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Abstract   

Aims  In functional-structural plant modeling, trees are composed of elements at the organ level and combined 

physiological processes and morphological structures. When it is applied to adult trees, we must deal with com-

plexity of topology and consider ring growth. Our objective was to apply the functional structural model 

GreenLab to adult Pinus tabulaeformis trees and parameterize and validate the model. 

Methods  Destructive sampling was done to collect detailed data including structure and biomass measurements 

from one 18-year and one 41-year P. tabulaeformis. To extend its application in adult tree growth analysis, we 

used substructure model to simplify tree topology and introduce ring biomass allocation parameter Ȝ to mix 

Pressler model and common pool model to analyze tree ring growth in different ages and different environments. 

Direct parameters were attained from the measurement data, and hidden parameters of the model were calibrated 

using the generalized least squares method. The model was validated by comparing simulation data with observed 

data and comparing simulation data to data calculated by empirical model. 

Important findings  Simulations of P. tabulaeformis growth based on the fitted parameters were reasonable. The 

coefficients of determination of linear regression equations between observations and predictions ranged from 

0.84 to 0.98. The coefficient of determination of linear regression equations between GreenLab simulation data 

and empirical simulation data was 0.95. The results showed that the GreenLab model can be a new tool to simu-

late tree biomass at different growth cycles.  

Key words  functional-structural tree modeling, Pinus tabulaeformis, ring growth, topological structure 
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Sievänen et al., 2000)ǄGreenLabൟݰ⠽ঞᵫ

Ё᳝ᑓ⊯ⱘᑨ⫼(Guo et al., 2006), ᰃⳂࠡᑨ⫼䕗

ⱘ㒧ᵘ-ࡳ㛑ൟПϔǄԚࠄⳂࠡЎℶ, ᵫϞ

䴶ⱘᑨ⫼ҹᑐᷥЎЏ(㑶ㄝ, 2009; ⥟ዄ, 2009), 

៤ᑈᷥϞⱘᑨ⫼䕗ᇥǄᇚGreenLabൟᑨ⫼ࠄ⬅

៤गϞϛⱘᴀऩܗ㒘៤ⱘ៤ᑈᷥ, 䳔㽕㾷އ⌟䞣

᭄䅵ㅫ㗫ᯊ䖛ㄝ䯂乬, 䖭ህ㽕∖䗝⫼䗖ᔧⱘ

ㅔ࣪ᮍ⊩ᑣㅫ⊩ᦤ催ൟ䅵ㅫⱘ䗳ᑺǄᴀ᭛ᇚ

GreenLabൟᑨ⫼18ࠄᑈ⫳41ᑈ⫳⊍ᵒ(Pinus 

tabulaeformis)៤ᑈᷥⱘ⫳䭓ᢳৃ㾚࣪Ё, 䞛⫼

䕂(whorl)ⳟ៤ᰃ߿ሖᢑḋԧ㋏, ᇚᷥᵱⱘ㑻ߚ

ᢑḋⱘሖ, Ң↣ϔሖЁ⫼ൟᢑḋⱘᮍ⊩ᢑপᑇഛ

ᵱ䆺㒚⌟䞣, 㡖ⳕњ⌟䞣ᯊ䯈; ᑊᓩ⫼ᄤ㒧ᵘൟ

(Yan et al., 2004), ᦤ催њᢳ䅵ㅫᑣⱘ䗳ᑺ, 

ՓGreenLabᢳ⊍ᵒ៤ᑈᷥ៤Ўৃ㛑Ǆ 

Ⳉᕘ(ᕘ)⫳䭓г⿄ᑈ䕂⫳䭓ǃ⫳⫳䭓ǃѠ

⫳䭓, ᰃᷥ⫳䭓ᢳⱘ䞡㽕㒘៤䚼ߚ, ᇍ⊍ᵒ

៤ᑈᷥᴹ䇈, ᰃᖙ乏㗗㰥ⱘݙᆍǄᇍѢⳈᕘ⫳䭓

ᢳ, Mitchell (1975)㢅᮫ᵒ(Pseudotsuga menzie-

sii)ⱘⷨおЁ㗗㰥њᷥݴゲѝ, 䅸Ўᷥᑈ䕂ⱘ䖯

䰊ᑈ䕂ϞᮍᷥᄤⱘϾ᭄ᰃ៤↨՟ⱘǄHoullier

ㄝ(1995)ᇚ䆹ൟᑨ⫼ࠄѥᴝ(Picea asperata)ⱘⷨ

おЁǄLIGNUMൟ(Perttunen et al., 2001)ᇚㅵ䘧

ൟⱘ⧚䆎ᑨ⫼Ѣᑈ䕂⫳䭓ⱘⷨおǄ䖥ᑈᴹ, ᳝ѯⷨ

お㗙Ꮰᳯ㛑ᇚ䖛ൟ㒧ᵘൟ㒧ড়䍋ᴹ, Ѡ㗙

݅ৠ⫼Ѣᑈ䕂ⱘ⫳䭓ǄDeleuzeHoullier (1997)

ᑨ⫼ড作-ᬷߚൟᴹ䖯㸠ᑈ䕂⫳䭓ⱘⷨお, Ԛᰃ

ℸⷨお≵᳝㗗㰥ᷥݴ㒧ᵘⱘᕅડǄ㒧ড়ࠡҎⷨお

ⱘ⸔Ϟ , ᴀⷨおᓩܹᑈ䕂⫳䭓ᕅડ㋏᭄Ȝ, ᇚ
Presslerൟܼሔߚ䜡ᓣ(common pool)㒘ড়䍋

ᴹ, 㗗㰥ϸ⾡ᬜᑨⱘ㓐ড়ᕅડ, ᅲ⦄њ䗖⫼Ѣϡৠ

ᑈ啘⊍ᵒᑈ䕂⫳䭓ⱘᢳǄ 

1  ⷨおᴤ᭭⌟䞣ᮍ⊩ 

ᴀⷨお᠔⫼ⱘḋᴀЎ2006ᑈ5᳜প㞾㽓ቅᵫഎ

ⱘ1᷾41ᑈ⫳2008ᑈ11᳜প㞾ು㡎༛㢫ⱘ1᷾

18ᑈ⫳⊍ᵒǄ㽓ቅᵫഎು㡎༛㢫ഛԡѢ࣫ҀᏖ, 

䆹ഄ⾟ϸᄷ亢≭, ᑆᯅ♢⛁, 䰡∈䲚Ё

7ǃ8᳜Ǆᑈ䰡∈䞣Ў631.2 mm, ᑈᑇഛ⇨⏽12 , ć

ᑈ᮴䳰ᳳЎ220Ǆᮽ䳰ߎ⦄10᳜Ёᯀ, ᰮ䳰㒧ᴳ

Ѣ3᳜ϟᯀǄ亢ҹ㽓࣫亢ЎЏ, Џ㽕থ⫳ހᄷ

ᄷǄ 

ᴀ᭛䞛⫼ߚሖ䱣ᴎᢑḋ(stratified random sam-

pling)ⱘᮍ⊩, ᇚᷥᵱⱘ㑻߿䕂Ўሖ, ↣ϔሖ

⌟ൟᢑḋⱘᮍ⊩ᢑপϔϾᑇഛᵱ䖯㸠䗮䖛ݡݙ

䞣Ǆԧᴹ䇈, ᇍᷥᑆ䚼ߚ, ↣Ͼ⫳䭓ऩܗᢑপϔ

Ͼϔ㑻ᵱ䖯㸠䆺㒚⌟䞣, े⌟䞣䆹ᵱⱘᔶᗕ㒧ᵘ

(㡖䯈䭓ᑺ㡖䯈Ⳉᕘ)⫳⠽䞣(㡖䯈⫳⠽䞣䩜

⫳⠽䞣), ᇍѢ݊Ҫᵱҙ⌟䞣݊⫳⠽䞣(㡖䯈⫳⠽

䞣䩜⫳⠽䞣), ᇍѢᢑপⱘϔ㑻ᵱ᠔䰘ⴔⱘѠ

㑻ᵱ, 䞛⫼ৠḋⱘᮍ⊩, ᇍѢϝ㑻ᵱձ㉏Ǆ 

খ㗗㽓࣫ᵫᄺ䰶䗴ᵫᬭⷨᅸ⌟ᅮⱘ㒧ᵰ, ⊍ᵒ

Ѡᑈ⫳㢫ⱘḍǃ㣢3Ͼ఼ᅬⱘ∈⥛50%� 

55%П䯈, 㟈䖥ⳌᏂ±4% (ᄭᯊ䔽, 1992)Ǆᴀ

ⷨお؛䆒⊍ᵒ㡖䯈ⱘ∈⥛ᰃⳌৠϨᘦᅮⱘ, 

প50%, ϟ᭛⫳⠽䞣ഛЎ剰䋼䞣Ǆ 

2  ⷨおᮍ⊩ 

2.1  GreenLabൟⱘᴀॳ⧚ 

GreenLabൟᰃ⬅Ё⊩ঠᮍড়ⷨおᴎᵘ݅

ৠⷨおথሩⱘǃѢϔ㋏߫ỡ⠽ᄺⶹ䆚؛ߎ䆒ᑊ

 ,㛑ⱘൟ(Hu et al., 2003)ࡳ乒њỡ⠽ᔶᗕỡ⠽ݐ

݊Ё⑤-∛偅ࡼᰃ݊ࡳ㛑ൟⱘЏ㽕ᴎ⧚Ǆ䆹ൟ䞛

⫼ঠሎᑺ㞾ࡼᴎᢳỡ⠽㒧ᵘⱘᔶ៤, 䗮䖛ᢳỡ

᷾ⱘ⫳⠽䞣⫳ѻϢѢỡ᷾ᢧᠥ㒧ᵘⱘ⫳⠽䞣ߚ

䜡, ҹঞ఼ᅬ⫳⠽䞣⿃㌃Ϣ఼ᅬᔶᗕⱘ݇㋏, ᑊ㸠

ᢳỡ⠽ⱘ㒧ᵘ-ࡳ㛑䖛, Ң㗠㊒⹂ഄᢳỡ

⠽ⱘ⫳䭓ǄGreenLabൟⱘᴀॳ⧚ৃҹখ㗗Guo

ㄝ(2006)㑶ㄝ(2009)᭛⤂, ℸϡ䆺㒚ভ䗄Ǆ 

2.2  ᄤ㒧ᵘൟⱘὖᗉঞᵘᓎᮍ⊩ 

ᣝ✻ᵫ㒧ᵘ-ࡳ㛑ൟⱘ㒧ᵘᵘᓎ, ៤ᑈᷥ

ᰃ⬅៤गϞϛϾ㒘ӊᵘ៤ⱘ, 䳔㽕㗫䌍䞣ⱘ䅵ㅫ

ᯊ䯈䖯㸠ൟᢳড়䖤ㅫǄᴀ᭛䞛⫼ᄤ㒧ᵘൟ

(sub-structure algorithm)ᴹㅔ࣪ᷥ㒘ӊϾ᭄, 䖒ࠄ

ᇥ䅵ㅫᯊ䯈ⱘⳂⱘ, Ң㗠Փᕫ⫼GreenLabᢳড়៤ޣ

ᑈᷥ៤Ўৃ㛑Ǆᄤ㒧ᵘൟ⬅Yanㄝ(2004)᳔ܜᦤ

ᰃⳌᇍѢ㒧ᵘⱘὖᗉ, ᄤ㒧ᵘᰃ㒧ᵘⱘϔ䚼 ,ߎ

ܗǄᄤ㒧ᵘ⬅乊㢑ঞ乊㢑ѻ⫳ⱘϡৠ㉏ൟⱘ㡖ߚ

㡖ܗϞ䰘ⴔⱘϡৠ⫳⧚ᑈ啘(physiological age)ⱘ㜟

㢑㗙⬅䖭ѯ㜟㢑ѻ⫳ⱘᵱ㒘៤(Cournède et al., 

2006)Ǆ⫳⧚ᑈ啘⫼ᴹऎ߿ᵱⱘϡৠ㉏ൟ, ϔϾ⫳⧚

ᑈ啘ᇍᑨѢϔϾ㉏ൟⱘᵱ, ᴀ᭛Ёϡৠⱘ⫳⧚ᑈ啘

ᇍᑨⴔϡৠ㑻߿ⱘᵱǄ䗮䖛ᄤ㒧ᵘൟৃҹᵘᓎ1

㢹ᑆϾ⫳䭓ᕾ⦃ৢⱘᅠᭈⱘᷥ㒧ᵘࠄ , ᇍѢ
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GreenLabⱘ⹂ᅮൟൟ, ᠔᳝᳝Ⳍৠ⫳⧚ᑈ啘

ᅲ䰙ᑈ啘ⱘᄤ㒧ᵘᰃϔ㟈ⱘǄ⫳䭓਼ᳳЎtᯊ, ϔ

Ͼᄤ㒧ᵘൟⱘЏ㽕⡍ᕕৃҹ⬅݊⫳⧚ᑈ啘ᅲ

䰙ᑈ啘㸼䖒, 䆄ЎSt(p)Ǆ1߫ߎњᷥ啘Ў4ⱘ⫳⧚

ᑈ啘߿ߚЎ1ǃ2ǃ34ⱘᄤ㒧ᵘǄ 

ᶤϔᄤ㒧ᵘⱘᘏ᭄䞣ЎPt, 䖭ϔ᭄䞣Ⳍᇍ఼ᅬ

Ͼ᭄ᴹ䇈ᰃⳌᔧᇥⱘ, 㗠, ᄤ㒧ᵘൟᇚ㡖ⳕ

䞣ⱘ䅵ㅫᯊ䯈Ǆḍᄤ㒧ᵘൟॳ⧚, 㒧ড়⊍ᵒⱘ

ᢧᠥ㒧ᵘ⡍ᕕ, ᴀ᭛㋶њ䗖ড়⊍ᵒᄤ㒧ᵘᵘᓎⱘ

ᮍ⊩Ǆ 

ᴀⷨおҹᅲ䰙ᑈ啘ЎTⱘᷥЎ՟, ⫳⧚ᑈ啘᳔

Ў4, े᳔ᷥᬃߚ㑻߿Ў3㑻, ᵘᓎᮍ⊩ᰃ:  

佪ܜ, ҢᵘᓎSt(4)ᓔྟ, 䗝ᢽᅲ䰙ᑈ啘Ўtⱘϝ

㑻ᵱ, ݊㡖䯈⫳⠽䞣䩜⫳⠽䞣П䆄Ўsqt(4), 

䖭ѯᵱⱘϾ᭄ḍᅲ⌟ЎmϾ, 䗝ᢽ㡖䯈⫳⠽䞣

䩜⫳⠽䞣Пqt(4)Ⳍᇍᑇഛⱘᵱ, े䖥ᑇഛؐ

ⱘᵱЎSt(4)Ǆ⫳⧚ᑈ啘Ў4ⱘᄤ㒧ᵘⱘϾ᭄পއѢ

ᅲ䰙ᑈ啘ⱘ᳔ؐ, ḍᅲ䰙⌟䞣, ⊍ᵒ㟇ᇥ㽕

Ѡᑈᠡ㛑⫳䭓ߎϔ㑻ᵱ, ϔ㑻ᵱⱘᅲ䰙ᑈ啘᳔ؐ

ЎT�1, Ѡ㑻ᵱЎT�2, ϝ㑻ᵱЎT�3, ेϝ㑻ᵱⱘᑈ

啘Ў1İ t İ T�3ǄSt(4)ⱘϾ᭄nt(4)ḍᅲ䰙ᑈ啘

Ўtⱘᘏ⫳⠽䞣qt(4)П↨ಯ㟡Ѩܹᕫࠄ;  

 
ᣝ✻ৠḋⱘᮍ⊩䗝ᢽѠ㑻ᵱᄤ㒧ᵘSt(3), 䖭ḋ

ⱘᄤ㒧ᵘ᭄䞣⧚䆎Ϟ᳝T�2Ͼ; Ўϔ㑻ᵱ↣ϔ

䕂ЁҙᢑপϔϾ, 㗠ϔ㑻ᵱⱘЏᑆৃҹḍᅲ䰙

⌟䞣ؐⳈᕫࠄǄ 

2.3  ᑈ䕂⫳䭓ߚ䜡ൟ 

ᷥᰃᑈ⫳㓈ㅵỡ⠽, Ϣ㤝ᴀỡ⠽ϡৠ, ᷥ

⫳䭓䰸њࣙ催⫳䭓(߱⫳䭓), 䖬㽕㗗㰥Ⳉᕘ

⫳䭓(Ѡ⫳䭓)ǄⳈᕘ⫳䭓ᰃᔶ៤ሖ(ेջ⫳ߚ⫳㒘

㒛)㒚㚲ᑇ਼ᮍߚ㺖ⱘ㒧ᵰǄᔶ៤ሖॳྟ㒚㚲

ᔶ៤⫳䋼䚼, ᔶ៤䶻Ⲃ䚼, Ѣᰃᷥⱘݙ

ⳈᕘϡᮁǄGreenLabൟ؛䆒ᷥЁ᠔᳝㡖䯈

ᑈ䕂⫳䭓਼ᳳiᯊ᠔㦋ᕫⱘ⫳⠽䞣⫳䭓਼ᳳi�1

ᯊᘏ⫳⠽䞣/ᘏ䳔∖ⱘ݇㋏៤↨՟, 㾕(2)ᓣ:   

 
݊Ё, Qrg(i)ᰃiϾ⫳䭓਼ᳳߚݙ䜡ࠄᑈ䕂ⱘ⫳⠽

䞣Ǆaᰃ䎱, bᰃ᭰⥛Ǆ 

 
 

1  Ѣ⌟䞣᭄ⱘᄤ㒧ᵘᵘᓎ⼎ᛣǄSt(p), ⫳⧚ᑈ啘

Ўpǃᅲ䰙ᑈ啘Ўtⱘᄤ㒧ᵘ(p = 1, 2, 3, 4; t = 1, 2, 3, 4)Ǆ 

Fig. 1  Construction of substructure based on measurement 

data. St(p) is the substructure whose physiological age is p and 

chorological age is t (p = 1, 2, 3, 4; t = 1, 2, 3, 4). 

 

 

߭iϾ⫳䭓਼ᳳݙᑈ䕂ⱘ䳔∖DrgЎ: 

 

݊Ё, p0ᰃᑈ䕂ߚ䜡䎱, p1ᰃᑈ䕂ߚ䜡᭰⥛Ǆ 

ᣝ✻GreenLabൟⱘ⧚䆎, ؛䆒↣ᑈ⫳ѻⱘ⫳

⠽䞣ߚ䜡ࠄᑈ䕂ⱘ䚼ߚQrgܜᬒϔϾ݀݅∴Ё, 

Qrgᅗⱘ䳔㽕Q/D៤↨՟ǄҢ䖭Ͼ݀݅∴Ё, Qrg䗮

䖛ϸ⾡⫳⠽䞣ߚ䜡ᓣߚ䜡ࠄϾ㡖䯈ЁǄ䖭ϸ⾡

ᓣϔ⾡ᰃܼሔߚ䜡ᓣ , ϔ⾡ᰃPresslerᓣ

(Guo et al., 2007)Ǆܼሔߚ䜡ᓣЁ, ↣Ͼ⫳䭓ᕾ

⧛⫳݊⬅Ͼ㡖䯈ⱘᑈ䕂Ёⱘ⫳⠽䞣ᰃ↣ࠄ䜡ߚ ,⦄

ᑈ啘k݊䭓ᑺl (k,i)އᅮⱘ:  

 
ᓣЁ, PAmᰃ⫳⧚ᑈ啘ⱘ᳔ؐ, l (k,i)ᰃNi (k,i)Ͼ⫳

⧚ᑈ啘Ўk, ᅲ䰙ᑈ啘Ўiⱘ㡖䯈ⱘ䭓ᑺ, Prg (k)ᰃ⫳

⧚ᑈ啘Ўkⱘᑈ䕂ⱘ∛ᔎǄPresslerᓣЁ, ߚ䜡ࠄ↣

Ͼᑈ䕂ⱘ⫳⠽䞣䖭Ͼ㡖䯈ҹϞⱘᄤⱘϾ᭄៤

↨՟Ǆ䖭гህᛣੇⴔ, ↣Ͼᄤᇚѻ⫳ⱘ⫳⠽䞣䕧

ⱘᑩッ, 䖤䕧䖛Ё㡖䯈ᷥࠄㅵ䘧Ё, 䖤䕧ࠄܹ

ᕫࠄⱘ⫳⠽䞣Ϣ݊ࠄ䖒ᄤⱘ䭓ᑺ៤↨՟, ݊ൟ

ৃҹ㸼䖒Ў:   

∑ ∑= ∈
⋅⋅= m

k

PA

k

rg

Pp

apressler iklkppikNiD
1

),()(),,()(

                                      (5) 

ᓣЁ, Na (k,i,p)ᰃ⫳⧚ᑈ啘ЎkⱘpϾԡ㕂ⱘ㡖䯈

⫳䭓਼ᳳiᯊⱘᄤϾ᭄, pᰃᷥ㒧ᵘⱘԡ㕂খ
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᭄, Pkᰃᷥ⫳䭓਼ᳳ䛑ᰃiǃ⫳⧚ᑈ啘Ўkⱘ㡖ܗⱘ

ϔ㋏߫ৃ㛑ⱘԡ㕂ǄPresslerൟϔѯⷨおЁ᳝ᑨ

⫼, Ԛ䖭ϔൟ䱣ᷥ⾡⦃๗ⱘϡৠ, ᢳᬜᵰᯊ

དᯊണǄ 

GreenLabൟ䅸Ўᑈ䕂⫳⠽䞣ⱘߚ䜡ᓣফ

䖭ϸ⾡ᓣⱘ㘨ড়ᕅડ, 㗠ᓩܹȜ (0 İ Ȝ İ 1)

ᇚ䖭ϸϾൟ㗺ড়, ᔧȜ = 1ᯊ, ᷥⱘᑈ䕂ߚ䜡

ᓣЎPresslerᓣ, ⫳⠽䞣ܼ䚼ԡѢջᵱҹϟⱘ䚼

ԡӴ䕧; ᔧȜ = 0ᯊ, Ўܼሔߚ䜡ᓣ, ⫳⠽䞣ᷥ

ܼሔЁߚ䜡; ᔧ0 < Ȝ < 1ᯊ, 䇈ᯢ݊ফϸ⾡ᓣ

ⱘ㓐ড়ᬜᑨᕅડ, བᓣ(6)᠔⼎, ݊Ё, qrg (k, i, p)ᰃ

⫳⧚ᑈ啘ЎkⱘpϾԡ㕂ⱘ㡖䯈⫳䭓਼ᳳЎiᯊৃ

ҹ㦋ᕫⱘᑈ䕂⫳⠽䞣Ǆϔ㠀䅸Ў, ᔧ⦃๗㋴ǃᷥ ⾡ǃ

ᑈ啘ϡৠᯊ, ᷥⱘᑈ䕂ߚ䜡ᓣϡৠ, ȜгϡৠǄ 

)(),()()
)(

),,(

)(

1
(),,( iQiklkp

iD

pikN

iD
pikq rgrg

pressler

a

pool

rg ⋅⋅⋅+−= λλ
                                      (6) 

3  ൟᢳ 

3.1  Ⳉখ᭄∖㾷 

ൟখ᭄ࣙᣀⳈখ᭄䱤খ᭄ǄⳈখ᭄

ᰃ䗮䖛㾖ᆳ⌟䞣᭄䅵ㅫ㦋ᕫⱘ, ᴀ᭛Ё᳝㡖

䯈∛ᔎ(sink strength) Peǃⱘ∛ᔎPaǃ㡖䯈ᓖ䗳⫳

䭓ⱘ↨՟㋏᭄beᔶ⢊㋏᭄ȕঞ䩜ⱘ↨䞡SLWǄ

PePaḍ⊍ᵒᔧᑈ⫳ᮄṶ㡖䯈ⱘ↨⥛݇㋏∖

 䅵ㅫᮍ⊩㾕㑶ㄝ(2009)᭛⤂Ǆ ,ߎ

㡖䯈ᓖ䗳⫳䭓݇㋏ᣛ㡖䯈䭓ᑺ㡖䯈⫳⠽䞣

П䯈ⱘⳌ݇݇㋏, ⬅2ৃҹⳟߎ, ᮴䆎ᰃ41ᑈ⫳

䖬ᰃ18ᑈ⫳⊍ᵒ, 㑻ᵱ㡖䯈⫳⠽䞣䩜⫳⠽䞣

П䯈䛑᳝ⴔ䕗དⱘⳌ݇݇㋏ ᅮ㋏᭄Rއ ,
2
Ў

0.60�0.82, Ϣ41ᑈ⫳⊍ᵒⳌ↨, 18ᑈ⫳⊍ᵒ㑻ᵱ

ⱘR
2
ഛ䕗Ǆ41ᑈ⫳⊍ᵒⱘϔ㑻ᵱǃѠ㑻ᵱǃϝ㑻

ᵱⱘ䩜⫳⠽䞣㡖䯈⫳⠽䞣ⱘ↨՟ഛѢ18ᑈ

⫳⊍ᵒ, ϝ㑻ᵱⱘ䩜⫳⠽䞣㡖䯈⫳⠽䞣ⱘ↨՟

ⳌᏂ䕗ᇣ, 䖭䇈ᯢ䱣ⴔ⊍ᵒᑈ啘ⱘ, ∛ᔎӮ᳝

ব࣪Ǆ⬅㸼1гৃҹᕫߎⳌৠⱘ㒧䆎Ǆ⬅Ѣ41ᑈ⫳

⊍ᵒ18ᑈ⫳⊍ᵒⱘゟഄᴵӊ⫳䭓⦃๗ϡৠ, 

ℸᇍѢ⊍ᵒᷥ⾡Ⳍৠᴵӊϟ, ᰃ৺᳝䱣ⴔᑈ啘

㗠䩜∛ᔎⱘ⦄䈵, 䳔㽕䆩偠᭄ⱘ偠

䆕Ǆ 

3A3B߿ߚᰃ41ᑈ⫳⊍ᵒ18ᑈ⫳⊍ᵒ

ⱘϔ㑻ᵱǃѠ㑻ᵱǃϝ㑻ᵱ㡖䯈䞡䞣㡖䯈Ⳉᕘⱘ

ᓖ䗳݇㋏, 41ᑈ⫳ⱘR
2
Ў0.70�0.91 (p < 0.000 1), 18

ᑈ⫳ⱘR
2
Ў0.73�0.93 (p < 0.000 1), 䇈ᯢϸϾᑈ啘

↉ⱘ㡖䯈䞡䞣㡖䯈ⳈᕘП䯈ᄬᰒ㨫ⱘᓖ䗳⫳

䭓݇㋏, 䖭ЎҢ㡖䯈䞡䞣ㅫ㡖䯈Ⳉᕘǃ㡖䯈䴶

⿃༴ᅮњ⸔Ǆḍ㸼1᠔⼎, 41ᑈ⫳⊍ᵒ18ᑈ⫳

⊍ᵒⱘ㡖䯈ᓖ䗳⫳䭓খ᭄beȕⳌᏂϡ, 䇈ᯢ㡖

䯈ᓖ䗳⫳䭓݇㋏䱣ᑈ啘ব࣪ϡǄ 

3.2  䱤খ᭄ 

ൟЁ⫳⠽䞣⫳ѻⱘ䰏㋏᭄ỡ⠽ⱘᡩᕅ

䴶⿃ㄝᰃݙⱘǃⶀᗕⱘখ᭄, Ң⌟䞣ⱘ㾦ᑺᴹ䇈

ᕜ䲒㦋ᕫ, 㗠䗮䖛㒣ⱘᢳড়᮴⊩㦋ᕫ, 䖭ѯখ

᭄⿄Ў䱤খ᭄ǄҢൟⱘ㾦ᑺ㗠㿔, GreenLab

ൟⱘ䕧ߎব䞣(఼ᅬϾ᭄ǃሎᇌ఼ᅬ⫳⠽䞣)䖭

ѯখ᭄П䯈ⱘ݇㋏ᰃ䱤ᓣⱘǃ䴲㒓ᗻⱘ, 㗠䖭ѯ

খ᭄ⱘ㦋ᕫ䳔㽕䗮䖛ൟড∖Ǆ 

ᴀ᭛᠔∖㾷ⱘ䱤খ᭄ࣙᣀ䩜ⱘᡩᕅ䴶⿃

 

 

㸼1  ⊍ᵒ៤ᑈᷥⱘⳈখ᭄ 

Table 1  Directly measured parameters for adults of Pinus tabulaeformis 

ሲᗻ Trait 

18ᑈ⫳ 18-year-old 41ᑈ⫳ 41-year-old 

খ᭄ 

Parameter 

Н 

Meaning 

PA1 PA2 PA3 PA4 PA1 PA2 PA3 PA4 

Pe 㡖䯈∛ᔎ Internode sink 0.10 0.11 0.03 0.01 0.10 0.05 0.02 0.003

Pa 䩜∛ᔎ Needle sink 1.00 0.37 0.16 0.23 1.00 0.44 0.35 0.01 

be 㡖䯈ⱘ↨՟㋏᭄ 

Scale coefficient of internodes 

 26.51 29.19 33.99  26.30 33.33 32.81 

ȕ 㡖䯈ⱘᔶ⢊㋏᭄ 

Form coefficient of internodes 

 0.04 �0.20 �0.36  �0.02 0.20 0.36 

SLW ↨䞡 Specific leaf weight 0.08 g·cm�2 

PAi, iϾ⫳⧚ᑈ啘(i = 1, 2, 3, 4)Ǆ 

PAi, physiological age i (i = 1, 2, 3, 4). 
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2  㡖䯈⫳⠽䞣䩜⫳⠽䞣ⱘ↨՟݇㋏ǄA, 18ᑈ⫳ǄB, 41ᑈ⫳ǄPAi, iϾ⫳⧚ᑈ啘(i = 1, 2, 3, 4)Ǆ 

Fig. 2  Biomass ratio between internodes and needle. A, 18-year-old. B, 41-year-old. PAi, physiological age i (i = 1, 2, 3, 4). 

 

 
3  ⊍ᵒ៤ᑈᷥ㡖䯈ᓖ䗳⫳䭓ൟǄA, 18ᑈ⫳ǄB, 41ᑈ⫳Ǆ

PAi, iϾ⫳⧚ᑈ啘(i = 1, 2, 3, 4)Ǆ 

Fig. 3  Internode allometric relationship of adults of Pinus 

tabulaeformis. A, 18-year-old. B, 41-year-old. PAi, physiologi-

cal age i (i = 1, 2, 3, 4). 

খ᭄Spǃ⠛ⱘ∈䰏ᡫrǃᑈ䕂⫳䭓ᕅડ㋏᭄Ȝǃ
ᑈ䕂∛ᔎP1ǃϔ㑻ᵱᑈ䕂∛ᔎprg (2)ঞ݊বᓖ㋏᭄Ǆ

Ң㸼2Ёৃҹⳟ18 ,ߎᑈ⫳⊍ᵒⱘrSpᇣѢ41ᑈ⫳

ⱘ⊍ᵒ, 䖭Ϣᅲ䰙ᚙމⳌヺড়Ǆ 

3.3  ൟ䇃Ꮒ᷵ℷ 

䗮䖛↨䕗⊍ᵒⱘᅲ⌟᭄Ϣᢳ᭄ᴹᇍ㒧

ᵘ-ࡳ㛑ൟ䖯㸠᷵ޚ(4)ǄҢ4ৃҹⳟߎ, ൟ

ᇍ㡖䯈ᘏ⫳⠽䞣䩜ᘏ⫳⠽䞣ⱘᢳᬜᵰ䴲ᐌ

ད, ᢳড়ؐᅲ⌟ؐ䴲ᐌ䖥Ǆ5Aǃ5Bǃ5C߿ߚ

ᰃ2Ͼᑈ啘⊍ᵒⱘᷥ㡖䯈剰䞡ǃᷥ催ᷥᑆⳈᕘ

ⱘᢳড়Ǆ⬅㸼3ৃⶹ, 18ᑈ⫳⊍ᵒⱘᢳড়ؐᅲ⌟

ؐⱘⳌ݇㋏᭄߿ߚЎ0.90ǃ0.950.98; 41ᑈ⫳⊍ᵒ

ⱘᢳড়ؐᅲ⌟ؐⱘⳌ݇㋏᭄߿ߚЎ0.84ǃ0.99

0.98; 䇈ᯢGreenLabൟৃҹ䕗དഄᢳᷥⱘᷥ

催ǃ㛌ᕘ⫳⠽䞣Ǆ⬅㸼3䖬ৃҹⳟߎ, ϔ㑻ᵱǃѠ

㑻ᵱϝ㑻ᵱⱘⳌ݇㋏᭄↨ᷥᑆ䚼ߚᇣ, Ⳍᇍ䇃Ꮒ

㒱ᇍؐഛᮍ䇃↨ᷥᑆ䚼ߚ, 䖭ᰃЎϔ㑻ᵱǃ

Ѡ㑻ᵱϝ㑻ᵱⱘϾ᭄䕗, ൟাᰃ㒭ߎњⳌᇍ

ᑇഛⱘ㒧ᵰ, ᇍѢϡৠᵱⱘᢳᬜᵰ᳝ད᳝ണǄϔ

㑻ᵱǃѠ㑻ᵱϝ㑻ᵱⱘⳌᇍ㋏᭄ഛѢ0.70, 䇈

ᯢൟᇍϔ㑻ᵱǃѠ㑻ᵱᭈԧϞⱘᢳᬜᵰϡ䫭, 

Ўϔ㑻ᵱǃѠ㑻ᵱϝ㑻ᵱⱘϾ᭄䕗, 䖭䞠ϡ

ϔϔ㒭ߎǄ 

3.4  Ϣ㒣偠ൟⱘᇍ↨ 

߽⫼41ᑈ⫳18ᑈ⫳ᷥⱘᑇഛখ᭄ᢳ㦋

ᕫ1ᑈ⫳�41ᑈ⫳ⱘ⫳⠽䞣᭄, Ϣ㒣偠ൟⱘᢳড় 
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㸼2  ⊍ᵒ៤ᑈᷥⱘ䱤খ᭄ 

Table 2  Hidden parameters of adults of Pinus tabulaeformis 

18ᑈ⫳ 18-year-old 41ᑈ⫳ 41-year-old খ᭄ 

Parameter 

Н 

Meaning 
খ᭄ؐ Value বᓖ㋏᭄ CV (%) খ᭄ؐ Value বᓖ㋏᭄ CV (%) 

r ∈䰏ᡫ  

Water resistance 

2.97 0.46 3.40 2.07 

P1 ᑈ䕂ߚ䜡᭰⥛ 

Slope for ring compartment 

2.60 2.60 5.40 0.51 

Ȝ ᑈ䕂⫳⠽䞣ߚ䜡খ᭄ 

Ring biomass allocation parameter 

0.73 0.20 0.40 0.35 

Sp ỡ᷾ᡩᕅ䴶⿃  

Plant projection area 

2.85 m2 0.49 78.00 m2 1.00 

 

 

㸼3  ⊍ᵒ៤ᑈᷥൟ䇃Ꮒ᷵ℷখ᭄ؐ 

Table 3  Parameters of model calibration for adults of Pinus tabulaeformis  

ᑈ啘 Age  ഛᮍḍ䇃Ꮒ Root 

mean square error

ᑇഛⳌᇍ䇃Ꮒ㒱ᇍؐ  

Average absolute relative error 

r 

ᷥᑆ㡖䯈⫳⠽䞣 Stem internode biomass  28.90 0.44 0.90 

ᷥ催 Tree height  16.70 0.28 0.96 

ᷥᑆ㡖䯈Ⳉᕘ Stem internode diameter  0.89 0.24 0.95 

ϔ㑻ᵱ㡖䯈⫳⠽䞣 Internode biomass of 1st level branch 1.20 0.68 0.70 

Ѡ㑻ᵱ㡖䯈⫳⠽䞣 Internode biomass of 2nd level branch 2.00 0.80 0.75 

18ᑈ⫳  

18-year-old 

ϝ㑻ᵱ㡖䯈⫳⠽䞣 Internode biomass of 3rd level branch  1.30 1.10 0.56 

ᷥᑆ㡖䯈⫳⠽䞣 Stem internode biomass 50.50 0.45 0.84 

ᷥ催 Tree height 28.21 0.22 0.99 

ᷥᑆ㡖䯈Ⳉᕘ Stem internode diameter  1.35 0.16 0.98 

ϔ㑻ᵱ㡖䯈⫳⠽䞣 Internode biomass of 1st level branch 54.41 0.57 0.68 

Ѡ㑻ᵱ㡖䯈⫳⠽䞣 Internode biomass of 2nd level branch  1.52 0.76 0.79 

41ᑈ⫳  

41-year-old 

ϝ㑻ᵱ㡖䯈⫳⠽䞣 Internode biomass of 3rd level branch  1.10 2.02 0.50 

 

 
4  ⊍ᵒ㡖䯈ᘏ⫳⠽䞣䩜ᘏ⫳⠽䞣ᢳড়ؐᅲ䰙ؐⱘ

ᇍ↨Ǆ 

Fig. 4  Comparison of simulation and observed data for total 

internode biomass and total needle biomass of Pinus tabulae- 

formis. 

᭄䖯㸠ᇍ↨Ǆ⊍ᵒᷥǃ㡖䯈∈⥛ഛপ50%Ǆ

㒣偠ൟখ㗗催㑶ⳳㄝ(2009)ⱘᵫ啘-⫳⠽䞣ಲᔦ

ൟ, ⬅Ѣ䆹ൟЏ㽕ᰃ䩜ᇍ⊍ᵒ៤ᑈᷥ, 㗗㰥ࠄ

ᇍᵫ㒧ᵘ-ࡳ㛑ൟⱘᢳড়䞛⫼ⱘᰃ18ᑈ⫳41

ᑈ⫳ⱘᷥ, 㗠偠䆕ᯊᴀ᭛䞛⫼18ᑈ⫳�40ᑈ

⫳ⱘ᭄Ǆᵫ啘-⫳⠽䞣ಲᔦ݀ᓣЎ:  

Wtotal = 22747246.2342/(1 + exp(8.5571 �  

0.078679A))                    (7) 

ᓣЁ, Wtotalᰃᣛᑈ啘ЎAᯊ⊍ᵒⱘऩᘏ⫳⠽䞣, A

ᰃᣛᷥᑈ啘Ǆ 

བ6᠔⼎ , 㒣偠ൟᢳড়ⱘᷥ⫳⠽䞣

GreenLabൟᢳড়ؐⱘⳌ݇㋏᭄䖒0.98, ᑇഛⳌᇍ

䇃Ꮒ㒱ᇍؐЎ0.19, ഛᮍ䇃12 405Ǆᘏⱘᴹ䇈 , 

GreenLabൟᇍᘏ⫳⠽䞣ⱘᢳᬜᵰ䕗ད, Ԛᢳ

ؐ᱂䘡أᇣǄߚᵤ݊ॳ, ϔᰃЎ㒧ᵘ-ࡳ㛑ൟ

ᢳড়ⱘḋᴀ䕗ᇥ; ѠᰃϢ䗝ᢽⱘ㒣偠ൟᔶᓣ᳝

݇Ǆ䖯ϔℹⱘⷨおЁ, 䳔㽕ࡴḋᴀ䞣, ᑊϢ

⾡㉏ൟⱘ㒣偠ൟࡴҹᇍ↨Ǆ 
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5  ⊍ᵒᷥᑆᔶᗕϢ⫳⠽䞣ᢳ᭄Ϣᅲ䰙᭄ⱘᇍ↨Ǆ  

Fig. 5  Comparison of simulation and observed data for stem 

structure and stem biomass of Pinus tabulaeformis. 
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Fig. 6  Comparison between empirical model and GreenLab 

model for total biomass fitting. 
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Fig. 7  3D simulation for 18-year-old (left) and 41-year-old 

(right) Pinus tabulaeformis. 
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