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B1E R

1.1 WY&

LR T R O RFEHIE AL D 41%% SO TR Y, R A0 O 173 LLED A%
WAETE LTS, i, HEHIZITZ < OB E EENE ENTE L, A O,
AN, Ak KRR EORMEEZRZ TVD, 20X RESRIICENT, T
(Zo7 EOREE R[S, THOREERA - FH, ZHEOWBL, BIARDmK
PR EDNARNEEINEHR D 2 & T, FOREALINTRA] & 72> TV 5[],
WEALOHEITIL, Folfth O RFLE 2RI Z i S, UERSCRN AR S5 72
IR, R, BRI, BOARMEIRIC X DU A B ICR AL, I
DOWENERD Z & THEAN I HITHEITT DLW I AD AL TV EK
15, WL Lss (UNCCD) Tix, Rhs(ERIBEOMIICET T, HREREL
DS, AIEBREOSE, BLOLE - KEFRORE L EFHENEE TH S LGS
NTWD2L, £72, £ IITELT AL ~ZEMICEE & 567 2 72 O Hl B
MR EA S, FEEHOFERIEOMR DR O L 725 Z LB STV 53],

FHgEM 2 B E 2 BT 5 720121, Tl oD B ARBR BTS04 2 - IR BR BRI
Jix U7 B RO - TROAMETH 5, KT, PR EEO BT, &E
IR 72, MERBEL2ZT TORVEBRNZEL LTS, Z20LH 7R
RN & 2 BUHR RN FEBL T & 5 B pERAN T, JeitEny THMEZ b D TIEZR
<, 2oL T, SHIITARBEROREIZOET 52 LR KROBNLH[4],
ZOXORAHED S & T, BUAT D& A& H KRICHIT U7 Fefe rlae e &R E
FEERFEBT DL LRS00,

HRANTIEDN Y % BT D M HEH LS (Soilless culture) 13 H A LIS D
B (N—=3IF=2TF4(4 b, myrv—N, NLEEKRRL) 2R+ 8
T, BEICAREY IS DT LT O A FEIC EE R E R LT
%o BRI, BERE & U TR E O D KBRS (Hydroponics) T, HE# D



RAERBR L, EBFICBLERK, #5, BLOMBELRNSRINSEDDT,
SR 7 IR & 22 C o S Ao AR BE S IR C & [4-5], EIR LKA TR
LTV 2 Rz 35T H A D FB R R A ERIN & L TRO BTV
Dl6], £z, =R EDRERMBRLEMNITIIT D KBEESE TIX, O, RE, &
B, TRRACERFRIRE A & O EEOBIERE &, KR, pH, EXUnER (EC),
AFRERIREE (DO), #A7R & DBIRBRE A RIRHZE L TE 50T, BRELHIER
BAETSIO—FEL L THERENTWS, 20X 5 R EEEN LT, £ABICKE
IRRIEBREE D b & TRAIEI D ORFEINCHEM 2 AEFETE 5 2 LD, B -8 A
ISHET oA T35 CLIKBRES 7 A il & 72 > TV 5 [9-12],

KBRS CI, B RE Ch A RFRIRDNIRENT 5, (6RO HEIEE OB A, il
WDRFE L T DA AL, v AT a—, RS LOWERIC LD 3 oo
IZ& o T, R OXKE D GIROR T ~BET H[13], LEER I8 L7
A AT BE KB LT-0b, FICFD~v A7 a—ICL> TBEIT R, +
R OBEKOFEDNNES NI, ZOBENEL DRV, —J7, KPR T

IZ L DEERIKOMIEER EBBMWHEOTDOOZT — L a UM Tbb DT,
BRI ICHBI L TRV, ToiE X HEOEEKDK 1,000 51225 2 &
[14-15] b & %D, 2D Z L BEFERIRT O A A 2 OBEVMELE & IS FREIRED
Lﬁnm%%kgb,%%Kié%ﬁ%&ﬂ%@%%ho&ﬁénﬂ:k%%ﬁ
SNTND, ZOXI T &6, KPS ICRIT 2 BRIROTE 2 BN E
THZEN, WHOLEREZREL, TONEELEARSELAMRGED 1 Sk
LTHFFSn TS



1.2 FefTH9E

IKBREE S B T DR OARIC Y 2 DR (pH, WRIR, BEXEEE, 1A
TERESE LT, HLAE L ONRIE) DB HOWT, < OFFEHRE N2 ST
2B Z0E, 8-1112%, BRI EIEY) D AR/ SR 5 2 2 B OV T,
WL ONDIFEREN D DHDOHTH S,

Genuncio H[18]1%, #&#EHiiE (0.75, 1.0, 1.5L/min) T, L ¥ A3 LfE (I
== ], MPXRT ], IXxHFart)) 250, EOHFEL K
L7z R, BRI OIRERRE & OMAE OIS X528, 1.5 L/min DHEIT T4
PRZ ) & [(XxPFa st OFfEENRERKERDZ &R LT, Al-Tawaha b
[1911%, A& piE (10, 20, 30 L/min) (ZBI1F 5 VX ZDAEFRMAELITV, 20
L/min O EIC VX AOHENRKE 2D L2 ®E LT, £7-, Dalastra b
2011, 4 SOFEEIKE (0.5, 1, 2, 4L/min) O LAKBEEEEBREIT, LA
ZDINHERIZIMN A TEWINELZRE LT, TORRE, 1 L/minlZBWNT, L&
AVRAE 720 DR RAEENF DN, ZTOHAICH FETOBRBSE-ENIKE L,
BOFIRADERLEL D Z L EW LN Lz, Soares H[2111%, HikZ VT
LT RERIRIZOWT, 2 20%i&E (1.5, 2.50/min) Z#5%E L CEBREIT - 7o hb
H, 1.5L/min OEMTE LM FI oSt E Ly E, EmRE, %, fL
BLOEXDOEEDPABEIIRELS ol Z a2 HEL TS,

F 7o, KL L KERBIMEAMRAE DT 7 T HR= 7 AZO0WT Y, i)
DERAIKTT 2RI ED BRGS0 5, Nuwansi H[22]1%, AU LY
VU ERRIC L CAERTR (0.8, 2.4, 4L/min) TRER L7245 %, 0.8L/min O
LA B OINEL K OWEN KK E 20722 &, BRIRO KRG 50T R0
5, BKIKEOHIMIf E->TER (N), Vo P), B UL (K) OWREDEA
L7 Z EEMELTWADEndut H[17)1E7 7 7R = v 7 ZIZBIT &=k (0.8,
1.6, 2.4, 32, 4.0) ARV LY UDERIZKFITEELHFEL, 1.6 L/min DY
BOELNRERE RS EnD, BIMESHEYERICEEE RITT L%
FEHi LT 5, Khater H[23]1%, 77 7R=v 7 A® NFT RkBEE 2B\ T,



L X ADAERIZHT &R E (1, 1.5, 2L/Mmin) BLOWEEKES (2, 3, 4m)
DAL, # EEOMEE L W E, BLXOROEYEPFRTELS LO
MEESOEME &I T 52 EE2R LT, EE0WIUCBE LT, H5%
WOKEIHND, %55EFE (N, P, K) BLOMEEEZESRE (NOs-N) &HEN
BRMEB L WRKEEIOEME LI T2 Lb@E LT, Z2F TR
N7 XD, KREEHRES S BT D DA R AW AN BT R DB a5 )
HZEPHLMNIRYDOH L0, THOICHEET MRS IIRTEHD 7 <,
AERERLE WA J1 = X LT D EIE 3 ICEE S TR,

BRI DARMN OIS DKy, KR, BIL UM DRI, REm s
BT D BB OWENMRE DB EZ T 5 L B2 b D, BT, KEFORIUZ
BL T, MEDOKRE IITK > TIREMEIZIEH S 12 B8 O R E 5 UE

(Nutrient depletion zone) DJEAHMNEAL L, FEREROMERTIC L 2 M1 42 &
R & OB S 2T 5 Z [T S Tn5D, £70, REFHEICE
T AR OB - ALFRREI, ZFOWRENKEBIC L o THEMEICENT S
[24], I, FBEOHNITBESNTNWD Z D, HBRIEOTEINE b EwER
DD BIFEREE LTE B X5 2 ENTE H[25-26],

S BT, FEEREOMBRERIL, BRI @E, BEEEe ) &5
ZTWBHRIIbDEER bND, MHORMILIE, EHEZMROMIaN~ R >
I ATEH D VHEE OMALEEI B ENTWD, MnEE X EICRAKIEE 7 =/ —
JEEY) THERINTWD D, HIRREBEICHES LIS ESERFY VNV EL L
FENTWD, ZOHT, Brr—RAI7 07 7 VT, WEICHEITT 2 H 5%
R EERZTH V28], I 717 4 7 VILOEROE(LD, MO, Hi
FIA R LA, BIOHEEEE DL EMEET 5 2 L RHE SN TV D, fY DR
NaBEIL, FEdbtED /Lo — ZAHRMEDN B & 720, ZOAMAMD L L9132
TAr =R T, BAE, V=, ARV U7 EO~< R v AMEDE
STACEDELE S, O OMIE, KFEEEA A UREE, RRTEE/A
THERE S, MTERE IR —FRDME T D K O 72E 1272 > TWDH[29], Al e
DENa—RZE DB, T F LRI VAR —AREOEEHTTE L



v U w7 RS LTRY, TOMEE R, B, A S 5Tof
B L - THEZR D, MfaEER > DA RI LD ORI OMEAAEHORIEIT, =
DOIEEIZE W AENEZ 5.2 5[30], 20 X 5 728582 Lo (T 72 b MlfukE)
[CEEBBOTNDZ THET D 252D L, BARrH/IEHETICBITS
ROAERIRRE, TERE, MRkR2 EZH LT DI & LMD TEEL 22 [26-27],
FIRIE RO A B~ E AT 5 MM AL L 720 9 5,

U bEDZ Ea5E2x2 L, MPHOAERSE DRI FAF T Ik & OB
DU, TEMERICBE T 2 M 38 P8 8 2 WITAE PR ARSI 2 [31-34], 1R
R Y OWENG E FR SRR DRETT D 2 & SR & e H[25], HIEA
MANICTHAT DERIEOHENF U TH- TH, BIGAEBROKE SWrmBIR
I K> TERBNEZ RN D BIROWIHRENETHZ 0B 260, Thi
R~ 2 AR & M A A 2 [ 0> U) 7 B R ) OB 2R E O 2L B AE L H DT,
FERE L THHOERE~ORBER LD IND RIS, L LD, Al
(ZIRATJEATRRIE T, KRR CHEM SN RIERBOY A X ERRICET 516
W72 <, EEORIMMNOEERIROTRENRAESCZ I 6 & BRI KT IHEE A
RENAHABTH Y, WHERCRE S WIN & B O TR & o BEE Iz >
WTER R SR oTe, 2O EnD, EMOERERCE SIS KIZTHEIR
TEOFEBIZHET 2EREZMHT 55 2 TH, HIEHBNOEBRROTENINE
EROFBEHYRET HZ ENEETH D, —MAVRAPRES TIX, FEEARRIM
DFEBRAR L 7R/ T 72 ECHET L C, b A7 A ORHRIETRNL O 2K &
ARESNTEY, ZOMERET CTHREASRONE, Frlo, RO S % E
FIZRT Z EDRTERY, Lo T, MO EEIFHIZ1T 5 72912,
TR TR UL TFEZ T I T 20808 H 5,

H o



1.3 #FZEER

RS OFEF VE (BRI 1 TREMEDR 2 Z LD, Y OAR & EHW
U FIETRIBHREOEBIZ OV THES L TWDR, ThbOWMEEFITEK
DIRVRIL TS D, Fiz, KBERES CHES SN DM OIE O T, BAER]
(CHEBIR & AT D200 6, YO ERL XU & E5= IR O i
HREE & OBEMEIC OV TRFI SN TEB LT, KIFEEEFICBIT 2O AL R
TN B 5 /IR B O BOERIIRMEATH 5,

AL TIX, 74V Y (Betavulgaris L. ssp. cicla cv. Seiyou Shirokuki') % fit
AEW & LTk ERAEE L, 7 X Y vDERR, BOBRE, BLOEE
Sy & = DFFIAZRIC K ETERIRREOLELZASNCT D L LI,
T TFIETH DR EGFGEIEE (PIV) 28H LT, Bikmid s rdi
L, ERIEOTENRE & RO %2 E BT 5, 2h O OREHRA LT,
T T DERERSRINC KT T EBR RO BEZI LT 5,



1.4 ARERSCDERL

AL, &7EIOHK STV,

1 BT, KBRS T 2 BRI RS AER IS 2 5 IR T D b
JeAg R, FEATHISR, 36 JOVRRFZED BB DWW TR L7,

H 2 BTIE, E=— AU ZRNOEREDOL L, 77X Y e E L
TR RO SN T TABRESE ER ATV, P OER, ROFHE, &5 WIL
EAPA L, £, BIEARSNOBRIRNG %, KB IEREE L L
TERMICGEHE L7z, 2D OREREHNT, 77X Y TOAEFR L OESTIL
CRIETHRIET RO P EERFI LI,

B3 ETIE, BNAREOANTHRAOL &, S$/IEHRICBTL 7 XY
U OB KR A i L, R & B OFREE & E, oS, KRB X
OERE, BLXOROELE—ZAB LN B o —2DOEGHRICONTHNL
2o TOFERNG, ROFBERIERICKIETRIETHEDOEEIOWTHRF LT,

o4 FETIE, BNOATLRIAO FT7H 0 Y uokEgRRe £iiL, &
R ESEY DA R BRI, BLXOBBSFIARICEZ 2R BEERE LT,
BERITME T TOTH Y 7 OAR R EFSWIICET 2 A MO MR fHRR
FOZEITHICET 2B DM E DI OV TRE LT,

BSETIE, RMXOBFETHLNIEREREGNICER LT,

56 TR LU 7 ETIX, AWE TR S Lo hlfim 2 mdh L7,



F2E EMERLEBRANG

ARETIE, KBS ICBT 2 BKMEIEY OEES L OESWIUCE 25
S 2 KRR R S KL OIS O AT BIC X 0 BT %,

FT, BREEARHLIZE=— T ZRICBWT, &&iREE (0, 2, 4,
6, 8L/min) DEMFTTT X vV v OKBERRE IR A Fhn L, JEEAE, HrifE,
WE, RORES, BLOESR (N) WINEL A L,

WA, KGR EE S (PIV) 2V T, SBRMEICBIT 2 AR
DFEWRINGs 36 L OIR R OZEE) 2 Al U, RIS ORI « i Ak
L OO IZ SV TR LT,



2.1 i EE

2.1.1 FEEHE

KBRS Y AT L% X 2-1 BROK 2-2 123 T, R AT AL, kA (620
mm length (L) x 375 mm width (W) x 195 mm height (H)) , > 7 (DC40A, ZKS]J,
Shenzhen, China), /3L 7, Jii&Eqt (digital flow sensor, Sea Zhongjiang, Guangdong,
China) 3 X UYMMBELE (ENE 18 mm) 2 OAER STV D, HEEEOIA N
EVEH ISR OMBER RICHE SN TEY, ZOEAIT 18 mm TH D,
FERWRIEIA TN L o TRESAAR AR L, TOWMEIL VT L i it T
THIENTED, AFERTIE, BKiEZ 0, 2, 4, 6, 8 L/min ERE LT,

EERIRICOWTIE, OAT N AfEE1 B, OAT T AfEERL2 &, X OUKE
K (pH 6.9, EC 0.09 mS/cm) (2 X ¥, OAT /77 ZEEE A WLJ7 D FEAERE 317 % 5
L7c, R 2-11C OAT N AJEE 1 BB L2 B O y %, 3 2-2 12 A WO
HEREAR IR DR & IR & T,

AIFFEDOMFNER X, 7 ¥ vV ¥ (Beta vulgaris L. ssp. cicla cv. Seiyou Shirokuki)
Thd, BELELTRASND ZH Y 7L, fhoekinEEc, B L3EL2S
BT 30 em FRE, HEMRIX 10 cm FRETH V IFRSH 5 WITRIVHORIE /2L
STWND, B2 BFHEHEE L THEITHIE S, Ay Ly Y 7igf]ltn
BN, HEZEEC BRI FIHTE D0 T, AHE L b XX 5[35], BE<
S, BHDHVITHIREE Vo T ERY e A R L AR L CHR <, FREFBRBE O
ICHENTWNDDT, FEHTE 722 Y 73BN SO NROEDE T
& 5[36],

KRENZRBT D750V U OKPREEFEBZ, 2020 4F 11 H 4 A ~2020 411 H
23 FIZB W TRttt o % —Do v =—y 2 (SHEIR 1390;
35°32'N, 134°12'E) CHHE L 7=, F T LBEBHAARRET O 2020 4 10 A 22 HIZHBWT,
BOETN—=IFaTA FTHiZINTEA YT 2X—2 (470 mm Lx330 mm
Wx80 mm H) D7 T AF v 7 K& 2L, FIFIE, BF L1



[ft2, X COEZ R 30L (OAT 7 AR A L5 OIEHERS IR D 0.25 fi%
IR pH 6.5, EC0.62mS/em) T/ SN2 7 7 AF v 7 4w (580 mm Lx370mm
Wx150mmH) B L C, BREOREINEVIREETT7 HRAERI Y, &6
W1 H 4 RIZTTATF v 7 RKIRIIBAE LTl 2 KBRS AR EM L, BRIk
40 L (OAT /™7 A Bl A ALT7 OFFEEREFRHR O 0.5 5 B O B4R, pH 6.5, EC 1.32
mS/em) CHBIEE M AT Uiz, BLPR (B E) 1% 3 BIOKRIE G #)
TITON, 4RO T 7 U REREERIFITHEZ DTz, BHHEIEE RN ORERIR
?D EC & pH Z#EFFT 572012, 10 BRI Z L ICHERIR 2 23 LT,
FREBEEPICIE, E2— T RANO HERE L RIRE, B SRR

(PYR, METER Group, Inc. Pullman, WA, United States) 35 X ONEEE & > — (VP-
4, METER Group, Inc. Pullman, WA, USA) Z AW TENZIaesk Lz, b5
IZBIT D E=— T 2RO A SRE & KR O Z K 2-3 1IT5RT,

122.5mm
130 mm

Flow " 245 mm Flow
outlet /

— 130 mm

Ih 245 mm |
; ™ @ 25 mm X 4
- y 7977

122.5mm

mlet

\IZ

Flow of nutrient solution

Valve Flowmeter Circulation pump

Figure 2-1. The diagram of top view of hydroponic system used in this study.
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Figure 2-2. The hydroponic system used in this study. The cultivation container dimensions were
620 mm length (L) x 375 mm width (W) x 195 mm height (H). The flow inlet and flow outlet
were located at the center of the sidewall, and the flow inlet and outlet diameters were both 18

mm.
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Table 2-1. Composition and concentration of the OAT fertilizer No.1 and No.2. [37]

Guaranteed composition (%) Gradation composition (%)
Fertilizer
T-N(AN/NN) P,Os | K;O | CaO | MgO | MnO | B:O; | Fe Cu Zn Mo
OAT fertilizer No.1 10.0(1.5/8.2) 8.0 27.0 - 4.0 0.10 0.10 | 0.18 | 0.002 | 0.006 | 0.002
OAT fertilizer No.2 11.0(NN) - - 16.4 - - - - - - -
Table 2-2. Composition and concentration of the standard nutrient solution OAT fertilizer A. [37]
Composition T-N P,0s K,O CaO MgO MnO B,0s Fe Cu Zn Mo
Concentration (ppm) 260 120 405 230 60 1.5 1.5 2.7 | 0.03 0.09 | 0.03
600 50
‘ —— Solar irradiance —— Ambient temperature | | 15
. :
500 A it —
P L | . [ne
= 400 A i food F g
- - '
5300 - | HES ik ;&‘1 o L 25 =
'.‘:‘3 J'a “ ; II 1 3 ] i f‘l by Il L 20 E
f 200 ) Il';\ 1 ll " rJ ' “ ! \N,!‘:I, E
c 1] i ; N
CRE N Y - 10 2
TN A e
0 # ‘? 1 3‘ i ‘JQ 11 ;)

4-Nov 5-Nov 6-Nov 7-Nov

8- Nov 9-Nov 10 Nov 11 Nov 12 Nov 13- Nov 14- Nov 15- Nov 16- Nov 17-Nov 18 Nov 19- Nov 20- Nov 21- Nov 22- Nov 23-Nov

Figure 2-3. Solar irradiance and ambient temperature of the greenhouse during hydroponic cultivation.




2.1.2 BIEHEHE LRIEFIE

K23 IWIRELICHEHER 2R L, LTIZEN L ORIEFTIEITONTIRRD,

BREERERO T XY 7 AR E T 20 BREFET L, 11 A 23 BICIUEL
Teo 7X Y Ui BE COiH) SHUTE (R) (2000, b OFfEE 2 HIE
L7z, HEmEFEIZER AT (LI3000A, LI-COR, Lincoln, Nebraska USA) % H\C,
BOREESBLOEREHEELNV— FAF ¥ F—B LY 7 U =7 (WinRhizo 2008a,
REGENT INS, Quebec, Canada) % W CZIEIRIE LTz, KRIC, WS 7
% 75°C Ot A—7"> (DKM600, Yamato, Tokyo, Japan) ~C 72 WRFfE]RZfH: X4
T, WWEZNE L,

MENDZESR (N) BHE (ngg) &7 V¥ —/WEBBTHIE LTz, AR
FUZOWT, 10g OV U FILEEE 300 mL ORFERICIEN L, VU FIURRER % 71
U7z, WilEh Y UL LB A 9:1 (B&) OFGTRE L, o %M
BT, ZRBKILICRIET B Y U LK) 650g 28 LT, KEET MY U LEZFH
WL, 72/ =N THZL A 01~1.0g T /) —)L 100mL [ZIENL, 7=/
—T R A EE ) VR AT LTz, KL R Y U A 400g & 1L DK
BAKIZEEN LT, 10N QKL B Y U LKA LIz, 7rEr LY —b
U —2015g, ATy R0lghk=H /) —/LT200mLIZAART v 7 LT,
TaEI LS =T U= s AF Ly R H ) — ViR (pH FRd) % il
L7z, IEilE (36 N) % 360 f5ICANL, AURE40 ¢ % 1 L OZEREKITENL
<, WEMFRE (0.1N) ZH#HK L7,

IR E R T e AT, BREREHY 02g ZREFEL, OfRE I AN, B
FIUREEE % 10mL 1z 30 2y ML EffE U=, o fedesl 2 0 &, T4 k
VU LEEIUKR 1 MINZT20b, 45 L THhe s 2ofpiEElcey ML,
380 °C T 3 IR DINBVLEL 21T o 7 (U TNV DOBENFEIIED H 2 L 2R
L, MBVLEEZET L),

13



FTo, ARREE CKARAREEITo72, 200mL O =47 7 A2 |THRUEEE 40
mL Mz 7206, Z7axs Ly —A7)—r - 2F Ly K (GR) % 2~3 i,
Yo T NG KA 20 mL 2, NaOH % 40 mL BRI %2 T, AR E T
TNEEE LT,

E5H1Z, 0.IN O TABHOY IV E2REL, UToXEHNTH 7
NDOEEROFEREZHAE LT,

1
N &4 % (mg/g) = 0.1(N) x Hilit O & £ (mL) <+ 1000 x 14.001 X 1000 X ————
" RN (g)

BN, o= EmmEE N EAROEEHANT, 74070 1 EHTZY
DN WINEEFH LT,

Table 2-3. Measurement objectives and instruments used.

Measurement Objective Measurement Instrument
Leaf area Leaf area meter (LI3000A, LI-COR, Lincoln, Nebraska USA)
Plant growth Fresh weight o
) Precision balance (UP623Y, SHIMAZU, Kyoto, Japan)
Dry weight
Length L
Root morphology Root scanner and software (WinRhizo 2008a, REGENT INS)

Surface area

Digest system (K-437, BUCHI, Wilmington, USA), Distillation
Unit (K-355, BUCHI, Wilmington, USA)

Nutrient content N

2.1.3 BTN DO RIGRIL T

— RIS, FARDOEELE ) 7 ERAHRNC AT T S it 2 &L &V, BLIE
FICAH BN D ABAIZRZEB ZELA VD, TS LT, dlhaed Eaniinz
BitE WD, N OREEZET LA V2 (Re) DMEWEA (Re<2,300) 12
I, KPEIC XD BREIC LV ENZ B ERWETCRIE L 222503, LA/ VX
R HERFELL EIZRE <2 D (Re>2,300) &, ELNBARELSARY, WADBN

14



LEIRELICRIBICATT 5, B> D ELIE~DOEBIEEE TIL, HELOMEREIC
W TIFRERENRE Y, SERRELE~EHRE T2 Z LRI TW 5, BT
IS S E AT — L OER &, ZIUTHE D BROBERSRBS L OV E 72
A — )L DIOREVEIC L D IEE = 3L X — i L WEBE FLIGILE) 2dH 5
[39]. /AKBEHEG TiL, W ORAE L LTINS D A 4 L3RRIk otz
Lo TRENT 22, BIZELIREEIC L > TIROER®ICEHIESND EEZXBND,
Z OFELIREEZ B L TWD 0N [l Th D, BLIRNHAET 2 L iiE 45
KDOT, GIRNBEET LI L& WRARBET L) LEVWHX 52N TED, L
723 o T, KBERERCI 1T 2 BIRIRALS & 3l 9~ 2 72 0121, TRV RO

RHEZ EREMIZHL T DI EBME LR D,
AWFFETIE, R f-EGTEREE  (Particle Image Velocimetry, PIV) [40]% i

LT, BRI SN2 BIRIRNIG A BIEE LT, PIVIE, hEDZ I
FUF DR L A I TR 5 Z LN TE DHMAFNETH Y, FihisDZERH]
7RG A IR 2 2 ENTE 2720, BRx RitRomASH IS H & T
W5, BIEXIGOWARFIZ, ZOXAFT I 7 RHEH LRBESND b L—%—HhE
T RIROEE & 5310, A AP/ WRIT) ZIEAL, WAEE)IIBERE
LTWa hb—%—hiTOREEZ L —F—>— N THRE LTAE{EL, Zh%
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Figure 2-4. Schematic diagram of vorticity and velocity of flow
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Figure 2-4. Observation method of the flow field and roots in hydroponics.

18



Black background

High-Speed
Camera

(c) The situation of the laser irradiation in the water tank with plants

Figure 2-5. The scene of PIV experiment in this study.
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Figure 2-6. Plant growth, root morphology, and nutrient uptake under different flow rates. Bars labelled with

different letters differ significantly (p < 0.05), data are expressed as M.S.E (n = 3).
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Figure 2-7. Plant roots under different flow rates.
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Figure 2-8. Flow velocity distribution of the flow field in hydroponics under different flow rates.
The magnetic map of velocity is shown in the figure, blue indicates a velocity of 0 m/s, and red

indicates the highest velocity (0.05 m/s).
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Figure 2-8 (continue). Flow velocity distribution of the flow field in hydroponics under different
flow rates. The magnetic map of velocity is shown in the figure, blue indicates a velocity of 0 m/s,

and red indicates the highest velocity (0.05 m/s).

27



160
140
120 |
100
S804

40
20 +

0 100 200 300 400 500 600
X (mm)

(a) 2 L/min (without plants)

160
140
120
100
> 60
40
20

0 100 200 300 400 500 600
X (mm)

(b) 4 L/min (without plants)

160
140
120
100

E g0

> 60

40
20

0 100 200 300 400 500 600
X (mm)

(c) 6 L/min (without plants)

160
140
120
100
= 80 1
> 60
40
20

o

0 100 200 300 400 500 600
X (mm)

(d)8 L/min (without plants)

Figure 2-9. Vorticity distribution of the flow field in hydroponics in different flow rates. The
magnetic map of vorticity is shown in the figure, green means no vorticity, red means clockwise
vorticity, and blue means counter-clockwise vorticity.
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Figure 2-9 (continue). Vorticity distribution of the flow field in hydroponics in different flow

rates. The magnetic map of vorticity is shown in the figure, green means no vorticity, red means

clockwise vorticity, and blue means counter-clockwise vorticity.
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DOPEIL TS AN « FZE LR OIF & A EDOE D, Jitil s X OB K&
WEBIRRIICEIZE S SN TWHIREIZH 5 Z EnbhoTz (K 2-7(e), K 2-
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CEBEE 5252 LBz LN, B, MPORENE, B & OS5
[47], FeEGAZROIRCHALE[48], B LR S[23], HFBIROES B LU OER
[26]72 ERFT HiD, 5%, ZNHDOEREEZREL T, KPR T 2D
DR L JNY & OBMREREET 2 LERD Y, fihd & hoORERIROY)
BRE) - ALFRIREE (BERIR O & IREE[31], WREE[32], M/ IREE[23], iR
[49], VATFRASEIRIZE[34]) & DBEAMBIT OV THRFTHZENRAXRTH D,
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Table 2-4. Studies regarding the effect of flow rate on plant growth in hydroponics.

Flow Rate (L/min)

Authors and Time ) Plant Measurement for Plant Growth
(Optimal Flow Rate)
Genuncio et al. (2012) [18] 0.75,1,1.5(1.5) Fresh weight
Tawaha et al. (2018) [19] 10, 20, 30 (20) Lett Plant height, dry weight, fresh weight, number of leaves
ettuce
Dalastra et al. (2020) [20] 0.5,1.0,2.0,4.0(1.0) Dry weight, fresh weight, nutrient accumulation
Khater et al. (2015) [23] 1.0,1.5,2.0(1.0) Nutrient uptake, fresh weight, dry weight, N content
Nuwansi et al. (2016) [22] 0.8,2.4,4.0(0.8) Plant height, leaf length, yield, percentage of height gain
Endut et al. (2009) [17] 0.8,16,24,3.2,4.0(1.6) Spinach Plant height, growth rate
Hussain et al. (2015) [45] 1.0,15,32(15) Plant height, percentage of height gain, yield
Soares et al. (2020) [21] 15,25(1.5) Cauliflower Leaf area, number of leaves, plant height, shoot diameter
o Fresh weight, dry weight, leaf area, root length, root surface area, N
Baiyin et al. (2021) [16] 0,2,4,6,8(6)
uptake
o ) Fresh and dry weight, leaf area, N uptake, root length and surface area,
Baiyin et al. (2021) [27] 2,4,6,8(2-6) Swiss chard )
root volume, hemicellulose and cellulose contents of root
. Fresh weight, dry weight, leaf area, root length, macro-nutrient (N, P,
Baiyin et al. (2021) [46] 2,4,6,8(6)

K, Ca, Mg, S) uptake, nutrient use efficiency
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FORDEY LFEEPKE Rz b b b3, BERifl, MoK S & Rl
BELONRINEITEM LT, ZOZ ERFFEEEYMEOENME -6 L2
DEZEZBND,

—5C, TRFEN 8 L/min OGEITIE, HififE, mWE, EEHh, RoOES
&KL KON W EIL 6 L/min OGEITHSTHEICED Lz, BERO
PORDIZ L A EDEZBEWREMREBICS 5 SNTEBY, ZOZ EBRROAE
B LOE WU EBRLE T 2 MBI (BhE, BERGR L) Lol b ok
BEZbhD,

AREDORBICKIT 2 BIEFREROHMICE T, BIEHESHMNT 525N,
THE Y OREEB LN RINENHEINL, RKERST-OBITHADT HH
FER LTz, 2O END, WAL DA 42 ORI & AR R O E 2 (e
L, WMYOERZARET O R BRI RN H D Z & PR S,
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HIE HEWAER EROBEIL

IKRBFEES BNV T, IRITHEDEROETORE OF T, FERIK & Bl 5 ME—
DEEIID T DD, ROERRESCHEREIC KT THRIRITEOFELFET
HZEm, WMAERESKIZTRIRMEDELRAT H1-OICMELRD,

2 B, AFERRER BRI X OSERIRIRALG O WL D, ROMELESNR
I H 2 2 BRIME DB T LT,

Z ZCARETIHE, ROFBEIEIZER Lic, 74 0 Y U Ak XTRICHER 2 KRR
Jit&E T (2 L/min, 4 L/min, 6 L/min, 33X T8 L/min) T KBRS R % Fh
L, D ER EEBRINB LOROIEEZFHET 5 & &b, Rokro—2
&

NI —ADOERBEIZOWTHON LT,
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3.1 FiEEE

3.1.1 B HEE

AREORIEFRIL, KB U (R B LT 4-101) o A T HH
ZAR 2 T BNBRE RIS CTIM S vic, KBRS o AT A& 3-1 12T, AR
=D 12 LED HB (Derlights BO7YV633CT ShenZhen Lighting Inc., Shenzhen, China)
IMERE SAVTWND Z & DAL, KBRS > A7 A ORI, 2 ECHWZ Rk > X
T o ([ 2-1) EEARICEDY 2L, B3RS, N7, ST, BRI E
AR SN TWD, BEIKITIA Y 7 CTHEMICAIBNEG L OYNITELE 2 158
ToHEO RIS, FTo, FEPEE ElZI51T D LED MEBIC K 5 A RO T
WEE (PPFD) % 900 pmol/ (m? * )R E L7z, ZDORRIZ, LED D 1m F A D
PLE TH 7 7 A 73— 5 (USB2000+, Ocean Optics Inc., Ostfildern, Germany) (Z
Lo TLED A7 M EJIEL, FORMEEZMEE LT (K3-2),

TE T EMEERE Lic, £, 2021 44 A 21 HICRE T2 13— F% 2T
A MR LT, IAIDOIENBINT-%, B % 40L OFiE) L2 WA REEE K (OAT
EEE A BEAERE R 0 0.25 512 ; pH 6.5, EC0.68mS/cm) Tiii/l=SN/=77 A
F v 754 (B 620mm, MH375mm, &S 195mm) I L7, LED Zfii ]
LT, 12: 1208 : BHIOR 7 P2 — L CHERK L=, 5H 10 BIZ, ®%
4 GRS L, 40 L OEEFR1R (OAT JEEE A AEYERTZRIL D 0.5 (5L ; pH 6.5,
EC 1.26 mS/cm) #ifi7z L7o/AKBFEES v A7 DMTEM LT, S&/ikiE (2, 4,
6, 8L/min) ZXEL, L5 4 OOJMEMLEIEET 58551, 4 >OKE Gk
BRE) TSN, FREARICIITZ A YT 4 P Z BT, Bk
14 B Z L oA Lz,

FERHAM (2021 4E 5 A 10 H~5 A 31 H) 2B\, WEMRERREE Y
% — (VP-4, Decagon Devices, Pullman, WA, USA) & #EBH K EHFT (ATMOS22,
METER Environment, Pullman, WA, USA) %\ T, HIEEOKRT — X & iték
Lz, 25T —% %X 331277,
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(a) Diagram of cultivation system

'\Q.
S/
: Flow
2 o Inlet
W,
Outle™ | _ & e o e e e e e e e - _0_
Height P
7/
7/
_1! ‘/ .

Length

Size of cultivation container: 620 mm Length, 375 mm Width, 195 mm Height

(b) Dimension of cultivation container

Figure 3-1. Hydroponics system used to study Swiss chard growth under variable nutrient

solution flow rates.
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Figure 3-2. LED spectra used in this study.
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(a) The humidity and temperature data of the cultivation room during hydroponic cultivation
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(b) The air pressure and wind speed data of the cultivation room during hydroponic cultivation

Figure 3-3. The environmental data of the cultivation room during hydroponic cultivation.
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3.1.2 HIEHEE L AIETIE

ABETIE, LED ITX D ANLIERAO T CARBBEEEBRZ1T > T\ D728, fM
WOERIZET HMFHI RN T 2 BTHLNMREESRT L2 L3 LV L
BERABND, LEDR->T, KEOFRIEEE TN L 727 XY 72O ThH, #H
fip s, WM, BEERE, RORIXRMmMER EEZHE L,

TERE 21 HRRICKRIERBNO 7 X ) T2 IGEL, HihE L ARICEI D 40T 7,
FAEY O FfEE & RS A, B RKOA (UP623Y, Shimadzu, Kyoto, Japan) & 3
mifgat (LI-3100 AREA METER, LI-COR Biosciences, Lincoln, NE, USA) %/ L
THE LT, ROKE S, R, BLOEHEICOWTIE, v— M AF v 7 —THl
EL, fHED>Y 7 h =7 (WinRhizo 2008a, REGENT INS, Quebec, QC, Canada)
IZEVRE LTz, RIS, il > 7 L % 75 °C Ot A — 7 > (DKM600, Yamato
Scientific, Tokyo, Japan) T 72 RFERZES TG, MEZHEL, ZFOREIC
Wl LT A e U, RBREFEEZNE Uiz, EFMH EBOY T L4
REAFRIZONWTIE, TR IHTERE  (CN corder IM1000CN, J-Science Group,
Tokyo, Japan) (ZCHIE L, WHEEO NWINEL, HHEE N GARIZL ST
AR L,

Botra—2ABLO~NIBLe—2AEFEOREICOWTIE, Ping An 5
[SO)DMEFIEEZSR LT, £7, WRLIEBRZHIEL, K20mg DROK KL
RERE IC AN, RIZ, ~by bagicilaiEs, =% —L, Ty, BX
WAE ) —)v: 7aafRVAREEY (1:1viv) TOERA FaX—T a3 BX
NEDDEEHC X > TR L7z, ~IBle—2X 1T BLIRN 2 1M BEIR4M
KOH TlEWK M L7z, fiti#fEL 8, 16, BL O 8 RFEIOMIRT 3 Ak v K L
7o B o RMEILE M 2 K & =& 7 — )L CHEGAIZIES L, 50 °C TR S+
720 2mL D 2% (viv) WBRICIEME L, 8 mL OKTHIR L%, EEWwE L
0 — AWy EFRE Lz, BHE ORI OWTIE, 7 =/ —/V-fBEIE[51] % H
L CHlE L7,
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WMEDO~I LR —A T BIOI OFHFEELEFH LML HWT, ROM
HOBE DT EIZE T D2~ e — A GG BEHE Lz, kI, ROPREEY
o oO~IkLe—2E58% (ULF, ~Ik®/lu—RCFW) %, ROEWEIC
WMBEONI BV —AGHEREZFEL, ROFHETHLZ LIk T, HHIL
77 £, BOEEYLT-Y O~I L —2EHE CIF, ~Ik/1lo—2CV)
Z, RO EICEMED~I L0 — 2 EHRERL, BOKETEHLHZ LT
(.

FREID, RO B HREE M7= okl — 25 H8 (LT, £/l o—A CEW)
T, WHBRICEMEO L —AGHREZFTL, ROFHETE S Z L TRD,
ROBAAEY D O e —2GFE (LUF, #ra—2CV) z, RO

CHMEOE L —AGHEREZREL, ROKETEH L Z LItk THRIEL,

3.1.3 #EOE

T — X S3HTIZiE SPSS 25 (IBM, Chicago, IL, USA) ZfiH L, —JohdiE 0oy
Hr& 2k ¥ 0 v OEEHEFARGE 2 i LTz, £ ORERIZOVWTIE, p<
0.05 CHEIINCAETH D L A7 L, FHHEHERE (n=4) L L TEKLE,
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32 FER

3.2.1 AR L &I

BEEBRRMEICR TS 74V UvDAREEHR (N) WINELZK 3-4 1277,
FRPE RS 2 Limin 705 4 Limin (S92 &, 7 2V U OBERRIIA B
ML, ZoEMEEE19.0%Th -7, RS 4 L/min 225 6 L/min 38 X O
8 L/min (ZHN$ % &, HERBIIAEIZHED L, TORDEEITZENLI 30.3%
BLO25%TH-72 (K3-4(a)),

FFEEIZIBWT S, 4 Lmin (2381 28 HE (T 2 Limin O5EIZHATHEIC
WL, £ o#nEIE13 26.0% Tdh -7z, —77 T, FiKi &)Y 4 L/min 7> 5 6 L/min
BEO 8 L/min (TIN5 &, FfEREITAEICED Lz, ThZnoEdEE
43.6%3 L 0 58.3%% /R L7z (X 3-4 (b)), 2 L/min 7> 6 Limin OFA O H
(ITAEREDS LR D212y, FHLREDS 4 L/min 7> 5 6 L/min (ZHN4 %
&, WPEITORBWAD T oM A A B, £72, 8 L/min 28T LM EIT
OB & g L TR RS 2R Lz (34 (b)),

FHE 2 L/min B X4 L/min (2B 2 OEFR (N) BINEICITHER
ZTH BRI T72A3, 4 L/min O N I &L 2 L/min D5EIZHAT 7.5%DH]
Mz R Uiz, NWIRETS, BB IRIEED 4 L/min 225 6 L/min 3 X T8 8 L/min (2
B3 2 EABEIZEAD L, Z2REN17.1%3 LV 40.5% D EIE 2R Lz,
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Figure 3-4. Plant growth and nutrient uptake under different flow rates. Bars labeled with different letters differ

significantly (p < 0.05). Data are expressed as means = standard error (n = 4).
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322 BOFBRELELT—R - A3 —REEE

BRI T HROFEHRE & MIBE AR I DWW T OREREZ K 3-5 1277,
FIRPREDS 2 L/min 725 6 L/min (281 2RO R SITITAEREITH LR o
727238, 8 L/min I8 HROE XL, MOBEKEDGA IR THEICZHED L
7= (X 3-5(a)),

ROFHEFEIZOWTIE, TREES 2 L/min B X004 Limin (2B 5 HE 2%
(X722 72 b DD, 4 Limin (2B 2 RKEAEIT 20.7%D8MNE2 R Lz, £72, &
GRS 4 L/min 75 6 L/min 33 X V8 L/min ([Z¥IN L 7235812, ROF RS
IEEICED L TEBY, ZORDEGIZENEIL 42.6%B L 65.0%TH -7

(1% 3-5 (b)),

TG 4 L/min (BT 2R OMKFEIT, 2 Limin QAT TEEICHML
TEY, ZOHMEIEIE 49.0% Th > 72, —7J7 T, ZiKi & 6 L/min 3 X U 8 L/min
2B DMOEFEE, 4 Lmin DA L L THEICHED Lz, ROKEOH
DEIEIX, FIEN 63.0%38 LN 74.6% ThH-7- (4 3-5 (b)),

B HEEH 720 OMOMEREE (VFW) 1%, I E 2 L/min 38 X OV 4 L/min (2
BWTHERZEIALNZRN->T228, 4 Limin (2815 % VFW X 2 L/min {2
T 18.8% ML Tz, FWRFLE 6 L/min 31 O 8 L/min (Z2351F 5 VEW (X, 4
L/min DI THEICED Lz, £REND VEW I, 36.6%36 LT 46.3%
OWYE R Lz (X 3-5(d)),

HNCHREE H 720 ORORHEFE (SAFW) 1%, FIEFED 2 L/min 5>5 6 L/min
IZHML CHABERET o728, 8 Limin OEAITIE, fhoFEIZHETH
BERBDERLE (K3-5@€),

— 5T, BATHREE (CFW) b7 Dk —R - ~Ikro—25 4888 L
DHNARFE (CV) -0 ELa—R « AL —ZEHRICOVTIE, &
R & (6 L/min 36 KUY 8 L/min) D356 DMEWFEH i & (2 L/min 3 KUY 4 L/min)
DAL b AEEICEM L (3-50, (2).
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Figure 3-5. Morphology and cell wall composition of roots under different flow rates. Bars labeled with

different letters differ significantly (p < 0.05). Data are expressed as means + standard error (n = 4).
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Figure 3-5 (continue). Morphology and cell wall composition of roots under different flow rates. Bars labeled

with different letters differ significantly (p < 0.05). Data are expressed as means + standard error (n = 4).
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3.3 52

B HEWRESLM (2, 4, 6, 8L/min) O H LT, TH 2V U OKHPHEEE
BRA M L, BEWERE, BrREE, wE, BLONRINEZHET D & &I,
ROBREIZHOWTIROR S, RKEfE, L OMEEZHHE L,

REOFERFEHTIE, 740y vOERRLS LOFIEEDT 4 Lmin 280 T
BREZRD, 6 LMnIBLU8 Lmin L R&EL b L, WTho&ELHEICED
L7= (X 3-4(a),(b)) . ¥Z#EIX 2 L/min 2>5 6 L/Imin IZBW CAHRBEIT -7z
2, 8 LImin 2725 L Uiz (K 3-4(c) . £72, ROES, RKififd, BLW
RFEIZ 4 Limin iIZBWTHRKR EZ2 Y, 6 L/min 83X 08 L/min L H#IN45i12-o0
T, WTFho&ELED Lz (X 3-5@),b), () . NWINEL, RotEEDOEE
7 CAE A 2~ L= (X 3-4(d))

—J7, RO VFW IZHOWTIE, RWERRE (2,4 L/min) 075 53 @\ O &
(6,8L/min) OHFA LV LAEEICHEM L (K3-5(d) , S 5RO SAFW (3,
DR & L elz LT 8 Limin THREIWCEA Lz (K 3-5E.) ., ZnbnZ &
I, BRI EZIG C7 BR RSS2 72012, RSB EEIGE 2R L
LB bND, TRbb, VRWREDT 2 Z &3, ROBMAEFEYLZ) OH
BN EREEDO a7 MUICFHFESGT2HOT, MWERTEIZBNT
RBEY a X7 M2, RO SAFW 2D L7722 Ehn, X0 &SR
BETHRO N WIRENNS L polz, 2 ORE RISABEEE A7 JTE LT,
BRI OMBELZHWUNCTE ST D2 L12L - T, BRIETPOROERZRKICZL

T, NINEZ R RIETED EEZBND,
tarr—RblAIve—R(E, ROMIPEED G ZHERFTH7-OICAAIR
RS THY, Brn—A LA bBn—2AOEES L O OZE(IE, i
BEDMPRR L ORI I B2 52 5 ERERTH DH, RETIE, CFW &
CV X, mitEOFMEREL Y N+ 5 2 &3bhrolz (K3-5(),(g) . R
DEITELr— A GG E L BWIEOHENH 5[29,50]D T, KEORERND
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BWBKIKETE C7E Y 7IZo0nTIE, BENEL a7 iR %%
EIETEZEERLTWND,

M OINEE, S EIEREWFR, LR, B JOWEARIM 2 %) T5
Tl Z S H[52-55], MM DEREEA b LA ISEL, RO S & Fifpi e 2kt
JRLTW5, BERKE ORI OAERICBRNEREZ 525 (FiEA k
LA) DN, IR OERZLE T O EE 525 (FEAXA ML XA)
[66]. JEATHIZETIX, ARy, (LFER), BLXOWEREGIEA ML 2 2/
BAE T L7z R 2 < s ST 5 [57-64],

—AICAE DIECZE e LIPS 2 2T D L, MRARSIH S, R
KAEEMEES NS (BEAJEREIZ AL, Thigmomorphogenesis) [60,61,63], Z O3
SR LT, Ry it s 5 2, fEY ORI A HE L <, wE %
DT ENHRED & D[54, 55], AWFIEIZHBNT S, EERIEOALORIZKTT
DYBRIRIL L 720, IROTBEERICHEL 52 T2bDLBEX HND, AT
RE LIARWERR R (2, 4 Limin) I3AEA F LA E2 52 DiERM4E 70T
ZENTE, ZOHMTOREIEIMNL, ROAREZMEET D720 OHEY) 72 ER
HIRIL & 72 0, ARDAER & ZHUTHE D BN AMELE SRR, AR bIR
I BZZ b5, W, EWERE (8L/mMin) OLETIE, ROAEFIZ
EOTHERAMVRALEZLN, EEDOREEOMIIIEIST D701,
BiZz X7 M2, ROME & ENITEAET 2 REE OIS IH <,
ROV ED A LGSR, HERMNME T LD EEZ NS, UL
DZEND, K360 LIz K HIT, KB E OB IR & 4 BE ST 25 2 &
0, IROIREIERL & B WINOHEINE 726 L, iUl X o> THEWA R ORE &
ZONEEZFHHDLZENTEDHEEZLND,
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NS

Figure 3-6. Relationship between root morphology and yield as affected by hydroponic flow rate.

48



3.4 B

REE T, BERIEH ORROERER L OWIIaRERE RO /> Bl B L, KRS
DFEIRIE R D AR L OB DRI G 2 5B O THRF Lz, B4R
121, ANTHEBH (LED) ZFIH L7 BNEERICE W T, £&RIEHE (2, 4,
6, 8L/min) IZ LD 7 XY UOKPRIEFERE I L, AR GEmME, Bt
H, WWE) , NWRIE, BLOHROEE RO, Rk, ) &MiokE
Rk B (Brve—RX, ~Ikre—2R) &L,

XY OFREE, YE, FEmAEBS KON WINE, 2L/min 5 4 L/imin
T TTEIINL, & 5126 Lmin 3 X8 Limin (28135 122, ALk
TOHEMAER LT, 2O ORERIE, 2 BEORKEFEROR R & [FEROMN & 78 -
Tl & xR L,

ROBNHREE Y72 ORFE (VFW) X, ®WEikitE (6,8 L/min) LV b
Kifi& (2,4 L/min) THEIZE L, RO SAFW X, 2 -6 L/min ORI E &
H#e L C 8 L/min TRIEIZIA L7z, tRD VFW DL, ROEE O X
DIRFZD 287 MEAED D SO T, 25 OIRERERINER, ROPBETE
WIS CTe BRI ST D720 Db D EBZEXH T LN TE D, TORERE
LT, BVEBEREICBODTRALY 2087 MR B Z & TREREAED L,
RO NBRINENHD LTzt EZ NS, SHIZCFW & CV L, @EitEDH MK
MELD BIINT 22 EMNbhoic, ROMEITEL T —AEHRELENED
B & 529, 501D0T, KEDFERND, MWERIKETHE L7V U
DWTIE, a7 MR TIRENE < 725 TV D ATREMEDN RIZ S U72,

IIHD T NG, KPRE: OB &2 BT 5 2 L2, IROTZRER
AR & BRI OHINEZ b 725 L, UL > THWAERE O L 20O EE &
W 5 A[REMEDS R ST,

i
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FHA4E EMERLEIFIH

KX D2 BB LV I HICL - T, KBEES IR 2R, IROEE, B
F OB PINU RIT TR RO E 2 A SN L, BT, 1EY o
PE & N7 (IERh FIR 2 WS L7z AEST AR FEIZRD b Tn D,

ARETIE, 3|LFE—DHEIZTT XY U ORISR Z T L, A
R, BARBROBHVINE, B L OEOMMER TS RIRRT RO B2 THE L
7o
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4.1 HE LB

4.1.1 B FHE

REEDKBFEEFEBRIZONWTIE, 3ETHRAZ O L HRAMICE DY 72<, i
RICIAT 5, FIEKME, HERAR S 7 8T S 2 8= (K 3-1 /)
BEIOANLBA LED (A7 hVRHE : X 3-2 2 ) 28 L7z, FEO#AE
IZ&D, FEEKRE (2, 4, 6, 8L/min) 36 X UG YA RO REE

(PPFD) 900 umol/(m? * 8)Z iR E Liz, 7 X vV uaiadiEm L L, B&EkI2Ix
OAT /7 Z JIEEE A JLT7 OFEAERE TR (AL &R « R 2-2 2 8) ZfEM LT,

FEHCBWTIE, 2021 E5 A 10 HIZ 7 X Y U D2 /3= F%F 2T A4 M
TR LT, W) ORENBINT-%IZ, WA IFMBIEME FId D 30 L DORF#EK (OAT
AEEF A B528iK 0.25 512 ; EC : 0.62;pH : 6.4) Tiilil-&SN7=77 2AF v 7 K
B LT, T OIREETH 2 10 ARE Clotk, 4 QOB A H T 5 HEEIC
ERLL, 40 L ORFEIR (FEUE OAT JEEF A 0.5 52 ; EC 1.30 mS/cm, pH 6.4)
T 72 STz 16 fE OKBEBIE A FHIRE Lo, KERIZBWTY, 4 SO

FERITE) OFNENIZONTA>DORE UKBERIERLD BbY, 4ok
DN BERIEERRRITHEA DN TE Y, HHEEASR TIE 2 LU/min, 4 L/min, 6
L/min, 308 L/min ORFE#K L& COLH 238 E LTz,

FEBRIM] (2021 6 H 7 H~6 A 22 B) 2B 2 FIEEORIR, KUE, HH,
AL 72 EORBT — X Zitdk LT, TNHDOT —F %X 4-1 1277,
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4.1.2 BIEHEE L RIEFIE

BIE L7 Y U2 14 ARICIGE L, BitH SIRICYIY 5310 7=, #iil &R D
HritE & E, B, ROR S % 312 IR I TV 2 FIEICTRE L7,
WIZ, IR LT REM DY TN Z it U CRBREGARLIE Lz, FitlE 721X
ROV TNoOeEREGAERIT, AETEIIEE (CN corder IMI000CN, J-
SCIENCE GROUP, Tokyo, Japan) % W CHIE L7z, KFEZTHDHU LV (P), &
Jo L (K), By ULh (Ca), ~732TU L (Mg), BLUHIE (S) OFAR
T, B G7T A~ HE&0HrEF (ICP-MS Agilent 8900, Agilent Technologies Inc.)
THIE L7z, %xEE (P,K Ca Mg, S) DEFRIZOWVWTIE, A7 X
7 2 (ETHOS UP, Milestone General, Kawasaki, Japan) % P2 25PN CHYEZ 5 mL
TH T NESRLUT-HIZ ICP-MS (& » THIE L7, &8l ROV 7
% 02~059g &L, DML AT, WRIT, BIEIHTH O 69%IR i

(specific gravity 1.42, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) %
HILASRITMZ, v A 27 1A N—7 T 150 °C, 50 430 Liz, & T
®IC, Bana 30 pREIMAILIZOL, S5 Lcy 7L ziEitiK (518 MQem)
T 10,000 fHICAIR LTz, 7ods, ZOHEAETHM L7o@EHIKIE, Elix Essential UV
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(a) The air pressure and wind speed data of

the cultivation room during hydroponic cultivation

Figure 4-1. The environmental data of the cultivation room during hydroponic cultivation.
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Figure 4-2. Growth parameters of the plants growth under different flow rates in this study. There were
significant differences in the bars marked with different letters (p < 0.05). Data are expressed as means *
standard error (n = 4).
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Figure 4-3. Nutrient uptake of plants under different flow rates. There were significant differences in the bars

marked with different letters (p < 0.05). Data are expressed as means * standard error (n = 4).
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Figure 4-4. Correlations among plant growth parameters and plant nutrient uptake. Pearson’s correlation coefficients are presented. “*” denotes p <

0.05 and “**” denotes p < 0.01.
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Figure 4-5. Nutrient use efficiency under different flow rates (values are calculated by dry weight/nutrient
uptake of a whole plant). There were significant differences in the bars marked with different letters (p < 0.05).

Data are expressed as means * standard error (n = 4).
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% 7% SUMMARY

More than one-third of the world's population lives in arid areas, and under the social
background of population growth and poverty, they face serious problems such as food
and water shortages due to abnormal weather such as drought. To solve these problems,
the development and introduction of sustainable agricultural production technology that
can provide a stable supply of food are expected. But it is difficult to introduce it widely
because there is no economic margin in the rural areas where the site is located. Soilless
culture, which uses a cultivation substrate other than natural soil, is attracting worldwide
attention as it is suitable for crop production in a land that is unsuitable for agriculture
such as arid land. Among them, hydroponics uses a nutrient solution, the roots of the plant
in the nutrient solution absorbs water, nutrients, and oxygen necessary for the growth of
plants. Compared with soil cultivation, hydroponics reduced the loss of resources, so that
crop production is inexpensive and resource-saving.

In hydroponics, the nutrient solution is circulated and flowed by a pump to promote
the movement of inorganic ions that feed the plants. Increasing the circulating flow rate
of the nutrient solution is thought to contribute to the improvement of nutrient absorption
and yield of plants by increasing the contact frequency between the inorganic ions and
the root surface. Regarding the growth of plants in hydroponics, although there are many
research reports on the effects of nutrient solution characteristics (pH, temperature,
electrical conductivity, dissolved oxygen concentration, composition and concentration)
in the cultivation water tank, the nutrient solution flow rate is There are few research
reports on the effects on plant growth and nutrient absorption. So far, the effects of
nutrient solution flow rate on plant growth and nutrient absorption have been investigated
for lettuce and spinach, and the increase in flow rate improves yield and nutrient
absorption, and it is suggested that adjust the appropriate flow rate to obtain the maximum
yield. However, there is no information on the size and shape of the cultivation container
used in the cultivation experiment, and the flow pattern of the nutrient solution in the
container is also unknown. In addition, the root is in contact with the flow of the nutrient
solution and oscillates, but the details of the behavior of the root have not been

investigated. The effects of nutrient solution flow rate on plant growth and nutrient
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absorption and their factors have not been fully elucidated. Therefore, the purpose of this
study was to clarify the effect of nutrient solution flow on plant growth and nutrient
absorption based on cultivation experiments and visualization experiments of nutrient
solution flow fields.

Using Swiss chard (Beta vulgaris L. ssp. cicla cv. Seiyou Shirokuki) as a research
plant, hydroponic cultivation experiments were carried out under different nutrient
solution flow rates (0, 2, 4, 6, 8 L/min). The results show that the fresh weight and dry
weight are almost the same at the nutrient solution flow rates of 0 L/min and 2 L/min. In
both cases, the roots are almost stationary in the nutrient solution, and the flow pattern
around the root system is similar. In addition, when the flow rate of the nutrient solution
increases from 4 L/min to 6 L/min, the flow velocity of the nutrient solution speeds up.
The root swing with the flow is observed, and the root length and nitrogen uptake tend to
increase, and the fresh weight and dry weight have also increased significantly. On the
other hand, when the flow rate is up to 8 L/min, the value of each plant growth index is
lower than before. At this time, most of the roots in the nutrient solution fluid float along
with the nutrient solution flow due to the high flow rate, and the flow of the nutrient
solution fluid produces physical stimulation and stress on the root surface, which inhibits
the growth and nutrient absorption of Swiss chard. This series of trends indicate that
within the scope of this experiment, there may be an appropriate nutrient solution flow
rate that promotes N absorption and root elongation and improves the growth and yield
of Swiss chard.

Next, the hydroponic cultivation of Swiss chard was carried out under artificial light
in the indoor cultivation room, and the effects of nutrient solution flow (2, 4, 6, 8 L/min)
on plant growth, N absorption, root morphology, and cell wall composition were studied.
In this case, when the nutrient solution flow rate is 4 L/min, the dry weight and N
absorption of the plant tend to be the maximum. In addition, when the flow rate increases,
the VFW is reduced and the root becomes compact. When plants received physically
stimulated, plants inhibit elongation growth and promote hypertrophic growth
(thigmomorphogenesis), which indicates that the root system may exhibit a
morphological response to the flow rate of the nutrient solution. In addition, the CFW and
CV at high nutrient flow rates (6, 8 L/min) are higher than those at low flow rates (2, 4
L/min). Because the root strength is highly positively correlated with the cellulose content,
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it is inferred that the root system under a high flow rate is in a high-strength and compact
state.

Next, the absorption of each nutrient (N, P, K, Ca, S, Mg) and its nutrient use
efficiency, leaf area, fresh weight, dry matter weight, and root length were tested. And
analyzed the correlation between these plant growth indicators and each item of the results
of N, P, K absorption, and found that these results have a significant positive correlation.
In addition, as the flow rate of the nutrient solution increases, the absorption of N, P, and
K decreases after reaching the maximum at 4 L/min. The nutrient utilization efficiency
of N, P, K at 8 L/min is higher than 2 L/min and 4 L/min. This indicates that an increase
in the flow rate of the nutrient solution may improve the nutrient utilization efficiency of
Swiss chard. From the perspective of improving yield and nutrient utilization efficiency,
6 L/min is considered to be an appropriate flow rate within the experimental range of this
study.

In this study, with the increase of the nutrient solution flow rate, the dry weight and
nitrogen uptake of Swiss chard increased, and after reaching the maximum value at a
certain flow rate, it is showing a downward trend. This shows that there is an appropriate
nutrient solution flow rate, which promotes the absorption of inorganic ions by the root
system and root elongation and promotes plant growth. In hydroponics, the flow of the
nutrient solution produces physical stimulation to the roots of plants and affects the
morphogenesis of plant roots. A proper flow rate can be considered as beneficial stress.
Within a proper flow rate range, the increased flow rate gives moderate physical
stimulation to the roots of the plant and promotes root growth. As the root grows, the root
system can absorb more nutrients and the plant grows better. On the contrary, excessive
flow is considered harmful stress. In order to adapt to high flow resistance, the roots of
plants become compact, reducing root length and volume and surface area per unit weight.
Root length and surface area are important factors that determine the plant's ability to
absorb nutrients and affect the growth of the entire plant. Therefore, it is shown that the
morphogenesis and nutrient absorption of plants can be adjusted by adjusting the flow
rate of the nutrient solution, thereby affecting the yield of hydroponic crops. In addition,
in this study, we analyzed the relationship between plant growth and nutrient uptake and
changes in nutrient use efficiency under different flow rates. Nutrient absorption and plant

growth index tend to fluctuate in the same way as the flow rate of the nutrient solution
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increases or decreases, and it is found that there is a strong positive correlation with the
quantity. On the other hand, it is found that the nutrient utilization efficiency of the
macronutrients (N, P, K, Ca, Mg, S) increases with the increase of the flow rate of the
nutrient solution. This shows that the flow rate of the nutrient solution affects the growth
of plants by affecting the absorption of nutrients, and the increase in the flow rate of the
nutrient solution may help improve the efficiency of nutrient utilization. By rationally
adjusting the flow rate, it is possible not only to increase the yield but also to ensure the
efficiency of nutrient utilization. It was suggested that in hydroponic crop production
systems, plant yields could be improved by adjusting the flow rate. However, if the flow
rate is set too fast or too slow, the yield will not improve sufficiently or it will not be
economical. Therefore, proper flow patterns must be carefully selected, and increasing
flow rates increase power consumption, resulting in higher operating costs. It is important
to keep a balance between plant yields, nutrient management and energy use.

As a basic study, this study was carried out in a specific size of cultivation container.
Using the flow visualization method (PIV), the effect of the flow of culture medium in
the cultivation container on plant growth was studied. If the optimal flow rate was
determined considering crop production and nutrient utilization efficiency, this study was
6 L/min, but this flow rate was not necessarily suitable for all hydroponic cultivation
systems. The determination of the appropriate flow field environment for hydroponic
cultivation is affected by the interaction between the flow rate of nutrient solution, the
size of the cultivation container and the characteristics of plant roots. In order to guide
the adjustment of flow field environment and the design of cultivation device in
hydroponic cultivation, not only the flow rate but also the special indexes (the
dimensionless number including nutrient solution flow rate, the shape of cultivation
container and the characteristics of plant roots) need to be put forward. In addition,
considering both the influence of biological genetics and the cultivation environment to
study the influence of nutrient solution flow rate in hydroponic cultivation on plant

growth and nutrient utilization efficiency will also become a topic in the future.
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