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4914
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7398
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10810
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10814

10816

10818

9652

9653

9654

9655

9656

9657

9658

9659

9660

9661

9662

9663

9666

9667

IANISUIMITINNITANDTOUNTEAN (BIANITUMNIVL)

Thailand Greenhouse Gas Management Organization (Public Organization)




lasinsanfingiseunszannieainslaniuuinsgiuvesusewmelng
/‘ T-VER-S-FO01-PDD o
ver | Standard T-VER “uU1 19
Y 4 —
LONANSTLEUBLATINTG (PDD) WUUAIUTIH VERSION 2.1
finudasugnensmsiidsaulasenis et \aviilaun
9668
9664
9665
9669
6586

1.2.3 92U UANISAIHUY

SN AILIlATINIS T-VER IuﬁuﬁmeﬂqﬂmqwﬁﬂuéwLﬂaqﬁauazﬁﬂmaﬁhu%ﬂs JmIaLae
nelalassmsinifukazannisuaseius ounszanluaiugnanis uvsem wslandusinisinyns
$1ifm Sriaae SsieazBunveuramseniuny

1.2.3.1 A15ANYILAZILASIE AN YU NUNAMDULATINTS

v
=

a o & A a a a & Al v v

NsusnwuzNunuazfanssuiiiadunigluiuilasinis Tidauaenaaoiniy
anwurYnInanIINlATINITALIU1e (Applicability) wagiioulaassianssulasenis (Project
conditions) auszidauIznTs T-VER-S-METH-13-06 Version 02 fi%ug

1.2.3.2 A1SMNUATUIULUAIRIDENIULNE AL

1) MemnuaIuIuwlasdieg1slinszavegruuunzay (Random Sampling)
Tngiunveanlasiiag19deelidasniisosas 1 Y9N UNANAUIATINISNINUA ANULAS B9ilD
A15AUINNITANLAUAITUBUYeadulsl T-VER-S-TOOL-01-01 Version 01 9in1vund ulae aun.

AMTUNUNLATINIT T UIULUAIDENEY 39 LUaIRI9819 AIR1S197 1.4

a a o |
195190 1.4 57189888 UAIRI9819

YBUWWABND | FWauUaIR9E9 sederiinyssloviduuiiau mqmu;;\mqﬁ
ERGLhIEH CPA 01 1. wafina #ne1dasna 11
CPA 02 2. UNPMANG Wanuns 11
CPA 03 3. WY WINUNT 11
CPA 04 4. wewaT Wenuns 11
CPA 05 5. wngnssan Jgyayranas 11
CPA 06 11
CPA 07 11
CPA 08 11
CPA 09 1
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voulwmdwNe | sauUaeAd9ENg seFariinysloviduuiiau mqmt;q)aquq
CPA 10 11
CPA 11 11
CPA 12 12
CPA 13 12
CPA 14 12
CPA 15 12
CPA 16 12
CPA 39 2
gnoAuLY CPA 17 w.a.fiun finerdasna 12
CPA 18 11
CPA 19 11
CPA 20 11
CPA 21 11
CPA 22 12
CPA 23 11
CPA 24 11
CPA 25 TRNGRERIGIENR 11
CPA 26 11
CPA 27 11
CPA 28 11
CPA 29 11
CPA 30 11
CPA 31 w.a.NNa Anedasna 11
CPA 32 11
CPA 33 11
CPA 34 11
CPA 35 11
CPA 36 W9aN Uaudiana 11
CPA 37 WARUN Anendasna 11
CPA 38 WA.NNa fingdasna 2

2) adumsnawdasitegrnluuamasndnsavunn 40x40 was Jadvunaiiud

Wiy 115 wmsziduruiavesiasdiogaimvngaud s unisanwusinamst i uA s aunszan
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[y

= 19 aa ° = o |
NIITHUAIUTDAARA ENﬂ‘Uﬁllﬂ'ﬁLL@aIaLNWiWImUﬂqﬁﬂquqquuqasﬁ'Jﬂ']W Iﬂ&Jﬂ’]i%NLLUanaEJ N

v o Y

sUAWR i Ta endeisnisesnainamungeuniinilnda Rnduinsdnuyalanseulunula
(% 1 [ < v a v % 1 v N o 1 dgll . .

Aaeg s aan Uty afl vy axuiUadsi 108 190 81A3 095U AU ulan (Global Positioning
Systern: GPS) 8%® Garmin Ju Etrex® 10 §1143u 37 wlasinege dwudn 2 wlawiegadudunuues
gn151018 e 0 - 2 U ifimsnawdasitegn Wemindugnmsinelulasgniivnaaduisy
31 4.5 wes Felifianaein eun. fmualivhmsnutuiindeya FaiuvemeAminanaaUaaiu
19131 dmsuidudeyadniiunisnnulasiteg 19Ul Nfein139e5 TS UBIATAR M518AINT7
TueuAnsA uve UM IREdawInuINngd 4.5 wudwes egalsinu dmsuidanyayuuwlas

o i P Y] = a o d' A
A9 1ULATNNANANLUAEIULNNITT US1HRLLDYAAIPNTINN 1.5 Lagn1wn 1.5

a v

M1319% 1.5 AiayuuUasinegdluiiuilagenisy

. . vyl 1 vyl 2 vyl 3 vynil 4
SUaUUaINI819
(Easting, Northing) (Easting, Northing) (Easting, Northing) (Easting, Northing)
3N2YI39

X: 747662 X: 747621 X: 747652 X: 747673
CPA 01

Y: 1921390 Y: 1921361 Y: 1921337 Y: 1921354

X: 747608 X: 747570 X: 747550 X: 747584
CPA 02

Y: 1921510 Y: 1921488 Y: 1921522 Y: 1921548

X: 748074 X: 748046 X: 748037 X: 748077
CPA 03

Y: 1921534 Y: 1921538 Y: 1921572 Y: 1921576

X: 748062 X: 748092 X: 748097 X: 748063
CPA 04

Y: 1921458 Y: 1921448 Y: 1921410 Y: 1921415

X: 747804 X: 7147766 X: 747789 X: 747793
CPA 05

Y: 1921825 Y: 1921821 Y: 1921853 Y: 1921868

X: 747913 X: 747887 X: 747870 X: 747903
CPA 06

Y: 1921860 Y: 1921856 Y: 1921887 Y: 1921891

X: 747991 X: 748029 X: 748039 X: 747958
CPA O7

Y: 1921927 Y: 1921823 Y: 1921783 Y: 1921781

X: 748334 X: 748366 X: 748377 X: 748341
CPA 08

Y: 1921874 Y: 1921873 Y: 1921835 Y: 1921830

X: 748533 X: 748485 X: 748475 X: 748514
CPA 09

Y: 1921755 Y: 1921746 Y: 1921788 Y: 1921798

X: 748499 X: 748527 X: 748542 X: 748510
CPA 10

Y: 1921633 Y: 1921645 Y: 1921605 Y: 1921598
CPA 11 X: 748662 X: 748655 X: 748687 X: 748696
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. o . m.gm?i 1 m.gm?i 2 mgim“/'i 3 vi:.mﬁ il
suduuaInaaeng
(Easting, Northing) (Easting, Northing) (Easting, Northing) (Easting, Northing)
Y: 1921583 Y: 1921624 Y: 1921635 Y: 1921595
X: 748633 X: 748623 X: 748661 X: 748668
CPA 12
Y: 1921787 Y: 1921822 Y: 1921833 Y: 1921810
X: 749076 X: 749029 X: 749014 X: 749047
CPA 13
Y: 1921901 Y: 1921890 Y: 1921923 Y: 1921937
X: 749043 X: 749056 X: 749090 X: 749066
CPA 14
Y: 1921737 Y: 1921765 Y: 1921747 Y: 1921716
X: 749553 X: 749544 X: 749501 X: 749516
CPA 15
Y: 1921993 Y: 1921950 Y: 1921967 Y: 1922006
X: 749831 X: 749815 X 749777 X: 749795
CPA 16
Y: 1922275 Y: 1922248 Y: 1922265 Y: 1922296
X: 747403 X: - X: - X: -
CPA 39
Y: 1921394 Y: - Y: - Y: -
dnafIUGe
X: 738692 X: 738678 X: 738701 X: 738724
CPA 17
Y: 1914768 Y: 1914798 Y: 1914814 Y: 1914789
X: 738757 X: 738755 X: 738786 X: 738799
CPA 18
Y: 1914687 Y: 1914719 Y: 1914726 Y: 1914684
X: 739077 X: 739081 X: 739047 X: 739043
CPA 19
Y: 1457149 Y: 1914698 Y: 1914690 Y: 1914706
X: 739129 X: 739133 X: 739173 X: 739177
CPA 20
Y: 1914859 Y: 1914892 Y: 1914901 Y: 1914870
X: 739223 X: 739222 X: 739182 X: 739186
CPA 21
Y: 1914528 Y: 1914494 Y: 1914496 Y: 1914529
X: 739419 X: 739459 X: 739465 X: 739429
CPA 22
Y: 1914784 Y: 1914788 Y: 1914823 Y: 1914823
X: 739479 X: 739525 X: 739528 X: 739493
CPA 23
Y: 1914718 Y: 1914728 Y: 1914681 Y: 1914676
X: 739601 X: 739592 X: 739634 X: 739630
CPA 24
Y: 1914821 Y: 1914781 Y: 1914781 Y: 1914813
X: 740057 X: 740064 X: 740027 X: 740020
CPA 25
Y: 1914773 Y: 1914736 Y: 1914724 Y: 1914764
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. .. ugﬂﬁ 1 ugﬂﬁ 2 mg]m“fi 3 Ml!ﬂﬁ a4
suduuaInaaeng
(Easting, Northing) (Easting, Northing) (Easting, Northing) (Easting, Northing)
X: 740264 X: 740229 X: 740241 X: 740277
CPA 26
Y: 1915024 Y: 1915032 Y: 1915068 Y: 1915060
X: 740466 X: 740504 X: 740515 X: 740475
CPA 27
Y: 1914629 Y: 1914631 Y: 1914590 Y: 1914583
X: 740491 X: 740454 X: 740445 X: 740482
CPA 28
Y: 1914710 Y: 1914703 Y: 1914746 Y: 1914753
X: 740680 X: 740630 X: 740656 X: 740648
CPA 29
Y: 1914903 Y: 1914895 Y: 1914872 Y: 1914928
X: 740876 X: 740849 X: 740818 X: 740846
CPA 30
Y: 1915084 Y: 1915057 Y: 1915087 Y: 1915118
X: 741023 X: 741018 X: 741060 X: 741059
CPA 31
Y: 1914482 Y: 1914524 Y: 1914525 Y: 1914491
X: 741223 X: 741224 X: 741182 X: 741183
CPA 32
Y: 1914521 Y: 1914485 Y: 1914475 Y: 1914517
X: 741953 X: 741964 X: 741997 X: 741993
CPA 33
Y: 1914399 Y: 1914443 Y: 1914438 Y: 1914406
X: 741920 X: 741927 X: 741958 X: 741957
CPA 34
Y: 1914227 Y: 1914264 Y: 1914257 Y: 1914229
X: 741398 X: 741437 X: 741441 X: 741407
CPA 35
Y: 1913977 Y: 1913985 Y: 1913947 Y: 1913944
X: 740181 X: 740224 X: 740237 X: 740207
CPA 36
Y: 1916051 Y: 1916000 Y: 1916041 Y: 1916057
X: 742689 X: 742686 X: 742724 X: 742727
CPA 37
Y: 1914479 Y: 1914523 Y: 1914520 Y: 1914484
X: 739837 X: - X: - X: -
CPA 38
Y: 1915041 Y: - Y: - Y: -
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n.uasiegsluginagise Yminae
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739000 740000 741000 742000
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1.2.3.3 Msautanndaualaeltilaisingid

Afiunsiiudeyanisiiulnvessiugamsimualuiuiulasegsuiazulad uaz

Foyan1stidelunistizesduenans tnefidunsunisiiusiusiudeyadisil
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1) NMsAavuneway (Tag) Wlessyamnuaue1snsIn1eluwUasitegns laanisin
thenusavlssardulinuain ntusaadunilesesnia lusnwuznaius nieudnteuanssia
wWUasiteg U NANTNLUAI0E AININT 1.6

4 N& o ) b1 % 2

o oV

AN 1.6 NsAnUeLNe

& 8 =

ARSI saztheuanesiaulasiaeng
2) i uteyadunansluuUasiaog1eeia3 89 LIDAR Scanner Lt ovihdasyasn
Uszananalaziinnsimauadusitugue naraiftesen Tagied 8a LIDAR Scanner Ail4iin e Auay
Fupaunmaiutoya el
2.1) AuuantRvesn3es LIDAR Scanner fioawiBondll

- Wuirdesaunuingieiaweuszian Class 1

- @ansnaLnuLUUileds wieRnAU Backpack 138 wrunInugla

- @nunsnas1edeyaauils (3D) 3ndeya Point cloud WU Real-time

siuynaweUnALedu SLAM GO fiinsuuiiofievidouiuibn
- @snaunuinglaasan 360,000 Yasia g

JTYTALNUGIER 120 LUNg

ee D

[ v

2.2) TumaunsiNudeyanisla3ed LIDAR Scanner ds1uazidennall

a

- 1UnLAT8Y LIDAR Scanner wiouLtausad gy WiFi, Bluetooth uasz

o

dryna RTK Auweundinduvuiletionieunuian

- w3BuAnundentaATnd LIDAR Scanner lagnnsnnaiaislifuiiu
Sou 9antuna Start work Tuueundindu uazseindesdiunis
deuiieu (Calibration) szuvawnudeyaiuvian 1 undl

- dudunsifudeyadusnmnsiluuvasiiedns lasisuAvteyan
uonusniteglnduyausnueautasinegaiauargaving fanwd 1.7 e

fouafilsazaglugulnd Point cloud
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3m

KHUausn

s e e
o e e s
Fs588e
[IXIXIX

7m

<

= 3 =
4.

AN 1.7 L.LmumiLamﬁusﬁagaé’fummﬁﬂuwamﬁham@éhaLﬂ%m LiDAR Scanner

- llunsuszananataya Point cloud Meglusunsu SLAM GO POST

PRO tiensvaeuanuldlivastoya danini 1.8

M 1.8 nsuszIanateya Point cloud Melusunsy SLAM GO POST PRO
- 1hdeya Point cloud MH1UN1IATIVERULUUTZINARAMIVUIALHUNY

Augna1aLiigsenvewueIn luliasulawieg1e fdan1ni 1.9

AN 1.9 MIUTEIARAMVUIAEUHIUAUENA L NEIBNYDIAUL NI
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- AuTUNSARUWIBULAZATIIARUATNYNABIYRITaYALEUH I UANE NN
1ie9ona1nLATos LIDAR Scanner Auteyaninnisiadie Diameter Tape dsnanisasuiisunuii
Toyardurinuaudnarafieseniilininiaies LIDAR Scanner wudn Sanade 135 - 19.7 iwufiuns
druriildannnnsiadae Diameter Tape Auade 13.7 - 19.8 viliafildainia3es LIDAR Scanner
fiaunaIaAdeuaINn13indae Diameter Tape wasdovaz 1.78 — 3.07 wasilA1 RMSE votusiay
uwasinegnaade 0.33 - 0.61 lwuAluns Fns1e7l 1.6 FeflmudenndedniunanisAne) Ruhan et
al., 2023 lgvhnsAnwidSeuiisudssaniamnisdrnadeyadurugudnanaiissonvassiuldly
Duraer National Forest, lunUnasasnuaiunslnges lngefoinsosie Backpack LiDAR, Terrestrial
scanning (TLS) wagn153nn28 DBH ruler wuin mﬁ'mmmLé’uﬁimqus‘fﬂawLﬁmaﬂs’famﬂ?m

Backpack LiDAR A1 RMSE 0.43 — 0.84 wufituns kag R? 110011 0.97 fen1anuan 10

M13199 1.6 A1 RMSE vestayaiduriumudnalaiiesanana3as LIDAR Scanner $18uUadsioes

. SALUAY Anadedurinugudnanaiiosen (wuRluns) A1 RMSE

oo 79819 LiDAR Scanner | Diameter Tape | @1 Error (%) | (4yumtuns)

QL%E) CPA 01 19.7 19.7 2.01 0.48
CPA 02 18.3 18.1 1.88 0.41
CPA 03 19.2 19.1 1.94 0.44
CPA 04 19.2 19.0 1.9 0.42
CPA 05 17.0 16.9 1.95 0.39
CPA 06 17.5 17.2 261 0.51
CPA O7 19.5 19.7 2.43 0.55
CPA 08 18.7 18.6 1.88 0.43
CPA 09 17.3 17.2 1.78 0.37
CPA 10 18.7 18.6 1.98 0.44
CPA 11 19.6 19.8 2.42 0.53
CPA 12 18.0 17.8 2.20 0.45
CPA 13 18.7 18.4 2.70 0.55
CPA 14 19.1 18.8 2.19 0.47
CPA 15 19.2 18.7 3.00 0.61
CPA 16 19.7 19.4 2.34 0.52
CPA 39 - - - -
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. eV GIRIN Aadedurinugudnanaiiosan (wuRtns) A1 RMSE

e 79814 LiDAR Scanner | Diameter Tape | @1 Error (%) | (tgufiluns)

ALY CPA 17 17.9 17.7 2.13 0.44
CPA 18 17.4 17.2 2.10 0.43
CPA 19 17.5 17.3 2.14 0.44
CPA 20 19.5 19.0 2.76 0.60
CPA 21 15.6 15.7 3.07 0.53
CPA 22 17.8 17.8 2.36 0.48
CPA 23 17.6 17.5 1.97 0.41
CPA 24 17.0 16.9 1.97 0.40
CPA 25 19.3 19.5 1.79 0.40
CPA 26 15.6 15.9 2.38 0.42
CPA 27 18.6 18.5 2.03 0.44
CPA 28 15.6 15.7 2.19 0.36
CPA 29 14.9 15.2 2.46 0.41
CPA 30 18.8 18.8 2.09 0.45
CPA 31 17.4 17.4 2.10 0.42
CPA 32 13.5 13.7 2.21 0.33
CPA 33 15.5 15.8 2.27 0.39
CPA 34 15.5 15.8 2.68 0.47
CPA 35 16.3 16.4 2.37 0.43
CPA 36 19.5 19.5 2.15 0.54
CPA 37 15.3 15.5 2.27 0.39
CPA 38 - - - -

3) nudeyarwinidurtugugnaiaiissen (Diameter at Breast Height: DBH) vo4

1%

Augmluwlasiiegnwedasinis lagly Diameter Tape TafisgauANgs 1.30 Wasnilaiufu

dmsuliilSeudiguaugniesesdeyailaannnisdsianeiasad LIDAR Scanner fan1nil 1.10
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AW 1.10 M3Tavwinduruagudnatsiedan (DBH) NsviuaIdes 1.30 wnsividoiufu

5 dy o [ ¢ g v [ a 4 4 1 .

ail dwsugunsalnldnisiiusivrunsiulavesiue1snns lawn Diameter Tape
g unsalnauwdasdieg1euas Lﬁ‘m’faagaﬁﬁ’maummmaqﬁaasﬁw FNJud 9vin1sae UL gu
(Calibration) 1 aaauazd a4 uANAIALAG DULALAIINEANATA (Error) 71 9196 AT uvgld g Unsal
AINIANUIN 3

a) ivdeyanslidelunstngsduenmne needeisnisdunivelldadnsauiuwuy

=1 v U+ d’" d‘ (% 4! o a LY & vV

Tuiindeyanislydeluiuiiaiugrsmnsivedasanise dunianwin 2 Faindumsdunuaiiauauda
Ugnensmnsiidnsanlasins egalsnay ¥aedniiulassms T-VER sz msdaasubigquanlasaiuen
TdwuunesuduiinUSinanislddelunuilassns Wedenensfamunawavaiaunsalddundngu
TudumaunsvasusaImSUBLLASARLS

1.2.3.4 gufunisdruiuuiuiunisdniiuuaznisuassdiniaunszanlunsdigiuuas

ANNNN58IA1NNNSALEULATINSUBINUNTATINIG®

IngnsinalSinansinfiuas veuiasnisUanUaseiius sunseantunsdgiuuas
nseanisalanuaunislussidevisaniiussunszannmeadinsladmsunsiniuasvauwagnisan
msUdesiiseunszandmiunisugnituinunsiudu (Carbon Sequestration and Reducing Emission
for Perennial Crop Plantation) (atiufl 02) 1eanan 15: Agriculture (T-VER-S-METH-13-06) wazAs oo

nseuUNSANAUASUsUYIR Ul (T-VER-S-TOOL-01-01)

1.3 NS0V

AanssuveslasenisaniioiTounseand lamedunvidou nie oy seninanistunsilounaln/
mmg'mms%‘uiaam'ﬁuaumsamﬁuq 919 1u Clean Development Mechanism (CDM), Voluntary
Carbon Standard (VCS) , Gold Standard tJudu wieuinsgrulususesasinnisudnndsay

‘Via,’luﬁsm (Renewable Energy Certificates: REC)
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Fonaln/unsgrunvunsdeulnsnis

Y295282ANINN5VITUTDIUSUIUAISUBULATAR

1.4 msigadnisaniivauiaainnsaiunuauung (Additionality)

| m%ﬁ]ﬂmiﬁ’]Lﬁumul,ﬁumﬂmiﬁw Wunumuuni
Tassnsmsnnnulazann1sUaseiuisounsyaniuaIuensns v Wsalnasasinsinums
$1iin YwTaae Sadulasinisawindn Ussannisnens (Agriculture) Aithimanely
nsas/fnAuieseunseanliiiu 16,000 duasueulaeenleniieurindel (tCOeq/year)
JadielassnsaninuiFeunszanilifiosfigaiduiiuduanmsaiiuanunudnd
[ fasigainssndunudfinainnssniununulng

Y

L] finsssfiusnuiizainnisssiusnunuund (Additionality)

L] lsifimssiuauifisainnissifivaunuln@ (Additionality)

1.5 5288L21N15ANASANVBILATINIG

Fusuanfiulasans: uil 5 wweu 2567 Seiuil 4 weew 2574 JulumudismualFlussideu
Banfwdeunszannipainsla (T-VER methodology) finssifiufanssuiiszezinan 7 1

M 79

[] 109

1.6 lassn1susznnnisan gadu wazn1snnAuflgsaunszananaatlldivaznisinens

1.6.1 NAINUNTIATINS

wUasUgnenamnsmidvedasan1stiinTislasins 11 189 wuas diuwmisnaasianianuan 1

1.6.2 anslunisldusslevivasnnununungnsiulasanis
L91999LATINITIA LN UN @IULINITID1TUTATINTG 198U 189 huad Usznaunie 189 laun
fanndl 1.11 lneynuasiuenans@vsiaudssinvlauafinu (La.4) A 1.6 wazsienasuuuiing

YLEUBLATING
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——

T
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M5 1.6 TwaziBualenansansnAuNgniuni1snlasn1s

Usennanasansnau U UaEIUENG (WA9) URUANGY
U.d.4 9. 189 189
334 189 189

Vel U3 WSlnadaninsinens 30 Tugiugiiamnlasenis aunsaldusslesunauienin
1 1.11 wagtonashuuinedoduslasinis (PDD) wrsimlulasenisaninwiounszanniaalnslaniy
mmsgmsuaqﬂssmvﬂm (Thailand Voluntary Emission Reduction Program: T-VER WagA1s UaULATAR
dl a dg’J d‘Q o’j ¥ ¥Ya L4 a v a v 13 o v
MAATUIINT AUN S 189 hUad 1 193lATIN1sla B usauliui ¥y wiglaadusinisinens 9119
Jugfidns usmsdanisuauselesanesuouasiad i suwnudvesiun dwsuiluldlunis
JUARDUUlEUNIATUDUATARTOIUT N 1aTeylAAAaIInISnEms 30 LagnouausulsuieyAneliu

N a o & (Y & s a a o a [ L3
maasulasanmgdeonia siuaduiwnulunsyevismivewnsin lngusen WIglaasdue
Manwas 9110 e meuwiluguwuudiRuildnnnmsnemsveuasinliunnunsnssudadiu
50 : 50 AuUSHNuAS vaun ba Sului unaiueans e i 1vesiun Jeseavideaduluamudyan
WsalassmsnsiniiukazanmsUasefuounssaniuaiueem s U3 Wiglaadusimainuns

119 VALY AINIANLIN 9

' a o ad & - o
f9UN 2 TLU UU')ﬁaﬂﬂ"l"?ﬂﬁﬁ]ﬂﬂﬁzﬂﬂﬂqﬂﬁuﬂiﬂlﬁ]

2.1 szipuisanineisaunszan (T-VER Methodology) wasiadasiiafanuans (Tools) 7ty

o W o P - o ac a4 & o
a1nu s LIDIVU YAILLUYUID / LAFDIUDATUIN

1 | T-VER-S-METH-13-06 02 szifouiBanimeiounszannieadasladmsunisiniiu
AsUBULAENTaANTsUdesMsaunsEand munsUgn
WBLNEATEUAU (Carbon Sequestration and Reducing
Emission for Perennial Crop Plantation) atuil 02

Sector 15: Agriculture

2 | T-VER-S-TOOL-01-01 01 nsAaNsInAUASUawasduls atuf 1 (Calculation

for Carbon Sequestration)

2.2 WeaulvvasnanssulaAsanig

Wunlassnsnmsininuiarannisuaseiimid sunsyanluaiue1anis usew wigland e

nsinas Sia Jmdaee WuiuininisUgnensmnsuuuaudanes laedin1suan qua uazdanis
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(Applicability) wazideulvvasfianssulasenis (Project Condition) Aifuualiluszifeuds T-VERS-

METH-13-06 Version 2 #eiiseazidendil

SYe: T-VER-S-METH-13-06

LBV 02

eiTounszandmiunisugniiununstiusiu (Carbo

Ja52 08U seileuiSanfusaunszanaeadnsladinsunisiniuasusuaznisannsuasy

n Sequestration and Reducing Emission for

Perennial Crop Plantation) atiufl 02 Sector 15: Agriculture

woulvvasnanssulasenNg

WANAYR4lATING
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& a o A &
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Ugnenamsiieavilaigen
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2819A 94109
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S a
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d9UN 3 N1TATUIUNITANAIYLIBUNTZAN

nMsmwInUsIansiniiukassUaseiwd sunszand wsulassnismsinii ukagannisuaee i
Seunszanluaiuenanns U Wiglnadueinsinens $1im dmiawe Wunsdwiumsiniulay
msUdesfmiFeunszanainnsdigm (Baseline Sequestration/Emission) Sadunmsdtnmufimdounsean
avsvesiiuilasanmsnoudusidulesimnis TVER wazrnmsdidulasmsdadunsaamsaimadnii

wazNsUaneN s auUNsEaNE R UA L ULATING T-VER 19eil5n0azid nTumoUwarauNsAmIuIN fal

3.1 MsAUIMUSIIMANYITaUNTEANNTAIIU (Baseline Sequestration/Emission)

3.1.1 N139AFU ANJU uasininuieizaunszanaNnIdigy

SWd: T-VER-S-METH-13-06

LR5TU: 02

Yoz deuisnTesile: syildsuitanfiaSaunsyanninatinsladinsu nsinfiuAsusukazniIsannisUaas

Aeisaunsyan

sun1sitld: Cps = Crp, + SOC,

CTT0 = CABGO: CBLG0

a < Yy a 1 de v '
W13 dinos AURUY 914989 Al Wiy
Y siniiumsuouiavunves . Auarsvaulnoanlas
Cgs ¥ . ; MIfuI | 83,235.09 o
wulasenstunsalgu Wiguwin
Ynaunsiniiumsuouiavunves . Auarsvaulnoanlas
Crr AU | 83,235.09
0 v = = 1
suldilunsdigu e
Ysnaumsiniiuasusumileiuiu . fumsusulasnlas
CaBc, CBLG, o - AR 83,235.09 -
wazldnulunsdigu WiguLin
N P - . . ) fumsusulasnlas
S0C, USunamsveunavaulunulunsalsiy ASANUIEY 0 (Aug)*
- ¥ WiguLin

wanewe): * fanviiuaud WWesann eun. Muuadumaden fianlasinisisasiiu

3.1.1.1 178N MUDIAUB NN TUN UT LUAF 089 (M) 9 de@unsyes Hytonen J. et. al.

(2018) InensunasiuvasnadInwluawunduly adinmdiunelarsin wazanadinnluaiuves

AU amLaYNY
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Y 4 —
lonaTTotauslATinIg (PDD) WuUAIUTI VERSION 2.1
SYE: -
s &
LIDIVU: -
Y32 U8UITI/1AT098: aUN15UBY Hytonen J. et. al. (2018)
ﬁ&lmi‘lﬂﬂ: Mi = WL + WSTUMP + WLA
W, = 0.00193 x DBH?**%°
WSTUMP = 0.02440 x DBH2'470
W, , = 0.05155 x DBH?783
WIANDS AURINEY 91999 Ay %Y
W, watinmnilenunuludiuiduly AMSAIUIE 735031 Alandy
wratinwlanufuluduveme sl . s
W. NSATUIN 85,354.84 Alansu
STUMP 1 |\ ag5n
wratinmlonuauludiuvesdnu . - .
W4 . . NSAUI 451,752.16 Alansu
Wilonauazs
YRLEUHUANENATITEAUAINEGS . R
DBH N1530 13.67 - 19.77 LYUBLURNT
1.30 RS

3.1.1.2 MadnaUiinunsinfui s sunszanlunstigiu erdenisaiuinaindeya

1adinmuniefiufuiarl@nuilaann1sAuIRIENNTS Hytonen J. et. al. (2018)

SWa: -

9YU: -

a3 iauln/iAT09le: aUN15UBY Hytonen J. et. al. (2018)

; 44
aUNSNLY: CABGOfCBLGO = Z?:l Mi i X CF X e
a ¢ Yy a ey '
W1sdns AMUNUNY 91984 Al e
Ynaunsinifiumsvoumiloiiuiu . y Auarsvaulneanlas
CaBa, CBLG, vn - N13ANUIE A13799 3.1 -
wazlanulunsaigu WU
M; IATININTINVOIAUL NI
Tunuiiudasiegnaaialaain . 5
. ANTATLI 544.46 fiu
dunisiealalum3ves Hytonen J. et.
al. (2018)
CF dndruusinuasveuluileoldl 397 4.3 0.47 -
i 4.48
2006 IPCC
Guidelines for
National
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LONA3UBLEUOIATINT (PDD) BUUAIUTIM VERSION 2.1
SYE: -
s
LIDIVU: -
Y32 U8UITI/1AT098: aUN15UBY Hytonen J. et. al. (2018)
#%: Capg,» Corg, = Y1y M; X CF X =
dun19INtY: Lagg,, LBLG, = Zi=1Mi "
W1sdnas AMUNUNY 81984 Al e
Greenhouse
Gas
Inventories:
Volume 4
o a [ [ s =l
3.1.1.3 ﬂ'ﬁﬂquf‘]ilflﬂﬁﬂmﬂ’ﬁﬂﬂLﬂUﬂ']iU@Ui'JiJ‘i]']ﬂﬂimﬁ']u
S¥e: T-VER-S-TOOL-01-01
1293TU: 01
Foszileuisiasasiio: nsAwansiniuamsueuesiuld
Pt D) _ n
aunsild: Crr, = Xit, Crry
— Aj
Crryi = (Cacoyi + Chreoi) X o
WS35 AMUNUNY 91984 Al e
Ysinaunisinifiuasveuessuld . siumsuaulaesnles
Crr, 2 - NP 83,235.09 o
Tuiuinasenislunsaignu Weuwi
Ysunamsininuansueuvesduld . . fiuasuaulneanlad
Crryi o o4 . MR | M1999 3.1 L
’ Yaawlasiieenen i lunsdigu Wiguwin
Ysinainifuansusumioiuiu . p sumsuaulaoanles
Cage. i . MIAI | AN39% 3.1
0 0 ! a S - .
Yaawlasiieenei i lunsdigu Wiguwin
Ysinanisinifuansusuldnuesiuld . p sumsusulaoanlas
Carc. i . MIAIB | AN39% 3.1
0 0 ! a S - .
Yaawlasiieenen i lunsdigu Wiguwin
NUNNIAUA (lAWIZUTUTIAUEIINIT) . ,
A; . 1579 3,282.28 15
4 DBH > 4.5 %.31.)
WuALUAFIRE1 (RWEiunngniga . .
a; L A9 37 5
LURIAIDY149)
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LONANSTLEUBLATINTG (PDD) WUUAIUTIH

VERSION 2.1

3.1.2 nM3UdeeiyTaunszanaINNIAIFIY

SWa: T-VER-S-METH-13-06

185%U: 02

Aeisaunsyan

Yasudeuisnsesile: syidsuitanfiasaunsyanninatinsladinsu nsinfuAsusukazniIsannisUaay

aun1siild: GHGgzs = NBL + CBL + FBL

a 3 Y a \ dg v '
W15189103 AUNNTY 314984 AL g
Yununisuassfitmizeunszan . § fuarsvaulneanlas
GHGgs . . ASAIWIA | M15197 3.3 WL
meldnsdigu Weuwinsiad
_ o .. . flupsuaulaeenlan
NBL USunaumsuaeefing N,O a1nmsldde NSAWIM | 2.55 - 14.81 .
Wieuwin
_ o . . ) flumsuaulaeenlen
CBL USuaumsdasefing CO, :nnslie NISAUIE 0 (Fua)* .
Wieuwin
Usinansuasefing CO,1nn15uM sl . ) siumsuaulaeanlas
FBL P R ANTANUIN 0 (Fue) o
\Wandeada Wieuwin

e ** dawifugud iWesnliusngunasldesinuizounszantuiuiilasanis

3.1.2.1 msdwumsidesig N,0 :nmsldlelunianisinuns

SWa: T-VER-S-METH-13-06

85%U: 02

Aeisaunsyan

= = aa o A N aa & = o °o o v & ¢ '
YAILLUYUIST)/LATDIUD: 33L‘U‘EJ‘U']§?3@ﬂ']eljlﬁ@uﬂig‘\]ﬂﬂ']ﬂﬁllﬂﬂf\]ﬁ’ﬁﬁiU NNINALNUAIIUBULAENITAANTTURBEY

aunsilé: NBL = NBLpgr + NBL;pg

a ¢ Yy a g v '
NIFIULNDT AUNUY 91494 ALY Tt
- D Y. . sumsuaulaeanlan
NBL Yunaumsuaesiing N,O anmslade MIAINM | 2.55 - 14.81 A
WeumeaU
- e . sumsuaulaeanlan
NBLpg Usununisuaeeing N,O lngnss A13AUIN 0.20 - 1.20 . R
WeumeaU
- D . . sumsuaulaeanlan
NBL;pr Usununisuaeeing N,O lageau A13AIUIN 2.34 - 13.60 . 4
Weumead
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LONENTUBLEUDIATINTS (PDD) WUUAIUTIM VERSION 2.1
3.1.2.2 Yswnunisuansing N,O 1agnss (1nn15A1498)
SWa: T-VER-S-METH-13-06
12959U: 02
FasuleuiTrinTedia: sudeviSaniaseunszannratinsladmiu nsiniuasusukasnisannisuaey
fnwl3aunI¥an
o v
aun1sitld: NBLpg = [(Fon,i0 + Fonio) X EF2| X - X GWPy,0
W1ANDS AU 91994 AfilY e
R . . Auarsuaulaeanlys
NBLpg | Ysanaumsuassniy N,O RN ANTATUIN 0.20 - 1.20 - A
Wgumnel
Yunalulasiauanmsladewnd liai i . A191N . L
Fsnio ASAIUIEY . sululnsiauned
b ASAUIEY
Yunalulasiauannmsladedunie . . .
Fonio . ASAIUIEY 0 sululnsiauned
o a7 i
EF, AduUsEaNENISUaRsAeITaUNTEAN A1519% 11.3, 0.010 -
2019
Refinement
to the 2006
IPCC
Guidelines,
Volume 4,
Chapter 11.
o o v a v AN GWP 50
AFnanINAIsSNB AN L ansauYes o
GWPy. o | . . . adan aun. 265 tCO,e/tN,0
2% | AwlunSaeenlan
Jsend
44 993518 I1UVRIUINUNDEMOUTDI N 6D
28 tinluanavesing N,O
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LONANSTLEUBLATINTG (PDD) WUUAIUTIH

VERSION 2.1

3.1.2.3 Yswunisuaseing N,O 1agdau (31nA15AIUI0)

SWa: T-VER-S-METH-13-06

LIR5TY: 02

ASauUnsEan

Fasuleuis/nsesiie: seilouiSaninusaunszanninatiaslaginsu nsinfiuasuauwazn1sannIsUass

ﬁuﬂﬁiﬁi‘lgf: NBLIDR - [(Nzo(v),l + NZO(L),i) X g X GWPN20

2019

Refinement to

N0y = [(FSN,i,O X fraCNH3—N0x,1) + (Fon,io X fracyp,-no,2) X EF;
NyOyi = (Fsn,io + Fon,io) X fracieqcn X EFy
W1ANBS AUNNY 91994 A lg %Y
fiu
NBL;pr USununisdaseing N,O Ingsay ASATUI 230 -1360 | msusulneanlyn
Wiguinsed
YTunanisuaesnig N,O 9Inn1s . . .
NoO);: o 4| M 0 sululasiauned
’ szmelugu NH;+NO, vasluviiai i
YTunaunisuaesnig N,O 9Inn1s . . L
NoOwyi o . ASAUIEY 0 sululnsiauned
’ VLA BUURIAY vosly wiadl i
Yunalulasiauanmsladewnd . AN . .
Fsnio . . NSAWIE . sululnsiauned
b wiiad i Tunsdlgiu NSRRI
Yunalulasiauanmslade . . .
Fonio e . ASATUIN 0 sululnsiauned
b duvise wiiadl i lunsdlgu
fracyp,—no,1 | dndmvesloaiinszimelugy 510 113, 0.11
NH,+NO, 2019
Refinement to
the 2006 IPCC -
Guidelines,
Volume 4,
Chapter 11.
fracnp,—no,2 | dndmvesledunidnszivelugy I 113, 0.21
NH,+NO, 2019
Refinement to
the 2006 IPCC -
Guidelines,
Volume 4,
Chapter 11.
fracieqacn dneuveegnuzdng 5197 113, 0.24
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2 T-VER-S-F001-PDD .
Tver | Standard T-VER “u1 44
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LONANSTLEUBLATINTG (PDD) WUUAIUTIH VERSION 2.1

SWa: T-VER-S-METH-13-06

LIR5TY: 02

Yasudeuisnsesile: syidsuitanfiasaunsyanninatinsladinsu nsinuAsusukazniIsannisUaay

AeiSaunsEan

sumsitld: NBLipg = [(N20wy + N201)) X 5 X GW Py,

N0y, = [(FSN,i,O X fraCNH3—N0x,1) + (Fon,io X fracyu,—no,,2) X EF3

N;0(yi = (Fsn,io + Fon,io) X fracieqcn X EFy

a < Yy a 1 dg v '
NWIINULABI AINUNAUY PUNEN ﬂ’lmﬂl %ue

the 2006 IPCC
Guidelines,
Volume 4,

Chapter 11.

EF; Aduusyansnisudes A9 11.3, 0.010
fngiFaunszan 2019
Refinement to
the 2006 IPCC _
Guidelines,
Volume 4,

Chapter 11.

EF, AdusyAvdnisudos M 11.3, 0011
finasounszan 2019
Refinement to
the 2006 IPCC _
Guidelines,
Volume 4,

Chapter 11.

GW Py, 0 ARnENINNIsNBlMAnATIElan | A1 GWPy,
Souvasinalunsaoonlun a1gail aun. 265 tCO,e/tN,O

Usene

44 Fasrdruvesinndneznouaag N

28 sarminluanavesing N,O
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3.2 M5ATLAUSHIUANYIEaUN5ZANAINNTSANTEULASINTS (Project Sequestration/Emission)

3.2.1 N39A4U ANJU wazinufgEaunszanaINn1IsaniulasInig

SWa: T-VER-S-METH-13-06

LIR5TY: 02

ASauUnsEan

Fasuleuis/nsesiie: seilouiSaninusaunszanninatinslagnsu nsinfiuasuauwazn1sannisUass

ﬁ&lﬂ’liﬁi‘lgf: Cpst = CTTt + SOCt - CPruning

Crr, = Capg, + Caig,

a '3 Yy a | g v '
W5 dines ALY 81994 ALY e
Cps, Ynaunisiniuansusuianunesiuiiluln t . Ms9n | dumisueulaeenlus
NIANUIE L
3.7 \WiguLin
Crr, USuraunsiniiuansveuiandavesd uliian AU
nsaiiulasants Tl t . ndeya | dumiveulaeenlys
nMsAwIn | L. o L
MAulun Wiguwin
Y95UTD9
Cage, USunaunsiniiuans veunil e uAuaInnng AU
anliulasansluln t . nndoya | dumsveulaeenlud
MSAWIN | 4L, o L
Aanululn \WiguLin
Y95UTD4
Caie, USunaunsiniiuansveuldauainnisaniiiy AU
Tasensluda t . nndeya | dusveulaeanlud
MSAIN | L, o L
Anaululn \WiguLin
Y9IV
SOC; | Ysnrmmrsuvoui avanluduainnisaniiu . .| duansueuleeanles
» s ANTATUINY 0 (Aue)* -
1A59n13 (Maiden) Tudd t WU
Crruning | USuamsgeyideasuauannseniunaain . . fumsusulneeonlyn
R Y . - IR | O (Aug)* -
AanssuNIARLAINY 91nnsaLdulasanis \WiguLin
t Ynetunshinuusziiiung . . .

wanewe): * fanviiuaud Wesann eun. Muuadumaden fimuilasinisdeasiu

** fanuihduaud WewnliunngurasassinwiSeunsyanluiunlasenise
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LONANSTLEUBLATINTG (PDD) WUUAIUTIH

VERSION 2.1

3.2.1.1 118 NUIa LIS lui unklasiieene (M) ede@unisues Hytonen J. et al.

(2018) ToensynasuvasnatInwluaunduly nadinmdiunonazsin wazuIadin nludiuyas

AU anLaLNY

SWe: -

LI95YU: -

Y32 U8UITI/1AT098: AUN15UBY Hytonen J. et. al. (2018)

ﬁumi‘ﬁﬁf; Mi = WL + WSTUMP + WLA
W, = 0.00193 x DBH?**%°

Wsrymp = 0.02440 x DBH?*#7°
W4 = 0.05155 x DBH?7%3

a < Yy a 1 dg v '
W13na3 AUANY 81994 ALY aveld
M; 1IATININYDIFULIINITT ATUIDIN
luiiufiwlasiegenamunlaainaunis . Foyaiiiu - .
. 13RI i Alansy
uoalalum3ue Hytonen J. et. al. (2018) Tulfivesu
399
ANUIUIN
a a4 X a ' a @ ° %E];Juaﬁl’ﬁu a Y]
w, wratinimenuauludruinduly N13AUIN i Alansu
Tuliivesu
599
AN
» v o . . Foyaiiiu - .
Werpmp | #ratiamléuuludiuveneliuassin N3AUIN N Alansu
Tuliivesu
594
AN
wratinmlonuauludiuvesdfu . Foyaiiiu - .
W, - - N3AUIN . Alansu
wilomauazis Tuliivesu
399
YRLFUHUALENATITEAUAINEGS . g U R
DBH n15in . LURLINT
1.30 4AS Y93UTDI
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VERSION 2.1

32.1.1.2 M3AMWIUSINUNSAINAUAIDLS 9UNSZANINNITATULATING D1FEN1TATUIL

Mnveyaatinnmileiuiuuaglanunlaainn1sAuaIsauns Hytonen . et al (2018)

SWa: -

LI95YU: -

o321 08U /1AT09D: dUN15UBY Hytonen J. et. al. (2018)

o v 44
AN 1Y: CABGO'CBLGO = Z?:l Mi ; X CF X e

WI50M035 AUNUY 91994

ATl

Guidelines for
National
Greenhouse
Gas

Inventories:

Volume 4

e
c c Ysinaunisinifumsvoumileiiuiu . y siumsusulaeanles
. AW | M990 3.1
ABGy UBLG ya o o o o
v ¢ | wazldfuanmsantulasinisluln t Wieuwin
M; LIATIN NI IUTVDIAULIINT .
Y4 . . AN
Tuiuiiulassregananalan . Y oda e L 5
. msdn | Teyadiiulud A
auN13healawssued Hytonen J. et. L
fve5uTea
al. (2018)
CF dndruisunamsveuluileold M7l 4.3 0.47 -
i 4.48
2006 IPCC
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2 T-VER-S-F001-PDD .
ver | Standard T-VER “u1 48
Y 4 —
LONANSTLEUBLATINTG (PDD) WUUAIUTIH VERSION 2.1
o a [ [ 4 ) a
3213 ﬂ'ﬁﬂ']u’lmﬂﬁﬂﬂmﬂ?iﬂﬂLﬂUF"I'ﬁ‘U@UTﬂ@J"ﬂWﬂﬂ'ﬁ@WLu‘lﬂﬂﬁx‘iﬂqi
S¥#e: T-VER-S-TOOL-01-01
185%U: 01
FasudeuisnTesile: nsAuiunsAnAuASUauvaInulsl
o v _ n
ﬁuﬂ’li‘Vﬂ‘U: CTTt = Zi=1 CTTt,i
Aj
Crr,i = (CABGt,i + CBLGt,i) X -
L
NSN3 AUNUY 91994 ALY el
Usunamsinifiupsuounanunvesiulsl . MmN | duesusulasenlen
Crr . - o N1TAUIN -
t nNsedulasing T t 3.7 Wiguwin
USunanisiniuasuauvassulsd ATUIEIRIN
voUasineg1ai i ludi t . foyaiiv | fuarsueulaeanlys
Crr, i N1IATUIEY .
t, Q"L ?Jd U = 1
wUNvesu Wiguwin
584
USunauiniiumsuaumilenumiu ATUINDIN
) oA, N a v A a ) s I3
JaaUasiiegned i luln t . Joyafiiu | duarsueulneenlyd
Crrr i ASAUI . L
ABG,1 Tulvesu Wiguwin
584
USunaunisiniumsusulanuueedulsl AN
vosUasiognei i Tulh t . Joyaiiv | funrsueulaoanlyd
CoLci ASAUI L. L,
G Tulvesu WgUWIn
584
A; NUVTIITR n5in 3,400.35 5
a; NuNWUasiIngns A1536 39 3
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1-ver | Standard T-VER

Y 49

LONANSTLEUBLATINTG (PDD) WUUAIUTIH

VERSION 2.1

3.2.2 nMsUaeeinwizaunszanainn1satiiulasenis

SWa: T-VER-S-METH-13-06

185%U: 02

L3PUNTEAN

YasuduuisnTesile: suilsuitaniusaunsyanninatasladivsu nmsiniuasusuaznisannisUansfieg

s#un1sitid: GHG,yo; = NPE + CPE + FPE

a 3 Y a \ dg v '
W15na3 ANNNNY 314984 AL e
Usunaunisuaesinaiounszan . § Auarsuaulaeanlas
GHGpyoj . - NTANUIN M99 3.6 - 4
91NN13ALEUlATING Wiguwinael
YSinaunsuaseiing NO 9nnsldie . suasueulaoenlen
NPE o eI | 2.42 - 14.07 W4
InMIRUlATINTG Wiguwinaal
YSunaunisuaesiiig CO, anmsldde . . suasueulaoenlyn
CPE . ANIATUIN 0 (Fue) - A
gnnsaliulasinig Wieuwinsied
USununisuaesiig COanN5N L0l . ) Aursuaulaeanlas
FPE v . R ANIATUIN 0 (Fue) - A
Wwelwaseaga Wy unneal

wnewe: ** dawifugud WesnldusngunasUdesinuizounsyantunuiilasanis

3.2.2.1 msdwumsidesig N,0 :nmsldlelunianisinuns

SWa: T-VER-S-METH-13-06

85%U: 02

Aeisaunsyan

= = aa o A N aa & = o °o o v & ¢ '
YAILLUYUIST)/LATDIUD: 33L‘U‘EJ‘U']§?3@ﬂ']eljlﬁ@uﬂig‘\]ﬂﬂ']ﬂﬁllﬂﬂf\]ﬁ’ﬁﬁiU NNINALNUAIIUBULAENITAANTTURBEY

aunsilé: NPE = NPEp, + NPE;pp

a ¢ Yy a 1 de v '
WIHADS AUNUY 91499 ALY VL]
Yunaumsdaesiing N,O a1nn1slddean . Aumsuaulaeanlas
NPE R ASAIWIM | 2.42 - 14.07 .4
N9ALEULATINTT Wguwnel
N . . Aumsuaulaeanlas
NPEpp | Ysnnumsudesfing N,O lanss M | 0.19 - 1.14 A
WgunInay
N . . . Aumsuaulaeanlas
NPE;pr | Ysanaumsddesing N,O lagdeu AIAUIN | 2.22 - 12.92 4
WgunInay
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U1 50

LONANSTLEUBLATINTG (PDD) WUUAIUTIH

VERSION 2.1

3.2.2.2 Ysununisuansing N,O 1agnse (1nn15A1498)

SWa: T-VER-S-METH-13-06

LIR5TY: 02

Fasuleuis/nsesiie: seilouiSaninusaunszanninatiaslaginsu nsinfiuasuauwazn1sannIsUass

ASauUnsEan

o v 44
aunsiild: NPEpg = [(Fsn,iproj + Fon,iproj ) X EF2] X 75 X GWPy,0

ALY

WIANDS AURINEY 91994 %Y
NPEpr | Ysununisuaseing N,O lnenss . suarsuoulneanlyn
msfan | 019 - 1.14 P
Wgumnmnel
Foniproj | Usunadlulasiauainnislddeiad . GRORD) . -
L . N3ANUIN . sululnsiausial
¥iia? i 3nAsAdulATaINg NIATUIE
Fon,iproj | Usunailulasiauannnislidedunid . . .
. o MIATLIN 0 sululpsiauned
¥iia? i 31nAsAdulATINIG
EF, AduUszanonisuasenigiseunsyan I 11.1 0.01
IPCC AFOLU
Guidelines -
2006 Vol.4
Ch.11
o | v a Y ﬂl’] GWPNZO
AfnanInnsnaliiinnIzlaniouves o
GWPno | o v o ; i oun. 265 tCO,e/tN,0
2 felunsaeenln
Usgne
44 gnsaduvesiminesnouuad N #io
28 Wmnluanavesfing N,O
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2 T-VER-S-F001-PDD .
ver | Standard T-VER U1 51
Y 4 —
lanasYolauelasINg (PDD) WUUAIUTIY VERSION 2.1
a 1 (2 ¥ o
3.2.2.3 Yswunisuaseing N,O 1agdau (31nA15AIUI0)
s¥e: T-VER-S-METH-13-06
12959U: 02
FasuleuisTriaTelia: suileuiSaniaseunszannratinsladmiu nsinuasusuwaznisannisuaseing
LSOUNTEAN
M4 NPE;pr = [(NyO(p) i + NoOgpy i) X = X GWP
dUNINLY: bR = [(N20(),i 20),i) = N,0
NoOwy; = [(FSN,i,proj X fraCNHg,—NOx,l) + (Fon,iproj X fracnp,—no,2) X EF3
NZO(L i = (FSN,i,proj + FON,i,proj) X fracleach X EF,
W151AMDI AUNUY 91999 ALY e
of
NPE;pr USununisuaeeing N,O lagsau AMsAwI | 222 - 12.92 | asuaulaeanlen
WiguwineU
Ysunaunsaesing N,O 31nn1sseme . . .
NoOw)i L ASATUI 0 sululasiaunad
’ Tu3U NH;+NO, vesdewilad i
Yunaumsuaesing N,O 31nmMsvean . . L
N,Ow); N ol ASATUI 0 sululasiaunad
' Funuiafu veele a9 |
Yunalwlasiawainnislilewndl wied . AN . .
Fon iproj MIAIR sululasiausied
L ] . o & I °
i 31nN1sAiulaTINng ASATUI
Ysunalulasiauainnislddedunsd . . .
Fon,iproj - s N1TATUIEY 0 Aululpsiaused
- AN i INNSANAUIATINIG
fracyu,-no,1 | ddveslaiaiiisemelugu NH,+NO, | M99l 113, 0.11
2019
Refinement to
the 2006 IPCC -
Guidelines,
Volume 4,
Chapter 11.
fracyp,—no,2 | @dmvesledunidisvvelusy AT 11,3, 0.21
NH,+NO, 2019
Refinement to
the 2006 IPCC -
Guidelines,
Volume 4,
Chapter 11.
fracieqcn Tnduvesengnuzand AT 11.3, 0.24
2019 _
Refinement to
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Standard T-VER

T-VER-S-F001-PDD

YU 52

LONANSTLEUBLATINTG (PDD) WUUAIUTIH

VERSION 2.1

SWa: T-VER-S-METH-13-06

LIR5TY: 02

L3PUNTEAN

YasuduuisnTesile: suilouisaniusaunsyanninatnsladivsu nmsiniumsusuaznisannisUansfieg

aunsile: NPE,pr

44
= [(N20@),; + N2O(y,i) X 28 % GW Py,

N;O0w)y,; = [(FSN,i,proj X fraCNHg,—NOx,l) + (Fon,iproj X fTaCym,-no,2) X EF3
NZO(L i~ (FSN,i,proj + FON,i,proj) X fracleach X EF,
w15 8nas AUNUNY 31994 Ay Vel

the 2006 IPCC
Guidelines,
Volume 4,

Chapter 11.

3.3 pMsAuaUsIansiniuatsuauaInnsAiiulasenis (Carbon Sequestration)

SWd: T-VER-S-METH-13-06

85%U: 02

Aeisaunsyan

Yasudeuisnsesile: syidsuitanfiaSaunsyanninatinsladinsu nsinfiuAsusukazniIsannisuaay

ﬁ?..lmi‘ﬁdlﬂ’f: CPCP = (CPSt - CPSi) + (GHGBS - GHGpTOj)

ALY

WIS nas AUANY 81994 avely
Usuafoisaunszansinainnsaiy . MId | sumsusuleesnloe
C QRETa RV .
PCP TAsenns 37 Wiguh
YSnaunisinifuasusuianun . M3e | sumsusuleesnlee
CPSt & o N1TAUIN -
VoI UNlATINTIWUN t 3.2 Wiguwin
Cps, USHnaumsniniuAS U URTLAve SLT
lasanistunsalgiu (CBS) viseusunwu P .
oL LT P . msni | duaisueulaeanled
NMSANAUAITUBUINUATDINUILATING 13RI ..
e A 3.2 Wieuwi
oU7lAsumssusesUSnaiwsounsyan
GHGE
Usuunisuassfineisounsgan . MTRe | sumsusulaesnlae
GHGgg . . QRETRITRY .
melansdlgu 36 Weuwi
Usuunisuassfineisounsgan . M9 | sumsusulaeenlae
GHGproj . - ANTAUINU - ,
1N LiulATInIg 3.6 BULN
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Tver | Standard T-VER U1 53
Y 4 —
LeNa15U8LaRelATINTS (PDD) WUUAIUTIM VERSION 2.1

3.4 ayUUsHnIUNTanfinsauNIZan

3.4.1 Ysunaunsiiniiuansuauannnseaignu
211997 3.1 wud Auiwdastgnersnisilulassnismstnifusazannisudesfieg
SeunszanluaiIue1 s usEen wiglnadusinsinens Siia Swiaae ddnennlunisiniu
AsUBNINASEigILTIITAY 8323509 Fumiveulneenlesifisui
3.4.2 Ysunamsiniuansusuainnisandulasinis
2nas1eit 3.2 wudh desudiulasinsasu 7 9 medidugnensiluiiuiilasennse aunse
fnAvasueulugy o, Iéivau 100,446 22 Funsueulneenledilounin videwedslay 14,349.46

Y} 6 & a 1
fruasuaulaeanlenfieuwin
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N5 UaLaRelATINTS (PDD) WUUAIUTIM VERSION 2.1
M1919% 3.1 wandnuatinnuarUsinanisiniuigiounsyanvesdue e lunsdlgiu
. Wa | WaTanm u7a Usuaunis
. g 4 | wWwW | wm . . . sl | L L
. W | YA - Fanm dauvag - Fanw | wasmUsunm . . Annufing
EVGISIGN Y wlas | ¥anw , . URYINN . 1NN 3
.. fugna Tasams: | , daune andiu 394 a1suaulu ) . | Founszan
29819 o . faogne | daulu - 573 (nA.) X vy o arsuaulaganlys
(Ausials) A (15 , wazIIn wazng (M) Waldl (Au) (tCO,e):
(1) (nn.) . (tCOe)
(nn.) (nn.) (") Crro
31124138 83,235.09
CPA 01 75 1,495.00 1 254.30 2,946.47 15,969.36 19,170.13 19.17 9.01 33.04
CPA 02 82 1 231.49 2,687.03 14,279.96 17,198.47 17.20 8.08 29.64
CPA 03 79 1 254.13 2,945.54 15,906.07 19,105.75 19.11 8.98 32.93
CPA 04 76 1 239.60 2,778.09 14,939.71 17,957.39 17.96 8.44 30.95
CPA 05 72 1 170.80 1,986.55 10,336.40 12,493.75 12.49 5.87 21.53
CPA 06 75 1 187.73 2,182.17 11,424.41 13,794.31 13.79 6.48 2377
CPA 07 72 1 252.88 2,927.42 16,024.65 19,204.95 19.20 9.03 33.10
CPA 08 76 1 225.32 2,614.72 13,934.31 16,774.35 16.77 7.88 2891
CPA 09 74 1 181.94 2,115.48 11,038.78 13,336.20 13.34 6.27 22.98
CPA 10 71 1 215.92 2,504.08 13,438.12 16,158.12 16.16 7.59 27.85
CPA 11 68 1 235.20 2,724.29 14,814.74 17,774.23 17.77 8.35 30.63
CPA 12 78 1 206.76 2,402.63 12,615.75 15,225.14 15.23 7.16 26.24
CPA 13 78 1 221.94 2,577.30 13,631.89 16,431.14 16.43 7.72 28.32
CPA 14 75 1 228.05 2,645.78 14,135.36 17,009.19 17.01 7.99 29.31
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Tver | Standard T-VER w1 55
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LonansveLauslasiNig (PDD) WUUAIUTI VERSION 2.1
. 178 IAYINN el Usuauns
. g 5 | ww | wa . , . nasauda | L
. W | Yueun - Fanw dauvaq - | HasIuUEHIu . AnAufneg
sWaUas . wlas | ¥ . .. IAYINMW . n1siniy B
u fiueng Tassnms: | | , dqune andu 39U Asuauly . . | Sounszan
LUK o, . fags | daulu - 394 (nN.) M asuaulaganlyn
(Ausials) A (15 , wazsn wazig (Mi) Waldl (du) (tCO,e):
(l5) (nn.) . (tCO,e)
(nn.) (nn.) () Crro
CPA 15 67 1 199.80 2,318.43 12,360.64 14,878.87 14.88 6.99 25.64
CPA 16 75 1 244.27 2,831.88 15,250.06 18,326.21 18.33 8.61 31.58
CPA 39 0 12.19 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
gnaAUGNY
CPA 17 75 1,787.08 1 20159 | 230104 | 1238193 | 1492456 | 14.92 7.01 25.72
CPA 18 78 1 187.57 2,182.15 11,313.09 13,682.81 13.68 6.43 23.58
CPA 19 73 1 181.78 2,113.57 11,031.65 13,327.00 13.33 6.26 22.97
CPA 20 70 1 218.92 2,538.96 13,615.49 16,373.36 16.37 7.70 28.22
CPA 21 73 1 149.71 1,743.20 8,968.64 10,861.56 10.86 5.10 18.72
CPA 22 77 1 216.73 2,514.23 13,453.17 16,184.13 16.18 7.61 27.89
CPA 23 7 1 199.26 2,315.33 12,171.86 14,686.45 14.69 6.90 25.31
CPA 24 75 1 177.40 2,063.78 10,710.69 12,951.87 12.95 6.09 22.32
CPA 25 7 1 257.96 2,988.52 16,217.32 19,463.79 19.46 9.15 33.54
CPA 26 75 1 156.31 1,819.87 9,369.48 11,345.67 11.35 5.33 19.55
CPA 27 75 1 223.30 2,590.23 13,866.10 16,679.62 16.68 7.84 28.74
CPA 28 75 1 147.49 1,719.35 8,728.98 10,595.82 10.60 4.98 18.26
CPA 29 7 1 145.01 1,690.11 8,597.68 10,432.79 10.43 4.90 17.98
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LonansveLauslasiNig (PDD) WUUAIUTI VERSION 2.1
, Py BTN 178 Usuauns
. g 4 | WwW | wm - _ - AT | L
. W | Yueun - Fanw dauvaq - | HasIuUEHIu . AnAufneg
sWaUas . wlas | ¥ . .. IAYINMW . n1siniy B
u fiueng Tassnms: | | , dqune andu 39U a1suaulu . . | Sounszan
LUK o, . fags | daulu - 394 (nN.) M asuaulaganlyn
(Ausials) A (15 , wazsn wazig (Mi) Waldl (du) (tCO,e):
(l5) (nn.) . (tCO,e)
(nn.) (nn.) () Crro
CPA 30 71 1 215.58 2,501.12 13,362.60 16,079.30 16.08 7.56 27.71
CPA 31 72 1 186.19 2,162.87 11,404.54 13,753.59 13.75 6.46 23.70
CPA 32 68 1 97.08 1,135.32 5,570.31 6,802.71 6.80 3.20 11.72
CPA 33 74 1 147.79 1,722.13 8,781.92 10,651.84 10.65 5.01 18.36
CPA 34 7 1 154.82 1,803.84 9,209.42 11,168.08 11.17 5.25 19.25
CPA 35 67 1 151.21 1,758.86 9,147.27 11,057.34 11.06 5.20 19.06
CPA 36 70 1 238.11 2,758.02 14,995.29 17,991.42 17.99 8.46 31.01
CPA 37 73 1 146.37 1,704.48 8,754.52 10,605.37 10.61 4.98 18.28
CPA 38 0 105.88 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nufivis
334 3.,400.35 37 7,350.31 | 85,354.84 | 451,752.16 | 544,457.30 | 544.46 255.89 938.28
1As4Ms
Nuflenawisay 1193uly | 3,282.28
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T-VER-S-F001-PDD

1-ver | Standard T-VER

Y 57

LONANSTLEUBLATINTG (PDD) WUUAIUTIH

VERSION 2.1

A1519% 3.2 N1IAIRNITAIUSHNUNTSANLAUATSUBUANATISANTULATINAS

USunaunisiniiuaisuauy | YSuaanisiniiuansuau o e w A 4
. M 9 M oo USunaunisnniuinesaunseani
Y NINUAVDINUNLATINGG | NIUUAVDINUNTATINTG . . .
. s amdnazlaannisaiiulaseang
Tunsaigu (Cgo) Tudf t
frursvaulneanlunieuwin
t Cesi Cpst = Cpsit(t*4.22%A) Cost - Cosi
0 83,235.09 0.00 0
1 83,235.09 97,584.55 14,349.46
2 83,235.09 111,934.01 28,698.92
3 83,235.09 126,283.47 43,048.38
q 83,235.09 140,632.93 57,397.84
5 83,235.09 154,982.39 71,747.30
6 83,235.09 169,331.84 86,096.76
7 83,235.09 183,681.30 100,446.22
394 (tCOe) 83,235.09 183,681.30 100,446.22
ATy 7 7 7
waeday
11,890.73 26,240.19 14,349.46
(tCO.e/y)

g drsmaiiduasueuluuiauean iy 4.22 du/lsAl (eun. warAniguamans un., 2554)

3.4.3 YsunaunisuaesfingiFaunszaniunsalgnu

! 23 A ‘ﬂy ‘NI a ‘;’ Y = | :’I’ 1 U
n1sUaeeigTeunszanluiunlasinis iaduainnistddeniivindy ldwunisuaesan

a

nslddedunsd Jegise Yurn waelalalud Jskiinisudesieisaunszanainfanssudanan Aty

nFunwall uawUasane1ansnNidsiulasinis wudn eremsudazetginislddeind

Tudsunaunupneneiuy fad

3.4.3.1 gremseny 0 - 2 U lgleiailans 25-7-7 Iaeldluu3ana 200 niusiedusiel

3.4.3.2 gnemsneny 3 - 6 U Tddewntians 15-15-15 Iaeldluu3una 400 nsusiedusied

3.4.3.2 vty 7 YUl Tidewailans 29-5-18 Tngldluu3ana 1,000 nusiesusiel

v & A o w a X P~ ] ° ! & a =
Aty Werhdeyausinanislddaniiluunualuaunisiunanisudesitnieunszantunsdl

FIUlINAENGEAINNTeN 3.3 wudn uwlasiiegnsluiiuilasiniss Insuaseingseunseaniunsalgy

wieUay 3,632.03 dumsveulaeenlediisuwin Inswdadunsudesfitgseunszanannislddewnd

Tuwdasenugamsilugnensetas 1,653.26 sumsuveulaeenleniisuni uagludunenugelag

1,978.76 srumsusulasenlondieuwin
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> 4
LONA3UBLEUOIATINT (PDD) BUUAIUTIM VERSION 2.1
mTei 3.3 UTnansuaesfineFounszanneldndigiu (GHGgs)
. L 9gfuens | NBL aesouUas | nuiilasents | #1 GHGge A1 GHGgs
VGNP ERN
Q) (Kg.CO,e) (19) (Kg.COLe) (tCOLe)
38N
CPA 01 11 1,104.31 1,495.00 1,650,939.76 1,650.94
CPA 02 11
CPA 03 11
CPA 04 11
CPA 05 11
CPA 06 11
CPA 07 11
CPA 08 11
CPA 09 11
CPA 10 11
CPA 11 11
CPA 12 12
CPA 13 12
CPA 14 12
CPA 15 12
CPA 16 12
CPA 39 2 190.40 12.19 2,321.69 2.32
i"JﬁJQL%EJ 1,294.71 1,507.19 1,653,261.45 1,653.26
gnnanugde
CPA 17 12 1,095.98 1,787.28 1,958,821.38 1,958.82
CPA 18 11
CPA 19 11
CPA 20 11
CPA 21 11
CPA 22 12
CPA 23 11
CPA 24 11
CPA 25 11
CPA 26 11
CPA 27 11
CPA 28 11
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2 T-VER-S-F001-PDD .
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LONANSTLEUBLATINTG (PDD) WUUAIUTIH VERSION 2.1
. .. mqéfua'm NBL afagdaulas | wudilasanis A GHGg A1 GHGg
suaUaINBeg - .
Q) (Kg.CO,e) (13 (Kg.COLe) (tCO,e)
CPA 29 11
CPA 30 11
CPA 31 11
CPA 32 11
CPA 33 11
CPA 34 11
CPA 35 11
CPA 36 11
CPA 37 11
CPA 38 2 188.35 105.88 19,942.92 19.94
squAUge 1,284.33 1,893.16 1,978,764.30 1,978.76
i’JSJ‘I?I’;\‘muﬂ 2,579.04 3,400.35 3,632,025.74 3,632.03

NBMR: GHGgs AoUSunainisUassimesounseanlunsalgiu, NBL Aeusinanisudesiing N,O nnslddely

AMANITNYATIUN TN

3.6.4 NMsAan1salUsunansUasefingisounszanainn1saiulasinig

PN 3.5, ANTNN 3.6 wazNNA 3.1 @xviauliiini MnsaenszezaINsslasans T-VER

1% '
=

Hunlasins liflusunsuSuasnislidewndl avdwalidnmsUdesiiseunsyanlugdvesiunsaeenles

Re

Fugduussemewdelay 3,691.75 Aunsueulasenlediiisuwii egnslsiau definsdidumsusvan
YSinaunslddewnil wudn wuilasemss axdaesimiseunsyaniuguvetluniasenlunanas lnediuTunm
d vlay 3,505.64 siuais vaulaeenledisuvn eg1slsinud efiansansied wuin Seway
‘:‘I _ 1 (24 A ‘&J ‘NI a0 ¥ a2 Y +
mawgunlaweslSinamsddesiusounsyaniuiiuilases draenndemuuuanUsinamslide

PAAUALIFINIANLIN 6

A157199 3.5 N15ANANNSAIUSUIUNISUAREAILTaUNTZANTIAIAI1ALLAATUIINNITANTULATING

Mendsiiunsuivanusunanislddeid

o Usuunisuaaeing Usuunisuaaeing
. Usunaunsuaaeing » . - » 4 . .o
U . v A 132UNTLANINATATIY 130UNTLINTIANNINATLNATY
Baunszanaeldnsaignu ..
TAs9NS N5 ULATING
frursuaulaeanloniieuwin
t GHGgg GHGproj GHGgs- GHGproj
2567 3,632.03 0.00 0.00
2568 3,647.69 3,454.65 193.03
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2 T-VER-S-F001-PDD .
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LONANSTLEUBLATINTG (PDD) WUUAIUTIH VERSION 2.1
o Jsunaunisuaaaing Jsunaunisuaaaing
. Usunaunisddesing » . . - 4. .o
U - v 139UN5ZAININNTTALTEY 139UN5ZANTIANNINLLAATY
Faunszanaeldnsaignu ..
As9nS nN15alulATING
2569 3,647.69 3,465.30 182.38
2570 3,647.69 3,465.30 182.38
2571 3,647.69 3,465.30 182.38
2572 3,750.50 3,562.97 187.52
2573 3,750.50 3,562.97 187.52
2574 3,750.50 3,562.97 187.52
594 (tCO,eq) 25,842.25 24,539.49 1,302.76
U 7 7 7
waedaz
3,691.75 3,505.64 186.11
(tCO,eq/y)

A1519% 3.6 N15USaUMEUUTUIUNTISUaBEAYSaUNSZANAINAISAMLUIUAINUNRA (BaU) AU

nsafiunisusvandunanislddeiadl

Usunanisuaseing Usueunsudasy Sapazn1sasunUasaag
U 1I39UNIZINIINANTANTUIY | AgiSaunszanain Usunaumsuassing
auUnd (Bal) nsAtulAsINIg Bounszanluiuiilasens
suasuaulneanlunifiaulrii
t GHGg,, GHGpo; GHGgay - GHG,yq,
2567 3,632.03 3,632.03 0.00
2568 3,647.69 3,454.65 5.29
2569 3,647.69 3,465.30 5.00
2570 3,647.69 3,465.30 5.00
2571 3,647.69 3,465.30 5.00
2572 3,750.50 3,562.97 5.00
2573 3,750.50 3,562.97 5.00
2574 3,750.50 3,562.97 5.00
delay
(tCOeq/y) 3,691.75 3,505.64 5.04
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2 T-VER-S-F001-PDD .
ver | Standard T-VER MUl 61

Y 4 —

LONANSTLEUBLATINTG (PDD) WUUAIUTIH VERSION 2.1
nsilSeuiisudsununisuaasfneisaunssanainnisaiiuaruaiudng (Bau)
fiu MsatiunisuivaaUsunanislddend
anfum GHGBAU  c@ume GHGProj

3,800.00

3,750.00 . J
_ 3,700.00
=
S 3650.00 e ®
=
§ 3,600.00
& 355000 / )
[cY
"= 3,500.00
5
"€ 3,450.00 ®
g
’%&  3400.00

3,350.00

3,300.00

0 1 2 3 q 5 6 7

il
dl Ll = 1 23 A 1+ ! o a a
AN 3.1 ﬂ?‘iL‘UiEJ‘UL‘V]EJ‘Uﬂ']i‘Uaf’JEJﬂ’]%LiEJUﬂi%QﬂQ’]ﬂ’]iIﬁﬂEJ FLMINNIANUUIURNUUNR

fiu NsUSuanUsnaumslddaniinuununisusuananianun 6

3.5 aydUSnaineisaunszaniianadnazan/aniula

S2YLIAINTANLATANUBILATINTG

M 79 <Jufh 5 wwneu 2567 29Ul 4 wwney 2574>

NANTNIA 3.7 WU ﬂ’]iﬁ?’]LﬁUIﬂNﬂ'ﬁﬂﬁiﬁ’ﬂLﬁULLa86@1ﬂ'ﬁﬂ’ﬁlEJEJﬁ?%L‘%QUﬂiﬁﬁ]ﬂIUﬁ’J‘USNW'ﬁ’I

VTN sglnaduginIsinems e Jwiaee aaenseuzal 7 U Mdisnlasinmsaniigisounsean

aagdaslanuunsgiuesuszmelng (TVER) a1an1sinens azawnsanniiuns vaulevisdu

101,748 sumsuaulneanlanisuwingesl wsawmdstay 14,535 duasuaulneanleniieuwin
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t Cpst - Cosi GHGgs- GHG, Cocp
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2569 28,698.92 182.38 0.00 28,881
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2570 43,048.38 182.38 0.00 43,230
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nin X nin Y
0 4912 749866 1922376
1 6886 749479 1922272
2 4434 747476 1921858
3 4435 747532 1921881
4 4436 747568 1921897
5 4437 747610 1921910
6 9226 747368 1921428
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19 6813 740251 1915361
20 6812 740150 1915323
21 6808 739873 1915694
22 6809 739872 1915528
23 6824 740350 1914950
24 6826 740631 1915079
25 6830 740459 1914856
26 7127 740107 1914997
27 6811 739999 1915252
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28 6814 740121 1915171
29 6810 739905 1915399
30 6816 740177 1915123
31 6817 740009 1914946
32 6819 740387 1915076
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a7 5221 738956 1914466
48 6792 739074 1914348
49 7374 739279 1914357
50 6807 739481 1914344
51 7106 739422 1914583
52 7796 739553 1914581
53 6799 739472 1914681
54 6793 739721 1914738
55 6795 739766 1914850
56 7126 739828 1914868
57 6794 739887 1914859
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71 5047 739376 1915542
72 10809 741784 1914105
73 10812 742172 1914177
74 10815 742670 1914567
75 10808 741799 1914368
76 10813 742285 1914292
7 10817 742942 1914592
78 10807 741697 1914568
79 10811 741980 1914260
80 10814 742475 1914407
81 10816 742520 1914873
82 10818 743066 1914762
83 9652 740727 1914624
84 9653 740859 1914576
85 9654 741057 1914500
86 9655 741233 1914514
87 9656 741291 1914579
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91 9660 741515 1914220
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93 9662 740965 1914198
94 9663 741475 1914098
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96 9667 741273 1913776
97 9668 741004 1913628
98 9664 741454 1914046
99 9665 741497 1913953
100 9669 741243 1913566
101 5756 748291 1921622
102 4915 749764 1922142
103 4914 749740 1922275
104 4905 750014 1923174
105 4902 750140 1923297
106 7825 747774 1922119
107 7824 747825 1922161
108 5015 748440 1922070
109 5744 748371 1921117
110 4901 750178 1922987
111 4900 750096 1922788
112 4899 749910 1922745
113 4898 749914 1922894
114 4897 749780 1922856
115 4896 749815 1922663
116 4894 750076 1922625
117 4893 750160 1922718
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121 4889 750220 1922776
122 4888 750266 1922836
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124 6253 747857 1921334
125 5367 747449 1921471
126 5142 748572 1920257
127 5141 748639 1920335
128 5140 748760 1920525
129 5139 748902 1920659
130 5138 749040 1920379
131 5137 749107 1920454
132 5136 749024 1920597
133 5135 748993 1920847
134 5112 748122 1921197
135 5111 747484 1921418
136 5110 747394 1921504
137 5109 747533 1921367
138 5108 747614 1921518
139 5107 747841 1921648
140 5106 747999 1921640
141 5105 747792 1921962
142 5067 749174 1921367
143 5040 748144 1921884
144 5039 747949 1921928
145 5038 747726 1921576
146 5037 748057 1922037
147 5036 748211 1921997
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148 5035 748339 1921996
149 5034 748466 1921380
150 5033 748398 1921498
151 5032 748004 1921311
152 5031 748380 1921895
153 5030 748711 1921901
154 5029 748663 1921692
155 5028 748744 1921695
156 5027 748740 1921480
157 5026 748950 1921473
158 5025 748972 1921662
159 5017 748599 1922030
160 5016 748519 1922101
161 4975 749525 1921760
162 4974 749782 1921797
163 4973 749800 1922043
164 4972 749644 1921872
165 4971 748986 1921837
166 4970 749232 1921725
167 4968 749176 1921960
168 4967 749125 1922077
169 4966 749522 1922041
170 4965 749642 1922161
171 4453 747384 1921625
172 4452 747492 1921637
173 5919 739653 1915162
174 5920 139777 1915089
175 5921 139777 1914951
176 15782 739808 1915039
177 4734 739485 1915322
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The rubber tree (Hevea brasiliensis) is cultivated for latex production, but its timber is used in industry
and its logging residues can be used for power generation. The reliable estimation of biomass is basis for
operational calculations. In this study, allometric biomass equations for fresh and dry biomass of the above-
and belowground non industrial tree components of mature rubber tree (leaves, branches <3 cm in diameter,
branches 3-5 cm in diameter, stumps with roots, stem) at the clear-cutting phase were developed. The models
were based on 18 sample trees of clone 600 harvested in Songkhla province, southern Thailand. Diameter
at breast height (DBH), height (H) and their combination (DBH**H) were tested as independent variables.
In the models, easily measurable DBH gave a considerably higher coefficient of determination than H.
Combining both DBH and H in the models did not improve the equations. The equations provided logical
biomass predictions and they had high coefficient of determination. Fresh mass equations can be used in
predicting the value of trees in local markets and dry mass equations for estimating the amount of residual

biomass in mature rubber tree plantations in southern Thailand.

Keywords: Tree biomass, biomass equations, dry mass, fresh mass, branch mass, stump mass

INTRODUCTION

Rubber tree (Hevea brasiliensis) is cultivated for
latex production in all tropical zones on a total land
area of about 9,675,000 ha. Thailand is currently
the world’s largest natural rubber producer
(Jawjit et al. 2015) and most of the concentrated
latex produced in Thailand is exported. The
economic lifetime of a rubber tree is 25-30 years
and about 3-4% of the rubber tree growing area
is cut down for replanting annually (Krukanont
& Prasertsan 2004, Chantuma et al. 2012). Thus,
90,000-120,000 ha of mature rubber plantations
are clear-cut annually. The majority (68%) of
the plantations are in the south of the country
(Chantuma et al. 2012). Rubber production
has a strong impact on the rural economy and
alleviation of rural poverty since rubber producers
are mainly smallholdings which represent more
than 85% of the total rubber area in Thailand
(Chantumaetal. 2011). In Thailand, smallholder
rubber production has been successful in moving
households and communities out of poverty (Fox
& Castella 2013).

In addition to latex production, rubberwood
is also a good source of raw material for sawmill
and factories producing plywood product such as

furniture and kitchenware. Larger-size branches
(> 5 cm in diameter) are used for charcoal
production but rubberwood logging residues are
generally not utilised. In Thailand the residues
are usually burned before preparing the site for
replanting. Residual rubber tree biomass can
be used to generate electricity in rural areas
(Krukanont & Prasertsan 2004). The utilisation
of this resource for generation of energy could
provide small and steady additional income to
rural farmers. Supply of rubberwood logging
residues would be secure in the long term due to
the thriving rubber industry. In addition to small
branches left at the site, sawmill waste (sawdust,
wood off-cuts) can also be utilised for energy
(Krukanont & Prasertsan 2004).

When grown on non-forested land, rubber
trees could also act as carbon sink by sequestering
carbon in biomass and indirectly in soils. Carbon
sequestration in biomass and carbon stock
changes in soil during the lifecycle of rubber
tree plantations have been studied widely
(e.g. Blécourt de et al. 2013, Petsri et al. 2013,
Satakhun et al. 2013, Blagodatsky et al. 2016). In
these studies carbon bound in biomass has been
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determined with direct carbon models relating
diameter to tree carbon content, or biomass has
been first estimated with biomass models and
dry mass of trees was then converted to carbon
content of the trees. These studies did not
separate tree components and were developed
to be used for a wide range of tree sizes ranging
from l-year-old trees to mature trees. Petsri et
al. (2013) used biomass data in the relationship
of rubber tree diameter at breast height (DBH)
with dry weight of stem plus branches, leaves and
roots. Their model did not separate stem and
braches and thus could be used for determining
crown biomass.

The most common method for estimating tree
biomass is using regression analysis and allometric
biomass models. Equations are developed by
weighing entire trees or their components and
relating weight to easily measurable dimensions,
such as DBH and height (H). Several studies
presenting biomass models of rubber trees have
been published. However, studies concentrating
on trees at clear-cutting age and size are scarce.
Most studies have used sample trees ranging
from very small and young trees to trees at clear-
cutting and regeneration age (e.g. Yang et al.
2005, Saengruksawong et al. 2012). The models
did notreport the different biomass components,
especially branches and stumps, which are both
important when considering residual use of
biomass. On the contrary, biomass models for
total aboveground dry mass of rubber trees
have been widely published although diameter
(or girth) was measured at different heights.
Using equations based on different heights of
measured diameter can result in considerable
differences in biomass of trees having the same
diameter but measured at different heights (Sone
etal. 2014). Due to this, the equations cannot be
compared with equations using DBH measured
at 1.3 m aboveground (Rojo-Martinez et al. 2005,
Maggiotto et al. 2014).

Reliable estimation of biomass on a given area
is the basis for all productivity and operational
calculations. There is lack of equations for
determining residual (crown and stumps)
biomass in stands at the clear-cut phase. There is
a need to improve the estimation of rubber tree
crown biomass, since the interest in the utilisation
of this resource for energy or other purposes is
currently increasing. Since in southern Thailand
rubberwood is generally sold fresh in the field,
models for estimation of fresh mass of trees are
also needed.

© Forest Research Institute Malaysia 589
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The main aim of this study was to construct
fresh and dry mass biomass functions for mature
stands at clear-cutting age. Development of
biomass equations requires biomass data on
stem, crown and stump-root system of sample
tree. Direct measurement of tree biomass is often
not feasible in practice. Therefore, the biomass
estimates use regression models based on easily
measurable tree variables.

MATERIALS AND METHODS

The study was carried out in Songkhla Province in
southern Thailand. The rubberwood plantation
used in the study was located close to Hat Yai
(6° 54' N, 100° 19" E). In southern Thailand
rubber tree plantations cover 1.8 million ha
(Chantuma et al. 2012), of which 300,000 ha is
in Songkhla province (Krukanont & Prasertsan
2004). The region experiences a tropical
monsoon climate. The temperature at Songkhla
varies between 22 and 35 °C depending on the
season and total annual precipitation is 1720 mm,
most of which falls in October till December.

Altogether 18 trees (clone 600) from arubber
tree plantation planted in 1991 were sampled in
the beginning of September 2016. Stand density
at the time of sampling was 357 trees ha'. The
stand was no longer tapped. Only normal living
trees without defects (broken tops, cracks)
growing inside the plantation (no border trees
sampled) and covering the whole diameter range
(DBH 10-30 cm) in the plantation were sampled.
The sampled trees were numbered and marked
at ground level and at 1.3 m.

Before cutting the trees, their DBH and
diameters at stump height were measured at
two opposite directions with a precision of
1 mm. Trees were felled using an excavator
by digging out the soil around the tree and
pushing it to the ground. Tree height, measured
using measuring tape after felling, was the
length from the stump to the top of the tree.
Branches and tops of stems were marked with
different colours indicating diameters of 3
and 5 cm. All leaves, including petioles, were
separated from the trees and weighed. Branches
were divided into thin (< 3 cm in diameter)
branches that were left at site unutilised and
thick branches (3-5 cm in diameter) that were
used for charcoal production. Fresh weights of
these tree components were weighed using a
scale to a precision of 1 g. Stem (tree parts >
5 cm in diameter) as well as stump and roots (soil

Thailand Greenhouse Gas Management Organization (Public Organization)
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removed) were measured using a scale mounted
in an excavator boom with a precision of
100 g. Root diameters over 2 cm that were
broken during excavation were tallied for
diameter. Components from each tree were
sampled for determination of moisture content.
All leaves, and thin and thick branches of a
sample tree were piled and a representative
sample of around 500 g was taken from each
component, weighed immediately in the field,
placed in sealed plastic bags and stored in the
field in boxes filled with ice. Three discs were
cut from the stem using a chainsaw from the
top, middle and lower sections and one disc was
taken from the stump. The moisture samples
were dried at 80 °C in the laboratory at Kasetsart
University. Moisture contents of all samples were
calculated. Based on the moisture content, dry
weights of all measured components of all trees
were calculated. The form of allometric biomass
equation used was

Y =aXpPe (1)

where Y, = weight of the i sample tree, a and
b = model intercept and slope respectively,
e; =random error associated with estimating the
weight of the i" sample tree, X = independent

Hytionen | et al.

variable and i = any one of the sample tree.
DBH is the most commonly used parameter
because it can be easily measured in the field
with great precision. In this study, we tested
height and the incorporation of height into the
equation together with DBH as DBH*H. The
models were fitted to data using ordinary least
squares regression analysis after logarithmic
transformation to linear form In(Y) = In(a + b)
x In(X). The slight systematic bias introduced
by this log-transformation was corrected with
the correction factor proposed by Meyer (1941),
i.e. correction with 5:2./2, where s =residual of the
equation. Differences in moisture content of the
components were tested with analysis of variance.
An arcsine transformation was carried out prior
to analysis for variables expressed as percentages.

RESULTS
Moisture content

Moisture content was lowest in stems and stumps
(each 43%) and increased with decreasing
size of the components (Figure 1). Moisture
contents of thin and thick branches were 8
and 3% higher respectively than the stems and
stumps. Leaves had the highest moisture content

F =128.890, p <0.001
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Figure 1  Moisture content of rubber tree biomass components; bars show standard error
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(60%). Differences in moisture contents of the
components were significant. DBH did not
correlate significantly with moisture content even
though stem moisture content correlated almost
significantly (r=-0.437, p=0.070) with diameter,
indicating that bigger trees have lower moisture
content than smaller trees. Moisture content of
leaves correlated significantly and positively with
moisture contents of stems (r=0.540, p =0.021),
thick branches (r = 0.799, p < 0.001) and thin
branches (r=0.715, p = 0.001).

Hytionen | et al.

Fresh and dry mass equations

In the biomass models DBH as independent
variable gave a much higher coefficient of
determination and smaller coefficient of variation
than H (Tables 1 and 2). Incorporating H into the
model (DBH?*H) did notincrease the prediction.
Thus, DBH was, in all cases, the best predictor
of rubberwood biomass. The stem models had
the highest coefficient of determination (98%)
both for dry and fresh mass (Figure 2, Tables 1

Table 1 Equations for fresh mass of rubberwood
Component DBH H DBH**H
a b r? \Y% SE a b r? AY SE a b . A% SE
(%) (%) (%) (%) (%) (%)
Leaves 0.00691 2378 663 629 0577 0.00010 3.88 432 86.8 0.749 0.001897 0.943 63.1 66.4 0.605
Branches < 0.01400 2588 84.7 389 0375 0.00007 4474 61.7 649 0593 0.003124 1.036 82.1 423 0406
3cm
Branches 0.02023 2383 804 41.8 0401 0.00032 3.858 514 70.0 0.631 0.005615 0.943 762 46.4 0442
3-5cm
Stem 0.07939 2790 981 134 0.133 0.00007 5239 844 39.3 0.379 0.012910 1.133 979 13.8 0.138
Stump 0.04258 2469 886 309 0302 0.00021 4.328 664 555 0518 0.009940 0991 86.3 340 0.331
Branches < 0.03536 2469 874 327 0319 0.00029 4.165 60.7 0.564 0.008788 0984 84.0 37.2 0.360
5cm
Leafless 0.11329 2713 983 120 0.120 0.00016 5.088 81.8 41.4 0.398 0.020784 1.099 97.6 145 0.145

aboveground

Models have the form Y=aXPe where Y=mass (kg), X = DBH, H or DBH?**H (DBH in cm, Hin m), a and b = constants, r?

= coefficient of determination, V = coefficient of variation, SE = standard error, DBH = diameter at breast height, H = height

Table 2 Equations for dry mass of rubberwood
Component DBH H DBH*H
a b gl \Y SE a b P A% SE a b o v SE
(%) (%) (%) (%) (%) (%)
Leaves 0.00193 2499 69.1 618 0569 0.00002 4191 475 857 0.742 0.00048 0995 663 65.1 0.594
Branches < 0.00738 2551 84.7 382 0.369 0.00003 4483 639 616 0.568 0.00164 1.024 826 41.0 0.3%4
3cm
Branches 0.01074 2382 817 399 0384 0.00003 3942 546 665 0.605 0.00289 0946 780 44.1 0.421
3-5cm
Stem 0.03510 2863 97.8 145 0.145 0.00002 5420 856 388 0.374 0.00556 1.165 980 140 0.139
Stump 0.02440 2470 879 320 0313 0.00012 4337 66.1 56.0 0.522 0.00568 0991 857 35.0 0.340
Branches < 001854 2451 876 322 0314 0.00012 4212 632 584 0541 0.00452 0980 848 359 0.348
5cm
Leafless 0.05155 2783 98.1 134 0.134 0.00005 5.195 834 405 0390 0.00885 1.129 97.7 146 0.145
aboveground

Models have the form Y= aXPe where Y= mass (kg), X=DBH, H or DBH?*H (DBH in cm, Hin m), a and b = constants, r”

= coefficient of determination, V = coefficient of variation, SE = standard error, DBH = diameter at breast height, H = height
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Figure2  Dry mass equations for rubberwood tree components; Y=mass (kg) and r* = coefficient of determination

and 2). Mass equations for stump and branches
<5 cm also had high coefficient of determination
(84-86%). The coefficient of the equations
decreased with decreasing size of the component.
Leaf mass had the lowest coefficient of
determination, i.e. 63-66%.

All leaves and branches were collected and
measured precisely, but due to mechanical
felling of the trees, some roots broke in the
process and were left in the soil. The number
and mean diameter of roots > 2 cm that were
broken and left in the ground for each stump
were determined. On the average nine roots
(standard deviation (SD) = 4.8) > 2 cm had
broken in each stump. Mean diameter of
the broken roots was 4.2 cm (SD = 0.8 cm)
(Figure 2).

The additivity of the biomass models was
compared by calculating predictions for each
diameter with different component equations
(branches < 3 cm, branches 3-5 cm and stems)
and comparing these values with values obtained
with the equation for leafless aboveground
biomass (Figure 3). The estimates were close to
each other with maximum difference being 2%,
showing that the additivity of the component
equations was good. Within the sample trees, the
two estimating methods gave very similar results.

DISCUSSION

The estimation of stem volume and tree biomass
is needed for both sustainable planning of
forest resources and for studies of energy and
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Figure 3 Comparison of predictions of leafless aboveground biomass by summed values of component
equations (branches < 3 cm, branches 3-5 cm and stems) with equations for leafless aboveground

biomass

nutrient flows in ecosystems. In this investigation
allometric biomass equations for rubber tree
components were derived in the form of power
functions. Such allometric models are widely
used in studies of tree biomass, including in
vast majority of European studies. Regression
techniques have been widely used in biomass
studies (Crow & Schlaegel 1988). Generally the
dry weights of destructively harvested sample
trees and their components are related by
regression equations to a readily measurable
dimension or combination of dimensions. The
dimensions most frequently used in regression
analysis and describing the allometric structure
of trees include tree height and diameter (Zianis
et al. 2005).

Tree biomass is primarily a function of DBH
and it is relatively insensitive to tree height
(Payandeh 1981). Most published European
biomass equations are based on DBH (Zianis et
al. 2005). In rubber tree stands measurement of
height can be difficult due to closed canopies.
Also, the variation in height in mature stands
within a large diameter range is small. In this
study, height was measured accurately after felling
the trees. Despite this, H as independent variable
in the models gave much lower coefficient of
determination that DBH. Even when DBH and
H were integrated as independent variables
(DBH?*H) in the models the coefficient of
determination was slightly lower than with
DBH alone. For tree species in moist tropical
forest of west Africa incorporating H to DBH in

allometric models did not improve the regression
precision (Djomo et al. 2010). According
to this study, height was a poor predictor of
rubberwood biomass. On the contrary, DBH
described best the allometric relationship and
was also easier to be measured than tree height.
Height and other parts such as crown length
and volume are not easy to measure in the
field. To avoid defects and scars from rubber
tapping, diameter has been measured in some
studies at heights of 1.2, 1.5 and 1.7 m. Tapping
height depends on the age of trees and, in old
trees, it can be over 1.7 m. Thus, we used DBH
(1.3 m), which is used in forestry as a standard.
To increase reliability, the diameter was measured
from two opposite directions and a mean was
calculated.

Living trees acquire moisture through water
intake from the soil. Moisture contentvaries from
one tree part to another. Since moisture content
of live trees varies with season, the sampling date,
in addition to moisture content, could affect
the fresh mass of leaves. Moisture content was
similar in stems and stumps and moisture content
increased when moving to smaller branches
and leaves. However, moisture content of all
components reported by Maggiotto et al. 2014
for a study done in Brazil was 4-5% units higher
than in this study.

Rainy season in southern Thailand usually
begins in early September, the time during
which this study was conducted. Rubber trees
shed their leaves and renew them every year. In
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southern Thailand the defoliation generally starts
in February. Defoliation and development of new
leaves can be somewhat interspersed in time. In
clonal plantations the timing of defoliation was
probably quite uniform. Some trees may remain
completely defoliated for days, whereas others
form new leaves before all the old leaves have
dropped (Rojo-Martinez et al. 2005). Dry mass
of leaves in this study increased with increasing
stem diameter. This is in contrast with the results
of Rojo-Martinez et al. (2005) who found the leaf
mass of trees in the range of 15-40 cm DBH to be
quite stable (11-15 kg leaves tree!) and the 15-cm
diameter trees even had more leaves than trees
with greater DBH. In the present study, similar
to Rahaman and Sivakgumaran (2001), the same
amount of leaves was reached only when trees
were 30 cm in DBH. The proportion of leaves in
total biomass in this study dropped from 1.7%
in small trees (8 cm DBH) to 1.2% in large trees
(30 cm) (Table 3). Chantuma et al. (2012)
reported the proportion of leaves in 25-year-old
trees to be 1.4%.

The main aim of the present study was to
determine equations for biomass components
not currently used commercially. Stems and
branch components > 5 cm in diameter are
currently widely used. Thus, we concentrated
on smaller branches and stumps. The recovery
of branches was 100%, but for stump there

Hytionen | et al.

were broken roots, decreasing the recovery
of stump and root mass. Soil was removed
from stumps before weighing, but in some
cases small amounts of soil remained. Trees
were felled using excavator that dug the soil
around the tree and pushed the tree to the
ground. For the purposes of utilisation, the
amount of recovered stump and root biomass
was satisfactory.

Biomass of all components increased with
increasing tree size. However, the proportion
of branches < 5 cm in diameter decreased
with increasing tree diameter. In trees with
10 cm DBH, branches accounted for 24% of
total biomass, When DBH increased to 20 and
30 cm, only 11 and 10% respectively of dry mass
consisted of branches. Trees 10 cm in DBH had
5 kg branches (< 5 ¢m in diameter), and trees
with 20 and 30 cm DBH had 29 and 77 kg
branches respectively (Table 3).

Dry mass of stumps increased from 7 kg tree™!
for trees with DBH of 10 cm to 40 and 109 kg tree’!
for the 20 and 30 cm DBH trees respectively.
Stumps and roots comprised 19% of the biomass
in 10 cm trees and this value decreased to 16 and
14% in trees having 20 and 30 cm DBH. This
concurred with the model by Blagodatsky et al.
(2016) which showed that 35-year-old rubber tree
stands had 14% of their biomass belowground
(Table 3).

Table 3 Fresh and dry mass of rubber tree components in trees of different sizes
DBH (cm) Fresh mass tree”! Dry mass tree’!
Leaves Branches Branches  Stem Stump  Leaves Branches Branches Stem  Stump
<3cm 3-5 cm <3 cm 3-5cm

8 1 3 3 26 7 0 1 2 14
10 2 5 5 49 13 1 3 3 26 7
12 3 8 81 20 1 4 4 43 11
14 4 13 11 125 29 1 6 6 67 17
16 5 18 15 182 40 2 9 8 98 23
18 7 25 20 252 54 3 12 10 138 31
20 9 33 25 339 69 3 15 13 186 40
22 11 42 32 442 88 4 20 17 245 50
24 13 52 39 563 109 5 24 21 314 63
26 16 64 48 704 133 7 30 25 395 76
28 19 78 57 866 159 8 36 30 488 92
30 22 93 67 1049 189 9 43 35 595 109
32 26 110 78 1256 222 11 51 41 715 127
34 30 129 90 1488 257 13 60 48 851 148
36 35 149 103 1745 296 15 69 55 1002 170

DBH = diameter at breast height
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Comparison of the present equations with
those published earlier was difficult due to
differences in the measuring height of diameter
ranging from 0.2 to 1.7 m. In most cases the
equations were based on trees having an age
variation from 1 year old to mature trees. The aim
for model development has been to study carbon
sequestration in an age series of plantations. Our
aim was to study stands where tapping had ended
and the stands were to be clear-cut.

A desired feature of equations for tree
components is that the sum of predictions for the
individual tree component equals the prediction
for the whole tree. A common problem in
biomass equations is poor additivity of the
mass obtained using dry mass equations for the
different components of a sampled tree. When
dry mass equations for the different components
are calculated independently, and when the
sampling errors of the different components
differ, the result may be a group of regression
equations behaving irrationally with respect to
each other (Cunia & Briggs 1984). Missing data
for some components can hinder additivity.
Several procedures for solving the problem
have been presented (Cunia & Briggs 1984). To
increase additivity in the present study, there were
no missing data in the sample tree component
biomass and the same independent variables
were used in the dry mass models of different
components. The additivity of the presented
equations was good.

The present biomass equations can be used
to estimate biomass of rubber tree plantations
at clear-cut age when latex tapping is finished.
However, one should be cautious when applying
these equations for other clones and areas.
Increasing the number of biomass model trees
from other areas would be needed to establish
generalised biomass equations. Equations for
residual biomass can be used for estimating
the amount of biomass available from rubber
tree plantations for power plants in southern
Thailand. The biomass equations can be applied
directly to tree level inventory data, when the
measured dimension of trees is DBH. Since the
selling of rubber trees is currently based of fresh
weight, often visually estimated, the presented
fresh mass equations offer a more precise way
to estimate weights of the rubber tree and its
components. However, more information on
the changes in moisture content during the
year would be needed in order to make season-
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specific fresh mass equations. The influence of
rubber tree clone on the relationship between
stem diameter and biomass or volume is not
well-known and contrasting results have been
obtained (Khun et al. 2008, Blagodatsky et al.
2016).
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Abstract

Nutrient management is critical for the development and growth of rubber trees during the immature phase. We present the
results of a fertilizer trial during the immature phase of a rubber plantation setup in Cambodia. The main objective of this
study was to analyze the response of a specific clone, PB330, in the specific conditions of one of the most important rubber-
growing areas of Cambodia. The experiment was arranged in a randomized complete block design with 4 treatments and
4 replications. The four treatments consisted of 3 fertilization treatments with an increasing dose of fertilizers (respectively
T1, T2 and T3) compared to a non-fertilized control (T0). The girth of trees was measured every six months from the end of
the first year after planting (YAP) to the end of the 6th YAP. Results showed that fertilization had a significant effect on tree
girth. At the end of the 6th YAP, fertilization had a significant effect on the number of tappable trees, and stand basal area
but not on average tree girth. The most pronounced effect of fertilization was observed from annual increments in girth and
stand basal area during the 3rd and 4th YAP. The effect of fertilization on tree growth was evident from all three treatments,
although T3 gave the most significant increase compared to TO, increasing doses of fertilizer did not significantly improve
the growth parameters. Hence, this study confirmed the importance of mineral nutrition on rubber tree growth during the
immature phase even at T1, the lowest level of nutrient inputs. These results can be used to improve the standard fertilizer
recommendations for immature rubber trees in Cambodia. We recommend setting up similar trials in different edaphic
conditions of the country with the aim to establish nutrient management practices tailored to local biophysical constraints.

Keywords Rubber tree - Immature period - Fertilizer - Tree growth analysis - Stand basal area

Introduction

Rubber is a tropical perennial crop, like oil palm, cocoa and
coffee, with a long-life cycle spanning up to half a century.
The life cycle of these crops always starts with an unproduc-
tive phase of a few years, before the trees reach the matu-
rity stage and the harvest of products begins. Rubber has
the longest so-called immature phase which lasts 6 years
on average. The end of this immature phase is not linked
to the onset of the reproductive stage and the production of
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fruits like oil palm, coffee or cocoa. It is linked to a stand-
ard among rubber planters that latex harvesting can start
when 50% of trees within a stand have reached a trunk girth
of 50 cm at 1 m above the ground [1]. Obouayeba et al.
[2] showed that the density of latex vessels in the bark was
optimum when the trees are 6 years old with a girth of ca.
50 cm. Therefore, they concluded that the standard used to
decide when to start latex harvesting can be regarded as the
stage of physiological maturity of rubber trees.

Nutrient management is critical for the development
and growth of rubber trees during the immature phase [3].
The growth of young rubber trees are primarily driven
by climate-related factors, such as drought [4, 5] and air
temperature [6]. While climatic conditions determine the
growth potential of rubber trees, proper nutrient manage-
ment makes it possible to achieve this potential [7]. Recent
research works improved our understanding of the func-
tioning of soils in rubber plantations, and how to manage
them to sustain tree growth and limit the negative impact on
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the environment. For instance, Clermont-Dauphin et al. [8]
and Thoumazeau et al. [9] expanded on an earlier work by
Broughton [10] to demonstrate that the installation of cover
crops between rubber tree lines in the early stages of plant-
ing, benefitted both tree growth and soil quality. Perron et al.
[11] showed that leaving in the field the logging residues of
the previous stand could offset the deleterious effects of bad
management of the replanting phase [12]. Cover cropping
and management of logging residues can then be recom-
mended as good practices for soil and nutrient management
of rubber plantations.

However, nutrient management of rubber plantation still
relies mainly on the use of mineral fertilizer for most farmers
[3, 13]. Most rubber-producing countries have their own fer-
tilizer recommendations for the immature phase [3]. A given
country can even have several recommendations according
to the soil characteristics or the cropping system used by
farmers (cover-cropping). Rubber is among the top priority
crops for Cambodia. It is expected to be the second lead-
ing income earner after rice paddy in the future. According
to the statistics of the General Directorate of Rubber, the
country has 404,159 hectares of rubber plantations in 2020,
28% of them are immature rubber. The study presented in
this paper is a fertilizer trial setup by the Cambodian Rubber
Research Institute (CRRI) in the framework of a research
program aiming at developing the knowledge needed to
improve local fertilization recommendations. The first objec-
tive of this study was to analyze the response of a specific
clone, PB330, in the specific conditions (deep basaltic red
soils [14]) of one of the most important rubber-growing
areas of Cambodia. The second objective was to bring new
insights on the way the growth of rubber tree is analyzed
in a scientific paper. Due to the standard used to decide the
opening of a plantation, studies on rubber tree growth often
only considered one parameter, the trunk girth [4]. Then,
we proposed to introduce a parameter commonly used in
forestry, the stand basal area [15]. As stand basal area is
calculated from girth measurements and a complete census
of tree size within a given stand, we assumed it could be an
additional indicator to manage rubber plantations.

Material and methods
Site description

The trial was set up at the experimental station of the CRRI
in Chup, Tboung Khmum province, Cambodia. The experi-
mental plot was located on a level plain set in red basaltic
latosols [14]. The soil texture was clay with about 7% sand,
23% silt and 69% clay. The chemical fertility of the soil was
analyzed prior to the experiment. The N, P and K contents
were found in acceptable amounts for rubber cultivation
(Table 1).

The local climate was governed by the Asian monsoon
regime, which produced two distinct seasons: a wet season
(approximately April-October) and a dry season (approxi-
mately November—March) (Fig. 1). Annual rainfalls during
the experiment, i.e. between 2010 and 2016, ranged from
1225 mm in 2015 to 1745 mm in 2016, with an average of
1655 mm a~! (Table 2). Three years (2010, 2013, 2015) had
total rainfalls below the 1500 mm threshold that delimits
favorable and marginal climate conditions for rubber. The
number of dry months, i.e. months with rainfalls less than
50 mm [16], was also superior to the climate marginality
threshold of 3 dry months per year (Table 2).

Experimental design

The experimental plot covered a total area of ca.2 ha. Rub-
ber trees, clone PB330, were planted in 2010 using a regular
spacing
direction, resulting in a potential tree density
Except for fertilization, the whole area was managed
in the same way according to CRRI’s standard practices.

The experiment was arranged in randomized complete
block design with 4 treatments and 4 replications, resulting
in 16 elementary plots. Each elementary plot encompassed
50 trees.

(Table 3). The fertilizer used all through the experiment

Table 1 Soil chemical

; ; Parameter pH (H,0) c N* p° K¢ C/N ratio
properties of the experimental X = . i
plot before planting Unit % % ppm meq/100 g
Value 4.60 1.45 0.175 164 0.53 8
Reference >4.50 >1% 10 0.11 -

Comparison with reference values found in the literature (see [3])

“Total carbon and nitrogen
® Available phosphorus
“Exchangeable K
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Fig.1 Monthly rainfall distribu- 450
tion of the study area. Average
value and standard deviation 400
(error bar) calculated from
climate records of the Cambo- 350
dia Rubber Research Institute
between 2010 and 2016. The — 300
red dotted line indicates the £
threshold sets at 50 mm to § 250
distinguish dry months =
-&% 20
150

1

Table2 Annual rainfall regimes and average temperature between
2010 and 2016

Annual rainfall Dry months  Annual average
(mm) (nb) temperature
)
Marginality <1500 >3 <26°C
threshold [16]

2010 1247 4 28.0

2011 1511 4 27.0

2012 1745 4 27.6

2013 1467 4 27.4

2014 1726 4 26.6

2015 1225 4 28.1

2016 1646 5 30.4

Numbers in bold indicate year with marginal rainfall conditions
according to [16]

was a complete formula 15-15-15 NPK. The T2 treatment
corresponded to the standard fertilizer recommendations
during the immature period of rubber plantations in Cam-
bodia. No fertilizers were applied on the 5th and 6th years
after planting according to these standards.

( er onl ri 1e firs er pl . The
first year after planting, the fertilizer was applied in a
circle, free of weeds, at 25-30 cm from the base of the
plant and round it with light forking. The radius of this
circle was increased with age, up to about 100-120 cm at
the end of the 4th year.
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Table 3 Details of the fertilization treatments
Year after 1 2 3 4 Total
planting
Amounts of 15-15-15 NPK fertilizer (g tree™")
TO 0 0 0 0 0
Tl 140 140 210 280 770
T2 200 200 300 400 1100
T3 300 300 450 600 1650
Amounts of N, P,0, and K,O (g tree™)
TO 0 0 0 0 0
T1 21 21 32 42 116
T2 30 30 45 60 165
T3 45 45 68 90 248

Amounts of 15-15-15 NPK fertilizer applied every year (g tree™') and
corresponding quantities of N, P or K elements (g tree™")

Data acquisition and processing

Trunk girth at 1 m above the ground was measured twice a
year on all trees in the experimental plots from the end of
the Ist year after planting in August 2011 to the end of the
6th year in June 2017. The first measurement of the year was
done between June and August, and the second between the
end of November and early January the next year.

For each elementary plot, we computed the mean tree
girth and the stand basal area at each date of measurement.
Stand basal area was obtained by summing the individual
basal area of all trees in one plot. Tree basal area was esti-
mated as the area of the circle in which girth equalled that
of the tree. At the end of the experiment, we counted the
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number of trees in five classes of girth (<35 cm, 35-40 cm,
40-45 cm, 45-50 cm, > 50 cm) in each elementary plot.

A two-factor ANOVA was performed for all the param-
eters computed from girth measurement to test the effect
of fertilization (4 modalities, n=4) and that of blocks (4
modalities, n=4). When the treatment effect was found
significant (p-value <0.05), Tukey’s HSD test was used to
compare means of treatment at the 5% probability level.

50

(a)

IS
=)

w
o

~
(=]

Mean trunk girth (cm)

-
©

--T0 —+-T1 -T2 AE}

(b)

Basal area (m%ha)
IS

Years after planting

Fig.2 Growth dynamics of trees for the four treatments of the exper-
iment. a Average trunk girth measured at 1 m above the ground, b
stand basal area calculated from individual values of trunk girth. TO:
controlled treatment without fertilizer, T1, T2 and T3 fertilizer treat-
ment with increasing dose from T1 to T3

Statistical analyses were performed with Xlstat software
(2021.1 version, Addinsoft, Paris, France).

Results
Trunk girth dynamics

Average trunk girth ranged from 41.7 cm for TO treatment
to 43.7 cm for T4 treatment at the end of the experiment.
The growth dynamics of the trunk girth displayed a similar
S shape for the three fertilized treatments, T1, T2 and T3
(Fig. 2a). The curve of the control treatment (T0) deviated
slightly below the other treatments as of the 4th year after
planting (YAP). The data on the average girth at the end
of each year after planting revealed that the girth of trees
receiving fertilizers started to be higher than that of unferti-
lized trees at the end of the 3rd YAP (Table 4). The ANOVA
test showed that the fertilizer effect was significant at 4 YAP,
and remained significant until the 5th YAP but was no more
significant at 5.5 and 6 YAP. However, the distribution of
trees into five girth classes (Fig. 3) at 6 YAP indicated that
there were significant differences in the number of trees in
some classes. Fertilized treatments counted more trees that
had reached the tapping size (girth > 50 cm), and fewer small
size trees (girth <40 cm). In the end, 6 years after planting,
fertilization yielded a non-significant + 5% increase in girth
and a significant three-fold increase in the number of trees
having the tapping size.

Basal area dynamics

Stand basal area ranged from 7.1 to 8.3 m> ha™' at the end
of the experiment. The dynamics of the basal area also dis-
played a typical S-shape (Fig. 2b). As for girth, the curve of
the control treatment (T0) deviated from those of the ferti-
lizer treatments (T1, T2, T3) as of the 4th YAP. The curve
of T2 (intermediate dose of fertilizer) also ended slightly

Table4 Mean tree girth (cm) at

Year 2011 2012 2013 2014 2015 2016

1 m above the ground for each

treatment (TO control, T1, T2, YAP 1 15 2 2.5 3 3.5 4 4.5 5 55 6

and T3 fertilizer treatment) at

each measurement date MAP 12 18 24 30 36 42 43 54 60 66 72
TO 6.3 9.5 115 180 206 261 31.0(b) 350(b) 37.7(b) 411 417
T1 6.5 9.8 126 194 22,1 284 33.7(a) 37.7(a) 40.2(ab) 43.1 435
T2 6.2 9.3 11.3 183 21.2 277 33.0(ab) 37.2(ab) 39.7(ab) 43.0 436
T3 6.3 9.5 11.8 195 221 288 341(a) 382(a) 40.7(a 432 437
pvalue 0.892 0.622 0.220 0.115 0.059 0.064 0.018 0.013 0.030 0.135 0.113

YAP year after planting, MAP month after planting

p-value is the result of the ANOVA test on the treatment effect. Number in bold indicate a significant treat-
ment effect at the 5% probability level. Letters in parenthesis indicate significant differences in means

found with the Tuckey’s HSD test at 5% probability level
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Fig.3 Trunk girth distribution 100%
in each treatment at the end

of the 6th year after planting.
Trees in each elementary plots
were split into five classes of
girth. Numbers in bold show the
significant effect of fertilization
for a given class of girth. Letters
in bracket identify significantly
different means. TO: controlled
treatment without fertilizer, T1,
T2 and T3 fertilizer treatment
with increasing dose from T1

to T3

80% 13

60%
40%

0% I

20%
T0

m[25-35[

below those of T1 (lowest dose) and T3 (highest dose).
The ANOVA test showed that the fertilizer effect became
significant after the 4th YAP till the final observation of
the 6th YAP after planting (Table 5). At the end of the 6th
YAP, basal area of T3 (8.2 m* ha~") and T1 (8.3 m? ha™!)
treatment were significantly higher than that of TO (7.1
m? ha™!) by 15% and 16%, respectively. Basal area of T2
(7.9 m? ha~") was 11% higher than TO, but this difference
was not significant.

Analysis of growth increment

Figure 4 represents the mean annual increment in girth
and basal area of each treatment from 1 to 6 YAP. Annual
girth increment ranged between 4.2 to 10.7 cm year™'
with a peak between 3 and 4 YAP (Fig. 4a). Annual basal
area increment ranged from 0.52 to 2.53 m” ha™' with a

W [35-40[

T1 T2 T3

= [40-45[ w [45-50] = [50-60(

peak between 3 and 4 YAP as well (Fig. 4b). Both graphs
clearly showed that the growth of unfertilized trees (T0)
was lower than that of fertilized trees (T1, T2, T3) between
the 2nd, the 3rd and the 4th YAP for girth (Fig. 4a) and
between the 3rd and 4th YAP for the basal area (Fig. 4b).
These observations were confirmed by the ANOVA test
which revealed significant effects of fertilization on girth
increment between the 2nd and 3rd YAP, and on basal area
increment between the 3rd and 4th YAP. The Tuckey’s

Th
results on stand basal area increment between the 3rd and
4th YAP revealed than the three fertilizer treatments were
significantly different from TO. The strongest effect was
observed on T3 (2.53 m? ha™! year") which was +21%
higher than TO (2.09 m? ha™! year") (Fig. 4b).

o

Table 5 Stand basal area (m>

ha~") calculated from individual Year 2011 2012 2013 2014 2015 2016

girth data for each treatment YAP 1 1.5 2 2:5 3 35 4 4.5 ) 5.5 6

(TO control, T1, T2, and T3

fertilizer treatment) at each MAP 12 18 24 30 36 42 48 54 60 66 2

measurement date TO 0.17 037 054 134 167 291 411 499() 598() 6.86(b) 7.10(b)
T1 0.18 041 067 161 199 351 484 586(ab) 6.96(a) 7.99(a) 8.26(a)
T2 0.16 037 055 146 179 327 4.60 5.66(ab) 6.56 (ab) 7.69 (ab) 7.86 (ab)
T3 0.17 038 058 1.61 198 356 494 6.06(a) 6.97(a) 8.05(a) 8.18(a)
pvalue 0919 0.713 0.330 0207 0.281 0.131 0.103 0.048 0.035 0.015 0.024

YAP year after planting, MAP month after planting

p-value is the result of the ANOVA test on the treatment effect. Number in bold indicate a significant treat-
ment effect at the 5% probability level. Letters in parenthesis indicate significant differences in means
found with the Tuckey’s HSD test at a 5% probability level
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Fig.4 Dynamics of annual 12,0
increment for the four treat-
ments of the experiment. a -
Girth increment, b stand basal 3 100
area increment. ¥; — Y, , =one- &
year interval between the end £
of the year i after planting and E’ 8,0 ——T0
the end of year i+ 1 after tap- e ——T1
ping. TO: controlled treatments £
without fertilizer, T1, T2 and v 6,0 T2
o s =) ns
T3 fertilizer treatment with £ 13
increasing dose from T1 to T3. =
* indicates that the effect of fer- = 4.0
tilization treatments was found ©
significant by the ANOVA test,
while ns means the effect was 20
not found significant (p <0.05).
Results of the means com- 0.0
parison with Tuckey’s HSD test !
were 9.0 (b), 10.0 (ab), 9.9 (ab) Y1-Y2 Y2-Y3 Y3-Y4 Y4-Y5 Y5-Y6
and 10.4 (a) cm year™'of girth 30
increment between the 2nd and > *
3rd YAP for TO, T1, T2 and = (b)
T3 respectively (A): 2.09 (b), 8 2,5
2.43 (a), 2.40 (a), 2.53 (a) m* = ns
ha™' year™" of stand basal area 8
increment between the 3rd and =~ 20 - T0
4th YAP for TO, T1, T2 and T3, é
respectively (B) € =Tt
o 15 — T2
£
&J 13
o
£ 10
o
o
Tmu 0,5
@
0,0

Y1-Y2

Discussion

The duration of the immature phase is critical for the profit-
ability of rubber plantations. In this regard, understanding
the factors that govern the immaturity phase and that can
contribute to shorten it are relevant to both researchers and
rubber growers. This report, therefore, aims to provide some
insights on the drivers of the growth of young rubber trees
and management practices under the specific conditions of
the Cambodian Rubber Research Institute. It also aims to
discuss the approach to analyze growth during the imma-
turity period.”

Assessment of the growing conditions
of the experimental site

The growth of the trees was not optimum in the condi-
tions of the experiment. In favorable conditions for rubber

@ Springer
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Y2-Y3 Y3-Y4 Y4-Y5 Y5-Y6

Growth interval

cultivation, planters expect a 6-year duration of the imma-
ture phase [2]. With a maximum average girth of 44 cm
and only 20% of trees having a girth of 50 cm or more at
1 m above the ground (tappable trees), none of the treat-
ments reached the standards for starting the latex harvest-
ing 6 years after planting. Tiva et al. [17] obtained simi-
lar results in the same conditions with the clone PB217,
known as a less vigorous clone than the clone PB330
used in our experiment. The slower growth of the stand
in our experiment was likely due to the climatic condi-
tions. According to [16], the climate of the study site can
be classified as marginal due to annual rainfall below the
1500 mm threshold, and more than 3 dry months per year,
i.e. months with rainfalls less than 50 mm. In the opposite,
the chemical fertility of the soil was rather good. Contents
in P and K were above the minimum levels for rubber
cultivation [3, 18].
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Effect of fertilization on tree girth

The results showed that fertilization had a significant effect
on tree girth in our experiment. Six years after planting
(YAP), the effect of fertilization treatment was significant
on the number of tappable trees but not on average tree girth.
However, significant differences in tree girth were observed
on measurements done between the 4th and 5th YAP. The
strongest effect was a 10% increase for the trees receiving the
highest dose of fertility compared to unfertilized trees. This
result is consistent with the previous experiments reviewed
by [3] which found 2 to 19% increase in trunk girth with
fertilization [19, 20]. Kalam et al. [21] also observed that
the fertilizer treatments in their experiment had an effect on
girth 4 YAP but not 5 YAP. Analysis of rubber tree growth
during the immature phase showed that the highest annual
increments were found during the 3rd and the 4th YAP [22,
23]). Our results confirmed these observations (Fig. 4a
and Table 4b) and showed significant differences in annual
increment at the 3rd YAP only. The highest response of tree
growth to fertilization in the first years of a stand was also
commonly observed in tropical eucalypt plantation [24].
For rubber plantation, Perron et al. [25] demonstrated that
the period between the 2nd and the 5th YAP displayed the
highest annual nutrient accumulation rate over the whole
lifespan of a rubber plantation. Therefore, our results in line
with these references suggest that rubber tree growth likely
is the most sensitive to mineral nutrition in the 3rd and 4th
year after planting (YAP).

On a statistical point of view, the most significant effect
of fertilization was obtained with the highest dose of ferti-
lizer (T3). However, we did not observe many differences in
the girth dynamics of the tree fertilizer treatments. They all
resulted in higher trunk girth than the unfertilized treatment.
Previous studies also showed that relatively small amounts
of fertilizers were sufficient to reach a high growth rate [3].
The lowest dose of fertilizer in our experiment (T1) was
equivalent to a total of 115.5 g tree™" of N, P,0s and K,0
(Table 3) applied over the whole immature period. These
quantities were well below most of the standard fertilizer
recommendations found in the scientific of technical lit-
erature [3]. According to the nutrient stocks measured in
rubber tree biomass by [25], the fertilizers applied in T1
corresponded to 21%, 50% and 27% of the requirements in,
respectively, N, P and K (45%, 108% and 59% for T3). The
good soil chemical fertility at the beginning of the experi-
ment likely explained that the maximum effect on growth
was obtained with such low quantities of fertilizer. Nutrients
inputs at higher dose may have a stronger effect on growth in
highly depleted soils, which seems not to be the case in our
study site. This is likely to be the case in marginal areas with
poor soils where rubber plantations expanded over the last
decades [26] and in traditional producing areas where soils

DIANITUSUITIANTITATSDUNTEIN (BIANTITUNITL)

were degraded by replanting rubber over 2 or 3 successive
cycles [12]. We also highlighted that the climate conditions
were not optimum during the 6 years of the experiment with
lower annual rainfall and a greater number of dry months
than required for optimum growth of rubber trees [16].
Therefore, we can assume that the effect of the fertilizer
treatments was limited to the growth potential permitted by
the climate conditions.

Basal area, arelevant indicator of rubber tree
growth

To our knowledge, our study is the first to use the stand basal
area to analyze the growth of an immature rubber planta-
tion and the effect of fertilization. Stand basal area has been
commonly used in forestry as an indicator of stand growth
and productivity [15, 27] as well as for modelling tree stand
growth [28]. Stand basal area is indeed useful to compare
the growth dynamic of a given specie in stands growing in
contrasted environments. The most convenient way to esti-
mate the basal area of a tree is to measure its girth. There-
fore, girth and basal area are highly correlated indicators.
However, stand basal area depends also on the actual stand
density, i.e. the number of living trees within the stand, and
the distribution of girth measurements among trees. In this
sense, we assume that the stand basal area would be a rel-
evant indicator for monitoring immature rubber stands as the
final stage of this initial phase of a rubber plantation depends
on the proportion of trees having reached the standard open-
ing size. Our results showed that the stand basal area was
indeed complementary to mean girth and girth distribution
to understand the effect of fertilization in our trial. In par-
ticular, the stand basal area appeared to be able to catch long
term and persistent effect of fertilization on stand growth
better than mean girth. The fertilization effect was signifi-
cant on the basal area at the end of the trial while it was not
on girth. On the other hand, the effect of fertilization was
detected earlier on mean girth than on basal area. We then
recommend to include calculation of stand basal area to ana-
lyze growth of immature rubber plantations.

Conclusions
Our study confirmed that mineral nutrition is a major driver

of rubber tree growth during the immature phase of the
plantation m: on: = o

It was mainly due
to the good soil fertility of the experimental site. The results
of our experiment can be used to improve the standard ferti-
lizer recommendations for rubber cultivation in Cambodia.
They stress the need to consider the soil fertility to adapt
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the dose of fertilizer to be applied. Similarly, climate condi-
tions must be considered as temperature and rainfalls likely
are the main drivers of rubber tree growth. Therefore, we
recommend to set-up a network of fertilization trials in a
set of different edaphic conditions in Cambodia to establish
nutrient management practices tailored to local biophysical
constraints. We also recommend to include the stand basal
area as a new indicator to analyze and understand the results
of fertilization trials.
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Abstract: Forest aboveground biomass (AGB) plays a key role in assessing forest productivity. In
this study, we extracted individual tree structural parameters using backpack LiDAR, assessed their
accuracy using terrestrial laser scanning (TLS) data and field measurements as reference values,
and reconstructed 3D models of trees based on parameter-optimized quantitative structural models
(AdQSM). The individual tree AGB was estimated based on individual tree volumes obtained from
the tree model reconstruction, combined with the basic wood density values of specific tree species.
In addition, the AGB calculated using the allometric biomass models was validated to explore
the feasibility of nondestructive estimation of individual tree AGB by backpack LiDAR. We found
that (1) the backpack LiDAR point cloud extracted individual tree diameter at breast height (DBH)
with high accuracy. In contrast, the accuracy of the tree height extraction was low; (2) the optimal
parameter values of the AAQSM reconstruction models for Larix gmelinii and Betula platyphylla were
HS = 0.4 m and HS = 0.6 m, respectively; (3) the individual tree AGB estimated based on the backpack
LiDAR and AdQSM fit well with the reference values. Our study confirms that backpack LiDAR can
nondestructively estimate individual tree AGB, which can provide a reliable basis for further forest
resource management and carbon stock estimation.

Keywords: backpack LiDAR; aboveground biomass; quantitative structure models; nondestruc-
tive estimation

1. Introduction

As an important component of terrestrial ecosystems, the estimation of forest biomass
is important for the study of net primary productivity and carbon cycling in forests. Tra-
ditional methods of measuring forest aboveground biomass (AGB) include destructive
sampling methods, which are destructive to the ecosystem and time-consuming. Light
detection and ranging (LiDAR), an emerging active remote sensing technology, is widely
used for AGB estimation because it can directly extract information on the vertical struc-
ture of forests. Depending on the platform, LIDAR mainly includes space-borne LiDAR,
airborne LiDAR and ground-based LiDAR (terrestrial laser scanning (TLS), vehicle-borne
LiDAR, and backpack and handheld LiDAR), enabling the estimation of AGB at different
spatial scales, such as area [1,2], stand [3], and individual tree [4]. Ground-based LiDAR is
useful for obtaining forest understory structural parameters and is, therefore, mostly used
for estimating AGB at the individual tree scale.

Terrestrial laser scanning (TLS) is capable of acquiring high-density 3D-point cloud data of
target trees and has been widely used to estimate AGB at the individual tree scale [5-7]. Ghimire
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et al. [8] used high-precision TLS data to obtain individual tree structural parameters,
which were then substituted into species-specific allometric biomass models to estimate
the AGB of a Mediterranean coniferous forest, demonstrating the accuracy and validity of
a nondestructive approach to forest AGB estimation. Beyene [9] used TLS to collect point
cloud data from tropical rainforests in Malaysia and used tree parameters derived from
TLS data to estimate AGB, confirming that TLS can accurately estimate forest parameters
and AGB in dense tropical rainforests. However, the fixed measurement method of TLS
limits its spatial flexibility, and the data acquisition time is too long. The backpack LiDAR
system combines one or more laser scanners, an inertial measurement unit (IMU), and
a global navigation satellite system (GNSS) tracker in a single unit, with simultaneous
localization and mapping (SLAM) technology compensating for the limitations of TLS,
such as low mobility and multisite cloud mapping. However, backpack LiDAR is currently
focused on potential applications in forest inventories and the accuracy of acquiring tree
structure parameters [10-12]. Hyyppa et al. [13] found that backpack LIDAR was more
accurate in acquiring the structural parameters of individual trees than a handheld LiDAR
scanner. Oveland et al. [14] compared three different (TLS, backpack, and handheld)
LiDAR scanning methods in terms of estimating diameter at breast height (DBH), acquiring
individual tree locations and data acquisition efficiency. It was found that the backpack
LiDAR was the most efficient, and the estimated DBH was the closest to the true value.
Among the biomass estimation models, the allometric biomass model [15] is currently
the most widely used empirical model and is widely used as reliable ground verification
data instead of measured biomass. Some scholars [16] have used a combination of backpack
LiDAR and airborne LiDAR to extract individual tree structural parameters and then fed
them into the allometric biomass model to obtain sample-scale AGB. However, these
methods still rely on a limited number of stand parameter factors to build an empirical
model to estimate biomass. No studies have yet explored the feasibility of the direct use
of backpack LiDAR point cloud data for AGB estimation. Quantitative structure models
(QSMs) can reconstruct 3D models of trees based on high-density laser point clouds [17],
in which the volume of the tree is obtained directly from the point cloud data and then
combined with the basic wood density of a particular tree species to further estimate AGB.
Unlike allometric biomass models, this method is based on the true biomorphic structure
of a particular tree species to estimate AGB [18]. The QSM algorithm has been extensively
investigated, particularly in tropical forests, and has been shown to be an effective method
for the nondestructive estimation of AGB for individual trees. Gonzalez de Tanago etal. [19]
used TLS point clouds to construct a 3D tree model to estimate the AGB of large trees
in tropical forests and compared it with destructively measured AGB to determine the
applicability of the QSM algorithm for estimating AGB in complex forest stands in tropical
regions. Krishna Moorthy et al. [20] estimated the tree volume and AGB of vine stems in
tropical forests using the TLS-QSM method and found that the stem volume obtained from
a 3D tree model was highly correlated with the reference volume. Lau et al. [21] showed that
the AGB estimated based on the TLS-QSM method was more consistent with the measured
validation data than the estimates obtained from the subtropical allometric biomass models.
Du et al. [22] and Fan et al. [23] further extended the QSM by proposing the AdTree and
AdQSM methods. The methods provide a geometric basis for the automatic, detailed, and
accurate 3D reconstruction of real trees and are able to quantify tree parameters such as
DBH, tree height, and volume. Using LiDAR point cloud and photogrammetry point cloud
data and destructive sampling data, the accuracy of the AAQSM method in estimating
individual tree DBH, tree height, volume, and AGB was verified [24,25]. Zhang et al. [26]
validated the potential of backpack LiDAR point cloud data to extract branch information
from fruit trees by comparing the measured values with QSM estimates of fruit tree samples
and found that multiple orders of branch information were underestimated to varying
degrees. However, this method has not been applied to the study of individual tree AGB
estimation from backpack LiDAR point cloud data, and the reconstruction results of the
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AdQSM method vary for different tree species with different morphological structures,
which directly affects the accuracy of the final AGB estimation [27].

Located in the northernmost part of China, Greater Khingan is a major component
of the Northeast Forest Region, and its forest ecosystems are critical to the regional and
national carbon balance. Recently, there has been a growing concern about carbon emissions
and environmental sustainability [28]. Therefore, accurate estimation of biomass in the
region is important for studying carbon stocks in Greater Khingan and evaluating the
role of China’s temperate forest ecosystems in the global carbon cycle. Therefore, we
collected backpack LiDAR point cloud data from natural forest sample plots in Duraer
National Forest at the southern foot of Greater Khingan, extracted individual tree structural
parameters, and estimated individual tree volume and AGB based on the AdQSM, using
TLS data and field measurements as reference values to verify their accuracy. The objectives
of this study are (1) to compare the differences between the two LiDAR scanning techniques
and the accuracy of extracting individual tree structural parameters; (2) to optimize the
AdQSM parameters for Larix gmelinii and Betula platyphylla individual tree AGB estimation;
and (3) to use the backpack LIDAR-AdQSM method to estimate individual tree AGB
and compare this with the AGB calculated by the allometric biomass models to explore
the feasibility of estimating individual tree AGB from backpack LiDAR point cloud data.
This study proposes an efficient and nondestructive method for estimating individual tree
AGB, which provides a scientific basis for further rational forest management and carbon
stock estimation.

2. Materials and Methods
2.1. Study Area

The study area is located in Duraer National Forest, Arxan City, Xing’an League, Inner
Mongolia Autonomous Region (119°28'-121°01" E, 47°15'-47°35' N). The forestry area
is located in northwestern Tianchi town, Arxan city, with a total area of approximately
44,400 hm? and a forest cover of 61%. Duraer National Forest is located at the western foot
of the middle section of Greater Khingan, bordering Hulunbeier city in Inner Mongolia
to the north and east and the Oriental Province in Mongolia to the west, making it an
important natural ecological reserve in China. The average altitude is 1100 m (Figure 1),
and it has low-to-medium mountainous terrain. The climate type is a temperate continental
monsoon climate with an annual precipitation of approximately 437 mm and an average
annual temperature of 1.48 °C. The main tree species in the study area are Larix gmelinii
(Rupr.) Kuzen, Betula platyphylla Suk, and Populus davidiana Dode.

= Plots
3 Study Area
Elevation/'m

N T = ——

55 o —— Malking route

Figure 1. (A) Location of the study area, (B) the distribution of backpack LiDAR scanning tracks and
TLS stations in the sample area.
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2.2. Data
2.2.1. Field Data

We selected four natural forest sample plots in Duraer Forest based on different tree
species and different stand densities, with sample Plots 1 and 2 in Larix gmelinii forest and
sample Plots 3 and 4 in Betula platyphylla forest (Figure 2). Each sample plot was set up as a
rectangle of 10 m x 40 m, and the basic information of the sample plots is shown in Table 1.
Individual trees with DBHs greater than 5 cm were selected and tagged, and the DBH and
tree height were measured several times using a DBH ruler and laser altimeter and then
averaged to reduce errors. Information such as species category, stand naturalness, and
denseness was recorded. At the same time, the coordinates of the center point and the four
corners of the sample were obtained by using the differential satellite station technique of
the GNSS receiver, which was used to crop and register the point cloud data at a later stage.

Figure 2. (A) Larix gmelinii plot. (B) Betula platyphylla plot.

Table 1. Tree species and DBH parameters at the sample site.

Plot Species Number of DBH (cm)
Trees Mean Min Max
1 Larix gmelinii 30 19.5 8.5 35
2 Larix gmelinii 29 16.9 8.6 27.5
3 Betula platyphylla 49 12.7 5.8 298
4 Betula platyphylla 4 13.9 5.5 26.7

2.2.2. Backpack LiDAR Data

The backpack LiDAR device we used was the Green Valley International’s model
LiBackpack DGC50 (Green Valley, Beijing, China) with specifications shown in Table 2 and
we followed a “S”-shaped-designed hiking route to collect point clouds of trees within
the sample plots (Figure 1B). The surveyor connected a mobile phone to the backpack
LiDAR to view the number of search satellites on the phone and to view the point cloud
data collection in real time while collecting data. It was important to keep the backpack
as steady as possible during the acquisition process, taking care to walk slowly around
corners and in an arc to ensure good quality point cloud data. To obtain the point cloud
data with absolute coordinates, a GNSS receiver (Haida Zhong, Wuhan, China) was used to
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obtain the absolute coordinates of a point outside the sample area with a stable GPS signal,
and a reference station was set up at this point to obtain static data. Finally, the original
point cloud data and the trajectory file as well as the GNSS static data were imported into
LiFUser BP software (Green Valley, Beijing, China) for trajectory solving to obtain the point
cloud data containing absolute geographic location information.

Table 2. Comparison of various parameters of the backpack LIDAR and TLS.

LiBackpack DGC50 FARO FOCUS 3D 120
Laser Sensor Velodyne VLP-16 x 2 Faro
LiDAR Accuracy +3cm +1mm
Scan Range 100 m 120 m
Scan Rate 600,000 (pts/s) 97,600 (pts/s)
Scan mode color color
Pixel 1800 W 7000 W
ViRl Horizontal 360° Horizontal 36_()o
Vertical 180° Vertical 300°

2.2.3. TLS Data

We used a FARO FOCUS 3D 120 terrestrial laser scanner (Faro Technologies Company,
Lake Mary, FL, USA) to scan the four sample plots using a multistation layout with the
following scanner profile parameters: 20 m outdoor scanning, color scanning mode, and
a scanning time of approximately 7 min per station. Six stations were evenly distributed
within each sample plot for multidirectional scanning to ensure that each tree in the
sample plot was adequately scanned, as shown in Figure 1B. The point cloud data from
the multistation scans were registered in Faro Scene software (Faro Technologies Company,
Lake Mary, FL, USA) and aligned within 1 cm.

2.2.4. Point Cloud Data

The solved and registered backpack LiDAR and TLS point cloud data were imported
into LIDAR360 V5.4 software (Green Valley, Beijing, China). First, the point cloud data were
cropped by sample extent and filtered after removing redundancy and noise, and ground
points were classified using the improved progressive TIN densification filtering algorithm
proposed by Zhao et al. [29]. Then, a digital elevation model (DEM) with a resolution of
0.5 m was generated by irregular triangular mesh interpolation. The elevation value Z of
each point cloud was subtracted from the corresponding DEM elevation value found, and
the point cloud was normalized based on the DEM to eliminate the influence of topography
on tree height estimation (Figure 3).

2.3. Methods
2.3.1. Individual Tree Segmentation and Parameter Extraction

To obtain the structural parameters of individual trees and to achieve accurate 3D
modeling of individual trees, individual tree segmentation of the point cloud for all trees
in the sample plot was needed. First, the normalized point cloud data were identified by
the comparative shortest-path algorithm (CSP) [30] to identify the spatial clustering of
standing trees. Then, point cloud slices at 1.2-1.3 m of the trunk were extracted, and the
fitted cylinder method was used to batch fit the DBH. Manual screening of the DBH fit
results was required to manually refit the poorly fitted individual trees to ensure individual
tree DBH accuracy (Figure 4). Finally, the fitted DBH values were used as seed points for
individual tree segmentation. The CSP algorithm searched for points within the radius of
the DBH or the nearest point as the initial cluster of seed points for subsequent segmentation
based on the 3D coordinates of the seed points (Figure 5). The accuracy of the individual
tree segmentation directly affects the accuracy of the individual tree modeling and, hence,
the accuracy of the individual tree AGB estimation. Therefore, the segmented individual
tree point clouds needed to be checked one by one, and the misclassified individual trees
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were manually re-segmented. Tree height was estimated from the difference in elevation
between the top and bottom point clouds of the segmented individual tree. All these steps
were performed in LIDAR360 V5.4 software (Green Valley, Beijing, China).

Figure 3. (A) Backpack LiDAR data acquisition and point cloud data. (B) TLS data acquisition and

point cloud data.
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Figure 4. LiDAR point cloud data fitted to DBH. (A,B) Results of the backpack LiDAR point cloud
data fitted to DBH. (C,D) Results of the TLS point cloud data fitted to DBH.

Figure 5. Individual tree segmentation.
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2.3.2. AAQSM Reconstruction Method for Individual Trees

The AdQSM method is a method for reconstructing individual tree structure models
based on point cloud data, which was proposed by Fan et al. after improving and extending
the AdTree algorithm [23]. This method is based on the Adtree algorithm and uses the
minimum spanning tree algorithm (MST) to extract the initial skeleton of the tree from the
input point cloud and to crop it. A series of cylinders are then fitted to approximate the
trunk and branch geometry. Thus, a closed convex envelope polyhedron was obtained,
enabling the accurate calculation of tree (branch and trunk) volumes from the reconstructed
structure. The individual tree model reconstruction was completed in the C++ AdQSM
program (Figure 6), and tree (trunk, branch) volumes (Equation (1)) were obtained and
used to further estimate the individual tree AGB.

Volumetree = i f (M> )

i=1j=1 6

where Volumey,e. denotes the total volume including the trunk and branches, n denotes the
number of all convex polyhedra that make up the tree model, and n denotes the number of
all triangular pyramids that make up the convex polyhedra. a, b, and c denote the three
vectors that pass through the vertices of the triangular pyramids.

Figure 6. (A) 3D structural model of Larix gmelinii individual tree point cloud data and AdQSM
reconstruction, and (B) 3D structural model of Betula platyphylla individual tree point cloud data and
AdQSM reconstruction.

2.3.3. AdQSM Parameter Optimization

There are two important parameters in the AAQSM modeling process: Height_Segmentation
(HS) and Cloud_Parameter (CP). HS represents the height of each segment of the trunk
point cloud being segmented in meters, and CP represents the thinning rate of the point
cloud processing. Fan et al. [23] defined the default values for the parameters HS and CP
as 0.5 m and 0.003, respectively. Since the AdQSM modeling process is not sensitive to
the input point cloud density, CP was set as the default value. The different trunk point
cloud segmentation heights affect the radius of the initial cylinder of the trunk and, thus,
the accuracy of the tree 3D reconstruction [23]. Therefore, 20 trees from each tree species
were selected separately to test different parameter values of HS to determine the optimal
parameter values applicable to each tree species.

Our aim was to select the optimal parameters applicable to the different tree species
from the different test values of HS (0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0). First, the individual
tree was modeled using the different test values, and the tree volume was extracted. Second,
the volume was multiplied by the basic wood density p of the respective species to obtain
the individual tree AGB and compared with the AGB calculated by the allometric biomass
models. Finally, the parameter value corresponding to the minimum value of root mean
square error (RMSE) was defined as the optimal parameter applicable to the species.
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2.3.4. Estimation of AGB

We estimated the individual tree AGB by multiplying the individual tree volume by
the basic wood density p (Equation (2)). The biomass of the trunk and branch parts of
the tree accounts for approximately 80%-90% of the total biomass, while the leaf biomass
accounts for only 10% of the total biomass [18]. We, therefore, estimated the AGB, including
the trunk and branch fractions, without considering the leaf biomass.

AGB = pVj, ()

where p is the basic wood density of the specific tree species (g/cm?) and V, is the individual
tree volume estimated by backpack-AdQSM (m?).

We used the AGB of individual trees calculated using the allometric biomass models
for the corresponding tree species in a given region as a reference value and compared
it with the AGB of individual trees estimated based on LiDAR data and the AdQSM
3D reconstructed tree model. The corresponding basic wood density [31] and allometric
biomass models [32] for Larix gmelinii and Betula platyphylla are shown in Table 3. The DBH
data were obtained from manual measurement data.

Table 3. Allometric biomass models and basic wood density values for each tree species.

Species Allometric Biomass Models Wood Density (p) (g/cm®)
Larix gmelinii AGB = 0.0277 x DBH*73 0.498
Betula platyphylla AGB = 0.1905 x DBH228 0427

To verify the accuracy of extracting DBH and tree height from backpack LiDAR point
cloud data and the feasibility of estimating AGB based on the AAQSM method, measured
data and parameters estimated from TLS point clouds were used as reference values. The
coefficient of determination (R?) and root mean square error (RMSE) were used to evaluate
the extraction accuracy. The equations are as follows:

n

R?=1-=i= ®

= 1 u e oy 2
RMSE = ,/; ;(x, ) @

where x; is the measured value of the individual tree parameter, ¥; is the estimated value of
the individual tree parameter, X; is the sample mean, and n is the number of samples. The
larger the value of R2 is, the better the fit. The smaller the value of RMSE is, the higher the
accuracy of the individual tree parameter estimation.

3. Results
3.1. Accuracy Assessment of LIDAR-Extracted DBH and Tree Height

The accuracy of the backpack LiDAR-extracted individual tree structure parameters
(DBH, tree height) was evaluated using field measurements as a reference value, with
extracted DBH values ranging from 5.2 to 29.9 cm and tree height ranging from 4.3 to 14.9 m.
Figure 7A shows that the backpack LiDAR-extracted DBH had a high correlation with the
measured values. This indicates that the individual tree DBH extracted by the backpack
LiDAR could be obtained with good correlation and high accuracy when considering
the measured data. The R? value was greater than 0.97 in all four sample plots, and the
RMSE was between 0.43 and 0.84 cm, indicating that the individual tree DBHs extracted
by the backpack LiDAR have a certain reliability. From Figure 7B, we can see that the
DBH extracted by TLS had a good linear relationship with the field measurements. The R?
value was greater than 0.97 for all four sample plots, and the RMSE was between 0.42 and
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0.53 cm, which means that the extraction accuracy of this study is comparable to existing
studies [33-35].
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Figure 7. Comparison of DBH (A) and tree height (C) extracted by backpack LiDAR with measured
data, and comparison of DBH (B) and tree height (D) extracted from TLS data with measured data
(four colors indicate each of the four sample plots).

Figure 7C shows that the correlation between tree height extracted by the backpack
LiDAR and field measurements was low. The R? values of the four sample plots were
all less than 0.4, and the RMSE ranged from 1.38 m to 3.12 m. Figure 7D shows that the
correlation between tree height extracted from TLS data and field measurements was also
low. R? values were less than 0.6 in all four plots, and the RMSE ranged from 0.71 m to
1.75m. This indicates that in a natural forest environment with high stand density and
mutual shading of branches and leaves, LIDAR had difficulty accurately detecting the top
of the tree canopy, resulting in large differences between the tree height values extracted
from the point cloud data and the measured data.

3.2. AdQSM Parameter Optimization Results

We used different parameter values of HS in AdQSM to estimate individual tree AGB
and defined the parameter corresponding to the minimum value of RMSE as the optimal
parameter applicable to Larix gmelinii and Betula platyphylla species. Table 4 shows the
results of individual tree AGB estimation for Larix gmelinii and Betula platyphylla with
different parameter values of HS in AAQSM. The highest individual tree AGB accuracy
was obtained for the Larix gmelinii reconstruction model with HS set to 0.4 m, with an
RMSE value of 29.51 kg. The highest individual tree AGB accuracy was obtained for
the Betula platyphylla reconstruction model with HS set to 0.6 m, with an RMSE value of
28.86 kg. Therefore, the optimal parameter values for the Larix gmelinii and Betula platyphylla
reconstruction models were HS = 0.4 m and HS = 0.6 m, respectively.
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Table 4. Estimating AGB results of different tree species with different HS parameters in AAQSM.

RMSE RMSE RMSE RMSE RMSE RMSE RMSE

Species (HS = 04)/kg (HS = 0.5)/kg (HS = 0.6)/kg (HS = 0.7)/kg (HS = 0.8)/kg (HS = 0.9/kg (HS = 1.0/kg
Larix gmelinii 29.51 55.95 143.17 114.42 185.73 104.3 119.84
Betula platyphylla 5421 65.64 28.86 45.83 7724 126.81 125.73

3.3. Estimation of Aboveground Biomass

We randomly selected 20 Larix gmelinii and 20 Betula platyphylla trees from four sample
plots to assess the accuracy of AGB estimation based on backpack LiDAR point cloud data
and the AdQSM method (backpack-AdQSM). The reference AGB values for an individual
tree of Larix gmelinii ranged from 10.9 kg to 293.1 kg, and the reference AGB values for
an individual tree of Betula platyphylla ranged from 8.7 kg to 301.7 kg. The AGB of an
individual tree of Larix gmelinii estimated by backpack—-AdQSM ranged from 8.8 kg to
327.5 kg, and the AGB of an individual tree of Betula platyphylla estimated by backpack-
AdQSM ranged from 3.9 kg to 432 kg. Figure 8 shows the regression of the individual tree
AGB estimated by backpack-AdQSM on the AGB calculated by the allometric biomass
models. Figure 8 A shows that the Larix gmelinii individual tree AGB estimated by backpack—
AdQSM correlates well with the reference value, with an R? value of 0.84 and an RMSE
of 29.51 kg. The distribution of residuals for the estimated Larix gmelinii individual tree
AGB is shown in Figure 8B. It can be seen that most residuals for individual Larix gmelinii
trees AGB are more consistently and evenly distributed on either side of the line y = 0
and are not over- or underestimated. The R? value between the estimated and reference
values of Betula platyphylla individual tree AGB expressed by the linear regression model
in Figure 8C was 0.86, and the RMSE was 28.86 kg. From Figure 8D, it can be seen that
the residual values of Betula platyphylla individual tree AGB were mostly in a range of —30
to 30 kg. The Betula platyphylla individual tree AGB estimated by backpack-AdQSM was
generally large compared to the reference value, and as the AGB reference value increased,
the Betula platyphylla AGB was again underestimated.
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Figure 8. Comparison of AGB results based on the backpack-AdQSM estimates with those calculated
by the allometric biomass models. (A,B) Comparison of estimated individual tree AGB of Larix
gmelinii with reference values and residual distributions. (C,D) Comparison of estimated individual
tree AGB of Betula platyphylla with reference values and residual distributions, respectively.
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4. Discussion

In this study, we used backpack LiDAR point cloud data to extract individual tree
structural parameters and reconstructed a 3D model of the trees based on the parameter-
optimized AdQSM method to estimate the individual tree AGB based on the reconstructed
individual tree volume combined with the basic wood density values of specific tree species
to explore the accuracy and potential of backpack LiDAR for the nondestructive estimation
of individual tree AGB in temperate natural forest inventories.

Compared to traditional manual DBH measurements and TLS DBH measurements,
backpack LiDAR allows for accurate scanning and real-time data integration during move-
ment, providing a more flexible and efficient way to collect data for forest inventories [13,14]
and is suitable for surveying large and complex forest areas [12]. To start with, manual
measurement requires standing on the high-angle side of the tree base and measuring the
DBH at 1.3 m using a DBH ruler, which is recorded in the sample plot record sheet, which
can be subject to human error and can be made more difficult by practical conditions such
as leaning trunk growth or interlocking branches. Secondly, TLS data collection requires
multiple stations to be set up within the measurement site, which can make the operation
more difficult, time-consuming, and costly in the case of dense natural forests or sloping
stands. Backpack LiDAR as a portable device can compensate for these shortcomings;
data collection only requires one surveyor to carry the equipment across the measurement
site, greatly reducing the time and cost and improving efficiency. As shown in Table 5,
when collecting point cloud data from a 10 m x 40 m sample, the data collection process
is as follows: a manual survey takes, on average, about 36 min, TLS takes about 42 min,
while backpack LiDAR only takes about 6 min to complete the operation. The traditional
manual survey method requires the contents of the record sheet to be entered into excel,
which takes approximately 5 min. The point cloud data collected by TLS requires the
registration of each site’s point cloud into a single map, which takes about 50 min longer.
Backpack LiDAR point cloud data pre-processing took approximately 25 min. Comparing
the average area measured per person in one minute, the manual survey method has a time
efficiency of 3.3 m?/min and the backpack LiDAR has a time efficiency 13.5 m?/min. The
time efficiency of the backpack LiDAR method is approximately 4.2 times higher than the
manual survey method, demonstrating the time efficiency of the backpack LiDAR method.
The Larix gmelinii sample site was densely branched, and to avoid scratching the LIDAR
module, the branches had to be cut down in advance along the designed route to ensure
safe operation of the backpack LiDAR. Therefore, the acquisition times of backpack LiDAR
data collection vary depending on the forest stand and need to be further validated in more
operational environments. Internal data processing time varies depending on the size of
the tree dataset and computer configuration.

Table 5. Comparison of the efficiency of manual measurement methods with BLS survey methods.

Time Consumption
Survey Personnel Plot Area (m?) . i

Method Data Collection Data Processing Total m?/min

1 30:16 5:16 35:32 378

2 31:27 430 35:57 375

Manual meastiremen 3 214 6:09 4823 276

- 5 4

4 400 39:07 5:36 4443 3.00

1 542 21:04 26:46 15.12

BLS 2 523 23:36 28:59 13.99

3 624 26:16 32:40 12.35

4 6:04 25:42 31:46 1271

The forest resource survey work also has to take into account practical and cost-
effectiveness issues while meeting time efficiency. The cost of inputs in this study consists
of two types, the first being labor costs (including travel, labor, etc.). Traditional manual
survey work requires a minimum of three people to perform the work; at a total of RMB
2000 per person per day, the total labor cost is approximately RMB 6000/ day, while the
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Total cost/RMB
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backpack LiDAR requires only one person to operate; the labor cost is approximately
RMB 2000/day. The second is the cost of equipment. The cost of equipment required
for manual surveying is approximately RMB 2000 (laser altimeter, DBH ruler, etc.), while
the cost of backpack LiDAR equipment is approximately RMB 100,000. Both types of
equipment have no wear and tear costs at a later stage. We assume that, based on the
time taken to measure 1 ha of data by manual survey methods and backpack LiDAR,
the average person working 8 h a day would spend approximately 6.3 days on manual
surveys and 1.5 days on the backpack LiDAR method. The labor cost for the manual survey
method is approximately 12,600 RMB and the labor cost for the backpack LIDAR method is
approximately 3000 RMB. The total cost includes labor costs and fixed equipment costs.
As can be seen from Figure 9, the backpack LiDAR method has a larger initial investment
compared to the traditional manual survey method, mainly due to the high price of the
equipment. With the development of LiDAR technology, the price of the equipment will
become more and more affordable, and its application in various industries will reach
greater popularity. Therefore, the future cost of backpack LIDAR equipment has the trend
of reducing year by year. Although the traditional manual survey method has a low
initial input cost, as the area of forest resource surveys increases, the labor cost increases.
Therefore, this study concludes that backpack LiDAR is sufficiently advantageous, both in
terms of time efficiency and cost-effectiveness.

1 10 100 200
Area/ha

——Manual measurement —BLS

Figure 9. Cost-benefit analysis diagram of manual measurement methods versus BLS survey methods.

Our results demonstrate that the DBH extraction accuracy of the backpack LIDAR
method (RMSE = 0.43 cm-0.84 cm) is comparable to that of TLS (RMSE = 0.42 cm~-0.53 cm).
Samples 1 and 2 (Larix gmelinii) both had an R? value greater than 0.97 and a mean RMSE
of 0.68 cm, and the higher accuracy of DBH extraction (R2 =0.99, RMSE = 0.44 cm) for
Samples 3 and 4 (Betula platyphylla) may be because Betula platyphylla has fewer branches at
1.3 m than the Larix gmelinii trunk and, therefore, has less impact on the accuracy of the
DBH fit. We compared the results of this study with previous studies (Table 6) and found
that the extraction accuracies of individual tree DBHs based on backpack LiDAR point
cloud data were all between 1.0 and 3.9 cm, and the extraction accuracies of individual
tree DBHs based on TLS point cloud data were between 1.2 and 6.2 cm. The extraction
accuracies in this study were all higher than the results of previous studies. Compared to
the DBH extraction accuracy, the backpack LiDAR-extracted tree height values were less
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correlated with field measurements (mean R? = 0.38, RMSE = 2.08 m) and lower than the
TLS-extracted tree height values (mean R? = 0.47, RMSE = 1.38 m). The reason for the less
favorable backpack LiDAR tree height extraction results may be because in natural forests
with dense canopies, the laser signal does not detect the true tree tops, thus reducing the
accuracy of the backpack LiDAR-extracted tree heights, which also confirms the results
of Bauwens et al. [36] and Cabo et al. [37]. From the statistics in Table 6, previous studies
based on backpack LiDAR-extracted tree heights reported RMSEs between 1.4 and 2.8 m
and R? values between 0.41 and 0.68. Other scholars have also observed low accuracy
of LiDAR tree height extraction and have proposed various explanations, such as those
by Hartley et al. [38], who suggested that this may be due to an overestimation of the
height of dead trees in the sample plots, which leads to a reduction in the accuracy of tree
height estimation for the whole sample plot. It has also been suggested that field-measured
tree height values are not reliable [39]. Some studies have shown that the error in field
measurements can be as high as 5% [40].

Table 6. Comparison of existing research results between backpack LiDAR and TLS.

. DBH Tree Height
Reference LiDAR Equipment
R? RMSE (cm) R? RMSE (m)
This study Backpack Velodyne VLP-16 0.98 0.6 0.38 21
[14] Backpack Velodyne VLP 16 - 22 - -
[13] Backpack Riegl VUX-THA = 16 - 14
[10] Backpack Velodyne VLP 16 0.92 15 - =
[41] Backpack Riegl VUX-THA - - - 1.5
[16] Backpack Velodyne VLP-16 0.94 1.0 - =
[42] Backpack Velodyne VLP-16 - 13 - 17
[43] Backpack Velodyne VLP-16 0.96 15 - -
[39] Backpack Velodyne VLP-16 0.95 2.0 0.65 19
[38] Backpack Velodyne VLP-16 0.99 17 0.41 2.8
[12] Backpack Velodyne VLP 16 0.90 39 - -
This study Backpack Faro Focus 3D x 120 0.98 05 0.47 14
[14] TLS Faro Focus 3D x 130 - 6.2 - -
[18] TLS Faro Focus S x 150 0.97 12 09 1.3
[39] TLS Riegl VZ-400 0.96 20 0.63 2.0

It has been demonstrated that the AdQSM method can provide reliable and accurate
AGB estimates for large tropical trees [24]. Our results demonstrate that the AdQSM
method is also applicable to the estimation of AGB of Larix gmelinii and Betula platyphylla
in temperate natural forests, where the staggered growth of Larix gmelinii branches affects
the accuracy of individual tree segmentation, which in turn directly affects the accuracy
of individual tree modeling [24]. This ultimately led to a lower accuracy of the estima-
tion of the AGB of Larix gmelinii trees based on the backpack LiDAR point cloud data
(R? = 0.84, RMSE = 29.51 kg). In contrast, Betula platyphylla biophysical morphology was
relatively simple, and the point cloud data were less influenced by branching, resulting
in a slightly higher individual tree AGB estimation accuracy than that of Larix gmelinii
(R2 = 0.86, RMSE = 28.86 kg). Previous studies have also estimated individual tree AGB
for multiple tree species in temperate forests in northern China based on TLS point cloud
data and the QSM algorithm [18], with an estimation accuracy higher than that of our
study (CCC value of 0.97 and RMSE of 17.4 kg). This may be because our study area
was in a natural forest with a more complex forest structure and more severe vegetation
shading compared to forest stands previously studied. This resulted in a lower accuracy of
individual tree AGB estimation. In a previous study, based on TLS point cloud data and the
QSM algorithm, estimates of individual tree AGB were generally in ranges of R = 0.91 to
0.98 and rRMSE = 16.1% to 28.37% [19-21,44]. Estimation of individual tree AGB based on
backpack LiDAR point cloud data and the QSM algorithm was slightly less accurate than
TLS compared to these previous studies. In contrast to existing methods in the literature
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that used backpack LiDAR to estimate AGB [16], the method in this study is based on a
realistic biomorphological structure model of the tree to estimate individual tree AGB. The
potential of inputting backpack LIDAR point cloud data into the QSM algorithm for esti-
mating individual tree AGB was demonstrated for the first time and extends the generality
of the AdQSM method. This method allows not only the estimation of individual tree
volume and AGB but also the monitoring of volume growth [45] as well as the quantitative
analysis of structural information of fruit tree branches and trunks [26].

There are still many uncertainties in our study. First, the poor GPS signal during data
acquisition by the backpack LiDAR can directly affect the quality of the track file, which
can lead to point cloud solution failure or solutions of point cloud data with large errors in
absolute coordinates. Moreover, acquiring point cloud data with high-precision absolute
coordinates is crucial to the positioning of individual trees in the sample area. Therefore,
how backpack LiDAR can efficiently collect absolute georeferenced point cloud data with
high accuracy in dense forests with no GPS signal is a key focus for future research. Second,
due to the low accuracy of backpack LiDAR in extracting tree height, future research should
test the potential of backpack LiDAR in more diverse forest environments to explore the
upper limit of forest height that it can detect and whether fusing backpack LiDAR and UAV-
LiDAR data can improve the accuracy of tree height estimation. For this study, there were
two main sources of error affecting the accuracy of forest AGB estimation: (i) We did not
check destructively sampled individual tree AGB to verify the accuracy of the estimation
but used AGB calculated by an allometric biomass model with diameter at breast height
(D) as the independent variable as the reference data. The model may be subject to some
error [46]; and (ii) due to the different biophysical and morphological structures of different
tree species, the parameters set in the AdQSM individual tree modeling also differed,
and there was also poor sensitivity and robustness in the individual tree reconstruction
process. In addition, errors in the basic wood density could have an impact on the results of
individual tree AGB estimation. Future research will, therefore, focus on further reducing
these sources of error and the need for more tree species to optimize the AdQSM parameters
to improve the accuracy of large-scale nondestructive estimation of tree timber volume and
AGB based on backpack LiDAR point cloud data.

5. Conclusions

In this study, we used natural forest backpack LiDAR point cloud data from the
Duraer National Forest at the southern foot of Greater Khingan to explore the accuracy
of its extraction of individual tree structural parameters and the feasibility of estimating
individual tree volume and AGB based on the optimized AdQSM method. The following
conclusions were drawn:

(1) Compared with manual survey methods and TLS technology, backpack LiDAR
can provide a more efficient way of acquiring data for forest inventory. This en-
ables large-scale inventories of forest resources and further development of forest
management plans;

(2) Backpack LiDAR can accurately measure the canopy understory structural parameters,
where DBH measurement accuracy is the highest and comparable to TLS accuracy,
while backpack LiDAR-extracted tree height values are less correlated with the actual
measured data;

(3) Using individual tree point cloud data of Larix gmelinii and Betula platyphylla species,
the HS parameters in the AdQSM reconstruction model were optimized, and after
testing different parameter values, HS = 0.4 m and HS = 0.6 m were defined as the
optimal parameter values applicable to Larix gmelinii and Betula platyphylla species;

(4) The AGB of individual trees estimated based on the backpack-AdQSM method
correlated well with the AGB of individual trees calculated by the allometric biomass
models. This indicates that the backpack-AdQSM method effectively accounts for the
biophysical structure of individual trees and is suitable for the accurate estimation of
individual tree AGB. This nondestructive estimation method can be further used to

DIANITUSUITIANTITATSDUNTEIN (BIANTITUNITL)

Thailand Greenhouse Gas Management Organization (Public Organization)




lassnsaniwieunsyanninadinslanuanasgiuvessemelng

2 T-VER-S-F001-PDD .
ver | Standard T-VER nu1 115
Y 4 —
LONANSTLEUBLATINTG (PDD) WUUAIUTIH VERSION 2.1
Forests 2023,14,475 16 0f 18

test and calibrate new allochthonous growth models and provide a valuable reference
for the accurate estimation of carbon stocks in temperate natural forest ecosystems.
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