.5%107® umol + cell ™" < h™!
o - - 3.0x107® pmol - cell ™' - h™!
St mas 3.8%x1077 9.2x107% 1.4%x107° pmol -« cell ™!
St mar” - - 40x107° pmol - cell ™!
u,k 0.54 0.72 1.2 d!
w - - 1.2 da!
oF 5.6x1077 2.1x1077 4,0x107° pmol - cell ™!
o - - 43%1078 umol - cell ™
0. 2.0x107° 1.3X107° 5.1x1078 umol - cell™
.~ - - 1.0x107’ pmol - cell ™!
i 48 0 0 h
'S - - 0 h
D 0.25 0.25 0.25 da!

FNENOLEROMBMEIR, 1995FEFEFI T - 2RET
DB RICESLIDOTHE FEIESK), T4,
TEATHERIIZ60H & L, MR TR, T4bb, 60HED
M ELBE %2 i o TW & I3 TH
B LR LT,

EFIICL BEME G ERR
Si/P LEDEE FMRER 025d7" & LBl ERIc
BT, i35 POPRER 0.8 uM (B EIZ 0.2
pM - d7h e B) ICEZEL, SiO-SiiBEOAREELE
goHrzkicky, Si/PIk (1~10) 2% A. tamarense, H.
triguetra B X U S. costatum O 3 FH)SLBR SN 257
I 7 M UBEOEMBERERBICRITTEEL R L
S. costatum 1% Si/P A 1 ~10D VT HOBFEITB N
TH, S~10HBEETERIRBIEL, BITRTR D60
H#E T, ZORBLHFLL Fig 5-D. LA LER
5, BEREBRFEOMBEKEX SVP LOKT, $4bb,
Si0,-Si 1= & B BFHHIEAHE S & & 1 2.0X10° cells -

ml~' 25 1.1X10% cells - ml~ 12 TR L7z,

—7%, A. tamarense 3 X O H. triquetra 1%, SUP HA*
2 ~10DPAWIT L BICHABRHEIEKRT L LHFTE
¥, S. costatum 12 X o THEBR & /e (Fig. 5-1A,B,0),
Si/P IS 1 OBAICE, che 2BOEWT 7> 7 b
VA S. costatum & EAFWRE L % o 72 (Fig. 5-1D)o
LA Lads, WEOBERGRBICIMHEXALGR, H
triquetra 600 F TREE CEFRBLHERL T
7=DIX L, A. tamarense EBETHY, %72, 30H
HLARE, MR EANRA Ao 7o
DOBIES ST A BIEREIREDTE SiPHz 212
BEEL, Bt 25 POP BLUSIO-SiEERZ & HIZE
ILEEBHZ L2 5T, POP B LU Si0,-Si DREMHG
BPHW S5 > b VBEOTEMRL S ICEOBREIC
T HEERE L,

Si0,-Si DEWED0.3 uM - d~' BLETIE S. costatum
G L, A tamarense B X O H. triquetra i3 & S 1ZHE
B X7 (Fig. 5-2A, B) o Si0,-Si O BT &2 0.15
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Fig. 5-1. Effect of different Si/P supply ratios on the population dynamics of three marine phytoplankton species (Alexandrium
tamarense, Heterocapsa triguetra, and Skeletonema costatum) with the daily phosphate and silicate supply. The Si/P
supply ratios are 10 (A), 5 (B), 2 (C), and 1 (D), respectively. Phosphate load was fixed at 0.2 uM - da
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Fig. 5-2. Effect of different phosphate and silicate loads on the population dynamics of three marine phytoplankton species
(Alexandrium tamarense, Heterocapsa triquetra, and Skeletonema costatum) with the daily phosphate and silicate
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M d™' FTRT T % &, S. costatum ORI B
WAL, H triquetra DI R & 72 o 727%, A
tamarense DHRFEE OBIMNIIZL A LRD SN b o
7z (Fig. 5-20) 0 & BT Si0-Si DAMEPETT 5 &
S. costatum FERHEZ R T EHFALTRER D,
B 5T H. triquetra ~L BAT L7 (Fig. 5-2D)o L
L, S. costatum B3R HHEER ENTD A tamarense O
MR BN L 2 22 o 7
HIGEEOEE T 5 PO,P B L U Si0,-Si DHE
B EEROBALFERETH S, 7THHBTHRNTAZ L
124 o, POP B XU Si0,-Si DHAGHEE LY 7 5
Y7+ URHEORMIN R b N EOBRBICKIT TR
DWTHRET L 720

A. tamarense B X ' H. triguetra 73 S. costatum 1Z X -
THER B N7z DiE SiP WA 100E DA TH - 72 (Fig.
5-3A)0 %7z, SIPHEM5HLIE2THHLEED A
tamarense DMBLEEIX H. triquetra \ZIEHT 5 H DT
HY, SUPIHF 1 DBEEITBWTDH, FOMBEEILY
%7z (Fig. 5-3B,C, D)o

B ESRITTHEICE L TD, PO,P B LU SIO-
Si 2B AR L7258 L T 5 L HERA LN,
Si0,-Si DEMES0.3D L 1X 0.6 M - d ' DHAICS
WTh, A tamarense 3 XU H. triguetra i3 S. costatum
ERETHIEPTRTHY, GLAMREEIZEL DI

10°—<(A) Si/P =10

Skeletonema costatum

10°— .
— ¢ Heterocapsa triquetra
2 F
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&

BIMEMICH -7 (Fig. 5-4A,B). 72, SiO,-Si DEM
B 06uM-d ! THBE XIZIZ, A tamarense D
HZED H. triguetra D% N % Ll 572, —7F, SiO,-Si
BEHEH 008 uM - d " ICEFTET T 5 L, ROMEHT
1& S. costatum %5 H. triquetra ~NESEOBITEHA LI
7:7% (Fig. 5-2D), HEE% 7 HHB TG L 25BE1C
&, Wi H. triquetra 3 X OF A, tamarense %% S. costatum
W&o THRENBHERE %57 (Fig. 5-4D)o

Si0,-Si B X U PO,P DAMENEIhZN 0.1~100
PM - d ' BXOF0.01~1.0 uM - d7' DFRICH B & &
DEF VI L BENRHERD> OB ON-RWE LAY T 5
Yo b ORERMKE OBRE Fig. 5-5 BLUT561CF Lk
W7zo A. tamarense %° H. triquetra %% S. costatum & 3E4F
T 5720121, AR SiOrSi DAMEIME T T 5 2
EEMLEE LIz, F72, HLETEOTRDD ETRED
5%, Si0,-Si B & U PO,-P OMHEAMESE (7 HHEKE)
THHGHGOHH, BEE (BH) ThHHEITHN,
ZFOIIETEERBEIILA L2 (Fig. 5-6) S 512, At
HEHETH HHAICIE H. triquetra % A. tamarense %
FICBEBE L Coled, BREEORAIZE, A tamarense
DOMPAFED H. triguetra DENE Ll o720, 72, &
&21d H. triguetra DHDBF]D HPEBRE N, A. tamarense
& S. costatum O 2 WEHBHFTHI L BWERTH 572
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Fig. 5-3. Effect of different Si/P supply ratios on the population dynamics of three marine phytoplankton species (Alexandrium
tamarense, Heterocapsa triquetra, and Skeletonema costatum) with the weekly phosphate and silicate supply. The Si/
P supply ratios are 10 (A), 5 (B), 2 (C), and 1 (D), respectively. Phosphate load was fixed at 0.2 uM - d ™.
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Fig. 5-4. Effect of different phosphate and silicate loads on the population dynamics of three marine phytoplankton species
(Alexandrium tamarense, Heterocapsa triguetra, and Skeletonema costatum) with the weekly phosphate and silicate

supply. Si/P supply ratio was fixed at 2.
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Fig. 5-5. Predicted species compositions on day 60 in various combinations of daily phosphate and silicate loads (0.01-1 uM
P - d !and0.1-100 uM Si - d, respectively). D=0.25d"'. The dashed lines show the Si/P supply ratios.




88 \ 8

0 Si/P=1 10
10 —

Phosphate load (uM-d™)
=)

o3

100

Skeletonema costatum
only

Alexandrium tamarense
+ Skeletonema costatum

All species

-
o
I

4
G G

4
| o lIIIIlI I

10" 10° 10"

Silicate load (uM-d™")

102

Fig. 5-6. Predicted species compositions on day 60 in various combinations of weekly phosphate and silicate loads (0.01- 1 uM
P -d 'and 0.1-100 uM Si - d7!, respectively). D=0.25d™*. The dashed lines show the Si/P supply ratios.
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Fig. 5-7. Simulation of competition among three marine phy-
toplankton species (Alexandrium tamarense,
Heterocapsa triquetra, and Skeletonema costatum)
where 0,.7/1Q4" values of A. tamarense changed from
20 to 1.3. Silicate and phosphate loads, where both
of nutrients were supplied once a week, were set to
1.0 and 0.5 uM - d™ ', respectively. Compare with
the simulation result of Fig. 5-3 (C).
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Fig. 6-1. Discharge of the Ohta River (column) at the Yaguchi 1 station and water temperature (solid line) at Ondo during March—
May in 1990—1994. Arrows indicate the duration of significant shellfish toxicities (>4 MU-g™"). Open and closed
bars indicate periods of the cell density of Alexandrium tamarense being >1 cells +m/~" and >10 cells - mi~", respec-

tively.
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Fig. 6-2. Effect of different dilution rates on the population dynamics of three marine phytoplankton species (Alexandrium
tamarense, Heterocapsa triquetra, and Skeletonema costatum) with the weekly phosphate and silicate supply. (A)0.25
d!, (B)0.50d™", and (C) 0.75 d ",
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Fig. 6-3. Predicted species compositions on day 60 in various combinations of weekly phosphate and silicate loads (0.01— 1 yM
P-d ' and 0.1-100 uM Si - d7!, respectively) at different loss rates for three marine phytoplankton species. The
loss rates were set to 0.20 d™" for Alexandrium tamarense, 0.25 d™' for Heterocapsa triquetra, and 0.30 d™! for

Skeletonema costatum, respectively.
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