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Effects of an iron-enriched fertilizer on marine algae
in Toyama Bay deep seawater
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Abstract

The deficiency of iron in seawater has been considered as a factor of the reduction of kelp
beds. In vitro culture has demonstrated the requirement of iron in maturation of kelp
gametophyte; in situ fertilization, i.e., deployment of iron-enriched fertilizer (mixture of con-
verter-derived steelmaking slag and mixed with humus) has suggested their positive effects
on restoration of kelp beds. However, the gap between the former simplified and the latter
complicated conditions have made it difficult to evaluate the results of fertilization. In the
present study, a closed fertilization experiments in indoor and outdoor tanks using Toyama
Bay deep seawater (known as clean, stable and enriched seawater with less iron concentra-
tion than surface seawater) to detect any positive effects on algae caused by the iron-
enriched fertilizer. Four 100 L translucent tanks (with or without fertilizer and blackout
cover) and two 2000 L FRP tanks (with or without fertilizer) were used for batch cultures
in the indoor and outdoor experiments, respectively. In both experiments, elevation of iron
and macronutrients (total inorganic N, Phosphate-P, Silicate-Si) were detected and diatom
(and green microalgae in one tank) increased to higher concentrations in open fertilized
tanks. Diatom also increased in dark and fertilized tanks presumably because of hetero-
trophy. All of the immature gametophyte of Saccharina japonica deployed in the open tanks
could produce young sporophytes; the color of sporophyte was deeper and its density was
higher in the fertilized tank in the indoor experiment and unfertilized tank in the outdoor
experiment. The latter unexpected result might be caused by short of light with vigorous
coverage of diatom. These experiments suggest the positive micro- and macroalgal response
to iron-enriched fertilizer as well as the competition between them near the fertilized spot at
sea.
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B LEH 20001, FRP/KE2E (MEOFH) </ Ny FEBELIT- 7o, MIEKE TS EXK
BEOEEN FRL, MEXTREICHEHENEZ /2. HEEREL - EEKETLEL, KEREN
MBI N, BEEKEIC AN 3 v TORBABRBE T TN TRA LS FHRIBEL .. %
DIEEE L BEXEP - D, BNTRIEIE BATRIEMIEKET, REIEREOEKICL
BHARMERNEEZZ SNt BIRORERAR ST bRV IC & 2 Mg & KRYE O BEHER) A

MfrcEah, MBEDOES BRI,

F—T—F I BEREK HE <av7, L RPREER 5

1. #

HADIRESH T v 70k v ¥ 7 5 LD g
DFIR « JHE, THOLEEHEOIARIEE 72 -
TW3 OKEFR, 2007). BEBED DT F 7213 FFfic
DERED T DJRRIFHEIRIC & - THE~ T, #KIED
k7 (BZE, Serisawa et al., 2004), vV =7
ATREEEBEBMICL2BEOHEM (FHES,
2006, 2008) 7% EICBIT B AR WA,
Homislcl3EKkhogkBE KT BashTw
% (MK, 1993; BEili, 2008). #ki3, BEOAEH
KR AR RIEHMETLFED 1 > (Lobban and
Harrison, 1994), ENTd, #®EI VA va v 7
Saccharina angustata D K% D LB A1 8k % s
e 2 &k FECTCE 3 & (Motomura and
Sakai, 1981, 1984), XL#E®D X 4 £ / Y Pyropia
yezoensis ICBWT, B%BBEEOHSE, HHicrsoo
7 4)a DEERICERETHSE L (HEKRS,
2010) MEMRINT WS, HBEIFIFGT 283,
RO HEh RSN L EER (7 )V REKR) L8k
DEEAAL L 2R (7 VKR $hEEZAONTH
v, )% BB ESHRROTEES & & 08N
BERKDED Lz & WS OB IC B 1 28K
BGRTdH 3 (Matsunaga et al., 1994, 1998).
EE, CofREcERL, 9452 8F 7 &P
Rz 57 CIF, 2357) CEER (FLr—5-)
2ESURHEMEZRE L skttt QIT, =235
7 RHEEM) MRS hTWw3 (KES, 2008; 10
O, 2008; 15, 2008). 2004 & 10 AiciddtiE
B EITIC B O CRHE S ERER B TO N, FE
BRICIBHEOBEETH 5+ v 2 3 v 7 Saccha-
rina japonica var. religiosa D3EX L 72 &\ 5 Hf

av7

pEE SN ORE S, 2008). BfEZ TiceE 20
y LI ECEIEERDED SNTWB Y, EBIRTI,
HEOEBRICH LT, o, KB, KEE KR,
EEEY, BEEMR L OBRPEE LN
BHIcEES S 500 (BRHES, 2010), BEOEX
DSEEIBHRIT L BENBRE S hEBBEICHEST 2D
IRETH 5. 27 I RAIEM DS KE D
AR TIPS B~ OEEBLHEDD 5 1201013,
REVKIEZ RV EBEROIZYTH S, £z, %
DOBICHW 3K E LT3, KEHwEKEHEL TE
#C, KENREL, REESTSIHEET 24
THREE BB TRV Z EBREN TV B EILBE
Bk (MK, 2001) @ELTWVWBEEZ, £
T, AFETE, BLRASINCIKENTVWEE
iRk LUF, &K 2BRARUCBNDKRE
IKIEIRTY, B 5 7 RogaHBM 2 mA, 2
BRI, IcE T N AMHIEECARM L e~ a v
TEARAEDKANDLELZFH /DT, b0k
FlioVWTHET 3.

2. MBEFE

EE L, 2010 F 12 H3B&LVH1 » AT
7. BILRBAZBINC S 2 BHEREKD b OB B
IKTITL, BRUCK > TKEERC L, HEEMD» S
DIEHER, FIEMHIEKETCOKEDELEFH NS
feic, WK PIFHRLIRITOE - k.

BPKEFER I, 100 L KiE BIRG; 773
THLAE, £V A —-Kx—+ED) 4K (A~D) I«
HBFEERBK 100L 22z Ak (Fig 1). K
AL BICiRR 5 7 REEEM GRER{CALEEZTE L
k257 EEmE=2: 188 2ExhEN 10
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Table 1 The experimental regime of batch cultures in an indoor experiment.
Tank A B C D
Fertilizer 10 kg 5kg - -
Light condition Dark Sunlight* Dark Sunlight*
Gametophyte of S. japonica - Present - Present

Measuring nutrients
eluted from the fertilizer

Objective

Evaluation on the effect Control for tank A Control for tank B
of fertilizer on kelp

*The translucent tanks were deployed just beside the windows in a culture house.

kg, Skg A v ¥ SICED I bOELE L.
KiEA L CREEFTENLL, MHEHORKEET
Z 7z (Table 1). 18R 18] 250 ml 2K L,
KB EAT > 7o, IKEEN THETE L 7o il E 0 &
ZEHMT 7T, KbhD s ov 7 4 Ve BES:
Z iR EMEHEERT (bbe %! Algae Online
Analyser (AOA)) ZHWVTHITE L 7. AR,
700743 TR, BENPETET VT
FEREEAIL, HEE 27 bEE REE
SVEHOARBIISRT A LN TE S, pH, E
BrEZER (NH-N, NO-N, NOs-N, LIF TIN),
) VERRE) ~ (LL'F Phosphate-P) (A —+ 7+ 35
A=, 75 v~_—E TRAACS2000), #
A ®rE/r 4 & (LIF Silicate-Si) (£ 77 v &)
KoV, FEHEGIlum DX v 75 v ThE%E
TotzRicotricit L7z, gkicowvwTid, v 7
AHEL, LBAOLESEL, 28 (LN T-Fe)
L LTH%1T -7 (CP-MS, #HAS, 2010).

The translucent 200 L tanks used for indoor
batch cultures

A: Shaded and fertilized, B: open and fertilized,
C: shaded and unfertilized and D: open and unfer-
tilized.

Fig. 1.

CDIED, 3V TOEBICNT BRRERIET 57
%, KB & D ICKREEAD 2 v TEBEEEAL,
faF RO DOE EETH .

BAKEEER I3, FRP % 2000 L kg2 & (B,
F) Ic#EEK1000L 22z nZnAh, —FH OKiE
E) D& 2 5 7R 10 kg #%E L7 (Fig.
2). EBRZHLKESTIEEF IR O BAKE
EERELERTH B (Table 2). BAKEEER T,
ERbEE O SRR T L, KRR I B
&M O MAMARE O HEIER & F7M L /2. EERBAIGEE
I EWR (10X16cm, EE 1mm) #REEICAED
i, #wkoy 7)) v 7 OBIc—HKd o[BI L /2.

cultures.

Table 2 The experimental regime for indoor batch

cultures.
Tank E F
Fertilizer 10 kg -
Light condition Sunlight Sunlight
Gametophyte of S. japonica Present Present
Objective Evaluation of Control
the fertilizer for E

effect on algae
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INEERZEFNICRLIRD, HICEX L TEHE
BHAE TLANS TZEELE LT, HE»EEKICE
B, T ORNEIR % R O EE AR R & (5]
CFIEcrseoo7 4 va E&%RAEL K.

AERICHW. 3 v 7OEMBKIE, LDIToFIET
fERLL /2. 2010 £ 10 A MANCERE )IHTIC T
FEW AR L 7~ 2 ~ 7 Saccharina japonica I
FHREFRIL, ERZ ISR, FERES %Y
DELY, BEEL, KREHREE - 7’R, —BRomEs
IR (4°C) %#HEL7z. 20, B Likcikod
THEEFOBRHMERL, BonlclEEFEEENK
(80X160X 1 mm, ¥ HA4+—~y 7 2k 8HE
E7L— b)) KHEAMT, EESNT15C, KH
ik (A BE#i=14h: 10h) TEEL/. #
ETORHD» SREEE T, BEBEPEALETVED
I, ASP.:-NTA (Provasoli, 1963) 2&E L 7o 8k
RO NTEBYEH Fe free ASP.-NTA % L 7.
ERICHEHT 2EANC, KBELTHARY, 2EDiE
PR v EEEOERE N TV W LA ERL, E
BRIC[EA L 72

ERE TR, SEREERZ ICRLE - . &
KO #B L UZHEIC L > THE LN ETFHROEE
RFBME T TV, EEAHRILL, Bohnik
itlEOBEEER, tRE (<001, n=20) TH

L.

3. % #

2010 6 AN S 12 Hichr 3T, BA « BAK
FEEERICSEN - TIT » it 4 Bl KB ST OfER %=
Table 3 Ic & Lo/, EBKD T-Fe 13 1.2~39ug
/L EIEL, BN E -7z, pHIZ 75T T,
FKEEKED B 1 E» -7, 4RO AELT,

REARKME - REDHZ - BREEAA

TIN, Phosphate-P iZ oW T HEBEOEH IF/N& <
ZEL TWiz S, Silicate-Si (& 160~1700 ug/L
LEFMEEICRE L2, 1, BEKPIEE
N37o007 4 ag&EIF064~221 ug/L TH -
. BEETIT, <3 v TEREMTD 3BTRS
EOBIIRICEBITS T-Fe 13 2.8~15.0 ug/L (2010
F9H~12 A, RER) Thb, EEKHERE
WRETRECEFHLTOVE,

BAKEER

KR, SUROFERZ I CEE L, EREEA
W= 20.7°CICEL, HEERSZ L iRrItK
TL, EBRE%EID 20104 12 B 25 HIiZld 4.2°C&
1% - 7z (Fig. 3).

EBRE b o KiE A~D it B 3KEZEILE
Fig. 4 it &7z, MEZTVENLLIKIEA T
(&, EBRBABER D> 5KEE (TIN, Phosphate-P,
Silicate-Si, T-Fe) DEEMS LR L, KIEHEE I,
4.41 mg-N/kg-unit/day, 0.07 mg-P/kg-unit/day,
1.72 mg-Si/kg-unit/day ¢ EH 7z, T-Fe i3,
EEREGERICABIC LR L (1.2 ug/L=>82.0
ug/L), otk 360ug/L £ TRAL, BULR
L. 28 HZ CTOAEH#EEIT 0.02 mg-Fe/kg-

25 ¢
20
15
10 H

5 F

Water temperature [°C]

0
2010/12/03

2010/12/13 2010/12/23 2011/01/02

Fig. 3. Water temperature recorded during the in-
door culture experiment.

Table 3 Nutrient levels of deep seawater pumped from a depth of 394 m through a pipeline at Nyuzen, Toyama.

Inorganic nitrogen [ug/L]

Phosphate-P Silicate-Si T-Fe H Chl. a
NH,-N NO:-N NOs-N (ug/L] (ug/L] (ug/L] b (ug/L]
2010/6/29 <10 <10 130 48 160 2.0 ND ND
2010/8/20 <10 <10 70 56 1700 3.9 7.69 0.47
2010/11/4 10 <10 130 52 870 2.5 7.43 1.7
2010/12/3 50 <10 210 61 1100 1.2 7.27 0.62
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Fig. 4. The time course changes of N, P, Si and Fe concentrations in indoor batch culture tanks (A to D)
@: total inorganic nitrogen (N), ll; phosphate-P (P), A: silicate-Si (Si) and @: T-Fe (Fe).

unit/day &7 -7z, —7F, MEEZEFICENRL
KiE C i3, EEHE D, TIN, Phosphate-P,
Silicate-Si, T-Fe DEEZLNIZ E A LD SNK
ot BIEZTVWBHSMEICBEWKEB Tk

KiE A E[ERRic, EBRBEA S 7 HEEZ T TIN,
Phosphate-P, Silicate-Si DR R A3A &N 7273,
ZNLIE, BEIMET LA, T-FeicBdl Tz, %
BRBAtA» 5> 3SHE X TORMBEED FTEH DK,

ERoicwEA L, 3HE® 29.0ug/L 25 13.0
ug/L £ THA L., MEZE IS ICE W 72K
18D T, EERFAGBLIE, SEEAEHRORED L

ARFHONT, 14 HEF it TonEE
TER MREZETE - .

IKIE A~D Ic B Z2BEEKFD 7 oo 7 4 Va
DEALE Fig. 5 ic/n L. /KiE A TR, EXAHE
LicicbBbod, BEEMESLS LT 14 HEZ T
5L (1.7 ug/L=>11.8 ng/L), TN LIREIEEE D
BHETH 7. —H, KiECicBVWT, B2 o
o7 4 )Vva&iZ, #HE Q.7xg/L) B4 BHEZ
T 1/3 NI L LI, 13 & A EEDR

SN 728, MR EA 3 L, BEERIOIMICE
#, 4AHEEFTIKZ7 VSV BBLUER, LT
28 HHICRERE AL TV, KIEBTIE, 7
HED SR A ICHEIE LY, 24 HHITE—27 &1
72 (281 ug/L). T OKIETIZ, KiB, EENE
G L7, 13 HED» SRRENSEAEY . /KIED
&, THEH»SWIELInY, 13 HICFICHREN/?
WRHNTHEE L, ©— 2 &78 572 (914 ug/L) 73,
24 HELIRRR, BEALE 7007 4 g BRHE
nish -t
KEBBLUDICERE L~ v 7TERBEOE
AR S BIBTARORENBE S h, O BIBIA
DAL LU ZNICL > TERESN IR ENETF DO
BhEE i EEZ ohtz, BELLBTHREER
k¥ B Tl 6.5x 10* fE{&/cm?® 7K D T3 45X
10° @k /em? &30, R 5 7 REEMORMX T
Zipotz. Fiz, KiEDORFEITFEHERS
84.2um (£24.6um) THEDIZXL, KIEB T
i3 113um (£229um) EBEICKEL (»<0.01),
BELEHELLTH - 72 (Fig. 6).
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Fig. 5. Time course changes in Chl. @ indicating densities of planktonic microalgae in indoor batch

cultures (A-D).

Fig. 6. The sporophytes (arrows) of S. japonica in indoor batch culture tanks
(B and D), 33 days after the commencement of the experiment.

BOKEER

KR, ERRBELEE RS 14.9°C2508% L 7244,
AZICTREL, 20104 12 A 25 HITid —1.0°Cic
T -7z (Fig. 7).
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Fig. 7. Water temperature recorded during the out-
door experiment.
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BOL, 20k, BorictkR LA —F, KEF
T3, Silicate-Si ISV ZERIAR %@ L < Lt
Jie, 722U, T-FelcBAL Tid 13 HEICEER
R L7 (Fig. 8).

KEEICBIZHEMT S v 2 b v (Rl ok
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ICEEEEOSHENE LG, 23 HicE—2 &b (421
rg/L), 33 HEdf 1/4 (10.6 ug/L) I F TH
L7, KIEF <3, KIEE LE#MIC, 6 HE»
CEEMEL L CHE LY, 1I3HBICE—2 &
155728 (516 ug/L), ZNLIEIZRE R ITkED
L7 (Fig. 9). (HEHEEICBIL TiE, KEET

2 02 30 r
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Fig. 8. The time course changes of N, P, Si and Fe concentrations in outdoor batch culture tanks (E, F)
@: total inorganic nitrogen (N), l; phosphate-P (P), A: silicate-Si (Si) and €: T-Fe (Fe).
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AT L RIFAMICHEEL, 23 BB -2 &7
D, HELRESELEL TV, KEF T3, 13
HE» SELICHEML 7225, 33 H BE & T/KIE
EQE—7EOH1/3I1c&E % -7 (Fig. 9).
KEEBLUF KRB LICEERDPSRIF L2
FFikiz, KIEEICBWT6.7x10" @{&/cm? 7k
EFITBVLTI2X10" Kk /cm* TH 7z, &5
IZ, KIEF ek slaFkiE, g, Mmiash
ICERAD TR/ L CVWARRFThH > cdicxfL, 7K
S E cixaniE<, BiHch -7 (Fig 10). EE
IZBAL Tid, KIEE THEERD 66.4um (£12.2
ym), KiEF T433um (£103um) &7, /K
E CTABICKREL, MIEOXRERBL iER
Lot (9<0.01).

4. & 3

IhE <, BELBOEBKIIEBENEV C &4
MonTHD (K, 2001), AHFETHIHE» D 3
TEMTER, Fh, DS HEBEREOKWEE
EEKk =RV, 100 L BHE0RNKIES X U 2000
L REOBAKIET, 25 7 RHIEM D & ORER
DOBEATERST 5 N TE . R 5 7 RMEIEM
»oi, gkrrrTul, 8%, VY, TAROEM
DRGED SN, 25 IREIEMERAL IKGE
i3, WINOEA BRABRICSKEES LR L,
Z ok, 7K A (10kg/100L=0.1kg/L) TIRE
WKETHER S 1L 7c s, BRBKBRICHT 52257
BAENDITVWKIEB (5kg/100 L=0.05kg/L)
©/K+# E (10kg/1000 L=0.01 kg/L) Ti&, xt

BX X 3Emng, KiEA X0 bEWKETH
SANht., i, BHLEZ—E1EE (2 v 7
BIF, BHIEEE) BN hcbEEZ SN,
BB, BAKEE C3gBEEN 1ISHETERLL
Tl BN, BE, Rk iz R 5 DRA
BEZ oD, AN, 1bKiTk BNy FEEERER
ThH -, W, FTKREOKRE WIGTTIE,
YIRD LRV SIS 52D T, SEIOERT
18 5 N BRIBEKEEN IR < bilkh TR s h
503, MEEFROEGES L I TRACRS N 3
LEEIN S,

AlE, 25 VZRHEEMICE 2 25 DEBEDR
RN R%EZ ) TEBICBESRIGT 5 2 L 2BNE
FUBADKEERIC L > THEND B T ENTE,
AER I, MR AEANKIE (A, B, E) I©B
WTARTWEWKEE (C, D, F) &b b HE
L7, 8, BAKWEE <k, FEUHEE+BARL
ZHTHLBENKEB & IERTR 5 7 RIEIEM D
BEMSMEY (/51 csBb o9, MimEHD
BESEDICHRE L. chid, BLEBRYXTLE
W (BB XvBATHY D BRP -2 E, B
A T3 LEETRE S MRS R QSR DRI &
Nicl LR EDVFEREEZEZ SN B,

INFE T, ASHEBFERREKMEZD 7 7 fEK
EETid, EBEOBREXPHION TV KD,
2005) 7%, AEDORANBLCEADKEERICH
WL, HEELSC, BB, 7)) 7 P EBLURE
DHIEGHERT B ENTEA. TDHH, HER
IKIE C 2R 27k cB B L, ML+ 8
FEH OKFEA) IcBW\WT HEENED Sk,

Fig. 10. The sporophytes (arrows) of S. japonica in outdoor batch culture tanks
(E and D) on 33 rd days after the commencement of the experiment (E, F).
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HEAE + NI B 1 2 EHEBEOE KIS, EROKERE
KERNBLIUOBREDcoOBIERES (Lewin,
1953) MRS LTWBEEZA o0, 257 RMEE
MOSREBEIRE 12 2 GHEM M LTV 2 ATREE D /R
W, HEINTRE, MEE+-BARNEEE OkiE
B,E) & TREENSHIR L2, SEBAS hrcER
PREOHRIFERBKPICEEN TV ALLBIETE
20TV, Th S OWHREE I L
THELZCLEEETHY, BRICBVTHHEE
MOARICHEIET 2 olfEtEA S .

BB, HE (BIURE XKL T 2 HMERER
DIEGE Y 7 — v id, ERFHET OkiEA) LBHA
HEHT OKEBBLUE) cBWTREKLD, H
BTCIEELYLSOHETH > DI LT, &
HZTIHISHBLBEMLIE LY, 24 HERICE—
7 %At AN, ERHLADEVE LT, =
SUTBRABRDEY AENREDS~10£5) © 2
v IRBEOFELE b, —HIcHEiE Sy — v
DEVEGS LEKBREZRDALG LR TERL
», FIROBEOBREBRERNZEMVBEFKRLTVS
EInE, FEFICHEKED. 5%, HEOBORE
CHMSRALER T O BBV D 5.

—H, R 5 7 RHEREM DS KRB EERE O BEE I B R L
HBEMEIMIZ, IhETICbILHAMSNTWE<T
v 7EBAE DK DHIEH (Motomura and Sakai,
1981, 1984) =R\, MEOBEMBIATT LT NIE
RENKIPEREFOZEORERE LTHEL 2T
DBk > CHERT I EmTE R, LKL, &
mloEBTIE~a Y 7TRARER 5 7 REIEM DT
BICBADLOSFHEL, IhEcoiEE B2, %
H, 2000) THREHITEKEZRML S VWERBKIZBW
ThRTFEBBONE &, FRKEEOMED
ol oEMRICiIEESTWEEZ SNk,

2 5 7 RHEEM T & 2 REERMZNR L, RBFE
DIEBOEVICHED SNz, BBFEEKT< 3
v 7 EREEST S L, PESIEH (Provasoli, 1963)
THEE L GG LTl FHRoEEIEL 55
ZEDLRIR SHS T W (BH, 2000). 4HE,
BH/KEER OKEEBBLUD) TiF, 2537%
HEREA A4 A U 707K T8k = D fth D KEIE 1431

=<, YlaFERokEsR, BELE Lk,
Linl, BAUKIEEE OKEEE B LU F) T,
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