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1 F

E=114
E:D

1—1 @t OKERES

T I HIER EDOFEHImAE D 6% % S, KICFRY, ARRFRIBLE D & Z OB EMEN
S CT& CT\% (UNESCO, 1971; IWMI, 2010), ZEREZ2AICIX, BHA I @ W AEY
ZFkMEZ R L “biological supermarkets” & FE(EAL 5 (Mitsch and Gosselink, 1993), % L
T, ZOEWEMSHEEZ 2T 5 9 A TEERKZA 2RI L TWDH, KICFERIITIE
IR OFRFICM T KR | SRBIGER 72 E12%5- L (Acreman et al., 2003; Sun and Song, 2008)
FloRREDHEMERC LY KGEREEIC L TCHgE4 5.2 % (Marshall ef al., 2003).
S BT, £ DM DK SCFHIBERE I TIRHUEF O A RERITH L CH EEA 52, AWS kR
PEDOFELFRFEICIB VT H EEREW AR L T 5 (Mitsch and Gosselink, 1993), & ®
72 RHE OKSCFRIEE 2T 5 2 CIXEETH Y . E OB OZARFE R
ICBALTHEL O ZEN e SN T & 72 (e.g. Lafleur et al., 2005; Goulden et al., 2007; Sun
and Song, 2008) ,

T HIAF (23 2 Z2FE N B 2 o AEMIC K D KIIBAE RN B o720 | #t F/KNZAN R
STV HDOLWVTHEEZD DB R ST 0§25 2 L TERMEZ AR LTS, £,
AT ORE T EITIMAEBEIL COBIN IR — = S HER T A VA —F— 1SR
0. EOWEFEDE NI L > THEZVOABBEOHEBEDOEZLHDH LB Z HND,
T DX D IR E Db DDEERMELFATE R EORIE HIEDENI L0 | R D
TRHIAT I BT 2 78T & OBUEI L R & 22 Z8iE 2 A9 % (Souch er al., 1998; Goulden
etal.,2007), Bz 1%, A CHUIRIZALE S 5 2 SO 280X, 7V »n4EE
T HWMHE DTN, FOMDEA (Centaureo-Cynosuretu cristati <° Senecioni-brometum
racemosi) DMELTDMMFREID & 15%L < AEM LIS A ® 2 (Acreman et al.,
2003), E7-. FUHEAE (KNELVR) BAFTHEMEFICHBIT 25T, v ¥ 0
U7 U TIITCEI LA R (4.75 kg H,O m” day’'; Saunders ef al., 2007) (%47 =
7 TOfE (2.4 kg H,O m™ day™; Jones and Humphries, 2002) D#J 2 {5 T - 7=, {EHisr D
ARFERENTZ OIWHATF OFEA LN DALE S 2 1k, E1-FFHFIC L > TRE LT
Do TUNMESETHBMEICKIT S, AFED 0.16 mm day”! 225 E D 6.72 mm day! ~D
REBREBHLZO—HEF 25 (Acreman et al., 2003), X5, AL 7 UBMELET S



BIOHIE OIE HHE Tl BN 13.39 mm day! OREHELZ RLEZETHHELH D
(Acreman et al., 2003), = D7, WHHOKIN K ZHR L, ERADEEEZEZ D B

AL LY Z L OMMATITI T DARFEHEDOFH & T OREOHMNEETH 5
EWVWR D,

1—2 RHABRFSIC X 5 T if] FH o Zs

UTAE . 2O X5 e ERRAI | KSR B B B & B TR s 1o kF LT, ik
RLAREEE B L2 TON, £ < OmBEO@HE S HHEMSE A~ WESh T
TV 5, HEHALE T 1950 42> 5 2000 4 FE TO 50 F1THT 84% i His 73 23 H i1y
TRDONTEY (Zhao et al.,, 2008), 7 AV IO 71 Y ZMIZHB W TIEE < OWHIATA
B b EEOFE~ (Marshall e al., 2003) . A2 2iBNSA U A IHEFERIS T
TOMMAEIL 1950 FARUBFETHITHAE, FUEras | ¥ XOPHEHA~ELEIN
TETWD (OTA, 1984), % < DYATHIIEIZ 351 T MR H OB ZE 13K SCFRY 7 12 A
XL CREREELE 525 L 0bil T % (e.g. Giambelluca et al., 2000; José et al.,
2008; Zhao et al., 2008) , HHIFH DK BT BRESLELIR T 7 v 7 AL 5 2 K4

BA A S, X0 IR MR o R AR SOk L T L B A 5 2 D (Zhao
etal,2008), BlZIX, 7 AU D7 a ) ZINZEBIT LMD S b Y X EEOEH
~OFHIFIH OB T, RERBERENSZL L, (I 2 RREE SN Lz &5
WS (Marshall ef al., 2003) . H EHALES CIIim s 2> O FRTE~O LHIF A O L1 &
D AFEHEDHIN LTz &3 250N H D (Zhao et al., 2008) , 20K 72 T HIF] FH OS2 1%
Z OHIE DKL RARERTZ T Tl < BB RO N AR R LT H R R L 5
2 D AREMED S D (Foley et al., 2005), Z=Di=, +HFIHAZ% 25 LT, AOHICEE
INEMIEEE DTRENTINZ D & & bIo, M OKIREE, ARREREL 9 5 X5 g
H) 72 T HIRO KGR ORI HEL R T D UNEN B D,

A, 7 7 ) AEEICE T HEEEEL B & LI BB R N ED bt Twn
%o FRZT 7 U T ORI T 3 TR T K - TR S AL D08 & T D
FHIMEOMHET DY, FRIEZAT O DI+ 0k ER AT 5L LTHEASINTETND
(Andriesse and Fresco, 1991; Turner and Congalton, 1998), 7=, izl CiZimu A
FEREICEE N (Lofetal., 1966)  FEAEIZXT L TRWRT ¥y L Z2RTLEZBND,



W RT Lo M7 7 U %
WALET 5 I e 7 ERE (CLF,
TIET) bFRRETH Y 2
SIS AR Rl s e | 352 81 A Qb =
iRt 2 A9 0 (X 1—-1),
Z OZFEMERMAEIZE R LOHTEL
e & L CREZEATHZ &
’?%ih7?W@ﬁﬂ£%%@ '“*ﬁﬁﬁﬁﬁ
CHFGLED LT aHEN RS AR
NTE TS (SATREPS: '

http://[www.jst.go.jp/global/kadai/

h2306_namibia.html),

100 km :
& " Etosha National Park

X 1—1 FIEe7IEic BT 3 FEH B E
(a) FIETIHFIEITT 7 VU A EIALE L, (b)
Z odeEsik i FHEIvE R 2 G T 5, (o) ZFHiME
BHE 2 5N b= v A2 F G TRT,

1—3 FIETICBTIMEEA
1—-3—1 FIeT70XRHEE
FIETIEYATWEUFEOT 7V HFEE TR L EE LZETH Y | il ikic @
L., TITWEETTANVBEL NS 2 SOWMEEF T 5, FEREKEIZMEFHIRO 50
mm A4 2> HALHGE D 600 mm LA F THIFEIZ/H > T Y (Bethune et al., 2005), K
KAEFRIESENFRE L S5 500 mm BLEORERA 726 &b OIXE 10 8%I2i@ &
720y (Krugmann, 2000), &7z LU CIL, 2RO 25 99%1X 10 A5 4 AIZEH
L Tk Y (Marsh et al., 1992), ZFHIZEN G RKEZ VN, BERO 95 83%I1F78% L, 14% 034
R DR S 2% LZE L TERY O 1% 0N T K~BITTHERBEL LN TWD
(Crerar and Bethune, 1992; Marsh ez al., 1992), £ ¥ 7 I 7 OKEEEEIL, BFBAKEDD



I L ZORZEMBIRY . BARARRIEN L UTRESM T 55 (Heyns, 1991), 20D
S IZ 331 % ATREZR S & 1E 2500 mm 7> 5 3800 mm O] Z 288 L (Amakali et al., 2002) |
FREREKED 5~18 [FEMNAFBICI VI ENS RIS L9 RIcH D (MWCT,
1992), L22L7Z223 56, RIERO X 5127 2 7 LU I3 HitER s 23 MB35,
FEPER AT IXRZFEORER &, FIeTodbichiiE T 27 o I 7 3mE (ML, 74
7) K0T DRI Lo TSNS, @HFEHHERMEIZIZ 12 A 3 A
IR ARSI L, ZD% 4 Anb 7 AEE THIR K ZRfF LT 2, o R &
SRR, HIFAKDOIFEBRIL, 72 27 B Z &) 7249 37000 km® DK 1T 5
R RIS TR < fAE LT % (Lindeque and Archibald, 1991), Z=EfiME IR H s o H1 /K 13T
ARSI H D= h—V Y ENLARANO T b — v EIICERN D, = b — 3y BN
EIXEHAIMOEREL 72> TE Y, I BT BIHIEMZ MM R OBLS 1T TR,
FTIETIWE o TORERBOCEROKREL VI K TH, = b= v ENARO HIRER
BEOMR4A, (R#I2 /)% AT 5 (Lindeque and Archibald, 1991), ¥4, F 3 B 7 LB
HUBCTIZ ARSI L TR Y KEEELHEIMERICH D, ZDTH, = b — ¥ [ENL
NE O EFEICAAAET S FEIER AT AR E 2 EAT 25613, KEROHIK & v DBl
AL LBz, FEHMERHE TR~ OB ONTH FIC B E LT iude b,
L2 L2236, ZHvE CHEEPERRHMAT 1T D R e HUBER TR & X R S Tk b
T HARREICET 2 HIIR 5T\ %  (Kangombe and Strohbach, 2008), 7KEREZIC
B4 2 AEEEm bW E 722 L < EANOFEIME #0380 A R8RS N TG E) 2 #EFr
T D7 OB IKER BT b M2 S Tewy (Bethune et al., 2005) . F72, %647
WFFEIC BV THER S U 31T DI OB EICET 52 RITZ < s T&ETW
5H DO (e.g. Acreman et al., 2003; Burba et al., 1999) ., F 2 B 7 JLERD X 9 722 ezl
BT B W TR L WF & TREE NS K E AT 2 FHiMEin i R~ COFEEI
D7a TR BT ALE ORI O KR 2 HER T 2 IIXFE RV RO TN D DR
BURCTH D,

1—3—2 FIe7IEIIBITAERN Ny Y e i EREEA
ZEIMERE I N B 2 ) 2 B AR IR O A 2 1L, NRICB W T IEEKICE DI
Nt (7T T R) W EL, BT v I RiBW U sREMTH L oY



> B (Pennisetum glaucum) %ZHh: U GREM/EPED 92% ; Keyler, 1995) . & LT
% (McDonagh and Hillyer, 2003), k7 22 B Z O T OV O Z 2 #2185
FRICHERRS . ZDHTERE L THEE SN L L HIC, ZOXERIIFZSEOE L L
20, ZREOMEHC L2 EZAMICFIH SN TWD, LL2R2S 5, 2008/2009 4D
NFIIET v 706 OBKRIEE 60 FEH TRAMBEO LD L0 | F I BT dEIC

BITL MNP BEHTREFICLD RERBEFLZITINHERITIZE LD L, &6
I, TIETICET D b UYLy B IR E I E DR 35% LRI TH D70

(Zegada-Lizarazu, 2006) ., 7 2 &7 TOEWAEFEREIL, [ENICEIT 2BMFEED 50%I2
Bt 7272 VR T&H %5 (Mendelsohn et al., 2002) ,

BLRTIEF I 7 AL O A 2 (T FEIMER AT 2 890 LK E OB IR L T&
TWo, LarL., Awala et al. (2009, 2010) [FF=EIPE AT 2 KK H & U CHRIE L 325k
BN Z ORI CTA R E2FEE L, £ OEPENO & S 246H L7-, FHIMERHIEEREIZ OV
THRAZ LV IRDTIEEAZ D D Z L%, BRI 282t LA EE 2 il S+,
TIET OREEEREICORND EHfFESND,

7B, FEIVERHE I E OB L STHIND RES 22T HZ N TESL, LV
FBL R & ARHUIC BT 2 AT 2 BIMIEE T A v 7 EREOY, BB/ & < ik
W E ZAICHBLIT2H0% A2 R’ LIRS, 43 v FIEEHIMER A 28T
DAMEBZDZENTE, JROVEMICIRN AR > T K& T2 2 D, A2 R~ 3
PREEHINC T2 E 272K TH Y | A% T OREBICHIE L TW D, RIELGHCTHR 5 fRfE
HBANIZOF Y IR L TCEBIND b DENRET D, LI, BBl LRk
WA, FEEEEHE X oA v FEBRW TS ET 5,

1—3—3 FMfEIC X 2KIEERME

AR, AROREHIED 5> 6T 30%LL EARKHTHLD &b Tl Y (IRR,
2010), FIETICBIT AREEA S FI YO KEREE A2 O F EFIH LI 72 K
KHEE L TEANED LN TETWD (Suzuki et al., 2009), WL X & M72 729
(Becker and Johnson, 2001), -gzithliod 2% < OE % 7340 2 2 #EFFHIHKI O T
(Traore et al., 2010) . EWER i O KIZIZIR Y 3 5, & BT, PREHIBIZ 1T 5
WEER R DA EFEA b 6T et 222 A Tv% (Smedema and Shiati, 2002), & ®



T2, 2 OIS ORFIL AR E A 2O £ R L2 RKHOFREL & > T
DA NEN,

TEM N CRRVE X T DM OEMIC HERBEKEN SN Z E RN H TV D (Zwart and
Bastiaanssen, 2004; =%, L7, 1978; Pearce, 2006), L7 L. FA{EIC X 5 E DKM E &iX
WOX D RFETHDEELND LB IS, PR Z R (Seepage and Percolation;
S&P) DA KiEiHNE DAIEEOIM]., A FOFRBENFEOM ETH S (Sharma ef al.,
1995; Borrell ez al., 1997; Roel et al., 1999; Bouman and Tuong, 2001; Pirmoradian et al.,
2004; Mahrup et al., 2005; Kato et al., 2009; de Vries et al., 2010) , S&P IZFGIEIZE 1T D K
BOFTCRERERTHLLOD, FIETTEASHE I & LTWAHKAZRTRIEC
BOWTEZOEHENE LV, LovL, KEABEOIMHIZERT 5 Z L TREIZL DK
HEBEZHD SO FTREMEN & 5, KD O OZEFEEITFIIA R OEFTHIIZB
TKHEEBSEROREREEEZH5DD (B35, 1995; Cabangon ef al., 2002), HFlZ) 2
BT O K D AR AR RN L9 2 #IIZ I T, K D DR RO BT K X
WEEZ NS, Fo, MU IO TILE R I | 7R B I & e
EOANTFRAF—BICL VM IKEL TWDH 720 (Khatun er al., 2011), KEIZH]E
TOHOHREEZ A e — T 52 & TKENDDEFEEZIMET L2 LITAENTHD
EEBEZOLND, EDID, T IET THIEE LTEGEOA 2 OKIEEIZET 2 A BARE
DEMRE L I A I~ ZABERA AOF | PRI E Lo To A RIT KD KEPERIC
WBE G 25 X0 RMENFEIZ OV T O RAT AMEIIREVWE S L), 20 k)
(ZRIKHBREEIZ T DRBEIC & D AKTEE &L, A R OFE: MO FiEIc L > TKRE
SEBLEZTHZENEZ LN, T ET ORIV O KBRS L fREEA
FiEERRTT 5 2 EREEND,

1—4 KL BER LR

AR SCCIE, ZRETER -~ BRI SRR E 2 E AT 5720, F 2 B 7 LRk
DRSNS D RGAFEA DR B2 it Uiz, ER, B A 7 — BT 514 2 DK
HERBMIZOWT, ZREIERA 77— & UTEW R, BEE A —L & LTKC
FHEENOLOT T r—F R A, RO 3 maxHNE L, EiR B, 2L Tznsofif
Preiro7,



1. A FOETE,  BAEE O KPR35 BTl

(B RO )
2. 72 B ACE s O ZR S BURPE I 69 D R EE A O s BT A
(KRB
3. 72 BT ACE A~ ORBEE AT X 5 KIS R 3 5 s Bl

B 2 BT, A ROKFIHZIRIT T 5 A il 7g & QN BAE FE DOREIZ DOV THE
YR LT, REMER O PRI E T 5 I BT KA T IR v LR
BWTHR Y NakBr &MU 22 B8R 2 520 L7, Rlaiin 2 A& LIomIIEEACE
WL, KIEE B CTRAEERSBEREL R D720, KBEEEHTZY DA A~ A4
PERTERINDRKFADLRL VIR ELEA L, Ay FRBRTIE, A ROAFAZ)

IR Az, MR T D & & bIT, KFIARESKIEE RIS 51 3

\Z X DK OB RCRMEE O ELRE Lz, £, Ay MRBRTH LI KFIA
INERIT 69 % FAEE B D B Z O\ T HEBREIS L~V THEER L 7=,

B3 TIE, 7 I VA HUR O RBAFEA BT 5 & L b, MEEAIC L D
RO L K SCHINTGH LT, AT % ¢ L8RS CREMBEKICEDNRS
ZLDnWT v 7Ty Rl FEIVERHENICERE LA RS2 S 0N B AR A
B O AF 3 BIGICE T, BUNE - R—m UK X > CREBREZBI L, £ L
T, ZENENDOESTIT DB R DA BAEL#ER T2 & & bz, MEEAL
RO ATM LT,

B AFTIE, I BT LE IR O KGR D RS A OB A SN Lz, 52 &
&5 3 E) DG D AVIZRE R A FWO TRBRBIR D KIS 2 & L REE AL KIS 5
ZDWBIONWTHEMHEY I = L—ya &2 FEhE LT,

RAZIZEH 5 T, 7 I B AL IA S 2 FHIMRR AT TO | MIEO KB R 5 O
(CHRFEAIT K 2 KIS 2 BT DUV TR R L 72,



2 A AOALTE, A O KRR D BTl

2—1 AEOHER

I, FIET A BV TRIFEAO AR SN TE TS (Awala er al,
2009,2010), L2>L72A3 5, FETHIRA X 5 ITEWFEIICA RTNEEZ G D 1201
MOEMIEER TRV ZL DOKRENLIEL T L LD TS, EDD, FRFEEAICE
WTIETE DR KEZNRANTFIR T D A 1 SaFE OB CHEE TIEDOMENLNEEN D,
Z 2T, AT TIEA FOMREPER, 2 U CHAEEEN A T OKFIAZRICK L ThH
DB OWTHEMT Do AR CTIIKBEEEDOAZZR ST, AFIADRE VI BEEZEA
T2, KIBEBEITA RHEFIC L - THAIRFM Y 72 0 ITHEE SN KETH D | KR
FIXEOKHEEEDHTZY O F~v A EERE L TERIN, KBREZT TR EN
2T ONRA F< A EFEBEREGONTZONENEKL TS, FIET O XD e - ET
TR LD EWARRA R LGS Z R EEND,

A TR TRSABT L, ZOFFERICE O TREL HE~DRZE (Seepage
and percolation; S&P) . #EKH 2> H DZFE, A R L DHABAIEH 2 EI2 L o TKPBHE S
ND, ZDTD FATHIZETIL, S&P Z il 272, M.+ EAES (Sharma et al.,
1995) . REIWmEREE-CA0fn 14875 (Bouman and Tuong, 2001) 72 & OF LS 7 k2SR
ENTER, o, ABEVHO TERED S OEFBEEZMHET D720, 2 LAFFHHICE
W R E SCEE R (Anderson, 1992; Passioura, 2006) , A7 & T F 0TI
A (Shepherd et al., 1987) 12X o CTHEE ALK S5 Z L1T K 2 AR R T S
NTETWD, B FEWTFORIZIBNT b RERILAE S O LB E oMl 4 B 15
L2 9E3 72 ST & T 5 (Karaba et al., 2007), F 2 BT O X 5 7o LR OB AN
PR 3 72 MR L WO UL AT RIS B W CIREB SN CW A k2 20 £ AT 5
ZEEFHEELY, Ll I AFRAF LAFEEICEBWTRES N TV D K512, Mk
Lo TKmEEER L e — T 52 &L TRIEEELZHD S, BVKFIHZHEE
FONDREMED B D,

FER I X 27K OPFERITH S A A~ A A FOETL FHEEE, 2 L TA RDRL
RICE>TENT D, KEE@EEEICEET 2 2 & CRWBREERNGE L L, Kl
SOERFEEELMHTE L0 LR, LL, —H TRE M AL A~ AL B



BAERIZE > TEVZ OKREHEET D AREEME L H D (KL, 2004; Impa et al., 2005)
Z D=8, F\ KRB E T 5 72 O IT ) 22 A SRR & ) A A IS K D
FEVEWEROILRERFT 2 RLER S 5 5, BEEDIEKR &Kl & OARFEWR: & ORIfR
BT AERIIRONTEY ., BRICBTL2ZEET LR (KL, 2004), AATOMH
BikBRic X 5 (Hayashi er al., 2006) FRETH 5, S BT, AFHMFEICHT 51 x
D ERIFAEE LD K 5 7o sl & AL = o &7 2 o 2D X5 Ikl A= B A4
I O 7 2 R ICE R L TV D8 b, £ 2T, 7 e 7 bz i 51
T DK FEC DD THEMZIE R B RET 5720,

1) A XOKRFHBFEOFEM A & N S fEH 722

2)  EER L~ TOKF B RO ER T

3) BRSO KRR L
EFHROSMCTHZEZEME L, SIS TR v FakBr7e & ONC sk 4 506 L 7=,

2—2 MEETE

2—2—1 K kb

F T, ALY T o NTALE L, FEER U O PRI ALET 2 I BT R
R A T AR XA (B 17°40°, R 15°17°, A 1100 m) ([2CTAR > bk
BradEii Lz (K1—1), Ay FiBRIZZ7 U —o g R CTEI LT, 7V — DA
WNOZEF > AT DT L o> TRIRAS 50 °C LA B2 E O RE EIRIZ/R 5 2 & 2T 7o, 72,
TV =g 20 ARERERIL 523% Th o7,

2—2—1—1 KRy bABR1 ; KFHZROMME A, Rk

F A AF X UANANZBNTTONTZ AT TH 5 mfii kil (Awala er al.,
2009) & H LT VT A3 (Oryzasatival.), 77 U 714 % (Oryza glaberrima Steud.)
% L C NERICA % Z{efRMZHMERE ) DAk D 30 Ml A3tk L, s L7z (3R 2—1), 2009
E1TH16 HIZ2.3 AIRELEIEOZA IV INZEA ) KO IEFESEIM 211 b
L—|ZHKFE L7=, #Efif% (days after sowing, DAS) 14 HHIZAR Y b (B3 L) 123
KT OB L, ZDOH% 28DASIZA Y bl 1 EKE 72D XD ICHBl 2 &2ITo72, &
OERIZHEBI I 2 BED 5> B RS TEERICRKRE SN IDHE L THWDH H 0D



F2—1 Ay FRR1IZBITHRLEY 2 b

Species Genotype Origin Ecology
Oryza sativa L. AZUCENA Philippines ~ Upland
IR 24 Philippines  Lowland
IR 64 Philippines  Lowland
IRGA418 Brazil Lowland
ITA230 (FAROS50) Nigeria Lowland
LK 1484-5 Guinea Lowland
Mamoudeni Mali Lowland
Pokkali India Lowland
Super SADC” Lowland
Tumo-tumo Malaysia Upland
WAB56-104 Cote d'Ivorre  Upland
WITA 2 Cote d'Ivoire  Lowland
WITA 5 Cote d'Ivorre  Lowland
Interspecific progeny NERICA 1 Cote d'Ivoire  Upland
NERICA 2 Cote d'Ivorre  Upland
NERICA 4 Cote d'Ivorre  Upland
NERICA 6 Cote d'Ivoire  Upland
WABI1159-2-12-11-2-10  Coéte d'Ivoire Lowland
WAB1159-2-12-11-5-1 Cote d'Ivoire  Lowland
WAB1159-2-12-11-5-3 Cote d'Ivoire Lowland
WAB450-1-B-P-91-HB Cote d'Ivorre  Upland
WAS122-IDSA-10-WAS-4  Cote d'Ivoire  Lowland
WAS127-B-5-2 Cote d'Ivoire Lowland
Oryza glaberrima Steud. Aawba Guinea Upland
C0440 Guinea Lowland
CG 14 Senegal  Lowland
Loubi tetera - Lowland
Mala Noir V Niger Lowland
Tataro Mali Lowland
W0492 Guinea Lowland

" Southern African Development Community.

F#% 28 DAS IZBIF AV v b Liz, £ L T42 DASIZHR Y b THEE IHTFEED
WA T ) 27 Uiz, 72 Ry P RBRICIIREIER ) & BRI L 72 58 £ (%
2—2) ZALARIEEL (N: P,Os: K,0 =0.20: 0.30: 0.20 g kg™ soil) &AM ZiRfn S, Ry b
B2V 2kg ERDEDICHELIELOEFA L, 6 KIEHEL (XE ; —H>OMmFH

10



RWHITH LT n HFOREOOEHET LS4, n KEHETDLE D). At
180 AN w b & ELBRE (BLEE W TRl EF S 12 BR < 7 U X AT v & RLE
TLHIE) N T X LITEE LN E O EEZZRE LT, B P, S ToRy

& BEACIRRBIZ R o 7,

ATDORy MIH LT 28 DAS 705 42 DAS @ 2 B O KFRIA= (WUE, gkg!) %
HEEVEICEVEH L7 (Sumi et al., 1994; Zegada-Lizarazu and lijima, 2005), 7233, WUE
ITHAI AR IR (kg) U720 DAL A~ R EFER (g) & LTERT D, ARBRTIEA
A A~ A EERE 28 DAS DY 7Ll 42 DAS IZH ) v 7 LIfRIRD S A A~ &
BOEL L TR, TXTONAL A~ AP 7 0iF 80 °C T 72 WLL EREfE &,
ZFOES ZiREE L UTHEI L7, 42 DAS O > F /U oW TIEs P> bz 7=,

36, 39. 42 DAS OFIC, BEARO R FALEREICBIT K ILa ¥ 7 Z A (mmol
m?s') ZARm A—%— (Porometer -AP4, DELTA-T DEVICES, UK) % AW CEHI L 7=,
FENTIZIE 3 B OFHAME O B2 vy, BEAERAE TR 2—4 IR LTz,

#z2—2 Fy FREBRR2LWICEABRBRICK T 5 HEOYHE 2R

N P K C pH Sand Clay Silt
Experiment a a Taxonom
P (gkg!) (ppm) (ppm) (gkg")  (H0) (%) (%) (%) Y
Pot exp. 1° 0.11+£0.03 0.79+0.37 35.0£6.1 5.3+0.3 6.65£0.03 91.7+1.1 5.1+1.6 3.2+0.7 LS

Pot exp. 2,3 0.48+0.01 8.91+0.19 67.7+0.7 8.5+0.4 8.35+0.01 88.9+0.5 8.8+0.1 2.3+0.6 LS
Field exp.b 0.2 12.3 41 5 5.94 80.4 2.6 17.1 SL

VR UERR 72

N, FNE =P, AN UE K, RPBOESITE S C, v —2 ) — - T Ty 7k
(F 2 © 7 [ESL HEREARIEATIC X D 5 HT)

b Awala et al. (2009)

LS, W+ ; SL, g+

2—2—1—2 Ky FBR2 ; KFAZIRITKT 2 Bl O %

RNy b O B NTKEBITIAR v MR 1 & FRERO FIETIE L, alinfE e L
T Pokkali Z JU 7z, Pokkali [3liR 23 < A A~ AR E W T2 O AGABR I ) & H iy
LTze HRENIEL ASA F~ AD/NEW Pokkali & 13 v A0 H O % FIRHCHEGET 5 =
EMBENTN, BMRHTORIROIZD, —hEOHLEHERKT 52L& Lz, 2010
3 H 24 RICENL ML —ICHRE LTz, QERXE U CHMEEN 1. 2, 4, 8 8K pot'
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(32, 64, 127, 2551k m?) DL O% 6 KIEME L=, WUE IXTEEEIZE Y 22 DAS
N5 35 DAS ORI ® L CHEH Lz,

2—2—1—3 Ky FMREBR3 ; REKDDOFEFEEITKT HHEROLE

ANy FERER 2 L RERROWIMIZ I U 7o, ZAHE 24 S 2 VWEM IR K 2 9B R4
MRRET D726, 8 50, 70, 85 mm DOFIAATF m— /L OMBIZ L > THRR LA XD
B RER A KRB LT, FRFFFICRIEAAT 1 — L OMBORWAR Y b & AR LIE®IC X
DN R VKIE 2 RBL L2, T XTOMBAE HERED G 150 mm OALEIC 1 P
pot' L7 K HICRERE Lz, TREThOMHEE 6 KIEAE L, 14 BMEREEICE-T
AFEELZFH LIz, T XTORy b2 BRI P ACIRIE Sk o 72, FRIC K2 K#k
BERT D DB OmAEIZ T 5 IO LR TER L, GFEHBEBMITIZ L > TR,
TRoL, FENIC—EDOREIZFOMEZEL LI, Ay 26K 1m OF S THE
e ATICEE 2 kg Lo, £To%, B&HETY 7 b Ths LIA 32 (AF%
http://www.agr.nagoya-u.ac.jp/~shinkan/LIA32/) % FVNCHARIC K D9 E A HEE LTz,

2—2—2 [EgHER

F A A ¥ L XANOEBREIGIZIBNT 2010 45 12 A 205 2011 4 1 A2 TH
Skl 92 L 7=, 14m x 14 m O IR 2 >z Bihii 5 BRI R Z 27 2 — (G1000
Boxer, Kubota, Japan) % W THED A, 7D N L=, £ LT, B4 BRI
fE (N: P,Os: K0 =20:30:20kgha) i L7-, BaiH 21X, FEEFIC8 7 a2y K
(35x75m) TOHEL, v~41 774 A—=% (60L) &7 1y FOHR|THEE
Lizc, 2D, ~A 70T 4 A—FNOFEERENFEHEERKE 2D L9, vA 7
BT VA= HEA T U, BRI, ERES RO NI A 7 m T v A —
HNEHACRIBICR o 7, ABRK L U CHAEB S 11, 22, 44, 89 fH{K m™ o 4 FEfH
(R L7z, L, BRI < 4L, 30 cm x 30 em, 15 cm x 30 cm, 15 cm x 15 cm,
75cmx 15em & L, LAF, LOW, MED, HIGH, EXCESS & MRS %, ZHL £ DL
HXIZH L 4 KEHE LYEE (ZREho BRI TOREX % RE T ORE T 5
J71E) ICREVELE Uiz, ARBRCIL2 DO ey M OME LIz, KHYG
(2 4 WUFR X2 RN T XA ACEE SN D K )1 Lz, Ay MllR 2 & [FEERD Pokkali
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AL, B HAEDHZ 1 AR B ERDEHICTHHA LT, ~M /T4 A—X
PWIZITE P & RER DO FARE B & 72 5 K 912, LOW, MED, HIGH, EXCESS Z%fL T,
FHEN4, 8, 12, 24 Ik v~/ m T4 A= OBEETHM LT,

WUE Z~A 7 a4 A—41E (YT, #4%, 1982; Maruyama et al., 1985; &35,
1995) (Zht~ T, BHft% (days after transplanting, DAT) 7 7°% 27 H B oM x L TH
U7, £ TDAT 226 5 ABEICA X&) 7352 LT 12, 17,22, 27 DAT
B BRI S B O WUE #5H L=,

17, 22, 27 DAT {Zi%, Ay Mkl 3 L FERO HIE CHEHRERLHIE LTz, &7 1
> FORER L T—EDmEZFOM 25 T B E 4 fif & AT ISR L. LIA32 ZHV T
T DOFEERNT Ulc, A X OHES L JEMMm 7 2 HEd & L TR BRI R 2 HEE LT,

2—-2—3 R&BN
K[GEBIEROFEMAR 23 [ZRT, Ay MRBR2 TE, vV —2T7—v a3
(Vantage Pro) ZH W\ TZ U — T ZANOXIR (T, °C) . FEXHRE (Rh, %) ZHIE L
7=, F7-. 5 AEE (A, 20000 ZHWCHHE (Sd, Wm?) ZHE Lz, fis A
SEEHE U RS 3t (CNR-1, Kipp & Zonen) (2 &> THEL (R*=0.904), 7 U —1
U ADNHEEPEIC 1 km Al OGPTICERE LTz,

ekl Cld, EBREGIC Ty =% —X7— 3 (HOBO weather station) % >
T To REZLTSdZEFHAI LTz, A XEEED A S ZEE (%) ZEHT 5720, HifEK
B EICHET 2 BREEZFHI L, ASEBRETA RBEO LEICB T 2 AR EICHT S
HERNOZNOmERLE LTESR L7, FEENOHE/KE LI 5 B &IX, 6 DAT />
B 8 DS HHF (LT, @5 ity ) ZHOCTEILZ, iS5 AKE Yk
DHEHERE, A REEOEFE 2 EE2%M. 2 EE2KE. 4 @E2xdm8 ) ICERET
% Z & CHEKE EIZET D R0 B &&2FI L, 5 Aty AT oL
FIRFTRE TR o elodd | FAAHX ZNEF IS AZE L2 £ L7, Zh o ofiis
HHEFOMIZRE CHEGICHE Ly 2P —2A T = a O HFEFOEIC L > THREL
7= (R*=0.968),
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#2—3 JRERLAERSGS L BN, S E

. Climati Sampling R di
Experiment . ate Instrument Data logger .amp . .ecor e
variable interval interval
Pot exp. 2,3 Ta Platinum wire thermistor 1
1 hr 1 hr
Rh Film capacitor element Vantage Pro
Sd Simplified pyranometer C-CR1000-4M* 30s 10 min
Field exp. T, 3
S-THB-MO002 L3
Rh HOBO weather station ) .
5 1 min 2 min
Sd S-LIB-M003
sd” Simplified pyranometer DATAMARK LS-3300 PV*

'Davis Instruments, USA; 2 Campbell Scientific, USA ; 3 Onset computer corporation, USA ;
* Hakusan Corporation, Japan.

"HEHEA BB B Sd,

2—2—4 MEMENT

— LB E OB AT (ANOVA) (2 Ko CHEMZR MR 22 E LTz, TR R o
FIE. fabRse, BmE, E¥ERAEIEE 241289, £72, Excel (Excel, Microsoft) @
Statcel (1998) ZFIH LT, ZHEHEMRE (Fisher’s PLSD) % 5%/K¥ETITV, /%

FHOFEBEREREMRET D72 1200F, )I | — T T T T T T T T T J
~1000fF"* E
DTV OEBEREE kb (\ h /\ Aﬁ A A /\ f\ /*\ m /\ E
LT, & Blo, WERK 5400% -
S ANAANARARARARARARARANANANANAR:

rEHLZENENORIZRL 50_(b)l T T T T T T T T T T T T I
40 .
7o o 30k .
< 200 ¥
10 ]
ol—L 1 ¢ vy ]
2—3 MRLEZ 50_()| T T T T T T T T T T T T T ]
— 40¢ -
2—3—1 RBRERE £ sof ]
Q ]
Ry FRBR2. 30MOR S -
FERIR (T,) 725 ONT H A 00 2T 27 23 24 25 26 27 28 29 30 31 32 B 34 35 36

DAS
¥ifazE (VPD) 1%, £ Ei M2—1 Ay FRBRERRORZERORHEH)
22-9:|:2.40C (Elziéj'fﬁii%@{ﬁ%é) R j— > ]‘%ﬁgﬁ 2\ 3 gﬂéf}ﬁﬁif@\ (a) E%% (Sd) N (b) /)%\
‘ R (7). (¢) faz= (VPD) O—KEZ & OZ8H) GHge)
10.543.6 hPa TH - = (HI2 10, & HYYEME CK#E) %73, DAS (X days after sowing
) o BRI AT/ TR GRFEL) %o
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\Z VPD I3HFHT 30.0 hPa L1 & 100
ot 7V =y ZSNIEBT
o AR R & (Sd) 13 299+22
W m? Thh, FERKIZHPIC
Sd i 1000 Wm? 2L (K2 =
—1(a)),

BB OO T, 72 5N

o
(=3

Solar radiation
transmittance (%)

Sd (W

VPD I < 23.7£1.7°C,

9.6+3.9 hPa Th o7 (¥ 2—
2(c)). £70. 8d bR > Ml

7, (°C), VPD (hPa)

HaRERIEE, WL B AITIE 1000 £
W m it < 22 L7z ([ 2—2(b))., :
WYX 13 DAT 706 17 DAT s o 12 5 T Ry e—T

DAT

O S8smm AL 75 xh  X2—2 BEFRBRERMSO A HERRLIBER
DORMZEEN 2 b NI BN E

[ kBRI r D, (a) FSALBRIXIZIS 1T 5 H 5 Z s
Fl (b)) AFE (S4). (o) xR (T,). faz (VPD)
2—3—2 JKHMABE WUE) o—mZL0Es ) & BEHE ). =
OFER], o 2 LT (d) HFEW=E%Z T, DAT (X days after
transplanting (BAE#%) AR~

7= (K 2—2(d)),

Ry FRBR 1 ICBW T WUE I
AR CR A B A R LT (3R 2—4), WABI1159-2-12-11-5-1 23 & @iV WUE %77 L,
e\ C Pokkali, LK1484-5, WITA 2, Loubi tetera T -7z, FEfH TITAEZEITA LA
Mol=b OO, FZ L DY) WUE X RKRE WG NS Oryza sativa, Oryza glaberrima,
L C NERICA % & e fEB A MEFEDIECTH > 7=, A v FRBR 1 OFE R TId, WUE X Oryza
sativa & FERZHEREIZ 3B\ T S8 & A2 ABERIMR 21k L7z (1K 2—3(a)) . F72.
REFETH WUE 130T OB TAERMBEBREZ R LR, Kflaryr 22 bid
HESABEBGRZ RS 2otz (M 2—3(), (b)), D72, WUE 2% L TiEayiFo%
MR E 7 Z AL S XY RELREENZF>TWD Z LRI, £,
AFIAZRIZT R CORMITBN TS A~ R EFBERMBEBERE R L (K2-3(),

Oryza glaberrima @ CO, [Fl{t. & (photosynthesis, P) D7& (& (transpiration, T) (Zxf9

15



F2—4 KRy bERBR 1 TOAFAZE (WUE), &9E, 2F %, ffl=v¥7
& ADFE - SLFEEZE

Stomatal conductance

Genotype Species WUE (g kg'l) Dry weight (g) No. oftillers oo
(mmolm~™s )
AZUCENA S 122 + 0.13 2.13 £ 0.19 95 +£ 0.8 371.8 £ 323
IR 24 S 191 + 0.06 391 £ 025 21.0 £ 1.0 8679 + 42.7
IR 64 S 1.77 + 0.10 324 £ 020 283 + 09 906.7 + 472
IRGA418 S 111 + 0.14 1.50 + 0.30 87 + 16 829.2 + 41.7
ITA230 (FAROS0) S 1.67 + 0.19 333 £ 047 237 + 27 903.9 + 393
LK1484-5 S 237 + 0.13 549 £ 040 287 + 22 668.5 £ 40.7
Mamoudeni S 097 + 0.14 131 = 0.29 103 + 22 639.8 + 50.9
Pokkali S 246 + 0.20 6.34 £ 045 160 = 13 638.0 £ 34.0
Super S 1.98 + 0.06 3.58 £ 040 13.8 £ 12 7183 £ 40.0
Tumo-tumo S 072 + 0.11 0.88 + 0.17 53 +£ 0.8 6074 + 51.6
WAB56-104 S 1.50 + 0.16 249 + 0.21 9.8 +£ 09 5304 + 42.6
WITA 2 S 2.18 + 0.13 416 + 029 292 +£ 25 783.1 + 52.1
WITA 5 S 1.94 £ 0.14 393 £ 0.39 288 + 22 8202 + 37.3
NERICA 1 I 1.66 + 0.18 3.03 £ 0.32 135 + 09 666.9 £+ 49.0
NERICA 2 I 1.66 + 021 3.13 £ 041 125 + 1.1 604.3 + 40.1
NERICA 4 I 1.64 =+ 0.06 320 £ 0.28 123 + 06 675.7 £ 482
NERICA 6 I 1.59 + 0.19 293 + 0.34 1.7 + 14 5402 + 414
WABI1159-2-12-11-2-10 I 1.13 £+ 0.14 221 + 0.31 13.7 + 1.6 6189 + 36.7
WABI1159-2-12-11-5-1 I 254 + 0.15 544 £ 033 30.8 + 1.6 589.7 £ 354
WABI1159-2-12-11-5-3 I 1.69 £ 0.19 322 £ 049 185 + 20 7947 £ 622
W AB450-1-B-P-91-HB I 1.27 + 0.14 234 + 0.14 113 + 03 469.9 + 483
WASI122-IDSA-10-WAS-4 I 1.14 + 0.18 1.93 + 0.34 17.8 + 25 8855 + 419
WASI127-B-5-2 I 1.30 £ 0.19 2.08 £ 0.32 185 + 26 882.6 + 52.7
Aawba G 1.59 + 0.11 294 + 0.20 180 + 1.5 630.1 + 36.5
C0440 G 1.36 + 0.10 2.34 £+ 0.19 150 + 09 766.6 £ 64.1
CG14 G 1.46 + 0.16 222 £ 021 148 + 1.1 8274 + 416
Loubi tetera G 208 + 021 411 + 045 195 + 15 7309 + 335
Mala Noir V G 1.70 £ 0.26 416 + 0.76 138 + 1.9 617.6 £ 50.8
Tataro G 1.64 + 0.18 3.15 £ 0.52 298 + 28 8263 + 64.9
W0492 G 1.39 £ 0.06 226 + 0.28 152 £ 15 795.0 £ 42.7
Signiﬁcance koskosk ok sk ok sk sk osk ksk sk
Fvalue 7.49 11.95 18.3 9.1
Probability 0.000 0.000 0.000 0.000
Degree of freedom 29 29 29 29
O. sativa L. 1.68 £ 0.15 325 £ 044 179 + 25 7142 £+ 44.0
Interspecific progeny 1.56 + 0.13 295 £ 0.32 161 + 19 672.8 + 444
O. glaberrima Steud. 1.60 + 0.09 3.03 £ 0.32 180 = 2.1 7420 =+ 33.1
Significance NS NS NS NS
Fvalue 0.20 0.17 0.2 0.5
Probability 0.824 0.842 0.803 0.590
Degree of freedom 2 2 2 2

SR NERRSE, S, Oryza sativa L.; 1, Interspecific progeny; G, Oryza glaberrima Steud..
"TANOVA |Z & 0 el p<0.001 THEAHY ; SHE-SERL
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L# (P/T) 1 Oryza sativa D% HUIZ
HRFECENE bR TN D (5D,
1989), F7o. ZRHRFR (HALZAHE
BT DAL A< AEFER) ITOVT
% . Oryza glaberrima 1% Oryza sativa =
AR EWDILTW S (Sumi et al.,
1994) , AHBFZETIX WUE OFER 51255
HUL7&EZ A, Oryza glaberrima @
WUE 1% Oryza sativa ® % XUZ H 35T
RVMEZ R LI2A, TOETEERD
DTIERnoTe (R 2—4), LU,
Oryza glaberrima 1% Oryza sativa @ 1.04
{5, FREIZSHERE D 1.10 fi5 &\ 9 LRy
RERTIA 2 F o202 %FL (%
2—4), WUEIZEVIELS 2D LERD
NHN, —H TEDOERRIEDILKR
(Sumi et al., 1994) 12 X > THIZ i
T2 X DITKEN S DEFEENIMZ
IV WUE S ER Liziev Bz bR
Do

NERICA & B2 #i B 58 Tl Oryza
sativa \Z AR X0 B PIT AR = %
AT ETLMENRDHD (I, 2006;
Onyango et al., 2007), F£7=, TDOE
ABONRIL LV /NS R/fLla 2o %
YAEBBRBH D EEPRTVWD (G
FH 5, 2006), LU 5, KAFEIC
FV TIL NERICA % & o i 20 MR 1 X
LD SR~ NS KL o F o #

30000
a
2.50F r%
2.00}
1.50 i
1.00 All Ri = 0.453::*
® ® R’=0.531
0.50 A R2 = 0.453NS
O R”=0,093
0 1 l 1 l 1 l 1 l 1 l 1 [ 1 I
0 5 10 15 20 25 30 35
No. of tillers
3.00~
(b)
2.50 AllR?=0.081>
o~ Ojﬁzomﬁg
e 2.00— A Rz=o.34§NNS
O -
f 1sob - R deiﬂgﬂ
2 1.00- * F%&
0.501
ol 1 o0
0 200 400 600 800 1000
Stomatal conductance (mmol m’ s'l)
3001y AlLR? = 0,930
'@ R?=0.945""
2307 4 R2= 0977 -4
2.00 O R*=0.
1.50
1.00- g ® O. sativa
050 Ll A Interspecific
) O O. glaberrima
0 1 l 1 l 1 l ]
0 2.0 4.0 6.0
Dw (g)

X 2—-3 KHMAZE (WUE) LBEBERLD
FHERAMR

Ay MR 11T 5 WUE & (a) 2%,
b) KLz 22 LT (c) ¥
& (DW) & OMBERERE RS, S — TR

skokk ckk ok

#%7~7 (a,c) n=5~6; (b) n=18, , ,
T Y o OMBEBRREICLY . ERENGE
B p <0.001,0.01, 0.05 CTA =72 FHBEIR &
o NS HEAEBEGR L
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YRR LTCb DD, T OBIIMO 2 D b 10%RED < WUE 3R b/ S
o7 (F2—4), BIES (20060) TEDOID K HIZ, HEEZMED L/ NSkl
BB A TEBONRICEEE 521200 LR O, KRB L 9 Ze ik BREE F Tl
KLz XU B RAD WUE \ZXFT 252803, Oryza sativa [IZB W TH R LD L )2
DT OBIZ L DHEBLY b/ ErofctEZXBND (K2-3),

2 —3—3 WUEIZXT DM E DR
ANy b EER 2 | HERER & b I WUE IZBREE L & & BT Lz (M 2—4(), 2—5),

% L TCE ORI TR RN D220 hS < e oTe, D72, WUE &FHH
BEOBRITAD KRB TEE TS 2 ENTE -, 4 FNBEICEFT LEZSA2 — 3
— 5 THIRRD L H T, EBEREOEEICL > T WUEIXMEFT 25525, WUE
I3H 2 HIHEE CBKIEZ RTEBEZ LN, ZOH, BEAASKEHRIZ X 2T E Tk
22 <L RN CIX ZIRBIEC L DRl AR AT, ¥ 2—6 1% WUE ORI AR L
TWD, TRTORIKXITIBNT WUE 1ZA ROEF L IRITHI L7z, 7272 L EXCESS
RLEEX D WUE 322 DAT THRAREAZHY . TORBDOTLMHEnzRLz, —FH T, £

2.50— 170 —
(a) a (b)
2.00 _---—4 "o 160
— 3]!' 81 a a
—%z 1.50 L Elsg‘N\Q
~ C v 00140_ S b
<Y 7/ ~ So
2 1.00 d,i E -
s £ 130 )
o
0.501- R2 = 1.000 120 R =0.951
/M
0 1 | 1 | 1 | ol v v 1w 0 1y 1
0 100 200 300 0 30 60 90 120
Planting density (plants m'z) Coverage rate (%)

2—4 FAEEEOKFIMER (WUE) (T 5B EHEBRORBRIINT D%
(a) Ay FRER2 TO WUE T3 2B E DL (b) Ry FakBR 3 TORMERER
IR DB RDOEEINP ARG Z DB L R, N—IIEERELRT (n=6), MR

ZhEi (a) Ik, (b) EAREYRHHR 2R, 8227 V7 7 Xy MIZELEME (Fisher’s

PLSD) 2LV fEfE=Ep < 0.05 CHEZENH>7-Z & &/~ 7T, Planting density ; FAEHE L

Coverage rate ; FEHEREVE 12 L DK fifk R

TBLEERER L IR AT o — O B A W TERBIER 28 S WK =T VB LT

LDOTHD,
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OMOINIRX D WUE 135 0% 0.50 —

a

T TEEI LT 7, 2D L DIz, R
2 bl YIRS YN L9l 0.40 ,,, E
BEVERES 1 K X 7 B % 5. 7 2 H A s T:n 7/ EXCESS

20.30
FEX ARy B EGRER E BICWUE 2 b,

Lq 4
ok L CH AR A 525 2 L gam—b,i
Motz (X 2—4(@), 2—5), 0.10+ MED R%=0.999

LOW
0.00 | | | | |
0 20 40 60 80 100

2—3—4 WUEDRENT Planting density (plants m?)
AHFFETIE, WUE (gkg') % B 2—5  [ESRER T ORMEE E D KF
Tt (k) WiV oA A B BE WUE) (CHy B8
PN IERERESE AR T (n=4) , BRI K
R A R T, B2 DT VT 7y M
7 S b
EARBRICIMT D & WUE DAHOI 4o e (Fisher's PLSD) 12 & 1 fie
(= A A~ REpER/FKE) LR Rp<005 THEERDH T2 L E2RT,
LD 2 DOWAEET D LASbis,  Planting density s AL
OF V., WUE 3RBNROLESHRBEDOWIICE > TERDDHZ N TE D, Kk
FITHE AP FHRE L LTEZ 6 TEH Y (Ludlow and Muchow, 1990) . KD [F{LRE
NRRIL AL E I Z AL s Tary br—Ens (Impa et al., 2005), —J7, 7%

EITIEARMIC Sd <2 VPD

(g) LIEFR LI, TOARRBELARIEE

1.75~
—— EXCESS _ BMEDKBHERIT L -
1.50F === HIGH
--— MED
125 ---LOW TEA S (Penman,
- =
%31‘00‘ 1948) . L6 DKHRHE
~ /%F—:‘ j: \0)*%” ¥
§0.75_ FlXA O ER SR
EICEE LT A,
0.50 *%L =~ j’ /f
02l FOERBAIER L REEN
| D VPDITH L CTREE
0.0010 ! —
DAT 5.2 5 RetEN & D,

2—6 WHERX L OKFIAZIE (WUE) DORHEE AR TITZ O REIX
7 E T kB i DI S

S 70 2 B AL (Z BT D WUE @ 5 RO RRZESE) % NS L EL R
R, N TEMETR LS R T (n=4), DAT [ days after - . )
transplanting (BAE#%) Z BT 5. Do BEARD BB
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v MEIFFICEGIZELE STz & & i, BRI 2OAEBTHICIR O, B
EREICRIEZEL TWRPS 2D TH D,
FATHFZE Tl RBGNEO PIT ISk T 24k % 08K (KfLav ¥ 7 Z oA ENER
. ENRFR, EN CORE (C) ORI CORE (C) ITXIF D3 (C/C)) D
BrgmaL
(k53R (CID) & OMICADHMERR L Z R ExzWELLY LTVD
(Dingkuhn et al., 1991; Kondo et al., 2004; Impa et al., 2005), L7>L727255, CID |% WUE
ElE. FRC T OB W TEE RBMRZ RS £OBH & LT Zhao er al. (2004)
IXWUE & PIT & OBMRMERZ LWABEMEZFR L TV D AR v FakliR 1 OFFR TS,
WUE (35L& 7 2 o 2 LBk EZ RS (K 2-3), Kflar ¥ 2 AT
B 2T D PIT BB ERNDAEBUIMO WUE 2B W T EREER TR -7 2
& HE LTV D,

—5T, By MR 1, 2SR TIX, 2 SBCORME L2 WUE \Zxt LA
Bl HE 27 (M2-3,2—4,2—5), L£HUE, HEWEIC LD HH OMERZDRIT XD

BNRRKENEEZ LD, BERRCTIE, AFBHEERA XOEF LRI L,
(2, %] 2—2(a) ik & 31D EXCESS ALEEX CTld LOW ALER X X> MED #LEE X |2 b ~5k 5k 1
MOZIATT TREL WD Lz, 612, K 2—40b)iEA > Mk 3 OfERTH 5K
W D DRI RIKT T HBHEREOKE SOPBEEZ IR LTV D, BRI AR R %
BIRWed, BRI LD IRV R O OKEARIE IR T DB a2 R LTV D,
KGO OFFEBIIHRIRIC KO WER L AORREZ R L TR Y | BEE QIR A K E
MHOFEFEEEREMEITHZ L 2R/ LTS, KE (2004) v Iab—v 3y
IZ X > THEKIZ K D B OBERD R K - COKEAFEELMFI SN D Z L2 HEEL T
W5, PRZEHURIC 1T D A RAEBHWIM O WUE IZB W TABEIZFHRERTHLHT-
B, BEKIZ LD HH OMERDRITKEEBEOWMNNIRERERER T B2 LN,
% 2T, B OIERDIKIEEITE 2 DBV THEE LTz, RERBR & N A 4~
A & ORMR A BHR (y=—ax/(x —b);a=44.6,b=64.4) (2L > Tl L7z (K 2—7(@)).
A G AN UIE T 72356 BER BB ITR REICE LA 5 L BEX 6D 7e®
WA AR U=, £, BEVEWEER & WUE & OBIRITHIREEIE (y=ce™ c=0.110,d
=0.065) IZE-oTHEETHZENTE (K2—7(0b), EDT=, BEEHERNIEINT

A

S

72V (Maruyama et al., 1985; Dingkuhn et al., 1989; /& 7.5, 1996), P/T & Al
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100~ .75

(a) (b)
g0l y=-44.6x/(x-64.4) L1301 y—0.110¢06% S
— R*=10.976 / ~ 125 R*=0.835 /
E 60l / 2
) < 1.00
x ¥ = /
2 a0l L§ 0.75| .
0.50|
20 0.25 ?‘1
o e
ole-" Cl s @ 1 1 1 !
0 10 20 30 40 50 0 10 20 30 40 50

Canopy coverage rate (%)
X 2—7 BERRABRICETOIHERBRORLE
BRI T SRR E () WeE (DW) . (b) AKFIHZIER (WUE) & OBEfR
ZoRd, N—JEREEELRT (n=4), EEIT (a) BEh#R (y=-ax/(x-b);a=44.6,b
=64.4). (b) ¥EEEH (y=ce™ c=0.110,d=0.065) =X 2[EIFH#H %73, Canopy
coverage rate ; FEVX A FESR

% 2 & T, WUE BRREERICHNINT 5 & & B2, WUE 133 A~ A DA RO EERE 1
BERNAT 52 L THMAEZIRD EEZ DD, 2B, BEEOILKEE TR A#R D 1%
BIZE - THRBTED, L0/NSRIME (=) 1TLVEOVEEEILREAIZERL, /I
SNA T~ AR TRERBEERPBER AT 5, AHETEIZ BV TR O BT O fE
(=b) IIAEL L, HEWERORKEIT —EMEE Lz, K 2—8 IREERLE 1
I~ AL DORAMRE | B DMRE NN THE LIKBEREE AL A~ AL ORREZRL
TWD, HEFENNSWER, DFE Y BEEILRKEED DR EWE D, 7 U 4~ AEERT
KEBEEEZRE MR OND Z EBHE SNz, ZOHTEMERIL, AFUHICB TR
WAILKAE IO @A BT 2 2 & TKIHE &2 RBENICHED S8 505 ATRErED
HHZEERLTND, TDH, L0 EW WUE #85720I2 %5 F Sl EOE
WEEEILKREN 2 A L b o RS L S,

UboZ et FIE7LEHIRICE T 24 3385 T, & WUE %2155 729012,
RALTAL T 22D KD IR B ER BRI Tid e < | BRISORMEE 0 X 5 2Bt
HIERNC X - TKEN D ORBRAIEIT 52 N LV BRHTH L Z LR ahi,

2—3—5 & WUE % A[RE & 9 D Fx i fNi &
Ry FikBR 2 L BSRERE FICBW T, WUE & A EOBRIX kAR E
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Water use (kg m

0 10 20 30 40 50
Canopy coverage rate (%)

X 2—8 BEFEILKEES DKEEEITKRT 5 AR

(a) $7p 5= (a=22.3,44.6,89.2) OMih#E (y=-ax/(x-b);b=64.4) (ZX DRt
wER L E (DW) L ORRE (b) ZOBMRE X 2—7 (TR L7z Bl sk 2
WCHR S L7 KB & OHEE MR 2 3, KEEEIKRAZIER (WUE) O
DW zFT % Z L TR, 7uy MIEGHERICEIT 2 FAEZR L, ~N—3FEYE
A% T (n=4), Canopy coverage rate ; ffEV&fE =R

(X 2—4(a), 2—5) . A FAEBYIHICINT WUE DR KA % IS e B 5 B AN FEAE
T HAREMEN R S e, WUE & FAEEE & OBRIIMNEMRIZ L > Thial+56 2 &
MTEDH, BE AR I TR OBEE D WUE OV %25 EEZTEEXbNL T
O AFRHT TIE ZIRPABCA B U e, 8B 7R R B |2 K o T ISR AR I & & R 7K
BEOHM (K L, 2004; Impa et al., 2005) . FE% N OFES BB O FEACIZ X 2 788E RO
HAL (K, 2004), & U CREEAE RO X 2 783 MAEIN RO T (X 2—17(a)
Th D, FEBE. WUE O RINEAZ 725 & EXCESS AL X Tl 22 DAT (T KfiE % Y
D EDOHBAOLTND (K2-6),

A FE TICA X O E A R T D Bl HAE % B A R DA BT SN TE TV LR
(e.g. #IH 5, 1994; Rz, 2003) . FAEE E 2 2L S A XD WUE DR & 78 5 Bl £k
FEAE S 2 Rt L7228 H £ 0 22 S TE TV e\, Hayashi ef al. (2006) 1% HARIZES
N TC IS5 RABR 2 520 L. WUE (2563 2 B DR ENFEIT L - TRARY | £/ WUE
ERNEE L O THERERE RSNV L8 HD 2 L aHE LT D, AFFEOR
KT, BHEEIZ L > TWUE 3RS EZZ T, Ay MR 2 & EEHERT 72
BV THEHAEE FEE DI L > T WUE b AT MNP EE L TR O (X 2—4(a), 2
—5), Hayashi et al. (2006) OFERELHE2 D | F I BT T30 THRAEE FE D BN F I
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AETHSTDIF, T I T O L) il Tld, A #AEFTUHORKIC L 2 A4
BEOEMDRNEETHY (K 2—2(a) . BRI XD S RREHE RN WUE O L
RS BN L2720 B2 b5,

5B L 0 A X OAEBOIHNCIRIT D WUE & KIbd % B s i ix 71.7 ik
m? L RfEL b (M 2—5), ZOfiE, hobwRETH LY b TEIES H
Myl U CIRESNI-HMEEE & g ATRE L 525 (3331 m?”, 7272 L 4 ik Bk %
1, 2003), RV HHBREE T ClE, BEEBEEED - L ARELRoTH, BENEO TE
BRI DIAE RN E HEFF STV (K E,2004), £0720, KRBRE VGO
T BB FE S | KV E 2 J0) L O KR R & A5 5 72010 . AR &L 0
HEWHIEIZ S U CEAFTEEN S LRy, 7272 L, ARBRTIE 1 dfl 4 AV TRE L
EWOAHO WUE Z3HI L TR Y | 2o mfEic 3 5 45 M 4258 H fTRe e

HHEEEOKRFNISHOMELE 2 L9,

2—4 Fi
F 2 BT LI T oA FREHCB WA X OEBYIY O WUE \CEEBE 5 2 DN T
DWW TEB BB BET 2720, F I ETICB W TR v bkl & B0 2
fi L7z, AR NakBRCld. Oryza sativa, Oryza glaberrima %= L "C NERICA % & teff 22
HERE DN D725 3 3RIGFEOFE 30 M2k L C WUE OfER . ShERZEEZ R 5 &
BT, BB WUE 52 5B OWTHAE Lz, S50, BIRRER <
BN WUE (252 28OV TG LV TR 2 A 7o, ORI, RO K D7
R LMNE ST,
® FIET DX TIX, A XEFBWWO WUE IZX LT, Kflarx s
B UAD KD IRREW AR L D b T LA OB L o 7B
PR LD REBREEEH X D2 LR nhoi,
® FIET DX MEIEEICALET D PRI TR, RN AFEICRKFLT
WD T, BEEBRE R OILRAVKE D ORI BEAFEAIHHI L, #RE LTX
Dim\ WUE 28505 ATREMED J N 2 & o T,
® CEHRHII CIIREE MR OB L > TL VW @V WUE 2351570, 430
BRI O @B RERE LG 5N 2 @B ERIE AR SRS b,
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TE SRR B AR > R BRSO/ U 2 B3GR A Ei L, 7 I 7 CORMEICL D
KBBS54 2D HEHERD BT HOWTH LT Lz, D X 974 FDOKIEE
FER LV REBRBEE AT =L THRONDDN0, £72, A RIZKDKEENRFTIET
AR HIE D KIS 6 L TH 2 2R BIC DWW T, IRELREIC Tl 2.
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3 I T ALE O A B & FREE A DR

3—1 AEOER

B2 WmICBWTH I BT AL IR BT B A R OKFI AR (WUE) BRflar
7B UAD LD IR R B T < L EITA RIC K BAKEOWERENOIY
PR BRI L o> TRELZZITTWD Z LRSI, 3 2 B TR v MR/ TR
72 GBI  K o TR IS A R DKIEE IOV Cilgim 2 BB L 72y, KETIT A7
—VEHER L, A ROHERE L TORBEEZH LT L, £DOKBEERMEIZOWTE
OO HFEFERAE & bl L7223 HAKSUFINZHA G2 LTS, RETIH, A v A
APERICEAT 27 — 2 3 ARt 7elc KRR TII 2 KEERICER L 2t
DD,

T HHF DRI S B W TR EREHR L SN TE Y (Lafleur, 1990; Souch ez
al., 1998) . FFIZ, f-REJg it o 15 Hit 12 38U CIER O HUEZ e~ 1 0 B A R B A&
U% (Allen er al., 1992; Sanchez-Carrillo e al., 2004; Drexler et al., 2008; Doody and
Benyon, 2011), F£7z., M2 HAKH~ & SHFH 23280 U 7o R E AL Crizss i
ENHIMLI-ET58ELHD (Zhao et al., 2008), Z D7z, F 2 T LEOZEHME
MR 351 2 RAEE A DKL ST K3 2 B8 A Tl 3 2 72 DI iE, E T ik A
DAEFHFFEZ PR L. S OIS T 2 RIEEADREEZRFT 2 LERH D,

T BT AU 3 1 DA HEOFBRIIR O TR Y . AIREZARFE RS 2500 mm
25 3800 mm D& ZE L (Amakali et al., 2002) , FEFRERED 555 18 {EE G
BERREICI v ENSKbIS (MWCT, 1992) & 2HENRZTONLRETH
%o FRILIEREICR T 2 EABBEOREN & LTI, =V = — LITBITDHEREE
KN A M (Ramier et al., 2009) . BEEORY UFOA DT 7 o AT V228
7% % ? (Baueretal.,2004) 72 ERHITHND, LLanb, 7 7 LMk k
TLBUNIA ETICHEMS N TETE LT, £ OHI DO ERFHFETIHA SN Lo T
WV, F =y SO, HPER R, HOWVET AV IRA =R T VT
DO HLBEHIRIZ 3 1 DB CIHARBEICET AN ENL L SN TETWLIHOD
(e.g. Burba et al., 1999; Acreman et al., 2003; Sanchez-Carrillo et al., 2004; Doody and
Benyon, 2011), 7+ X © 7 ALEOFEIMHRH O L 5 7z L & TRBREN K E L
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AT HEREE F COMIERIT D72 < | 2D X 5 RBREEITRIT D REEA O P IFTM S
NTE TR,

Z 2T, X BT ALER U B 2 AR AR ~ O RBAFE AT X D 78T BRI~
DX OLNTT D70, KEOHMEZRD 3 D& LT,

1) T ETIbEkIc BT D AR BE DO LB O BRE

2)  FEOFEFEHEOHIRE T ORE

3)  EOX D IRBHERE TICRELZ EA L2886 OB

3—2 MEEFHIE

3—2—1 BNV ML

F2ETHRA A A XY o RACTHBMZEm L. (K1—-1), AT TF v
SNRAFHEm A KEIZEDNRWT v 7T e iiFE (11 A 5 A) 1220
JEDZER T DN E T T T H OPKIZ K o THIER 23K M2 i 5 ZEHi i
WEEfqT D, AT AX Y R RATRFEEOERE TICH o122 N B Z R Z T
THELT HRMAN L RFEIN TS (Kangombe and Strohbach, 2008), 74 = =%
¥ R ADOFHGIEIRIATZ 2 SO BN E (BB, NVF ; B 17°40°53.9” A%
15°17°18.7°. A x[#¥5. RF ; Mk 17°40° 57.0” HfE 15°17°20.07), S HIZT v T v
RiZ 1 DO % E = L (UF, BEf& 17°41°03.5” ##% 15°17°39.47) & %1% 100 m x 100
m & L7z, fiEIL, UF TIXEARD Eragrostis cilianensis 7ME 5 L TWD M, DIz
Combretum collinum <° Hyphaene petersiana 73 E 3% E L, EALSOREIH 1 ha 720
7.3% DR EEE % 15 6O T D, NVF Tl Willkomia sarmentosa <° Cyperus esculentus H &
ELTARL, NRIOBAICKE L, ROBEITITLBEOTZDICHET 5 & ) BHE
R 2R T, & BT, RF Tl FEE AN K DR E~ DB LD 720,
2008 HEDDEEA R AR Lz, 2008/2009 12X, FH2mETHAEME L THW
Pokkali %, 2009/2010 =LA X Pokkali (21 2. Super & IRGA418 % 345 L 7=, RF TIXil
FIFIARNEETL (K3—1), ERITITHEHDIEN > Tz, TP oz
DY DL FEIRIE A # 3—1 1R T, 7036, 2009 42 H725 3 Hid, RF & NVFIZE
VN TR AT O BB KN, BRI R VAN RIS L AT T — iR
ELipoT,
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3—2—2 @KL

R—x b, BT 7 v 7 A2 bW
BB 7 v 7/ ZRERMT 2720, &
355 D TR — = U HIE S AT A
EARE LT, BT OFEMILE 3
—2 TR, UTAE D RS B T LA
HESHBECH LR DD (eg
Saunders et al., 2007; Alberto et al., 2011) |
WEIC L ERBESED ST H Y
(Drexler et al., 2004) . & HIZ+5370%
ELTENEERNETCH LD, T
BT TOBEBE GBI DAL

®3—1 AXREH (RF) IZTA XBEF
L TCWBEET

BEX 2009 42 H 10 HiRE, GHEPHROL
TEDHEED SR — U HE S AT b &R
T

OEHIFEE Ly, —05, BUNE » AR — o o BB RO 22 7 I E MR A O CTARFE K
BERHTL2ZLNTE, ZUTERERENZLELE L, £, N - A—=

£3—1 BHUHRTOENENOBAES (7 v 77~ FEE ; UF, BRELBES ;

NVF. £ X[E ; RF) OHFEmEINGE

Field 2008 2009
9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
UF Eragrostis cilianensis , Combretum collinum , Hyphaene petersiana
w. t Open
NVF sarmentosa P . Dead vegetation
C. esculentus water
RF W . sarmentosa L Operl Bare land
C. esculentus water
2010 2011
Field
CTTT2 3 4 5 6 7 8 9 10 11 _12]1 2 3
UF Eragrostis cilianensis , Combretum collinum , Hyphaene petersiana
NVF Willkomia sarmentosa , Cyperus esculentus

Bare land L -

L Land preparation, direct sowing, transplanting

Rice growing

*NVF & RF OFffET, FEMERHHE O 237K BRI X0 mARIE L 2o 72,
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VRSN E 1A OIR IR E AR A FIH L CARBEEA BT 5, ABRIY A hThH D)
BT ALEHIR O K 9 Ao YA HITIC B WO CIXRFIC RIS B WO T R R E T T O
BERAENGFET D EEZ O, BUNS - R—x U HIENEAFTRECTh 5 &Hllr L7z,
KEDEIR (T, °C) W NZFIXHEEE (Rh, %) ZHIET 5728, BEEZIEE (Humicap;
CVS-HMP-45D, Vaisala, Finland) Z HiZ[fi7>5 0.50 m & 3.00 m O 2 & EICRE L7Z, W
Z=OMIEL RF & NVF (IZBWTKMD 5 FEICA DE TIRWALE O 8 BRI F 2 [
35 FIE RIS BT S, £72, #ifds5 (CPR-NR-LITE, Kipp & Zonen, the
Netherlands) % #1372 5K 4 m ONLENCER Y (M & (Rn, W m™) Z281E L7z,
2009 4F 11 A 221X fiS HiEE (AR, 2000) 2 fECHFHIFICRE LT LXK (o) &
FHAIL7=, #fiA (CPR-PHF-01, Campbell Scientific, Inc., USA) & Hi# @ 2> 5 0.05 m O
PRSI LHh YRR (G, Wm?) ZHIE Uiz, HIRAKMNTEE L TR W RE T 3R
ERE (T, °C) Z. TR(E L TV DRl KR (T, °C) ZFHNT 2720, HiFKihiH
5 0.00m, 0.20 m % LT 0.40 m ONZ{EIZ HESEPUREFH 2 5% E L7z, 2010 44 H) b
X, 2.85 m DE ST EMEEEE (CYG-3102, Young, Japan) A% & LJE#H (U, ms") %
FHHI L7z, #EEAKDKNL (20, m) % 20082009 4EDRZFEITIEIEE A ER THIL
2009/2010 4EDNZELLFE I KALEE (CME-MS86, Meteo Denshi, Japan) T 10 %5 Z & (ZHI7E
Ltk L7, 2y SO EFR 1T 30 HmIEHAI L, 10 I FfEZRiék L7c, 9T
DT —H [ H— (C-CR1000, Campbell Scientific, Inc., USA) ([ZZMEL7=, A—x=
OFHANE 2008 £ 9 H 10 H 25 B4A L7z, l@EEZIZEHT n 45 537275 ntl 5 00 43 £ T
WAL, n K50 55755 ntl K 00 59 TOEEROFEEEE VTN « R—x bk
BICESWT IR Z DR —z b, AT T v 7 X BT T v 7 A%3R LT,
FENZ B 2 FEEE & U CHEmRHEE (LAD % 2012 4R IZ B Hif T (LAI-2000; LI-COR Inc.,

#F3—2 F—VHAET AT LADORIEMI DM & RENMNE

Variable Instruments Model Company Install(erill)height
Rn Net radiometer CPR-NR-LITE Kipp & Zonen, the Netherlands 4.0
Soil heat plate CPR-PHF-01 Campbell Scientific, Inc., USA -0.05
Ta Humicap CVS-HMP-45D Vaisala, Finland 0.5,3.0
Rh Humicap CVS-HMP-45D Vaisala, Finland 0.5,3.0
Tw! Ts Platinum resistance thermometer COT-PTWT Climatec, Japan 0.0,0.2,0.4
Zw Water level gauge CME-M86 Meteo Denshi, Japan 0.0
U Anemometer CYG-3102 Young, Japan 2.85
o Simplified pyranometer - - 4.0
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USA) Ik W FHFIcBVWCEIIL, = 00— 1 7 —
- (a)RF 4
5 DfE% DOY (Day of year) (24 - Tt 0.4 i
7 - <A77 3 I\ @;&k/«m—; - —_—— 4
9% 2 & TREAT I 2 o LB & sl i ,,—TEE -- _?!
MELE (K3-2), A#F, A2 T%y > .
a 1 I 1 I 1 I 1 I
YNAITEBT D HERNEDOT — 4 13,2009 (ﬁq. R e R
IR e = S I )
e L TWeEWe b O & FIH L, £ LR i S et % -%‘-———-?__
02 _#-""~ 3
(3 UF (ZRE L 7oiinf]~ A EFHT K ;fg :
ZREE 2RI Lz, g
AT | ' | ' | ' T
LOF () UF |
‘ \ 0.8F i E___{___;E
3—2—3 BN R—x bk .65 w41
LA
RFEITBUN K - R — v tikIc X o Oﬁ{- 5
0.2 —
T—KHIELoTFT—2 2RI S ol 1]
0 31 62 93 124
HWENT T v 7 ANBHEE Uiz, UK - DOY

M3—2 2002 FICERHShTEThTh
DEHFIZIRT HEEmERER (LA OF
HiZEE)

N IEHERELY T (n=4), DOY (X
Day of year % /"9, LAl DZHiZ{t % %18
KT L - T DOY THBL L 7= bR 2 it
TRT,

R — 2 A TR S
Rn=H+AE+G+ A4S
(3-1)
LR —x bz £ 30 (Bowen, 1926) .

Bo=—
AE

(3-2)

EMABAEDEDLZ LT, BT T v A QEWm?) LT T v 7 A (HWm?) %
BT 22N Tx 2, 2720, GIIPEGRE (Wm?) | A4S (TREITEZ (LR (W
m?) THY, BolIAR—T U THD, AS FHEHEPIKIIZEDONL TORWERITZ0 &
720 HIRAKDMFEIE LI O W TIRICR T L 9 ICKIBE LR & 2, 0 BHEE LT,
Bo lZRAUTEK END L O, RADOKIR L IO AN HRD L Z LN TE D,
_&AT,

g,

Z I T AT 72 BN g l3E TN 2 HEMORIRZE (°C) & KKDHmAE (kekg)
EARL, cp AFEROELELE Jkg' K EXULOER T kg") Z2xd, T72bb

Bo (3-3)
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A B-1). (3-2), (3-3) kv, BE, FHAAT T o7 R FRADSLRD D ZENTE B,

I
JE = Rn—G - AS _
BO+1( n ) (3-4)
=B (Ru—G-us) (3-5)

Bo+1
RF & NVF BT 5 A4S 1%, HIFENKIZE DI TV A EIRIZ DWW THEAIEFf Y720 O
BRI LB G EHE LT,

4§ = So X Py X AT, (3-6)
At

ZIT oy 3RO (=4184 T kg K | py 3RO (=1000 kg m?) | At 13 3600 s,
F LT AT T A TR 2 EHKEZEE (°Com) #FT, 2B, FHE/KEELEITH
NFRIYS 720 OKIEEEE DD 2z, ZFHWT, LTFO X S ICEEHEE L TE

L7,
ATW = ATVW-O.OO X Zw (ZW <0.20 m)

. -0.20
AT, = AT, 440 % 020 + AT, a0 X &t
z z

w

w

(020m < z,<0.40 m)

2 2 -0.40
AT, = AT, 44 % 020 + AT, 20 % 020 + AT, 40 % &
z z z,

(zo = 0.40m)

(3-7)

Z 2T, ATy 1% 3600 s DI OKIBEbEZ R L., IAFE (O 1ZFNFHOKIEFHOH

KHENODE S 2R,
BUNTT « R— U HEIC > TRO BN D AE L0, —FEEYS7-0 ORBHE (ET.,
mm) %,
ET, = ’fv i‘/’; %1000 (3-8)
IZ &R,

¥, FEATHIRIIZ 2008 49 H 11 H22 5 2011 4E3 H20 HETE L, 7277 L. RF &
NVF [ZBWTCITEFEEGELIC LD, 200049 H 26 H225 2009 4E 11 H 19 HETO
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BH O Kz & Te,

3—2—4 §WEEH

BUNE - R—= VIBIC IV EH SRS D AE, H D, AL ZIROT
— R WCHEHESNTET T v 7 ADOFF 5N FE S R E AR & 2 0 BUl
AR = U HEORE BRI L 2 720 b D& BLEfE & L CRRE LTz (Perez et al., 1999)
72, Ao, AOAY ORFHEICIZAR— U -1 2B S 72, K (3-4), (3-5)
ICKVEBRT T > 7 R b NI T T v 7 ARRFEE RS —ANBL N2 &3
HILTUW 5D (Perez et al., 1999; Kurc and Small, 2004; Drexler et al., 2004) , AfFHTIZ 350N
X, A= d-12 LY REL, 0.8 KV/INSWEIPHTT 7 v 7 2Ol AN i L2
KRELBDEFHEE LR LD T, R—= R ZOHIFHZ R TIHAEDOT — X ZFRE
L7z, RF. NVF, UF [CBWTEFEMITENZI, T — 2 2EDK 29, 25, ZL T
2%DEIG Th o7, BEMITRINLEREIZR D RLTWER (Rn<0) 1ZEHRL
TEY, BFTFT—% (Rn>0) ICEL T, TR 6, 6, 8% Tholz, IR LT
BRI 2 B < it L7z 3 RER AN O BLF I L CIEBM 2170, 2
LA b oosdifse U 72 BRI DU CTUEATE 10 B O[R CRFREIC 1T 5 Rn i3 5457 7 v
7 ADEERNTHM Lz, ZREBIZEICAFICET D720, Rn BDEOREZAHR L L
T, Z ORI OZARFEBEOZ A PARREE & L TIRITICH Wz, KEIICBW T
t, RF, NVF, UF ([ZBW\ T, Z1<41 0.9, 0.7, 0.4 mm night-time™ 7% &M <
NN HMOFT =421y MFZZ < OXRPMENEZ ETEBY (RF; 46%. NVF ; 39%,
UF ; 33%DKHIfE) . Z OEOE BRI EHBT L H T — & OB TR &2 1T > 72,
723 RF & NVF OZEFH&EZ T 5720 S ORISR EEHIE Lz, T7bb,
1] 181355 0D Hi 3% TR BB 23[R U C do o 7 R (2008 42 9 H 25 11 H 72 5 TN 2009 4F 3 A)
DRF & NVE DT T v 7 2A%SEL0E DL L, OB OWE OBIERK UEwe =
1.04)Egr +13.69, 7 =0.88) % VT RF OF — ¥ Z4fIE L7z,

3—2—5 ZRFEBUTXT 2 HF i DA 1
MFERREZEZTIHIEL LT, VTR EE I Lz, 2L 2B L - T, BEL
7w A (QE), AT T v A (H) FWRAUCELV /-T2 ENTES (Kondo and
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Watanabe, 1992) .
H=cp,CUT -T,) (3-9)

JE =p,C.U(q. —q,) (3-10)
2T, p I EREE (kg m?) ., ¢ 3HEREROLE (kg kg') EZRT, Tn ¢ BHOUC
Ulk, ThZh, RROKE, iR, BEHZ R4, U2 2.85 m O&E TElls
HOEFIH LTz, Cu 725 ONT Celd, N EA, PR S EERIH BT 25 /L 7 Bk %
Baor U, BUECHIER R EBOWH AR EZZ T, RROZHRO LT S 2R T
FRETH D, 2B, +0IB - - #HIFmIZB W TIE Cy= Cg & 725 (Kondo and Watanabe,
1992), £7=. ¢, 2 FEBICFHIT 5 Z L 13#E L VS, IS R HISRB VT g, i3,
HFEIRE (T) 2B 58T (gu(Ty), kg kg!) EELWERETE S, £ T,
Gsa(Ts) & MR DI A2 /R THRIE CTH L8R R (B) #HATHZ & T, AE 1TKRK
DEINIEKFTZENTED,
AE = 2p, PCU[44 (T,)~ . ] (3-11)
BT IR 72 BRI T 1 & & 0 MR OWMEECHA DKL Z1) 0 £ T
AT 5, CclZLITLIE, MEREOURBOESEZEFL LD E LTEREINDIN
(Shimoyama et al., 2004) , = Z TlX, Cy=Cr & LTEFH LI,
AW CIX, BUEAFERIE & L THE G 2010 4F 4 A6 OFEANEEZ VT Ce 72 b
B EEM Uz, 728, To & U COKEMBHFIE L TORWHIFICITHE 0 m IR E L-
IREEFFOMEZ | KEDFE L TV D IR IZ A b I WIREEEFOfE 2 F Wz, ik
R 2 E S 256 MADFIET 5 & EmIRE VSR E T I oA 2752 2 & B HE
FAEDJFK & 72 % (Kondo and Watanabe, 1992), L2>L, ABFFEY A b ClIAEA 3 +43
CEICAB L TR, MRmIRE ISR T 2 EmREDORBIIEH T D LRE LT,

3—3 MiREBR

3—3—1 RBERE

M 3=3 (IFKEHGHICIBT MR E (Rn), 7L (o), %R (T). fazE (VPD) O

B e 10 B BOBEEEER 5 ONC B B R & KO KN (2,) Z2RLTH
o TRTOEBGIZEBNT R IZWE (11 A6 5 A) 2@, ERICEPbT5L 09
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B 2 AL & R
L. T, & VPD I3H.7
Df&PY (10 HZA)
e —2 % & B MEm
DR b, VPD I
WNFEICAD EBERA
Ry RZ RIS L,
ZDBBERMNRNE
WD BT NT T
EH Uz, TE 5 H
TAND Rn DIET &
RS2 L5 ICIKT
L.6 HIBTHZA
AR E A Fidk LTz,
BHMMA®BLE CO
SRS ERITRA SN
(2 H R a2 I [
G CHE R EITR
bihd ., TN ENK
26.8 °C, #J24.6hPa T
bolz (3-3), H

Rn (W m?)

T, (°C)

VPD (hPa)

Rainfall (mm)

0 0
2008/09 2009/01 2010/01 2011/03

M 3—-3 ZEFIBITI[/BEROEHEE)

(a) FiEHE Rn). (b) 7K (o), () &iE (T).
(d) faz= (VPD) O RAHEEEZ =Y, /2. () AW
#7265 N RF <° NVF (T8 D MR AKDIKNL (z) ZRT,
FREUL RF %, HEILNVF Z, 63 UF 2 8% T 5, ik
o7 vy MIAFTEHEER L, FERIT 10 BREOBET
Bl A T,

HEEI A2 I ZEIC BV T HA 21 hPa TH Y, IFICB W TH BT L2 KK T
bolz, BLUMIEAEL TO Rn @ A FEEMEIZA X #5 (RF) T 323.3+80.4 W m™,
F SRR B (NVF) C 346.6£804 Wm™, 7 v 77 > REY; (UF) T 296.8 £66.2 W m™
&L BSGETETOEWA R Gz, RFS°NVF O X 95 2R T CIEmZRIcKiE
MBNDZ & TaMET L7 (K3-3(b). TORFR. Rn ML UF L0 b EWEs
IRLTEEEZOND, £/, RF BT D RnlZ NVF OZ A, FICBWTHN
FIZBWTHIEN -T2, Zhid, EICOWTIZEBEER D 7= D O 5 AVEEN, H2
ZDW TR M S D 2 & CHER E 2> DAEADIBRA I, a 03I L 72728 (11
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#3—3 KHRICRITAIRBERLR D WVICEARBRBEEDELHME

RF. NVF, UF 28T 28N SE, F 11 A6 5H), Z2LTHZE (6 A0S 10
A) OffilE (Rn) . KIE (T,). fazs (vPD), 7AXEK (a). HPAREE (ETy)
N,

ETons
Season Field  Rp (W m?) T4 (°C) VPD (hPa) a "
(mm daytime )
RF 3233 = 804 266 = 30 241 +99 018 = 005 19 « 1.7
Whole NVF 346.6 + 804 268 + 3.0 245+ 99  0.15 = 0.03 18 + 1.5
UF 2968 + 662  27.0 £2.9 252 +98 017 £ 0.02 1.0 + 0.7
RF 3524 + 846 268 =24 208 + 92 017 + 005 28 + 1.6
Wet NVF 3720 + 87.0  27.0 £ 24 211 +93 014 = 004 25 + 1.5
UF 3186 + 687 272 £23 219 92 017 £ 0.02 13 + 0.7
RF 2739 + 377 262 =38 297 + 84 020 + 001 0.6 + 0.3
Dry NVF 3040 = 412 264 + 38  30.1 =84 0.5+ 001 07 % 03
UF 2624 + 439 267 37 304 +82 018 =001 04 + 02
P E AT AR 22

3—3(a,b). £3-3), Rn bIR< ol bBE X BN D,

BRHEOFERNE (ZZ2TX9 A 1 BH2S 8 A 31 HE—HL9°25) X 2008/2009
23 697 mm, 2009/2010 475 643 mm, £ LT 2010/2011 2728 1109 mm ThH o7, W7
NOFEDL | 2001 4£72 5 2008 4 F TOFEIE (440 mm) (AL Do 7o, FEITETR HIH
DHFRIKDIKAL (zy) 132009 4F 1 HEENBHIAKICL > TRHICEF L. 2 419 B
I35 090mIZEL, D% 4 A, 5 AIZMT TR TF L7 (K3—3(e)), 2010 F 3% D1t
DOBFIT A~ HIFRK DO BN, 3 H TANGKEAZED B4 H 15 BIZRKXHE
0.30 m & Fidk L72, 2011 FF1X 1 AIC—JE 2z, 28 EH L 0.12m £ TEEL7ZBNZD%ED L,
3AHICHO TRMIZ ER L3 A 27 HIZIZ 0.8l m ZFt#k L7z,

3—3—2 ZAEWEOKHZLH

3—4 13K ST I T DR AR L AR BEOFHLE(LE R LT 5D, RF Ik
&, NVF (3Ff, £ LT UF IIBEORTRINTWS, UF I2BIF 24 AFHEIT
2008/2009 475 325.9 mm, 2009/2010 443 3243 mm Th V| FExEEIN/ NS o7z (1K
3—4(a)), ZARTEEEIL, FRIOBIA L B LA, 1 7S 2 Hlice—27 ZH0 .
Z D% Lz (K 3—4(b)), H AR ECEITBRIFICE VT 0 mm daytime™ 75 3.4
mm daytime” D% & 572, 2 LT, WZEOFEHZERHEIT 1.27+0.68 mm daytime™, #
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2009/12/01 - 2010/11/30

T T T I T T T T T T
800 2008/9/11 - 2009/9/10

el
8 | Rinfall: 697.3 mm
= (a) 674.7 mm Rainfall: 718.5 m
o §600— 636.9 mm
é‘ N
2 24001
g5 325.9 mm
g 200
E L
O
0
10.0—
. ~ 8.0 ®)
e T
N E 6.0
25, |
% ‘é 4.0~
R E 2.0+
0 : — o azumlins 1 1 1 1 1 e T .;_-:;-i';“
2008/09 2009/01 2010/01 2011/03
== o RF == 2 NVF = o UF ! Rainfal

3—4 ARREBEOFHLS

ZNENOESGICHEIT S, (a) BEAEHE (ETy) . FARENE, LT (b) AH

R (EToy) OFEEEZRT, KPORANIFEA AR b OV R RN &

FEM LM ZRT, A Lo EROBICR Lz, k& o7 ay

MIBET—% &L, EfHIE 10 BREOBEFESEZ R,
7513 0.44+0.24 mm daytime™ ¢, B 2 TIX 0.95£0.69 mm daytime! TdH 7= (£
3—3), NRpIEHR OFEAMSCE - TOBM TIL, 0.5—4.0 mm day' OFEFEEEN W
SN THEY (Kurc and Small, 2004) . AMFFEICIIT HFHAME HFEL L TWio, £72. UF
ZRIT DB 2ERIC BT 2 FHERMEL. 77V D OWBRETH L=V = — 1T
BUDHEREEARNS DA MBI D FHARFEE (0.95 mm day”, Ramier et al.,
2009) IZEEELL TV,

—77. RF OEFRIEHEIT 2008/2009 4E78 636.9 mm, 2009/2010 4E75 636.6 mm, NVF
DOENITZNZ L, 6747 mm, 608.7mm TH Y (X 3—4(a)), UFIZHAEDDITE
FRFEE R % o LTz AR 2R 8 1. 2008/2009 4F TIENVFE O J5 23 RF X 0 K& < ,2009/2010
FEIXZ OPIRM R T - 72, NVF 1281 T 2008/2009 4E0> 578 2009/2010 4= L 0 % 15
WAEZRFE B A Rdk L 72 D1, 2009 453 HIZNVF TidA—7 v o4 —F kgL 720
ERMEES N0 LB 26D (FR3-1),

RF (Z8F 5 B PAREEIZBMHIMAZE L T 007 mm daytime” 705 6.98 mm
daytime”, NVF (281} 5 Z 1% 0.06 mm daytime™ 7> 5 9.38 mm daytime™ DOfEZ R L, &
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K3I—4 RERIHBOBHA, KBICRT LEREBEDH

Evapotranspiration (mm dav’l)

Surface type Site Climate Moan Range Source
Sedge fen Central Canada Subarctic 3.09* 1.4-6.0 Lafleur, 1990
Open sphagnum fen  Minnesota, USA Continental 3.0%* 0.2-438 Kim and Verma, 1996
Delta marsh California, USA  Semi-arid Mediterranean 6.0%* 0.8-12.2 Drexler et al ., 2008
Floodplain wetland Central Spain Semi-arid 8.0 0-19.6 Sanchez-Carrillo et al ., 2004
Papyrus wetland Kenya Equatorial 2.4% N.A. Jones and Humphries, 2002
Reed wetland Nebraska, USA Semi-arid 3.75% 0.5-6.5 Burba ef al., 1999
Paddy field the Philippines Warm humid tropics 4.29% N.A. Alberto et al ., 2011
Paddy field Bangladesh Tropical monsoon 3.33% 0.2-6.6 Hossen et al ., 2012
Paddy field Thailand Maritime monsoon 7.11% N.A. Jensen and Rahman, 1987
EB R O
NA. : AFAT

BICKE RFEHELE 2R LT (K3—4(0b)), thotlko 72 2 8RE Tl T 5 2438 i E
OB 3—4 R T, BT HLHRREO R 7 3ME ST 2BHICE T 1.4—6.0 mm day
DI ED (Lafleur, 1990), IR Y X MDOI X7 OAFT 2HMICIHNTIT 02—
4.8 mm day”' (Kim and Verma, 1996), F =2 20 F 7 D7 IRHIZI VN TIT 1.4—6.9
mm day” OZFEHE (Smid, 1975) 72 ERHEINTEY, RF°NVFIZZN LD A
FNEDBETRERFHAB 2R Lz, ZIUL, BRIIFHEAR R LR | 785
BB TN 722 —FH T, MZEICITMEKDIEE L @V Re 12 K0 BEAITRFED
ETDHEN) REBRFEHENZEZOLRMAAG THLIOTEEEZOND, £, ikt
WCIE. T AU BB Y 7 =T M OWHA T 12.2 mm day™” DRI HE: (Drexler et al.,
2008) . 7 A U A Z N OIRHA; T 14 mm day” 28 2 5 7KW (Allen er al., 1992) .
B DN AA v ORI AR 2 I HA TOR K 19.6 mm day' ORI R

(Sénchez-Carrillo et al., 2004) D X 512, @MWAFKKENREINTNWD, 2D X572
EWAFEBEOMHME & LT, FH OIS 31T D H2 U 72 KK DB AN RSP JE
WEZZFT TS, ARV A MZBWTH, lWFEO VPD 13E < RRMPEEE L Tz
72, BIC &0 AR MEE S REME S & 5,

ZRD Y B h &R HR 1%, RF 2BV T 2.76£1.64 mm daytime’, NVF ({28 T
2.53+1.54 mm daytime”! TH Y, ¥MFEE2EO-ENYMZE L TOFHEIL RF T
1.94+1.69 mm daytime’., NVF T 1.85+1.51 mm daytime’ Td-7= (F3—3), NVFIZF
T MNEOEEZAFE BRI, PEBEALGH ORI BT 2 AFHOBNME (231 mm
day™; Sun and Song, 2008) X°/ =7 D/ E L AN EF T 5 R O BLUHINE (2.4 kg H,O m™

day”' = 2.4 mm day’', Jones and Humpbhries, 2002) (Z¥T< . %7 7 A B D47 i 1 &
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57 I ATHEIC I A AREEE (375 mm day!) KV HIRVMEEZ R L7 (Burba ef al,
1999), 7 ARHUEF TIXHIAY M WA EESE S TR Y (Acreman ef al., 2003) .
NVF &7 AR & OFEITHEAEIZ L DB LRI NEEZXBND, REICBITHWFED
FHEBEHEIT AL T TF a7 4 VL OKEICBIT ARBEHEL D L0007
< (3.33 mm day™, Hossen et al., 2012; 4.29 mm day™, Alberto et al., 2011) . % A O/KHIZF
I} B4 (7.11 mm day™'; Jensen and Rahman, 1987) XV Hix 5 N2 7einoiz, N7
Fra, 74V EELTHAADL I RT VT HETIIZINE B LB 22 R EDR
FIELTETWDA, RF IZBWTEA REBBIZE T, KEHZITDO2RVERIKIEIC
LRI 22 RV E R i LTz, 2072, 20D K9 72888 7B A BRI O 203 2
BICBWTKRERENELCLHBO 2L LTEXLND, 7235, 2009/2010 FHZFED
A FZOIEIT 127 tha! THY ., 77V I OFEUEOFFN (091 -2.20 tha!) TH
-7z (Africa Rice Center, 2007), =D 7=, RF TOARRBHEIX, 7 7 U M HHLK
HI7RRBRIEREE T ICB T DB BEDOSET -2 L LTHEALNL D,
7235.2008 47> B 2009 £EIF NVF (Z381F D 28I Bl %, £ O Wi O RN = (697.3 mm)
WZIEET 2D THo72 (K 3—4(), £72. 2009 405 2010 F2BWVTH, 2010 4F
11 26 HOZEM (71.5mm) % FRFITFERENEIL 647.0mm TH Y . £ OHIH DOZEFH
# 608.7 mm |ZZ DEITEWNE W D, TS ORERITT I B ALE O F= PR i BR
BROKINITBNT, BRENDEERERTHH I L E2RELT,

3—3—3 RF & NVFIZHIT DA ED K

PRI O ~OFGAFEA & S EHIRHZA L D8 % [ 5 72912, NVF & RF (2386
TLARFEBEOFH L Z LVFFEL T 5, X 3—40)DMFEDOZRIEHE (ETqw,)
BHDE WBEEIZIT 2008/2009 4ERFTIEIE R OM[N Z R L 2009/2010 4ERFE 3
Amb 4 AIZT T RF ICBWT NVF L0 ETRWARRELTSH L, T LT
20102011 £Ei21E 1~2 H DA R OEBHH OHIHIC RF D F57 NVF K0 & BT
fEZmr LTz, K 3—5@)E/ V7RIS Lo TR S 2% (B) . X 3—5(b) LI E
BSIZ BT 5 0 7 kR (Ce). X 3—5(e)TMEIRE (1) 7 b HH S - fufn
IR (g Ty) 7R LT 5, RE ICEIT 2 7858 E2S NVF O Z 2B (2 E[Fl- 72 2011
F1ANPS2AICBWT, RFOBNBNVEFOZN LY H K&, —JTCelENVF O JF
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73 RF % LA > T T
e NbnD, Qd;
Gl THZ DWW T, 02
RFENVE & bich O
F DK AN E D ﬁo.%:
nNTnkizH k& 0.02f
7RI R B e e df::

0,08
=11}
oL
27, DFEV ., RF 2 006
o 0.04(6
L NVF ORZEDZK F 0.02

FHEOHE p 7 w9 oo 201001 Bt
BONE G DI B 3—5 FEHICET2HMBREREOFEHLE)

FHGD (a) ZAFEDFE (B). (b) BEEREIZET /07
RLTNEE N R Do s (0p). 2 L. (o) REREICHT 58RI (qu(T)
3=4MITBNT  oFHA#ERT, PHREOT my MIHPREHMEERL, %
RF O % W & 3 w310 AR OB TFHEZ =T,
NVF OZE Y HRE DRIV T, NVF Tl RF (2 THEZR AR REAS R %
BUZXE U CHRIBRER & 72> TWe 2 E DRI S U7z,

WLZE DTSRRI, FFIZ 2010 D 6 A 72D 9 AIZHBUWT NVF 28 RF L0 §00m 00
iz s L7z (4 3—4(b) . ZDORHID g0 ColZiZMBM TRV R R SR 720y (K
3—5(a), (b)), RFIZBWTIEINVF £V a BBKREL, R DRV E WD S ERETIZH 1T

BARR BN (B3—3(a), (b). £3—3), AR L7 L HIZ RF TiEA R EUHET S
Z & TR R D SRR IAN D720, a BN EH L, ZOFER Rn 78 NVF OZ 1
WZHARED L2 B X BILD, 2009 FFEDOFFRIZONTIL a OEREIISG SR -7z
H DD, 2010 FE[FEE Rn 13 RF IZBWVT NVF L0 (00K M2~ L, RFIZBWT
aMEDEWEZ R LTV EHERI S D,

3—3—4 p&COWRERT

RF & NVF (2B 5 KB HEIHFICA FOSTF S WICH 2 A BB TEMN A
DIV, TN B CeDEGRIZEICER L TWAD Z ENRBINTZ, £Z T, ENLh
DEFZOWRERTAZOW TN 21D 5, 1T HIEBEIRNICE T 5Kkt & H1EEE
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& R DK 53 HEHK L%ém.,._,., T T T

DOfEZEZ D LR Ng () LF (RF + NVF) il (&) UF ]

TED, £IT. LS b H ]

LI B I S .: 7 _;% k

DO E LTRENR 0010720 30 40 50 0 10 20 30 40 50

T&ZTW% (Barton, L0 | — IVPD(hPa)

1979; Deki¢ et al,  osk._°f o % RAF _‘ vt:ft 'faUF t

1995; Alvends and Q‘% I W 2 / | °o A Withosllllris%lucre \(;veat\:? “
Q

Jansson, 1997), —

T, JAGESC K& DI
TR 70 &R &M oo 3

M 3—6 ZAREZE (B ORERTF

FRoHBETZTY s (vPD) L OBIRE (@) RF & NVFIZoWCTE (b) UF
HEWHEREH D ITOVWTHETLRF & NVFIZBITATF—% %21 —5 > REY(LF)
(Kondo et al., 1990), 7 2 &> FELTHULEIZRLIZ, (o) HFAKNFEL TN D
WIS OWT B EHEEZR TN (Burea) & D (B - Porea) & LAI
EDRRAE T, 7272 Uy Bored (THIRIKDIFELE L TR W EIREIC
TOMBREBVT 5yt 3-12) &NT B & VPD & ORISR BHEE LTz,
IR OER T HhEOT ry MIHMBABGFEEL O LHIMOT —% % kb
RSN plcg P77 R Y MIMFEARBEEL TOROCEIROT — 2 &R T

(2. AEAEDFAE

FhAME LB OND, DEV ., I THEOWMEE, KKMOLE, WL
L LAI 7o Sl ko TRl SN D & ZExbiLd, — ., Bkars 2722 (Ge) &
Z O THRHINTEY , ZORER FICEELZIT B & GelTHEU L& T
bHbHLEEZLND (eg. Stewart, 1988; Matsumoto et al., 2008) ,

X 3—6(a), (b)iL f & VPD & DR ZEEMLICONTRL TS, BIEVPD T
DOEBFCEB W THE LR E R Uiz, £ L CEORRIEIL, FRICHIZ IS KE 2 TFE
L TWARWRHNZ IV T I HEBIL Tue, ISR EITKEBSFEE L TWZRWREH O g &
VPD & DPRAGRIZ. Ge & VPD & OBIFRIZHIA S 5k (Matsumoto ef al., 2008) (2 K
ST, <IEElFL 2 EnTE,

1
= 1-k k (3-12)
Po L +(VPD/VPD,, )" }( o)+
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T 2Ty PBary (FHIZR K DTFAE L TR W OREEZRFEN 2K L, VPDos 1% Bary
W1 &k, OFRMEEZ L DL EZD VPD R L TWD, F72, kpy kol ZTNTENT 4 v
TAVTNG A= 5Rd, I8, 7497 4 7ITIERF & NVF 202007 —4
EHWT, WEGOT—2 &G LT —28y hEFIH LI, 2O RF & NVF &D
WaT —2 wUEr—7 v Rl (LF) 7 —# LS, UF Tk, VPD I HEIREE S K
R EADOMEA%E R L (datanot shown), VPD IZ X D KRRMOER 72T T, LHEKS
DEBEBLHHIBREAET DL ENTERED, g & VPD ITBOVEREEZ R LI E B X
535, LF Tk TDR K FN HIET OB OEE 22 T R AR~ Lic/z®, LF
23T % VPD & TG KR L OBMRIEE RLD Z LIXTE D72,
HREIKEAFEL TWDEIICBEWTIZ S & VPD & OBRIEIZIEL SRS
e (K3—6(), €L T, ZOIEXOLDOXFILAINIZ K> THHATLZ &N TEL, K3
—6(c) . Bay E KRBT DIRHIO B & OFEZ LAIZK L TRy LB D TH D,
Bay & B & DFEIT LALIZxE L CRDER TS 7z,

B =By =ks LAl +ky, (3-13)

ZITl ok kpalZ7 4 T 4 T RTA=ETHD, ZNUOOBMBRREFI L, &%
NE (Bued) ZEROELDITHEELY 7TET L E L THELT,

ﬂpred :ﬂdry (ﬂﬁi%*?ﬁﬁ’ﬁ: L/—/Cl/\fcﬁb\H#)
ﬂpred = ﬂdry + k[}—3LAI + k|374 (iﬂ?i%ﬂ( 73)§ﬁ7(£‘/9p }Z) H%‘:)
(3-14)

ZOYV T =T IVIFKEDFEL TWDREIZIS W T, LA DS/ EWIEE, g REL
252 ERLTWD, B (1994) 1%, KEICBITA2ZEETVORET g 25 LAI
DKo THEINT 2 Z L 2R L TWD, ZHIE, LA DT 5 2 & T KESx
T DM DOPFERNID U LD B DNEANCB Z b bzt EhTund, B
FOZENS ] KBV A MZBWTIX, BIEEIE VPD IZIRESND DD, KEH
FAEL TODRHNCR W TIE LAl OFEL 2T 5 2 LR RB ST,

WIZ, K3—=T71X Ce & URBWNT LA L OBfRE/RL TS, X 3—7(@), (b)IiZBW
T Cel3EGEN 2 m s LLETIHIE DD & 23l N & < . RF TIEFE 0.0059, NVF T
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1% 0.0082, UF TiX0.0072 Z/r L7z, ZiHOfEIE, FEUHEFE 2.5 m O/Kim<C HEm I
BIFD Cp (RFXTIX Cp) OfE UK, 0.0013-0.0017 ; L3, 0.0015-0.0030) LV
HRE < GITAE, 1994)  EYEGEE 10 m DK HIZF 1T 21 (0.002-0.0055; Kimura and Kondo,
1998) (ZiLiroTo, Cp lTEEEREITEKF L, MENEL 2D LW T 5, KRN A
MZBTDMENO R DEESETO Ce2MHE T2 &, RFOZNE, EHESE 2.5 m
DE1E0.0063, FHER FE 10 m OHA130.0037 NVFE [ ZHHER 2.5 m D54 7T 0.0090,
FLMEEFE 10 m DA 0.0045, % LT UF TIIAERE 2.5 m OF4A 0.0078, FEHERE
10 m DHETL0.0042 Th o7z, ZOMERED SAKBIZET HEIEN->72Z L3
Gyinoto, =5 JBER 2m s KOS WRHTIES D E R K E D572 (K 3—7(a), (b)),
AVTFSE T CIIREIREOREL LV RE 2T LD EEZELbND, £ T,
Cg & LAI L OBEREIX 3—7(c), (IR LTz, ZORER, Celd LAl & & HIZHMT 5
AR OINT, LA BN 2 2 & T G bEMT 2L, thofFEIcBnTHEb
N TEY (Shimoyama ef al., 2004) . LAI 23N U#ge T 7238 600%. Ce it Bizmo i & Hf
SWMAMHEE & D&
WEEET VITE -

020711 177 L B R L L
(@ LF (RF+NVF) ] [ (b) UF ]

A a

0.15
THEEINTWD (& 0.10

R |

‘ - -
i1,1994) , Cg (3 H1Z 0.05 :‘ﬁn 4 - |
O By B 5 1 (2 0_ M { L_._L
2T, LAI O 0.20 _
AU E TR S N 0.15

N3 2 722 H 0.10
TLHLEEZXADBND

002 04 06 08 1.0
LAl

2004), 7ok, Cg D3 e« RFE 4 NVF = UF
KAEZ HLY = D% e 4 = y<2ms' o & © Uz2ms'
b BB e Ly B3TT CVIE@REREK (G) OWERTF
BB 230 7 s fRsk (Cp) LR (U) 2B TNT LA &
DOEAf%% (a,c) LF (RF+NVF). (b,d) UF {22\ TmR7, (c,d)
JE=DBHCHEDR  gpgxorny MUz 2m! OF—F &, THROOTE Y b T
BT A7 U<2ms' OF—X %57,

( Shimoyama et al.,

OHENMZES TH v
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STWD (2, 1994), Yaneral. (2012) 1%, Cg % Plantareaindex (PAI) DTt
LU TV 223, AFFFETIZEEDY 2 ms™ G5 TO Ce DIEH D& DEWE KT 5720
JEE 2 m s HIE T2 0l T4ty Mo, EREROT =4ty MIHLTU &
LALZ E > THEBEYFSITIZ L > TG Z2HEE LT (Crpred) o

Crprea = ke U + ke L LAI + ke (3-15)

T 2T kepis kepos kcps (3T A YT A VI RG A=A THDL, TRTDT 4T 4
TIRT A= O L FABRE A FK 3-S5 IR LT-, 2O ORURRZ AW TRENIC TH
R BEOHEE 7 D NI ED LA KT HIRET 2 N &2 FEhE LT,

F£3—5 VTETNDT 4 T 4 TRT A= 725 ONTHEERE

FRIEZNH (B) 72 5 ONTIEBVC BT 2 v 7 fikfedk (Cp) OHEEY 7T VBT S 7 ¢
YT AV TINT A= EMBEREE T Sty b TEIIRT

1 Fitting parameter Correlation coefficient (r)
Dataset U (ms’)
VPDos kgi kpo kps kps ko keer koes B Cs
LF <2 -0.014 0.053 0.032
6.597 2.125 0.000 -1.893 0.461 0.810 0.643
(RF + NVF) >2 -0.002 0.024 0.012
<2 -0.019 0.008 0.042
UF 4356 3.012 0.018 - - 0.954 0.735
>2 -0.003 0.005 0.013

3—3—5 ZARWED LA T HEET A K

BUY A MW TEFHEIIHT D B0 CEORENREL, SHITAR Celd LAl
DFEEZT 5 2 L NFERE» B Sz, FiEEAT LAl 2 KEL EBlbsE 5, &
DB ) o EREINCTARD T2DIZ, N7 EE AW TEBREHEET VABE LT,
NI RICEEND B DN Ce %, AIRD B2 5N Ce#EEYT 7T ML D HEE
LT R 2RO | LA 28 FBMEBEORIET X P& FEMf LT, KET /L D
TEME (ETped) & EHME & OFBAMREUT RF, NVF, UF ZiLE41, 0.612, 0.459, 0.120
Thole, RETNVOHEMDITLH>E DKL LT, BlHRS LA OFEHIEAEAL TV
ROHIRICKR L CHEEMZFIA L TWD Z ERH T oD, L LERS, KRET IV
Ko TEBEBMEDOFTHEMIOWTIETHLIBREHFRTHZENTELEVZD (K3—
8) RETINCTIHARBEZOLOZEMNICHIT T 2HMNE LTBLT, AHK
(XL TR E 52 DR (oL ZE fazE, BUR, L4 72 L) IO\ T, DR Em
EEERNICONTHZEZHNE LTS, TOH, KET/VIETOIXLDE N
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—_
=3

bodHLODOFEHEE %+
FIZRLTEY EET A
T3 H RTRE & Ik L7z
FET A FTIENZEE L
T1H. 48, FLLT
10 H OFER OV E %
FIH U CHEAT 22 9206 L 7
(£3—6), 7B, WED
A1 & SRR RIE et ST 201105

10 HoZzn &L LT ® T, @ Ely
X 3—8 ERFEHELHERRBEEOETHLH

BT D FERFEBE (ETps. WREATHER) LET L
BROHERT (© £ R S MR (Ey, THT) OF
K3—9(XLF & UFick HiZ#hard,

T DIRFEED LA KT DINEE2 £ LT\ D, UF TiE, ZfiZ2 b3 L4l o8Nz
o TEARBE LM MM B HEE Sz, 2 LT, TORBEICOWTIL, BFER
EEETR SN Tz, —J7, LF 2BV TIE, FEIC X » THRBEEICHT D L4l
DFEBIIRE S Bp o7, #5010 H TIE, UF LRIBRIC LAT & & HITFRIERE S HN
T OMEMAHEE ST, BT 4 H O T TIEL LA 3T 2 Z & CRIBIcazsieE
DT 5D 2 ERHEE ST, ZAUE, 4 HIZIE LA O¥EINZ & & 70K ASRE I X
DB S HUKED O OEENMH SN D DR EZ b5, 1| HOLRMETTIX, LAl
RSB L —HREARREEEITHIN L, ZO%RBD LIG0 DMK Sz, LA DO
PIZED BWBEEINT 2 DD LA BSHII/NS 725 2 & TCe VNS D721
BRELTBKMEEZ R LI EZ DD, LA OFRFEREIHTHHEETI HDL )
72 LA /NS5
EF (LAl = 0.14)

—_

—_
S N AR N X SO N R X OO N R N 0
T T T T T T T T T T T T T T

ETyps and ETeq (mm daytime ")

Telzd, ZZTIEH10 HD

£3I—6 BET X MIAWEEROFHE
Dataset ~ Month U/ (ms') 7s(°C) T.(°C) g (kgkg') zw(m) LAI

L Jan. 1.9 292 253 0011 007 014 F 0 & LAl 25K
Apr. 1.8 268 265 0010 023 025
RF + NVF
( ) ot 28 465 312 0.003 000 007 =4 HORMET

Jan. 1.7 34.1 25.7 0.011 0.00 0.39 (LAT=0.25) TO
UF Apr. 1.5 36.8 26.8 0.010 0.00 0.79
Oct. 22 46.5 31.2 0.003 0.00 020 FMWRKEWNZ EMN
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Gyinodz (K3—9, %£3—6), RF TiIA ROHEHBFEIZISNT, BIERFD LAI=0 7D
ABERHID LAI=03 T TELL, NVFIZBIT S8 E v b K& hotz, AEITIZZD
£ 972 LAl OZAVIZ X o TR BEN ST 5 TReEEZ R LT A X &2 LD
KT L LAl 2= b a— LT B0 Lo TEEMHRBHIE OZBBEICRT o8
BHEASNDZEEZTFBL TV,

AR AT R 52 4

IZBWTIX, RF 72 %zgl(a)LF ‘\‘ : _(b)UF :
5 TS NVF 1281 % oL \ ¢ .
% LAI S 0.35 L & é)-zo_— ‘\‘ ':_ _
TIZLaHmL 7 {-%'40_ TR U i B e S R

40 20 0 20 40 40 20 0 20 40
Change in LAI (%)
Jan. ==<=Apr.
X 3—9 ZHEREBMED LAIZXT BEET X B
(a) LF & (b) UFIZBITH LAI DAL (%) 1ZxtT AHEEARF
Nice LB AX EOEIER (%) 25T, BEF 2 MOAVWLREETF—2 &
DOREEFEZ B v NOFEHEIETE 36 1T T,
XY, LA EBEEICHRELEBRIZIZ LA D6 15ETAHZ L EEZ X 55 (Jensen
and Rahman, 1987; Alberto ef al., 2011; Hossen et al., 2012), =D X 5 2546, 1L LAI D
Mz K0 BKEZ /R Z ENHERI SN D (L, 1994), F7-. Celd LAI ORI
W, WBREZED F0%ED T 5 L bt T s (Kondo and Watanabe, 1992), I &
T AL BT b . A R OEEEHFIEIC L > TIEE W LA Z R T A EMERH Y . F0
BB DOARFEEEITHT D LAl DB O T HEESBAELZED TV LERNH A H,
I 512, 2009 &2 A 15 HIZAR 1z A — 4 — (Porometer -AP4, DELTA-T DEVICES, UK)
ko CEHIE =KAo Z 7 Z 2 Z13A 3 0.018540.0043 m s (CEHI -+ UE(R
7). BREAE DY 0.0025+0.0007 ms™ T 0 | A R OIFRHE (p<0.001) IZKE o7,
INHOEIF—HOHAICEA LD TEET —Z L LTI RIEDR, A 3252 L0 &%
FENCHEE Lo, LAI T2V Tl | AP BER N AR HEICK L TH 2 5%
WIZOWTHE BB L TW BREND D,

Mol=l=d, KET
A N OFH Y LAI
/N R REC IR B

Oct.
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3—4 Fi
ABFFETIE, 7 X E 7 ACE I IR 3 2 FEE IR T ~ OFRVEE A K 2 2R FE WU

(X T HRERMAZ B & L, BIHIZB W TERBEZ 2 F LI il Lz, 20

fEF, RO LD WP LN RoT,

® RF <°NVF &, WAEICKEAHBLT 2100k TEBBDEATKE Z D | FEREH &
(ZPEHCT 2 BOKDBZEFBUIZ LV Kb, YHLOKINSAZ W TR BN HE R 2
RTHDZ LR INT,

° Mwammwﬁﬁﬁiwﬁd\ﬁﬁﬁ$(Mi&ﬂ%ﬁ@%m.ﬁﬁéﬂw&%
ERE (Cp) DZEICEICER L T\ e, 260 T A—21%, faz (VPD), &
W (U), LAIWZ L > T35 2 LN TE T, WEOHREIZKEDNFIEL TND
REIC W TIE, LA BT 5 2 LT, gL, ZBBENSHEMNT 5 2 &7

® EHIMEBHINICA REMRA D Z LICK Y RD KD ITHZE L T ORIz
THREHEICEBEEZ D Nbhotz, Thbb,
IR, A FOEBFOOENN LAIZ X > T BBKREL 720 KM AR
WL, ZO%DOA XOKEICIY LA BSHIINT 5 = & THRFEEITH R
HEDOZENITESL Z B0l
H2Z50D RF TlX, A ROUEMEEIZ X D EMIRNEE O FH H SR
HAFEHTHZ LT, TR (o) NN UMAS & (Rn) 23D LTz,
Z LT, AERMICEIEBED NVF IZH_ED T2 2 &R ghoT,
® FRMED LANIHTDIEET A MLV | BHHEREE T CIXNBICB VT L4l
MEINT 2 2 & TR EI BT D TRt R STz,
Z O X5 e FERR IR FICB W T, A ROAEFIZS U T LA Zildlic=ay e
—T 5 2L TUKERAZHKT D X0 RAHFEEARTRE L 2506 LAVRW, DD |
A FEBYINS X0 @ LA ZHESr U p 2K F S, Kl D OZF B2 I 2 KT
BEEDESED E L BT, WHEEEIZ L > THEMERZBSNORHH L, 70X R a i
MESEHFEORBRELZRD SEDL LT RKBEEEZHD SEL Z LN WREND L
M2, B 2 B CIEA ROAEF RN T 2 BB R OILRDIKE DD DZEFE & A H)
RENZHHIT 2 LW RERBHEONTEY | ZORIZEW TEM R RN D OFE R &
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AREE DK SCFHIE DS OFERN—BE Rz b,

7272 L, A RS L7 E 7 /L1% 2008 422035 2011 4 &0 5 ZRRFEOBIIIT — #1255
Wb DTH Y | BEREROAFEMEOHE ICE W TIFEEENZNIZE G RN ESE
ZHND, BERFEICBOTIITERA ML ARKILa Y Z 7 2 2D X 5 724 FOfAE
BUEMRESC A B IR L TREBE 525, 5. Jarvistype ©7 /L (e.g. Jarvis, 1976;
Matsumoto et al., 2008) <> Ball-Berry “E7 /L (e.g. Ball et al., 1987; Liu et al., 2009) &\ >
ToHEM AR FHIFRER LKA b L R 72 EOBREER T & OBRIEZ MR A AT T T L i
T HZ LT, R REORBICHE DA EOHEENTTRE L 72 500 LRV,
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4 FRVBEEADKIEIIHK§ 2 5B

4—1 KEOER

H2WETIIT I ETAEICRB N T, A XN ED K 5 KB A A9 D D)% R
T 5 T2 DER A — )V CRFIAZ R EZ BN L, B EICRE 2 Nz 72, 85 3 B TIEA
T VEIER L, B L LTOA ROKEEFMEEZAKSCHINCHE Lz, ZORER, W
BLED DA X OEBYIINIEA RIC KD KEEBEENKERICKREREEL 0T
ZENRENTE, A XDEFTOMO LD RARNEREHEE (L4D) ORHIZIE, Ko
FRREDEANTE Z 0 RIS WA E A R T 2 &N mhofe, TR LT, F2 &
T DE D 2\ E Tl O FRIRSOFAMELE FE DHEINC X > TEBF VMO KEE &N
B FREM AR L, 5 3 B CIEA ROAEB YT ARRA TR KR E AR E %
AT HOD, KEIIHED LAl DY L 5 T, fha IZHRBAEDEFEHEITESL 2 L
REE L~V RS2, 2O KD ITRFEAIC Ko THRIEWEIT L TEEREL H
HTERHBMNE ol I T, RETIXED X 9 fRIEEAIC X 2 &5 a0 21k
237 I BT AL HUR O KGR L TED LS B e b1 6T O0EH 6N LT
ARGE

FPEE Tl 7z X 912, R OB ITAKSUER 7 m ATk L TR E R A 5 2
HEVbiL TS (e.g. Giambelluca et al., 2000; José et al., 2008; Zhao et al., 2008), ] .
(X, 20 HAZOHETIEZL < OFRMPKE e EOPHERIA~ L QB IhD 2 & TR E
DS L K5 & L CHUIB O e N 2 OFI A ATeE 2 K E IRt L TReBi e &
7= (Liuetal.,, 2008), KINZIZKIT 2 THIFI LA OFBEEBET H7-0121%, Tl
FIFRZEITRE D KRB BOZLEN, T OHIROKEIREIIS LT EOREDEI G E S
DLDOPERETT O ENH DL, I2L AR UEOARBBEZLENECZELTH, £

BRI O X O A K ERNZ LWERBEICEIT 2 b o & B o X 5 72
MARREICBIT 20D TIIRESERD EEZLND,

Z 2T, RAETITPHEETH 57 X © 7 ALEHIBIZ IR 2 R EiER A o fifE
HADOKINZ KT D BE AT D720, RO 2 2FHIE L,

1) X e 7 Ak o KIS o #RAR

2)  ZOKISAT 3T 2 TS A O SR
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KU DAFFRIZHOWT, EHIRE A L LT HZE) 2 & NS FH A & T L, B0
B L CHEBORRM A #HR L7,

4 —2 MEHEFIE
4—2—1 XI55

it b Oshindete Oshiteyatemo Angola

j_:j\\/:j‘%?\//\ox )[\_‘\ R I - 3 \‘v. & /Y I~ TP v

+ % 20 km P45 D% (469.7 km®>)  Ogongo Campus & AR S S M
NG e shal WA s

EAGEIE L (R4-1), 2 Onamuncindi O NN o
DT R E NI B D E |

HZEDRWT v ST KRR
333.8 km® & 5@, HFEICRD &

WEKIZEBLODNDZEDHDHF @ 100 km %‘
B H A 28 135.9 km?> %2 5 5, Ftosha National Park

X 4—1 ZKINSCHERE X SHRIR & £ D JE I I
LA, O * 3
FRIRRIAE, FORMCLS s sma o Orr, Ao ETRL
THIKICEDNOERARR  oprc 2011 S0BRAREFILTNS, 725,

D . K 135.9 km? KIS B B TOR L2 I REVEE 2R 5 NSk —
NB L EERT S, b, B0 THEMESRT

PRV HIAT OFEIRIEL, A v #—F v b RIZABR 41TV % Digital Atlas of Namibia (23317
LR A R TR =T —Z W TR LT,

4—2—2 3Gk KIS
F 2 BT AR O R aE O AU IF R I L #BFT LR TE D,

Qin +P:Qout +ET

Region

+I[+AV (4-1)

22T, O Qo lTWEAR (mm) 725 NZHE (mm) THY, P IXFERE (mm),
ETRegion 1 F7AFEWE (mm) ., [T HHEEZRE (mm), £ LT AV ITHARFHRSE 72D Oz
KEBZE (mm) Thd, EITHREEA~OA 7y M, HLET Y M7y b
HONCE N EEZ R LTS, ETregonn Pv T LT AV ZHLNNCT HZ LT, A
DF%7E (AR, mm) ZRKDDHZLNTED,
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AR = Qin - Qout —1 (4'2)

AR VIR AR 35T DK EIRDKERE 2 7R, AR PNIEDOEZ 7R T RE, XFRGEKT
I REIEAN N DK E LB E LTV D RILA R L, A OB &2 7~ 3 IR I 3o S st
LAKEBHGATREZR R CH D 2 L 2 BT 5, DF 0| G ANIC I T L HuF A A
FAL L KREOKPHEE SND K5I ool EG AR IXTED T ~ET D5 & &7 D,
AR %3RO D T LT, FFEAIC L 2T E DAL R FIR D KNSR L TED
L BEEZ DOPTONTIHMET 5 2 E N TE D, AT T, EEAICE -
THIE L LW b D& L, BREBEOLIIC K D EBO B2 1N Uiz, fET S8/
TR BEEOHEE D3 FTHEZR 2008 49 A6 2011 4E3 A & Lz,

4—2—2—1 ZEFBHEOHE
AFFHTCIE, ZRFE R T — 2 & LT 3 IR S o7 /W K D HEE % FIL
Lz, ZFHEIT, IRELNOT v 77> KT, 777 v K (UF) 128147
HHEEAF R (ETy) %, FHMERHHE CiX NVF £721% RF ([CB 2 HEEA B E
(ETxveorre) M Lz, 7272 L, ZEPERHISHES C b > C b FFICKEATEE LT
WZRUWMEBIZ DWW TE ETyr 208 LTz, FEIMIRHET I D ETwe & ETre O3 T
BORGEZZLEEDH 2 & T, AKISITK T D FRIFEAD B A TN L7z, ETre (21X
SEIZBITHA XD LAl #FDFEE@EH LTIV, 5 3% Tili~7= Pokkali, Super,
IRGA418 @ 3 fLFEDFIER KBS LTV D, 7238, FEMIRHIE IC 35T 2 KHE O H
BEWEDHA I TIT AT X% 7R AD NVF 72 5N RF (2B 5 Fh % fLiE
& LTo, RIRBIBND ETregion 13-

_ L-ETypore TUP-ET

ETegion = Cop x10° (#7)
W-ETsorps +(L—=W)-ET,,. +UP-ET,

ETgegion = NWRF(LML = Ex10° (%)
(4-3)

2T, LIFEESREEomSE km) Z. W ISRV TR KICED
NTWHHE km?) %2, UPIX7 v 77> FOmEME (km?) %259, WILEHZR SN
B> TEENT S, 2B, MATITTT NV EE LG R~
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4—2—2—2 [RNEOHE
BERET —Z L LTA T TX Yy N X TR SNH 3 ETHN b O L FRRD
HOEFIH L, HRERARICTIT D HERELZHEE LT,

(L+UP)-P.

P X (4-4)

T 2T\ Pogonge 13Ty AX ¥ L RATRIP S NIZ HIERE (mm) 27”7,
H4—21FA4 T TF v XA LEZFDFDINET HMMOFITIBNT 20114005 2012

BENZNT CEHAI L 7= HBER & % 7~ 9, Oshiteyatemo, Oshindete % L C Onamundindi (235
FABREOEH LI T TX v o RRIBITAFNEFHL LW, £, 4T
:/:jﬂ'rJ(://\OXﬁlgﬁﬁf\;f(\j 50 W7 7T T T T T T T T T T "]

30 L (a) Oshiteyatemo -

km #4172 Uukwangula (Z351F % 60 ;

40 ]

EE ARt A Ry S QU NS . ]
0 | IR U I SR soml o 1o 1

DRI T b DD, FEEBICS oo T T
NTREERER LT, co
£ 5 I0F 3 BT AL O 1
BT I3 b B RRHE D ZZRIET 2 &
BLEZBND, LHLARE,

AT O GERICEENS gl D

IOO-I'I'I'I'I'I'I'I'I'I'I'I'I'I'_
80} (d) Onamundindi ,

80 L (c) Ogongo ]
60
40

Rainfall (mm)

Oshindete <° Onamundindi D[ of ]
40k ]
20 _

EE AT Ay R 2ADEN
EDORIZFNIE ERE R 22/ ﬁfﬁﬁ:ﬂiﬁfw._,.ﬁﬂﬂiﬁlg

80l (€) Uukwangula ]

X6 SEDRR LN T=2T28, 60:— _

FIFrTXy U NRIIEBT B 20:- II II |] _

T — 7 TRIRuE g A 2 20110601 20120101 20120601
BN T B & L B 4—2 AT TR 5 AR BDORICH
] Y LZAX N EL,

5 HBERNE
TNENDOF ONLEITE 4—11TRT,

4—2—2—3 HIEKEOHE
HhF K B AT R & AR O EREZ AV CTHEE L=, X 4—3 132 HA ok
KK ZR LTS, EEARLAS 1:5300 O X B 7 bRk 2 350 C (Hipondoka, 2005) .
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)

Water (Area=W)

\ 4

Upland
Lowland (Area=L) (Area:Uli

Cd

6@ @ Target region >

X 4—3 XISREICEIT B AN E O

R A P #E S E L, 2 OFICEIT 2KINHEE ; BNE (P, ZA%REE (ET).
HHERER (). FAR (O W Qo). WFKRER (V) 25T, 22T,
Ny B —F—H R OT, SRR A R (TR BDN B ) &
Ty 7Ty RICHEL, FRERO D HHFEE L (=1359km?) & UP (=333.8 km®)
L7z, BT, WEICLOFTH#FKICEDN SmiEE W& LTRLK,

yd
~

A2

MR DKM EENIKEHEDO LI EHERE R EL G2 HLE2 N, FU L
WEHT DA T 7 ITTF AL (CFHABEL 1:3300; Gumbricht ef al., 2001) Z*%f5 L L
TR T, HIHE T T AARIZER Ll SRR A R L7 58 48 5L & e 28
(Dinger et al., 1976; Scudder et al., 1993) . ARFEHTTILX 4—3 D L 5 1T G a = £ 8
ELTRE L, $7bb, HFEKE (V,mm) [3KALEKHEER & DRGNS,

:%xl o
ICEoTROBND, 2T A FHIFKERE (km®) | 2z, (THFRAOKNL (km) 27537,
HI K EARE D7 — & (345 2 EHE AT IC K - THEE L7z, MODIS (Moderate Resolution
Imaging Spectroradiometer) D7 —# (F 4—1) ZHIH L. EHILKIER (NDWD %k
KICEVEHEMHL (e.g Gao, 1996; McFeeters, 1996; Ji et al., 2009) , HiF/KZ[FE L7=DH
MK AR O IR B 2 Sk D 72,

(4-5)
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NDW]:M (4-6)

Pred T Puvir

7272 U prea T332 R (BAND 1; 620 — 670 nm) O SCH R pyr 1T H EFRSL 3> R (BAND

7:2105-2155nm) DONHERTH 5,

F4—1 FHEEBOEBRER

HZF KRS OHEEICHIH L7~ MODIS a2 &2 O E2 =T,

Resolution

Satellite / Sensor  Product name Band used .
Temporal  Spatial

Starting date of
composition

Period of analysis

Terra/ MODIS  MODI13Q1 16 days 250 m

Red', MIR?
Aqua/MODIS  MYDI13Ql 16 days 250 m

1-Jan

9-Jan

2003 to 2012

2003 to 2012

'Red; BAND 1 (620-670 nm)
*MIR; BAND 7 (2105-2155 nm)

KALT — 2134 T TF ¢ L /7SANO NVF T 2008 0Ll L= b 0 &FH Lz,
KGRI N O ZEIMEIR L RIS BT 2 KT — Z IIAFRREETH O RE L TV D,
20 km VU J5 D K EFEILIN I IR A 5 ZREIEIR s O KN &2 A4 T 0 T3 v L XA N TRANS
Nl —HRIZBIT KN T —F TRET D LIRS RBEEL LA REEZEE LT

WHHDOD, AT

[ T T T
*rrano®E £
g 02+
BRMERSICBY
THLREAET— £,
E .
Z RS RN WIS .

NVF and RF

HLDOTH D LMWL
(B 4—4), REEL
LCEH L,

15.160I 15.162 I 15.164 I 15.166 I 15.168 I 15.170I 15.172 I 15.174 I 15.176
Longitude (°)

X 4—4 i HE OBEEEX

W3IBS 5 BINMELERYE; (NVF) 725 N2 A *#Y; (RF)

%G T 2R EN MR U HE OO BRVE 7 16 CORETIE X 2 7~ 9, NVF 72
5ONZ RF OfEEm a2 e & LRI m 4 tbm & LT

~UT,

4 —2—2—4 TEYERMEOBEfE

H MG EIZ OV T OEBERE R A5 5720 A RERANINET o4 T A% v
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JSAD NVF & UF 1B\ T a7 lmmogw I B R B
VUL, EROWEEE A R L, A - :::3‘%@5
B\ TR mEm 5 0.00~-0.05m £-0.10 - 1000 -
~0.15m DL BT (0.0001mY) 2 F ]
ENT 2 VAT oRRLE, Bbh § | 3
a7 IR, L pF WERE & 3 E
MV oF WRETR L, To@EAER S | :
HBRC L0 RBARE (K, om s) 2H & 10F .
L7, pF 3WBRIC o T HHO (REE G kR E :
(0,%) & EHDIEN AT % (¥, hPa) Lo L]
L OBMEA TS, WU L 0 L LA R 0 10 2%050 4030
P #R 27572 (van Genuchten, 1980), 72355, 4—5  RHEBEEIR O 11 DK 4y R
FERUCIE 2 > T OSEEE % A=, P

0o 5 3 BB CRREIR 2 E L A

0=0 + ————— SREEAEFYS (NVE) &7 v 75 K

1+ (ap)] ™ i (UF) 1251 % HHROKEE A (9)

(4-7) EENRT v EDORGRETRT,
7y MEIEIMEZ, R 4-7)

(&Ll E R, X 4-7) 0%
BIKBD 0 %R T, a 72 B NS n 1 TR FRME T4 T 4T IRT AR TFRA—2|T

MO EZRET D7 4 v T 4 T RT A R,

— X2 Th b, X4—5ICNVF & UF O BRI T DB & 2R A R~d, £, £
4—212, KOFEFEHBRO K RT A —& LT, ZNEND K 2T, 728, UF 2B
TIE-0.30m 72 5-0.90 DIREE T010m BT 1 o 7T ORML K EZHELSE
F—a L Lz (F4-2),

ZZ T, O TEIFIIRED 0 R L, 0. 13 KL

4—2—3 MIFEADRZENM

KRN DRV A DB E G 5 7260 ZREIE I 35 2 R B A
DEGEESE, KNI T HEL IaL— L, X 4-3) BT HHFE
DL EWEFED WIZHDDRFEANREEOE S Z 0%, 50%. 100% & Z{b &, RD X9
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KA4—2 HAREWOLEOBEKBE (K) LKFENT A5

NVF UF
Sample 1 Sample 2 Mean Sample 1 Sample 2 Mean
Oto-5cm 073 £ 0.02 1.79 + 0.14 1.26 745 + 0.10 4.76 = 0.05 6.11
-10to -15 cm N.D. N.D. 6.30 £ 0.07 4.60 £ 0.09 5.45
-30to -35 cm - 336 £ 036 475 + 0.01 4.06
K. -40 to -45 cm - 6.35 + 0.05
3 4. -50to-55cm - 6.58 + 0.08
(C107ems ) 60 t0-65 em - 5.62 = 0.08
-70 to -75 cm - 4.81 + 0.05
-80 to -85 cm - 343 + 0.16
-90 to -95 cm - 2.94 + 0.03
05 29.8 35.4
0-¥curve's 0, 3.1 1.4
parameter* a 0.070 0.091
n 1.749 1.839

KGRI ST A= 21T 0 2855 em IS B YL T A AV THIN K 45 0
RO 7 4 T 4 TRTGRA—=EThH D,
N.D. ; SRR, -5 REE

(2 ETRegion Z HETE L 72,
Ea®m:ﬂfM)LE&wzfngarﬂmlnﬁXm6 o
ngm:a—RDwVJnhm+RLWHEQVNL—W)EﬂE+UP¢H&le
L+UP
(%)
(4-8)

ZZTC. RIIMEEANGREEEEZ R L, 00, 05, 1.0 DEEES, B, W A%

LCARDBBEIEWRETH D LIE LTz, LV REDEWNHEEIZIL,

R HiL A D HUTE

HEE L, KBRS E D7 EA XBVEF TERWVERE | MBIFEARRD DRI
D2 EMEENTD, FEPER AT O AR TN E < RS ARAL O R E LA
RNE D EARE LTz, £ RERICK T 2 EiEOERET —4 (DEM 72 &) %15
T &7 — 2 2 AV EHROMHTNREE Ch o7z &b b, Ay Ialb—vay
[CHRWTIE W ABICRBIEAEATRETH D & L,
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4—3 FERLBE
4—3—1 X BREAIRIBIZI T 5 KI

KINZADFRFEH T D AR 5.5 Z L T, MREWITIIT D KEREZ RS 5 Z
EWTED, AR OEFKR L CHEBIMEA E LTHESZ b N F/HAH %2, BN
BLRE LTHABOBREMAR L L, —FHTRESN B W THREHT 5, £7°.
SHGREIRIZ B A D BB AEE LT E O KIS W Cilam L, IR W CRRfE%
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Abstract: An appropriate combination of rice cultivar and cropping system that maximizes water
use efficiency (WUE) may improve yield of rainfed lowland rice. In the paddy field, a large amount
of water is consumed by evaporation during the early growth period, and it can be reduced by
canopy coverage especially in semi-arid regions. Therefore, we evaluated the role of canopy
coverage in WUE of rice in the early growth period in semi-arid region. A pot experiment was
conducted in Namibia to investigate the genotypic and species difference in WUE, and another pot
and a field experiment were conducted to investigate the effects of planting density on WUE.
Although no significant difference was observed among species, the mean WUE was in the
decreasing order of Oryza sativa, and Oryza glaberrima followed by the interspecific progenies
including NERICA. In contrast, there was a significant difference in WUE at the genotypic level.
Highly tillering genotypes such as WAB1159-2-12-11-5-1 and WITA 2 showed a high WUE.
Furthermore, WUE was significantly correlated with the number of tillers (R” = 0.453), and higher
planting density resulted in a higher WUE. In contrast, stomatal conductance had no significant
correlation with WUE (R’ = 0.081). Thus, the physical conditions affected by number of tillers and
planting density had greater impacts on WUE than physiological characteristics such as stomatal
conductance. The suppression of surface water evaporation by coverage was significant, probably
contributing to WUE improvement. To increase WUE in semi-arid regions, we recommend the
increase of canopy coverage and higher planting density.

Key words: Canopy coverage, Interspecific progenies, NERICA, Oryza glaberrima Steud., Semi-arid regions, Solar
radiation, Water use efficiency.

Currently, more than 30% of the global rice cropping
area is rainfed lowland (IRRI, 2010) and irrigation systems
are often too expensive to implement (Becker and
Johnson, 2001). Many countries in semi-arid regions are
actually facing economic limitations (Traore et al., 2010).
Furthermore, introduction of irrigation system has a risk to
provoke salinity problem especially in semi-arid regions
(Smedema and Shiati, 2002). Therefore, much of the rice
production in semi-arid regions is still based on natural
rainfed conditions. Some areas called floodplains or inland
valleys in semi-arid countries temporarily offer sufficient
water for rice production by receiving flooded water from
the surrounding areas (Andriesse and Fresco, 1991; Turner
and Congalton, 1998). Namibia does not own an irrigation

system but has a high potential of rice production with
minimum water availability (Awala et al., 2009, 2010). The
annual rainfall in Namibia is 50 — 600 mm (Bethune et al.,
2005) but the seasonal wetlands formed during the rainy
season due to flooded water from Angola, have high rice
productivity. Some of the semi-arid regions also have a
high potential for rice production because of a strong
radiative environment (Lof et al., 1966), which increases
the yield of rice (Namba, 2003). However, water is still
limited in semi-arid regions, and thus it is important to
develop water saving techniques that are adoptable for
such semi-arid regions with minimum water resources but
without an irrigation system.

Water use can be saved by reducing seepage and

Received 28 November 2011. Accepted 21 May 2012. Corresponding author: M. Iijima (ijjimamorio@nara.kindai.ac.jp, fax +81-742-43-1155).
Abbreviations: DAS, days after sowing; DAT, days after transplanting; WUE, water use efficiency.
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percolation (S&P), by suppressing surface water
evaporation and by improving transpiration efficiency.
Numerous studies have been conducted to reduce S&P
(Sharma et al., 1995; Borrell et al., 1997; Roel et al., 1999;
Bouman and Tuong, 2001; Pirmoradian et al., 2004;
Mahrup et al., 2005; Kato et al., 2009; de Vries et al., 2010),
and these studies finally resulted in higher water use
efficiency (WUE). Although S&P is a major component in
water loss, we focused on the suppression of surface water
evaporation to achieve a high WUE in this study because a
large amount of water loss also occurs during the early
growth period by surface water evaporation (Adachi et al.,
1995; Cabangon et al., 2002). Surface water evaporation
can be suppressed by shortening active evaporative period,
by rapidly expanding canopy coverage and by changing
plant type. The direct seeding technique has been
proposed to reduce water loss by shortening the land
preparation period (Cabangon et al., 2002), but this
technique is not always applicable in rainfed paddy fields
in semi-arid regions. The increase of canopy coverage may
help suppress surface water evaporation in rainfed paddy
fields. In wheat fields in Mediterranean climatic regions,
the increase of canopy coverage suppressed the soil
evaporation (van Herwaarden and Passioura, 2001;
Passioura, 2006). The same or even larger effects can be
predicted for the rainfed paddy field in low latitudinal
regions because evapotranspiration highly depends on
available energy such as solar radiation (Khatun et al.,
2011). The increase of canopy coverage can be an effective
method to improve WUE in rainfed paddy field in such
regions. Passioura (2006) pointed out that early-sowing
would be effective to reduce soil evaporation by enhancing
canopy expansion before the evaporative demand became
high in spring. Rapid canopy expansion was also achieved
through fertilizer application in barley (Shepherd et al.,
1987) or high sowing density in wheat (Anderson, 1992)
resulting in substantial reduction of soil evaporation.
However, there is little information on the effects of
canopy coverage on surface water evaporation and WUE
in paddy field. In Japan, the effects of leaf area index or
planting density on WUE of rice have been discussed using
a multilayer model (Oue, 2004) or field experiment
(Hayashi et al., 2006). There are few if any field studies
conducted in semi-arid regions that take into account the
role of canopy coverage in WUE of rice.

Canopy coverage is changed by plant biomass, plant
type, planting density and plant growth. Transplanting of
large plants with a high planting density might improve
WUE of rice by suppressing surface water evaporation.
However, the increase of canopy coverage by larger plant
biomass has a risk of losing more water by transpiration
(Oue, 2004; Impa et al., 2005) or dehydration stress to rice
plants. Therefore, a method of expanding canopy
coverage such as control of planting density and selection

of plant type needs to be developed to achieve high WUE.

In this study, we hypothesized that the increase of canopy
coverage would reduce surface water evaporation and
consequently improve WUE of rice in semi-arid regions.
Therefore, we conducted pot and field experiments in
Namibia to clarify the role of canopy coverage in WUE of
rice. We evaluated the genotypic and species difference of
WUE using 30 rice genotypes consisting of three cultivated
species (Oryza sativa L., Oryza glaberrima Steud., interspecific
progenies including NERICA) in pot experiment and
compared the influential factors to WUE among species.
We also investigated the effects of planting density on WUE
in pot and field experiment since planting density
substantially affected canopy coverage, and finally we
discuss the role of canopy coverage in WUE of rice.

Materials and Methods

1. Pot experiments

Pot experiments were conducted in a greenhouse on
Ogongo campus (latitude 17°40°S, longitude 15°17°E,
altitude 1100 m a.s.l.), Omusati region, Namibia. The
greenhouse had an air conditioning system to avoid high
temperatures and had a solar radiation transmittance of
52.3%.

(1) Experiment 1; Genotypic and species difference of

WUE

Thirty rice genotypes (Table 1) were selected on the
basis of the previous cultivar selection study conducted in
Ogongo campus (Awala et al., 2009), and consisted of
Onryza sativa L., Oryza glaberrima Steud. and interspecific
progenies including NERICA. The seeds soaked for 2 - 3
days were sown in a cell tray on 16 January 2009. Three
plants were transplanted to each pot (3 L volume, 314 cm®
surface area) 14 days after sowing (DAS) and were thinned
to one plant pot’ on 28 DAS. The above-ground biomass
was then sampled on 42 DAS. The pots were filled with 2
kg of loamy sand soil from seasonal wetland (Table 2)
mixed with synthetic fertilizer (N: P,O;: K,O =0.20: 0.30:
0.20 g kg soil). All the pots, 180 in total, were placed in a
completely randomized block design replicated six times.
All the pots were kept with standing water during the
experimental period.

From 28 to 42 DAS, water use efficiency (WUE, g kg’l)
defined as biomass increase per unit of evapotranspiration
was gravimetrically calculated (Sumi et al., 1994; Zegada-
Lizarazu and Iijima, 2005). The biomass increase in this
study was estimated from the biomass difference between
28 and 42 DAS using thinned samples. The biomass
samples were oven dried at 80°C for 72 hours and the dry
weights were measured. On 42 DAS, the number of tillers
was also counted.

Stomatal conductance (mmol m”s') of the top most-
expanded leaf was measured in the morning (0800 - 1000)
of 36, 39 and 42 DAS by a porometer (Porometer -AP4,
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Table 1. List of genotypes used in pot experiment 1.

Species Genotype Origin Ecology
Oryza sativa L. AZUCENA Philippines Upland
1R 24 Philippines Lowland
IR 64 Philippines Lowland
IRGA418 Brazil Lowland
ITA230 (FARO50) Nigeria Lowland
LK1484-5 Guinea Lowland
Mamoudeni Mali Lowland
Pokkali India Lowland
Super SADC#* Lowland
Tumo-tumo Malaysia Upland
WAB56-104 Cote d'Ivoire Upland
WITA 2 Cote d'Ivoire Lowland
WITA 5 Cote d'Ivoire Lowland
Interspecific progeny NERICA 1 Cote d'Ivoire Upland
NERICA 2 Cote d'Ivoire Upland
NERICA 4 Cote d'Ivoire Upland
NERICA 6 Cote d'Ivoire Upland
WAB1159-2-12-11-2-10 Cote d'Ivoire Lowland
WAB1159-2-12-11-5-1 Cote d'Ivoire Lowland
WAB1159-2-12-11-5-3 Cote d'Ivoire Lowland
WAB450-I-B-P91-HB Cote d'Ivoire Upland
WAS122-IDSA-10-WAS4 Cote d'Ivoire Lowland
WASI127-B-5-2 Cote d'Ivoire Lowland
Oryza glaberrima Steud. Aawba Guinea Upland
C0440 Guinea Lowland
CG 14 Senegal Lowland
Loubi tetera - Lowland
Mala Noir V Niger Lowland
Tataro Mali Lowland
W0492 Guinea Lowland

* Southern African Development Community.

Table 2. Characteristics of soils used in the experiments.

N P K C pH Sand Clay Silt

Experiment gkg)  pm)  (ppm)  gkg)  (HO) (R (%) (%) OO
Potexp. 1* 0.11+0.03 0.79+0.37 35.0+6.1 5.3+0.3 6.65+0.03 91.7+1.1 5.1+1.6 3.2+0.7 LS
Potexp. 2, 3" 0.48+0.01 891+0.19 67.7+0.7 85+0.4 8.35+0.01 889+0.5 88+0.1 23+0.6 LS
Field exp.b 0.2 12.3 41 5 5.94 80.4 2.6 17.1 SL.

Values are means + S.E.

* N, Kjeldahl acid digestion; P, Olsen method; K, Atomic absorption spectroscopy; C, Walkley-Black method. (Analyzed by the
National Soil Science Laboratory, Namibia.)

" Awala et al., 2009.

LS, loamy sand; SL, sandy loam.
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Table 3. List of climatic variables, the instruments, data loggers, and sampling and recording interval.

Climati S. li R di
Experiment 11.na ¢ Instrument Data logger ?mp g f:cor e
variable interval interval
Potexp. 2,3 T, Platinum wire thermistor .
. . Vantage Pro 1hr 1 hr
Rh Film capacitor element
Sd Simplified pyranometer C-CR1000-4M* 30s 10 min
Field exp. T, N
S THB-M002 5
Rh HOBO weather station’ . .
5 1 min 2 min
Sd S-LIB-M003
sd* Simplified pyranometer DATAMARK 1.5-3300 PV*

! Davis Instruments, USA; ? Campbell Scientific, USA; *Onset computer corporation, USA; * Hakusan Corporation, Japan. Sd "at

the surface water level.

DELTA-T DEVICES, UK). The mean value of three
measurements for each genotype was obtained.
(2) Experiment 2; The effects of planting density on WUE

The pot was prepared and water management was done
in the same way as in pot exp. 1 conducted during the
previous cropping season. Pokkali was used because of its
fast growing ability and its large biomass. The seeds were
sown in cell trays on 24 March 2010. The planting density
was 1, 2, 4 or 8 plants pof1 (32, 64, 127, 255 plants m?).
WUE per pot was calculated from 22 to 35 DAS.
(3) Experiment 3; The effect of coverage rate on surface

water evaporation

The experiment was conducted during the same period
as in pot exp. 2. Polystyrene foam disks, 50, 70 and 85 mm
in diameter were used in addition to bare pots (without
polystyrene foam disk) to model different sizes of plant
canopy without transpiration. The disk was placed at about
150 mm above the soil surface. Six replicates were
prepared and evaporation was estimated gravimetrically
for 14 days. The pots were kept with standing water during
the experimental period. The coverage rate by disk, which
was defined as the ratio of disk area to fixed area, was
estimated by analyzing the pictures. A picture of the circled
area was taken parallel to the ground at about 1 m above
the pot. The picture was then analyzed with image analysis
software LIA 32 (Available at http://www.agr.nagoya-u.
acjp/~shinkan/LIA32/) to estimate the coverage rate.

2. Field experiment

The field experiment was conducted at the experimental
field on Ogongo campus, Namibia from December 2010
to January 2011. Two fields (14 x 14 m for each) were
plowed and leveled with a hand tractor (G1000 Boxer,
Kubota, Japan) 5 days before transplanting. Basal fertilizer
(N : P,O; : K,0 =20 : 30 : 20 kg ha) was broadcasted 4
days before transplanting. A microlysimeter (60 L) was
buried at the center of each plot (3.5 % 7.5 m) the day
before transplanting. The soil that was dug up was put into

the microlysimeter to maintain the same soil condition as
the surrounding area. The field and the inside of the
microlysimeter were maintained with standing water
during the experiment. The planting density was 11, 22, 44
and 89 plants m* with a distance between plants and rows
of 30 x 30, 15 x 30, 15 x 15 and 7.5 x 15 cm, respectively,
and were designated as LOW, MED, HIGH and EXCESS
density, respectively. The plots were arranged in a split plot
design replicated four times. The 18-day-old rice seedlings
(CV. Pokkali same as in pot exp. 2) were manually
transplanted in the fields at a rate of 1 plant hill". Four, 8
12 and 24 plants lysimeter’ were transplanted into the
microlysimeter to maintain the same planting density as
the surrounding area, i.e. LOW, MED, HIGH, and EXCESS,
respectively.

WUE was calculated by the microlysimeter method
(Horie and Sakuratani, 1982; Maruyama et al., 1985;
Adachi et al., 1995) for 7 to 27 days after transplanting
(DAT). WUE was also calculated by sampling rice plant
every b days.

The canopy coverage rate was estimated on 17, 22 and
27 DAT in the same way as in pot exp. 3. The picture of the
circled area was taken parallel to the ground and analyzed
with LIA 32. Both the leaf blade and leaf sheath of rice in
the fixed area were considered as canopy coverage in the
analysis.

3. Measurement of meteorological data

Table 3 shows the details of the instruments for
obtaining meteorological data. During the pot exp. 2 and
3, air temperature (7,,°C) and relative humidity (Rh, %)
were measured in the greenhouse with a weather station
(Vantage Pro), and solar radiation (Sd, W m?) was
estimated with a simplified pyranometer (Hashimoto,
2000). The simplified pyranometers were calibrated
(R*=0.904) by a four-component radiometer (CNR-1,
Kipp & Zonen, Netherland) and were set up in a nearby
field ( < 1 km south west).
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Fig. 1. Time course change of solar radiation (Sd), temperature (7,) and vapor pressure deficit

(VPD) during the pot exp. 2 and 3. The thin line indicates the hourly value and the thick line
indicates the daily mean value. DAS, days after sowing.

During the field experiment, 7,, Rh and Sd were
measured with a weather station (HOBO weather station)
at the experimental field. The solar radiation at surface
water level was also measured to estimate solar radiation
transmittance (%). The solar radiation transmittance was
defined as the ratio of solar radiation at the surface water
level to that outside the canopy. Solar radiation at surface
water level was measured from 6 DAT with eight simplified
pyranometers installed around the plant (2 for between
rows, 2 for between plants and 4 for diagonal corners). In
one of the four replicates for each treatment, sensors were
transferred every day among treatments. Values obtained
with these simplified pyranometers were calibrated
(R*=0.968) with those from the pyranometer of the
weather station.

4. Statistical analysis

Analysis of variance (ANOVA) was performed to
statistically analyze the data. F-values, probability levels,
degrees of freedom and standard errors of means are
shown in each table. Fisher’s PLSD was operated at the
level of p<0.05 using Statcel (1998) in Excel software
(Excel, Microsoft). Pearson’s correlation test was used for
evaluating the correlation between parameters, and the
coefficient of determination was also calculated.

Results

1. Pot experiments

During pot exps. 2 and 3, the daily mean temperature
(7,) and vapor pressure deficit (VPD) were 22.9 +2.4°C
(mean + S.D.) and 10.5 + 3.6 hPa, respectively (Fig. 1). In
the daytime, VPD sometimes became more than 30.0 hPa
especially towards the end of the experiment. The daily
mean solar radiation (Sd) was 299 + 22 W m” and basically
Sdreached 1000 W m” during the daytime (Fig. 1).

WUE varied with the genotype (Table 4). WAB1159-2-12-
11-5-1 showed the highest WUE followed by Pokkali,
LK1484-5, WITA 2 and Loubi tetera. Although no
significant difference was observed among species, the
mean WUE was in the decreasing order of Oryza sativa and
Oryza glaberrima followed by interspecific progenies
including NERICA. A significant genotypic difference was
observed in the number of tillers and stomatal conductance.
Although the difference was not statistically significant, the
stomatal conductance in Oryza glaberrima was 1.04 and 1.10
times larger than that in Oryza sativa and interspecific
progenies, respectively, and the number of tillers in
interspecific progenies was about 10% less than that in the
other two species. WUE was significantly correlated with
the number of tillers in Oryza sativa and interspecific
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Table 4. Genotypic and species difference in WUE, dry weight, number of tillers and mean stomatal conductance in the pot
experiment 1.

Genotype Species (;VEgEI) Dry x(fgight No. of tillers Storr(ljtntzrﬂn(c)(lnr;(_lzusﬁt;tnce
AZUCENA S 1.22+0.13 2.13+0.19 9.5+0.8 371.8+32.3
IR 24 S 1.91+0.06 3.91+0.25 21.0+1.0 867.9£42.7
IR 64 S 1.77+0.10 3.24+0.20 28.3+0.9 906.7 +47.2
TRGA418 S 1.11+0.14 1.50+0.30 8.7+1.6 829.2+41.7
1TA230 (FARO50) S 1.67+0.19 3.33+0.47 23.7+2.7 903.9+39.3
1LK1484-5 S 2.37+0.13 5.49+0.40 28.7+£22 668.5+40.7
Mamoudeni S 0.97+0.14 1.31+£0.29 10.3+2.2 639.8+50.9
Pokkali S 2.46+0.20 6.34+0.45 16.0+1.3 638.0+34.0
Super S 1.98+0.06 3.58 +£0.40 13.8+1.2 718.3£40.0
Tumo-tumo S 0.72+0.11 0.88+0.17 53+0.8 607.4+51.6
WAB56-104 S 1.50+0.16 2.49+0.21 9.8+0.9 530.4+42.6
WITA 2 S 2.18+0.13 4.16+0.29 29.2+25 783.1+52.1
WITA 5 S 1.94+0.14 3.93+0.39 288+2.2 820.2+37.3
NERICA 1 I 1.66+0.18 3.03+0.32 135+0.9 666.9 +49.0
NERICA 2 I 1.66+0.21 3.13+0.41 125+1.1 604.3 +40.1
NERICA 4 I 1.64+0.06 3.20+0.28 12.3+0.6 675.7+48.2
NERICA 6 I 1.59+0.19 2.93+0.34 11.7+1.4 540.2+41.4
WAB1159-2-12-11-2-10 I 1.13+0.14 2.21+0.31 13.7+1.6 618.9+36.7
WAB1159-2-12-11-5-1 I 2.54+0.15 5.44+0.33 30.8+1.6 589.7+35.4
WAB1159-2-12-11-5-3 I 1.69+0.19 3.22+0.49 185+2.0 794.7+62.2
WAB450-I-B-P91-HB I 1.27+0.14 2.34+0.14 11.3+0.3 469.9+48.3
WAS122-IDSA-10-WAS4 I 1.14+0.18 1.93+0.34 17.8+25 885.5+41.9
WAS127-B-5-2 1 1.30+0.19 2.08+0.32 18.5+2.6 882.6 £52.7
Aawba G 1.59+0.11 2.94+0.20 18.0+15 630.1+36.5
C0440 G 1.36+0.10 2.34+0.19 15.0+0.9 766.6 + 64.1
CG 14 G 1.46+0.16 2.22+0.21 14.8+1.1 827.4+41.6
Loubi tetera G 2.08+0.21 4.11+0.45 195+1.5 730.9+33.5
Mala Noir V G 1.70+£0.26 4.16+0.76 13.8+1.9 617.6+50.8
Tataro G 1.64+0.18 3.15+0.52 29.8+2.8 826.3+64.9
W0492 G 1.39+0.06 2.26+0.28 152+15 795.0 £42.7
Significance sk sl sk sk
F value 7.49 11.95 18.3 9.1
Probability 0.000 0.000 0.000 0.000
Degree of freedom 29 29 29 29

O. sativa L. 1.68+0.15 3.25+0.44 179+25 714.2+44.0
Interspecific progeny 1.56+0.13 2.95+0.32 16.1+1.9 672.8 +44.4
O. glaberrima Steud. 1.60£0.09 3.03+0.32 18.0+2.1 742.0 +33.1
Significance NS NS NS NS

F value 0.20 0.17 0.2 0.5
Probability 0.824 0.842 0.803 0.590
Degree of freedom 2 2 2 2

Values are means + S.E. S, Oryza sativa L.; 1, Interspecific progeny; G, Oryza glaberrima Steud.. WUE, water use efficiency. *#*,
significant at the level of p < 0.001; NS, not significant by ANOVA.
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Fig. 2. Correlation of WUE with (a) number of tillers, (b) mean
stomatal conductance and (c) dry weight (DW) in the pot exp. 1.
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progenies, but not in Oryza glaberrima. The number of tillers
had less effect on WUE in Oryza glaberrima probably
because of its tendency of having larger stomatal
conductance compared to the other two species. Among
the highly tillering genotypes, WAB1159-2-12-11-5-1 from
interspecific progenies showed the highest WUE with the
smallest stomatal conductance. In all the genotypes,
however, WUE was significantly correlated with the number
of tillers, but not with stomatal conductance (Fig. 2a, b).
Therefore, the number of tillers affected WUE more than
the stomatal conductance overall. In addition, WUE was
strongly correlated with biomass in all species (Fig. 2c).

WUE significantly increased with increasing planting
density (Fig. 3a). The rate of increase, however, declined as
the planting density increased. The values showed good
regression with the negative quadric curve.

Fig. 3b shows the effects of modeled canopy on surface
water evaporation. The modeled canopy affects the surface
water evaporation mainly by shading of the canopy
because the polystyrene foam-canopy does not transpire.
The surface water evaporation was negatively correlated
with coverage rate, which means that canopy expansion
substantially suppressed the surface water evaporation.

2. Field experiment

During the field experiment, the daily mean temperature
(T,) and vapor pressure deficit (VPD) were 23.7 + 1.7°C
and 9.6 £ 3.9 hPa, respectively. The daily mean solar
radiation (Sd) was 248 + 69 W m” (Fig. 4). Total rainfall in
January 2011 was 196 mm, 58.5 mm of which was delivered
from 13 to 17 DAT (Fig. 4).

WUE was significantly improved by the increase in
planting density (Fig. 5). WUE increased with increasing
planting density up to 44 plants m* (HIGH) and increased
slightly thereafter. Thus, the values showed a good
regression with the negative quadric curve. Fig. 6 shows the
time course change of WUE. The WUE increased with
time at every planting density. WUE at the EXCESS density,
however, appeared to reach a maximum at around 22 DAT
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s , z J T~<_ ‘I density on WUE in the pot
o8 c ’/' 20940 |- S~al b b exp. 2 and (b) coverage rate
g Loo i .g ? ~~a. on evap_)orz}tlon in the pot exp.
= d’I S 130 i 3. Bars indicate standard error
[ ) % with 6 replicates. Broken lines
0.50 |~ R2=1.000 4 120 R2=0.951 shows (a) quadric and (b) linear
regression curves. Different
0 | | | | 1 | 110 —— RN T T A letters indicate significant

0 100 200 300 0 60 90 120

Planting density (plants m?)

Coverage rate (%)

difference by Fisher’s PLSD at
the level of p < 0.05.



Suzuki et al. ——Role of Canopy Coverage in Water Use Efficiency 19

—
=
=)

—— EXCESS
- -=== HIGH
--— MED

Solar radiation
transmittance (%)
0
S
I

- -
~————

Sd (W m?)

<
% i
= = VPD |
S _
& A
S
< 10
S LAV | AERARAA YWY
N———T T T T T R Fig. 4. Time course change of (a) solar radiation
/g 40 '_(d) h transmittance at each planting density, (b)
£ L 4 solar radiation (8d), (c) temperature (7;) and
ot 30__ 7] vapor pressure deficit (VPD) and (d) daily
;g 20 — rainfall during the field experiment. In (b)
3 10 ] and (c), the thin line indicates the hourly
O_ N n Ly L ] value and the thick line indicates the daily
6 9 12 15 18 21 24 27 mean value. DAT, days after transplanting.
DAT
0.50 — 1.75 —
(a) a — EXCESS
a e 1.50 -
0.40 Ve i
4 ~ 1.25 |-
~ )4 EXCESS :bmo
500.30 ’ 1.00
ol b,/ HIGH ~
= / =0.75 |
= 0.20 [ =
§ 0.20 ,E 0.50
b ,MED
| 0.25 — .
0.10 i R? = 0.999 ...
000 1 1 | 1 1 1 1 | 1 1 1 1 |
0.00 LOW | | | | | 10 15 20 25 30
0 20 40 60 80 100 DAT

Planting density (plants m?)

Fig. 5. Effects of planting density on WUE in the field experiment.
Bars indicate standard error for 4 replicates. Broken line shows
a quadric regression curve. Different letters indicate significant
difference by Fisher’s PLSD at the level of p < 0.05.

and slightly decreased thereafter. On the other hand, WUE
in other treatments gradually increased towards the end of
the experimental period. The solar radiation transmittance
decreased as the plants grew, and considerably declined
towards the end of the experiment especially at an
EXCESS density compared with those at a LOW and MED

Fig. 6. Time course change of WUE at each planting density at
5-day intervals in the field experiment. Bars indicate standard
error for 4 replicates. DAT, days after transplanting.

density (Fig. 4).

The canopy coverage rate in the field was significantly
correlated with biomass (Fig. 7a). In addition, the canopy
coverage rate correlated with WUE (Fig. 7b). The relationship
between canopy coverage rate and biomass showed a good
regression with a hyperbolic curve because the canopy
coverage rate would reach a maximum when the biomass
increased further, and the relationship between canopy
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b = 64.4) or (b) an exponential (y = ce™; ¢ =0.110, d = 0.065) regression curve.

coverage rate and WUE showed a good regression with an
exponential curve. Thus, WUE will become maximal with
the saturation of canopy coverage rate. Fig. 7b shows that
WUE drastically increased with the increment of canopy
coverage rate. The increase of canopy coverage rate may,
therefore, efficiently improve WUE in the early growth
period.

Discussion

We conducted pot and field experiments in Namibia to
evaluate the role of canopy coverage in WUE of rice in the
early growth period. In one pot experiment, the genotypic
difference in WUE was investigated using 30 genotypes
consisting of the cultivated species, Oryza sativa L. and
Oryza glaberrima Steud., and interspecific progenies
including NERICA, and in another pot experiment, the
effects of planting density on WUE was investigated using
one genotype. The field experiment was conducted to
confirm the effects of planting density on WUE at the field
level.

WUE varied significantly with the genotype, but not with
the species (Table 4). The mean WUE was, however, in the
decreasing order of Oryza sativa and Oryza glaberrima
followed by interspecific progenies including NERICA.
Oryza glaberrima is reported to show a significantly lower
ratio of net CO, assimilation rate to transpiration rate (P/
T) than Oryza sativa (Agata et al., 1989), and the
transpiration efficiency (biomass increase per unit of
transpiration) of Oryza glaberrima is also reported to be
lower than that of Oryza sativa (Sumi et al., 1994). However,
the species difference in WUE has not been fully
examined. In this study, although WUE was relatively lower
in Oryza glaberrima than in Oryza sativa, the difference was
not significant. In Oryza glaberrima, WUE may be lowered
by its large stomatal conductance, but may also be

improved by vigorous leaf development (Sumi et al., 1994)
that suppresses surface water evaporation as discussed later.
Neither effect on WUE was significant, as seen in the
correlation of WUE with stomatal conductance and
number of tillers. NERICA is reported to have a higher P/
T as well as transpiration efficiency compared to Oryza
sativaunder upland conditions (Fujii et al., 2006; Onyango
etal., 2007). In addition, its high transpiration efficiency is
accompanied by low stomatal conductance (Fujii et al.,
2006). The WUE of interspecific progenies including
NERICA, however, was the lowest under flooded conditions
in this study. Although the stomatal conductance may have
affected transpiration efficiency as reported by Fujii et al.
(2006), the effects of stomatal conductance on WUE
seemed to be smaller than that of the number of tillers as
seen in Oryza sativa (Fig. 2). In all genotypes, WUE was
significantly correlated with the number of tillers but not
with stomatal conductance (Fig. 2). Larger genotypes with
more tillers (WAB1159-2-12-11-5-1, 1.LK1484-5), achieved a
high WUE, and among the two largest Oryza glaberrima
(Mala Noir V and Loubi tetera), the genotype Loubi tetera
showed a higher WUE with more tillers. Planting density,
which substantially changed the canopy structure, also
significantly affected WUE in both pot and field
experiments (Fig. 3a, 5).

In this study, the WUE is defined as biomass increase per
unit of evapotranspiration. The WUE, thus, consists of
transpiration efficiency and evaporation. Increase of
transpiration efficiency and decrease of evaporation
contribute to improvement of WUE. The transpiration
efficiency has been considered as a physiological attribute
(Ludlow and Muchow, 1990) determined by net assimilation
rate and/or stomatal conductance (Impa et al., 2005). On
the other hand, the evaporation is basically controlled by
meteorological factors such as solar radiation (Sd) and
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vapor pressure deficit (VPD) (Penman, 1948), which can
be affected by plant type and/or canopy structure. Even
though plant transpiration could affect the evaporation by
altering the VPD inside the canopy, the effects were
presumed to be small in this study because the pots were
arranged sparsely enough and the experiments were
conducted in the early growth period during which the
pot was not fully covered by the canopy.

Previous studies revealed the effects of stomatal
conductance, leaf nitrogen and carbon content, and the
ratio of intercellular to ambient CO, concentration (C,/
C,) on transpiration efficiency and P/T (Maruyama et al.,
1985; Dingkuhn et al., 1989; Adachi et al., 1996) and also
reported a negative correlation between P/T and carbon
isotope discrimination (CID) (Dingkuhn et al., 1991;
Kondo et al., 2004; Impa et al., 2005). However, CID
showed a poor relationship with WUE, especially in the
tillering period, and Zhao et al. (2004) pointed out the
possibility of breakdown of relationship between WUE and
P/T to explain the poor relationship. In this study, stomatal
conductance had no correlation with WUE probably
because the P/T and transpiration efficiency, which can be
affected by stomatal conductance, were a minor component
of WUE in the early growth period, and stomatal
conductance was high during the early growth period.

The number of tillers and planting density, on the other
hand, significantly affected the WUE probably by blocking
Sd before it reached the water surface. The decline of solar
radiation transmittance by canopy coverage probably
suppressed the surface water evaporation as observed with
the modeled canopy in the pot exp. 3 (Fig. 3b) and also as
simulated by Oue (2004). The role of canopy coverage in
WUE was substantial because the evaporation was a major
component of WUE in rice especially in the early growth

period in semi-arid regions.

We simulated the effects of canopy expansion on water
use (Fig. 8). The correlation of canopy coverage rate with
biomass and WUE were fitted to hyperbolic (y =-ax/
(x-b);a=44.6,b =64.4) and exponential curves (y = ce™;
c¢=0.110, d =0.065), respectively (Fig. 7). The canopy
expansion can be shown by coefficients of hyperbolic
curve. The high expansion ability can be reflected to lower
value of curvature ( =a). We assumed that the maximum
coverage rate (=b) was constant in the simulation. Fig. 8
shows the assumed correlation of canopy coverage rate
with biomass and water use predicted from these assumed
relationships. The results show that the effects of canopy
expansion become marked from the early growth stage
and water use can be drastically reduced by adopting high
canopy expanding genotype. Thus, highly tillering
genotypes may be recommendable to achieve a high WUE.

In both pot and field experiments, the relationship
between WUE and planting density showed regression to
the quadratic curve (Fig. 3a, 5), which suggests the
existence of optimum planting density for WUE in the
early growth period. Although the relationship also showed
regression to a hyperbolic curve, we fitted it to a quadric
curve because excess planting density would finally cause
decline of WUE for the following reasons; increase in
transpiration by excess plant biomass (Oue, 2004; Impa et
al., 2005), decrease in transpiration efficiency by worsening
the radiative condition in canopy (Oue, 2004), decrease in
evaporation-suppressing effects of plant biomass owing to
the saturation of canopy coverage rate (Fig. 7a) and
possible dehydration stress to rice plants. In fact, the time
course change of WUE at the EXCESS density reached the
highest on 22 DAT and slightly decreased thereafter (Fig.
6). WUE of EXCESS density must be saturated earlier
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because the canopy coverage rate is close to the maximum
at this density as shown by the hyperbolic relationship
between canopy coverage rate and biomass (Fig. 7a).

Although the optimum planting density to achieve a
high yield has been studied previously (e.g. Hagiwara et al.,
1994; Namba, 2003), there are few studies on the optimum
planting density for WUE of rice. Hayashi et al. (2006)
conducted a field experiment in Japan and reported that
the effects of planting density on WUE of rice varied with
the year and were sometimes not significant. Our results,
on the other hand, showed a significant difference in WUE
among planting densities and an increasing trend of WUE
with increasing planting density was observed in both pot
and field experiments (Fig. 3a, 5). The effects of planting
density were always significant in Namibia probably
because especially in semi-arid regions, the interruption of
solar energy by canopy coverage was significant in the early
growth period and contributed to the improvement of
WUE.

In addition, canopy coverage seems more effective for
improving WUE in the paddy field than in the upland
field. Although the improvement of WUE by canopy
coverage was reported for upland crops such as wheat and
barley, the improvement of WUE was only 1.35 to 2.21
times of the control (Shepherd et al., 1987; Anderson,
1992). In this field experiment, on the other hand, WUE
at the EXCESS density was 4.1 times higher than that at
the LOW density (Fig. 5). This significant increase of WUE
by planting density suggests that the increase of canopy
coverage is an effective method to improve WUE especially
in the paddy field in semi-arid regions.

The optimum planting density for WUE in the early
growth period was estimated as 71.7 plants m” from the
field experiment in this study (Fig. 5). This is comparable
with the density proposed in another semi-arid country,
Egypt for better yield (33.3 hills m” with 4 plants hill",
Namba, 2003). In addition, under high radiative
environments, a high photosynthetic rate can be maintained
even in low layers of the canopy when the leaf area index is
high (Oue, 2004). Accordingly, the optimum density
proposed in this study might be adoptable to save water
use for a longer period than examined in this study.
However, since we measured WUE only during the
vegetative stage using one genotype, identification of the
optimum planting density for each genotype and for the
whole growth period remains to be studied.

We conclude that rather than physiological characteristics,
the physical conditions affected by the number of tillers
and planting density have a strong impact on WUE of rice
in semi-arid regions in the early growth period. In the
semi-arid regions, evaporation highly depends on solar
radiation, and increase of canopy coverage suppresses
surface water evaporation and consequently contributes to
the improvement of WUE. Since the increase of canopy

coverage can affect WUE in semi-arid regions, a high
planting density is recommended to improve WUE from
the beginning of crop growth.
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Abstract:

Land use changes in wetland areas can alter evapotranspiration, a major component of the water balance, which eventually
affects the water cycle and ecosystem. This study assessed the effect of introduced rice-cropping on evapotranspiration in
seasonal wetlands of northern Namibia. By using the Bowen ratio—energy balance method, measurements of evapotranspiration
were performed over a period of 2.5 years at two wetland sites—a rice field (RF) and a natural vegetation field (NVF)—and at
one upland field (UF) devoid of surface water. The mean evapotranspiration rates of RF (1.9 mm daytime™") and NVF (1.8 mm
daytime™") were greater than that in UF (1.0 mm daytime™"). RF and NVF showed a slight difference in seasonal variations in
evapotranspiration rates. During the dry season, RF evapotranspiration was less than the NVF evapotranspiration. The net
radiation in RF was less in this period because of the higher albedo of the non-vegetated surface after rice harvesting. In the early
growth period of rice during the wet season, evapotranspiration in RF was higher than that in NVF, which was attributed to a
difference in the evaporation efficiency and the transfer coefficient for latent heat that were both affected by leaf area index (LAI).
Evapotranspiration sharply negatively responded to an increase in LAl when surface water is present according to sensitivity
analysis, probably because a higher LAl over a surface suppresses evaporation. The control of LA[ is therefore a key for reducing

evaporation and conserving water. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Wetlands cover 6% of the Earth’s land surface and have
been noted for their hydrologic and ecologic importance
(UNESCO, 1971; TWMI, 2010). Wetlands serve an
essential role in maintaining high biodiversity, and their
hydrologic functions influence ecosystems (Mitsch and
Gosselink, 1993) and contribute to moderating floods,
recharging groundwater, and circulating nutrients
(Acreman et al., 2003; Sun and Song, 2008). Meteoro-
logical environments are also affected through interac-
tions between wetlands and the atmosphere (Marshall
et al., 2003). The evapotranspiration rates from wetlands
differ (Souch et al., 1998; Goulden et al., 2007) because
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wetlands have great diversity, varying by vegetation type,
vegetative coverage area over the surface water, and
water table depths. Additionally, measurement results can
differ on the basis of the method used to measure
evapotranspiration. Further investigations of evapotrans-
piration are needed to gain a better understanding of water
cycles in wetlands and their effects on the conservation of
biodiversity and ecosystems.

Recently, large areas of wetland have been converted
to cropland to satisfy the increasing demand of food
production by growing populations. For example,
approximately 84% of marshland in north-east China
was converted to agricultural purposes from 1950 to
2000 (Zhao et al., 2008). In the USA, wetlands have
been converted to sugar cane, corn, and soybean fields
(OTA, 1984; Marshall et al., 2003). Previous studies
reported that land use change has a large impact on
hydrologic processes (e.g. Giambelluca et al., 2000;
Zhao et al., 2008). Land use change alters the
micrometeorological environment by changing the



T. SUZUKI ET AL.

radiative environment and turbulent fluxes and can
affect regional climate and hydrologic characteristics
(Zhao et al., 2008). Land use change in the USA, in
fact, created low temperature stress on crops (Marshall
et al., 2003), and land use changes in China resulted in
an increase of evapotranspiration (Zhao et al., 2008). A
rapid change in land use can affect not only local water
cycles and ecosystems but also human welfare over a
long timescale (Foley et al., 2005).

The introduction of rice in seasonal wetlands in the
semi-arid region of northern Namibia has been previously
investigated (Awala et al., 2009, 2010; Suzuki et al.,
2009, 2013). Namibia receives an uneven distribution of
rainfall, ranging from 50 mm in the coastal region to more
than 600 mm in the north-east region (Bethune er al.,
2005). Although the climate of Namibia is characterized
by low rainfall, high evapotranspiration rates, and high
temperatures (Heyns, 1991), northern Namibia develops
seasonal wetlands during the wet season (November to
May) by receiving local rainfall and flood water from the
Angolan highlands. The seasonal wetlands create a high
potential for rice production and have been progressively
studied (Awala et al., 2009, 2010). Rice had never grown
in the seasonal wetlands because of the uncertainty of
flooding intensity and timing of flood arrival. Recently,
rice has been newly introduced and promoted in Namibia
and has received growing attention. However, the
utilization of water resources in seasonal wetlands by a
new crop might pose risks such as water depletion and
soil salinization especially under semi-arid conditions.
Etosha National Park, located downstream from the seasonal

1 e 500 km

100" km

wetlands, provides an important wildlife habitat and is
a popular site for tourism. The water resources of the
seasonal wetlands are ecologically and economically
important. To ensure that the introduction of rice does
not have negative impacts on this environment, the
effects of rice introduction on water cycles should be
carefully investigated.

Evapotranspiration generally plays an important role
in the water cycle in wetlands (Lafleur, 1990; Souch
et al., 1998). Especially high evapotranspiration rates
have been reported in semi-arid regions (Allen et al.,
1992; Sanchez-Carrillo et al., 2004; Drexler et al.,
2008; Doody and Benyon, 2011). Evapotranspiration
characteristics are not well known in northern Namibia,
and thus, the effects of the introduction of rice are
unpredictable. To determine if rice can be introduced
into seasonal wetlands in northern Namibia with
conservation of water resource, we studied evapotrans-
piration with the following aims: (1) to clarify the
evapotranspiration characteristics in the seasonal wet-
lands, (2) to determine the controlling factors of the
evapotranspiration, and (3) to assess the effects of the
introduction of rice on evapotranspiration.

STUDY SITE

Evapotranspiration was measured on the Ogongo
campus (17°40’S, 15°17'E, altitude 1100 m above sea
level) of the University of Namibia, located in the
Omusati region of Namibia (Figure 1). The Ogongo

Etosha National Park

-~F

Figure 1. Location of Ogongo campus, where the observation sites were situated. Blue areas indicate seasonal wetlands and the Etosha pan
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campus contains both upland that has never been
covered with water and seasonal wetlands that are
covered with water during the wet season (November to
May) by receiving local rainfall and floods from the
Angolan highlands. The Ogongo campus has a well-
conserved natural landscape (Kangombe and
Strohbach, 2008). Two observation sites named ‘rice
field’ (RF; 17°40'57.0”S, 15°17'20.0"E) and ‘natural
vegetation field” (NVF; 17°40'53.9”S, 15°17'18.7"E)
were established in the seasonal wetlands. Another
observation site named ‘upland field’ (UF; 17°41'03.5"S,
15°17'39.4"E) was established in the uplands. All the
fields were designed to be 100mx100m. UF is
dominated by stink grass (Eragrostis cilianensis), a
woody plant (Combretum collinum), and palm trees
(Hyphaene petersiana). The woody plants and palm
trees occupy 7.3% of the surface of the field. In NVF,
the gramineous plant Willkomia sarmentosa and sedge
Cyperus esculentus dominate and grow actively in the
wet season and wither in the dry season. In RF, rice
was cultivated every wet season from the wet season of
2008/2009 until that of 2011/2012. Rice grew during

wet seasons, and bare land remained after harvesting.
In 2008/2009, rice was transplanted to the field in
mid-January, and their canopy was completely covered
by severe flood from February to March, which killed
almost all rice during flooding. During the other wet
seasons, rice was grown in the field from January to
May. Table I shows the surface conditions at each site
during the observation period. In RF and NVF, the
vegetation was totally submerged by the sudden rise in
surface water levels during the period of February to
March 2009.

METHODS

Measurements

A Bowen ratio measuring system was installed at the
centre of each site to calculate the Bowen ratio, latent heat
flux, and sensible heat flux. Although recent studies have
often used the eddy covariance method to measure
evapotranspiration (e.g. Saunders et al., 2007; Alberto
et al., 2011), the eddy covariance method requires

Table 1. Surface conditions of each site during the observation period

Site 2008 2009
9 10 11 12| 1 2 3 4 5 6 7 8 9 10 11 12
UF Eragrostis cilianensis , Combretum collinum , Hyphaene petersiana
w. t Open
NVF sarmentosd P . Dead vegetation
C. esculentus water
RE W . sarmentosa L Open Bare land
C . esculentus water®
Site 2010 2011
1 2 3 4 5 6 7 8 9 10 11 12} 1 2 3
UF Eragrostis cilianensis , Combretum collinum , Hyphaene petersiana
NVF Willkomia sarmentosa , Cyperus esculentus

L Land preparation, direct sowing, transplanting
Rice growing

#UF, upland field; NVF, natural vegetation field; RF, rice field.
The vegetation at RVF and RF was submerged owing to a sudden increase in the surface water level in the seasonal wetlands by severe flooding.

Copyright © 2013 John Wiley & Sons, Ltd.

Hydrol. Process. (2013)
DOI: 10.1002/hyp



T. SUZUKI ET AL.

expensive instruments (Drexler et al., 2004) and a high
and steady voltage of electricity. The eddy covariance
method was thus inapplicable in this study because of the
necessity of measuring three sites simultaneously and the
difficulty of obtaining high, steady power. The Bowen
ratio—energy balance method (BREB), on the other hand,
enables measurement of evapotranspiration without
expensive instruments and high power. The BREB
calculates evapotranspiration from a vertical gradient of
temperature and humidity between two heights. Evapo-
transpiration in a semi-arid region such as Namibia is
expected to be large enough for the BREB calculations.
Therefore, we decided to apply the BREB at the three
sites to measure evapotranspiration.

Bowen ratio—energy balance assumes one-dimen-
sional heat and vapour transport without any lateral
heat or vapour transported to or from the measurement
area from adjacent areas. Another assumption is that
eddy diffusivities for sensible heat and latent heat are
equal and that latent and sensible fluxes originate from
the same point on land surface. Under the seasonal
wetland conditions, the second assumption could be
affected because of the presence of both vegetation and
standing water. A disproportional amount of latent heat
flux comes from the water surface, whereas a
disproportional amount of sensible heat flux comes
from vegetative material above the water surface that
has been heated by solar radiation. This difference
could bias the Bowen ratio because the effective source
of sensible heat might be higher than that of latent heat,
resulting in greater Bowen ratio than the true Bowen
ratio, which indicates a negative bias in measured
evapotranspiration (German, 2000). This possible
negative bias might have to be taken into account with
observed evapotranspiration values.

Air temperature (7,, °C) and relative humidity (Rh, %)
were measured using a ventilated psychrometer
(HUMICAP CVS-HMP-45D, Vaisala, Vantaa, Finland)
installed on a pole at heights of 0.50 and 3.00 m. The
lower psychrometers at RF and NVF were shifted up and
down to adjust to the surface water level during the wet
season. Net radiation (Rn, W m~?) was measured using a
net radiometer (CPR-NR-LITE, Kipp & Zonen, Dellft,
the Netherlands) installed at a height of approximately
4m. The soil heat flux (G, W m~2) was measured by a
soil heat plate (CPR-PHF-01, Campbell Scientific, Inc.,
Logan, UT, USA) buried at a depth of 0.05 m near the
pole. Three platinum resistance thermometers (PRTs)
were installed at heights of 0.00, 0.20, and 0.40m to
measure the surface temperature (75, °C) when surface
water was absent and the surface water temperature (7, °C)
when surface water was present. The surface water
level (zy, m) was measured manually every day in the
wet season of 2008/2009 with a water level gauge

Copyright © 2013 John Wiley & Sons, Ltd.

(CME-M86, Meteo Denshi, Sapporo, Japan) at 10-min
intervals during the other wet seasons. Albedo was
measured from November 2009 using a simplified
pyranometer (Hashimoto, 2000; Suzuki et al., 2013)
installed beside the net radiometer. Wind speed (U, ms™ ")
was measured from April 2010 using a cup anemometer
(CYG-3102, Young, Japan) installed at a height of 2.85 m
on the pole. The measurements of fluxes began on 10
September 2008. All meteorological variables except zy,
were measured every 30s and averaged every 10 min.
Data were recorded using a data logger (C-CR1000,
Campbell Scientific, Inc.). Hourly Bowen ratios, latent
heat flux, and sensible heat flux were calculated using
mean values obtained when the psychrometer was
ventilated. The leaf area index (LAI) was measured as a
vegetation parameter using a plant canopy analyser
(LAI-2000, LI-COR Inc., Lincoln, NE, USA) at each
site in 2012. The LAI in the other observation period
was estimated from the measured seasonal variation in
LAI (Figure 2). Rainfall data at the Ogongo campus
were provided by the Ogongo campus, University of
Namibia, for the period of 2000-2009, and after 2009,
rainfall was measured using a tipping-bucket rain gauge
installed at UF.

BREB method

Evapotranspiration was calculated using the BREB
method, from latent heat flux measured hourly, where latent
heat flux (AE, W m~2) and sensible heat flux (H, W m~2) are
calculated by combining the energy balance equation and the
Bowen ratio equation (Bowen, 1926) as

Rn=H+J1E+G+4S D
B _A 2
T E

where G and 4S are the soil heat flux (Wm~?) and heat
storage change in a body of water (W m~2), respectively, Bo
is the Bowen ratio, and A4S is O when the surface water is
absent. For the period when surface water was present, A4S
was calculated from the change in water temperature and z,.
Storage changes in the soil and vegetation were assumed to be
negligible in this study. The value for Bo can also be
expressed as the gradient of air temperature and humidity
between two heights:

. CPATa

=g, (3)

o

where AT, and 4q, are the difference in air temperature (°C)
and specific humidity (kg kg~') between the two heights, Cp
is the specific heat of air at a constant pressure (J kg~ ' K1),
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Figure 2. Time course change in the leaf area index (LAI) at each site

measured in 2012. Bars indicate standard error (n=4). DOY stands for

day of year. Seasonal trends of LAl were estimated by approximated

polynomial fitting curves. RF, rice field; NVF, natural vegetation field;
UF, upland field

and 2 is the latent heat of vaporization (Jkg™!). The
values of AE and H are then calculated using the
following equations:

1

/IE:B(H_l(Rn—G—AS) 4@
Bo
—Bo+1(Rn—G—AS) 5)

When surface water was present, A4S values in RF and
NVF were calculated using the change in the surface
water temperature

Oy X py, X ATy
N At

AS (6)

where ¢, and p,, are water-specific heat (4184 Jkg ' K1)

and water density (1000kgm~?) and At is 3600s. AT,,
(°Cm™") is the average change in water temperature

Copyright © 2013 John Wiley & Sons, Ltd.

during At, estimated by weighted averaging of the
change in water temperature by z,

ATy, = AT w_000 X 2w (ZW < 0.20 m)

0.20
ATW = ATW,(),()O X Z— + ATW—O.ZO

W

v — 0.20
2 (020 m < z, < 0.40 m)
Zw )

0.20 0.20
ATy, = ATW,(),()() X T + ATW—O.ZO X —

zw — 0.40

W

+ AT w_0.40 X (Zw >0.40 m)

where AT,,_x (°C) is the change in water temperature
during the time interval A¢ and the index ‘X’ represents
the height of the PRT.

Evapotranspiration (ET,,, mm) was calculated from
AE using the following equation:

AE X At

ET s = = x 1000 8)

w

The period of analysis was approximately 2.5 years
starting from 11 September 2008 to 20 March 2011.
There was, however, a gap in data collection for RF and
NVF between 26 September 2009 and 19 November
2009 because of main power source shutdown.

Quality control

All data were filtered using several steps for quality
assurance. First, data spikes with an extremely large flux
were discarded. Second, the theoretically unacceptable
turbulent flux was discarded, such as when the sign of AE
or H was not consistent with the sign of the vapour or air
temperature gradient (Perez et al., 1999). Third, the flux
when —1.2<Bo< —0.8 was discarded because large
errors in AE can occur near sunrise and sunset when Bo
reaches —1 (Perez et al., 1999; Drexler et al., 2004; Kurc
and Small, 2004). Discarded data were about 29%, 25%,
and 22% of each dataset for RF, NVF, and UF,
respectively, but most of the errors occurred during
night-time (Rn <0) in which the atmosphere was more
stable. Daytime datasets (Rn > 0) had only about 6%, 6%,
and 8% of errors for RF, NVF, and UF, respectively.
Linear interpolation for gaps of less than 4h was
undertaken. For longer gaps, flux was interpolated using
the mean ratio of flux to Rn for each hour calculated using
a dataset of the same hour during the 10-day data
collection periods.

Daytime evapotranspiration was calculated as the sum
of hourly data when Rn > 0. Daytime datasets were used
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for comparison because evapotranspiration mainly occurs
during the daytime. Although evaporation was also
observed during night-time as mean values of 0.9, 0.7,
and 0.4rnmnight—time’1 for RF, NVF, and UF, respec-
tively, the absolute values were considered not to be
reliable because of the high rates of discarded data in the
night-time datasets (46%, 39%, and 33% for RF, NVF,
and UF, respectively). To compare the evapotranspiration
between RF and NVF, instrumental difference of
evapotranspiration between the two sites was considered
by offsetting evapotranspiration in RF; that is, the
relationship of AE between RF and NVF during the
period in which the surface conditions were the same
(September 2008 to November 2008 and March 2009)
was obtained, and the relationship was applied to offset
the AE in RF for the whole period of analysis.

Determination of energy and surface characteristics

Surface conditions were evaluated by calculating the
bulk transfer coefficients. The bulk transfer method
explains AE and H using the equations (Kondo and
Watanabe, 1992)

H = cpp,CuU(Ts — T,) 9)

AE = lpaCEU(qs - qa) (]O)
where p, is the air density (kgm™2), ¢, is the specific
humidity at the surface (kgkg™'), ¢, and U are the
specific humidity and wind speed, respectively, and Cy
and Cg are bulk transfer coefficients for sensible heat and
latent heat, respectively. Cy and Cg reflect the exchange
efficiency that is affected by physical characteristics such
as wind speed and surface conditions. When the surface is
wet enough, Cy is assumed to be equal to Cg, and g can
be replaced by the saturation-specific humidity (gs.(75),
kgkg™!) at the surface temperature (7). The introduction
of g..(Ts) and evaporation efficiency (f), which reflects
moisture availability, into Equation (10) creates the
following equation:

AE = Jp fCeUqo(Ts) — q.] (1D

When the surface is covered with water or is wet
enough, /5 reaches unity and then varies depending on the
moisture availability of the surface and vegetation.
Although Cg sometimes includes the effects of moisture
availability in its definition (Shimoyama et al., 2004), the
Cg in this study is defined to be equal to Cg.

The values of Cg and S were calculated for the period
in which U was measured. The value of T was directly
measured by the PRTs at the three heights. When surface

Copyright © 2013 John Wiley & Sons, Ltd.

water was absent, T was the temperature measured by the
PRT at 0.00 m, and when the surface water was present,
Ts was the temperature measured by the PRT closest to
the water surface. Direct measurement of T in the plant
canopy is generally difficult because of the vertical
gradient of 7 caused by the presence of plant bodies
(Kondo and Watanabe, 1992). In this study, however,
plants grew sparsely enough so that the effects of plant
bodies on T were assumed to be negligible.

RESULTS AND DISCUSSION

Meteorological variables

Figure 3 shows the daytime means and the 10-day
moving averages of net radiation (Rn), albedo, air
temperature (7,), and vapour pressure deficit (VPD) for
each site. Rn had a clear seasonal variation with higher
values during the wet season (November to May) and
lower values during the dry season. Peaks in T, and VPD
occurred at the end of the dry season (around October).
VPD declined when rainfall was delivered and increased
again when rainfall stopped. 7, and Rn decreased from
May and had minimum values from June to July. Mean
daytime 7, and VPD for the whole period did not differ
largely among the three sites and were about 26.8 °C and
24.6 hPa, respectively (Table II). The daytime VPD
during the wet season was relatively high (21 hPa), which
indicates that atmospheric conditions in northern Namibia
remain dry throughout the year. Mean daytime Rn for the
whole observation period in RF and NVF was higher than
that in UF probably because the surface water in RF and
NVF decreased albedo during the wet season. (Figure 3,
Table II). In addition, Rn in RF was slightly lower than
that in NVF during both the dry and wet seasons,
resulting from the higher albedo in RF (Figure 3 and
Table II). Albedo in RF was possibly affected by rice-
cropping activities such as tillage in the beginning of the
wet season and harvesting in the end of the wet season,
which expose bare land surfaces and reflect more solar
radiation than grassland, by mixing plant bodies with soil
or by removing most of the plant shoots from the field.
Annual rainfall (from September to August) during the
observation period was 697 mm in 2008/2009, 643 mm in
2009/2010, and 1109 mm in 2010/2011. All three years
received much heavier annual rainfall compared with the
mean annual rainfall (440 mm) from 2001 to 2008 and
thus are considered to be wet years.

Seasonal and interannual variations in evapotranspiration

Although evapotranspiration measured using BREB
can be negatively biased on the basis of the assumption
of BREB as noted earlier, German (2000) empirically
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Figure 3. Seasonal variations in net radiation (Rn), albedo, air temperature (7,), and vapour pressure deficit (VPD) at each site. Daily rainfall and surface
water level (z,) in rice field (RF) and natural vegetation field (NVF) are also shown. Green shows the data for the RF, blue for the NVF, and orange for
the upland field (UF). Open points indicate daytime mean values, and solid lines denote the 10-day moving average

Table II. Daytime mean values of net radiation (Rn), air temperature (7,), vapour pressure deficit (VPD), albedo, and daytime
evapotranspiration (ET ) for the rice field (RF), natural vegetation field (NVF), and upland field (UF) during the whole observation
period, wet season (November to May), and dry season (June to October)

Season Site Rn (Wm™?) T, (°C) VPD (hPa) Albedo ETps (mm daytimefl)
Whole RF 323.3+80.4 26.6+3.0 24.1+9.9 0.18+0.05 1.9+1.7
NVF 346.6+80.4 26.8+3.0 245+9.9 0.15+0.03 1.8+1.5
UF 296.8 £66.2 27.0+£2.9 25.2+£9.8 0.17+0.02 1.0+£0.7
Wet RF 352.4+84.6 26.8+2.4 20.8+9.2 0.17+0.05 28+1.6
NVF 372.0+87.0 27.0+2.4 21.1+9.3 0.14+0.04 25+1.5
UF 318.6£68.7 272+2.3 21.9+£9.2 0.17+0.02 1.3+£0.7
Dry RF 273.9+37.7 26.2+3.8 29.7+8.4 0.20+0.01 0.6+0.3
NVF 304.0+41.2 26.4+3.8 30.1+8.4 0.15+0.01 0.7+0.3
UF 262.4+43.9 26.7£3.7 30.4+8.2 0.18+0.01 04+0.2

Values are means + standard deviation.

supported that latent heat flux measured by BREB was
comparable with that measured by the eddy correlation
method through simultaneous measurements of evapotrans-
piration in a sawgrass wetland. Actual observed evapo-
transpiration was, thus, used for discussion in this study.

Copyright © 2013 John Wiley & Sons, Ltd.

Annual cumulative evapotranspiration (E7ys) in UF
was stable across the observation years (325.9 and
324.3 mm in 2008/2009 and in 2009/2010, respectively)
(Figure 4a). The daytime ET,,s in UF started increasing
when rainfall arrived, peaking from December to
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Figure 4. (a) Cumulative evapotranspiration (ET,,s) and rainfall and (b) seasonal variations in daytime observed evapotranspiration (E7s) at each site.
Arrows indicate the calculation period for the cumulative values. The numbers next to lines or bars indicate the cumulative amount. RF, rice field; NVF,
natural vegetation field; UF, upland field

February (Figure 4b). Daytime ET,,s in UF ranged
from 0 to 3.4mmdaytime '. Daytime mean was
1.3+0.7mmdaytime™' during the wet season and
1.0£0.7mmdaytime™" for the whole observation
period (Table II). Evapotranspiration from shrub and
grassland areas in other semi-arid regions is reported
to range from 0.5 to 4.0mmday ' (Kurc and Small,
2004), which was consistent with ET,,, in UF.
Additionally, mean ET,,s for the whole observation
period was similar to the evapotranspiration measured
in upland shrub and grassland in Niger (0.95 mm day ',
Ramier et al., 2009), which is a semi-arid country in
Africa similar to Namibia.

Annual cumulative ET,,s was 636.9 mm in 2008/2009
and 636.6 mm in 2009/2010 in RF and 674.7 mm in 2008/
2009 and 608.7 mm in 2009/2010 in NVF (Figure 4a).
The annual cumulative ETy, at both sites was much higher
than that at UF. In addition, a higher annual cumulative
ET,,s was observed in NVF than in RF in 2008/2009 with
the opposite relationship observed in 2009/2010. Annual
cumulative ET,, in NVF was higher in 2008/2009 than in
2009/2010 probably because open-water conditions in
March 2009 promoted ET,y, (Figure 4b).

ET,, in RF and NVF had a clear seasonal variation
ranging from 0.1 to 7.0 mm daytime ™' in RF and from 0.1
to 9.4 mmdaytime™' in NVF (Figure 4b). Ranges of
ET,s in RF and NVF were close to the ranges reported in
reed wetland or cattail delta marsh in other semi-arid
regions (Table III). Large seasonal variation in the
seasonal wetlands of Namibia was possibly caused by
the large environmental differences between dry and wet
seasons; i.e. absence of surface water and less active
vegetation in the dry season and the presence of surface
water and a high Rn in the wet season. In addition,
wetlands in semi-arid regions tend to have high

1

Copyright © 2013 John Wiley & Sons, Ltd.

evapotranspiration (Table III), affected by wind speed
and advection of dry air (Drexler et al., 2008). High ET
in this study was also possibly affected by advection with
a relatively high VPD.

Mean daytime ET,,s for the wet season was
2.8+ 1.6 mmdaytime™' in RF and 2.5+1.5mm
daytime ™' in NVF. For the whole observation period,
mean daytime ET,,, was 1.9+ 1.7mmdaytime ! in RF
and 1.8+ 1.5mmdaytime™! in NVF (Table II). Mean
ET,,, in NVF in the wet season was similar to that at a
papyrus wetland in Kenya and lower than that at a reed
wetland in Nebraska, USA (Table III). Evapotranspiration
from a reed wetland has been reported to be relatively
high compared with that from grassland (Acreman et al.,
2003). Mean ET,,, in RF for the wet season was lower
than those in paddy fields in Asian countries, where
intensive high-yielding rice cropping has been developed
(Table IM). Differences in rice cropping methods may
have caused this as RF had no irrigation system and
rice grew sparsely, resulting in a much smaller LAI than
in other cited studies. However, the obtained rice yield
in RF in 2009/2010 was 1.27tha~' and was in the
typical range of rice yield in Africa of 0.91-2.20tha™!
(Africa Rice Center, 2007). The mean ET,, in RF can
perhaps provide a reference value, representing an
evapotranspiration rate in a typical extensive paddy
field in Africa.

Annual cumulative ET.,, in NVF in 2008/2009
(674.7mm) was matchable with annual cumulative
rainfall (697.3 mm) (Figure 4a). Even in 2009/2010, the
annual cumulative ET.,, was close to annual cumulative
rainfall if heavy rainfall (71.5mm) delivered on 26
November 2010 was excluded. These results indicate that
evapotranspiration is a major component in the water
cycle of seasonal wetlands.
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Table III. Evapotranspiration rates for different wetland types and paddy fields in various regions

Evapotranspiration (mm day ")

Surface type Site Climate Mean Range Source
Sedge fen Central Canada Subarctic 3.09* 1.4-6.0 Lafleur, 1990
Open sphagnum fen =~ Minnesota, USA  Continental 3.0° 0.2-4.8 Kim and Verma, 1996
Delta marsh California, USA Semi-arid 6.0% 0.8-12.2 Drexler et al., 2008
Mediterranean
Floodplain wetland Central Spain Semi-arid 8.0 0-19.6 Sanchez-Carrillo
et al., 2004
Papyrus wetland Kenya Equatorial 2.4% NA Jones and
Humphries, 2002
Reed wetland Nebraska, USA Semi-arid 3.75% 0.5-6.5 Burba et al., 1999
Paddy field The Philippines Warm humid tropics 4.29% NA Alberto et al., 2011
Paddy field Bangladesh Tropical monsoon 3.33% 0.2-6.6 Hossen et al., 2012
Paddy field Thailand Maritime monsoon 7.11% NA Jensen and
Rahman, 1987

NA, not available.
#Mean value of growth season.

Comparison of evapotranspiration characteristics between
RF and NVF

During the wet season, seasonal variations in ET o
in RF and NVF were almost identical in 2008/2009
and slightly higher in RF from March to April in 2010
(Figure 4b). In January to February, 2011, ET,,s in RF
was higher than that in NVF. ET,, in RF tended to be
higher in the early growth period of rice. Figure 5

(a)

shows the seasonal variations in the evaporation
efficiency (f), the bulk transfer coefficient for latent
heat (Cg), and the saturation-specific humidity (gs,(7%))
at the surface temperature (7). The f in RF was clearly
higher than in that in NVF for the period of January to
February 2011, in which the ET,,s in RF was higher than
that in NVF; in the same period, Cg was higher in NVF.
The g,.(Ts) was similar between the two sites probably
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Figure 5. Seasonal variations in (a) evaporation efficiency (), (b) bulk transfer coefficient for latent heat (Cg), and (c) saturation-specific humidity at the
surface temperature (gs.(7s)). RF, rice field; NVF, natural vegetation field; UF, upland field
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because the surface was covered with water during that
period. These results show that the difference in ET
between RF and NVF is attributed to § and Cg. Higher f
in RF in January to February 2011 suggests that the E7,, in
RF was promoted by surface conditions compared with that
in NVF.

During the dry season, ET,,s in RF was smaller than that
in NVF, particularly in June to September 2010 (Figure 4b).
In this period, Rn in RF was less than that in NVF, albedo
was higher at RF, and f and Cg were similar at the two sites
(Figures 3 and 5 and Table II). During the dry season, albedo
was higher and Rn was less in RF because the field became
bare land after rice harvesting. The difference in the
available energy explains the difference of ET,,, between
RF and NVF during the dry season.

Determinants of p and Cg

The ET,y, in RF differed from that in NVF especially
in the early growth period of rice, and that difference was
attributed to the values of § and Cg. Previous studies
considered f to be a function of soil water content
(Barton, 1979; Deki¢ et al., 1995; Alvenids and Jansson,
1997). Kondo et al. (1990) additionally included the effects
of air humidity on the function of f. If a surface is covered
with vegetation, f should also include the effects of leaf

surface resistance and stomatal resistance. The value of j
is, therefore, controlled by various elements such as soil
moisture availability, atmospheric requirements, and plant
physical and physiological characteristics including LAI

Canopy conductance (G.) has been extensively studied
and is similar in concept to f, being associated with
various environmental variables (e.g. Stewart, 1988;
Matsumoto et al., 2008). Figure 6(a, b) shows the
relationship between £ and VPD at each site. The value of
S had a similar relationship with VPD for all sites,
especially for the period in which the surface water was
absent. The relationship between f and VPD was well fit
by the equation that was introduced to explain G. and
VPD (Matsumoto et al., 2008),

1
1 + (VPD/VPDys)"*"!

ﬂdry =

] (1 —kp—2) + kp—p (12)

where fq is predicted f for the period without surface
water, VPDys is the VPD when f,, reaches the midpoint
between 1 and kg,, and kg, and kg, are fitting
parameters. The datasets of RF and NVF were combined
for calculating fitting parameters as a lowland (LF)
dataset because the relationship of f with VPD was
similar between the two sites. Although previous studies

50

BB, pred

RF

NVF

UF

With surface water
No surface water

Figure 6. Relationship between evaporation efficiency (#) and vapour pressure deficit (VPD) for (a) rice field (RF) and natural vegetation field (NVF)

and (b) upland field (UF). (c) Relationship between leaf area index (LAI) and the difference in £ against predicted f; f — Bpreq during the period in which

surface water is present. The data for RF and NVF are shown in the same figure as the lowland field (LF) dataset. (a, b) 8 is fit to Equation (12) using the

LF and UF datasets. The data shown by open points were taken when surface water was present, and those represented by closed points were taken when
surface water was absent
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reported a correlation between f and soil water content,
in this study was highly correlated with VPD possibly
because VPD also included the effects of soil water
content. VPD actually showed a negative relationship
with volumetric soil water content measured in UF
(r=—-0.641, p <0.001, data not shown).

The relationship between S and VPD was relatively
scattered for the period in which the surface water was
present (Figure 6a), and this variability was negatively
correlated with LAl Figure 6¢c shows the relationship
between LAI and the difference between f4,, and f for the
period in which the surface water was present. The
difference between f4., and f was fit against LAl with a
negative straight line

B = Bary = kp-3LAI + k-4 (13)
where kj.3 and kg4 are fitting parameters. From Equations
(12) and (13), the S submodel was described as

:Bpred = ﬂ dry
Borea = Bary + kp-3LAI + k/)»_4 (without surface water)

(14)

(without surface water)

where B4 is predicted B. This submodel indicates that a
decrease in LAI results in a larger f when the surface

water is present. Watanabe (1994), by applying a
multilayer model to a paddy field, estimated that /5 increases
when LAl decreases. In this study site, f was mainly
controlled by VPD, especially in the period in which surface
water was absent, and LAI was also a key controlling factor
when the surface water was present (Figure 6).

Figure 7 shows the relationship of Cg with U and LAL
The value of Cg tends to be stable when U >2ms™ !,
with values of approximately 0.0059 in RF, 0.0082 in
NVF, and 0.0072 in UF (reference height of 2.85 m).
These values are greater than the values for open-water
(0.0013-0.0017) and soil surface (0.0015-0.0030) with
a reference height of 2.5m (Kondo, 1994), and rather
close to the value for paddy fields (0.0020-0.0055)
with a reference height of 10 m (Kimura and Kondo,
1998). The value of Cg depends on the reference
height. Rough estimations of Cg in this study for other
reference heights also showed that the values of Cg
were close to previously reported values for paddy
fields, indicating that the sites had larger exchange
efficiency than flat surfaces such as water and soil.

The plots in the Figure 7(a, b) were scattered when
U<2ms~!, and those values tended to increase with LAl
(Figure 7(c, d)). This positive correlation between Cg and
LAI was also reported in previous studies (Watanabe,
1994; Shimoyama et al., 2004). Cg depends on the
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Figure 7. Relationship between bulk transfer coefficient for latent heat (Cg) and (a, b) wind speed (U) or (c, d) leaf area 1ndex (LAI) for lowland field

(LF) [rice field (RF) and natural vegetation field (NVF)] and upland field (UF). (c d) Open points indicate data with U>2ms

"and closed points with

U<2ms~
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surface roughness that is related with LAl (Shimoyama
et al., 2004). Although Yan et al. (2012) fit Cg using only
the plant area index (PAI), Cg was fit in this study using
both U and LAI to consider the difference in the
variability of Cg depending on U. The dataset was
separated into two groups with a threshold of U=2ms™"'.
Multiple regression analysis was performed for each

group to pl‘ediCt Ce (CEpred)’

Cipred = kcp-1U + kg2 LAI + keg-3 (15)

where kc,-1, kcy-2, and kc,-3 are fitting parameters. All the
values of the fitting parameters are shown in Table IV.

Sensitivity of evapotranspiration to LAI

The sensitivity of evapotranspiration to the change in
LAI was analysed to quantitatively evaluate the effects of
LAI on evapotranspiration at the study sites because the
introduction of rice substantially alters LAI. The model

was established on the basis of the relationships of Cg and
f with U, LAI, and VPD as described earlier. The
correlation coefficients between ET,,s and predicted
evapotranspiration (ETpq) by the model were 0.612,
0.459, and 0.120 for RF, NVF, and UF, respectively. The
model has a certain margin of estimation error, possibly
because it used the predicted U and LAI. However,
Figure 8 shows that the model could explain the seasonal
variations, and thus, the model was still applicable for the
sensitivity analysis. The mean value was obtained for the
sensitivity analysis in a selected month such as January
and April for the wet season and October for the dry
season (Table V).

Figure 9 indicates the sensitivity of evapotranspiration
to change in LAI for LF (RF+NVF) and UF. Change in
evapotranspiration was simulated by only changing LAl
under average conditions of each month (Table V). In UF,
evapotranspiration tended to positively respond to the
change in LAI for the whole observation period, and the

Table IV. Fitting parameters and correlation coefficients of sub-models for evaporation efficiency (f) and the bulk transfer coefficient
for latent heat (Cg)

Fitting parameter

Correlation coefficient (r)

U
Dataset ~ (ms™')  VPDys  kgi  kgo kg kpa  kcet ke kop-s B Ce
LF <2 6.597 2.125 0.000 —1.893 0461 —0.014 0.053 0.032 0.810 0.643
(RF+NVF)  >2 —-0.002 0.024 0.012
UF <2 4356 3.012  0.018 — —  —0.019 0.008 0.042 0.954 0.735
>2 —0.003  0.005 0.013
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Figure 8. Seasonal variations in observed (ET,) and predicted evapotranspiration (ETpq) at each site. Darker points indicate E7ps, and lighter points
indicate ET.q. RF, rice field; NVF, natural vegetation field; UF, upland field
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Table V. Mean value of each parameter used for the sensitivity analysis

Dataset Month U (ms™H T, (°C) T, (°C) q (kgkg™) Zw (M) LAI
LF Jan 1.9 29.2 25.3 0.011 0.07 0.14
Apr 1.8 26.8 26.5 0.010 0.23 0.25
Oct 2.8 46.5 31.2 0.003 0.00 0.07
UF Jan 1.7 34.1 25.7 0.011 0.00 0.39
Apr 15 36.8 26.8 0.010 0.00 0.79
Oct 22 46.5 31.2 0.003 0.00 0.20
LF, lowland field; UF, upland field.
I T T T
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Figure 9. Predicted change in evapotranspiration (%) with change in leaf area index (LAI) (%) for (a) lowland field (LF) and (b) upland field (UF). The
mean values used for the analysis are shown in Table V

effect of LAI did not change largely across the seasons.
On the other hand, the response of evapotranspiration
to change in LAl in LF was more substantial compared
with that in UF and varied across the seasons. Under
the conditions of October, evapotranspiration in LF
positively responded to change in LAl as seen in UF.
Under the conditions of April, however, the evapo-
transpiration sharply negatively responded to change in
LAI. Under the conditions of January, the evapotrans-
piration was predicted to have maximal value by the
change in LAI. Smaller LAI (close to zero) caused both
larger f and smaller Cg over the surface, and the
balance of these two factors probably resulted in
maximal evapotranspiration.

When surface water was present in the seasonal
wetlands, higher LAl decreased the open-water area,
probably resulting in the suppression of evaporation.
Linacre’s theory suggests that an increase of emergent
macrophyte cover causes a reduction of water loss by
evapotranspiration (Linacre, 1976). In some previous
studies, the presence of plant resulted in less evapotrans-
piration compared with open water (Jones and
Humphries, 2002; Sanchez-Carrillo et al., 2004). How-
ever, the question of whether the presence of emergent
aquatic vegetation increases or decreases evapotranspira-

Copyright © 2013 John Wiley & Sons, Ltd.

tion has been a topic of debate for decades (Idso and
Anderson, 1988). In other studies, evapotranspiration
was reported to increase by the presence of plant
(e.g. Saunders et al., 2007; Doody and Benyon, 2011).
In this study, the sensitivity analysis showed that
change in LAI could negatively affect evapotranspira-
tion, suggesting that higher LAI could result in less
evapotranspiration. In RF, LAI largely varied from 0O to
around 0.3 depending on the rice growth, and this
variation was larger than that in NVF. Therefore, LAl
management is a key factor in growing rice and
possibly conserving water in seasonal wetlands.

The range of LAI in this analysis was limited to small
values because the LAl in RF and NVF reached only
around 0.35. The LA! in paddy fields can reach up to 6.0
depending on the cultivation method (Jensen and
Rahman, 1987; Alberto et al., 2011). When the LAI
increases, f might eventually increase (Watanabe, 1994).
In addition, increasing LAl might decrease Cg by creating
more closed canopy (Kondo and Watanabe, 1992). The
effects of high LAl on evapotranspiration are still
unknown in the seasonal wetlands. Even in northern
Namibia, rice cultivation may result in a high LAI. Further
studies are recommended to investigate the effects of a
higher LAl on evapotranspiration.

Hydrol. Process. (2013)
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CONCLUSIONS

This study yielded the following conclusions:

e The ET,,s values in RF and NVF were much higher
than that in UF and largely increased when surface
water was present. The annual cumulative ET, in
NVF during the observation period, which was
considered to be in wet years, approximately equalled
to or exceeded the average annual rainfall conditions.
Evapotranspiration was, therefore, an important and
major component in the regional water cycle.

e The difference in ET,,, between RF and NVF was
attributed to the differences in the values of f and Cg.
In addition, f§ and Cg are both affected by LAI. A decrease
in LA resulted in an increase in f and consequently
increased ET,,; when surface water was present.

* The introduction of rice cropping into the seasonal
wetlands resulted in a change in ET,,, in both the dry
and wet seasons in different manners:

* During the wet season, the low LAl in RF in the
early growth period increased £, and consequently
higher ET,,s was observed compared with that
in NVF.

e In the dry season, rice harvesting affected the
ET,,s in RF. Land cleared bare by harvesting in
RF had higher albedo and lower net radiation
(Rn) compared with that in NVF. As a result, the
ET,,s in RF was lower than that in NVF.

* Sensitivity analysis showed that evapotranspiration in
the seasonal wetlands sharply negatively responded to
change in LAl when the surface water was present,
probably because increase of plant cover suppresses
water surface evaporation.

In the seasonal wetlands, an appropriate rice cropping
system might aid in conserving water resources. Creating
a higher LAl in the early growth period of rice would
reduce water consumption by suppressing surface evap-
oration. In addition, harvesting rice, which increases albedo
and decreases the available energy for evapotranspiration,
would reduce water consumption in the dry season.
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