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Abstract

Study on carbon and water balance to estimate carbon footprint and water footprint
of rubber plantation was propose to measure carbon and water flux with Eddy Covariance
technique. Carbon and water flux data is the basic data that were used to assess carbon and
water footprint of rubber ecosystem which never been studied. In addition, these basic data
were used to study effect of environmental factors on carbon and water balance of rubber

ecosystem.

Carbon and water balance of rubber ecosystem (RRIM 600) were measured from 2
rubber plantation sites. (1) Chachoengsao Rubber Research Center, Chachoengsao province
which the area was about 50 rais. A rubber tree was 19 years-old (in 2013) and has been
tapped over 10 years. (2) Rubber plantation in Bueng Kan province. Area was about 100 rais.
Rubber tree was 4 years-old (in 2013) and never been tapped.

Carbon balance measurement was separated into 3 parts, (1) carbon equivalent from
rubber plantation that was measured by using Eddy Covariance technique, (2) carbon equiva-
lent from cultural practice and addition by using LCA method and (3) carbon equivalent from
rubber yield. Furthermore, soil respiration and other data e.g. girth and above ground biomass
were observed. All of data were used to assess carbon footprint and analyzed effect of
environmental factor on carbon flux. At Chachoengsao Rubber Research Center, data obser-
vation was done during June 1, 2012 to April 30, 2014 (Total 11 month). Carbon equivalent
which were storage in rubber plantation and yield were 1,351.48 amd 129.11 Kg C.rai!,
respectively. Carbon equivalent which was emitted from cultural practice and addition was
9.02 Kg C.rai’'. Total carbon equivalent from 3 parts represent that carbon about 1,471.57 Kg
C.rai ! was stored. At Rubber plantation in Bueng Kan province, data observation was done
during September 1, 2012 to April 30, 2014 (Total 6 month). Carbon equivalent which were
storage in rubber plantation was 334.11 Kg C.rai’". Carbon equivalent which was emitted from

cultural practice and addition was 13.23 Kg C.rai.

Total carbon equivalent from 3 parts
represent that carbon about 320.88 Kg C.rai* was stored. Carbon equivalent from Site 1 and
2 found that almost of carbon equivalent appeared in rubber plantation, 90.73 and 96.19%,
respectively. Follow with carbon equivalent from yield (8.67%, Site 1) and cultural practice
(0.61 and 3.81% for Site 1 and 2), respectively.

Water flux of rubber plantation was measured concurrent with Sap flow and Soil water
content. Both data was used to assess water footprint and analyzed effect of environmental
factor on water flux. At Chachoengsao Rubber Research Center, data observation was done
during June 1, 2012 to April 30, 2014 (Total 11 month). The result shown that sum of evapo-
transpiration (ETR) and reference evapotranspiration rate (ETo) were 799.82 and 1,164.00 mm,
respectively. Crop water use (CWU) was 1,279 m°. rai’* and amount of latex was 160.97 Kg

rai’'. Water footprint of this plantation was 7.96 m?.Kg yield™. For rubber plantation at Bueng



Kan provice, data observation was done during September 1, 2012 to April 30, 2014 (Total 6
month). Sum of ETR and (ETo) were 271.86 and 1,238.1 mm, respectively. Crop water use
(CWU) was 377.51 m®.rai"and amount of latex was 30.04 Kg rai"(rubber tree in this plantation
are not tapped, yield was estimated by using data from reference). Water footprint of this

plantation was 12.57 m>. Kg yield™.

Effect of environmental factors on carbon and water flux was studied by using corre-
lation analysis. In Chachoengsao Rubber Research Center, the result showed that net ecosys-
tem exchange (NEE) decrease with increasing of leaf area index (LAI), Global solar radiation (R)
and RH. NEE increase with increasing of Vapor pressure deficit (VPD) and there are no rela-
tionship between NEE and air temperature (T,). For rubber plantation in Bueng Kan provice,

NEE decrease with increasing of R,, T and VPD. And NEE increase with increasing of RH.

In Chachoengsao Rubber Research Center, the result showed that Evapotranspiration
(ETR) increased with increasing of LAl and R,. And there are no relationship between ETR and
value of T4, RH and VPD. For rubber plantation in Bueng Kan provice, ETR increased with

increasing of R, Tar and RH. And there are no relationship between ETR and VPD.
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Qe

’J’e)m’e)%ﬂﬂﬂ?uﬁ (Water footprint) (Hoekstra et al., 2009)

“yainainnUSudvamaniue Ao Usunau (freshwater) lunisudnvesudnsioe laedn
USinamisaaiingdesegluvisldguniu”

2awasunUsudvesauen deunniiandenssuiiisutuinasugiadu 4 Hane
ynwia Inedunnniifimasugiasindu 4 2-100 wih SudinsUssdiusemesiasuives
g1annsfivgnluuszmalneaziiddesiigalulanfaiu (6,900 m®ton™) (Mekonnen and
Hoekstra, 2011) ofiausiinlusuisoves UNESCO-IHE (2010) 1ﬁﬂizLﬁuaaLma§v§lmU§uﬁmaq
gamineaseandeausniunefmiannnd 70 Tariafen uinsUssdumaniudild
validation @wfidasinldldiamslubuuisuiisutoyaemedn Vsudvasenamsiivgnly
Nufisineg szuinsszne WiedalToudioufuiivdu IuﬁumzﬁﬂizL%ﬂlmﬁqé’ﬂﬂﬁmaugiaﬁ
(absolute value) Tanaweinmsuivasssm uazdilififeyannmansrataisdmiulily
n13 validate wuusiaes tnifeluauelinsatmewesrnusudlasnssandanmsniesyme
YoRNEIUEIIguUTIEMATInTIalasnssiemadia Eddy covariance nufisisnulng
Bhardwaj et al. (2010) mié’w%@aﬂamawamﬁiﬁ
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n3n lngaziiniadanieludl 2556 vie 2557 Fadsdmmmsueunaztesinefnusulaenselalls
Tulusnivhnsfne usaglifoyanisnsimsveunaznislddludisnaneufiaiuensasly
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NAINIIN

1. Eddy covariance
1.1 site 91 1: 9199783070
111 Pouuuuaynsaaaun1sviinuvesyngunsal Eddy covariance uagyngunsainsivinanin
nilea
1.12 fudeyadnsimsindeuesmiusuesausnmi
1.2 site 1 2: augsiiflongiios wardilizudana
121 dmafuiimussnaifegdosusssvliidudania dmiufudeyasannaedoues
ATUBLYDIEIUL NI NUTANTA
122 Faksyngunsal Eddy covariance uazgngUnsainmaaanwaiomeluituiiaaueiam
123 iudeyadnsmsiadouvainnsusuesauemng
2. Soil respiration
2.1 site 1 1: 97991810
2.1.1 @19 Trench Plot uaz fina Soil collar
2.1.2 wfiudioya Soil CO, efflux UBIAIUENNITIBIYUN
2.2 site 7l 2: ugaiidongies wardsliGudanin
2.2.1 @18 Trench Plot uagfinss Soil collar Tuiluftarugrens
2.2.2 \fiudeya Soil CO2 efflux vaauewNTWgnlyal wazaIue s isunne
. iiudeyauszneudu q 1wu deyadu Biometric uay Litter
. ANSAUIEUAT GPP, NEP way NBP
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. AsusuaUIUARINNSWANsIY U8 81 uarasiadily uasveudeiindu

N AW

. MIMUINATUBUNAUTUA
6.1 site 71 1: @IULNNITIDIGUN

6.2 site i 2: awenansegtesfidilidania (unsdiffanneunsaluavinudeyaliuds lneaz
MmN Uszdiunandnluswipanaenaigiuie)
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1. Eddy covariance

1.1 site 91 1: 87997830

111 Pouuuuaynsaaaun1sviinuvesyngunsal Eddy covariance uagyngunsainsivinanin
nilea
1.1.2 fudeyadnsmiaindoureniwosdiuenims
1.2 site 1 2: augsiiflongiios wardilizudana
121 drmafuiimussnanenglesiidalania dwsuifuvdeyanislidhvesmumndeuda
n3n
122 Faksyngunsal Eddy covariance uazgngUnsainmaaanwaiomeluituiiaaueiam

1.23 fudayadnsnisafioute1iosinoivesaiug1amn,

2. \ivdeyausznaudu 9 wu deyasn sap flow uaz soil water content HANER

3. MIAUINIBSNBSHAUTUATDIAILENNIT

3.1 siteﬁ 1: FIUTWNITIDYUIN
32 site @ 2: @uTYtosiistliianin (unsdiifndagunsaiuaniutoyaldud Tnsas
funnnAUseiiunananlusuArnaenegiuLieD)
4. waimainagldsu
4.1 m%Uauwmguﬁmmmusmwm Aduallsdoya sreenhouse gas flux rate AngIafald
Tngnsafaeinaiia Eddy covariance uaziluasdusznaundnuesnfuounnyiuduosann
g3 SaufutoynosdUsznousesdu 1 veseusuaUILRINNI TN IILALHAKER
Mnmafiufganlasinsges
42 AnesinedrnuTudvosainetanist Adwaaldannyaiiugiu water vapor flu rate 4
asainldlaonssiiemaia Eddy covariance Sanfudoyanananainnisifiuiies ain
lasensdey
4.3 @m150A1MUAAT parameter d1AgULUUTIADIMNALAAEAT (19U A1 RaRn, Ko 9900713
Anseideyaiingaainlilasnssannmaiia Eddy covariance toaziluldlunisaanisal
msusuLazamasaUsuRluNuTBy 4 1dsely
a4 l§feyafiugrudrdnyfisssilioiioafiarunsnagld validate wuudrasanandnmansily
AMunnensusuLazIamasIaUI WU
45 wswdvsnavestadomeinudsndeuuaznisianisiidimuanuisusiuaniuey ua
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2.1  Fnwaunanisuauvasiuiugnensnsdlemaila Eddy Covariance

N3ANYIANAAAITUBUVBIEINYWNWITIANTUNITIY 2 WUl Fellanmuindouwnnaianiy
e

Site 91 1 AUGIBNALUTUNTT SUAVAUINTBLVA JININALLFINT

wlage190181n Quéﬁ%’amqam%amm (axfign 13°34'21.97"'N assfign 101°28’

5.53"E mmqammzé’uﬁmma 69 LUMT) maaﬂﬁﬁwmaammawm JINTARLLTINTT wUag
mmaaq&gqaeiﬂmmuﬁ%’a fhifofiuszunn 50 13 Lﬂuﬁumﬂaﬂmwmﬂsumu UaﬂEJN‘WﬁTWUﬁ
RRIM 600 m&mua'm 19 U @ n.A. 2556) 3wy w‘daﬂ 2. 5 x 7 4173 LLauLUﬂﬂiﬂMWLLa’J 10 U Aiulu
wumﬂaﬂmqmuwmuﬂuumm ALaIATuYesiuiAaudai Tauadiauevesieusen

B3 (§UTA 2-1)

Site 91 2 NUNFIUYIVBWNYATNT DNBUINAIA FINIATINTIN

1 o

ANUINNNTIVONNEAINT RaegiisnnaUInAn Samiadaniu ( vhign 18°13'22.77"N asq

U

fign 103°18'59.46"E Arugenzduvzia 200 wng) Siflefiuszana 100 13 Duituiiugn
gslagordutiniy Ugnerswisniug RRIM 600 engduens 4 T (U w.a. 2556) ssarlgn 3 x 7
a5 waztfugugnafidsliidania auiuﬁyuﬁﬂaﬂ&lwaﬂumﬁu‘lwuﬁé’&l mummﬁﬂiﬂumu
grmsgniml asﬂumewummiﬂaﬂmumqwnﬁ 528 um 3 wanauls wazsierosansyosd 2
uilsduls fudifiwaaduresiufidoudeh fawaiiaueveadouseasiemin (Ui 2-2)

[

‘Uu@auﬂ'ﬁﬂﬁLUUﬂ’liﬂﬂ‘HWﬁﬂJﬂﬁﬂ’]iU@um@ﬂa’Ju&l’NW’]ﬁ figatl

2.1.1 YoULIUKATATIVEBUNTTNNNUYRIYAUNTAl Eddy Covariance uazyngunsal
A9 7RAN YT INA

NsYeNLTLLaEATIRARUNTINNUYBIYAgUnsal Eddy Covariance uazyngunsel
nsr¥aaniwnionamiu dudunisludasinu Site 71 1 Sefinisairevenoegs 25 wns uazld
Ankayngunsal Eddy Covariance uazgngunsaingaaiagagiienmadouiosuds iszduniugs
27 Wn3 (§U7 2-1) usllesaniaiesinmnuiduas firmsaugnitenaudeme laiasnsaldals
yliadeyadidylunsduinaunavesaiiveu nitaedesdionay sensor ieq Hosdenus
uaznTIdeUANLIsLETlunsITIind TnefieasBennsduiiun fil

- duaFesiaananiuaziianisa (Ultrasonic Anemometer) u 81000 %oy
a0 U3V R. M. Young, USA usldanunsageuls vinlifiuisededd wiosin
ANLTLazfiAnIsan (3D Sonic Anemometer) U CSAT3 U0 Campbell
Scientific, USA Fufuinfesdisonnfntuuarliuiintoyauny
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- Calibrate w3asinUsunaudannsueulneenleduazlotilueinia (Open-path
CO, and H,O analyzer, LI-7500) ﬁaﬂﬁ\‘lagjuu tower

' 1% '
aa o ¢ A

- 5USUUTeIEUU ground YeavienaeRnfeynaunsal LW
dayanIediedn

aUa9iUNISNANINAS

- wWasu Net radiometer 'i:u NR-Lite Tl

- wWaeu sensor TngaumalinazAuTUYeteINIA (HMP45C, Vaisala) lvil

1A3DTIAAMULS AL AIANIANLUY 3 1R (CSAT3)  asasinuSunaudanisusulaeanlas
wazlotlueinie (LI-7500)

Net radiometer (NR-Lite) sensor Jngumngiluay
ANUTUVBIDINA (HMPA5C)

JUN 2-3  Agdueiaiunsgenuey asavdeuAukiuglunsindT wasiUdeulalunui
Anw Site 71 1 a0 AUGITVLNAATANT TuneaWINTLIYN TninaiTanT




151991 2-1 ﬂ'%aﬁaqmamﬁ’amdmEJmWLLasﬂmauﬁ'amaLﬂﬁmaqauiuﬁyuﬁﬂgﬂmq U
AUITEeRBENT Jminasdans waklaunyning Jawmiadeniw @i
68;1:6, * L@AYA1 confident interval)
fus ANUANAINHIFY (cm) Audideensasdans wlasnuasns Yarindenw
pH 0-10 492 + 0.056* 6.24 + 0.240
10-20 560 + 0.292 656 + 0.248
Organic carbon (%) 0-10 122 + 0.240 050 + 0112
10-20 074 + 0.144 040 + 0.064
Organic matter (%) 0-10 228 + 0416 087 + 0.192
10-20 128 + 0.248 069 + 0.112
Total carbon (%) 0-10 122+ 0.256 049 + 0.080
10-20 076 + 0.144 047 + 0.072
Total nitrogen (%) 0-10 010 + 0016 0.04 + 0.008
10-20 0.07 + 0.008 0.04 + 0.001
Porosity 0-10 026 + 0.040 048 + 0.040
10-20 021 + 0.016 042 + 0.024
Soil mean weight 0-10 214  + 0544 067 + 0.112
diameter (mm) 10-20 1.75 + 0.504 059 + 0.120
Available water 0-10 182 + 0264 197 + 0248
capacity (% vol) 10-20 1.40 + 0.244 191 + 0.224
Sand (%) 0-10 4562 + 5745 56.09 + 10.214
10-20 4228 + 6927 66.00 + 6.489
Silt (%) 0-10 2229 + 2712 2117+ 7.227
10-20 2426 + 2.008 18.16 + 2.649
Clay (%) 0-10 2099 <+ 6.177 2274 + 9.528
10-20 2226 + 5705 1584 + 5297
Textural class 0-10 Sandy Clay Loam Sandy Clay Loam
10-20 Clay Loam Sandy Loam
Cation exchange 0-10 788 + 2216 481 + 1152
capacity (cmol/kg) 10-20 711+ 1456 492 + 1228
Exch. K (cmol/kg) 0-10 0.15 + 0.048 0.08 + 0.040
10-20 0.12 + 0.016 007 + 0.024
Exch. Ca (cmol/kg) 0-10 055 + 0.208 0.16 + 0.040
10-20 022 + 0.144 021 + 0.088
Exch. Mg (cmol/kg) 0-10 022 + 0.088 009 + 0.056
10-20 020 £+ 0.080 0.08 + 0.048
Exch. Na (cmol/kg) 0-10 024 + 0.284 021 + 0224
10-20 0.11 + 0.126 022 + 0.184
Avail. P (mg/kg) 0-10 6.24 + 2.064 216 + 1.200
10-20 277 £ 0480 250 + 1144
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819N191U80N¥ATNST B noUInAIn Janiadeniw (azfign 18°12'22.77"N aefign
102°18'59.46"E Angeansefuimgia 200 wns) Silleftuszana 100 13 iWuiuitugnendng
o iy Ugnenaws1iitus RRIM 600 engfuss 4 § @ w.e. 2556) vzUgn 2 x 7 wins uaz
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g19m137 8edl 2 wanauld uasdeidosainsresd 2 niliduld Auiiianuaeduvosiiud
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2.1.3 n1sa¥1evenss wazn1shnnsyaaunsal Eddy Covariance wazynaunsaingiain
anmgiianAluNuiaIueanis

2.1.3.1 A15d319vionay

Mndeldrniiunsairavensy anugs 15 wes wazszuuyadeti dmdu
AnnsynguUnsal Eddy Covariance uazyngunsalnsiainaningienia o Nunfnw Site 91 2
LouA aue1ImTveLNEnIng s1nelnA1n Jamindaniu

v a o

SUN 2-5 ooy AANEN 15 LuAT ‘1ﬂuaﬂmummmaﬂmm Eddy Covariance LLa‘”‘Uﬂ@‘Uﬂim

9 ‘1

d d

Gli'Jf\]'mﬂﬂWWﬂlI@’"lﬂ’]ﬂ 3 wummm Site 91 2 @IUINNITIVBUNEATNT BLADUIN
AR IIATININ

2.1.3.2 msfansyaaunsal Eddy Covariance

4ngUNIol Eddy Covariance (3Uv1 2-6 uag 2-7) ﬂ“m(?ly’a”lf? AI1NES 12

]

bUANT Uwaﬂawmwuﬁﬁﬂm Site V] 2 lngusenoune

(1) w3esinanusuaziianisay wuu 2 87 (anSianluficnia x, y,
z) (Three dimensional sonic anemometer) 34 CSAT2 (Campbell
Scientific Inc., USA)

2)  n3eeiamnududuvesianiveulneenladuazlotrlusinie
5¢uuULUn (Open path infrared gas analyzer) 34 LI-7500 (Li-COR
Inc., USA)

(2)  desmunuLartuTindoyauuusalusfi (Data logger) Ju CR2000
(Campbell Scientific Inc., USA)

1 1% c

ANudlunTinAwarn1stuinAinlavesgngunsal Eddy Covariance

o a v £ ¥ [ wa A

&) o A o LY d'
7\]3L‘LJ‘]JIUG]’?@J?’W’&\‘IWUWJQElI‘L]ﬁLLﬂiﬂﬂuLﬂi@ﬂﬂ?UﬂNLLaBUu%ﬂ%@yjﬁLL‘U‘U@G]I‘L!&IG] A %u‘Uu‘Vlﬂ‘Ualla
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MEAIND 20 Hz %38 20 ASwEIUIT Aatlasnaen 24 Tl Tayaiinaliazgnduiinasluniin

L =2 ¥

Tuiindayaru1nni1uq 2 GB (Compact flash) FsindsagluiaTasmunuuaziuiintoyauuy

(%

gnludf wenanildaiin1sinnssruunisdetoyarunsdygralnsdAnidiniunsiaaeuns

[

uvesynaungal
2.1.3.3 n1sAnAsyagunIalnsaadnanmgiiannia

yngUnsalnsiainanimgienia (3Ui 2-8) gninasliviaanugs 15 wns
vuvensavesiiuiiin Site 71 2 lngUsznausie w3esinanusuazfianieay wuu 2 4@
w3e3nUTINaINY L1ATEINUNYILAYALTURINA LATIATEIIANANTUILEN

anwilunisindnazmstudindriiinldvesyngunsainsratnanin
giiommgddunsnuddaitnidelusunsuluedosauauuazduiinteyauuusnlusi@ Ju
CR1000 Ao ztufindayadiaainud 20 Hz n3o 20 afsroTunil doiflosnaan 24 Falus
udeatudeyaanyagunsnl Eddy Covariance uazmsfndsszuUMIdsT AU dy 0l
Insdnidmiunsivgeun1sinauvesyngunsel

2.1.3.4 n15AAA9IZUU Solar panel

Wosnnlifiszuulninluiiundnw Site 71 2 Jmindaniw daiuiiuide
AoanLiun1sAafIsEu Solar panel WiaHAANAIUAMTUTUIARBUNTYINNIUVRIYNQUN A
#1199 NiRAReguuvienay (FUN 2-9)

Open path IRGA

/

Sonic anemometer

sUN 2-6  n1sAnRernaunsal Eddy Covariance ad NufI@n®1 Site 91 2 @IUYTINII1VBS
k| a9
RN oLneUInA1n Janindeniu
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(b) AT TRANLS AL IANI9AN
WUU 38R

(C) LATDTINANULVUTUVBILAE
Aasvaulaeanlanwazlouiluainia

[
g

(a) ¥naunsal Eddy covariance fifinsauuviensy

(d) 3asmunnLazTufindoua
a 0]
WUUD AR

sUN 2-7  amaunsal Eddy Covariance Wuiidnw Site 91 2 au ulaanumsns a 81LnaUnAm

o 9 9
[ v =

IUINUINTIN
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JUT 2-8  nsAasagRgUnIaingIvTRanmgieInte s WunAnw Site 91 2 @IUYINIIIV0S
NwRINs enadinatn Jmindanw

=

sUN 2-9  N15ARRITEUU Solar panel UUNBABE tu NUNANYN Site 91 2 @IUIWNNITIVDY
1¥AINT BLNBUINAIA J9TnTenIw
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2.14 wamiﬁnmauqaﬂﬁuawaamumawm

2.1.4.1 doyaganiienia

e
[ehmd

auaganioIN1AReY LakA ANuduLataray aumgioInie AuTY

duiitnd Uiy Usinafadniseniing (Global solar radiation; Re) uazUsinaiadans
(Net radiation, Rn) vasituiidny 2 Site léur Site 7 1 gusitosanduns suneaunde
LR JMIARLTINT Lﬂu%’ayjaé’msﬁuﬁ 1 figuiey 2555 fTuil 30 Wwwieu 2556 uag Site 1 2
wUaanunsns ennelinain Jandadenin Lﬂuﬁa;&aﬁguwﬁuﬁ 22 panAx 2555 Aafuil 30

w8 2556

AU E T EY

anuduuasazaudotuluiiuiiugnenans Sadrsiniesinaanudy
wase1#ing (Quantum sensor) 3u LI-190SA v83u3Em Licor, Inc., U.S.A uagauinanduaim
unasazaudoty 9nnsAnwanudn Site 7 1 gudidoonazidans daruduuaazaiog
Tur2a 2,967 - 26,301 pmol m?day” AnandunasazansioTusianuazgegausngluiuil 28
uN9IAL 2556 wagiuil 16 nsngiax 2555 auddiu anudulasazauiadslurasaniiiy
doyadiAviiu 16,348 umol m? day ! (§Ufi 2-10)

Site 1 2 waanwnsns Smiadenn daruduuasazausdofuegludas
2,532 - 24,044 umol m? day” AutuLasazausie fusgauazgsaausnglutud Juil 31
uns1AN 2556 Wazfudl 6 Tunau 2556 mudiy Anuduuasazaudefuledslugaanafiiy
foyadiauviiiu 17,774 umol m? day™ (3Uf 2-10)

guuHiaINA

gumgionaluiiuiiugnensnis Sadroiedesingungivazanuiy
(Temperature and Relative Humidity Probe) 1 HMP45C ¥83uU3¥n Vaisala Inc., U.S.A. Uag
ihieyailfindunandurmeuvnlindeseu :innsAinwmuii Site 7 1 guiisoensaziBans
firngaumgiioniaadeseTuselutis 23.5 - 30.9 °C gumgiinduseTumaauazgegausinglu
Fuil 28 unsAn 2556 wazfudl 7 Wiy 2556 muddu gumgiadslutisiafiiudeyad
ARy 27.1 °C (3U7 2-10)

Site 1 2 wasnnwnsns Smdndenm erenmgiiadesotusglutie 18.0
- 30.6 °C grungiadusiouigauazgean Usnglutudl 23 Sunau 2555 wagtuil 3 wwiey
2556 anuadiu gampionalutianaiiuteyadidwintu 25.3 °C (Ul 2-10)

v 4

AuFuduing

v-n'wmm%ué’uﬁméiuﬁuﬁﬂqﬂma‘wwm i’mé’wLﬂ%'aﬁ@qmmmazmm?gu
(Temperature and Relative Humidity Probe) 34 HMP45C ¥83U38% Vaisala Inc., U.S.A. Uag
ihdeyafildudumdurmarutuduivsiedosotu anmsfnyiwuii Site 7 1 gudidosns
azldane SanududuivsiadedeTuoglutng 50.2 - 99.2 % mnutuduindiaiedefusign
wazgegaUsInglutudl 18 uns1an 2556 uaziuil 6 fugou 2555 AmdIRy AT
waelutsnaniiivdeyaiiwiniu 79.4% (Ul 2-11)
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Site 1 2 uUasnwnIng Sfateniu fnnududuimsiadedefuaglutag
32.7 - 87.4 % lnewuin anududuindiadede fusianuarasandangluiud 6 wwisu 2556
wagduil 29 woEdnieu 2555 My mm%ué’mﬁmémﬁEf[,mhawmﬁﬁuﬁ'ayjaﬁmwhf"fu
58.7% (Ul 2-11)

Vanauthaly

Uinanidude fuluiuiiugnensmist Yadewndesinusainatin Rain
Gauges U TE525 TIPPING BUCKET Rain Gage ¥83u3®n Campbell Scientific, U.S.A. 11Uaya
flduduadunaddusiudetu nnsfnwinudi Site 7 1 AUEITBE RTINS §
U%mmﬂfmumwiai’uagﬂwdw 0-91.6 mm U%mmﬁu’]Nwia*?ugjazjmﬂﬁﬂgiu*?uﬁ 6 fuggy
2555 Usananirusialutisnafiiutoyaiiawiniu 1,216.4 mm (U 2-11)

Site 1 2 uUaununsns Farindanu dusunansusiudeTuagluyis o-
2.6 mm YsnaeluseTugegausinglutun 31 unsiau 2556 Usinaueusanlugiananiiiu
PoyailAwiniu 0.1 mm (3U# 2-11)

Usuausednneaiing (Re)

USunasedinnseniing (Global solar radiation, Rg) fluasugnenanis
1§50 Jnseiniesinsadnnsending (Solar radiation sensor) §u LPO2 489U Hukseflux,
U.SA. thieyaiildunduaifuinnuidnerindsuseiu annsdnwiwuia Site 9 1
AugIdeeaniunT dusunusdneindsiudedy aglugie 379 - 14,694 W m? Usunw
Sidasoriingsnrefusanuazgeanusngluiud 26 fueiou 2555 wagiuil 18 unsAN 2556
Uinassdmaefindsiuse Tuadelutsnaniiudeyaiidwintu 9,452 W m? (Uil 2-12)

Site 1 2 wasnuasng Taniatenns fUTinussdnseniindsuseiu oy
Tugas 1,118 - 12,744 W m? USanasdniseniingsiusousgauazgegausingluiuil 6
fiunau 2556 uazduil 31 ungAn 2556 UTndsdnseniind o uadslutianaiiiuteya
fifnvindu 9,414 W m? (3Uil 2-12)

[ | a

Y3ureusedans (Rn)

T

= a

USuusedans (Net radiation, Rn) NwuUasugnenanisilasu dadae

9
a 1

LA38ITAUTHIUSIENITINgaNT U NR-Lite ¥99UTEM Kipp & Zonen Inc., Netherlands 11

q
v a

Toyanlduduranduuiunsedqvisudotu a1nnisfinvimuin site 7 1 qudidoens
aztdans TUsnassdgvrimseTuoglutas 125 - 10,092 W m?2 Uinassagrssnsousiign
wazgaanUsIngluiud 10 wwieu 2556 wagtudl 16 nsngrau 2555 audiy Usinasadans
susouadslutanmifiuteyaiiawiiu 6,436 W m? (Uil 2-12)

Site 1 2 uaununIns Tamiadanu IFSuUsinasedgnisiudeiuey
Tua 29 - 8,169 W m” Umnafedavdsiuseusianuazgsgausinglutudl 3 fluau 2556
wagdudl 13 wwiou 2556 auddu Usinassdanisaudefuledslusisnandiivdeyadien
Winifu 5,779 W m? (3Uft 2-12)
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Date

JUN 2-10  anudunasazas (Cumulative light, pmol m? day™) wazgumaiienniAaie
(Tair) v83uUasUgneesnis Site N1 Quéﬁ%’amqaz@ﬂmm 9. EINS1 (1 1.8
2555 — 30 1.8, 2556) kag Site 91 2 wlawnwasns 9. U901 (22 m.A. 55-30 11,9,
56)
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16000

14000

& 12000

-
o
o
o
o

8000

6000

Global Radiation (W m
5
3

2000

0

May-12 Jun-12 Jul-12 Aug-12 Sep-12 Oct-12 Nov-12 Dec-12 Jan-13 Feb-13 Mar-13 Apr-13

16000
14000

@\ 12000

—_
o
o
o
o

8000

6000

4000

Global Radiation (W m

2000

0

May-12 Jun-12 Jul-12 Aug-12 Sep-12 Oct-12 Nov-12 Dec-12 Jan-13 Feb-13 Mar-13 Apr-13

AU ApIpNIRLLAILNGT

wilaatnsmasng a. denaw

Date

s R e RN

Date

16000

14000

12000

10000

8000

6000

4000

2000

16000

14000

12000

10000

8000

6000

4000

2000

(z-w M) uoneipey 18N
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JUN 2-12  USunausednageiing (Global solar radiation, Re) waztsunnussdans (Net radia-
tion, Rn) sausiaiuiiuUasugnenamsilasu o Site 71 1 Audideeaziiams a.
UTWNIT (1 8. 2555 — 30 1.8, 2556) Lag Site 71 2 wlaununsns 2. TU9nw

(22 ®.A. 55-30 L31.8. 56)
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2.1.4.2 daya Flux vasn1suay

fa o

Foya Flux vesarsuauluiufivgnens laun Site # 1 Audifoens
aslBany suneawnduon Saninezluns [Wudeyadeusiun 1 Tguieu 2555 feiuil 30
WWIBY 2556 uay Site 1 2 uUawnunsns swnedinan Janiadenw Wudeyaduaiud 22

manAY 2555 f9Tuil 30 ey 2556 Teya Flux Yesnsusufina1inlagls Eddy Covariance

an3IN1suanldsuaIsuaugns (NEE)

é’mﬁmmamﬂﬁaums‘uaqu% (Net ecosystem exchange, NEE) 184
‘ﬁuﬁUQﬂEJNWﬁW Samewaiia Eddy Covariance (Goulden et al., 1996) fitSaldusznausie
A azfianisay wazanududuresufanisvenlasenled anduihdoyadanainmn
ﬁﬂmmﬂumé’mwmmaﬂLU?{sJum%tJauqm% (Net ecosystem exchange, NEE) 21nn15An1
WU Site 71 1 quiidvensazidans famdnsinsuanidsuasueuans (NEE) aglutas -0.946
§90.801 ¢ C m? day’ Adnsmsuaniasumiveuavsmanuargaaungluiudl 13 naau
2555 wagduil 15 NAiuS 2556 amaAdy (FUT 2-13)

Site 1 2 wlasnwnsns Jmindaniw dednsiniswaniUdeunisuougns
(NEE) agluti3 -0.359 §is 0.23 ¢ C m? day’ AdnsinisuaniUasuasuaugsianuwazgan
Usngludui 28 Sunau 2556 wagdui 9 Junaw 2556 mua1diu (3l 2-13)

AUKUTUIINYRIIRTINTSHaNIUABUATSUBUgNSTUTaUTULAZOANIA

N13aReALLUTUTIN Flux vasansusuluseuiuuazluudazgg u3de
thiauedeyaain Site 7 1 quiidvesaziBans) suneaundown Sminanans udeya
Faugtudl 1 fquisu 2555 SeTudl 30 wwieu 2556 deiideyaiiauysainia Site 7 2 uvas
Wnwnsns Jamdadenw

damsuanidsuansueuavs (NEE) Tuseutu wuin sasinisuanidou
AsuouamsiiAuInlugasIaInanadiu (18.00-06.00 u.) iesannfivUanUassufanisusula
oonlesoongusseimidluniainansiu deife mamelatiues SnsnsuaniUdsuasueuays
wAoeq anassududfnay o atUszanm 0630 U. SudunaiiFuias snsnisuaniaou
Asusugnifinanasios q suflmdifigalutisinan 12.00 - 13.00 u. Feiwiinsgadunfa
msueulaeenlenasan Iﬂﬂﬁé’mﬂmmazLU?{auﬂﬁuauqm% Winiu -0.50, -0.56, -0.60, - 0.40,
0.01 uaw -0.63 ¢ C m2 day™ lufufl 16 n.A. 55, 11 a.A. 55, 17 W.¢. 55, 16 5.0. 55, 14 ..
56 uay 26 1.A.56 MUAWU nFNHuAazinaanasunduiduAuanlunaUsvanm 18.00
u Fadunafilifiuasenfing nmswdsundasfananuandiiiuin mswasuulaswesdnns
LLaﬂL"LJ?%auﬂﬁuauqm%ﬁ?uiﬁ%fu%w%wamﬂmiLﬂﬁlwu:dawmwé’ammmﬂui@ui’u (U7 2-14)

AULUIUTIUYBITRTINTUANURBUATISUBUENEUINUNANE

1w

A1dRsINTHanUABUA1SUBUANT (NEE) TuseuTuvesseuuinmg1anis
Y8994 2 site WUl Aanwugnisiasusluadluseuiunaaiendeany Ao ANISLUABUWUAIDRTT
Aswanlaguaisuauansiauinludinlainalsdu Fakaninenisvantassnianisuaule-

q
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oonludeangsusseImAvessEUUinaens wazazdadnavlutisiainataiy Jauansdenns
ganduufanisueulasenledluusseiniadnldludusiaielddviunsdaaszisoua
fhethedoyaluuil 11 w.e. 56 wui fufidnwre 2 wiidnsmauanasuaiuougndsm
wanenafy Ao Hufidne Site # 1 AUgITog 193N ANIAY -0.44 g C m2day ! veurdi
Nudidnu Site 7 2 wannunsns Samiadentu SAviafu -0.18 ¢ C mday AuLARGNS
fenanidunaduiosnanarunndisvesengiuens dnvazniiuszina wazdnuazniennie
voaituiiugnens Futtuldansuil 2-16 Auitfinw Site 7 1 quiifossasiGans fUumua
SV 12,886 pmol m? day ! Seiadsmududiivduazgumgionimsindy 84.8% way

¥
=1

27.4°C wazUsunalatnnenniasuiiiule (VPD) waeviniu 0.6 kPa YausiNuN@nwy) Site 7 2

'
1 a

wlasnunIng InTenw SUSHIULEITILWINAY 19,915 pmol m? day ! fiAladsAuTu

durinduavaungiinnniaindu 40.1% way 28.4°C wazUsunaleurioniasuiiuls (VPD)
ety 2.5 kPa (3U7 2-15)
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Uil 2-13 é’mwmmaﬂLU?isJum%muzjw% (Net ecosystem exchange, NEE) vadu/asign
879M157 2 Site 1 1 AUIToe190elTANT 9. Az (1 8.e. 2555 - 30 1.8,
2556) Uay Site 1 2 LUawununsng 2. Tanw (22 a.A. 55-30 LY. 56)
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2.2 msImansnisuanUaseufidaisuaulaeanlanuileiafu (Soil respiration)

wAaansueulneenludfignuantdosesnunainindu Wutladedisianudfydeingdns
arfuauvatlan (Global carbon cycle) iissnndudimsuauludndrufiunnnitluussernialan
wonand sasinismelavesiu (Soil respiration, Ry) é’qL?Juaqﬁﬂizﬂauﬁéﬁﬁmmamaﬁuaq
asvavluszuuiing snsn1smelavesiu Uszneudie Autotrophic respiration (R,) #aAnain
msmelavessinuazqdunidiiofoeguinasnity (Mycorrhizae waz Rhizosphere bacteria)
I8y Heterotrophic respiration (Ry,) (Jassal and Black, 2006) FaAnannsgesaaneLaundie
uardvIginglaerduvsdvsuuiuuaglénu R, fansdaduiiusenaude Root carbohydrate way
Root exudates dsldnanoglufuliuiu Tuvaedl R, Usgnausomsuszneumiveuiiazanog
TuAufunam fudszondufensudsd dusavenivanunaedudunisTnglufu
peRUsEnauTaunens i SuRaNIENUIINAN LN euLAT SN BE BT uANs T wazdd
nMsnevaLestem vt ureiansueulaeenledluussernie wavgamnilandisneiu et
msUsedudndiuretesduszneufnaridudesududmsunsinseiuagnisinansdnsnig
melaveshiu LLazmiﬁmanﬂwsma‘uauawmé’mﬂmimaiwiaamwgﬁmmmLLazwaﬂﬁswuﬁuﬂ
PNaNMLIndeu Weflagyhidansvenlussuuinaensmnsuasn1snsafamy Carbon se-
questration Tufu 9n15Useidfiv Carbon sequestration Tusguuiling Afe Net ecosystem
production (NEP) Faanunsauszdfiuldnanuwanansszninanisiasuulamesdaiiviay
Rh

221 ASAHINUITY

¥

nstuaituilunnfutoys

fvuaiuiidmuindasinismislaveiu Tuilufidnuia 2 wis udaziui
wuadu 3 Plots leiuA Plot A, B wag C usay Plot Usenaumae 2 Sub-plot lewA Control (1
dnsnmsmelavesdiv, Rs) wag Trench (Fndmsnsmelavesiu Jafnannsdesaansiayen
fiy uarduioing lnegduvidrauuiuuarlifu, Rh) #uiflitasasnismelavesiuiivun
nfradu 11u 4 vesiuiidmduigndondieenania 4 #u Collar Favianyie PVC Suuadu
HIUANENATS 20 cm g9 11 cm ﬁ]xgﬂﬁ@é’?ﬂuﬁuﬁﬁqﬂénﬁmu 8 Collar (nszanetafiui) Tuud
a¢ Sub-plot uenaINil Sub-plot 7l Control uaz Trench azfndseglutinalndifsaitu (5U
7l 2-16 uag 2-17)

N3 Trench plot

Trenching technique Jundlslu root exclusion method %QLﬁueﬁmmgmLLaz
Tognsunsranslutagiudmiunisuen R, wag Ry 115¥1 Trench plot Usenaushetunou §ail
- msﬁmumﬁuﬁiumimﬁuiau Collar %4 8 §u AN 90-100 cm 379 50
cm. (E‘Uﬁl 2-18)
- \fleyafuseu Trench plot 1afaiFsusosudn finsta sensor T lAuLAY
inadiluiu uazmenshsnly plot esdisinanglu Trench plot meda
a4 (U 2-19 uaw 2-20)
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- dmanainiuseu Trench plot edesiulalisnsadulanluniglu plot
washAuldaslulunguiigalidudady (U 2-21)

- ¥3350UNUN Trench plot uazinayagunsalduiinteyagmumgiaulay
Ynanhlufiuwuudalul@ (U 2-22 uay 2-23)

= N9 Yo W o w = fa o a YY)
U 2-16  Plot Nl¥dmsuindnsimmelaveswdasdinu au Audideeandans Jwmia
2zl (FUuw) uazuUaanunsns damdadenw (§Uaa)
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‘ Control plot . ‘
1 2 3 4

8 7 6 5 Trench plot
5 6 7
® ——@
2.5m.

N
v

e O

SURl 2-17  nnsAnsia Collar luitufives Control (Collar no. 1-8) uaz Trench plot (Collar no.
2-7) (@ = fugransn)

sUfl 2-18  msmvuaiuilunsyaAuiierin Trench plot wavlAUMBENISIN Laghu
v 9
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(s

= a & Y aa = Ta a v ' =i
JUN 2-20  M3FRAY sensor FrgauniiiukazUSinaluAy (nnde) wag N1sMe1snsIng
agnely Trench plot (Nw31)
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§ g

NERR' |]r4

sU#l 2-21  msihwanafRniuseuiuianud1ewes Trench plot iedasiuldlisniasgidnun
un 2-21 Y
Tu Trench plot

sU#l 2-22  msvisaiuseu Wedesiuldndinisidudunludiuves Trench plot
Ui 2-22
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sUM 2-23  Trench plot fiiaSaseuiesudl nieutuangunsaltuiingumafinuiazuSuani
g——=== ] 3 U
TuAuluuenluim

n153ngns1n1smelavediiu

fndnsnsmglavesiu ndsnfiands collar wéa 1 #Uansi Tuiiudl Plot A, B
wae C (Control wag Trench plot) freta3eindnsinismelavesiiu (Soil CO, Flux System)
$u L1-8100® (LI-COR, Inc,, Ltd., US.A) (501 2-24) Tnefamuglufugamail (°0) uazUiainm
1ilufiu (Soil water content, %) fisgduaaudn 5 cm. nafusensesingamgd (T
handle thermocouple) Fsanansaideusafuiniasindnsnismelovesiuls (Ul 2-25) uas
Soil moisture sensor ju EC-5 (Decagon Devices, Inc.m U.S.A)) %Qéﬂuﬁﬂﬁfmlﬂmﬂﬁ
ProCheck (Decagon Devices, Inc.m U.S.A.) (§Uf 2-26) Fndnsinismelaveshiuluiiuiiugn
#1951 YN 2 dUannt Tuseu 1 ¥

Snsnsmelavesdudiinlé (Soil CO, efflux) Fvaeifu pmol CO, m2s™ QN

Waswdu ¢ C m2d” lnsgmuse 1.0368 Mntutheniidnldundumsannanelavesiuazas
luseu 1

soil CO, efflux X 1.0368 = Soil C efflux (1)
(umol CO; m?s™) (g Cm?d?)
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Ul 224 1edesindnsinsmelavesiiu (Soil CO, Flux System) §u LI-8100° (LI-COR, Inc.,
Ltd., US.A)

sU#l 2-25  gunsalinguuadau (T handle thermocouple) GeaunsaltioudaiuLAIagInenT
U 9 9 Y
msmelavesiuls
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¢ A
0 Jok vices

Ui 2-26 gunsalinusunanlufu (Soil moisture sensor) 1 EC-5 (Decagon Devices,
Inc.m U.S.A) @seruarfialalagld ProCheck (Decagon Devices, Inc.m U.S.A.)

222  wansaniuauivy

mstvuaiuiilunisiudeya

mvuanuidmsuindnsnismelavesiu luiunfnwiva 2 uis fie Naudideens
2ulBaNsT 0. aunduion 2. azBuns waziUaaununsns o. Unaia 3. Janw asaseuses
Wi

N15%1 Trench plot

Trench plot AnduiadaFoufesudalufiufn site 7 1 18ud Aquditosis
2B 0. auudoin 2. asdane deotudl 23 naednneu 2555

dmduiiufidne Site 71 2 l6un wlannwasng e. Yinaa . Jennt avdudunis
finda Trench plot uduadalutudl 18 unsau 2555

nsindnsinismelavesiu

Fasnsnsmelavesiuluiuidng Site 7 1w ausidvensandans s fui
4 woedniou 2555 fefudl 8 nquaau 2556 uazindeilloswmn 2 & Snsinsmelaves
Audisalasiandaus 1.12-9.25 ¢ C m2d? AededasimmelavesiudIsudisussuineiiuiin
u Control wa Trench plot 2 Adausniianlalunnsnaiu (§lildRnds Trench plot) wazsaus
n5¥ansadt 3 \uduan (i§snfings Trench plot wSaiieutesudn) sasnsmelandsves
Control plot ff1gsni1 Trench plot egsiitfudndnyneadi (P<0.05) (U7 2-27) aaumgiiAudi

olsdianaus 25.10-30.50 °C grumgiiAuadsues Control plot fiAnliuannsain Trench plot
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(U 2-28) dwsudsuaurlufuniafiaidaud 1.3-35.8 % Usuaidlufuiede wWisuiiey

a

5811774 Control wag Trench plot 1A 2 afasnileldunnsnaiy widaudnsTnnded 3 Dudu
11 Ysunanlufuiadeves Control plot fidntoandn Trench plot agildodfayneads
(P<0.05) lufeunnadsiiiudona (U 2-29)

Asfandasinsmelaazausudufui 19 NOAINIYU 2556 NHIDIN
Trench plot f4¥ufl 8 wguaIAN 2556 IusEEIaT 170 Ju wuidi Snsvelandeazasly
Control (Rep) Waz Trench (Ry) plot fiAwnAy 700 uay 464 g C m? andeyafitiusiusi
quistagiudsliaiunsadiuinin Ry, (Heterotrophic respiration) wae R, (Autotrophic respi-
ration) eanu1l¢iilasan

Rn = Rep - Ra )

Ra = Rep - Ry (3)

Tnfl Ry léin Decomposing root-derived CO;, efflux Fasfadlitoyasnsinistes
aanevessnendlunisiun uasvarbdslismunnaiosdeaiufiegnesnersmuusuns
fudlusu vlsrldanunsadiuimen R, wag R, 14 udileldan Rd 11udr azanunsadiuiaal Ry
way R, Aan 170 Su léeed

Rh = 464 - Ry (4)

R, =700 - Ry (5)

fadhsnismelavesiuluiiuiifnw Site 7 2 wannwasns e. Yrnam 9. 09
9 awisuinnsausnlu Suil 25 Suew 2555 Gefudl 9 iguieu 2556 Msinnsmelaves
uluifuiidldannsadiiunuldmuundind demnaiesindnsnismelavesiuiiym
slsaniisnlalaignies feduiiideisdnaiosdiogadanannduuem LICOR ansgoiuini uae
Fesiaiosindniinismelavesiuiiussdied a quiidesnsaziuns Widuiagnsing
melavosiuditenu Weuaz 1 ads Snsnsmelavespuiinlddidous 0.52-8.74 ¢ C m2d?!
Anaassnsnsmelavesiulisuiiousswinsfiuiividy Control way Trench plot 7i3n 2 n¥q
wsnitelaumnenaiu @sladldRnds Trench plot) ndsan@nds Trench plot Snsinsmelainds
984 Control plot #1A1gan31 Trench plot ageildeddnyni9ada (P<0.05) Lﬁaunﬂﬂ%”“qﬁi’mm
snuiudtalutud 1 funeu 2556 Fedialdunneinedu (U7 2-27) guvnifuiivaldiafou

22.5-35.55°C gaumgiiauadsvas Control plot fiAliuand 15910 Trench plot (Ul 2-28)

Y
a0

dwsulsinaniluiuiiiadidoust 0.8-35.0 % Usinanilufuiads wWisuiisusewing Control
uaz Trench plot flAlaiunnsnsdu (U 2-29)

nMsfnsaTmImelarausudus Tl 16 uns1ay 2556 wdwnti Trench
plot feTuil 9 Tquisu 2556 Twszevian 146 u wui sasvneglaaduaraslu Control (Ryp)
uay Trench (Ry) plot HAviidu 386 uaz 302 ¢ C m? andeyaiiiusiusmaudsiagiudslsl
#10150AUIUAN R, (Heterotrophic respiration) kag R, (Autotrophic respiration) 8anuite
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mahuedesindnsnismelaresiunuusnlusa

nsaLLASerTndnsmmelaresiunuusnluifidulseneudieyagunsal 2
daundn leiud (1) Control unit F514lunnsAruANNI3191UTBS Soil respiration chamber
31U7U 10 Chambers syuuni1stuaisueinia kaza3inUsuiauianisveulneanledly
91N ATidNLNRINIRaY Chamber foia3osinuSunauianifueulasenled Ju L840 (Licor,

=

USA) (5U7 2-30 Uuw) wag (2) Soil respiration chamber (§U71 2-30 Ua19)
d1uvee Control Unit fin3delasiiunisasruaiaiouiosud uazadne Soil
respiration chamber fukuy 113U 3 Chambers 9N snaaauiudeyaluilessiu wuidl

Chamber fitunTudsuszaudaymanusunisly Chamber ﬁﬁﬁhqq wagldauisainanla
Tutrsgguisiifinsmamelavesdufishann Snvis indestadnsnismela Ju L-8100 Sitlgm
Fosrniiunsdueiesdiefinanduluden daduaiesinuTunuiansuelaeenles fu Li
840 feaunliinsninismelavesdiuluseudunuiniesdideon denalsinsiauiaiosin
danmamelavestuuuudiluiBdomyareinas auniiaieslefidwonazdsiundun

JUN 2-30  YngUnsalindnsinismelavesfunuusnludAnimunty Ineusenaume seuy
o L3 a
AuANNMIYIUYesRgUnTallarn1sinaisuvetanAaneluszuy (FUUY) uag
Chamber dmsuinadnsinismelavesiiu (FUan)
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YNt AATeINIEALIuN1STaAMNINT NIV INITTUNISTHRAIUILATE TR

gn91n1991181auuUsRluslA 210 Dr. Naishen Liang 4n39u91n National Institute for Environ-
mental Studies UsgiagUu Fudunildduinidonteldinievis AsiaFlux waziinaug
Anuansausgrsitunsiaugagunsaiiang

5Ufi 231 Multi-channel automated chamber systems Fadessluiufianu (5Ue) uax
1981999 Portable automated chamber system (U s Uulay Dr.
Naishen Liang (Liang, 2010)

2.3 doyausznaudu 9
nsARmIUNISTYRULALAZN1a19TILIE Usznausme
231 mswasuwladduseunlausues (Girth)

Anwinisdsuudasuuines Girth lnednudunisiivdeyannd 6 weu laen1sin
Girth finugd 1.5 1ns 1niuRu (el uazag, 2554)

Site 91 1 quéﬁﬁammz@qmm FINIARLLYINTT

TuulawmeaesenamnsfguditoeneziBans MAdedn Girth veserssmndu
Tundasmanositudl 50 13 dotuil 21 Awnau 2555 uay 31 unsAw 2556 Foya Girth AHimlda
2 a¥1 1uru 2,689 uay 2,653 Fu In1anseanedaund Anadeues Girth Aialdvs 2 adadianlal
uangnsffy e fladewhiu 728 uay 703 mm. dmdunstaadedl 1 wag 2 mugdu e Girth
awaniiinlaluusiazadafianiiy 1280 way 1267 mm. musiy wazan Girth saadiialdluus
agasafleiiu 176 uay 87 mm. muiu andesuusnasgiu (Standard Deviation) 110
Sartsanandaficmindu 160 way 156 mm. swddy @ Girth vewiugsiosas 50 faogluta
625-838 uay 600-805 mm. dmsunisiaadedl 1 uag 2 mudidu (U7l 2-32)

Site 91 2 waUgneNeUBINEASANT 9 InUINIU

Wesanaugslundasnunsnsiiongties wazi1slidnin1sasylivvesdu
WNNIFueNeIgINAuEITbeRedans duiividedaiudeya Girth dunndfiaudide
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p19813UN97 nsneaestil 1 Fuddetn Girth vesfueianis $1uau 3 ada ldud udl 16
pa1AY 2555 Fufl 17 uns1au 2556 wagtuil 28 nuaus 2556 ﬁﬂﬁ"’mﬂmﬂqﬂ&mwwsw Jmin
Fanmdy Suidnuauwalugann vildllaunsote Girth vesfuenslénndu fedufiuidete
Girth vesugemsmniiluamaassges 3 ulas ierfufunuresidasgnitavun

uwaamnaesdessia 3 ulastos fn1sugnensiianun 420 fu aunsatn Girth 1¢
$ruu 413 du wasiiduiildanunsataldidendunesiuiu 7 #u annsfnenui Aede
984 Girth 8191579138 3 Ada TlAwinfu 286, 298 uay 296 mm. AuENFUTUTATAA LaZNUT
A1 Girth 3l Tudl 16 ganay 2555 flatesniidrdiialufuil 17 uns1au 2556 uaz 28
NUAIUS 2556 (P=0.0003) uanein Tugiaseesiaan 3 Whsu (16 a.A. 55 fis 17 w.A. 56) Girth
yesupnamstivuaivauUsEas 12 mm.

A1 Girth geaniinAsad 1- 3 dewviniu 402, 424 uay 430 mm. AMEU uazdl
A1 Girth Anan iy 38, 43 uag 29 mm. audmiu ALdesuuNInsgIu (Standard Deviation)

INAITIANG 3 ASILAUNINU 44, 46 kay 52 1.4, AUSIAU A1 Girth Y89RueN95a8ay 50 JaAn
agflutae 268-308, 277-322 Uag 275-321 mm. dmIUNTIAATIN 1-3 auddiu (5UN 2-33)

Box Plot for Girth Variation

volue of each time

Mean 7287925 703.005
Mazx 1280 1267
Min 176 &7
Std Dev 158.8509 155.6165
N 2689 2653

1500

1250

1000

750

Girth (mm)

500

250

21 d.n. 55 31 u.A. 56

[

SUN 2-32  N1SNSERNEVBIVUIN Girth (Mmm.) Y89AUY9NIST UM AINAABIENINISINAUEITY
U Y
YNRLLYINTT
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Box Plot for Girth Variation

volue of sach time

Mean 2B6.0266 29B.454 206.3995
Mazx 402 424 430
Min 38 43 28
Std Dev 44,0857 45.12326 52.23566
N 413 413 413

Girth (mm)

16 n.A. 55 17 u.A. 56 28 N.W. 56

SUM 2-33  N15A5ER1889UNA Girth (mm.) YasdueemIstuliastnunsns Jawindenw

1%

232  MIANNTRNAYRWNMNINTINEUGIU (Litter trap) VoIUUAI1INT

ANvIAINIATD NN TIMAUGNUMEITN5IERedn (Litter trap) Tusoudl
1n8n15AAGA Litter trap F9VN110AUI89UIAATIE 1 m. 817 1 m. §n 50 cm. Ansamidoiufu 1
m. a4 e Tuudas (Eriksson et al. 2005)

uTuTstude s fisimauadly Litter trap vin 2-6 da deidlesnasn
§9n18 Fusgueramnsiinisuaniulv aunsetilusisaunun Tuduweseramnsiiivenn Lit
ter trap szgniwneuuvislugouauou (Hot air oven) igamgil 70 ssruwaldea unan 48
Hilus udr3uhuusneenidutudiuussamsngg (Law et al. 2001) leud Tu, Auly, aen, ua
wazAs huduenanssanaudaimtnus wazUuiindeya Wisldusenounisuseiiiuns
asthunadumileauluseulvesivasensnsssly

n199A7 Specific Leaf Area (SLA, dndqurasituiiluderminlu) Tnsnisduifi
Tuieiqudvladiuiiugs $1uam 10 Tuandumisingg Tudeuruimns wazduiuiegnenn
Fugnemsilusumising fuluwasgn $1uau 20 sumis thiegslustomaniaduily
Tnenslémadanisaunuisawnuues wagdnamiuilulastusauineavesiulunw
waziluguiusnsnduvestunfinmatevuinaie ntuiailulusuws lufeuandou
gl 70 ssrneaidoa WWunan 24 dalus wazthegdlufiiuniseuudaludadiviinly
(thviinuke) uagriendldluduan SLA 99nauns (Eriksson et al. 2005)
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YA

— l
SLA = S W, (8)
Img  SLA = Specific Leaf Area
A = fuiluredludt
W= dhudeedud

nsawsAdsinuiluveawUasugn lagldinvdnuisedlusiumst fAldann Lit-
ter trap WAIURIAIAITNUNTUIINAMNEUNUSAU SLA (Eriksson et al. 2005 uaz Law et
al. 2001) 7ilARNaNNTTT 8

Site 71 1 AuUEITeeALTUINT Tninagiun

Ya v a

MAfoRndematedn Litter trap USLIUA9Y ﬁ’u’tuuﬂawmaaa 71U 20 oﬁ"n,mu'q

i.l
[

I@EJ@JG]’]LL%UQVIG]@GNLLUUG]N‘] 1®LLﬂ mmawm&mu‘luum 919191\‘15”‘1/1’3’1\‘1&0’1 Tuwuidy uag G’WW]\‘]
SLINUD-TENINAY ﬂ']Wﬂ']iG]ﬂGNG]"I‘U’]%J@ﬂ‘U’]ﬂW‘U uandly i‘U‘VI 2-34

N15711A1 SLA 284819151 UE RRIM 600 24 wUaenaaadeamsfiaudidesns
UL N1 WU ot mnluiinuInTu NuRTuARNTUANY wazaunsaldiudnraUseiu
fuiluldanaunisi 9 Tnsuminuisanansaldussdiunuilulanianuiedu 68% (Ui 2-35)

A; =99.901W; + 7.2309 )

fuiluvedlud |

oy A
W = dhwdnudeeudt i

nsfamAdiinuily (LA) yeaulamaasie s iquiideenazidans
sewineduil 1 fiquigu 2555-30 w1y 2556 dlA1 LAl 985511319 0.3 - 6.0 Tag LAI singn
Usnglutuil 6 nuanwus 2556 Faududaefifinisfidluressnsnis uazan LAl geanusinglu
Fuil 22 nuaiiug 2556 Feeglutasfisnsmnruanlulmivazegsenitansaiyivlnveduya
Flanan (U7 2-38, JUuw)
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wlaslgnenamdwmindniu

HI38duRnng Litter trap UShiaus1e) Aulundaanaaasgasna 3 uwuas 39u3u 9
ALULUADLUAIVAADIEDE TINNINUA 27 AILUUL TAdRILTINTAAAILUUAISY TaLA Ras
Senderulunnd AnAssendnaund Tulwidl LasianaseInaue-seningdu (SUi 2-36 uag 2-37)

N5911A1 SLA 98381911519 RRIM 600 u wiasugnenamisdaindanis wui
Wevninluiuundy AuiluAmutuny wazanuisaldundnurslsediufuilulaannaunis
7 10 Inguninwisanunsaltuseiiununlulananuiaiy 98%

A; = 137.66W; + 0.6632 (10)
g A = duiluvedud |
W = thveinusieedlud |

sy (LA) veauasnunsns 2. Tant sewinetuil 18 ganau
2555-31 Un3IAN 2556 TA7 LA 8gj5em1319 0 — 1.2 Tagdn LA shanusingluiuil 31 unsiay
2556 adureiiinsfislurosenamns wazdr LAl gegausinglutudl 18 ganau 2555 Sy
Yasrioufiensaedislu (Ul 2-38, 3Uany)

SUN 2-34  nN15ARRY Litter trap TulUamnaesensnsfiaudidue19ei34ms)
T Y

43



100
%0
80 ’

70

T 60
=
g so *
L
"
= 40
y=99.901x+7.2309
30 R?=0.6759
20
10 R
0
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Leaf dry weight (g)
30000
y = 137.66x + 0.6632 *
| > _
25000 R’ =0.9886 *
20000
—
£
<
8 15000
e
o
-
©
[
= 10000
5000
0 . . . T T T

0 20 40 60 80 100 120 140 160 180 200

Leaf dry weight (g)

5UM 2-35 enuduiusszniedmtnuisveslusaziiuilu Aaunuimegisluanudamaass
U \ 9
gNNTTIMANITTVERUTANTT TIUU 200 10878 1NF0EeLU annsaruIn
Specific Leaf Area 91n@un159 8 1 126.69 cm?.g? (nMMUL) LaznlkUats1anI s
Jwriadenu Gafudetdluldugny az 510 20 80 160 waz 320 Tu $1uau 4 4
a3150A U Specific Leaf Area 91na@un1si 8 16 137.66 cm?.g™ (Awans)
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SUN 2-36  LNUTILAAIRUANTIANRANAY Litter trap TulUasvaaesdes TunUasuansnanis
U 9 Y
Jmiadeniuw (@ dusrsnwasy, M Litter trap)

SUN 2-37  AnLEnIN1SAnea Litter trap Tunlawnassgs Tunlaslangnansidsnindeniu
T Y
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SUN 2-38 A uLUSUSIUYRIASvEfuAlU (LA va9kUasuansneanisn o Augideeniazidansn
U Y . Y
a = 1 = a U o 6
9. 22T (FUUY) kazliadnuning 2. Uan1u (§Uad) B9Ussiiuannanuaunus
ffuein Specific leaf area wagdayaan Litter trap
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2.4  A1SAUINAT GPP, NEP waz NBP

nsanwaunansveuluszuuing 1unsfnwinsmyuiisuaifuoulagiiuain
asuaulnsenledluiuussenmagnivgadu iledluldduamesilusloananady Tnonszuaunis
dupsgimeuas ansdunidvasaivewasgnasiulidsdnilagnisiu msges waziluldly
sUs9q luflgaiisfivuasdn fazAuasuougussenmelasnismela uazursdruvesnisueud
ETqmﬂﬁzﬂaUL"‘fJuLﬁaL?Jammﬁmasé’mi%ﬁﬂﬁmguﬁEmﬂa"ugimimmﬂimmz‘%’amﬂﬁ%LLazé’mi
my waziinistesaaneifintu fuduafueuimuisueglussuuinaodisauna Snanis
uandsuufamsveulavonledsznirsuusssinauazssuuiinm fignamaiauasUsadu
L“T;Jumé’mwmmaﬂLﬂ?ﬁlauﬂﬁwuqﬁ (Net ecosystem exchange, NEE) waz@ngn1nlunisge
FuufianisveulneanlanvosssuuazgnusstiudlgAnandna15uouansveseuy (Net
Ecosystem Production, NEP) Ba18un1suszifiuinssuuiivaedug finsaaduniavanldes
msuou Tneszuuiinaiinisgeduasusumnnitnisantdes dadidu Carbon sinks (NEP>0)
Tumsnduiy drszuuinaiiinnsgaduasueutiosnitnisvantdes oz gndndndu Carbon
source (NEP<0) emmmsaﬂivL;Juimm:ua:umssuaq Luyssaert et al. (2009) el

NEP = NEEg, (11)

NEP 1infunasuvadal NEE Turieanatasiu Taean NEE Tugianaisananazianduau ()
a LY} =~
A

FauanaITN1TAFEUN Flux Y8IAISUBNANNUTIEINIALIGTEULTIAE1NITT sednanis
Ao dugnannsgeduasusudilldlunsdunneisiisuaniuies

Re = NEEnight (12)

R. Winffunasiuv99a1 NEE Tutianatsdu Iaeen NEE Tugaanaisanaaziianduuin (+)
Fawaneifimsedoud Flux vesnsusunszuuiiaae1snnsTugussennia wiedntevilinfe
AuganvanUdesmsusuguisenialaenseuiunnglavesiugatiues

GPP = NEP + R (13)
ie NEP = Wawdnmusuansusaszuy (Net Ecosystem Production )
NEE = §nsinisuaniUdsumisueuans (Net ecosystem exchange) Falupniiin

1791138115119 Eddy Covariance method

GPP = §n31n13HARUFHATITI (Gross Primary Production) daidud1uansdnsn
nsdaAsieLamTunvesiiy Wieenindu “Sasnsdunsieise
wawTavn” (total photosynthesis %38 total assimilation)

Re = mamah%@mmaﬁwuﬁnﬂ (Ecological respiration, Re) lag@1u15a
Sunnldnadammananidsuaisueuans +NEE) Rnduludisan
NaNSAY

NBP (Net biome production) Aa UTu1aAsuauazauiineglussuuiliig o 4iessey
namils naninauuiinuaniveuigydeluainszuuing lngnrsmelaviaunvessyuy
a ' 1 o < A & v
warAanssusng 9 1wy nswnlug wagnsiiuied Wudu (Kutscha et al., 2010)
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NBP = NEP-D (14)

e D = YSuaensueudigydsluiiiesainnisilugd (carbon lost by fires) uag
nsifiuliien (carbon removed by harvest)

Felunsfnwinaaesnsall ladniideyaliiossseziiaidu Bnnigiessegiiandnuidalyl
ATBUARUNITTIAUlAYRIEINs luseul Fedslianuisad1uim Net biome production
(NBP) 1dt

241  auneASUBUYBISYULIAYNINNS Site 11 1 AUSITBe@eTun

Pmssfiuanise dausdsud 1 1quieu 2555 Fatuil 30 Wweu 2556 @1unsn
asﬂwammamawammiuauamﬁm@ﬁ U (NEP) 9ms1n1sianidaseaisuauainnisniela
Heunvesszuuiog (R.) LLavamﬂmmamUﬁmm’m (GPP) Wusewiteu Wil Turasszezina
fuftudoyaifo NEP fidndaus -223.98 § 311.35 kg Crai'month™ lugaeszazinan 11 ey
NEP ffnazamvinfu 1,351.48 kg C.rai”’ Tngil NEP geanuazianluiion na1au 2555 uas
nuAUS 2556 muddy dnluifiounnsiauuasnuaiug 2556 Fawudn A1 NEP fiAntesni
0 wanITluenaT 2 Weudind1n szuuinavesenss it didu Carbon source Tuvenudi
Fraioudug du NEP fdunnni 0 syuvilnAvesensmnsssimi iy Carbon sink dmsu
R. Wway GPP SAndaus 158.99 1 365.74 kg Crai'month wag 139.16 &1 611.72 kg C.rait
month™ AudIu (15197 2-2)

MngUT 2-39 (FUUY) iuldin NEP Hannuuususaulumuggnia wazdiadu
wUslumu A1 GPP war Re v0958UU agnudn TutiafiauunsinukasnunIwus 2556 Fadu
svoriidluresenanis GPP M‘%aé’mﬂmié’qLm'wﬁLLaqﬁgwmsua%wuﬁnﬁﬁﬁwﬁwﬁam‘imauﬂ
Ao 139.16 uay 141.16 kg C.rai'month™ @mua1au way masmwwswLsmaiwauiwmiuﬂjaaLmau
furAu 2556 GPP Q¥ :ummewumumﬂwmmaa‘wu‘vﬂ‘u Tumenduiu Re mumawamm
g19W13179lu Ao SRRy 365.74 16 kg C.rai'month™ luiRaununiius 2556 wiiile
gamsentulu Re AziiAnanas

2.4.2  AUAAAITUBUVDITTULINALIINNT Site 1 2 uadnunsns Jawmiadeniu

MmsFuiuuise FausTudl 22 aatau 2555 fa 30 wwiey 2556 wut Tuts
syoziaiivioyaids NEP fadaud 9.83 F4 120.90 kg Crai'month Tugaaszozing
Uszanal 6.3 1iou NEP fiAnazaniviniy 414.21 kg Crai! uazmaenszoznarfiiudeya wuii
NEP fiAnunnndn 0 wansitlurianarfanansyuuinavessrannswimiiidy Calbon sink
&% Re ua GPP fiAdaus 18.36 v 43.08 kg Crai'month™ way 35.71 &1 143.83 kg C.rai’
month ! AR (151991 2-3)

NFUN 2-39 (3Ua19) aziiulddn NEP Tandunusluniu A1 GPP uag Re 10339UU
Toanud ludaaiounnsiau 2556 Faduszeziidluretenanisn GPP wsednsinsduasziia
Mavunvesszuuinalinifgalusevd Ao 35.17 kg Crai'month™ wagtilognamisnsuasiely
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Tysllutiusiounun1ius 2556 GPP agilAtiingedu diu R. degananludisfouweu 2556
Ao dANAU 43.08 kg C.rai‘month™

M31991 2-2  WAANAKARARATSUBUANSUITEUU (NEP) mamelanavanvesszuuiii (Re)
WagdnsINIHERUTUYETI (GPP) Yasiui@ne Site 71 1 Audiduensazidans
9. azLPuns1 (1 8.8, 2555 - 30 L.y, 2556)

f| AU NEP (kg C.rai?) Re (kg C.rai™) GPP (kg C.rai™)

2555 ﬁqmau 174.45 242.72 a17.17
N3N§1AY 207.45 253.45 460.90
domneu 150.06 281.41 431.47
AU 127.03 217.15 344.19

AAAN 311.35 300.36 611.72
NEFINU 152.04 246.68 398.72
5UAY 78.53 220.38 298.91

2556 | ung1Ad -19.82 158.99 139.16
UG -223.98 365.74 141.76

Huau 177.40 294.76 a472.17
TR 216.97 178.95 395.90

EitY 1,351.48 2,760.59 4,112.07
M3l 2-3  uansAmanAnA1TUsuaVEuesTEUY (NEP) namelavismunuassyuuiig (Re)

LagdnIINSHANUTUYNTIM (GPP) vasituiidne Site 71 2 uUaununng 2. U
N1 (22 9.0, 55-30 1.8, 56)

f| nau NEP (kg C.rai) Re (kg C.rai™) GPP (kg C.rai™)
2555 | paau” 80.10 18.36 98.46
WEAINEU 65.08 31.60 96.68
suAY 54.29 23.17 77.46
2556 | unsIAu 9.83 25.88 35.71
NUNNUS 25.80 30.46 56.27
fuaw 120.90 22.94 143.83
WU 58.21 43.08 101.29
39 414.21 195.49 609.70
uteyalinsuiiiou
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UFaauA5uau (kg C.rai'month™)

-200

-300

700

600

500

400

300

200

100

PEFuumsuau (kg C.rai’'month™)

M
-100
-200

-300

5UR 2-39

o o

- AutiAegnIRzdng,
e NEP e GPP Re
- A
. -
T T T T T T T T T T T
-12 Jun-12 Jul-12  Aug-12 Sep-12 Oct-12 Nov-12 Dec-12 Nan-13 b-13 Mar-13 Apr-13

Date

wiladtneasns . dead

e NEP e GPP Re

]

-12 Jun-12 Jul-12 Aug-12 Sep-12 Oct-12 Nov-12 Dec-12 Jan-13 Feb-13 Mar-13 Apr-13

Date

AIAYENTIEFOUTRIHANENATUBUANT (NEP, Net Ecosystem Production), 8051
m’mﬁm‘dgmgﬁim (GPP, Gross primary production) kag m’imﬂiﬁlfl’j\‘mumaﬂ
SeuulA (R, Ecosystem respiration) maﬂLLUmUQﬂEJ’NWWiW f Site ‘17‘i 1 @Jué’?%’s
P9RLLTUNTT 9. ALLTUNT (1 8.0, 2555 — 30 1.8, 2556, 11 Liow) Lag Site 72
wUaanunIng 2. U919 (22 a.A. 55-30 LY. 56, 6 o)
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2.5 @ Carbon equivalent fildiudayaluntsmulnmmasuaunausud

Yoyanananesusugnd (NEP) Ssihuinmndeyasunansuauiiinldasemaina Eddy
Covariance \Huwdisludoyanisudesufaiiounsyantisduri1 (Upstream emissions) Gedfalaid
nsthdegadinaranldlunmsdumivounnUiuivessdnsumideosnldideyaifivaneiioz
annsathindwald wiludagtudansiwuveunaluladuazmaiasieg iliisamisn
nIvinUTunumsUanUdesufiansveulasenladuesiiufiugniiald faduiiiideTadneunig
JanudesUiinauianiveulasonlasussiuiivgnensinariiielfifiudunimesoyalunis
FunamasusLNAUSuRTe sHaNAR T

31ndoya Carbon equivalent vasiiuivgngramsfaminasiiaunswazdaniw uwansli
wiunfdesusuiigniuiuliluiufivgnensgadia 1,351.48 uaz 334.11 ke Crai! Anduiosas
90.73 uar 96.19 mudIny dunsulunuasuauNgnUanUasyeenulileswnaNNIsuAnT sy
Y a @ v o o a s H P I3 a
Hu Anlufosay 9.02 wag 13.23 muanu wagUSuianrsuauluuies Gefinisinunandn
Nl Site 91 1 AUEIdBE1RTANTT 2. azBans JUTUA Carbon equivalent gefissauay
8.67 FaenagnldlunisAwinsusunnUsudvesmadiug lunsaiindndueiiug doneldauuiu
Wi 10 U (1197199 2-4 uaz3ui 2-40)

M50 2-4  UansA1 Carbon equivalent vesdayan1suaeeuialIaunszInvaliuiugn
g19N151MUG RRIM 600 Site 71 1 AUSITBL19RLTUNTT 3. A8ITUNT Uag Site 7
2 wasnumnsng 2. Tanw

doya U’%mmm%uauﬁgnﬂaﬂﬂdaaaanmn (kg C.rai")
AU NALTINTT wlaanunsns a.damw
aydiuee 19U Y aysiuen 4 Y
1. fiufiugnenswis (e NEP) -1,351.48” 334.11
2. Mswanssu” 9.02 13.23
3. HaNan -129.11” -
USunaiansuauiianan -1,471.57 -320.88

Y Usmdiuandeya 11 1hou (1 H.8. 55 - 30 LY. 56)

Usziluandeya 6 1ou (1 .o, 55-30 LaLy. 56)

¥ Jsunaansueuiignuanideseanun (kg Crai’) nuneanuindnisganduansueudnluunuiiae

JanUasyaanin

¥ Usziiuane Carbon dioxide equivalent vastayalunnssy s UNAnw Andnuiudeuvesdeya

P v a s & A = = & & e . i
L‘1/|EJ“UL‘V]’lﬂumagaﬂiuﬂmmiuauﬁ%ﬂuﬂadwuwﬂgﬂmw\ﬂﬂ AD 11 LADU LAY 6 LADU YDINUNANYN Site N

1 AudIiBeNaTINTT 2. 22iBUnT1 way Site 71 2 wlaanunIng 3. T Amudwy

¥ URNaNanEnNeN Asusiiou fguiey 2555 - un31AN 2556 @uioununiug — wwiew 2556 il

NN3N3AB1 TINVSEY 160.97 kerai’ wazAwranduuSinamsveufiazanlusheiavindu 129.11 kg Crai*
(Angyawn, 2550)

" wawgnevengtes delilailania
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8.67 2 81

0:61

90-73 96.19
auBans Jamw

[

- =i
O wuiivgnens O asivanssy

uanadnguvedAn Carbon equivalent Yestayan1suaseuiaisounsyanveiiui
Ugnenamsmmiug RRIM 600 Site 91 1 AugITeendaziBamnsi 2. auldans Joya 11
Wou flausil 9.8, 55 - 30 wLe. 56) Wag Site 11 2 WUawNYAINT 2. TN (6 Liou A

1 W.8. 55-30 L1.8. 56)
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3.4 azunamsAuInAsUauNAUURvaINanI a9l

mﬂmsﬂﬂmsuauaaqszyﬂa‘Uiaasaaﬁuaamsuauﬂmﬂiumamusmwwammmﬂms
LUANTIU mmummﬂ%ﬂa o1 uazanaiedl uazvesdefiAniy mammnmmmauauﬂm U3
s Tlueaiiufinisineding1n wiadu 3 daw Téud TyTsensdunnden
YOIAIUY NN ﬂ'mW%Uauv;lmﬂéuﬁmaamumawwimaamhamqé]’umq wazA1ATUBUNAY
Suivesauenanns o Uiiudoya TneflseazBeadsil

mﬂmsﬁﬁwﬁﬁagamﬂLﬁumﬁyuﬁﬂﬁsﬁﬂmmmamwﬁuﬁﬁwmmumqmﬁ NI
22N AT A TUAYUNITIUANTTUNADATIIDILAUL NI FIUANFAIIIINAIULIINIT
JnTadenu ﬁé’fa‘uﬂm’fama“luehummmiLﬁumﬂisﬂuﬁdaqﬂﬁ' 4 5@%5%1@%@@?8 Auiti
AMUADILAUENINITINaEATITY 25 U) § mmamamauaiva maﬂamLavmiﬁﬂwmau
N13N3A818 kagn1sUanuag msqsﬂﬁ:ﬂsummmmwummmmmama mamm N9
Anurinuddlaldteyaandriniunemuasaseinisinaines (ane.) Yaniadaniw
dielvimsdunadaruauysaiinndsiu Ineteyasisdandiinaunasmuanasizsinizii
ausns (ane.) fandadenin uandlddenianuan n a1519d n-1 lagagudydsnenis
AUINEDUVBIAIULIINTT TINTATINN wazaILE1INITT TainanBamsiliinnsnsd 3-4
WarANT197l 3-5 Auds

M3l 3-4  Ua¥nenmsdanedeseaiugsimiadinig naentiseny 25 I
GAEANA R e GAEVAGEN U e

Aunan 77.0000 i Yenemnsnan 8,880 | flansy

ihifufia 21.7195 | Alansu 4ad15990m3 e

ihifuiedes 1.0000 | Alansu N2O ‘ 9.0937 | Alansu

Jognshulasiau 578.6875 | Alansu vag59 NI Inslidoina

Joansnoanaia 1555275 | Alan3y CO, 70.4507 | Alanfu

Yoanslnunaie 354.5275 | Alaniu CHy 0.0039 | Alaniu

Inalwian 48% 12.7558 | flaniy N,O 0.0272 | flaniy

W151A78N 18.6250 | Alansu

MW U1819N1313 %DRC = 30

M3l 3-5  Ua¥nemsdanedesveaiugsdminasdan asentateny 30
GAENANA R Li'eE GAEVACEI R e

AUNAN 73.0000 A e 1ewan 11,193.3333 | Alaniu

ihifufima 33560 | flandu 4ad15990m3lee

ihifuiees 05235 | Alan3y Ve ‘ 6.2879 | Alansu

Jognshulasiau 400.1400 | Alansu vag59 s Insidoinae

Joansneanaia 83.8000 | Alaniu CO, 10.8857 | Alan3y

Yyanslnunaiies 243.4500 | Alanfy CHa 0.0006 | Alansu

ns1menlanaalsn e v

S 58320 | Alandu N,O 0.0042 | flaniy

MW U893 %DRC = 32
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dmduaransusunUIudvesausnITInaentsegfuesluiiufiaiue i
8nUINANA FINIATINN ﬁfi'lmifuauvgmuguﬁmaamwmq 259 agjﬁ 2,426.19 Alansu
mfuelneenleditounisiols TnsunandunouninnisunisimeUgniasnisusuitui ns
Ugnuazingednuinounisninens uaznisugnuazingeinuvaningsaunseisinneny
814 9.45 1,190.94 waz 1,225.80 Alaniuarsusulasenleniiisuiiels audiu wanade
SUT 5-1 Amudnasueusauiusiade 97.05 Alansuaiueulaeenledifisuindelrel
FafidnannninenaiuounlaUsudnaentiseny 30 Yuesausnewis SainasiBans il
1,083.99 Alansuasuaulasonledifisuiiels Tnsinanduneunisnisunisimggn
wazn1sUSURLT n1sUgnuarthssinwnoun1sninens uaznisugnuaztngednuvaEndn
§199UNTEVMUABYENS 18.96 381.14 Uay 683.88 Alaniunsusulneenludifisuindels
PudIFy wansdaguil 5-2 Amdudiansususauiudiade 36.13 Alansuasueulaoonlys

Wiguwinralssed

1400
1,190.94 1,225.80

1200 +

/15

1000 +

AL

800

600

Suaulpeanly

400 -

ansuAl

200

Al
O
N
(O]

U35 Amsusuaiusvesaueang faviadin lae
seoedl 1 fo mawdsunamelgnuazmausuiiug
spgedl 2 Ao MIUanuarU1ainwIneun1sNIAgnd
swegil 3 Ao mavgnuazigsinuuaiznIn1saunsE ARy
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1400

1200 +

/ls

1000

& a
ALNYUL

800 683.88

lneanly

600

381.14
400 -

Supsuay

200

lan

Q

f
—
o
N}
oN

seaed 1 SeaE? 2 Seee? 3

Uil 3-6 ﬂ'ﬂm%uauwmﬂ%uﬁmaqmumwmw Jminaviiang lny
swoedl 1 Ao MawFeuniawizUgniasnsUuiiug
spegil 2 Ao MavgnuazigsinwneunIsninens
spegil 3 Ao MavgnuarignuwalnInsIunsE R MR

Tuduvesriasuaunamiusvesauenan a Tfudeys vosamueimn sine
Urnaa mindaniw (Uszdivanndeyaaiue1anis a 91g 3 U) wagaiug1anisn Jmin
22T (Uszdlivandeyaaiuersnis o 01y 18 U) dandululuwwimadeaduiuen
AfusuAUIUAvesEIUE I TLREnAeAT YR Fp Auetewns) SmTaTenasd]
AAsUBUNAYTURYINAY 39.29 Alanfuaniuoulaeenludifiouindolided dafidunnn
ArAnsuaumUIuATasaILE NI TavtaaniBanait 32.14 Alansuanueulasenles
\iguminselseel
el Anan$usuMpUTUAerarAmineaTIEn idnusie) 1 Alanfuresaugiaan
Janindanu SAinfiv 0.4553 Alansuansusulaeenlediieuin waraiug1emnsdwmin
avlanT IAwiniu 0.3026 Alanfumsueulaeenlediieuwi InenansenuvesAnsuau
wnUTudtsaesituiiunannisldundadonniign Andusosas 81.02 uay 81.79 vasen
m%uauwwéuﬁﬂgwm AR %qmmwé’ﬂmaqﬁhﬂﬁuauwméuﬁmusmwm Janinds
N AifiAnndaiueteng daminasdans du mnnslininenns arsedl uazie
mawmwmwiuﬂsmmwmamq wanafanynenisvesnisnaminer s suisets 2
fiufl 9191971 3-6 wagmIadl 3-7 auddy

NLBME N1SAUIUAISUBUNRUTUYIVBINENSuafIna1d Gadilanansannisludiu

Lol ooy

Tvinu Taleneamnsn
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PIINT 3-6  UTTIunsaInasueIlnewi 1 Alansy naiueedanindeniv

#1594 Usuna Vel d1357199N Usuad et
funan 0.0145 Fild thenamnsusie 1.0000 | Alansu
hifufia 0.0041 | Alansu uaa159 Ml
dshundas 0.0002 | Alaniu N;O 0.0017 | Alansu
Jogonslulasiau 0.1086 | Alan3u vagrsommsnlniidoinae
Ueansvloaneda 0.0292 | Alan3u o 0.0132 | filaniu
Joanslnunaigey 0.0665 | Alan3u CHe 7.416-07 | Alansy
Tnalvlion 48% 0.0024 | Alansy N;O 5.10E-06 | Alansu
WI5IAEN 0.0035 | Alansy

P1519% 3-7  Uuie1en1sAInannUslnenewii 1 Alansy 9naiusdsninasliemsn

A5V Usuna ny A1391990N Usanad nie
FUNA 0.0204 i thenamnsusie 1.0000 | Alansu
thifufiea 0.0009 | Alan3u uaa159 M3l
dsundas 0.0001 | Alansy N2O 0.0018 | Alanu
Jognslulasiay 0.1117 | Alandu Yad179In I3 gl Foinaa
Jeansvloaneda 0.0234 | Alaniu o 0.0030 | filaniu
Joanslnunaigoy 0.0680 | Alan3y CHe 17007 | Alanfu
n51AenlaAae ~ . o v

. 0.0016 | Alansy N2O 1.176-06 | Alansy
156 27.6 %w/v

dmdvanufgruildlunisiuamansuouauiuduasaiusianisvesisaosiiud
FeNan3 59U Verification sheet uagAunnmesN1sUaoeigTounsyan (Emission factor)
yaansUaesafuaulaeonledmungugnamnssuildlunisne uandld@dananuan n
AAKRWIN U WALAIAKLIN A ANNAIAY
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UNi 4
e 2 A qgve v o o ¢ X ¢
ﬂ’]'iﬂﬂ‘le}’]auqawlLWEﬂ‘UL‘lJu‘Uagaﬁ]ﬂVI’l’mma'ﬂ/\!ﬁlﬂiumla\‘la’mﬂ'NW’]i’]

=1

4.1  Fnwaunauivesiuugnenawisidlemaila Eddy Covariance

Y

N13ANYIANAAAITUBUYDIAIUE 1IN TN LTUNTTIY 2 WuP Fellan muIandouuansineiu
loiwn

Site 71 1 AUIITHENALFUNTT FUAVEUINTLLYN TININRLTAUNT

wlage1901817n quéﬁ%’amqam%ﬂmaﬂ (axfign 13°3421.97"'N assfign 101°28"

5.53"E mmqamﬂswﬁ’uﬁmma 69 LUA3) masjﬁé’wmaammawm JInInaztuns1 ulas
mmaaqé’:ﬂa&ujﬂma@uﬁﬁa fiflefiusana 50 13 Lﬂuﬁuwaﬂmqwmmmﬂu Ugnenenisniug
RRIM 600 071gsiues 19 U (U w.a1. 2556) szzalgn 2.5 x 7 ms uasilandoanud 10 U fulu
Wuwﬂaﬂmamuwmuﬂwmm Auaaturesiuiiroudsi faruadianeveaiousen

8190157 (gﬂ‘m 2-1)

Site 1 2 NUNEIULIVBWNEATNS BILNBUINAN JINIATININ

1l o

AIUYNWNIINUVBUNWAINT GNEJEJV]EJ’WLJ‘IEJU’]ﬂﬂ’]ﬂ Jarindenu (awmm 18°13'22.77"N aps

Y

fyn 103°18'59.46"'E mmqqmﬂszmumma 200 1) fidlofiuszana 100 13 L“LJ‘LJ‘W‘LWI‘UQﬂ
gslaardoriniy Ugnenswisiug RRIM 600 ongduens 4 T (3 n.a. 2556) svazian 3 x 7
wng wazilufugsndsliidanie auiuﬁuﬁﬂqﬂmaLﬂuﬂgmauiwuﬁé'a arugransiduaiy
gnamsgnlvl eglupiiuiimsgnanuensmns szexd 3 wanauls uassaiflesanszesd 2
niledils fufianuaaduresiufidoudiein faruaiiauovesFeuseneama (U 2-2)

4.1.1 n13ANesReYasUn (Evapotranspiration, ETR)

Site 91 1 guEIToeaiFan Jamdnasiduns Jgnsnisaesemeiiaglugie
0.2 §i1 5.6 mm.day’ 8nsInN1sAesEmeImanLazgegausIngluiun 10 weadInieu 2556
wagdui 15 fquiey 2555 Amaau (§UN 4-1, gUun)

Site 1 2 WUaunYAINT Jmindenu dnsnsAesemenegluge 0.2 fs 3.04
mm.day™ dnsIn1sAesEmeudgauwarasgausingluiun 26 unsian 2556 wagTui 21
AaNAY 2555 AUA1GIU (JUT 4-1, JUan9)

4.1.2 n5kU1Y89819NW151 (Crop Water Use, CWU)

Site 71 1 guiidoesasiuns Yminasdans nsldhvesermiiaiog
51319 0.03 - 0.89 mm.Rai'day ! Fafldnwaiznsiundslumungnia waslidnwarnsiuuysi
pdneadstuaInsaessmevesi (ETR) Ao asnuanudeanisnislitivessnsmiosdian
Tutadeungednieu 2556 uasdinrudesnaingefigalutiadoudiquiou 2555 (Uil 4-2, 3u
uu)
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Site 7 2 wlaununsns Jamdadaniw wud nisldunvesenemnsdeategsening
0.03 - 0.49 mm.Rai'day’ FeAuFpINIIMsIdUveIs IR galutINREUNNTIAY 2556
wazenennsinsiddnnigalutiafeunaiay 2555 (Ui 4-2, sUan)

4.1.3 nswndeuvasitluddu (Sap flow)

AMsAAeuvastluddY (Sap flow) SRa838n15 Heat dissipation method @
AnwUag91nITN5U89 Granier (1985, 1987) fenIoainsnsnisivavestnluddu JU SF32
Sap flow sensor UBIUTEN UP Hunsennasasnsivaveni fmheindu mm wazdeu
wihaduAnsaetivesity Swedu mm.day™

Site 11 1 AUEIToLRLTUNTT FMInRTUNTT WU NsieReuvesinludd
gNA10E5¥1I19 0.81 - 1.97 mm.day " lagAnIsinfouvaadludiueanismgamtay
gegn Usngluduin 30 funm 2556 war 16 lwwey 2556 AUa1AU (U7 4-3, gUuw)

Site 1 2 wiaanuasns Seadenmt wuth Amaedeuvesthlugdugimnsiien
otj5wi1e 0.52 - 0.79 mm.day”! Inewunsmeiheessrsmnsdialndifssiunaonsyzian
Sufin Wukaiosnnanssesnafiindutisszesnadun LLagLﬁusﬂquaLLﬁﬂﬁﬂﬁﬂ’ﬁﬂ’]ﬁﬁ’]
YosgenTITiegonilAen (3UT 4-3, sUang)

4.1.4 Fuuszaninisldiveseranisn (Crop Coefficient, K.)

Site 1 1 AudITeazTUnT Iwinazilansy wud ardudsyansnislduives
#9115 dfegsyning 0.21- 1.39 Arduuseansnisiduivesensnsdianuarasanusinglugag
WBUNINYIAY 2555 UarNUAUS 2556 mua1diu (JUT 4-4, JUuu)

Site 91 2 wUawnumIng Jindenw Ardulsyansnislvunuese1enis (Crop

a

Coefficient; Kc) Aifnwanilatunsiaz Tunanslilugun 2-14 wudrdrdudszdnsnisldinveudas

g19n1518A10g 521119 0.05 - 0.65 lagwuirArdudseansnislidiredarigaludismeu
UNIAY 2556 wazdlAngeaaluiiuneuiiuing 2556 (U7 4-4, 3Ua1)

4.1.5 Ysunanhlufu (Soil water content, SWC)

Site 1 1 guditessanduns Sminasduns adiiadiluiu (m?.m?) fai
SLAUAININAIAU 10, 30, 50, 70 Az 90 LWURAUAT ﬁuﬁm%’aga@%wﬁuﬁ 1 weFidneu 2555
fl4 30 wwey 2556 Tasnuth Usanadilufu Se1egsening 0.13 - 0.25 m®m? fufuiisedi
AUAN 50 L URLUAT ﬁﬂ%mmﬁﬂuauqaﬁqm 59989317 LAWA SEAUAINNAN 90, 70, 30 wag 10
wuRiuns pudiy Unanilufuisuanassaudifeungainiey 2555 Tunnszdunudniiie
wazAautAsTisEninufiouunsny 2556 Sauweu 2556 wilugiaaandinanasnuiiuTun
dlufudivduegisngmdeniiddunn Unanhlufuiisssuanudn 10 wuiwasléianudl
Atfosdign Feeaidunanndiszfuanudndsnanlasundsnuanuiouniedniseniindun
ﬁqm (gﬂﬁ 4-5, 3Uuu)

Site 71 2 wannunsns Jmiadnw YSunaludu 5 seAugndufinasudiun 19
NUAUS 2556 §9 30 Wwwieu 2556 laewudn Ysunauurludu dd1egsendng 0.07 - 0.103
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m’>m Lﬁaamm%umiﬁuﬁﬂ%gaLﬁmizazéy’u Usinailuinluusagsesuauaniindoudig
Asfl FuRufisedunnudn 100 wufwes Susinathlufiugeiian sosmende fissduaudn 30,
50, 70 war 10 WURWAT AMUEITU TuRuTisEiuALED 10 wag 30 WURAS Snsnevduae
Vsinanheluiilésu dhutupuiissduanudn 50, 70 war 100 wuiwns Lifinsdsuulamas
I§$uUsmheu (U7 4-4, 3udne)

4.2 AMUWUTUTIUYRLENRaUNYRINUNIUgNE1eWIT

nsmesTiMeTesth (ETR) nsiadeuresthluddu (Sap flow) wagAmssanetuosity
19899113/ 1wI (ETo) luseuTuressruuiinasnanisvesia 2 site fdnwmenis
WasuuasluseuTufindreadsiu e Amlunainaisiy uwiizdesq ugatulugiadiniunis
Lﬁmﬁu‘uaﬂm VPD (Vapor pressure deficit) ETR, mil,ﬂﬁauﬁuaqﬂ;ﬂuéwéfu ey ETo ﬁﬁ'lLﬁwﬁu
Bosq uergeanlutaaia 13.00 - 14.00 u. n&1Intu ETo diAanasmiunisanas o
VPD luseudu 1nguil 4-7 nud1 ETo wieriniseessmetiildainnisaiuan vesi 2 site
qaﬂiwmmimaszmwaaﬁw (ETR) 7ildannnsinasedemaiia Eddy Covariance wonanifs
wud1 msiedeuivestilug iy (Sap flow) vesiugnsorgunn a Site i 1 audidossandans
fengsnimandoufivesiludduresiussengdion w Site 7 2 wannuasns Fandadanim
Tnensiadeufivesthlugduresiusiean 2 Sites fauviniu 2.51 uag 138 mudidu (Uil 4-
6)

nsanespimevesth (ETR) luseutu i taanansieg Tuseud Suldud geeu (16 f.o. 55
uaz 11 d.A. 55) quda (17 W, 55 uag 16 5.0, 55) nan159slurasensmsn (14 n.a. 56) uay
Guasalulml (26 7.a. 56) wudh A1 ETR wag ETo geflan Tutsgeutu (11 a.a. 55) Feidnuvindiy
0.377 ua 0.633 mm fuddy uardiatiosigelurasiifnisiisluresensns (14 na. 56) 3
Sty 0.08 way 0.065 mm muddu ogslsfinuaznuine ETR sidensaessimeing ia
1#a39semaiia Eddy Covariance SA181n31A7 ETo waaf1n135ewetnvesiiadnademinnis
fuIAADARIY mmLLmﬂshwaq@hmaizmmmﬁwﬁLﬁmﬁuﬁmagszmw 17 - 64 % A1
wansheiintusenaandurasnann A ETo Wumnsssmetivesitudrsdminnisian lne
Tdudsmsdnuganiionnia uagAdinssansnisliiivesiio (Crop coefficient, KJ) f1 K. il
Tun1sAuamINisn15999 FAO Penman-Monteith Lﬂummﬁmaamq@maLLazﬁwuﬂﬁﬁumﬂ
Nuisuitlilduszmelne sufummsmessmeiisrunaldnnaunsinanimeudiaunnss
lUamnAmsmeszmeiniitaldesduiuiivgn (ETR) uaganguil 4-7 wamslifiunisidsuntas
ve3 ETR waz ETo finsiasundadidluiiamaiieniuamnunduugs wasusinalothfionnis
$uiiiallél (VPD, Vapor pressure deficit) lusouiu dausingergeaalugisuszanm 12.00-13.00
u. uaziadesfiaelutiatuaziu
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JUN 4-3  msAeunveiy (Transpiration) Yasudasignenamsnlasu a Site 7 1 aAudide
§NALTINTT 3. AUTUNT (26 T.A. 2556 — 30 W8, 2556) uae Site 71 2 WUaq
NBAINT 3. TN (22 3.A. 56 - 30 1.8 56)
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A3199 4-1  LERIANANARAU819 (vield, kg. rai!), AMN15AN8IELMBUDIUN (Evapotran-

spiration, mm) LazA1NITEUUNT038719%197 (Crop Water Use) U03NuUAn®
Site 71 1 @uéﬁ%’amaaz@qmm 9. LN (1 7.8, 2555 — 30 1.8, 2556)

pil oy Yield Evapotranspiration Crop water Use
(kg.rai’®) (mm) (m®. rait)

2555 Jaueu 13.06 124.02 19.84
N3NNIAY 18.27 105.49 16.88

gamay 19.83 105.17 16.83

Augay 19.67 34.00 5.44

AaAL 20.21 68.48 10.96

WerIn18U 17.25 49.75 7.96

SuAL 26.34 64.54 10.33

2556 1n51AY 26.34 36.67 5.87
AUATNUS* - 39.83 6.37

Tuau* - 91.54 14.65

LU - 80.33 12.85

591 160.97 799.82 1,279.69

*aifin1slansatineneanisn

A3199% 4-2  LEASATHANANUNE79 (vield, kg rai'!), AN19AT8 LB YD1 (Evapo -

transpiration, mm) kazAIN15ITU1989819W197 (Crop Water Use) U89H U7
finw Site 71 2 wUANABATAT 2. VI (22 9.0, 55-30 131.8. 56)

pl U Yield Evapotranspiration Crop water Use
(kg. rai')*2554 (mm) (m®. rai™)

2555 AP - 35.92 57.47
WOAINIEY - 45.15 72.24

SuanAw - 40.04 64.07

2556 unsnpy - 15.79 25.26
NUNIAUS - 36.39 58.23

Hupy - 51.14 81.83

LWIYY - 47.43 75.88

34 - 271.86 434.98

*aifin1slansategnanisn

a ' & gy X A . a fa o a
M31991 4-3  waneAneLnesNAUSUAYaIuNAne Site N1 1 Audideensaziunsi a.
8N (11 ow, 1 1.8, 2555 - 30 13.8. 2556) wag Site 1 2 WUawNYAIAT
9. Uan1% (6 1@au, 1 N.8. 55 - 30 13.8. 56)

¥
RG]
v

AugITeesasFans
9180U19 19 Y

=
wlasnuasns 2.0sn1w
?18AuE19 49

szeznamsiutoya (Few) 11 6
msldivesenang (m?. rai) 1,279.69 377.51
NONAR (Kg.rai?) 160.97 30.04*
2aumasHAUILH (m’. Kg yield™) 7.95 12.57

* AUseRuNaNARUTEELIAN 6 LHau
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4.3 MIAUIUIBABTNAUTUA

ewmesiaUuATislFnnIeaest A tewmeiWnUTudAiden (green water footprint) &
fouimahioglusuamuduiuiignldlulunismamienduniegnuiadiunsdonanantnens 1
Alansy (Hoekstra et al., 2011) %"’w%mmﬁwﬁiﬂﬁlﬂiummémﬁﬂEm‘uaaLLUaaUQﬂmqmiﬂﬁmﬂwai'su
UYBIAINIIANYTELNY (Evapotranspiration) ﬁgwmﬁi’m%ﬁ"ﬁwmLL‘UaQUQﬂSLmiNnmﬁﬁ’m'ﬁmaaq Tng
AneonulugUvesinanhilldly (Crop water use) lugnuaAfiums (msnail 4-1 uas 4-2) Amiewes
WMU§uﬁ§L%83 (green water footprint) fignwiaildainnisvaassuandlunisned 4-3

431 Site 11 1 AuITeevRndanT Sminasdans

Usumnisldiivesiiufiugnenanisionguin (aann1siaasedeinaiia Eddy
Covariance) Tuszagiian 11 Wau AvinAu 1,279.69 m>. rai’l AMSUNAHANINE1SVDINUA Site 7 1 41
AU 16097 Kg rai”! fuiunewmeinUsudvosiiuiiugnenanns Site 7 1 Sadidniify 7.95 me K
yield™

432 Site 71 2 pUaKNYATAS FIRIATINIK

Usinaunslithuesiiufivgnenamisengties Tussezne 6 Wou Aty 43a.98 m’
rai’t dwiSunanAntinensvesiud Site 7 2 osndusnannileny 4 U Sildfinslandauazanaineg
Wanaldidesny 6 ¥ Jaldusuiiiunandnlaelideyanandnunsmnsiiug RRIM600 annns3daves
aonUuId8879 (Iavsuazraelg, 2550) %'!qLﬂusﬁa;ﬂawamémmwﬁqmﬂﬂmﬂ%mwm 1-10 U n3am3e35
Wantinia ¥ vasddukarniniuiuiu viuenandnnewdania 2 ¥ Ingldaunsindlulisadudu
2 (?=0.9612) flawinu 60.08 Kg rai'year ' Antdunananfisuluszeziia 6 inewwindu 30.04 Kg rai
! fedunewmesrlpUsuivesituiugnenansi Site 7 2 Fafiduniity 12,57 m?.Kg yield

Mnuan1snaassuansliiiuanelneinUIuddifen (green water footprint) Aumnsnariy
529309 Site 71 1 waw 2 Failen 7.95 waz 12.57 m.Kg yield™ Miiilosnnandnves Site 7 2 Hudln
ffon uarnisdumowo NI WTnarAAIufIMT BonuanEnuanssfuanngeavinlildend
uanenaitu agnslsfiniu Site 7 2 duduensdiorgosslidaniaumnandniensitndunnd
Auspidutuanauns ddunsliuandnvosenamsmuiilutasusnvesmadaniauiinuhensdiléd
Uiinatisuasiiiutudens auiteny 6 Indudania nandnazduiuiugegaludi 6-10 U ndsnia
ndsndunandniuunliuanas mndeyaiiandiifuunliufisanomosinsuiifodaiosas
Slosnamnfienganiu

?inamaiﬁ(vﬂmﬂ?yuﬁﬁﬁm (green water footprint) V84 Site 7t 2 figunaildannisvaassi 12.57
M’ Kg yield? wuin dalndifiestufisnesulag Mekonnen and Hoekstra (2011) &sUszifiulaeld
WUUS1a99 CROPWAT 8.0 7ifiAn 12.96 m>Ke yield™ veuzdi Site 1 1 %amwwmﬁmq 19 Yuazdl
anante1ansAulEase wiendunsldiiinld uindunuinAriisneaiulag Mekonnen and
Hoekstra (2011) §idnu1nndndia 63% weunazanainaninuandeunazdudsildlunuusiaed
Mekonnen and Hoekstra (2011) 14fuiinuuansrsananimundeslunnnduassy site Aivinnns
npaes uandlifiuinnsiuuuaeunlflunsssdimewesrausudiuiiausidufiazdoaiing
USuusaiieldmmuusiivangaudmsunisilule %ﬂ%@jﬂaﬁlﬁmﬂmiwmamﬁ%ﬁmmﬁwﬁﬁgasjwéa
Tun1s validate wuudnaesamnsaldnulanieslsnanisusunns
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Ui 5
BNBNAVDIANTNLINGONFADFUAAAITUBULAZUIVDIAIULIINIT

51 DNBWAYDENINLINADNADENABAITUDU

AukUsUTInvesanganisveuluiiuiiugnenamnsdudunaduidosinainnig
WabuuUasmesiug1mng uazanimganiennid 91nNsIATIEanduiussEninenIINITNg
uaniasua1Fuauavs (NEE) fuendrdudily (LA) LaEANDINAVBITTUUTNIAYIINITT DU
Tawn USuusednseniing (Global solar radiation, R,) guungile1nna (Air temperature, Ta)
AUTUETNS (Humidity, RH) wazUSinallethitotnmasuiiialé (Vapor pressure deficit, VPD)

mMsiwsesianduiusuadu 2 duu dwd 1 1unsiesssianduiusiaglideyasaalu
sou 1 ¥ wazduil 2 wdadu 4 nguanggnia leun qaeu (1 8. 55 - 30 A.A. 55 us Site 71 2
wannuasns 7. Tanw Sdeyadausiuil 15 n.a. 55 - 30 aA. 55) gguum (1 we. 55 - 15 1A,
56) Fasfifinisiislurasenania (15 1A, 2556 — 28 n.w. 2556) uazqgiou (1 f.a. 56 — 30 g,
56)

5.1.1 N5IAATIZRENTUNUS

Site 71 1 AUEITHL9DLYUNTT 3. LATAUNT

nyinseanduiuslaglideyasinluseu 1 Y wudi a1 NEE danuduiuslunig
uniu (Negative correlation) fludn LA, R, waz RH uazdlanuduiusluludianisden (Positive
correlation) ffuAn VPD way NEE fanuduiusiuen LAl iniidn Ae Ussunaudosas 38.5

nsinsgnanduiuslaeutaiu 4 ngumuggnia wui Tugasggrunazggnun
linuanduritusszmined NEE fusdaiifiuiilu (LA) uazgagfienniavesssuuinamensms us
WU lugeditinsfidluresenanis @ NEE Sanuduiuglulufiamafoasuan T., waglugaeg
$ou WU A1 NEE danuduiusluniswnduiua LA, R, was T, wag NEE danuduiusiuen
Tar mmﬁqﬂ Ao UsvunuSesas 47.3 (Ms197t 5-1)

Site 91 2 wUawNBAINS . VINIU

nsmneanduiusingldtoyasiuluseu 1 U wud A1 NEE Sanuduiuslunig
AR UAT Ry, Ty b8 VPD wazdinnuduiuslulufieniafieaiua RH wag NEE Saauduius
fluen R, 1n91gn e Uszanaudeway 44.3

n1siesigranduiusiaentaiu 4 nguaiuggnia wuid ludasgguuliny
andiiugsenined NEE Auddviituiily (LA uazqanfioniavesszuuiindenanns winuii
Tugenguuna A1 NEE Sanuduiuslunesnduiuen R, wag T, vneiflutasiidinnsislures
819M151 A1 NEE HAnuduiusluniannduiuen Ry, Ty kg VPD wazdianuduiuslulufianig
Wenfiual RH - uazludiegaseu wudi an NEE dannuduiuslumanduiuen Ry wag Ty, Tuus
avqg WU NEE danudusiudiuen Rg 1nfign (ansnsdi 5-1)
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5.1.2 3nswuvasivinuilu (LA dednsinisuaniusuaisuaugns (NEE)

Site 71 1 AUIITHL9DLYUNTT 3. LATUNT

gnsuwanilasunsueugnsiiafnauiiinduy (uneds wiaaisueulasenlesign

' [ '
= v adA )

aanduidinludugransiinend) Wedyinunluvesenamnsiindu ludnvue negative

a

. = Y] s a ' g =
regression N13WWAguLUABITRTILANIUABuATUBUgVElUT IR TANYY Haunnainns
WisuwUasiviiiunludesay 50.45 (U7 5-1, JUuw)

Site 91 2 WUawNBAINS 3. VINIU

'
I a a

ShsuanidsumiuougvsiimAnauiuiu Wedviiuiluressnamsuiudu lu
&nvauz negative regression LWuLREIfU Site 7 1 AUEITYL19RLTUNT nsasuLlasues
Saruanivdsuaisuougnsludianaiidne danmmainnsivdsuwlasiviiuilufesas
69.08 (3Uf 5-1, 3Uan9)

5.1.3 N19MBUANRABLAIVEIIRITINITLANIUABUATISUDUEVS

Site 1 1 FAUSITBL9DLUTUNTT 2. AUTUNT

Sasnsnsuanidsuaniuougns (NEE) lumeunansiu fiavmiieadedaenssiu
nszUIIMsduATIEiesamasnselavesiiv wadadulededdudesasnisdunszsidae
wasvesity Jududadoiifidndnasdednsinisnisuaniudsuaisuouans (NEE) Wusgraunn
ynuganmwIndendue 1wy gumgionna wararutuiuiuduiladeiiddysesann N3V
5-1 nud Smsuanidsumiuouand (NEE) Tussuusnamsiazgnindnlasuiuauas lnaile
arudiunanfindy fufivgnenansfinisanduuiansveulneenledluonamdiumniu vl
SnsuaniUAsumsuaugns (NEE) Slenfnauifissnndununisifistuveseuifuuas (PPFD=
Photosynthetic Photon Flux Density, pmol Photon m™s™) fiduesldsu Faanunsouans
AMNANRUSAINaIlAMBaNN15TDe Michaelis-Menten (Pingintha et al., 2010 Way Zhang et
al., 2012)

OLPARNEE
NEE=——"——R, (15)
OLPAR +NEE_
17 o lauA Apparent quantum efficiency (mmol CO,.pmol ' Photon) %38 A
FUTUAUYDINTINNINBUAUDIABUAIYDIATEATINTUANLUALUAISUBUENT dIU NEE,: (pmol
CO, m?s™) uaw Re boun dnsimsuaniisuansueugnsgegad infinite lisht level wagdnsinis

melavesszuvinalugisnarsiuniuszdiulaainmadia Eddy Covariance (umol CO, m?s™)

mé’mwLLaﬂLﬂ?{aum%wquﬁumauﬂaN"'iu%Lﬁmﬁuasiwi’mL%’Jmuﬂ%mmmﬁ
Wingetu wazduasiidouTunmuasiidnninnd’ 1200 umol Photon m2s Tugastudl 20-30
.. 56 Fududrvadslulmivesenans wui ssuuinaesnniiasnswanidsunisuey
anoeean (NEEs) qaﬁqﬂ ABLAWNNAY -60.14 umol CO, m2s™, d@U o Way Re HAWVIAU -
0.0399 uaz 5.71 umol CO, m?s™ audnsu Tutsnandszuuineenmnsiisnsnismelaly
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PraanansTusiiiian wiludiefudl 11-20 na. 56 Fadudiauduazenamsdnisiivly wui
szuvdinAgsnsiiadasuaniasunsusugniaean (NEE..) dfiga Aeddnsinfu -15.57
pmol CO, m2s™!, @ o hay Re JANYINAU -0.0188 wag 10.34 umol CO, m2st augafu
Tugsnmiszuuiinasenaismmmamelalurisnanaisugsiign msdsundases NEE
Tudasandnandedu danvnannsasuulasanudunasiidueslifuussnaiosas
37.64 - 92.13 (P<0.0001) (3U71 5-2)

Site 9 2 wUawNBAINS 3. VINIU

gnswanidsuarsuaugns (NEE) Tuszuugnannsnazgnitdalaeusunnuas log
Womnuduuaniindu funvgnensisiiinisganduuiansueulaeenledlueinisiiuuiniu

o

iligasuaniufeunisuaugns (NEE) dA1faauiiusnnduaniunisiiaduyeinnuiduuas

€

F19u Inemudn dnswanidsunisueugrslunounarsiuasiiutuog 1959 M uUsILET

'
a

iugety uaziduasiidousinamuasdidnuinndt 1200 pmol Photon m2s luiaununiug @
Wurneasslulvdveasnanis izUUﬁL’MEJ’NW’]ﬁﬁﬂ"]éJ@li’]LLaﬂLU§SUﬂW§U8uﬁ%%QQﬁ® (NEEs)
qqﬁqﬂ AadAWYINAY -20.42 umol CO, m?s!, d1U o Wag Re HANMNAU -0.017 wag 1.51 umol
CO, m?st guasu IusamLamﬁizuuﬁnﬁsmwwﬂﬁé’mﬂm‘a‘maiasluﬁiaqnmﬂmﬂi’uﬁﬂﬁqm
wiluieuduneay Fadudrudiarenanisiiinisialy nudn svuuinegransdasns
waniABuASUBUENBgean (NEE.,) sfign AefiAwindy -7.66 umol CO, m2s™, d1u o uaz
Re fANM1AU -0.0159 way 1.02 umol CO, m?st puansu Tuananissuuiinmenamisnd
dasnsmelalutisnainaisiugs nswasunUaswes NEE Tuthanandanandrasiu Tamg

MnMsdsunaseuiuasidueslédulszanadesas 53.35 - 77.40 (P<0.0001) (Ul 5-3)

5.1.4 n1snevduasradsuinlouiannidsulinuld (Vapor pressure deficit, VPD)
va9nsINuanUABUAITUBUENS (NEE)

Site 71 1 AUIITHL9DLYUNTT 3. LATUNT

gnsuaniUasunsusugvaiaiiniu (uneds uiiaansueulasenladgnianydes

a

29NdTrUUTLIALIINITUANLINTY) 1lle VPD tiiudu Tudnue positive regression 113
WasuwUaswesdnsuanilasunisusugnslugiwiainfne) Jannsainnisiddsunlasnvil
wuinludesay 50.45 (U 5-4, JUun)

=

Site 9 2 wUawNBAINS . VINIU

Snsuaniuisumiveugniiidnfinauiiutu (mneds ufanifuoulaoenledgn
@mﬂﬁum’f'mﬂuﬁuaNW'ﬁ'}Lﬁuu’m%u) dlo vPD Wiindu Tugnvaiy negative regression N1
LU5wu:dawaaé’@mLLaﬂLﬂﬁauﬂwﬁuaqu'ﬁiuﬁaqLamﬁﬁﬂ‘m rﬁmmeﬂmsm%uwmﬁ%ﬁ
fuiluferas 8.6 (U 5-4, Uaa)
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(%

A15799 5-1 LLﬂfﬂ\‘iﬂ’]i’JLﬂi"l“’%ﬁ%ﬁNWUﬁi“W}NE)G]ﬁ?ﬂ’ﬁLLaﬂL‘UaEJ‘L!ﬂ"Ii‘U’e)‘ua%ﬁ (NEE) Ausil

(%

fuiilu (LAD LLavﬁa%mqamavLnﬂaaumm o Site 71 1 AUGITYLNRLTUNT
2.283UN97 Ua Site 7 2 waw1uAEAINT 3 TN

F291081919 9 Tusaud I nee | A | R | Tw | RH VPD
Site 7 1 quiidpensapBuns v.audann
FIUNNYIIA r -0.385 | -0.196 | -0.047 | -0.201 0.185
P <0.0001 | 0.0008 ns 0.0006 | 0.0016
g9elu (1 n.A. 55- 30 ».A. 55) r -0.068 | -0.165| -0.109 | 0.139 | -0.148
P ns ns ns ns ns
0913 (1 w.e. 55 - 15 1.0, 56) r -0.126 0.027 -0.04 | -0.123 0.156
P ns ns ns ns ns
il (16 u.A. 56-28 N.N. 56) r 0.033 | -0.274| 0.438 | 0.268 -0.11
P ns ns 0.0029 ns ns
g9¥ou (1 i.A. 56-30 138, 56) r -0.427 | -0.401 | -0.473 | 0.062 | -0.224
P 0.0006 | 0.0014 | 0.001 ns ns
Site 1 2 uilasenaunuasns a Janns
NN r * -0.443 | -0.421 | 0.15| -0.302
P <0.001 | <0.001 | 0.0431 | <0.0001
ey (1 ».A. 55- 30 f.A. 55) r - -0.21 | 0.249 | -0.035 | -0.068
P ns ns ns ns
g9uu1d (1 Wy, 55 - 15 1.A. 56) r - -0.472 | -0.33 | -0.184 | -0.007
P <0.0002 | 0.0034 ns ns
‘U‘Nﬁyﬂu (16 31.A. 56-28 n.N. 56) r - -0.489 | -0.464 | 0.429 -0.482
P 0.0008 | 0.0015 | 0.0037 | 0.0009
g9¥ou (1 i.a. 56-30 138, 56) r - -0.495 | -0.048 | 0.173 | -0.124
P 0.0024 | 0.0003 ns ns

mnews  mge  NEE = smsiniskanideumisueuans (Net ecosystem exchange, pmol CO; m™s™)
Al 9

LAl = dwilituilu (Leaf area index)
Rg
Ta = goumgfionael (Air temperature, °C)

USunauSednneeniing (Global solar radiation, pmol m™s™)

RH = Aanududusing (Humidity, %)

VPD = Ysinadlevhlenniasuiiialld (Vapor pressure deficit)
r = dulsvavsanduius

P =iz

ns = lflmnuduiusnieadia

* yed Teyadilidemadmiunislinseianuduiusmeain
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NEE (Kg C m?day™)

NEE (Kg C m2day™)
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y =-0.003x + 0.002
r* = 0.6908

LAI

ANNFNTIUSTENINSRTmanUABUASUBLANT (NEE) uazsvilituilu (LAI) o4 Site
1 1 gudidesnsasiBans 1. azdans (GUuY) way Site 71 2 LUAIIUNYATNT
Tanw (gUan)
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30

O 11-20 Jun. 12 11-20 Aug. 12
00 0 =-0.0519 o.=-0.0446
o NEE, ,, = -53.57
° ° NEE,,, = -36.77 max
0 $90° % R=7.33 & R.=6.74
2 R? = 0.5902 R?=0.8051
o a% %‘?h o o
x O%, % oc
-10 %o 6’0 oo
R B 0%
-20 (o) = °
o 00,0
° 28w © o, ©° ° B9 = o0
30 8 o © o %?D o ©
OO [¢]
o
30 o
16-25 Nov. 12 11-20 Dec. 12
20 | 0.=-0.0547 0.=-0.0247
NEE,,, = -26.75 NEE,, =-27.29
EN R.=4.53 R.=3.02
A
% R2=0.5648 R?=0.8356
£ gg &
o) T . . .
(v}
° o]
£
=2
o ®
4
2
30
11-20 Feb. 13 20-30 Mar. 13
20 3 o=-0.0188 0.=-0.0399
8o NEE,,, = -15.57 NEE,,,, = -60.14
R.=10.4 R.=5.71
R2=0.3764 R2=0.9213
20 4
.30 4
-40
0 500 1000 1500 2000 0 500 1000 1500 2000 2500
PPFD (umol Photon m2s?)
‘HI ! 2 -1 £ d' 13
SUN 5-2 mMsneuaueInskad (PPFD, umol Photon m™s™) 984an31n15hantUagua1suau

gvis (NEE, pmol CO, m?s™) Tutianiansing 9 oy Site 7 1 Audifeensaziians 1.
aLTANTT (O = A1 NEE Hialease way — = a1 NEE fildannisuseiiume

Michaetis-Menten hyperbolic rectangular equation)
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10

October 2012 December 2012
5 a=-0.0124 o =-0.0159
NEE,,, = -17.30 NEE, .= -7.66
0 R.= 1.32 Be R.=1.02
"R2=0.7740 y " "®2=0.6280
" Py -
5 <
o o
° o ° °% 6? o %
[e]
-10 o @ o o7%
o
5 ©
15 |
10
January 2013 February 2013
5 | @=-000265 | o =-0.0253
_ NEE,,,,, = -11.54 NEE, 5= -11.83
) R.=1.15 R.=1.41
£ RZE0.5335 R?'=0.6720
o)
o
]
£
]
o -10
o]
4
15 |
10
March 2013 b April 2013
5 a=-0.0170 o o o =-0.0314
NEE, . =-20.42 @ NEE,,, = -14.26
R.=1.51 R.=3.09
R2=0.7337 R?'=0.7079
-20
0 500 1000 1500 2000 0 500 1000 1500 2000 2500
PPFD (umol Photon m2s?)
o ' 2 1 Y] a ¢
SUN 5-3 MsmeuaueInakdd (PPFD, umol Photon m™s™) 984an31n150hantUagua1suau
o

avid (NEE, umol CO, m?s™) Tutaannansing 9 a Site 7 2 wUaanwasns 9. Tanms
(O = A1 NEE 713016033 uag — = A1 NEE Aildannnisuszdiugae Michaetis-
Menten hyperbolic rectangular equation)
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NEE (Kg C m2day™)

NEE (Kg C m2day™)
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y =-0.0021x + 0.0056
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O

hl OU 1

[Sony O
laVay 9
0-5 5 ZpaP?
o0 O
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ANuFUTUSsENINdRTIanlAsuASUBUYE (NEE) wazUsunaletnienniasu
Wil (Vapor pressure deficit, VPD) au Site 91 1 Augidzensazidams a.
2z BT (FUuu) uay Site 91 2 wlase1unwAINg 9 Tanu (3Uan9)
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5.2  INFWAVBENNUINGOUFDENAALUN

v-m:uLL‘UsUiauﬁuaaauﬂaﬁ:ﬁiuﬁuﬁﬂqﬂmawwswﬁum‘]uwaﬁmﬁaqmﬂmﬂmsLUﬁauLLanaq
AULNNITT LazanIngagilonnie MnMFeTefandiussineanisaessmetinldass
faeinaila Eddy Covariance (ETR) fudndvditudly (LA) wargaieInAvrpIsE UL
819911351 duldun USurausadnieeniing (Global solar radiation, R) aaungiieinia (Air
temperature, To) AMTUSRNS (Humidity, RH) wazUsunadlethitenniasuiiiald (Vapor
pressure deficit, VPD)

M5 zsiavduiusuau 2 duw dwdt 1 1 umengiavduiuslaglddeyasonily
s9v 1 U wazvaudl 2 wwadu 4 nguauggnia Tiud qep (1 8.8, 55 - 30 a.A. 55w Site 7 2
wlasnuasns 9. Tanw Sdeyadausiuil 15 a.a. 55 - 30 aA. 55) gguum (1 we. 55 - 15 1A,
56) Pasfifinisfislurasenama (15 1A, 2556 — 28 n.w. 2556) uazqgiou (1 5.a. 56 — 30 iuL.e.
56)

5.2.1 A15IASIERENaUNUS

Site 11 1 AUIITHL1DLTUNTT 3. RLATUNT

nsiaganduiusiagldteyasinlusey 1 Y wud A1 ETR dannuduiusiy
Tunaiedfiu (Positive correlation) fluA LAl Wag R, A1 ETR HAuduiusiuen R, 1nign
Ao UsvaSevay 45

nynszianduiusinenvadu 4 nquaugania wuin ludisgeuu A ETR &
Arnduiustulunafeaiu (Positive correlation) U1 R, thaz VPD wasianuduiuslunig
unifu (Negative correlation) fudn RH lutasgeiud A ETR Slenudiiusiven R, iniian fe
Uszunfear 60.1 d1msuludiagguuin a1 ETR danuduiusiulumaieaiu (Positive
correlation) ffUA" R, ke Ty, 39 ETR Sanudunusiven T, maﬁqm Ao Useuusasay 37.9
Tutheflensinisitslu dr ETR Sanuduiudlilumaientiu (Positive correlation) fusi LA, R,
way T, @9 ETR fanuduwussuan LAI mmﬁqﬂ Ao Uszanudosar 77.8 wazluyiegaiou A
ETR Amnuduiusluluniafieadu (Positive correlation) AUAT LA, R, Ta 8% VPD Wil
AMUENRUSIUNIHNKY (Negative correlation) fium1 RH Iu‘zmqgﬁauﬁ A1 ETR dauduius
AN R, 3nndign Ao Uszanadesas 75.4 (3137l 5-2)

Site 91 2 wlawNEANINS 2. Tenu

nsieseanduiusinelddoyasiuluseu 1 U wudi A1 ETR dannuduiusiy
Tunaheaniu (Positive correlation) fUAT Ry, Tar Wa% RH A1 ETR 1AUENRUSAUAT Ty 170
ign Aa Uszunaseuas 47

nsinsganduiusineuvadu 4 nquaugania wudi Tugigeru A ETR &
anuduituslulumaifieadiu (Positive correlation) fUfY VPD Gefn ETR Sanudusiudiuen
VPD 1nfign fe Uszanafesay 71.9 dwiuludaegguuin A1 ETR finnuduiusiulumis
\Aeu (Positive correlation) AUAT Ty waE RH WALAMNENAUSTUNIHAKY (Negative
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correlation) fu1 VPD Tugsnguunail a1 ETR fanuduiusiuan T, wndian Ao Useanu
Sovar 64.9 Tutsilensiinisiislu a1 ETR Saoudustuslulumaiieatu (Positive correlation)
FUAN Ty 39 ETR dmnuduiudivan T., fevar 30.9 uazlutiaggdou a1 ETR fianuduiugly
TumaiReniu (Positive correlation) fusn Ry @1 ETR Sanuduitusiiuan R, Sosar 54 (919
#15-2)

5.2.2 3NSWUVRIATUNUNTU (LAI) farin1satesemedn (ETR)

Site 11 1 AUIITHL9DLTUNTT 3. LATUNT

AINIAE T kld LU U sIiaduve sfilnuiluregnanist n1s
wWaguwlaswesdnsuanivisuasveugnsludinaiifnw fannnainnisivisunuasivil
wuinluTeway 30.56 (U7 5-5)

5.2.3 N15ADUAUDIABLEIUIAINISAN85EEUN (ETR)

Site 11 1 AUEITHL19DLTUNTT 3. LATUNT

AINIIAN8 TR TTNRLTUA LN SLT U IUTU AL asaz AL luso U (R,
W m2day™) Tudnwugvesaunis Polynomial nsiaguulasuesain1saeseieunlugiaiai
Anw AawmnniswisunlasUSinauasasanlusouiuiosas 20.62 (3U7 5-6, JUuw)

Site 91 2 wUawN¥AINS 3. VINIU

Ansmeseveindunldufistununafisduesinauasaranlusoutu (R,
W m?day™) Tudnweaizaesaunis Polynomial wwiieafu Site 7i 1 n1siUdsunlasuesdinis
Aossmethlutnafifinw Tawmgannaudsulaninauaaraslusouudosay 14.15
(U7 5-6, 5Ua)

5.2.4 mInausuasranIsiudsuLUasUengiianna (T.y, °C) vasAInNsAesme
11 (ETR)

Site 11 1 AUIITHL9DLTUNTT 3. RLATUNT

ANsmeszmgTiutnaNng o gudifeeazdans ldlinnuduiusiven
RUNNNINAYDITEULTNAL N TINANY (FUN 5-7, JUUW)

Site 91 2 wUadNBAINS 2. VINIU

AIN13ANESEMETNWITIRLT WU ST UV IN TiIT WYt TN Al
aN¥EYRIENNTT Polynomial N1siasunlatvesAinisme et lugisianfny dame
NMsiiunlawesguviioniaiesay 24.91 (U1 5-7, 5Ud)
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= a ¢ v o g ' i 5 douy a v U
M 52 wanINITIATIsRanduiussenIeAnsatesemednnialiass (ETR) Audvl
Huinlu (LA) wagdadensanniziinqeusingg a Site 71 1 Audifeeasidans

222184051 uag Site 1 2 WUasenanunIng 3 Jinw

P89 9 Tusaud \ ETR \ LAI \ Re \ Tair | RH VPD
Site 7 1 quéidpensapiBuns1 .auGann
ilunﬂ‘diﬂnm r 0.348 0.45 0.063 0.005 0.036
P <0.0001 | <0.0001 ns ns ns
g9elu (1 n.A. 55- 30 ».A. 55) r 0.146 0.601 0.035 -0.391 0.418
P ns <0.0001 ns <0.0001 | <0.0001
0913 (1 W.e. 55 - 15 1.A. 56) r 0.236 0.305 0.379 0.03 0.042
P ns 0.012| 0.0016 ns ns
"U"Nﬁy\‘ﬂu (16 1.A. 56-28 n.9. 56) r 0.778 0.533 0.459 -0.241 0.133
P <0.0001 0.0002 | 0.0017 ns ns
g9fou (1 i.a. 56-30 a8, 56) r 0283 | 0754 | 0614 | -0.446| 0526
P 0.027 | <0.0001 | <0.0001 0.0003 | <0.0001
Site 1 2 wUasENUNBAINS 2 TN
FINNYINIA r * 0.317 047 | 0217 | 0.025
P <0.0001 | <0.0001 0.0032 ns
ey (1 ».A. 55- 30 f.A. 55) r - 05| -0.007| -0352| 0.719
P ns ns ns 0.0057
0913 (1 W.e. 55 - 15 1.0, 56) r - 0.08 0.649 0.48 -0.228
P ns <0.0001 | <0.0001 0.0462
‘U'Nﬁyﬂu (16 1.A. 56-28 nN.N. 56) r - 0.154 0.309 -0.033 0.203
P ns 0.0413 ns ns
g9fou (1 d.a. 56-30 a8, 56) r - 054 | -0.203 | 0.066 | -0.124
P <0.0001 ns ns ns
NAUELNE fe  ETR = ﬂ"lmimﬂisLwﬂﬁﬁﬁ‘?ﬂiﬁﬁ’mmmﬁﬂ Eddy Covariance (Evapotranspiration,
mm.day ")
LAl = dilituiilu (Leaf area index)
Re = Usunussdnisending (Global solar radiation, pmol m™?s™)
T = 90unnieINTel (Air temperature, °0)

RH = mafudusivg (Humidity, %)

VPD = Yainadlevhlenniatuidiale (Vapor pressure deficit)
r = dudsvansanduius

P =anuiiasdu

ns = lifianuduiusnseda

* yneds Yeyadalimemedmiunmslinseianuduiusnisaia
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y = 0.45360414%

r* = 0.3056 o

ETR (mm.day™)

LAI

<SD.

JUN 55  anuduiiusAInisaesemen (ETR) wuasruliiuily (LAI o Site 71 1 Audideens

QULTINTT 2. LLFUNTT
5.2.4 N1SABUAUBIABANNIUTUNNS (RH, %) VBIAINI5AN85eWEU (ETR)

ANIAETEMEUTILYIIAAN Y a Audiduesaeidans ldianuduiusiuen
ANUTUENTNSYRITEUUTNANINTINAN Y (JUT 5-8, JUuw)

Site 91 2 wUawN¥AINS 2. VINIU

ANNITA8TEMEUNL MU LT AL URUNNTE AT UV DINSEA LT UV DIANUTUAUNNS
Tudnwalzaeaunis Polynomial n1sidasunlasuesainisateseinednlutisiaiidnel 4
amnnNN1sAsuLUAaBIANTUdITINS Souay 24.91 (3UN 5-8, JUd)

5.2.5 n1snauduasnayUsuinletiiennidsutinuld (Vapor pressure deficit, VPD)
Y9IAINIIANYTREU (ETR)

Ansmessmeilutasnaidn o guiifoesasdann ldfanuduiusiuan
VPD wildlodinnesianuduiiusseniamansssme uag VPD WWuthaaaidn 4 éud g9
du v Faflenamsiidly wagggieu wuih Tutasgguu Ansmessmeindunhniiuty
munsiiisesd VPD Tudnuazvssaunisidunss msLUﬁ&JuLLﬂawaqmmim83“msﬁﬂuszm
qaplu faumgainnsdsuutasesdn VPD $osay 58.25 uarlurisngiou mmsmessimeid
wunltfinduniunisfiuvesdn VPD ludnuagrasaunts Polynomial Mawdsuuuasuasen
msmessmetlutggieu fauvmannnsdsusuamesd VPD Sosay 4735 dmiulutag
qamnLLawd’Nﬁﬁmiﬁﬂwmmqwm Ansmeszmeilifiaruduiusiua vPD (U7 5-9)

Site %1 2 wlawnunsng 2. VN9

ANISANESEIBUNIUTINAINRNY o wlasnunsns 3. Tsnw ludanuduiusiu
A1 VPD ualiiodasizsimnuduiussenineainisaesewen wag VPD Wudigaisig g wuin
lugaegguy ANsAesEmelnlu i RnTuAINN1TRLYesd VPD n1siuaeulUadvuesinig
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Aoszmetlutaggiu amgainnisidsundamesd VPD fevar 1.28 uarlurisgguun
Amsaeszmeisiuualtudyduaunisiivvesdn VPD Tudnwaguesaunis Polynomial n1s
LﬂﬁauLLanaqmmsmaszmaﬁﬂmﬁm@mn ﬁmm&;mﬂmiLU%suLLanaam VPD Foua
6.88 dwiulutaggSounazdisiifinisfisluressnems anmsmessmeildfauduiussy
f1 VPD (5Ui 5-10)

AuSITue19RTUNT

5 4 y=6E-09x* + 0.0001x + 0.8171 o)

r? = 0.2062 ) @OQD

ETR (mm.day™)
(6N}
1

0 )
0 2000 4000 6000 8000 10000 12000 14000 16000
R, W m“?day™)
6 —_
ulaanussng 9. Jsnw
5 4 y= 1E-08x? + 6E-05x + 1.0718
r? = 0.1415
T4
[
9
£ i
é 3
o
TP
O
1 —=
0
0 T T T T T T T |
0 2000 4000 6000 8000 10000 12000 14000 16000

R, (W m2day™)

JUN 5-6  ANduRuGAINISANesTIen (ETR) wasUSunauasasaulusoudu (R) i Site 7 1
AUEITERTUNTT 2. avlFUNT (FUUY) ke Site N1 2 uasenanunsng 9 9
v (§Uan9)
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ETR (mm.day™)
[ON]
1

AuSITEE19RTUNT

2 -
1 -
0 T T T T )
15 17 19 21 33 35
6 —
LUALAERSAS 9. ﬁ\‘iﬂ'ﬁ/ﬂ
5 - y=-0092x% + 0.5651x - 6.9499
r? = 0.2491
4
[+
]
£ ]
£ 3
[a's
g 5,
1 -
0 T T T T T T T T T |
15 17 19 21 23 25 27 29 31 33 35
T, CO
SUN 5-7 AanudunusAInN1sAesevieln (ETR) warauuaianne (To,) &4 Site 71 1 Augivy
A | I 9 U U

#19RLTANTT 3. AN (FUUL) uaw Site 1 2 wuasenanensns 3 Jsnw (5U
an49)
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AuSITee19RTUNT

ETR (mm.day™)
[ON]
1

30 40 50
RH (%)

LUaLN¥RsNg 9. ﬁamw
5 - y=-0092x% + 0.5651x - 6.9499
r’ = 0.2491

ETR (mm.day™)
[N}
1

30 40 50 60 70 80 90 100
RH (%)

a fa o

JUN 58  anuduiusAnisAesemen (ETR) uagAnadudiing (RH) a Site 1 1 Aueidey
g9 AN 3. axianT (FUu) uag Site 71 2 wlasenanunsns 2 Jenw (5U
a)
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AUgIE 19 TUNT o)
T o o
5
o4
[
i
= O O
£ 3 oo O
o o O
g, &
oOO
1 o o0 oo
(@)
0 T T T T T )
0.0 0.5 1.0 1.5 2.0 2.5 3.0
VPD (kPa)
6 7 agau O aguu
5 | y = 3.9516x + 0.6(2)95 % gV
r* = 0.5825 C) aZou o
o9 2 RIIE ® yafislu
a - y = 1.103x%6% .
) A A gavou
r-=0.4735 v
Q —Linear (o)

ETR (mm.day™)
[N}
1

—Poly. (gasew)

0.0 0.5 1.0 1.5
VPD (kPa)

T 1

2.5 3.0

sU# 5-9  anudusiusAinisAiesemein (ETR) wagUsunulethfienniasuiials (Vapor
pressure deficit, VPD) au Site 11 1 AugITee190eliunsn 2. agidans
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wlasnunsng 3. 9anw
3 - (@)
~ O
> o
T ° 5 o
€ i O
E? 00 D0, B 568 o o
B 3 0o
o o 0 © &@ o°
Lu 0° S ogo SHQ 87 o
1 o om® Q$ Q° ®° o
8 0500 %o ©
o) R %ﬁ 0
50 00
0 T T T T T T T )
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
VPD (kPa)
4 - o il
faelu Qe
y = 2.4996x%10%° X Qavu
3 | r?=0.0128 e} ® ey
2 A gplou
'q Y
E 5 —Power (g8lu)
E A A—Poly. (ganum)
1 -
X
° XX f{*f ® v =-0.6691x2 + 1.0044x + 1.0069
L = 0.0688
0 T T T T T T T |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
VPD (kPa)

a o W &1 o a T A v a v
SUN 5-10  AUEUNUSAINITANYTLLRYUN (IETR) wazUTualethfienasuiiiule (Vapor
pressure deficit, VPD) g Site 71 2 wlagenunNewnsns 3 UIn1u
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5.3 dNSwavasA VPD sam1dudssansnisidunvesananisi (Ko)

nsRnwaugatuazaudesnsliivesenamis uenainasiluldfuin water
footprint veskUatsmsluanuiidnuuaylutisnaiinsinuuda fuidedujatiuing
foyaesdauiiuguiiduiusomsilullumssiuin/ iy aunaiuazaudosnisliiy
209819171571 (1355l lulUswnse CROPWAT T FAO) Tuaiuenswisluanuiidu 4 uax
Tugassveznanay 9 uenmieaniivhmsinuld Seinduusyansnisldiveseransudu
wsfiddyuardilifideyainatelumusnemsnmnou wararmuusUsuresen K. luituiiugn
grenrsiudunasuiowinainnisdsunlamwesUsunaledhienneasuiale (Vapor
pressure deficit, VPD)

msiwsesiavduiusuiadu 2 duw dwdt 1 umesgiavduiuslaglddeyasonly
s9u 1 ¥ wazdruil 2 woadu 4 nguanmggnia ldud qaelu (1 8. 55 - 30 A.A. 55 ud Site 71 2
wasnnuasns 9. Jannw Sdeyadaustuil 15 n.a. 55 - 30 AA. 55) gguum (1 e, 55 — 15 1A,
56) Pasfifinisiisluresenama (15 1A, 2556 — 28 n.w. 2556) uagggiou (1 7.a. 56 - 30 i,
56)

5.3.1 A15IASIERENaUNUS

Site 11 1 AUIITHL9DLTUNTT 3. LATUNT

nseeanduiusinglddeyasinlusou 1 U wudi an K danuduiusiuluns

S o

unHU (Negative correlation) fual VPD A1 K. dAuduiusiual VPD Ussanuioas 55.39

nsiAseanduuslaouiady 4 ﬂammqmma wudn Tugraggey A1 K 1l
ANuduiusiual VPD d1mFulutieganuid Fraiiiinnsialu was £09IoU WUl A1 K 3l
AnuduRuslUlum N (Negative correlation) AuA VPD Tnaan K. dpnuduwusiua VPD
Uszanaufenay 62.38, 46.06 uaz 54.99 AUaNeU (15197 5-3)

Site %1 2 wlawnunAsng 2. VN9

nsmeanduiusinglddeyasinlusou 1 U wudi an K danuduiusiulunsg
uNU (Negative correlation) AUAT VPD 19ulAgaiu Site 91 1 A1 K. innuduiusiual VPD
UsvanauSesay 19.35

msleseiavduiuslasutadu 4 nguauggnia wud lusisgguuuazyaed
gramnnelu an K. lalflanuduiusiuen vPD dmsulutiegeuund wazggieu wudi A1 K 3l
AnuduiusTUlunsnndu (Negative correlation) fuan VPD Taeen K. dannuduiusiuai VPD
Ussanaudosay 50.82 uaz 26.04 AudIu (15199 5-3)
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5.3.2 n1snauduasrausurulaunenidsuiuled (Vapor pressure deficit, VPD)
) a £ H
Ya9A1duUszaNS NS IdUvBIE19NIST (KO

fa o a

Site 1 1 AUGIVYYINRSLYILNG Q. ALVINIT

lugraanfnw o AUIduenmedans) wudn Amdulseansnisltinveenenis
(KD fnwlduanasdiniinsiinduvesan VPD luanwazaesaunis Exponential Msidsunlas
YaaAduUsEANSNsltuTeIe1ImIT (K) Hanumainnisiuasunlasesdn VPD Sauay 34.49

AsAAsIgiAnuduTuEsEwineAduUsyandnnslddiveenanis (K) was VPD
Hutianadng q 18w gadu gguun Pasiisrasiislu uazggieu wuin lurisggsu Tl
Usngenuduiusszninsandudsyninisliheetenmne (k) wag vPD Tudisgguun a1
Susvansnsldinvessnmng (K) Swnlanassiefinisifivvesan VPD Tudnuuzyesaunis
Polynomial nsiasuutaswesandulszansnisliihuessnamn () lugasgevun e
9nAsiUaBuLUasvesdl VPD $eeay 39.32 waglugediinisialuressnsnist nuin an
Sulsvansnslihessenans (K) Suunlduanassiefinsifivvesdn VPD ludnvarvesaunis
Logarithm n1stasuutasasadutszansnisléiiesenams (k) lurisil fanngainnis
Wasuulaswesr VPD Fevay 26.37 wazdmiulutiaggiou duuszandnslddwesenamns
(Ko Tuwltuanaadedinsifivvese VPD Tudnearvesaunis Polynomial nsiUasuwlaswes
Anduuszansnisldthvesnan (Ko) Tugheil ﬁmmamm'mﬂ?iaw,mawaqm VPD Sauay
36.74 (3U7 5-10)

Site %1 2 wlawnunsng 2. VN9

Tugiaifine s Audideesasidans wud Adudseansmslddivesename
(K) fuwilduanaaiiaiinisiiuaugesa VPD ludnwuzaesduns Polynomial nsidsuudas
YaaAduUsEANSNITNTR9819WNT (K) Hawmainmsivasunlasesan VPD Seway 18.42

meeseinduiusseinaduussansnsldihveasnemns (K) uag VPD
Hudraaadng 4 nuin ludsggrunazdisiiinnsfisluressnmis livsngauduiug
sewheddulszavsnislithuesenams (K) way VPD Tutgguuni warngou Adinssans
nsldessnanis (k) fuurlduanauiefinisifinvesdt veD ludnuugvosaunis
Polynomial nsiasuutasesdndulseansnisliihuessnamns () lugasggvun e
NnMsABULUAswIAn VPD Sesaz 27.37 uay 47.91 mauddy (UAl 5-12)
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A15199 5-3  WERINNSIASIEREndUiuSsEnInaanduUseansnnstaun (K) duusunaleing
gInAsuLiula (VPD) au Site 71 1 AudIToe19nsiBans) 208134031 wag Site 7
2 wUagenaununsns 9 U9

¥1281019 9 Tusaut | Ke | VPD
Site 7 1 quéidpensazBuns1 .auGunn
FIUNNYINIAN r -0.55388
P <0.0001
garu (1 n.A. 55- 30 #1.A. 55) r 0.04762
P ns
91U (1 W, 55 - 15 31.A. 56) r -0.62379
P <0.0001
3fidlu (16 1.0, 56-28 n.w. 56) ‘ -0.46461
P 0.0015
g9¥eu (1 d.A. 56-30 13L.8. 56) r -0.54987
P <0.0001
Site #1 1 gudideensapFunin v.audann
FIWYNYINIA r -0.19351
P 0.0067
ok (1 6.A. 55- 30 61.A. 55) r 0.32403
P ns
91U (1 W, 55 - 15 3.A. 56) r -0.50821
P <0.0001
P3a7dlu (16 1.0, 56-28 n.. 56) r 0.13186
P ns
g9¥eu (1 d.a. 56-30 131.8. 56) r -0.26044
P 0.0426
vanewy  fde Ko = AndudszAinisliih
VPD = Yainadlevhlenniasuidisle (Vapor pressure deficit)
r = duussAvSavdiniug
P = aunndu

ns = lifanuduiusnieas
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2.0

AuSITee19RTUNT

y = 1.0133e0%7™

r2 = 0.3449
0.0 T T T T T )
0.0 0.5 1.0 1.5 2.0 25 3.0
VPD (kPa)
7 gomm O fglu
y = 0.0712x* - 0.3869x + 0.8109 X anum
1.5 | r'=03932 © 929y ® iy
o 8 o OO v- -0.14In() + 0.4067 A gedou
" 1.0 A P " 02638 Poly. (ggvu)
N Log. (f237ibu)
05 - ‘ £ o gt - - = Poly. (anTou)
° y = 0.2232x* - 0.6682x + 1.0213
r? = 0.3674
0.0 T T T T T |
0.0 0.5 1.0 1.5 2.0 25 3.0
VPD (kPa)
SURL 5-11  enuduitudsewinsiduussandnislinh () wazUsinaletiitennasuiiisle
Jun 5-11

(Vapor pressure deficit, VPD) 2 Site 11 1 AugiTee1saeliamnsn 2. azians
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20 7

wlasnunsng 9. Jen1u
s y = 0.0862x" - 0.3264x + 0.4933
‘ r2 = 0.1842
v’ 1.0 A
05
0.0 1
0.0 4.0
VPD (kPa)
20 1 O gaelu
£ANUY Y
y = 0.1272x* - 0.4643x + 0.5755 X ganum
2 _ >
15 4 rF=02737 o iy
993U

y = 0.1084x? - 0.4618x + 0.6956
1.0 4 7 =04791

A g9IdU

Poly. (ganu17)

= = Poly. (993ew)

0.0
0.0

VPD (kPa)

a v o & ' o a £ v g . g A v a v
SUN 5-12  Aanuduiusseninaadudseansnisiain (K) wazusunalairiiannieasusiyle

(Vapor pressure deficit, VPD) & Site #i 2 wlasenanunsng 9 Jenw
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a3Una afuTeNa wasdalauauus

6.1 NuNAnw

msaniueuideludn 1 dauluaifunisadne Tower dounaniazinauniadle Wiolddmsu
ivdeyaaunarsueunaziluiiuiivgnens 2 Site i fswinasidansy wazdenw vialinasiivdoya
Tt 1 ldasu 19

N3l a gudideenanis Jminezduns awsadndunsiivdeyalalusses
Vauude 11 ey 1esa1ni Tower waghndsynguniniogudy uddinseslourstuilasuaiiy

@evadesniiun1steuuazaauisuaA1ues sensors MannalglunsinAfinyusnng o Tuiviavun

=] v & Ao
M990 6-1 a‘qﬂmauuamaﬂwu‘lnﬂﬂwﬁ

Site AuUEITeensasidans wUasnunIng

1A pyiusen pyiunenidesnile
A0l 0. AUNNTBLUA 9. ALLTINT 0.U1nAm 2.09n19
Huit A9 5013 10013

azfign 13°34/21.97"N 18°13'22.77"N
GRNERT 101°28'5.53"E 103°18'59.46"'E
m’mgqmnszé‘fuﬁmma (m.) 69 m. 200 m.

mslia anfoninu anfrinu

YR YoAUNTUNIY3 LM
Wugea RRIM 600 RRIM 600
szyzUgn 2.5 X 7 Lng 3 X 7 LS

CRETY 19 U (U 2556) 49 (U 2556)
szaznaiidansa®@) 101 gelailanin
Yilasraveane/anugs 2549 / 25 m. 2555/ 15 m.
Annayngunsal Eddy Covariance way 2549 2555
Y¥agunsainTIainganiiannia Founguuilupderinmnnsuaz

AAN19AUTLEENE wazEIUIsa
afiunsinuastuiindeyald

It ninawddy o wlaanunsns famdadaniu aunsadnfiunsifiudeyaldlusseziaiuiu
Wies 6 wiou iesndesdndunmsiiuiifnuiusnzan 83519 Tower wasfnawagunsaldmsuiv
Tayalvivisyn nieunsdosdniunisasuiiisuA1e sensors Tdnanuaufiedty Site 91 1 N3

3

D e

LY 1%

Guiindeyaluiun@nwiideudrallgm Wesminnisinuvesaiesdisldndsnukaiofindniun

[

seulugrnaiflusan dunnuin wazgwniiesiladuszezaifadedunatstuazidguiuin

Qe

o [y

dwsunistuiindeya WewnnszualniiAuliluunmeslidisane
6.2 misfnwaugasvey weldidudeyadnimsvaurnuiuduasaiuensnis

= ¢ . & , & = s & oA 2
nsfnwaunaaTueuLUteanilu 3 d@w fe (1) Mifinwaunanisueuluiunugnenanist 1
n1sinaugansveumemailn Eddy Covariance (2) N15ANBIANAAAITUDUYDINITLUANTTY H8TD
LCA wag (3) USunauaniveunasauaglunanininens
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fiufidnu Site 7 1 audifossandanm dsszeznailumaivtoys 11 Weu (1 8.8, 55 - 1
131,81, 56) ﬁﬂ%umm%Uauﬁasaﬂuﬁuﬁﬂgﬂmnwwm wavHanamne1s Wiy 1,351.48 waz 129.11 ke
Crai! uardinsUanudosaiuougusssniaiiiesannsiunnssuviniu 9.02 kg Crai! faduluzas
Lamé'fﬁﬂﬁnm‘i‘uauwgﬂLﬁ‘uﬁﬂiﬂuﬁuﬁﬂgﬂmqLLasmawamﬁﬁmmMﬁU 1,471.57 kg Crai’ (An5797
6-2)

fluiidne Site 7l 2 uaunwasns Smdadan Yasszeznaluniafuloya 6 Wou (1 ne. 55
- 11.8. 56) ﬁﬂ%mmm%nauﬁazaﬂuﬁuﬁﬂqﬂsmﬂmm 334.11 kg C.rait wazdn1suanUaesmsveu
gussenlesannsiuanssuwindy 13.23 kg Crai’ ﬁaﬁ?ﬂuﬁmnmvﬁ”&ﬂénm%m)u%gmﬁuﬁ'ﬂiﬂu
ﬁuﬁﬂgﬂmqﬁﬂ%mmwhﬁu 320.88 kg C.rai uaziiloaainudasenans Siee 1 2 faflongtiouazds
ailfiDan3n shlsdsliideyanisavauvesaiverllunandntnenssned 6-2)

AndeyausuaaTusundnwily 3 dw dana1itnesiu asnuiinsazauasuesuluiiuiiugnens
1y Site 91 1 waz 2 tuivSunageian Andudosaz 90.73 uaz 96.19 muadu sesawlduiUsun
s a & a & v ° o & 4 . a ' a '
Asveufiazanluiloss Andufovar 8.67 dwfuinud Site 91 1 uazn1siwnnIsue1eY dnsanides

A1sUaUBanIntudnduveeiign fo 0.61 WA 3.81 dmSUNU Site 1 1 uag 2 Aua1Au

6.3 nsAnwauga weldiludayadniiameiausuivasaiuensnis

nsdnwaugadfunisinvaunaiiluiiuiiugnenanis deialdasediemaiin Eddy Co-
variance fiufifinu Site 7 1 gueifosandans luraea 11 Weu fensemessmeifiialdas:
(ETR) wagAildannnisdiuna wihiu 799.82 uay 1,164.00 mm @sAn1smesemenininldasedien
foonhariildainmdiuan Anislidvesiiuiiugnensengunifianiniy 1,279.69 m? rait vpud
KanAmings SA1vinfy 160.97 Kg rai! drduiswmesiaUiuiuosiiufivgnersnia Site 7 1 Fadlen
WAy 7.96 m® Kg yield™

'
=

fudidnw Site 7 2 uanunsns Sm¥adan lutieszezian 6 Weu dAnisAesemei
$al#939 (ETR) wagAiildannnnsdiuna wihiu 271.86 uag 1.238.1 mm @aainisaeseietiniale
sadiendesnhmitldanmasiuaniudisriuiuiifinw Site 7 1 Anslidvesiuiiugnenseny
Yooty 434.98 mPrai! vasriinaraminens (@1nmsUssdiu) ety 30.04 Kg rait feiue

wasHAUSUAveIiuNUgNensmIs Site 1 2 FadiAwiniu 12.57 m?. Kg yield™ (1151411 6-3)
6.4  DNIWAVIIANNWINFDNADANABAITUDULALUN

PNNMTIATEianduiussznindnsnisuaniuasuaifueugns (Net Ecosystem Exchange,
NEE) fuensadiituitly LLasamWLLmﬁammsﬁaaﬂaﬁgﬂum AmFuiludidne Site @ 1 wud a1 NEE 4
AnudniustUluenanduiua LAl R, waz RH wafianuduiusluluiirmadeniuan VPD waglud
ANEETLER U RH s ifudidnw Site 7 2 wui an NEE fannuduiuslulufiesmnsuniuiua Re,
Tar w8 VPD wazdrnuduiusivlufiemadieniuin RH (15197 6-4)

mnmsaLﬂiwmawauwuﬁiumwmmimEJsumammmlms& (Evapotranspiration, ETR) AuAn
Fyiiudily LLauam‘wmaamaaﬂuauamwm dmSuiiuiidne Site 7 1 wudn e ETR ummauwuﬁ
lufirmafenduan LAl uag Re LLmlmmmmamwuﬁﬂUm Tair, RH Wlag VPD mmuwumﬂﬂm Site 71 2
WU A1 ETR danuduiusluludiemafeaduan R, Tar wag RH walifinuduiusiuai VPD (m1919
71 6-5)

109



M1319% 6-2  asUdeunaaunanTUBLTaLIUTIUgNE1aNI

Site
szezianlunisiuiindeya

NEE (Net Ecosystem Exchange, kg C rai™)
GPP (Gross Primary Production, kg C rai™)
Re (Ecosystem Respiration, kg C rai™)
Rs (Soil respiration, g C m?2) Y
Rip (Soil respiration from trenched plot, g
C m-Z) 1/
R. (Autotrophic respiration, g C m?) v
Rn (Heterotrophic respiration, g C m?2) ¥/
R4 (Decomposing root-derived CO; efflux,
gCm?3Y
NEP (Net Ecosystem Production, kg C rai™)
A0TUTVDITTUULLIAYIINIT
Usunauandusuanituitaauens (kg Crai?)
YSuauasuauaInNn1siuanssy (kg Corait)
USunauansusuanmananiingns (kg Crait)

USuauasuaunianun (kg C.rai™)

AuEIAEeRTUNT
11 \piou

(1 4.8, 55 — 30 11.8. 56)

-1,351.48
4,112.07
2,760.59

700
464

700- Ry
464- Ry

wUatnunsns 9. Jan1u
6 gy

(22 g1.A. 55 — 30 L1.8. 56)

-414.21
609.70
195.49

386
302

386- R
302- Ry

*galsimrnsornnme Rd 19 idesnindayadilunsut

-1,351.48
Carbon sink
-1,351.48
9.02

-129.11
-1,471.57

-414.21
Carbon sink
-334.11

13.23
2

-320.88

NUYLIG v AU
el 1L VIV
AW ANAIRU

7 wuneie

R. azanlusyezian 170 uay 146 Tu o Au

fa v

wlasgnemveanensng 2. Ganw Sslilallania

YIYYNALLY

wssazLlainensng 1. 09

Carbon sink  fa  szuuinAgeniswimihiduiawrasdiniuaisusu (NEP < 0)

M13199 6-3  asUdeynaUnAtIVEINUTIUgNE 1IN

Site
szeziaanlunistuiindeya

ETR (fnnsAngseimesi, mm)

ETo (ﬂ"lnqiszmaﬁwaaﬁ%é’wﬁamnmiﬁﬂmm,
mm) ¥

WU (fnnsTdiwesensmsi, m® rait)

wanan (kg rai)

'Jamas‘v!mﬂ“;uﬁ (m>. kg yield™)

AUGIAEeRTUNT
11 \figu

(1 4.8, 55 — 30 11.8. 56)

799.82
1,164.00

1,279.69
160.97
7.95

wUaRNYAING
6 Lhou
(1 m.a. 55 - 30 .8, 56)
271.86
1,238.1
377.51
30.04%
12.57

1/ a
NUYLNG NUYEN
I

7 e

6.5 ajunanldannsAtiunuITeTN 1

v
= U = v

n137191u3TeluUN 1 9 nstufindeyaaunanis

v
¢ U o

Joyatilaannisusziiuanienasensds

4

ANNSANYSEWEUNNAUINAINEUNIT FAO Penman-Monteith

veuuazi ieiludeyaniugiudmiuns

AwInAIAIsUBLLarIeSnasHnUsudtudtliasy 1 U w3e 1 g Wesnnsedldianlugiaiuusnves

o 's

NuIdglunsasravensy nsinToAIAN N1SA

9

anagagunsaidmsutuiinteya wagn1saeuious

gunsainnulialdlunisaniunuide uenanifmsuinisnevauesvetaunan1suauvadwlas
gransseaningiennia luguszesnariduiunisiuioya
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nsfinwaunanisueu LﬁaLﬂusﬁagaﬁugmﬁm%’uﬂﬂiﬁwmmﬁmﬁuauwm%uﬁ UOUAHANER
Asueuas (NEP) Jsduraanndoyaaugansueudiinldaswhemada Eddy Covariance iunildly
foyansUdesufadounszantadiuii1 (Upstream emissions) dugidlsifimstindoyadanaanldlunis
frunnsuauiaUIuivomantusdesanliitoyafivmefiazannsnudunld uwiluiagiu
Fanswaurveunaluladuazinadaciieg flisranunsansasiauiutanisanUdesuia
ansualneenladuasiiuiiugniivld LLavmﬂﬁuaua*vﬂmmmmame‘mmumammumaamwau‘wm
snfuliluuiiugnensiulidngenindosas 90 dadu ranunsatrfeyadsnanunudunidunis
FrurmasusulnUIudveaanSut LisanasdunisaredoldiuToulunisursturesnan St
190151555387 WlalTeuilsuiuensdunset fdutlagtuunngiiinismenuineisssmmaues
g19dansIzsiunanguiuien Emission factor AlndiAsaty (Augnssumamaiinduatuounauusg
YDINANN U, 2552)

v
=

nsanwaunain wedudeyaiiugiudmsunisauinaiewmesnauudg nuil Aewmesne

o«
%

Ususiiruaaildann site 7 2 g19818 108 (Nandinu1INATUsEIEIL) Wity 12.57 m°Kg yield! uagdl
AnlndiAesiufisteaulag Mekonnen uag Hoekstra (2011) Fsuszifiuarlnslduuusiaos CROPWAT
8.0 71l 12.96 m®Kg yield! vauzil Site 7 1 %ﬂmﬂmiwﬁmq 19 Yuariinandnihenamsiiulgass
wSauffuAnsTdhitsnld uindunuindfisteaulng Mekonnen and Hoekstra (2011) fifnsnnninia
63% TtiinrInananwIndeuLaziLUsTdluLuusa0sil Mekonnen and Hoekstra (2011) 14
fufiruuansananmundesluamuduasdu site ivhnsmaaes uenaniAnisaeszmeth
(ETR) #l#a1nn1590939 wazAnsssmetesfind1eds (ETo) amnmadiuan Tagldfoyagagfionne
wazArdulsyavsnisldihuesiiy (k) muisn15ues FAO Penman-Monteith Wu3n AuLANA1wen
n1sABsEET TS suarainntsIuIngada 64% uandlifiuiinsiuuusassunldlunis
Uszilimaweinaliuduasansnessmetinderududuiiazdosinisusumuds Seldun i ke
Fuomnzaudmnsunisily %nﬁa;&aﬁlé’fﬁnﬂm'ﬁwmamﬁwﬁmmé’wﬁ’mazJN?J'ﬂumi validate LUUT1@DY
Tannsaldanulafineslsudinisusunag

nsfnydvEnavasanwuIndouroaunamiuauLartl MnmTieTsianduiusiaslideya
saiuiinlgtu wui 5@13’1ﬂ’13LLaﬂLﬂgﬂuﬂﬁUSUQW%mﬂﬁgﬂ 2 Site fianuduiusluniwnduiuen
Umnaidsdnnsenindindloutu winuin nsmessmetiitaldaieninit 2 Site fianuduiuslunis
WWeaftuAUTinadidnsending dnsuauduiusseninsmdnnisuandsuafueuavsuagnis
eszmpthitinldase furdsiiiuily guugfionnia arwduduing way Uiinalethilennasuuia
thudanuunndisiuszaing Site idnw ileanindoyaiiléainnisideludi 1 dusdldinneuas
foyafinnuulsusugenn Snenstiufindeyalutasszernandus o wasdnuidodios 2 Site o
ildifiesdennindeyadananlulilunismeinsaiaugaanfusuuazin %qavﬁ’ﬂﬁmwﬁammmmsa
Tunsa$1edana anudesnislidivessnsmns wasnansenuvesaniglaniousostsnt Setoya
fandmagtelinisdinaulaiestunsuanssufivssaviam aunsadanisnissdauasdaniiuiugn
g ldfnnBeiu Suandulsslomiidussiuinensnsuarseduloviessly

Feidu masiduemiafeddarusndussdediazdostiiunulusseria 4 Biusgratios
desnnlunmsAnuaunavesanivounaziby fuldesesnsdeya NEE Sruaudusifiariiesesiada
I6duou 4 gpdeya (10 4 Vidnw) Aezlddnudadoimuammuuususuresmiuenuiuveudas

F3vean1siasrewiuenly 1 gauan Jsduludenisiilldimuuuuiiaessediuauganisveu
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wazne9819n151 Nazatunsainluusulddvalueensluaaundu q veslssndlne waglugag
Syegadu o folu

M19197 6-4  UAMINTIATIEMEaNAUNUSIENINERTINkanUasuasuauans (NEE) duduinuily
(LA wazladenisanizwindonsngy o Site 7 1 gudifeensasfuns 2.a83an
uaz Site 71 2 WUasENLAATNT 9 TINW

1281019 9 Tuseut e | R | Tw | Re | wep
Site 71 1 AL BuNI1 2.a8TINT
TN - - ns - +
aaelu (1 n.p. 55- 30 f1.A. 55) ns ns ns ns ns
9uuN3 (1 w.e. 55 - 15 31.A. 56) ns ns ns ns ns
F2979LU (16 31.0. 56-28 N.W. 56) ns ns + ns ns
g9fou (1 1., 56-30 1.8. 56) - - - + -
Site 7 2 wasenununIng 2 Janw

FIWYNYINIA - - + -
a9eu (1 9.A. 55- 30 A.A. 55) ns ns ns ns
999U (1 w.e. 55 - 15 1.A. 56) - - ns ns
2aislu (16 310, 56-28 n.W. 56) - - + -
gaeu (1 dl.a. 56-30 L.y, 56) - - ns ns

= a ¢ o o & ] ] T Ao vy a v o oad 4
AT 6-5  WARINITIATIEanduRUSsEnineAIn1sAesEne T inlaase (ETR) Audwdiuily
(LA uazdadenisaniizuindausingg o Site 91 1 audidoensazidansn 22884051
wag Site 7 2 WUae1unwRINT 3 Jenw

d29ae1s q Tuseud ‘ LAI ‘ Rq ‘ Tair ‘ RH ‘ VPD
Site 11 1 AUGITBL1RBUNT) 2.2UTUNT

FIWYNYINIA + + ns ns ns
aaelu (1 n.A. 55- 30 f.A. 55) ns + ns - +
0anUN3 (1 W.e. 55 - 15 31.A. 56) ns + + ns ns
2aiidlu (16 31.0. 56-28 n.. 56) + + + ns ns
gaeu (1 il.a. 56-30 L.y, 56) + + + - +
Site 71 2 wasenanwRINg 3 Tanu
FINNYRIAT + + + ns
aaeu (1 9., 55- 30 f.A. 55) ns ns ns +
991U (1 w.e. 55 - 15 1.A. 56) ns + + -
237l (16 31.0. 56-28 N, 56) ns + ns ns
ggfou (1 1. 56-30 1L.8. 56) + ns ns ns
NINBLYR) AYe LA = deilituilu (Leaf area index)

R, = UsuauFsdnaeniing (Global solar radiation, umol m?s™)

Tar = 8uieNA (Air temperature, °0)

RH = aaiudusimg (Humidity, %)

VPD = Usmadlethitormadudisild (Vapor pressure deficit)

Fydnwal - = fanuduiuslulumannduiue NEE uay ETR
+ = fanuduiuslulufianafeaiuan NEE uay ETR
ns = liflauduiusen NEE wag ETR
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“Carbon footprint”

CO, sources W
t
J

Ecosystem respiration, R, c}a‘ ; o -jﬁ ‘s GPP (photosynthesis)
( Leaf and stem “s' g &m h

respiration

§
R

Soil respiration, R, i\l\IEP
Tree growth)

, Heterotrophic Root
Respiration, Ry, Respiratign, R,

—1

=
Below-ground
biomass

Soil organic carbon
socC

“Water footprint”

t U o 8

Evapotranspiration, ETR | ,»8' - *s Precipitation

4 Transpiration v(jés' ;"N S

Erubher ¥

=
B

Evaporation

S T
e

JUNUINT 1 System boundary 989uNUIIU “MsAnaNgansuauLasi Wisldiiu
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A1319muINd 4 - Jeyausznaulunis@nuaunaniiveuuazil asusulnUTud Lax

JwmosrnUIud
FouaiiAnu ‘ REE) e ‘ awilunstuinen
1. Eddy covariance system
CO;, concentration [CO2] pumol mol™ 30 w9l
CO; flux Fc pumol m?s’! 30 W9l
Net ecosystem exchange NEE pmol m? s 30 Wl
H»O concentration [H20] mmol m?s* 30 wil
Water vapor flux E m mol m?s* 30 w1l
Evapotranspiration ETR mm 30 w1l
2. Weather station

Net radiation Rn wW.m? 30 wil
Global radiation Re W.m? 30 Wl
Photosynthetic active photon PPFD pmol m? s 30 w1l
flux density

Air temperature Ta °C 30 wi
Relative Humidity of the air Rh % 30 Wl
Precipitation PPT mm 30 W
Wind speed WS ms’ 30 wil
Wind direction WD Degree 30 W
Braometric pressure Pa kPa 30 ui
Vapor pressure deficit VPD kPa 30 w1l
Vapor pressure VP kPa 30 wil
Evapotranspiration by FAO Pen- | ETP mm 30 wil

man-Monteith equation

3. Soil respiration system

Soil respiration Rs pmol m? s 2 Ui
(nsdifipdesfiefilmenadon
yeneatlunisiiutoyausay
adsuouiu osninde
indesileifiosynifien usideaiu
Joya 2 Site)

Heterotrophic respiration Rh pmol m” s 2 da

Autotrophic respiration Ra pmol m? s 2 dUa
4. Sapflow system

Transpiration by plant T mm 30 wi
5. Yauausznaudu

Soil temperature Ts °C 30 wi

Soil water content SWC m’>m” 30 Wl

Leaf area index LAl m*m? 2 dUanii

Leaf litter trap Litter trap | gram 2 &ai

Diameter of plant Girth meter 6 hou
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N3ANYIANAAAITUBLLAZUIVRINUNIUANEIINIT
#2875 Eddy Covariance

1. Eddy Covariance

“Eddy Covariance” tJunilsludsnsildlunisde Flux veswiauaznsiafinmiunis
wnsvesAaaniiuidnwiidianuududunniign iWunsinaidnuleense wasdnagld
wisvanelutagdu

walla eddy covariance Lwmafialun1snsiatndugaieuluszdugagienie
(Micro-climate) 1itensaa¥anauudsusiuves Flux luuwadeesuusseania Taganan
wsUsausamsEminsmududuvesdiisnaule wu uiaaveulneenled loth uaziin
Judy fuanusvesadlusundinislundas Eddy seiulunisnsiaindedldiniadion
Fudou ommneuiunuvesdsiiaulatuietudann wasiinsasuntadusiinm
fitfossnniisaududu anumuiuiu viegamgd Jsiufudesmmaialudnumeiineg
P PRHITERIRAIT

[

2. ¥aguUnsad Eddy covariance
2.1 msAnRsyngUnsel Eddy covariance
sqmqﬂﬂiaj Eddy covariance Usgnaumiy

2.1.2 wserinAnusazAianiad wuu 3 Adenusianlufienia x, y, z) (Three
dimensional sonic anemometer) iq'u CSAT3 983U38m Campbell Scientific

2.2.2 w3sdinanuttnduresnsveulaeenlenuazin ssuulla (Open path
infrared gas analyzer) Ju LI-7500 ¥84U3% Li-COR Inc.

Tunsfnuiduangunsal Eddy Covariance gniindaliinanugs 27 uag 12 m. vy
neRosresiuTiAnY Site 7 1 (FaninasBauns) uas 2 Fwiadanme audiu doyailin
Idanniedesiloazgniufinaduniintuiintoyavuinaiiug 2 GB (Compact flash) degniin
frogluiedostiufindoyauuudnlusi® (Data logger) Ju CR5000 uay CR3000 dwiuiiud
Anw1 Site 71 1 uay 2 muddiy nddeazasuniintuiindeyanniedestiufindoyauuy
dalusiivne 2 o1fing mstuiinteyavesuniesduiindoyauuusnlusiRazdiunisniud
finAtelusunsuly e awiiufindeyadoaud 20 Hz wde 20 Adwia il maon 24 $2lu

v

2.2 ﬂ']ﬁﬁ']u’)mélmiﬂlﬂ"lﬂlﬁﬂL‘UaHUﬂW%U@u‘l@@@ﬂl%ﬁLLagﬁqLﬁﬁaﬁaugaﬁaﬁu’fﬂﬂwqﬁq
pewaila Eddy Covariance

ABnsArmaAdnsnisuanilasuaifusulaoenlusigns (Net ecosystem
exchange, NEE 39 Fco,) aeinatia Eddy Covariance (Goulden et al., 1996) vJung
funia1n Covariance s¥winemuuUsUsiuauiiaslunuads (w) wazanududues
uwharfueulaeanled (CO.)) Fyaunsd (1)

127



NEE =Fco, = pw'[CO, (1)
Tae?l o louA AuUIKILYeIeINTAREY (mean air density)

JuRoUN1TAIUIN NEE 22a1LTuUN159183501A551U V89 EUROFLUX (Aubinet et
al., 2000) Fsdeyannudutuvesiansveulaeenleduazanuiiauluwuiiazgniiu
Aunmelusunsy EdiRe Fadurenuasninaunsannivanlafiain http//www.geos.ed.

ac.uk/abs/research/micromet/EdiRe/ 378 lalleulusunsuAIuIumInizuInsgIues

TURBUMIAIUINANTIBazLBAYes JUT 2-3 1 NEE Ladonne 30 urit azgniin
A1uIUNIA19Ue) sialu laun NEP (Net ecosystem production), NPP (Net primary
production) , GPP (Gross primary production), k& Re (Ecological respiration) siald

WnsAwrusvsunnUIuduaztefinesiaUsuRmewmatla Eddy covariance A
aun159 (1) wag (2) (Bhardwaj et al., 2011) MuUaIAU

NEP —C
CF — loss (2)
Yield
CWuU
WF = (3)
Yield
Toefl  CF = Carbon footprint
NEP = Net ecosystem production
WF = Water footprint
CWU = Crop water use (m°)

Yield

Grain yield (Mg)

' & 1A = o = I3 a = v W fw

AN Fco, Wumiuanstiaonsinsuaniuagunisuaugnd (NEE) danudusiuciua
HandnUgugiisiuszuuiig (GPP) wazAn1svislavesssuuing (Re) Asnansluaunis
419819

NEE = Re-GPP (4)

NEP = GPP-Re (5)
ot

NEE = - NEP (6)

! a & & -

AN158lave9sEUUing (R tJunNasiuveIn15vnelasiuianunvasiy (R,) kag
drunbulany (R,) whaasueulneanlanfivaniUassasnunainfusullasannseuiunseay
aanedunidingnielunu

Re = Ra + Rh (7)

NEP = NPP-Rh (8)
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’7[ Raw data (10 Hz) ]
-

1. Spike detection
2. Planar fit method
3. Linear detrend
4. WPL correction

—

[ Post processing

A4

1. Raw data analysis
i 2. Energy balance enclosure
3. Nighttime flux correction

WV WV
[ 30 minute FCO, ] | 30 minute FH,0 l
hd A\
1. Quality analysis, QA 1. Quality analysis, QA
2. Quality check, QC 2. Quality check, QC
3. Gap-filling method 3. Gap-filling method
1. Gross primary production, GPP v
2. Net primary production, NPP [ Crop water use, CWU ]
3. Respiratio of ecosytem, Re

s L

v

W
Carbon footprint @

JURWING 2 Tumeunsiuiudnsnsuaniudsumiveulasenlyduazii (flux of CO,
wag H0 ) uagArmsusulaUTuduazImasHnUIus
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NEE = -NEP

sUuanii 3 nsvnglalussuuinmvesiiunugnivy

2.3 nsindsgunsalnsaainan ngiionne

Ynn3I9Tnan ngleniAgninfeuurensevesitdesiunAnw \Wussuuiiiv

Yoyauuusnlusid Tneldiadestuiindoyadnlusl@ (Data logger) fu CR10X (Campbell

= o I3

Scientific, Inc., USA) foyaiiadaufiuil Ussnaude (1) gumnivesennie wag (2) iy
duimd feiaiesinguvgiiuazanududuingennia fu HMPA5C (Vaisala, Inc., USA) (3)
USinautirly deiedesinusunamey ( Rain Gage, dia. = 6 53) (@) REn19azANusay
fewnsesiniianiuaralnuiiay 31 Wind Sentry Anemometer (Campbell Scientific,
Inc., USA) (5) Usunauuasoringludnwaigsng laun Net Radiometer 31 NR-life, Shot-
Long Wave i;u CNR1, Pyranometer s;u LI-200SA wag Quantum Sensor i:u LI190SA (LI-
COR Inc,, USA) gunsaldmiuinqagfienniadsnandrediuazgniensefuiniosiuiinteya
wuusalusTA waziflelfanunsataruaz tusindeyaifiulinn 30 ui maen 24 2l (3U7
2-5) sinAdsazanlvanteyainiaiestuiindeyauuudalusiing 2 01find TagldiaTes
ﬂauﬁaL@@%L%auﬁiaﬁ’uLﬂ'%laaﬁ’uﬁﬂ%'agauwé’miuﬁa uazlydlusunsy LoggerNet Tunnsane
Toutoya Toyatilsazgniiulilusuves ASCI file
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a o -4 Qy I3
AUNAFIUNITATUIUATITUBUNAUIUA

ArsuuNAUIUAYeIaEIUEN NI ARIINNSANT T T8 81 wazasLedille
LazveudsiiinanisUgnenamng lng3dnsiiusiunudeyaiuu Gate to Gate ALY
dwsudmihgudeyadaindenn wasddsensdunndenn lnsladsveanisugnensm
wazyeade MAnann1sUgnenamis Uszneusedeyaanaiuensnis 3 ssezndn laun
Mawdsunszgnuasnsuuiud msvgnuastigadneineunisninens wagnisugn
Lar1einuTAnIaesRUnTETNneges Inedeyadisdsnndiinnunemuannsizs
nsvanes (ane.) Smindanas Aldlunisdumanisuoulnyiuivesaiugnams
sunatnan Fandateniw wansldfansned n-1

ATWHUIN 4 VBYANISIUANTINAIUENINTIWRUN Tamindaniu

AU N Usune #1591990 niy Usune
nIaSenIIITUgnuayn U U 1181957 Alansu 8880
vhifuiiea ans 3
Yhsfuedeq ans 1
MsUgnuar 193N INOUNTAEN (1-6 U)

AUNAY NI ! 90
vhifuiiea ans 7
Jogns 20-10-12 | Alandy 250
Tnalnin 48% Alansu 7
MsUgnuarashyImainiaeg (725 U)
Yhifufiea ans 18
Jeans 30-5-18 Alan3u 1368
WISIAION Alansu 18

V8L UL %DRC = 30
1 drdnnunemuanaTIzinsyihaine (@ng.) Jamiatdanis, (2556)

uen NN MM SUauNRYTUR Memguiimsssdutnindina (Life Cycle
Assessment) Safnilsianslsandeingiv mnesmfensvudsingiiu arsiedl wagde and
fudififinsannssy :nmsfnses du qlunslaf (2556)! Aldinsdnateyaainem
AN NUIPEILE IS iinsdde TngAuseg llumswnnssuegluszey
$ail 50 Alawns anituitaruerans lunsAnndfldfauigunsvuddsifiszosnns
yudsTngavegd 50 Alawns dmsusemsingiuiliamnsadudutoyald

Ll gloaulf (2556). n13UseliuindnstinwazUss@ninmdeiineasvgitvemdndueildermislulsemelne.
ANZIMINTIUAMENS WANINeSusIIUAERS
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a1 1

Waansene 9 MAnnnsianssuvesaiuensng Judnmildadendmasonis
Winn1zlaniou (Global warming) Astun1sANWIUISlAAILIMLAATA 9 ALAnTY Taun
UaEINNDINAMAAINNTRINTRINGS wazuaasnseINANintuIINNsidle ag

s I5vavdunsasalul

A1SANUIUUAANTIINATHN LT DL NAI I ULATDITNTNANISN YASALARDUNLENS
USrU1UAIINANNT

Epollutant = FCfuel type x EFpollutant, fuel type (n-1)

dle Epollutant Ao USunauuaans
FCfuel type fo Uswaudends
EFpollutant, fuel type o Emission factor Auwdinuadns siadoimas uay
gilavesszuun1swing (@wa, LwuduaIessud
aoadmy, wudueloseudasong)

WARLTOUNTZAN CO,, CHy, NLO: 1935015083 IPCC volume 2 (Energy), Chapter
3 (Mobile combustion) Tier 1 #9AW# n - 1

TABLE X 3T
DEFAULT EMISSI0% FACTORS FOROFF-ROAD MOBILE SOURCES AND MACHINERY L
o CHM X010
ET:; . mﬁ Lawer | Upper 3;%[[; Lower Upper ﬂ::ﬁ Lower Upper
Diiesel

Amodee | gyyp0 | 72600 | 74800 | 415 167 104 e M3 858
Forcsty THI00 | TIED0 | T4E00 | 415 167 104 b 143 53]
By THI00 [ T2E00 | THEMD | 415 167 104 W6 143 858
Houselnid TH100 [ Tre0h | THE00 | 415 1.67 104 e 143 g8

Motor Gasoling 4-stroke
Apole | go3nd | 67500 | TION | 80 3 0 2 1 [
Fowsry 69300 | 67500 | Tio00
by 60300 [ 67500 | TioNo | S0 0 125 2 1 I3
Hoseall | co3p0 | 67500 | 73000 | 120 15 300 2 1 [

Motor Gasoline 2-Stroke
Agodsr | goand | 67400 | TIO0N | 140 6 350 04 02 12
Femsty G300 [ 67500 | TIONO | 170 6 425 04 02 12
] 63300 [ 67500 | TIO0O | 130 52 315 04 2 12
Fisetvit 9300 | 67500 | T30 150 1 450 04 0.1 12

gﬂ‘ﬁ il
Emission factors for off-road mobile sources and machinery
u7: Intergovernmental Panel on climate Change (IPCC) (2006)
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dwsunaansaindoindl Auiniinusmevnsideglulaaiiifgasdu a-y-c 14
d kg landilulpsiaued a/100 * d kg 3 P,0s 8¢ y/100 * d kg 1 KO ¢ /100 * d kg
wazlonsutiinallulanaulute fuuuiinu N0 Tnel#38nsves IPCC, volume 4, um
7 11 lulasaufesas 1 veslulasauimmslulsaznanedy NO 83 N, 28 kg asiilsiAn
N,O 44 kg @un1sAuaUsuna N,O fs

N,O (kg) = dromtnlulasiau (kg) x 1/100 x 44/28 (A-2)
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= B Kasad

1 @Mugwwnn dnathnaia Jaudadon i

Fr-01

mamnan (uu.uva)

455 g CO2e.

Hnmdadme uazav (Thai)

- - . - 3
AswanAmuY uazsv (Eng)
W uaRINFUSLIY
wiiunsvineu (Thai)

wihiunsviae (Eng)

hmomman (uu.uv)

Fresh Latex (dry weight)

B28

1 Alaniu

1kg

233.10
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d@umonn anathnae Jawiadomw

e IR

hoewinan (uu.uwa)

AN

B28B ﬁ‘l
| 1
I
mslaindsiandu ASTNUAISHAR > :
1 1
___________ ] 1
MSsHAaIandu : I ASTNUNSHAR 1
1 I [
i _—
ifufia IL ausde ; ) 1
AVIATLUATIL n |
1 1 N nsnﬁufumlz#a 1
intuatas ! aude 1 1
: ' i
1 ! I
AunaINININ ' > audy T I
1 I [
" o | >
flavaana’s Lyl aude > I
1 1 malanuanitgedng
, : > Aamnandeirne S 16 :
flotuTasau -{—i aude 1 1
1 ’ I
1 ! i
flaTwunaidan > aude + i
1 I I
1 1 1
wnman =3 aude 1 >  nmlanuanhypfnnaaizniame I
: I wnssiouaa e i 7-25 |
1 1
1natuiae 1 auds 1 o I
: ! 1
1 ]
1 ]
R e RN I
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e e

@ sunathnate Sovialen
o aa (uu.uvi)

aswud

" o wmwnd ¥ i
L 'i -,' naun 3

i
Aanin 1
Alandu .
fAlandy :
i
inludiia flanin 313 !
Hogeslulanau Hlandn 150.00 H
Hugamlaanata Alandy 7500 :
|loanstwunadan filaniu 90.00 H
naivzia 48% Aandy 596 H

Tludiza

fogaslulasau Alandn
fugasiaariada flandu
| ogasTnunawion filanin
M Mandy

“mnowe dayal

= . . e S O . B . e

"mnmi dnnanfinuaiauleaanlydnaanay 25 1
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4.1

efunTmvnalgnuacey

vednendauntsnfauw

Todnmnuniznauraun:

ey

|l talauan

tsaevisaviois
s Twn nanons
wriwnan

inhude (mldn)
iafududa (nviential)

|Ei=reerrey
N20- il

i n
Bhnawry (%DRC=30)
i vlnusks

oy

s, G

@ rumenmn dunashasia Sewdailand

thawwnaa (uuasia)

Alantu 10000f  owoc Sagad v rmastETIINT)
Mania 251 eooes] ey Tasst Ty
s 25185 Qe s e iveasamEnemY
o
- 7700 Qo
Mantu wazl ool
Hant wi1a  amed
aot 1028 ool
Hlacts wsy) o
Mans 278l o002
Maie 3| o000 ¥
= 7| o000
Aacta 26445 0.0005) dreilon PCC 2006
6o7]  oumang ane. Sowindeornl
Fluode md ol aoe. Sauieenst
Haniu sasol  0.0028] ana. Santadnm
Mants 1800 0.0034) anu. Sowinlenml
Maniu 1607] 00030} ana_ Sainbenml
196 0.0036) ana. Sauiadeal
Mantu 64401l 0.0012] snondaa PCC 2006

5328.00} 1.0000]

iEé

25.0000}

-

fLubricating od, ot plont, Ecaliwent 2.2, INCC 2007

Prwmbows, S sleadad (2935) sasducie S

as
{Diammonim phosphate, as P05 at regionl stord
0,

JPesticide anmpeatbed, 31

Panemoniom suiphats, a5 N, 3t ragicnal storsoussed
PN

[Potassium chiride, as K20, at regional storehousd

|Pesticide unspecified, at regional storehouse/RER

sibedienia, Thal national database, wiwemmmhd
W

Moo o

1.00f

sl aoof [ aos)
sl oo [ 009
734 sl Y as
1 L
03] oo ooy}
s o) )
el 0w a2}
ST B an am
15 [ [
e :ﬂ [t a0y
109 o oo}
w2y oo om)
LT B (Y] 008
Y 023! 1
wusd oo ao
wied o)
208 o) 00l o019
ms0l o0 a1 0.03)
s28  aol 0.00] .00
sesel 004 001 0.04
161.23} 013 0.03} 013}
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BRI E] Fr-04.3

aruwdinsrnir sun.

Addrndr aun,

LTI Diuansmsirnadymniasy GHG uaowbuntusymmnAnusacmio MllordoowiaidontoafumbummAandn de

s uyes Upstream uns Downstream Hrivwun ua w1ty u D) azifue Wiy vinduenaniwnaydonim

dowiy @ia
wiiuayums

nisilaonis o dRwin
Wb e

and

wanstu Fr03 TnutidnnmsamibsuasnsuBautonszusumsi 4 uas/mia Wsanor e

vunistdidomss

o
{kgCo,
e/

wiiou)

8 iawambuerunaeiilinen) Fuidimusausnuaia 4 n3dv aun. TAUA TR

#DIvV/o1
0.000|

#DIV/0l
*0Iv/01
0.000)

0duTINN 4 60 7 Fu
0TS 10 60 16 fu
OUTIMAYOY 10 do 16 i

TGO Guidebook (19/41.1./12): sa:

#0IV/0
#DIV/0I

0.00)
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Hanasu
dausen

dawanfined

msiae GHG 3nul8uuudasnistaussasdu

svaviasu

Adanatsuvin

A aun,

dmdins g aun,

Favitlan

— (Bovtowhoouyasnline)

Suddmusauanat

Turiun'ly

kgCO; eq

n3dlfl aun. iurluRandy
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Faviasu anlnmilsasfeaniaunscanaasniasorei
yiun aumaws Snathnae Jouiatian
Hawdnsniei Mmowan (uu.uw)

nisidaay GHG uavnisteuua

msdasn GHG maansyuds
hviginsdia ds:Tudu fandu wadvau uawd

WOsU WESOR aRrviwuans wasu(kgCO2 eq./1s/1)
(kgCO; o /15/1) {kgCO2 eq./13/1))
malgnuaniqeinnnaunisniame 9.49521 0.39
nnlgnuazihgedmnnaunisniame 1,166.7363 24,2029 1,190.9392 49.09
mMalgnuanihpinrmarniaswaunedssueaigumy 225 8031 50.52
10(_!.00
1,400.00
1,200.00 .
1,000.00
@
o
O 800.00
g
600.00 |
400.00
200.00
9.45
O O ;i :
malgnuanipimnsaunisniame 1.7 0.01 1.77 0.39
mulgnuanirpinudaunisnia 218.88 1.95 220.43 48.41
! VIR . 51.20
10_0.00
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Climate type 1 : Tropical Dry

unit kgCO2/Rai/year
Regoin  Northern Eastern Central North Eastern
Aaunsuldauuilay
1 wuduan | Wafiusiu M
1h 1 0 0 0
2
@
E
= WUAU]N 2400 0 448 496
@
a
£ | Wubusiu 1920 -496 0 49.6
%
>
2N 1920 -368 -49.6 0
Climate type 2 : Tropical Moist
unit kgCO2/Rai/year
Regoin  Southern
Aaun1suldsuuilas
1 waauan | Wuliusiu M
1h 1 0 0 0
2
@
-
‘g‘ L ERHER 3200 0 736 768
W@
=
= Anfiusiu 2240 -768 0 99.2
Xz
=
2 2400 -656 -99.2 0
JowdaifigfiarnAuarAudihuuy Tropical Moist
1 nsedl 8 e
2 UNWT 9 ALAa
3 A3 10 azan
4 uATAIEITUNY 11 s%uav
5 us18N& 12 &vuan
6 Uaail 13 QA
7 Won 14 §5uqiondl
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N LT shpaiS aannondani ol

Wuii

o &
AamWaan

suavlasy

Sumawnmn duiaantdonn

TGO/CFP-v01-2013

dhmowman (uu.uw)

4 & g - ¥ .

Aowandaiw uazsu (Thai)
dondonnal uassu (Eng)
ABWBABBINITUSIIEY

wihonsvieu (Thai)

wibunsvineu (Eng)

250.00
200.00
@Q
S 15000
o
100.00
50.00

Mmewan (uu.uia)

Fresh Latex (dry weight)

B2B

1 Afansu

1kg

106.41

190.93
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|
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| o uasn'm.l‘hmf#a
dihuatas Aude | .
]
1
FunaENININ arudde T
1
. 1
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1
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|
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Viuri dusns wlaaadans
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uafunninwialanuazn nidudu

malanuanirpdnennauntsniaue

—= s - SO
e Sswaaadaen
eemas (wass)
Alanty g vn v 278964 i 100 134 o. 0.12%)
A B i i 15117 / 109 ox] 0.08%)
Aand Sagaa v nany 33780 i 1.00 153 0.19%
Alandu ooy o519 109 v 0040
Alanka - Nomwrwn s 0.32824 1008 158 °. °. 0.15%
des Soyevuimnany 2.744] 1.00 1098 1.01%}
sassean
IN2O-srstaiiln Alants #eoman IPOC 2006 29800008 / EP0C 2007 1.0 224 2. 0.21%}
o
)
i 7200 L B ] 2.17%7) L. 19 1208 2.0 .00 2.5 2.00 1.17%)
[ugasTutanau Alands 61.55] 002 ousTvnimowrm 2.785¢] 7 =, 1.00 171.73 o] 0.8 0.49] 0.09] 15.85%)
lsgramicia Aantu 30.38) 001  sioeTvRiTEONm 16117} } Ciavmoniues phosphate, 2s FZ05 at regional store) 1.0 4853 0.13 0.1 013 0.0 452%)
[ Jusas o wn-Bus Aand 36.00) 001 doyaTvRITOMN 337804 /] Potsssium chioride, 25 K20, 2t regional storehouse) 1.008 12163 0321 0.03 0321 0.3} 11229
et (wvrenaclenaatsd 27.6 § Alandy 059 000]  swmreciom 213 ] 100 154 020 0.00 0.00] 0.0) 0.17%)
Ssanean
[N2O- vt Aanks 09674 000 éwnaioa IPCC 2006 25,0000 i jrcc a7 1.00) 2419 .08 L 0.06] 0.0 2.23%)
1
Alandn 33.10) 005  somervaivoum 0.4737) s whowtus (2556). 1.0 5873} 0.09) 0.0 0.09 0.00] 5.45%)
anty s52.90) 001  slogasvaiasn 2.7898 i an at 100 14757 022 0.04 022 0.04 13.62%)
Aantu 207.00) 00d  smETeciwomy 15117 1] formememaniam phosphete, as P20S at regional stord 1.09 33363 2.99) 009 0.49) 0.09) 30.79%)
Alaniy 457 000 smeTmDNm 2135 ] jPesticide unspecified, at regional storehouse/RER 1008 10.60) 0.0 0.00 0.0 0.00) 0.98%)
axrneen
IN2O- 3wl Alanky 53134 000 shwrwtom IPCC 2006 25,0000 ! Poc 200 1.00 1253 0.9 0.04 8.9 0.04 12.25%)
-
irerav (WORC=32) Alantu| 1119333
hirsalonia Alantu|  EL|  1oood
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mulntuninidsudentounszanainiandu

amtns R aun.

AT aun,

.-s.ul!s.:}Sﬂ...Si—t-n axm uaﬁ&.iﬂ:!.g._-:f:-s:é sis._asa!n-:‘!aes.:g:é- sn._&lc-.&_.m«.ou A-S&‘IS.-:-sg..:u!:.:..s:ta-:-qs..:.i? A uay/vin Wuasviwiman
8y Downstream #iriwua d nfinuandy

dmahu n.) uusmstidamds
wiiusuunys
wiandailn . . ® (kgcoz ¢ : It
A ea./ i bR ¥ 3 (kgco,
ea./

W)

....E...._..-.,n .::....:.:E.;.:._. :E;. u‘., wihy o
hurdos s ;

nmfuerie

201v/ol

sov/or |
0.000|

TGO Guidebook (19/8.0./12): 1 #DIV/0!
TGO Guidebook (19/9.0./12): 3 #DIV/0I

#DIV/0!
#DIV/0l
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Havasu
Aauin

Adanaain

mindlunfafarrifihemalsaduluigef Tawanmisas GHG annmlRuutdaons Ll (uuu Ay nulodayaAsoaARaIRy Fr.04-1 ugaendngrudsynauuazseyunasiinuasdayaf tdgse vefiludoyadsugfuasmdond

nslsau GHG nul&uuudasnislais Tunivdu

siWavlasu

Aaanansuuvin

LRUDNAITAIU/M

dwdins i aun,

dwsuednal i aun.

kgCo, eq

(Havtamhovuyaodlinga)

Judgmusauanaata

n3dlAl aun. TurTucRindy
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Haviasu aplnsldasfaniaunsanuasriadowsi
viui aumamnn Jandaandunn

Hawdasnizi hmewman (uu.una)

nisiaau GHG vasnisleuiua { asdanu GHG wasnIsuudy

ahsiginstia ds: Ty Jandu waseru uasviviuan B NB U WAWIL HATHEWLINS wasu(kgCO2 eq./15/1)
(kgCO; o/ 15/11) {kgCO2 eq./15/1l)

mslgnuanhyeininnaunisniame

nmalgnuanhednmnnaunisniame 380.9754 0.1638 381.1392 35.16
nmalgnuanheinnunicniameaunsiaunaigny 63.09

) 100.00

800.00
700.00
600.00

500.00

kg CO:e

400.00 - LI
300.00
200.00

100.00

nisdRau GHG vavnmislauiuanisly msuany GHG wasnisuuds

Adreininsdia derTudu fandu wasau uazviviuins IRnAY WAy uazdwaIng wuas11(gCo2 eq./FU)
(gC0; o /FU) (gC02 eq./FU)

mnlgnuanhieimndauntsniame 5.2886 a.0053 5.2939 0.49
malyr rpimnnaunniame 106.3623 0.0457 106.9080 9.82
malgnuaniheinnanzaiamvaunsitnuaaigod 190. 7787 0.1509 190.9296 17.61
i 8.20 10.2.6 27.92

250.00

200.00 - 190.93
L

150.00
8
@ 106.41

100.00

50.00

5.29
& | RSN TRe . .
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Climate type 1 : Tropical Dry

unit kgCO2/Rai/year
Regoin  Northern Eastern Central North Eastern
Aauns&nuuilas
i Nuauan Waliueu M
i 1 0 0 0
A
@
E
2 Waauan 2400 0 448 496
e
=
£ | Aubusiu 1920 -496 0 49.6
E
-
2 1920 -368 -49.6 0
Climate type 2 : Tropical Moist
unit kgCO2/Rai/year
Regoin  Southern
Aaunsldsuuilas
1h Vi GHER) Wafiusiu IR b]
1h 1 0 0 0
"
@
E
= G BHED 3200 0 736 768
W&
=2
= Afusiu 2240 -768 0 99.2
é
<
2 2400 -656 -99.2 0
JoudaiifigfiarnAuasiuiiihuuy Tropical Moist
1 nsedl 8 W9
2 AUNT 9 iia
3 %Y 10 agan
4 uATAIEITUNY 11 s¥uay
5 usaNnNa 12 &zan
6 damil 13 &aa
7 W 14 §ugssil
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a ' ¢ ' o - 6. g
MITNNUINT 5 Aunnwesn1sUasunsisaunszan (Emission factor)

v

ufufiwa (nslean)

Diesel (Usiudiga / uniuleais)

Thai national database
M5UTEEINASUBUHANS UVITD NGRS Ut

ihsfufea (sl

Gas/ Diesel Oil (W& muAZOUR)

Thai national database
MIUsEEIUATUBUNANTWYITBIDIANS

vhifuedes Lubricant oil (sfuiies) Thai national database
Ecoinvent 2.2, IPCC 2007 GWP 100a
AUNAIB NN AUNAIEINGT Ieinus v glunulyd, (2556)
{jﬂqmﬂu‘lmwu Ammonium sulphate, as N, at Ecoinvent 2.0, IPCC 2007 GWP 100a
regional storehouse/RER U-
TH1
Yogmsvioanedd Diammonium phosphate, as Ecoinvent 2.0, IPCC 2007 GWP 100a
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Abstract

Water and energy demands associated with bioenergy crop production on marginal lands
are inextricably linked with land quality and land use history. To illustrate the effect of
land marginality on bioenergy crop yield and associated water and energy footprints, we
analyzed seven large-scale sites (9-21ha) converted from either Conservation Reserve
Program (CRP) or conventional agricultural land use to no-till soybean for biofuel
production. Unmanaged CRP grassland at the same location was used as a reference
site. Sites were rated using a land marginality index (LMI) based on land capability
classes, slope, soil erodibility, soil hydraulic conductivity, and soil tolerance factors
extracted from a soil survey (SSURGO) database. Principal components analysis was
used to develop a soil quality index (SQI) for the study sites based on 12 soil physical
and chemical properties. The water and energy footprints on these sites were estimated
using eddy-covariance flux techniques. Aboveground net primary productivity was
inversely related to LMI and positively related to SQI. Water and energy footprints
increased with LMI and decreased with SQI. The water footprints for grain, biomass and
energy production were higher on lands converted from agricultural land use compared
with those converted from the CRP land. The sites which were previously in the CRP had
higher SQI than those under agricultural land use, showing that land management
affects water footprints through soil quality effects. The analysis of biophysical char-
acteristics of the sites in relation to water and energy use suggests that crops and
management systems similar to CRP grasslands may provide a potential strategy to
grow biofuels that would minimize environmental degradation while improving the
productivity of marginal lands.

Keywords: Eddy covariance flux, land capability, land marginality index, land use suitability, net
primary productivity, soil erodibility, soil quality index
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Introduction

Recently, marginal lands have been proposed as viable
areas for growing biofuels using mixed prairie grasses
(Tilman et al., 2006), switchgrass (Panicum virgatum),
Miscanthus (Miscanthus giganteus), and various other
plant species that may be more tolerant of adverse
conditions than conventional food crops. While produc-
tion of biofuels, in general, has been questioned on

Correspondence: A. K. Bhardwaj, WK. Kellogg Biological Station,
3700 E. Gull Lake Drive, Hickory Corners, MI 49060, USA, tel. +1
269 753 5350, fax + 1 269 671 2104, e-mail: ajay@msu.edu
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ecological (e.g. Chapin et al., 2000; Searchinger et al.,
2008) as well as socioeconomic grounds (e.g. Pimentel &
Patzek, 2005), there is general consensus that the ecolo-
gical footprints of biofuels depend on the type of feed-
stock and the type of land. For example, Robertson et al.
(2008, 2010) suggested that growing cellulosic biofuels
on degraded lands or environmentally vulnerable crop
lands could increase carbon sequestration and improve
water quality. Searchinger et al. (2008) suggested that
cellulosic biofuels would increase greenhouse gas emis-
sions by 50% if grown on US corn lands, while Fargione
et al. (2008) noted that growing them on degraded and
abandoned lands might incur little or no carbon debt.

© 2010 Blackwell Publishing Ltd
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Marginal lands are considered unfit for prime agri-
cultural use because of poor land quality characteristics
(United Nations Statistical Division (UNSD), 1997).
Although the concept of marginality encompasses bio-
physical and social dimensions, it commonly focuses on
bio-physical aspects with the assumption that socio-
economic marginality originates from bio-physical lim-
itations. And while there is no single best indicator of
land quality, a number of indicators have been used
earlier such as soil productivity (or suitability) for crop
growth, land capability classification (Hardie & Parks,
1997), and specific soil characteristics such as water-hold-
ing capacity (Lichtenberg, 1989; Wu and Brorsen, 1995).

Land quality primarily determines the allocation of
land to agricultural use. For example, in the United
States, lands enrolled in the Conservation Reserve Pro-
gram (CRP) are typically of lower quality (either lower
productivity or at higher risk of environmental degra-
dation) compared with other lands in the same geo-
graphic area (Lubowski et al., 2006). CRP is a cost-share
and land rental program in the United States that
converts highly erodible or otherwise environmentally
sensitive crop land to noncrop vegetation.

Land quality is also not an absolute function but must
be assessed in relation to the specific land use that one
has in mind (Sombroek, 1997). Various land qualities in
relation to crop growth, animal production, forest pro-
ductivity, and input management levels are provided in
a framework of land evaluation by FAO (1976). Among
these, land qualities for crop productivity include
characteristics such as moisture and nutrient availabil-
ity, resistance to soil erosion, and soil workability
for farming operations. Similarly, soil quality, which
is a component of land quality, is defined in terms of
the capacity of a soil to perform specific functions in
relation to human needs or purposes, including main-
taining environmental quality and sustaining plant and
animal production (Lal, 1998).

Soil quality derives from a variety of particular physical,
chemical, and biological properties that support crop
growth (Mausbach & Seybold, 1998). Some properties
are characterized by optimum levels, and deviation from
these optima is associated with reduced soil quality. In
addition to soil properties, other characteristics also play a
critical role in determining land quality, including aspects
of terrain and climate. On any particular parcel of land,
some properties of soil and other resources may limit land
quality while others do not. Two soil-based measures that
are commonly used in the United States to assess the
quality of land for agricultural purposes are the Land
Capability Classification (USDA, 1973) and USDA’s ‘prime
farmland’ designation (Magleby, 2002). The Land Capabil-
ity Classification system ranks land according to its suit-
ability for crop production based on soil criteria, such as

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 208-222

depth and fertility, climate, wetness, and susceptibility to
erosion (Heimlich, 1989), and the prime farm land has the
best physical and chemical characteristics for crop growth
including an adequate and dependable water supply.

In addition to land quality, policy has a large effect on
the land use decisions and the resulting consequences
for ecosystem goods and services (Robertson &
Swinton, 2005). Land quality and land use have a
direct relationship with environmental characteristics
and processes, including the productivity of the land,
species diversity, biogeochemistry, and the hydrologic
cycle. If policies are not carefully designed and imple-
mented, a particular land use may yield minimal gain in
the ecosystem services of interest and may even dimin-
ish production of other services (Daily & Matson, 2008;
Nelson et al., 2008). For example, the type of land and
the intensity of its use can have substantial impact on
both the quantity and quality of water in a region.
Together with nutrient cycling, water regulation and
supply have been rated as some of the most valuable
ecosystem services (Swinton et al., 2007) with average
global value as high as US$ 2800ha~"yr~' (Costanza
et al., 1997). Managing water on a watershed basis helps
to address potential impacts of land use change includ-
ing soil erosion and salinization due to poor land use
practices, water flow and storage that may prevent or
ameliorate floods and droughts, deterioration of water
resources due to increased input of pollutants, and
decline in water resources due to excessive use. The
relationships between land use and water quality and
quantity are also bidirectional. Land management
activities have direct impacts on water resources, while
water quality and quantity may also influence the
selection of land use activities.

To maintain or enhance the ecosystem services asso-
ciated with marginal lands, it is important to assess the
environmental and economic viability of potential land
use choices. Such an assessment would help maximize
the ecosystem services with economic returns by
removing the bottlenecks and developing better man-
agement strategies. The aim of the work presented here
is to assess land marginality and soil quality impacts on
water and energy footprints of soybean production for
biodiesel on some newly converted marginal lands in
southwest Michigan, and to evaluate the implications of
this interaction for better management of land and
water resources to maximize ecosystem services.

Materials and methods

Experimental approach

To assess land quality and management effects on the
water and energy footprints of bioenergy crop production,
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large-scale biofuel production experiments were started
by converting two types of land uses (CRP grasslands and
active agricultural lands) into soybean production for
bioenergy. Over a 1 year period of land conversion and
soybean production we measured the water and energy
exchange, and its relation to land and soil quality char-
acteristics.

Study site and layout

Our study sites were located in southwest Michigan,
and constituted seven experimental units of 9-21 ha size

s

Conventional Agriculture (AG) to -
No-Till Soybe l
WS Y '.“ b i N

= ¥

(CRP) to No-Till Soybean cropping &

(Fig. 1). The data used for this study are from 2009 when
all the sites except a reference no-management site were
planted to no-till soybean. Before 2009, three of the sites
(AG-S1, AG-S2, AG-S3) were in a corn-soybean rotation
for >10 years, while the other three (CRP-S1, CRP-S2,
CRP-S3) were enrolled in the CRP of the United States
Department of Agriculture (USDA) for the past 20
years. A reference site (CRP-REF) was also under CRP
for 20 years and remained dominated by Smooth Brome
(Bromus inermis Leyss) grass. The three sites converted
from CRP lands (and CRP-REF) were maintained fol-

Fig. 1 Experimental layout of the sites and locations of eddy flux towers. AG-51, -52, and -53 were converted from conventional
agriculture to no-till soybean; CRP-51, -52, and -S3 were converted from Conservation Reserve Program (CRP) to no-till soybean; CRP-

REF was the reference site with continued CRP land use.

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 208-222
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Table 1 Selected characteristics of the soil map units representing the studied sites

Soil map Depth of surface

unit Soil Slope (%) K soil (inches) LCC T K, (ums™)
6C Boyer loamy sand 6-12 0.17 9 Mle 4 574
6D Boyer loamy sand 12-18 0.17 9 IVe 4 57.4
6E Boyer loamy sand 1840 0.17 9 Vil e 4 57.4
21 Houghton Muck Flat 14 Ve 3 217
22B Kalamazoo loam 6-12 0.32 10 Me 4 9.0
22C Kalamazoo loam 12-18 0.32 10 e 4 9.0
22D Kalamazoo loam 1840 032 10 Ve 4 9.0
31B Oshtemo sandy loam 0-6 0.24 9 s 5 28.0
31C Oshtemo sandy loam 6-12 0.24 9 ie 5 28.0
31D Oshtemo sandy loam 12-18 0.24 9 Ve 5 28.0
31E Oshtemo sandy loam 1840 0.24 9 Vil e 5 28.0

LCC, land capability class and sub class; K, soil erosion factor; T, erosion tolerance factor; K, saturated hydraulic conductivity

(0-50 cm depth).

lowing CRP management criteria in Smooth Brome
grass before conversion. Historically, all seven sites
were in either row crops or pasture for at least the past
72 years (based on occasional aerial photos) and culti-
vated every year for the past 40 years (Michigan land
use survey maps). Soils at the sites developed on glacial
outwash and are Typic Hapludalfs of the Kalamazoo
(fine-loamy), Oshtemo (coarse-loamy), and Boyer
(loamy sand) series. Climate is temperate with cool,
moist winters and warm, humid summers. The area
receives approximately 900 mm of annual precipitation,
with about half as snow. Average annual temperature is
9.7 °C. Selected characteristics of the SSURGO soil map
units representing the sites are summarized in Table 1.

Site preparation and management

In May 2009, before planting soybean, all vegetation on
the three converted CRP sites was killed using glypho-
sate (N-phosphonomethyl, Syngenta, Greensboro, NC,
USA) with a nonionic surfactant (0.35Lha"") and am-
monium sulfate (1.5kgha™") for effectiveness. Herbi-
cide was applied using a pull type sprayer (Demco
Dethmers MFG Company, Boyden, IA, USA) equipped
with a monitor sprayer control, SCS 4400 (Raven Manu-
facturers, Omaha, NE, USA). Soybean cultivar 92M91
with genetically engineered Glyphosate resistance was
planted on day of year (DOY) 160 (CRP-S1, CRP-52,
CRP-S3) and 161-162 (AG-S1, AG-S2, AG-53) using a
no-till planter.

Eddy-covariance measurement of evapotranspiration (ET)

The turbulent exchange of CO, and H,O between the
vegetation canopy and atmosphere was measured

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 208-222

using eddy-covariance flux methods (Lee et al., 2004).
A 3-m high tower was located close to the center of each
site. The footprint of each eddy covariance tower
extended about 150-200 m radius in the upwind direc-
tion around the tower. The eddy-covariance system on
each tower consisted of a LI-7500 open-path infrared
gas analyzer (IRGA) (Li-Cor Biosciences, Lincoln, NE,
USA), a CSAT3 three-dimensional sonic anemo-
meter (Campbell Scientific Inc., Logan, UT, USA), and
a CR5000 data logger (Campbell Scientific Inc.). The
LI-7500 was calibrated every 4 months using zero-grade
nitrogen gas. A LI-610 dew-point generator (Li-Cor
Biosciences) and (Scott Marrin Inc., Riverside, CA,
USA) CO, standards were used for setting H,O and
CO, spans, respectively.

The 30-min mean flux of latent heat was computed as
the covariance of vertical wind speed and water con-
centration, after correcting sonic temperatures for
humidity and pressure (Schotanus et al., 1983). The
coordinate system was corrected using the formulation
of Leuning (2004) in the planar fit coordinate system
(Wilczak et al., 2001), which was defined from the entire
year’s mean wind data using the EC-processor (http://
research.eeescience.utoledo.edu/lees/ECP/ECP.html;
Noormets et al., 2008). Data quality was assessed using
stationarity and stability criteria (Foken & Wichura,
1996). Thirty minute averages of latent heat was
summed to a daily value after discarding latent heat
fluxes >800 and <—250 Wm™2. Daily evapotranspira-
tion (ET) in mmday ' was derived by dividing the
latent heat by the water vaporization constant.

The gross primary productivity (GPP) was deter-
mined by subtracting ecosystem respiration (R.)
from net ecosystem exchange (NEE). Daytime R. were
obtained from the nocturnal NEE-temperature rela-
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tionship using the partitioning method described in
Reichstein et al. (2005), which is a standardized flux
partitioning technique used by the AmeriFlux and
FLUXNET networks.

Soil water content on each of these sites was mon-
itored using an in situ time domain reflectometry (TDR)
sensor close to the eddy covariance tower. The TDR
water sensor was installed vertically from the surface
and was 30cm long. The sensor determined soil water
content every 30 min.

Soil sampling and analysis

Soil cores (1-m depth) were collected at 10 geo-refer-
enced stations at each site before soybean planting
using a hydraulic corer (Geoprobe Systems, Salina,
KS, USA). The cores were divided into different depths
(0-0.1, 0.1-0.25, 0.25-0.50, 0.50-1.0m) and analyzed for
various physical and chemical characteristics. The data
for the 0-0.25 m layer were used for soil quality evalua-
tion. In total, we collected 70 samples from seven
experimental sites.

We used 12 soil characteristics important to crop pro-
duction for development of a soil quality index (SQI).
Bulk density (BD) (1) and soil texture (2) were measured
by the core methods (Blake & Hartge, 1986) and Bouyou-
cos hydrometer method (Gee & Bauder, 1986), respec-
tively. Soil aggregate stability (3) (soil stability ratio; SSR)
was determined using the high energy moisture charac-
teristics (HEMC) method (Collis-George & Figueroa,
1984; Pierson & Mulla, 1989; Levy & Miller, 1997; Levy
& Mamedov, 2002). In the HEMC method, aggregates are
wetted either slowly 20mmh™) or rapidly (100mm
h™"), and moisture characteristic curves at high energies
(i.e., up to 500 mm H,O tension) are measured. Details of
this method are provided in Bhardwaj et al. (2007). Total
soil carbon (4) and nitrogen (5) were determined by dry
combustion of dried, ground soil samples using an auto-
matic CN analyzer (Costech Analytical Technologies Inc.,
Valencia, CA, USA). Other chemical properties including
pH (6), cation exchange capacity (CEC) (7), available
Phosphorus (P) (8), exchangeable Potassium (K*) (9),
Calcium (Ca® ") (10), and Magnesium (Mg? *) (11), were
analyzed at Michigan State University’s Soil Testing
Laboratory. Determination of P was by extraction using
Bray-Kurtz P1 (weak acid) solution, while K¥, Ca’* and
Mg®* were extracted using 1.0N neutral ammonium
acetate. P concentrations were determined by colorimetry
with a spectrophotometer (Olsen et al., 1954), and K™,
Ca?* and Mg’" were determined by inductively
coupled plasma-atomic emission spectroscopy. Soil pH
and electrical conductivity (EC) (12) were measured in a
1:1 soil-to-water suspension with a pH and EC meter,

respectively.

Soil quality assessment

The first step followed in the soil quality assessment
and development of SQI is to define the primary soil
function, which in this case is crop productivity, and
then to select a minimum dataset (MDS) to represent
this function. We used 12 soil parameters for develop-
ment of the MDS. The data were reduced to MDS
through a series of uni- and multivariate statistical
methods. Nonparametric statistics (Kruskal-Wallis 32)
were used to identify indicators with significant differ-
ences among sites. Only variables with significant dif-
ferences among sites (P <0.05) were chosen for the next
step in MDS formation. A standardized principal com-
ponents analysis (PCA) was performed for each statis-
tically significant variable (Andrews & Carroll, 2001;
Andrews et al., 2002). Principal components (PCs) are
linear combinations of variables that account for maxi-
mum variance for a data set; PCs receiving high Eigen
values and variables with high factor loading best
represent system attributes. Therefore, we examined
only PCs with Eigen values > 1.0 (Brejda et al., 2000).
Within each PC only highly weighted factors (i.e., those
with absolute values within 10% of the highest weight)
were retained for the MDS. To reduce redundancy and
to rule out spurious groupings among the highly
weighted variables within PCs, Pearson’s correlation
coefficients were used to determine the strength of the
relationships among variables.

After determining the variables for the MDS, every
observation of each MDS indicator was transformed for
inclusion in the SQI. A linear scoring technique was
followed because of its simplicity of design and because
it relies on the observed knowledge of the system
(Liebig et al., 2001). Indicators were ranked in the
ascending or descending order depending on whether
a higher value was considered ‘beneficial’ or ‘detrimen-
tal’ to primary soil function. For ‘higher is better’
indicators such as C, each observation was divided by
the highest observed value such that the highest
observed value received a score of 1. For ‘lower is
better’ indicators, such as BD, the lowest observed
value (in the numerator) was divided by each observa-
tion (in the denominator) such that the lowest observed
value received a score of 1. For those indicators, such as
pH, where ‘neither higher is better nor lower is better’,
observations were scored as ‘higher is better’ up to a
threshold value and then scored as ‘lower is better’
above the threshold value (Liebig et al., 2001).

Once transformed, the MDS variables for each
observation were weighted using the PCA results. Each
PC explained a certain amount (%) of the variation in
the total data set. This percentage, divided by the total
percentage of variation explained by all PCs with

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 208-222
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eigenvectors >1.0, provided the weighted factor for
variables chosen under a given PC. The SQI was deter-
mined as:

SQI = i (W,'XS,‘), (1)
i=1

where W is the PC weighting factor and S is the
indicator score for variable i. In the model, higher index
scores indicate better soil quality or greater perfor-
mance of soil function.

Land marginality assessment

Land marginality was assessed by combining five
dominant factors in land quality assessment from the
standpoints of crop production as well as environmen-
tal quality. These factors were land capability class, soil
erodibility, slope, hydraulic conductivity and soil toler-
ance. These constituted five primary land quality
characteristics which determine how marginal a land
area is for crop/biomass production, in regard to bio-
physical characteristics. These land characteristics were
extracted from Soil Survey Geographic (SSURGO)
database for Barry County, Michigan (Soil Survey Staff,
1990). These five characteristics were combined into a
land marginality index (LMI) as follows:

LMI =

city, soil biota and even soil depth (Pimentel et al., 1995).
The soil erosion factor indicates the susceptibility of a soil
to sheet and rill erosion by water. It is one of six factors
used in the universal soil loss equation (USLE) and the
revised universal soil loss equation (RUSLE) to predict the
average annual rate of soil loss by sheet and rill erosion
(Renard et al., 1991). Values of K range from 0.02 to 0.69.
Other factors being equal, the higher the value for K, the
more susceptible the soil is to sheet and rill erosion by
water (http:/ /websoilsurvey.nrcs.usda.gov/).

The profile conductivity factor (PCF) for the sites was
calculated as:

PCF =3 _ (KsiAy), (©)
i=1
where K; is the representative saturated hydraulic con-
ductivity for a soil map unit 7, and A is the area of the
site under the soil map unit i.
The soil tolerance factor (STF) for the sites was
calculated as:

STF = Y (T:A)), 7)
i=1
where T is the erosion tolerance factor for the soil map

unit i, and A is the area of the site under the soil map
unit 7. The erosion tolerance factor T is an estimate of the

(Land capability factor) + (site slope factor) + (soil erodibility factor)

- 2

(Profile conductivity factor) + (soil tolerance factor)

The land capability factor (LCF) was calculated as:

n
LCF =) (CiA), &)
i=1
where C is land capability class number for a soil map unit
i and A is the area of the site under the soil map unit i.
The site slope factor (SSF) for the sites was calculated
as:
SSF =Y (SiA:), (4)
=1

where S is the average slope for a soil map unit 7, and A
is the area of the site under the soil map unit i.

The soil erodibility factor (SEF) for the sites was
calculated as:

SEF =3 (Kid). )
i=1

where K is the soil erosion factor for a soil map unit 7,
and A is the area of the site under the soil map unit i. Soil
erosion is one of the most important factors that affects
productivity by reducing infiltration, water holding capa-
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maximum average annual rate of soil erosion by wind
and/or water that can occur without affecting crop
productivity over a sustained period (Renard et al.,
1991). The rate is in tons per acre per year.

Finally, for inclusion in the LMI, each of these factors
was normalized to the highest observed value at our
study sites by dividing each observation by the highest
observed value.

Net primary productivity and crop yields

Aboveground net primary production (ANPP) was
estimated as the annual maximum plant biomass accu-
mulation. Plant biomass was measured by quantifying
the peak dry mass of plants per unit area in each
treatment in late September. We sampled by clipping
plants within a 1 m?” area at 10 geo-referenced sampling
stations at each site. The crop plants were further
separated into grain and stover. The biomass was dried
at 60 °C for at least 48h and weighed. The peak grain
plus stover biomass was used for footprint calculations.
Crop yields were also determined by harvesting
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soybeans on each site using a JD 9410 combine with a
global positioning system (John Deere Inc., Moline, IL,
USA). This area-weighted grain yield was used for
determining the harvestable yield potential of the sites.

Water and energy footprints

Water and energy footprints of the soybean production
for biofuels were calculated as follows. Water footprint
is the volume of water used to produce a product, in our
case either grain or total biomass (ANPP).

Crop water use (m?)
Grainyield (Mg) ’

(8)

Water footprint (grain) =

Crop water use (m®)

Water footprint (ANPP) = ANPP (Mg) ,

9)

Water footprint (energy)
Crop water use (m?) (10)

~ Biodiesel energy produced (G]) '

Water use efficiency (grain)
_ Grainyield (kg)
"~ Crop water use (m3)’

(11)

Water use efficiency (net photosynthesis)

__ Gross primay productivity (kg)

Crop water use (m?) (12)

where crop water use was determined from the total ET
as estimated using eddy covariance fluxes.
The energy indices were computed as:

» _ Total energy output (kW h-out)
Energy elficiency = Total energylnput (kW h-in) ’
(13)
e Grain yield(kg)
Energy productivity = 3 energy input (kW h)’
(14)
e Total energy input (kW h)
= 1
Specific energy Grain yield (kg) (18}

Total energy input included the use of fertilizer, seed,
pesticide, and diesel for all operations. The total energy
output included biodiesel energy produced. The total
energy output was calculated from biodiesel yield from
each site using bioenergy conversion factors recom-
mended by the Oak Ridge National Laboratory (ORNL)

and available at: http://bioenergy.ornl.gov/papers/
misc/energy_conv.html (accessed 21 April 2010).

Statistical analysis

The selection of MDS and the PCA for SQI development
was performed using SPSS (1998). Yield and productiv-
ity were analyzed statistically using SAS Institute.
(2004). All parameters were tested using a one-way
analysis of variance (ANOVA) and separation of means
was subjected to Tukey’s honestly significant difference
test (Steel & Torrie, 1960). Correlation analysis was
conducted to identify relationships between the mea-
sured parameters. All tests were performed at the 0.05
significance level.

Results

During the period of this study the annual average air
temperature was 8.5°C and the precipitation was
920 mm, which tends to be evenly distributed through-
out the year. The maximum daily photosynthetically
active radiation was recorded during the summer sea-
son between 11:00 and 14:00 h, with an average value of
800 pmolesm?s~". The meteorology of this period
represented an average year.

SQI

There were significant differences in the soil physical
and chemical properties of the studied sites (Table 2).
On average, BD was 0.1-0.3Mgm™ higher at histori-
cally agricultural sites (AG) compared with sites which
had been enrolled in the CRP. There were significant
differences in soil pH among the sites. The SSR, an
indicator of aggregate stability, was also higher in CRP
compared with AG. CRP lands also were higher in
available P, exchangeable K *, total carbon (C) and total
nitrogen (N). Ammonium nitrogen (NH; -N) and
nitrate-nitrogen (NO3-N) contents were more than
double in the CRP compared with AG. On the other
hand, Ca’* and Magnesium Mg”* contents were high-
er in AG, possibly due to practice of adding lime which
is prevalent in the region on agricultural lands and was
also practiced on these AG.

The nonparametric test of soil properties of the sites
revealed that out of 12 soil variables, 11 variables
were significantly different among the sites at P <0.01
(Table 2). For SQI development these 11 variables were
selected for PCA. In the PCA of 11 variables, three PCs
had Eigen values >1 and explained 77% of the variance
in the data (Table 3). Highly weighted variables (those
within absolute 10% of the highest weight of factor
loading in each PC) under PC1 included C, N, and
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Table 2 Soil physical and chemical properties that were used for the minimum data set (MDS) selection process for the soil quality

index (SQI) development

Treatment* BD SSR pH P K* Ca?t  Mg*t C N NH;'-N NO;-N
AG-S1 1555 054 6.047  29.0° 72.7° 1148 1275° 14.20° 1.32¢ 0.13* 007
AG-S2 1.73* 0504 6.14% 3524 95.7° 122 179.7° 13.70° 1.344 0.11°* 005
AG-S3 161 053¢ 580> 275° 71.9° 113 190.1° 16.38 1.62¢ 015>  0.05°
CRP-S1 141 083" 5.80°™ 850%™  170.1° 094  69.4° 30.94° 2.79° 0.64*  0.10°
CRP-S2 1349 0707 628 56.5% 923° 0.93® 578 26.39% 9:97be 0.58*  0.08%
CRP-S3 1424 o722  572¢ 634>  110.1° 0.80° 85.7 23.75% 2,02bd 050  0.10°
CRP-REF 1419 0654 6150  87.22 181.72 1.10%°  89.4% 30.59° 2.69%° 0.50°  0.09°
P<ai <0.0001 0.0013 00020 <00001 <0.0001 00002 <0.0001 <0.0001 <0.0001 <0.0001 0.0012

*AG-51, -S2, -S3, no-till agriculture to no-till soybean land use change; CRP-51, -52, -53, Conservation Reserve Program (CRP) land to
no-till soybean land use change; CRP-REF, reference site with continued CRP land use.
tFor a soil property, treatments followed by same letters are not significantly different at P <0.01.

o Level of significance of Kruskal-Wallis test.

BD, bulk density (Mg m™>); SSR, soil stability ratio; P, available phosphorus (kg ha™); K *, exchangeable potassium (kgha™"); Ca*,
calcium (Mgha™"); Mg?*, magnesium (kgha™"); C, soil carbon (gkg™"); N, soil nitrogen (gkg™"); NH;"-N, ammonium nitrogen

(mgkg™); NO3-N, nitrate nitrogen (mgkg™).

Table 3 Results of principal components (PC) analysis of
statistically significant soil quality indicators

Statistical parameter PC1 PC2 PC3
Eigen value 5.80 1.546 1.14
% of variance 52.74 14.05 10.36
Cumulative percent 52.74 66.79 77.16
Soil parameter” Factor loading/Eigen
Vector
SSR 0.663 —0.408 —-0.048
pH —-0.027 0.176 0.8907%
BD —0.643 0.364 -0.108
C 0.869% -0.277 -0.032
N 0.897% —0.201 —0.055
P 0.776 —0.395 0.250
K* 0.8667 0.230 —-0.091
Ca —-0.073 0.951% 0.156
Mg —0.380 0.786 0.002
NH4 -N 0.733 —0.559 0.170
NO3-N 0.235 —0.514 0.539

*SSR, soil stability ratio; BD, bulk density (Mgm_:"); C, soil
carbon (gkg™"); N, soil nitrogen (gkg™); P, available phos-
phorus (kgha™'); K*, exchangeable potassium (kgha™');
Ca?*, calcium (kgha™'); Mg?*, magnesium (kgha™"); NH; -
N, ammonium nitrogen (mgkg™); NO3-N, nitrate nitrogen
(mgkg™).

tFactor loadings are considered highly weighted when within
10% of variation of the absolute values of the highest factor
loading in each PC.

K™. Pearson’s correlation coefficients for the highly
weighted variables under different PCs were deter-
mined separately to reduce the redundancy among
the variables. Ca’* and pH showed highest weighted
values in PC2 and PC3, respectively. The final MDS thus

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 208-222

included C, N, K*, Ca®* and pH, indicating that the
most significant differences in the soils of the sites were
in their C content and nutrient availability.

These five variables were selected for developing the
SQI. The selected MDS variables for each site were
transformed using linear scoring functions. Among
the selected soil characteristics, C, N, and K™ were
considered as ‘the higher the better’. For pH, neutral
(7.0) was considered desirable and therefore it was also
taken as ‘the higher the better’ because all values were
<7.0. Therefore, for all of the selected soil properties,
the parameter values for all sites were divided by the
highest value, such that the site with highest value
received a score of 1 and all other values were normal-
ized to it. The coefficient of ‘weighting factor’ for the
variables in PC1 (C, N, K™) was 0.684, and it was 0.182
for PC2 (Ca®>™), and 0.132 for PC3 (pH). The SQI was
highest for the CRP-REF and CRP-51 sites, and all of the
CRP sites had higher SQIs than the AG sites (Fig. 2). At
all sites the soil available N made the highest contribu-
tion to SQI, followed by Cand K™.

LMI

There were significant differences between historically
agricultural (AG-S1, AG-52, AG-53) and conservation
reserve (CRP-S1, CRP-52, CRP-S3, CRP-REF) sites in the
SEF, SSE, STF and LCF (Fig. 3). The SEF was higher in
AG compared with CRP, while SSF was higher in the
more topographically variable CRP landscapes. The
LCF was highest for AG-51 and lowest for CRP-REF
site. The LMI, which combines these factors, was higher
for AG (LMI=1.3-1.5) compared with CRP sites
(LMI = 0.8-1.2) (Fig. 4).
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ET and consumptive water use Prior to emergence of the crop (late May to early June),
the ET gradually increased with available solar energy
(data not presented). After emergence of crop canopy,
ET began increasing rapidly (DOY = 190-260). There
was a steady increase in ET for all sites, except AG-S2
20 and CRP-S2, from first trifoliate (V1) to initial seedling
stage (V5). The peak ET ranged from 3 to 6 mmday
for the soybean sites compared with CRP-REF where it

The cumulative ET during the growing season from
soybean emergence to harvest is presented in Fig. 5.

16 peaked at ~4 mm day~". The ET values began declining
] from initial maturity (V6) to full maturity (V8) stage
% until harvesting at DOY 306.
-§ 12 The total water evapotranspired (crop water use) by
> the soybean crop varied considerably among the six
E 0.8 fields planted in soybeans (Fig. 5). The site AG-S2 had
g the least consumptive water use followed by CRP-REF
3 and CRP-52. One of the most probable ways in which

0.4 land marginality is associated with inferior crop growth
and ET is lower soil water availability during the
growing season. Measurements of soil water content
AGS1 AG-S2 AG-S3 CRP-S1 CRP-S2 CRP-S3 CRP-REF show that the CRP sites (CRP-S1, CRP-52 and CRP-S3)
Fig. 2 Soil quality index (SQD for the sites. Error bars indicate maintained higher soil water co‘ntent the.an AG sites
+1 SD. AGS1, -52, -S3, conventional agriculture to no-till (AG-S1, AG-52 and AG-S3) until the middle of the

soybean land use change; CRP-S1, -52, -63, Conservation Reserve growing season (Fig. 6). On the other hand close to

Program (CRP) land to no-till soybean land use change; CRP- maturity the AG sites maintained higher soil water
REE reference site with continued CRP land use. compared with CRP, until the end of the year. Main-
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Fig. 3 Selected factors included in the land marginality index (LMI) developed for the sites. Error bars indicate + 1 SD for soil map
unit on a site. AG-S1, -S2, -S3, conventional agriculture to no-till soybean land use change; CRP-51, -52, -S3, Conservation Reserve
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Fig. 4 Land Marginality Index (LMI) for the sites. Error bars
indicate + 1 SD for soil map unit on a site. AG-51, -52, -53,
conventional agriculture to no-till soybean land use change;
CRP-S1, -S2, -S3, Conservation Reserve Program (CRP) land to
no-till soybean land use change; CRP-REF, reference site with
continued CRP land use.

V1-V5

» »
s 8

Cumulative ET (mm)
3

100

Fig. 5 Changes in cumulative evapotranspiration (ET) of soy-
beans over the growing period on the sites. AG-S1, -52, -S3,
conventional agriculture to no-till soybean land use change;
CRP-S1, -S2, -S3, Conservation Reserve Program (CRP) land to
no-till soybean land use change; CRP-REF, reference site with
continued CRP land use. V1 = first trifoliate stage, V5 = initial
seedling stage, V6= initial maturity stage, V8 = full maturity
stage.

taining higher soil water indicates suitable conditions
for crop growth and less effect of drought periods on
crop growth and productivity. Since there was only one
soil water sensor per site, close to the flux tower, it
serves only as a very general indication of land and soil

quality effects.
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Fig. 6 Average daily soil water content for the sites based on
samples taken from 0 to 0.25m. AG-S, conventional agriculture
to no-till soybean land use change; CRP-S, Conservation Reserve
Program (CRP) land to no-till soybean land use change; CRP-
REF, reference site with continued CRP land use.
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Fig. 7 Total crop water use and soybean biomass yields from
the sites. AG-S1, -52, -S3, conventional agriculture to no-till
soybean land use change; CRP-51, -G2, -53, Conservation Reserve
Program (CRP) land to no-till soybean land use change; CRP-
REEF, reference site with continued CRP land use.

Yield and productivity

The soybean ANPP was closely related to the crop
water use (Fig. 7). Site AG-S3 had the highest grain
yield followed by AG-S1 and CRP-S3. Site AG-S2 had
the least grain yield as well as crop water use. Similar
trends were not evident in the stover yield. The CRP
sites (CRP-51, -52, -53) had comparatively higher stover
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Soybean grain
yield (Mg ha™*)

Fig. 8 Harvested soybean grain yield maps of the sites showing spatial variability of productivity. AG-51, -S2, -S3, conventional agriculture
to no-till soybean land use change; CRP-51, -S2, -S3, Conservation Reserve Program (CRP) land to no-till soybean land use change; CRP-REF,
reference site with continued CRP land use. The contoured lines within a site indicate the boundaries of SSURGO soil map units.

yields than the AG sites. The actual harvesting patterns
and spatial distribution of grain yield on the sites
provided a better indication of how marginality char-
acteristics (land capability class, slope, soil erodibility,
erosion tolerance and hydraulic conductivity) inter-
acted with grain productivity (Fig. 8). For example, site
AG-S1 had higher LMI than AG-52, but the productiv-
ity on AG-S2 was very low compared with AG-S1. The
AG-S2 site was largely affected by sheet and rill (turn-
ing into gullies) erosion which was well indicated by
the site’s erodibility and tolerance factors.

The three way analysis of the interactions of the LMI
and SQI with ANPP indicated a direct relationship
between ANPP and SQI, and an inverse relationship
between ANPP and LMI (Fig. 9). To a lesser extent the
relationship was also affected by the management his-
tory of the sites. The CRP sites had higher ANPP than
the AG sites which was also indicative of the former’s
higher soil quality (Figs 2 and 4).

Water and energy footprints

The water footprints of the soybean crops were related
directly with LMI and indirectly with SQI. As LMI

19
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Land marginafity index {LMI)
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Soil quality index (8Q1)

T T T

Fig. 9 Contour map of the interactions between aboveground
net primary productivity (ANPP), soil quality index (SQI) and
land marginality index (LMI). AG-S1, -52, -53, conventional
agriculture to no-till soybean land use change; CRP-S1, -S2,
-53, Conservation Reserve Program (CRP) land to no-till soybean
land use change; CRP-REF, reference site with continued CRP
land use.

increased the water footprint (of total biomass produc-
tion) increased, while the footprints decreased with
increased soil quality (Fig. 10). The water footprint also
changed based on whether grain production (for bio-

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 208-222
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diesel) or total biomass was considered as the end
product. There were combined effects of LMI and
SQI on the water use efficiency and energy efficiency
(Table 4). Water use efficiencies based on net
photosynthesis, grain yield and total biomass were
highest in CRP-52 and AG-S2 and lowest in AG-53.
There was very close agreement between the water use
efficiency based on total biomass produced and the one

Fig. 10 Interrelationships of water footprints (WF; m>Mg™")
with the soil quality index (SQI) and Land Marginality Index
(LMI) on the studied sites. AG-S1, -S2, -S3, conventional agri-
culture to no-till soybean land use change; CRP-S1, -S2, -S3,
Conservation Reserve Program (CRP) land to no-till soybean
land use change; CRP-REF, reference site with continued CRP
land use.

based on the GPP determined using eddy-covariance
measurements.

The AG sites had larger water footprints compared
with CRP sites considering crop water use per unit
ANPP. The site CRP-53 had the largest water footprint
per unit energy output (from biodiesel; 172.3m>GJ ™)
among CRP sites, and AG-S3 had largest (157.6 m*GJ ")
among AG sites (Table 4). The energy efficiency of all
the sites for biofuel production was very low. The only
site with energy efficiency higher than one (i.e., net
positive energy yield) was AG-53. The main reason for
energy efficiency lower than one during the first year of
conversion was because of the use of a large quantity of
herbicide on these sites. This initial high-energy input
will not be present in subsequent years (Table 4).
Although there were no significant interactions between
the energy productivity, and land and soil quality, in
general the energy productivity of the CRP sites was
lower than the AG sites, perhaps due to the same reason
(Table 4).

Discussion

We found significant interactions between land quality
indices (SQI and LMI) and water as well as energy
footprints on the studied sites. The land under CRP had
significantly higher land quality in terms of both soil
physical (BD, SSR) and chemical (C, N, K™) character-
istics. Water and energy footprints, in general, increased
with marginality characteristics. The total biomass
produced (ANPP) and grain yield decreased with
decreased land quality. Although the extent (but not
direction) may vary regionally, marginal lands used to
grow biofuels are likely to have bigger water and
energy footprints (Fig. 10).

Table 4 Water and energy footprints of soybean crops on the study sites

Water use

Water use efficiency Water Water Water Energy

efficiency (net (grain; footprint footprint footprint efficiency  Energy Specific

photosynthesis) biomass) (grain) (biomass)  (energy) (kWh-out/ productivity energy
Treatment* (kgm™>) (kgm™>) m*Mg™ @*Mg™) @’GJ™) kWh4in)  (kgkWh™) (kWhkg™)
AG-S1 244 1.03 (2.20) 974 454 148 0.61 (897) 033 (4.91) 2.99 (0.20)
AG-52 2.55 1.40 (3.15) 715 317 108 049 (6.41)  0.27 (3.51) 3.74 (0.29)
AG-S3 223 0.88 (1.76) 1134 567 172 1.29 (12.76) 0.71 (6.98) 1.42 (0.14)
CRP-51 2.46 111 2.72) 902 368 137 0.51(9.19) 0.28 (5.02) 3.58 (0.20)
CRP-S2 2.60 1.31 3.37) 761 297 116 0.36 (7.63) 020 (4.17) 5.08 (0.24)
CRP-S3 2.04 0.96 (2.44) 1037 452 158 057 9.71) 031 (5.31) 3.20 (0.19)

Figures in parenthesis is the scenario calculated without use of herbicide, which was used in the first year to kill weeds/grasses on
the site for planting of soybeans.
*AG-51, -S2, -3, conventional agriculture to no-till soybean land use change; CRP-51, -52, -3, Conservation Reserve Program (CRP)
land to no-till soybean land use change; CRP-REF, reference site with continued CRP land use.

tEnergy from biodiesel yield from soybeans.
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Water and energy footprint assessment for marginal lands

Assessment of land quality and its effects on water and
energy footprints helps identify the limitations of a land
and its management implications. Although the total
cropland acreage in United States has remained roughly
constant for last 100 years, the less productive ‘margin-
al’ cropland has shifted in and out over time (Lubowski
et al., 2006). Production costs and economic returns are
the likely drivers inducing farmers to shift marginal
lands in and out of production. Less productive crop-
land is often more environmentally sensitive than pro-
tected land (Wiebe, 2003). Therefore, land use change to
grow biofuel crops on marginal fallow or less produc-
tive agricultural lands may have undesirable environ-
mental as well as economic consequences without
proper consideration of the capabilities and limitations
of the land.

Use of multivariate approaches to group and trans-
form data, and incorporation of the appropriate metrics
into the soil quality (SQI) and land marginality (LMD
indices, helped us interpret complex land quality char-
acteristics. The SQI approach not only helped identify
factors sensitive to management but also the interrelated-
ness of those factors. Among the numerous variables
considered important from crop production as well as
environmental standpoints, selection of the most sig-
nificant ones based on total variance in the data, and
their integration into a single index (LMI), helped
interpret changes in production potential of the soils
of these lands under different land use histories and
degrees of marginality. This potential in turn indicated
long-term effects (ca. 20 years in CRP vs. row crop
production) on the environmental sustainability of land
management practices. Assessment of soil quality using
a single index (SQI) also helped to identify potential
tradeoffs in soil conditions that might result from
management choices, as well as to identify improved
management practices with enhanced environmental
benefits. For example, sites which were under CRP for
the past several years maintained higher soil quality
which was also evident in the aboveground productiv-
ity of these sites.

Land marginality relevance to biofuel induced land use
change

Marginal lands have been proposed as viable areas for
growing biofuels to avoid competition with food pro-
duction on prime agricultural land; however, it is
uncertain whether energy and water footprints of
growing biofuels on marginal lands will be the same
as on prime farm lands. The energy and water
productivity of the marginal lands will determine how

much land will be needed in the vicinity of a bio-
refinery to achieve targeted energy outputs. The two
most important characteristics of marginal lands, low
soil quality for crop production and environmental
sensitivity, should figure prominently in debates about
environmental sustainability.

Any bioenergy production initiative that will entail
major land use change would also have significant
environmental effects, although they will vary region-
ally. Our results demonstrate the benefits that are
achieved in the soil quality of lands under CRP, and
its direct implications for their productivity. If biofuel
production systems with high yielding, nutrient-effi-
cient perennial grasses and minimal management are
developed and implemented on marginal lands such as
the CRP fields under study here, environmental as well
as economic benefits over time are more likely.

The fact that every marginal land is not the same in its
susceptibility to degradation or in its economic viability
is underrated in most of the regional and global assess-
ments. In our study, the area-weighted harvestable
grain yield was found to range from 40% to 100% of
the prime agricultural land in the county based on the
degree of marginality as well as management (Fig. 8).
We deduced from this study that using the marginal
land areas for conventional biofuel crop production
may offset a significant amount of bioenergy demand
in this region. But on marginal lands with low produc-
tivity, increasing bioenergy production would either
require increasing productivity or increasing land area
used for production. Although it is unclear whether
more intensive management of these marginal lands for
increased productivity is possible by intensified man-
agement without environmental impacts; our results
indicate a good potential for cellulosic biofuel crop
production. The sites which were previously under
CRP supported perennial grasses with virtually no
management. Therefore, the soils on these sites accu-
mulated organic matter over time and were less
exposed to erosion and oxidation processes. In contrast,
sites with a recent agricultural history (AG) had been
intensively managed and showed visible signs of sheet
and rill erosion, to varying degrees. The higher soil
quality in sites under CRP land use in past years
indicated soil conservation advantages of the program.
The fact that these benefits might have been achieved in
last 20 years after converting the land from agriculture
to CRP strengthens the argument that growing peren-
nial grasses on marginal land can provide economic as
well as ecological benefits in terms of enhanced ecosys-
tem services. From the crop production point of view,
these changes are not trivial, considering the two most
significant constraints for crop production in the region
are nutrient leaching losses and poor water holding
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capacity, both of which tend to be exacerbated by
coarser soil textures.

Conclusions

Landscape scale analysis and use of multivariate ap-
proaches to assess land quality complemented each
other in developing conceptual understanding of how
land use change on marginal lands may affect water
and energy footprints. We offer the following conclu-
sions from this study:

1. An indexing framework can be effectively applied
to assess the land and soil quality, and is effective in
evaluating the potential of marginal lands for biofuel
production. It is important to precisely assess this
realistic potential as well as its ecological soundness
to inform policy as well as to devise management
strategies to maximize ecosystem services.

2. The large differences in soil quality between his-
torically agricultural and CRP sites revealed the poten-
tial benefits that can be achieved by growing perennial
grasses with low input requirements in place of annual
crops. The sites historically under CRP had better soil
quality in terms of improved soil physical structure,
carbon storage, and nutrient availability, strongly sug-
gesting that crops such as high yielding perennial
grasses with management systems similar to these
may provide a potential strategy to produce bioenergy
by improving the productivity as well as ecosystem
services.

3. Marginal lands can be viable areas for growing
biofuels; however, water and energy footprints of bio-
fuel crops on marginal lands are likely to be higher than
on prime farm lands. Decreases in water and energy
footprints can be achieved through improvements in
soil quality via management and crop choices. There-
fore, proper evaluation of capabilities and limitations of
the marginal lands and use of region-specific manage-
ment strategies can make marginal lands an important
asset for bioenergy production.
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HV39AAIYIIWA 1
1. vwenudenlesszninanisiauganisueulyidudeyadavi carbon
footprint YBIAIUYINNIIN

1. augannsuewdu 1 Tussdusznoundnvasmsuounasuivasaueismng faufuesduszney
Funaimnssy wavansueuludenns ludasuant masulusmiAtefnvssdusznaundniduly
finsfnudeyaaugaUiinanivounniiuiiugnenm Jududeysludiures Upstream
emissions LﬁaLﬂuﬁagaﬁugméwﬁzyﬁm%’umiﬁwmmm%‘uauvﬂmﬂ%uﬁmaqmumwmw fasios
ihlldsufudeyedu uarauufguduilodunmiveunnyiusdsely

2. mwesudurendem
2.1 veenuideslesszuininisihaunamsveuildannsinuluun
i 2 (40 2.5) Wsinwdeufuunil 3 makuamaiusunnUIusives
RO

2.2 fimshaunai ualilddasnelu water footprint (Uil 4
nth 85 ldldn1sArwieu water footprint

21 mysiilunmiddvaunaniveuitldannsinuluund 2 (e 2.5) wansiesdusznouauna
mw?mw%uauzjw%haﬁuﬁUQﬂBNWTﬁﬁazﬁNLWﬁ (-1351 kg C.rai”) HAnunn
osdUsEnevaugan1sUdssmsUsugVETiAnannsuanssaluund 3 (9 kg Crai’) agnedl
toddnds luvaflausnitinwiuiaedongesdsliliandausfiiideyaauga
mfveuluiimmadetiu Jnhesduteyaddyiazhlulivszneulvaunsalddmon
msveuaniudldroluluouan

< S ed o 1% & s e
2.2 awesialsudanAulannnmaaeil fe tewesnUIuAdT) (green water
footprint) Fareysunahneglugumuruauiignlalulunsdniendunbegnuied
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wAsHoNaNEATEN 1 Alan3al (Hoekstra et al, 2011) uaztinddudnsdanasufifiives
(Bhardwaj et al. 2011, lonansuwu) sldinadia Eddy covariance lun1sns7ain crop wa-
ter use

ol nideanansnfinun grey water footprint ¢ vnléFunsauayulyidnuilulise
U

msiinsiindaiauawuziaulguiginazaunsatnanisanw lulsle
agalstng insgnseAunenauazdeiausuuzlusenuegluguveanis
Inswitoyaniaunaiiawiigy

Forauauuzdaleveiiddy T

Ui : SrgRvensssaed Dulinstedunademnnniesdunsieyt defusiems
p39AsUOUTIUINLIAaL TudIuANg o) vasdu Au wasandd (lden 819) Aeegau
AsusuiauemnIoy 18 Yiasdanswidlilusasifnnninsueuiivanudesoonuian
ATEUIUNISANTIUEY 150 i (-1351 ke C rai''yr? wleufiu 9 ke C rai'lyr") Fadasiu carbon
footprint luesdusznouBINIIFITIANTUBUEVEIAUEINENINITIUTENI -30.8 kg CO; e ke (9139
and) uazlussAusznavreIn1sUanUassaInn1sannssuussann +0.205 kg CO, e kg (Uape
ad) (Wssiiufinannensms 161 kg railyr?) faifu methisuadayananisinuaunaaisuau
vassussiideialfuasiifuguatuayuneinermansazdaslierssssuutnasuaniueid
Helfiussunanisudedu Wuusslovddeussmalnedaduduanerssssuvidselugvadan
selututl doldiutouisdldlignldlnbulsslond mrenisduamnsuourmuiudlutiagiuss
AniiganzuAnITUAEAISUBNAINNTEUIUNTTAN 9 Tun1sHER13 F9viNls Emission factor
YOILETIUIR Ao 0.1887-0.6160 kg CO; e ke Tuanuzdidwosensdunszsife 0.589-2.17 kg
O e ke’ (AnTTUMIMAT AR UM UL UGB HAR Tt 2552)

Jeume AN : maUspiiussdusznourenamesUIuian crop water use Tutlagiushld
Tagld simulation model GsiifoaunAfissliundefovarsde 1w A1 crop coefficient wag
sEEPIMATIEIULYe N A yRUlAs T sTsstunes iy 1 D Bnvsdiunnesdaiug
Sosdvidwavesdadusing o fifiste crop water use fe

KansAnwwesdlasinsil aglifoyad crop coefficient S¥8219IANLENIUIUTITNNS
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Anwlu ecological zone #19 | ogstiosiignmsinisAnwiluuiazna-ynnia wagluusdas
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3. AsmsasuUNuNsUanUdesmiuauued site 71 2 dlsigneesly 3. lensavaeunugnievesdeyaniuduusding
uhladeyalusomuiomaligniasiog

4. esthdeya soil water content 1iuN ATz 4. wamsieneitusudliamnsoaguiiemnddudn delddeyansu 2 U agldiuniesesisniu
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5. wanuwidedivwilduinsd s levdls Ingldlunisuiudsdluwa 5. YDURUAMATY

Fusnandiui 3

1. msnsnadeunnugnieweieyauazmsliaszifidaudatungug \{les91n905973 (porosity) vesRuduiudiy 2 auli fo ilefuuaslnssaiiofiu Auflvuuiu
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AMITLLLuALTImYe Uil uvuAuT I W assdansdaeu wandiiiuingy
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Y94 site ﬁ?iazL%amswﬁﬂ%mmqaﬂdwﬁamw (P<0.05) wiAiade porosity 184 site agtdamsndudien
inindenu (P<0.05) wagfinnudnaniafusesu 10-20 ¥.4. WU ALaAeves %Clay waz %OM
Y94 site ﬁ?iazL%wswﬁﬂ%mmqnﬂdwﬁnmw (P<0.05) wiAade porosity 184 site azidamsindudien
snddenm (P<0.05)
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Inter-basin water transfer

An inter-basin water transfer is the abstraction of water from a river basin A and
move it — through pipelines, canals or bulk transport (for example, by lorry or
ship) — to another river basin B. According to the blue water footprint definition,
moving water away from a river basin is a blue water footprint within that basin,
because it is ‘consumptive water use’. The blue water footprint of the total transfer
will be allocated to the beneficiaries of the water in the receiving river basin.
Thus, processes in basin B that use water from another basin A have a blue water
footprint located in basin A, the size of which is equal to the amount of water
they receive plus the possible losses on the way. If the water users in the receiving
river basin B return (part of) the used water to their own basin, we see that
water is ‘added’ to the water resources in river basin B. This ‘added” water may
compensate for the blue water footprint of other users that have consumed water
from basin B; in that sense one may argue that the inter-basin water transfer creates
a ‘negative blue water footprint’ in the receiving river basin (insofar as the water
does not evaporate and indeed adds to the water system of the receiving basin).
The negative blue water footprint in basin B partly compensates the positive blue
water footprint of other users in basin B. Note that it does not compensate for the
blue water footprint in river basin A! When the goal is to assess the overall water
footprint of humans in basin B, we recommend to include a possible ‘negative
blue water footprint’ that exists as a result of real water transfer into the basin
(provided that it indeed compensates for a positive blue water footprint in the
basin in the same period). In the case of water footprint accounts for individual
processes, products, consumers or producers, one should leave calculated negative
blue water footprints out of the footprint accounts in order to make a clear
separation between the discussion about the gross water footprint of a process,
product, consumer or producer and the discussion about possible compensation.
The issue of compensation (subtractability) is debatable and should be dealt with
separately from the accounting phase. It has been argued that doing good in one
basin (for example, through a negative blue water footprint in that basin) cannot
compensate for the positive blue water footprint in another basin, since water
depletion and resulting impacts in one place will not be solved by adding water
somewhere else. In this case, adding a calculated negative blue water footprint to
the calculated positive blue water footprint would result in a misleading figure.
Read more on the impossibility to compensate a water footprint in one basin by
adding water in another basin in Chapter 5 (Box 5.2).

3.3.2 Green water footprint

The green water footprint is an indicator of the human use of so-called green
water. Green water refers to the precipitation on land that does not run off or
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recharge the groundwater but is stored in the soil or temporarily stays on top
of the soil or vegetation. Eventually, this part of precipitation evaporates or
transpires through plants. Green water can be made productive for crop growth
(but not all green water can be taken up by crops, because there will always be
evaporation from the soil and because not all periods of the year or areas are
suitable for crop growth).

The green water footprint is the volume of rainwater consumed during the
production process. This is particularly relevant for agricultural and forestry
products (products based on crops or wood), where it refers to the total rainwater
evapotranspiration (from fields and plantations) plus the water incorporated
into the harvested crop or wood. The green water footprint in a process step is
equal to:

= GreenWaterEvaporation + GreenWaterIncorporation

proc.green

[volume/time] ()

The distinction between the blue and green water footprint is important
because the hydrological, environmental and social impacts, as well as the
economic opportunity costs of surface and groundwater use for production,
differ distinctively from the impacts and costs of rainwater use (Falkenmark and
Rockstrom, 2004; Hoekstra and Chapagain, 2008).

Green water consumption in agriculture can be measured or estimated
with a set of empirical formulas or with a crop model suitable for estimating
evapotranspiration based on input data on climate, soil and crop characteristics.
In Section 3.3.4 we will present in more detail how one can estimate the green
water footprint in crop growth.

3.3.3 Grey water footprint

The grey water footprint of a process step is an indicator of the degree of
freshwater pollution that can be associated with the process step. It is defined
as the volume of freshwater that is required to assimilate the load of pollutants
based on natural background concentrations and existing ambient water quality
standards. The grey water footprint concept has grown out of the recognition
that the size of water pollution can be expressed in terms of the volume of water
that is required to dilute pollutants such that they become harmless (Box 3.4).
The grey water footprint is calculated by dividing the pollutant load (Z, in
mass/time) by the difference between the ambient water quality standard for
that pollutant (the maximum acceptable concentration ¢, in mass/volume)
and its natural concentration in the receiving water body (¢, in mass/volume).
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