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T GreenLab B9 ;1A 25 #4-Th gE = Y

e 1 : 2 — g1 " 2
21" FHAMAR' Veronique Letort” FEJG & Philippe de Reffye
(1 IR AR B STBE A G B SET A5 100091) (2 P IEFHEBE F Zh AR LA e A5, 3t 100080)

W E MWEE-ThHER T (Functional-structural models, FSMs)$f 45 /i1 5 i Fai By 25 A ke ok, FH DARGIR IR 5%
WL SR A=, S A ) = 4E 45 M)« GreenLab & — AT HERANM K RS 1 JE Y-V 5C 2 11038 A4 25 1)
SIHREREAY, e 2 N TR AEY), AERS AR TS RN B AR D o 1% SCCA SRS IMAA (Pinus  tabulaeformis) AWFRN S,
UCKs GreenLab B84 N F B AU A AR50 o SRR PERURE, SN T ORRMIAA BB (TR S 254 . $hdh 25 /A
HEAYERS R, WIS ARA LG . B EESECE I SNBSS, RE SRR AR
/N ARG SRR o SRS B AT T 300, ISR AR R AT T VA, 25 AR 1 RS
B AR S TR Y TR R R A RO AR RS A S 1 [PV 75 R 1 R AR HAE0.78~0.9 1 [,
ST ASE TR A B ST S B T VI () 5 R RO AR A AR o 58 L (R A 25 ) R A 40 ) B S A v, T A DA e W A s S
K- DRI 2 I .
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A FUNCTIONAL-STRUCTURAL MODEL GREENLAB FOR PINUS TABULAE-
FORMIS

GUO Hong'", LEI Xiang-Dong', Veronique Letort 2, LU Yuan-Chang', and Philippe de Reffye

'Research Institute of Forest Resource Information Techniques, Chinese Academy of Forestry, Beijing 100091, China, and *Sino-French
Laboratory of Informatics, Automation and Applied Mathematics, Institute of Automation,, Chinese Academy of Sciences, Beijing 100080, China

Abstract Aims Functional-structural plant modeling is concerned with the integration of architec-
ture and resource allocation as aspects of plant function. It can depict the three-dimensional presentation
of plants for use in analyzing individual tree growth and interactions between structural architecture and
resource allocation in environments. Our objective was to parameterize and validate the func-
tional-structural model GreenLab for young Pinus tabulaeformis to simulate its growth. Few studies
have applied the GreenLab model to trees.

Methods Destructive sampling was done to collect detailed data including structure and biomass
measurements from 9 young P. tabulaeformis trees. We used the functional-structural GreenLab model
that has been successfully calibrated for several crops. To extend its application in tree growth analysis,
we validated the basic hypotheses of the model such as constant allometry rules and source-sink rela-
tionships. Direct parameters were attained from the measurement data and hidden parameters of the
model were calibrated using the generalized least squares method.

Important findings Simulations of P. tabulaeformis growth based on the fitted parameters were rea-
sonably accurate. The coefficients of determination of linear regression equations between observations
and predictions ranged from 0.78 to 0.91. The topological code system was set up to analyze tree topo-
logical structure for simulation. The calibrated parameters can be used to simulate and visualize 3D
representation of pine trees. The methods for measuring tree topology and biomass and coding system
can serve as a reference for the development of functional-structural models of coniferous trees.

Key words tree functional-structural model, biomass production and allocation, topological structure,
source-sink relationship, Pinus tabulaeformis
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R A () T 2 2 F AE S0 AR R v i A B ()
YRR, SHRE ) 25 A A58 30 o /D 5 AR AR S R
PR R, T R AR Al TR &5 4 . 45
- e i B RE % 1E TP M S 45k, X% &
THAARERE, JERe R & A E I =Y
N7 14 K (Sievinen et al., 2000). [ 20122904
GRS, &5 - T B AR 2L 3% 3 B A i ) A A ARE A 4
B 1 —ANE 9T B4k (de Reffye & Blaise, 1999). ‘&
AR LA 8 AR A 1 AR K, T HL e TE
AR ) A K R AR A, R IR e 9T T
HIEEAR T BOHE DLW S 30 (1 JUAE, & J a5 ) 39 R0
LY . LIGNUMASE BN i Bt AR 2R R AR g
()T 9 fi ok 5 Gl ok, Har o N H T8 12
(Pinus sylvestris var. mongolica)~ b3 %G HFa(P.
banksiana) MIEMR (Acer saccharum)%) i i) A= KA
fl 7 (Perttunen et al, 1996, 1998, 2001) .
ECOPHY SHi %! (Rauscher et al., 1990)FISIMWAL
P (Le Dizé et al., 19974 P40 i FEAR R 5 =
Yt 25 K R AR S, BT RO L B
(Populus tremuloides)%)] 1ti F1#% Bk (Juglans regia)
SRR BN A PER R AL I 20 e . H H R IX ST
K2R TR &R B, BT B e F ) 45
FE SR 7 T T A A (W LIGNUM), 804 & %
HEAT 1 5 F (WIL-PEACH) (5 6%, 2006).

GreenLabf5 284 J2 th b [ R 27 B 1 S A AE 58
HYRIEG S & v I K E B S H S 5B
5 B A R i 1] 5K rb o0 5 B 1) 3R]
BT — RV 5 FR AR AR B, B A B
AR Dh RE AL (Hu et al., 2003). v, Y-
TEIR B 2 F D) e BT ) = BEHLEE . AR X
JUBE H BN WU HUUAE 4 45 46 (4 T 1, T8 e A 400 4
() A= i A e 5 T R AR A b 4 R [ 2R ) = 4y
B, LA EADERBZSSEEARNKRER, I
AT LA W) 25 40 - D e I R, DT R 0 K A o A5
UMY K . GreenLabif ik 75 A5 4 ) 4 V7 12 4K
KFR K IFAT BRI AR 1C Tl e b5 &5 40 1) S 13 o8 &R,
W > B S B R B R AR, B HAd A
YA LY 12 455 8 AL B R 7 3t M T 1 L A A
WP A FEEE, 2006). H AT, X0 g B
T RAEY R A K0 F(Yan et al.,, 2004;
Guo et al., 2006). B 1: J& & K4 (2001) K 4 FE )

g f - ReAH ELAE I WLER, g2 T R Bl 22
(Triticum aestivum)= K K T 55 T2 4509 41 1) 1
AR GuoE(2006)F1 15 i 5 %5 (2006) 5, Ty H ks
Sik)-Dh R N T KoK (Zea mays) R Y IR 1) 2t
1, Dong%5 (2003) R H 3. H] 2] 7 Jili (Lycopersicon
esculentum) ' E KRBT LT . 5RIEVAMLL,
P AT T 25 i f AR B sk R T i SE O B 0%, AU,
GreenLab 5 8 (1) I F F 51 % /b . Zhan%5(2003)F
FHASADL R A E i 0 X — RS AT T AL, bR Y
FH L SE 09I £ s o AHE ST LA AR (Pinus  tabu-
laeformis) N ¥ %, B X% GreenLab#: 4 W H 4k
A, $RH T RIS SR b B H AR
i, BRI 250 BEAT R IR 1) — R YT
v, IR R A VR E A e BETOK 2% (BECP) JF k11
DigiPlante’ {:(Cournéde et al., 2006), HR4#IKIT
IS4, LI T WA 8B B = 4 nT PR AL IR A4,
AT R MR G5 46 - D AR R ) g ST R A 2 2 A

1 R

AF 0 P e I R A SR B A 50T B X =B
M3 (40°20" N, 116°15" E)A= K 3055 1 i (1) 11 [,
D2 B TH) #E 2006 4E-4 H o X B8 2l B 1) 7K 23 AR 43 4%
PR A 7 2 . R BBIIORE I 7 1, R AEK R
LF MR A, Tk 2R 1AE AR L 2BR24E 4R L 3HK3
FEA RI2RRSEAE I S g i w52

2 HARAZE

2.1 GreenLab#¥i 8 &5 14 5070 Je JLEEASME 2

TEG R DY RERLTY b, B A 45 4 T 5 W 4 2
NSRS ] R R e &R, T B
G RIAFAE AR, BRSBTS
B T — B 56 R B AR 23 Dy A5 T 45 1) 5ot (Halle et
al., 1978; Perttunen & Sievinen, 2005), SievinenZs
(2000) 443X — 2 4 5L G PR Oy BE A B G (Ideal  ele-
mentary unit, [IEU). GreenLabf 8 rh | 3 35053 1
FE AR LT Y I (Metamer) K 7R, 5 2 A 9K (1)
A A5 5 7] (Internode) 1 4= 1K ¥ 76 (Growth unit,
GU). NHFH T Z5ke) 50 & A S &

N TA) A N A S S A A R o R T
BEm R AA UG, AN A I N AR R 2 2,
BRI, ARAEVEZ2 0], A SO B 5 | 2 45—
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AMEAR B TTHY AT F 53

REDZVP i = R i A TR UG Rl el T e o) [ 2 DN
S (R, AN FEAT AT MR ZE L i L PR T A
(Caraglio & Barthelemy, 1997).

AT H A B LA ESE Y R LTI s
i E AR, R T A A K S o) R
B7 o AN AR A B T 0 Y ) H wT fE I E B AR AL
(Room et al., 1994),

A=K (Growth cycle, GC) &4 £ B
K ICET & i ) o ZE 2 4E % (Physiological
age, PA)&FI5LFR A K 4% (Chronological age)#f]
oF VM o fF GreenLab s 84 i) 3xX — Mg & FH ok
DR E . R ANFRIESRAER R, — A
PRAE RS 0 B — AN I B R, R A [R] AR B4R S 1)
KA A R (S5 k6 A Dy e 2 8 (B i 2, 2003) .

¥ $h 45 14 (Topological structure) s2& F5 B A £
BB R, AH R BAASE L
i JE AL
2.2 LT ai A Y

JUART S5 R R 2 0 AR B AR B (IR 25
I L AR R SEAE) I = 4 LR A B A (R
HIAREE, 2006) ASHIFTT 32 225 FR AR 1) P 4% 17
—— T R A () JL AR 454
221 fiH]

I B AR R R . W R N, AR
St AR A Y gl T DA SR T T AR B, T
~F(DHAI(2)FT7s(de Reffye & Blaise, 1999; KA
A% 2003):

1,(j)=+b,

ﬂ
q.(j)| > (1)

-
q.(j)| @)

, 1
S.(J) T
A, L) Se()Mqe() 73 52 24 A2 BEAE I
(5 Tl B L 9 ) T AR RS () ) AR ) ;. o,
b NSy ) Ay 715 T [ A 4 1) LU A5 A IR FR 5
222
TR A A, — M Y B AT R R 1R
FETE W Rh R vk . Rk, FH 2 [RRE B ok i it 4
o AR YR AR 75 2E(2004), &1 Fe T AR 5
AR D BOE B, AT A Q)RR X OC &

q
o (B 3
5 SLW @)

rp, LAR AR, g, o0 B IR AR )
i, SLW R (1) LG (Specific leaf weight).
2.3 MR w4

RIS R0 SN T B3 A 450, Ry
Il Bt R AR RS O, A, W A5
B B H T SHEAEMMR MR, hdh
e AR TR EPORS RE i BLY P N S & AP | Y o
A SCAE R WA 2l 4% JEAT #1141 G5 44 23 By 16 Be ailh |,
ST T BT A PR G D AR R

BT — Gt —ot =t
Stem st level 2nd level drd level
branch branch branch

K1 SRR # 4 S5 A
Fig. 1 Topological structure for 5-year-old Pinus
tabulaeformis

G, e T 10 9 B 2% 5 (Branching order)
(Godin et al., 1999)40, W)= L AMAE; it 23 B
TR, B — R, TR R A AR R R
B, RIKEHE . AR G 19 73 4% 7R AN AL
AEFAERY, WM TR RIAERS 1, — AR
R N2, RIKIEHE. T I~SEE A YW 2 B % )
RZ N ZHR, B, AEER K 4.

—ORBE, WAAE T aZE K AN,
S5 A 1) 26 K R T3 M 1 o 6T T S Sl 43t
A7 A PR R ASE 35 23 B B ) b g it A i —
AMER IR TG, AR KB TT I R R 2 BRI

RSBV T W E2 AR M R R . AT
(0715 18] 7 BB T 1) S5 AN 15 TR, 3 W GUA; B
GUA L ZE 5B/, i AGUAB, CH %
GUAB_E R [ k¥, 12 WGUABC, #H R4,
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GU A B € D E

l Z IR E

Internode order of the 2nd level branches
bt /3530045

Order of the 2nd level branches

— & B A1 18] 2K P

Internode order of the 1st level branches

— R
Order of the 1st level branches

R iRl R 5 2
Internode order of the stem

B2 40 g Ak 2
Fig. 2 Topological code system
GU: K HIC Growth unit

HE A —JA W 4iS, A B. C. D, E¥Y
FHP A H 7 7R o UL B bR v 340 A 45, e I
BRI A GU02, GUO2H 1/ 4L
GUO0201, ‘& & T~ sb ke 19 55 1A 9 a), B il
GU020101 . HoAh 5 AR L 24k . 1K, B0 1R
B T — AN ME— 1 G B

e I, BY T s A A K T i
FRs BT o e BOR, K R AR 4 B AR K R T
(1) 75 8] FH H 7 RSP R A 4 v 5 1 (), FH Ul A
R(0.01 mm)I & % A 15 18] 1 42 (em) A K
(cm), FHL 7 RSPk o9 1) (9 28 4 o 6 T (g),
) 5 45 A4 B P g % .
2.4 GreenLabI]j g5 7Y

GreenLab/f5 1 & 7E 5 8] b B SO iy DLAY
WK N AR RIS, EREF2Z N
7%, XA AT AR g RS RREA . A) J5
J5 -0 5 Y JE GreenLab Dy B8 A5 7Y (1) 1% 0 N %5
GreenLab i 1 i % ¥ Y (Source), J2& 45 fig % Mt 1T
AW IF; J0(Sink), &R LS 5 E
Y e (F k) — Yl ds . B, 2=
IRt A A2 ) i 2 7 R ) AR A
241 EYEIAES

J6AAE F R AR ) A K B TR R (1) B il
TIE A KPR, COMIK A BEAT A4,
RAF AR A B, P, 2R T )
[Pk 1 LM R HEAN FE AR A= ) 5 (1)K Y . GreenLab
BRI K AEAE ) A4 N 1) A B 52 458 T R A0 1) 45 4
Y1 1 LA R #5350 1R 7K BE AT A8 8 2 R 11 K i BE
oA T I HO A B 0 2 AT 1R R

(Zhan et al., 2003), KT, FW LR 20, B
YT RE AT A VR I (0 B i S HOIRAS .
T AWM AL ME D REBI A (Yan e al., 2004)k
L UL B A B8 AN AR R B P AR e R AR =,
AN @) FTR:

.. E@)S] 1 i
00-22%(1-euf L3575 )| @

A, Q) ¥R S A K BT AR = 1 A28
i, E) TR EK RS 7, n() &5
AMEK R AT e A ER AN . T
Y H Ik H TR X, FR A FOK A S L, IkAd
WA R 7 15 m, B DUASE N 31k &
M1 Sp o FERRBE [ AR (L) $iL B 55, 2006), 1X 5L
r R385 75 A AR SCIRK T BRAT, S48 554
TR, DRI XS, 58 002 50 J 390 3
THIFH
2.4.2 EYEMSE

FEAEY BN EC T, GreenLabt 2R 15 A A
A EK WA ELILET — 8, REH
FR 4 7% 4% B RV 55 (Sink  strength, B A % 2% B 3k
R4 1) g ) BEAT 0 B« 70 AR & oy Bl AL Y
o BT AH RSS2 ) A B T 9 AR AN R AR A B 2
TEE B, W oRAs B ML 58 R P, o X T AR 8] 1Y
i, FoRBEMRENAEY RN LLERRANA
X(5):

=L oG-
4.(0)=15 26D (5)
SR, o) 57 0SB €0 85 11 K D 0 3
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S A R, D)y A 554 2 K R i
FoR B, QGTL) A 511 K T2
LR

B A 2 R D T R A
KT B 45 -

D(i)= )" P,;Nb,(i) (6)
A, oA B R, AHH AT R () Al

KA, Nbyr 5 B R R o M.

FEMARA LN, DA Sk 71 TA) T ) AR K BT
¥ 5K i (Immediately expansion), [T Al LARE 3 %
A AT B RS R T TAD S b T () P PR AR A e b AR SR
YT ) R RV 58 . GreenLab 5 Y vF &I 9 15
SRR B BRAE RS O LIRS, B A S DR AY B
S /S UL = il i 1 B R R S RN W A T
SR

4, (k1)
q,(1,7)

b, (k) = ()

Ko, g (ki) SRR . A
TR 1SR (I
3 RIS

3.1 ZHCKkE

AP B H S HAAFTENA T K
AT DL e ST o 00 ) B AR O 5% B B U SR A
MZH, 51— R B AHE SR RS S5
(Hidden parameter). X} T HIESH, Al v
SEOREAN [F) A 08 4l B 1 S0 £ 4 3R AT (e T B
TSRS, 2RO AR I A b A RS B AR )
HAH B IS B 14> B bR X (Target file)(Yan
et al., 2004), Ak I JE T8 /D e ik J B T
K HCorner FitFe )P (E&E X 5%, 2001), KR %)
RSO SSe i
3.1.1 HESH

TEMAA BB A, B4 AT LA 2 2 50t
Fhi IR W, AN [R) AR BEAE RS (1) 7 TA] (1) 7B
RZH b p, FH W Tl RE I ) TAN AL 1 LA 2
#, Z WKL,

AE IR A (TR, R EE
RRAZWMEBFrR . AR KR, ALK&
AL B RS R (R P AT R 9P, . MEIBRE, %

Rl HRGRHERESER

Table 1 Parameters for Pinus tabulaeformis saplings
Paremetor PA 1 PA2 PA 3 PA4
P, 0.65 0.25 0.08 0.03
P, 1.00 0.95 0.18 0.10
T 3a
SLW 0.08 g-cm'”
b, 47.75 134.33 270.93 190.71
s [0.06 0.06 [0.12 0.50
Sp 0.13 m?
r 0.48

P, F[E)VC 5% Internode sink P, £ ML 5% Needle sink
T: & Ih RS 1] Needle functioning time SLW: ELIH-EE Spe-
cific leaf weight b, 7 [EZEBEAE RS 195 6] (0 Lb ) R 4L The scale
coefficient of internodes of different physiological ages f: AN
AR FRAEES A A TR & #L The form coefficient of internodes of
different physiological ages Sp: FHFEHLFZ AL Plant projection
area  r: /K FIBAPT Water resistance PA it 55i4E B AE R
Physiological age i (i=1, 2, 3, 4)

100 ¢
g{) -
2 g0 b
4
E 70
2 /
£ 60 /
g i
g 90T gog8
- L th
- 40 o PA1 =0.80x R?=0.80
= 30T o PA2 =1.70x R2=0.90
g 20 ¢ APA3 y=240r R2=091
* 10 OPA4 y=3.0xr R*=030
X : ? i ; i :
0 20 40 60 80 100 120

FEEFE Internode fresh mass (g)

K3 o RS F R B I i b AR
Fig. 3 The ratio of internode fresh mass to
needles fresh mass
PA i: ZiNAEHGHE Physiological age i (i=1, 2, 3, 4)

A AR IS I vk E R BRE0.60~0.91 2 7], FRPA2
Ab, FoAt AR AR LA A R B UF, PA2RL G 4R
B s, KLHR I T A, PA2 RN — 2R A AT Bl A A RS
B KRG A

AN ) 2B BAE RS 11 1) (1 T AR S 50b . AR 2
(1) H SE Bl A s LA ok, k1. K4
J T R S A KO ], R T A A Y (]
M 5 RN T ) KB O R . %2R AR B (R
1£0.89~0.96 2 [A1 I, L& R R af, B MTA %)
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E o PA1l y=691x""7 R'=092

5 20 0 PA2 p=11599% R2=094
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= = APA3 y=1646x"% R =096
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A& Intemode fresh mass (g)

Bl o1 ) S A
Fig. 4 Internode allometry
PA i FiNAEHER Physiological age i (i=1, 2, 3, 4)

PR F 74 1) A A A2 (1) 2 AR S AR A

T (1) T BE I 8] (Functional time) /2 -4 1] DL
BEAT A 1 A do A I T, AR 40 S B i 8, ol
Bk i KRB R L3 a, BT EAIL D REI 1]
3a.

BE it i) B i HSLW AR 5 A F 9 75 55(2004)

153,
312 BESH

A RERESSH, eNRSEEY
Wy A= Aoy L I RE R, AN BE A S 56 F0H
ok AG, 5 LI kR I TR A b 45 AL W 1 A
B AR AU S OB B bR SO, AR AR
LRk B/ RVE IR B RCR A RS B, TRz MR
ZH. R MAA SR T B S B HE R R B
WS HSp, 117K J1BH$Tr. A SCH|FH Corner Fit
T 7 3R H VAR S (1) B & S8, iR TR
3.2 BB

FEORRM A F2 2y S S AR 40 32K, 4
SIS H bR SO, R BRS S5 3RS A
POHHE o AR SO St A BB 118 552 s ) £ 40 5 4
PLBCHE BEAT X Ll 2 7 S 0 A 2R A L A1 [1)
AR TR, X &5 k) - e st B AT Aot . 1A
S5A. SBOYFEANAERY (1. 2. 315 a) kA G (1)
R A 7 A1) s 5 J5 e RS A P i TSI A A
RS PO 1) LA, 5 B v s R AR 43 53 M 0.91 1
0.85; EI5C. 5DAE ORI A T BRI A [F] A= K FRL TG 1Y

1] i 5 RN Y ) K R 1R LA, R ) 93 R 0.8 0 AT
0.78. Hi Uk AJ WL, GreenLabAbi 74 mJ LU A i iy A5 400 3t
MR AEYEATES . KT SRR ME S
SEMAE, T K, AL A A 2 S A
K, Bt LB R A BT B RLO R a, IX L
AN——FH.
3.3 ARHE B AT RAL

G5 K6 - D) REASE IR 1) — A B SRR AR A A2 AT DU
AP = YE S A KRS O, DRt ] BL oA Ap
MALHE TSR A 2 4. MRV E RS I H B S B
BB 4, I HT 7 R A RO L % A R BT
BEHEYE., BEESR AW RRKE. 1
%55, i H Digiplante#{}:(Cournéde et al., 2006)
M2 B AR, R a] BIRL 0 i g B 1 = 4E T2
Ao EORMFA L. 3RS alif (T8 & 45 AL

4 L5RFITHE

A LA H)UE A I E N %, fGreenLab %
F4 - Ty e A5 28 [ T BRL AR B A 118 A AR DL R R R
WHESE b, $EH T — BB (1) T 25 &5 A il
L 0 AT B g 0 R o] AL ) v, I
MRS AT T S 4R R HE, 4 GreenLabs 7Y
TERAR BRI 3w 7@ WA, v LUE |,
GreenLab%i 784 I W] DAL A (1) A KA A0 F AR )
FOMIC, OCRT DU H BRI = 4E S5 A B, T
S E I T A A A LA R R R A R = 4 T AL,
FEASAU B A IR A2 A 7 1A AR K9 g, 6 T 5 =
TR AR AR, LA AR SIS, RIS %k
MREE I AH AR A B2 .

A GO LR R Hh b 45 0 G A4 2R, 0T Ak
— AR ITHAT g, TR R B, il
S~ AT DL AR A G4 1) T AR A v R . (H
A E AP BB AT 25 G5 46 i I 47 75 4 o K &
(RIS T, JEILRE AR08 BRI AR B, I [H) K 25
WK DM, 78R AR Y S 5K A 75 1 A 4
, WA R A T, WA s B

AT & GreenLab &5 14 - Ty g 455 70 F B 1 b
A A RN AT A4 B IR RS, ST B
PORAETF R B AR G ws A, W % B3
PR R MSE 4 I 2R I 52 s | 0 75 240 2 K
I LRI ), REARE RS2 2] RG]
Ah, BB BEAT IR 5, DR AR 5T 4 R
A WM JRBR M, 5 B I KA A E i Bl L,
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0.1 A4 M Growth cycle (a)
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:
E
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= 1
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A SH%EE2 Data2
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=
£
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=
s
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=
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Fig. 5 Model calibration

K6 miAZh M TEA =R, 3FI54E)
Fig. 6 3D visualization for Pinus tabulaeformis saplings
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