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ᨬ  㽕  ỡ⠽㒧ᵘ-ࡳ㛑ൟ(Functional-structural models, FSMs)ᇚ㒧ᵘൟϢ䖛ൟ㒧ড়䍋ᴹ, ⫼ҹᦣ䗄⦃๗

ᴎࠊ偅ࡼⱘỡ⠽⫳䭓, 䕧ߎỡ⠽ⱘϝ㓈㒧ᵘǄGreenLabᰃϔϾ䖥ᑈᴹϡᮁথሩⴔⱘѢ⑤-∛݇㋏ⱘ䗮⫼ỡ⠽㒧ᵘ

⠽, ᷥᮍ䴶ⱘᑨ⫼䖬ᕜᇥǄ䆹᭛ҹᑐ啘⊍ᵒ(Pinus tabulaeformis)Ўⷨおᇍ䈵, 佪ݰ㛑ൟ, ᅗᑨ⫼Ѣࡳ-

ᇚGreenLabൟᑨ⫼ࠄ㰮ᢳᷥ⫳䭓ⱘⷨおЁǄ䞛⫼⸈ണᗻপḋ, ᅲ⌟њ9᷾⊍ᵒᑐᷥⱘᔶᗕ㒧ᵘǃᢧᠥ㒧ᵘ

఼ᅬ⫳⠽䞣ֵᙃ, ḍᢧᠥ㓪ⷕԧ㋏㒘㒛᭄ǄൟⱘⳈখ᭄ᰃ䗮䖛ᅲ⌟᭄㦋ᕫⱘ, 䱤খ᭄ᰃ߽⫼䴲㒓ᗻ

᳔ᇣѠЬ⊩ᢳড়ড∖㦋ᕫⱘǄᇍൟⱘ؛䆒䖯㸠њ偠䆕, ᑊᇍൟⱘᢳᬜᵰ䖯㸠њ䆘Ԅ, 㒧ᵰ㸼ᯢ: 㡖䯈ᘏ剰䋼

䞣ǃᷥ ᘏ剰䋼䞣ǃ㡖䯈剰䋼䞣ǃ㡖䯈䭓ᑺ㾖⌟ؐൟᢳؐᓎゟⱘಲᔦᮍⱘއᅮ㋏᭄0.78~0.91П䯈, 

ℸ䆹ൟ䕗ⳳᅲഄডњ⊍ᵒⱘ㒧ᵘ⫳䭓䖛Ǆᦤߎⱘᷥ㒧ᵘ⫳⠽䞣⌟䞣ঞ㓪ⷕᮍ⊩, ৃЎ䩜ᷥᓎゟ

㒧ᵘ-ࡳ㛑ൟⱘখ✻Ǆ 

݇䬂䆡  ᵫ㒧ᵘ-ࡳ㛑ൟ  ⫳⠽䞣⫳ѻߚ䜡  ᢧᠥ㒧ᵘ  ⑤-∛݇㋏  ⊍ᵒ 
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FORMIS 

GUO Hong1*, LEI Xiang-Dong1, Veronique Letort 2, LU Yuan-Chang1, and Philippe de Reffye 2 
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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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ᷥⱘᔶᗕ㒧ᵘ݊⫳䭓䖛Ё䍋ⴔ䞡㽕ⱘ

⫼, 㒃㊍ⱘ㒧ᵘൟᐌᐌ㔎ᇥϢ⫳⧚⫳ᗕ䖛

ⱘ㘨㋏, 㗠䖛ൟᕔᕔㅔ࣪њᷥⱘ㒧ᵘǄ㒧

ᵘ-ࡳ㛑ൟ᮶㗗㰥њỡ⠽ⱘᔶᗕ㒧ᵘ , জ㗗㰥

њ݊⫳⧚⫳ᗕ䖛, ᑊ㛑ᦣ䗄ỡ⠽఼ᅬⱘϝ㓈

ᗕⱘ⫳䭓(Sievänen et al., 2000)Ǆ㞾20Ϫ㑾90ᑈࡼ

ҷ䍋 , 㒧ᵘ-ࡳ㛑ൟ䗤⏤៤Ўỡ⠽⫳䭓ൟ乚

ඳⱘϔϾⷨお⛁⚍(de Reffye & Blaise, 1999)Ǆᅗ

ϡҙৃҹᅮ䞣ഄᢳỡ⠽ⱘ⫳䭓, 㗠Ϩ㛑Ⳉ㾖

ഄᢳỡ⠽⫳䭓䖛ⱘব࣪, থ⦄Ӵ㒳ⷨおᮍ⊩

ᡔᴃ↉䲒ҹ㾖ᆳࠄⱘ㾘ᕟ, 㓽ⷁ䆩偠਼ᳳ

㡖㑺䌍⫼ǄLIGNUMൟᇚ䖛ൟᷥᷥݴ

ⱘ䆺㒚ᦣ䗄㒧ড়䍋ᴹ , ⳂࠡᏆᑨ⫼Ѣῳᄤᵒ

(Pinus sylvestris var. mongolica)ǃ࣫㕢ⷁᵒ(P. 

banksiana)㊪῁(Acer saccharum)ᑐ㢫ⱘ⫳䭓

ᢳ Ё (Perttunen et al., 1996, 1998, 2001) Ǆ

ECOPHYSൟ(Rauscher et al., 1990)SIMWAL

ൟ(Le Dizè et al., 1997)ᇚ䆺㒚ⱘ䖛ൟϢϝ

㓈㒧ᵘᦣ䗄Ⳍᭈড় ᢳњ⌆ቅᴼ߿ߚ ,

(Populus tremuloides)ᑐ㢫Ḍḗ(Juglans regia)

㒧ᵘⱘࡼᗕᗻৠ࣪⠽ⱘߚ䜡ǄԚⳂࠡ䖭㉏ൟ

䖬໘Ѣথሩⱘ߱㑻䰊↉ ,ᅗӀ㗙ỡ⠽㒧

ᵘᢳᮍ䴶䖛Ѣㅔ࣪(བLIGNUM), 㗙䖬≵᳝

䖯㸠䖛偠䆕(བL-PEACH) (偀䶿䷀ㄝ, 2006)Ǆ 

GreenLabൟᰃ⬅Ё⾥ᄺ䰶㞾ⷨ࣪ࡼお᠔

Ё⊩㘨ড়ᅲ偠ᅸǃ⊩ᆊֵᙃϢ㞾ⷨ࣪ࡼお䰶ǃ

⊩ݰϮথሩᆊЁᖗㄝऩԡ䚼䮼݅ৠᓎゟⱘ , 

Ѣϔ㋏߫ỡ⠽ᄺⶹ䆚᠔ⱘ؛䆒, ݐ乒ỡ⠽ᔶ

ᗕỡ⠽ࡳ㛑ⱘൟ(Hu et al., 2003)Ǆ݊Ё, ⑤-

∛偅ࡼᰃ݊ࡳ㛑ൟⱘЏ㽕ᴎ⧚Ǆ䆹ൟ䞛⫼ঠ

ሎᑺ㞾ࡼᴎᢳỡ⠽㒧ᵘⱘᔶ៤, 䗮䖛ᢳỡ᷾

ⱘ⫳⠽䞣⫳ѻϢѢỡ᷾ᢧᠥ㒧ᵘⱘ⫳⠽䞣ߚ

䜡, ҹঞ఼ᅬ⫳⠽䞣⿃㌃Ϣ఼ᅬᔶᗕⱘ݇㋏, ᑊ

㸠ᢳỡ⠽㒧ᵘ-ࡳ㛑䖛 , Ң㗠ৃ䕗㊒⹂ഄ

ᢳỡ⠽ⱘ⫳䭓ǄGreenLab䗮䖛ൟ䯈ᓎゟ䗁ҷ

݇㋏ᴹᑊ㸠ᢳỡ᷾ⱘࡳ㛑Ϣ㒧ᵘⱘড作݇㋏ ,

া䳔⹂ᅮᇥ䞣খ᭄ህ㛑ᢳᷥ⫳䭓, Ϣ݊Ҫ

ൟⳌ↨ ,䆹ൟᴎ⧚ᗻㅔ⋕ᗻᮍ䴶䛑᳝ᯢ

ᰒⱘӬ(偀䶿䷀ㄝ, 2006)ǄⳂࠡ, 䖭ϔൟЏ㽕

⫼Ѣݰ⠽㰮ᢳ⫳䭓ⱘⷨお (Yan et al., 2004; 

Guo et al., 2006)Ǆ՟བ: ሩᖫቫㄝ(2001)ձỡ⠽

㒧ᵘ ⧛㛑ⳌѦ⫼ᴎࡳ- , ᓎゟњ㛑ᢳᇣ呺

(Triticum aestivum)⫳䭓থ㚆Ϣᔶᗕ㒧ᵘ㒘៤ⱘ㰮

ᢳൟ; Guoㄝ(2006)偀䶿䷀ㄝ(2006)៤ࡳഄᇚ

㒧ᵘ-ࡳ㛑ൟᑨ⫼Ѣ⥝㉇(Zea mays)ൟⱘᵘᓎ

Ё ; Dongㄝ(2003)ᇚ݊ᑨ⫼ࠄ⬾㣘(Lycopersicon 

esculentum)⫳䭓ᓎⷨおЁǄϢݰ⠽Ⳍ↨ , 

ᷥᔶᗕ㒧ᵘ⫳⧚䖛ᮍ䴶Ўᴖ, ℸ, 

GreenLabൟⱘᑨ⫼ⷨお䕗ᇥǄZhanㄝ(2003)߽

⫼ᢳ᭄ᷥᇍ䖭ϔൟ䖯㸠њẔ偠, ᇮᑨ

⫼ⳳᅲⱘ⌟䞣᭄Ǆᴀⷨおҹ⊍ᵒ(Pinus tabu-

laeformis)Ўᇍ䈵, 佪ᇚGreenLabൟᑨ⫼Ѣᵫ

Ϯ, ᦤߎњҢᷥ⌟䞣ǃᢧᠥߚᵤǃᓎゟⳂᷛ᭛

ӊ, ࠄ㦋পൟখ᭄ǃ䖯㸠ൟẔ偠ⱘϔ㋏߫ᮍ

⊩ , ᑊ߽⫼⊩Ё༂⧚Ꮉᄺ (ECP)ᓔথⱘ

DigiPlante䕃ӊ(Cournède et al., 2006), ḍ㦋ᕫ

ⱘখ᭄, ᅲ⦄њ⊍ᵒᑐᷥࡼᗕϝ㓈ৃ㾚࣪ⱘᢳ, 

ৃЎᵫ㒧ᵘ-ࡳ㛑ൟⱘᓎゟᦤկখ㗗ձǄ 

1  ⷨおᴤ᭭ 

ⷨお᠔䗝⫼ⱘ⊍ᵒ䞛㞾࣫ҀᏖᯠᑇऎकϝ䱉

ᵫഎ(40°20ƍ N, 116°15ƍ E)⫳䭓⦃๗ᓔ䯨ⱘ㢫, 

⌟䞣ᯊ䯈2006ᑈ4᳜Ǆ䖭ѯᑐᷥⱘ∈ߚߚݏᴵ

ӊ䛑䕗ܙ䎇Ǆ䞛⫼ൟপḋⱘᮍ⊩, 䗝ᢽ⫳䭓㡃

དⱘൟᑐᷥ, 䗝2᷾1ߎᑈ⫳ǃ2᷾2ᑈ⫳ǃ3᷾3

ᑈ⫳2᷾5ᑈ⫳ⱘᑐᷥЎ䆩偠ᇍ䈵Ǆ 

2  ⷨおᮍ⊩ 

2.1  GreenLabൟ㒧ᵘऩܗঞ݊ᴀὖᗉ 

㒧ᵘࡳ㛑ൟЁ, ᷥⱘ㒧ᵘ⫼Ϣỡ⠽ᄺ

ঞỡ⠽ᔶᗕⳌヺড়ⱘৃࠊⱘऩܗ㸼⼎Ǆ⬅Ѣᔶ

ᗕ㒧ᵘᄬ㞾ⳌԐᗻ, ेሔ䚼ϢᭈԧⳌԐ, 㒧ᵘ

ൟЁϔ㠀ܜᇚᷥߚЎ㢹ᑆ㒧ᵘऩܗ(Halle et 

al., 1978; Perttunen & Sievänen, 2005), Sievänenㄝ

(2000)ᇚ䖭ϔ㒧ᵘऩܗ⿄Ўᴀऩܗ (Ideal ele-

mentary unit, IEU)ǄGreenLabൟЁ, ഄϞ䚼ߚⱘ

ᴀऩܗ⫼㡖ܗ (Metamer)㸼⼎ , ϢПⳌ݇ⱘᷥ

㒘ӊ᳝㡖䯈(Internode)⫳䭓ऩܗ(Growth unit, 

GU)Ǆϟ䴶߫ߎњ㒧ᵘऩܗঞ݊Ⳍ݇ὖᗉǄ 

㡖䯈䗮ᐌᰃᣛ㢑Ϣ㢑П䯈ⱘᷥᵱ䚼ߚǄᇍѢ

䩜ᷥ⊍ᵒᴹ䇈, ϔϾ⫳䭓਼ᳳݙ⫳៤䆌ⱘ㢑, 

ℸ, ᄬ䆌㡖䯈, ᴀ᭛Ёᦤࠄⱘ㡖䯈ᰃᣛϔ
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Ͼ⫳䭓ऩܗⱘ㡖䯈䚼ߚǄ 

㡖ܗᰃᣛϔϾ㡖䯈䰘ⴔѢ㡖䯈Ϟⱘ㜟㢑ҹ

ঞⱘᘏ, ԚϡࣙᣀӏԩҢ㜟㢑ϞᢑߎⱘᮄṶ

(Caraglio & Barthelemy, 1997)Ǆ 

⫳䭓ऩܗ⬅ϔϾϾ䖲㓁ⱘ㡖䯈ঞ݊䰘ሲ

఼ᅬ㒘៤ , ᰃỡ⠽䕈㡖ᕟᗻ⫳䭓ⱘ㒧ᵘߚ⫳ऩ

ԡǄ↣Ͼ⫳䭓ऩܗⱘ㡖䯈᭄ৃ㛑ᅮব࣪

(Room et al., 1994)Ǆ 

⫳䭓਼ᳳ(Growth cycle, GC)ᰃᣛ⫳៤ϔϾ⫳

䭓ऩܗ᠔㒣ग़ⱘᯊ䯈Ǆ⫳⧚ᑈ啘 (Physiological 

age, PA)ᰃᅲ䰙⫳䭓ᑈ啘(Chronological age)Ⳍ

ᇍᑨⱘὖᗉǄGreenLabൟЁ, 䖭ϔὖᗉ⫼ᴹ

ऎ߿ϡৠԡ㕂ǃ᳝ϡৠᔶᗕ⡍ᕕⱘᵱ, ϔϾ⫳

⧚ᑈ啘ᇍᑨϔϾ㉏ൟⱘᵱ, ؛䆒Ⳍৠ⫳⧚ᑈ啘ⱘ

ᵱ᳝Ⳍৠⱘ㒧ᵘࡳ㛑খ᭄(ᒋᄳ⦡, 2003)Ǆ 

ᢧᠥ㒧ᵘ(Topological structure)ᰃᣛᷥ

఼ᅬП䯈ⱘ⠽⧚䖲݇㋏, ϡ㗗㰥ԧ఼ᅬⱘ

ԩᔶᗕ⡍ᕕǄ 

 ԩ㒧ᵘൟ  2.2

ԩ㒧ᵘൟᰃᣛᷥᭈԧ఼ᅬ(ḍǃ㣢ǃ

㡖䯈ǃǃ㢅ᵰᅲㄝ)ⱘϝ㓈ԩᔶᗕᦣ䗄(䳋

Ⳍϰㄝ, 2006)ǄᴀⷨおЏ㽕㗗㰥⊍ᵒⱘϸ㉏఼ᅬ

——㡖䯈ⱘԩ㒧ᵘǄ 

2.2.1  㡖䯈 

㡖䯈⫼᷅ԧᴹ㸼⼎Ǆབᵰԧ⿃Ꮖⶹ, ḍ

ᓖ䗳⫳䭓ൟህৃҹ䅵ㅫߎ㡖䯈䴶⿃䭓ᑺ, བ

݀ᓣ(1)(2)᠔⼎(de Reffye & Blaise, 1999; ᅟ᳝

⋾ㄝ, 2003):  

2

1

)()(
β+= jqbjl eee                 (1) 

2

1

)(
1

)(
β−= jq

b
jS e

e

e

               

(2)

 

ᓣЁ, le(j)ǃSe(j)qe(j)߿ߚᰃjϾ⫳⧚ᑈ啘

ⱘ㡖䯈䭓ᑺǃ㡖䯈䴶⿃㡖䯈ⱘ⫳⠽䞣; ݊Ё, 

beȕ߿ߚЎ㡖䯈᷅ԧⱘ↨՟ᔶ⢊㋏᭄Ǆ 

2.2.2    

ᇍѢ䩜ⱘᔶᗕᵘᓎ, ϔ㠀᳝ञ᷅ᔶ

᷅ᔶϸ⾡ᵘᓎᮍ⊩Ǆℸ, ⫼ञ᷅ᔶᴹᵘᓎ䩜

Ǆḍᴼϰᴼ⾔⨈(2004), 䩜ⱘ䴶⿃Ϣ䩜

ⱘ⫳⠽䞣៤ℷ↨, ৃ⫼݀ᓣ(3)ᴹᦣ䗄䖭⾡݇㋏:  

 

ᓣЁ, LAЎ䩜ⱘ䴶⿃, qaЎ䩜ⱘ⫳⠽

䞣, SLWЎ䩜ⱘ↨䞡(Specific leaf weight)Ǆ 

2.3  ᢧᠥ㒧ᵘߚᵤǃ㓪ⷕ⫳⠽䞣⌟䞣 

ᷥᑆ㑻ᬃߚ㒘៤њᴖⱘᢧᠥ㒧ᵘ, ⡍

ᵱ䍞, ᢧᠥ㒧ᵘߚ ,ᰃ䱣ⴔᷥᑈ啘ⱘ߿

䍞ᴖǄ1㒭ߎњ5ᑈ⫳⊍ᵒⱘᢧᠥ㒧ᵘǄᢧᠥ

㒧ᵘ㓪ⷕᇍѢᦣ䗄ᷥߚᵱ㒧ᵘᰃ䴲ᐌ䞡㽕ⱘǄ

ᴀ᭛ᇍ⊍ᵒᑐᷥ䖯㸠ᢧᠥ㒧ᵘߚᵤⱘ⸔Ϟ , 

ᓎゟњ䕗ㅔ֓ⱘᢧᠥ㓪ⷕԧ㋏Ǆ 

 

 
 

 

1  5ᑈ⫳⊍ᵒᢧᠥ㒧ᵘ 

Fig. 1  Topological structure for 5-year-old Pinus       

tabulaeformis  

  

 

佪ܜ, ⹂ᅮᷥᑆⱘߚᵱ㑻߿(Branching order) 

(Godin et al., 1999)Ў0, ߭ЏᑆϞⱘջᵱⱘߚᵱ

㑻߿Ў1, ៤Ўϔ㑻ᵱ, 㗠ջᵱⱘߚᵱ㹿⿄ЎѠ㑻

ᵱ, ձ㉏Ǆᡞϡৠ㑻߿ⱘߚᵱ㸼⼎Ўϡৠⱘ

⫳⧚ᑈ啘, 䆒ᷥᑆⱘ⫳⧚ᑈ啘Ў1, ϔ㑻ᵱⱘ⫳⧚

ᑈ啘Ў2, ձ㉏Ǆ⬅Ѣ1~5ᑈ⫳ᑐᷥߚᵱ㑻߿

᳔Ўϝ㑻ᵱ, ℸ, ⫳⧚ᑈ啘᳔Ў4Ǆ 

ϔ㠀ᴹ䇈, ⊍ᵒᵱᑆ1 a⫳䭓ߎϔϾᮄṶ, 

ℸᇚ⊍ᵒⱘ⫳䭓਼ᳳᅮЎ1 aǄᇍѢ⊍ᵒᑐᷥᴹ䇈, 

↣ᑈ⫳䭓ⱘᷥᵱ䚼ߚঞձ䰘㡖䯈Ϟⱘᵘ៤ϔ

Ͼ⫳䭓ऩܗ, ⫳䭓ऩܗⱘᷥᵱ䚼ߚ⿄Ў㡖䯈Ǆ 

ᴀ᭛䆒䅵њབ2᠔⼎ⱘ㓪ⷕԧ㋏ǄAЎᷥᑆ

ⱘ㡖䯈ᑣेᷥᑆⱘAϾ㡖䯈, 䆄ЎGUA; BЎ

GUAϞ䴶⫳ߎⱘBϾᵱ ,  䆄ЎGUAB, CЎᵱ

GUABϞⱘ㡖䯈ᑣ , 䆄ЎGUABC, ձ㉏ , 
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2  ᢧᠥ㓪ⷕԧ㋏ 

Fig. 2  Topological code system 

GU: ⫳䭓ऩܗ Growth unit 

 

Ⳉৢ᳔ࠄϔ㑻ᵱⱘ㡖䯈㓪ⷕ, AǃBǃCǃDǃEഛ

⫼ϸԡ᭄ᄫ㸼⼎Ǆҹ1⬏ᷛ⊼䚼ߚЎ՟, ᅗ䰘

ⴔѢᷥᑆⱘѠϾ㡖䯈GU02, GU02᳝ 1Ͼᵱ

GU0201, ᅗሲѢℸᵱⱘ1Ͼ㡖䯈 , ℸ䆄Ў

GU020101Ǆ݊Ҫ㡖䯈ձℸ㉏Ǆ䖭ḋ, ↣Ͼ㡖䯈

㹿䌟ќϔϾଃϔⱘ㓪ⷕǄ 

⌟䞣ᯊ, ⫼ߔ࠾䬃ᇚϾ⫳䭓ऩߚܗ㾷, 

ᑊᇚ䰘ѢϞ䴶ⱘপϟ, ᇚ࠽ԭ䚼ेߚ⫳䭓ऩܗ

ⱘ㡖䯈⫼⬉ᄤᑇ⿄݊⫳⠽䞣剰䋼䞣(g), ⫼␌ᷛ

वሎ(0.01 mm)⌟ᅮϾ㡖䯈ⱘᕘ(cm)䭓ᑺ

(cm), ⫼⬉ᄤᑇ⿄䞣㡖䯈ⱘ⫳⠽䞣剰䋼䞣(g), 

ᇚ⌟䞣㒧ᵰᣝ✻ᢧᠥ㓪ⷕ䆄ᔩǄ 

2.4  GreenLabࡳ㛑ൟ 

GreenLabൟᰃᯊ䯈Ϟ⾏ᬷⱘൟ, ҹỡ

⠽⫳䭓᠔ᇍᑨⱘ⫳䭓਼ᳳЎℹ䭓, ᅗࣙ䆌ݙ

ᆍ, 䖭䞠ҙҟ㒡⫼Ѣ⊍ᵒᑐᷥⷨおⱘൟǄ⠽䋼

⑤ -∛ൟᰃGreenLabࡳ㛑ൟⱘḌᖗݙᆍǄ

GreenLabൟ؛䆒ⱘ⑤ (Source), ᰃᣛ㛑䖯㸠

⫳⠽䞣⫳ѻⱘᄤ ; ∛(Sink), ᰃᣛৃҹখϢ⫳

⠽䞣ⱘߚ䜡(䳔∖)ⱘϔߛ఼ᅬǄ㗠, ⠽䋼⑤-∛

ൟгህᰃ⫳⠽䞣⫳ѻߚ䜡ൟǄ  

2.4.1  ⫳⠽䞣ⱘ⫳ѻ 

ড়⫼ᰃỡ⠽⫳䭓ⱘ⠽䋼ᴹ⑤ⱘ⸔, ܝ

ᄤ䗮䖛߽⫼䰇ܝ㛑ǃCO2∈ߚ䖯㸠ܝড়⫼, 

㦋ᕫᭈϾỡ᷾ⱘ⫳⠽䞣, 㗠, ᄤᰃ䰸њ᳔߱

ⱘ⾡ᄤҹⱘᭈϾỡ᷾⫳⠽䞣ⱘᴹ⑤ǄGreenLab

ൟ؛䆒∈ỡ⠽ԧݙⱘӴ䕧ফѢỡ⠽ⱘ㒧ᵘ

㒘៤ҹঞ䚼ԡⱘ∈䰏ᡫ 䰏∋䆒Џ㽕ⱘ؛,

ᡫԡѢᔧЁ, ᑊϨ᠔᳝⌏ࡼⱘᰃᑊ㸠⫼ⱘ

(Zhan et al., 2003), 㗠, ⫳⠽䞣⫳ѻⱘᇥ, প

⫼ড়⫼ⱘⱘ᭄䞣ঞ݊⢊ᗕǄܝѢ㛑䖯㸠އ

Ѣ㒣偠ⱘ䴲㒓ᗻࡳ㛑ൟ(Yan et al., 2004)ᴹ

ᢳỡ᷾ iϾ⫳䭓਼ᳳ᠔⫳ѻⱘ⫳⠽䞣 , བ

݀ᓣ(4)᠔⼎:  

 

ᓣЁ, Q(i)ᰃᣛiϾ⫳䭓਼ᳳ᠔⫳ѻⱘ⫳⠽

䞣, E(i)ᰃᣛiϾ⫳䭓਼ᳳⱘ⦃๗ᄤ, n(i)ᰃi

Ͼ⫳䭓਼ᳳ㛑䖯㸠ܝড়⫼ⱘⱘϾ᭄Ǆ⬅Ѣ

ᑐ㢫䗝㞾ᓔ䯨ऎඳ, ߚݏ∈ߚᴵӊܙ䎇, ℸ໘

≵᳝㗗㰥⦃๗ᄤⱘᕅડ, ᠔ҹ⦃๗ᄤഛ䆒㕂

Ў1; SpЎỡ᷾ᡩᕅ䴶⿃(偀䶿䷀ㄝ, 2006), 䖭䞠ⱘ 

r㋏ᣛϢ㪌㝒⫼Ⳍ݇ⱘ∈䰏ᡫ, SjᰃᣛjϾ 

ᄤⱘ㸼䴶⿃, 㗠∑ =
n(i)

j jS
1 ᣛⱘᰃiϾ਼ᳳⱘᘏ 

䴶⿃Ǆ 

2.4.2  ⫳⠽䞣ⱘߚ䜡  

⫳⠽䞣ⱘߚ䜡Ё, GreenLabൟ؛䆒ᷥ

↣Ͼ⫳䭓਼ᳳ⫳ѻⱘ㛑䞣ܜ∛䲚Ѣϔ⚍, ✊ৢݡ

ḍ఼ᅬⱘ∛ᔎ(Sink strength, ఼ᷥᅬ㦋

পৠ࣪⠽ⱘ㛑)䖯㸠ߚ䜡Ǆ⫳⠽䞣ߚ䜡ൟ

Ё, ؛䆒Ⳍৠ㉏ൟⱘ఼ᅬ∛ᔎϡৠ⫳䭓਼ᳳᰃ

ᘦᅮⱘ, ߭o㉏఼ᅬⱘ∛ᔎЎPoǄᇍѢ⫳䭓਼ᳳ

i,  o㉏఼ᅬ᠔㦋ᕫⱘ⫳⠽䞣ৃҹ㸼⼎Ў݀     

ᓣ(5): 

( ) ( ) )1( −⋅= iQ
iD

P
iq o

o

                   
(5)

 

ᓣЁ , qo(i)Ўo㉏఼ᅬiϾ⫳䭓਼ᳳ㦋
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পⱘ⫳⠽䞣, D(i)ЎᷥiϾ⫳䭓਼ᳳⱘ㛑䞣

䳔∖ᘏ, Q(i�1)㋏ᣛi�1Ͼ⫳䭓਼ᳳ᠔⫳ѻⱘ

⫳⠽䞣Ǆ 

ऩ᷾ᷥiϾ⫳䭓਼ᳳᇍѢ⫳⠽䞣ⱘᘏ

䳔∖ৃҹ㸼⼎Ў:  

 

ᓣЁ, o㸼⼎఼ᅬ㉏ൟ, ࣙᣀ䩜㡖䯈ϸ⾡

㉏ൟ, Nboᰃ఼ᅬ㉏ൟoⱘϾ᭄Ǆ 

⊍ᵒᢳЁ, 䅸Ў㡖䯈ⱘ⫳䭓ᰃेᯊ

ᠽᓴⱘ(Immediately expansion), 㗠ৃҹḍ

⫳⧚ᑈ啘ᮄṶⱘ㡖䯈ঞϞ䴶ⱘⱘ⫳⠽䞣↨⥛∖

㡖䯈ⱘ∛ᔎǄGreenLabൟ䅵ㅫ∛ᔎᯊߎ , 

佪؛ܜ䆒⫳⧚ᑈ啘Ў1ᯊ , iϾ਼ᳳᮄṶϞ䩜

ⱘ∛ᔎЎ1, ߭ᮄṶϞ㡖䯈ⱘ∛ᔎৃ⬅݀ᓣ(7)ᕫ

  :ࠄ

),1(

),(
)(

iq

ikq
kP

a

o

o =                      (7) 

ᓣЁ, ),( ikqo ᰃkϾ⫳⧚ᑈ啘ǃiϾ਼ᳳ

ᮄṶϞ఼ᅬⱘ∛ᔎǄ 

3  㒧ᵰߚᵤ 

3.1  খ᭄∖㾷 

ᴀ᭛᠔㽕䅵ㅫⱘখ᭄ࣙᣀϸϾ䚼ߚ: ϔ㉏ᰃ

ৃҹ䗮䖛ᅲ䰙⌟䞣ⱘ᭄㾖ᆳ㗙Ⳉ䅵ㅫ㦋ᕫ

ⱘখ᭄, ϔ㉏ᰃ䗮䖛ൟᇐᕫࠄⱘ䱤খ᭄

(Hidden parameter)ǄᇍѢⳈখ᭄, ᴀ᭛䗮䖛䅵

ㅫ9᷾ϡৠᑈ啘ᑐᷥⱘᅲ⌟᭄㦋ᕫ; ᇐ䱤

খ᭄ᯊ , ᰃᇚ9᷾ᑐᷥⱘᢧᠥ㒧ᵘֵᙃ⫳⠽

䞣ֵᙃ1ࠄݭ฿߿ߚϾⳂᷛ᭛ӊ(Target file)(Yan 

et al., 2004)Ё, 䗮䖛ᑨ⫼Ѣ᳔ᇣѠЬ⊩ॳ⧚ᓔ

থⱘCorner Fitᑣ(ሩᖫቫㄝ, 2001), ড∖9᷾ᑐ

ᷥⱘᑇഛⱘ䱤খ᭄Ǆ 

3.1.1  Ⳉখ᭄ 

⊍ᵒᑐᷥᢳЁ, Ⳉৃҹᕫࠄⱘখ᭄ࣙ

ᣀ: 㡖䯈ǃⱘ∛ᔎ, ϡৠ⫳⧚ᑈ啘ⱘ㡖䯈ⱘᔶ

⢊খ᭄beǃȕ, 䩜ⱘࡳ㛑ᯊ䯈T䩜ⱘԩখ

᭄, খ㾕㸼1Ǆ 

㡖䯈ǃⱘ∛ᔎḍ݀ᓣ(7)∖ߎ, ϸ㗙ⱘ↨

⥛݇㋏བ3᠔⼎Ǆḍ݊↨⥛݇㋏, ৃҹ∖ߎ

⫳⧚ᑈ啘ⱘ㡖䯈Peⱘ∛ᔎPaǄҢ3ᴹⳟ,  

㸼1  ⊍ᵒᑐᷥൟখ᭄㸼 

Table 1  Parameters for Pinus tabulaeformis saplings 

খ᭄ 

Parameter 
PA 1 PA 2 PA 3 PA 4 

Pe 0.65 0.25 0.08 0.03 

Pa 1.00 0.95 0.18 0.10 

T 3 a 

SLW 0.08 g·cm�2 

be 47.75 134.33 270.93 190.71 

ȕ �0.06 0.06 �0.12 0.50 

Sp 0.13 m2 

r 0.48 

Pe: 㡖䯈∛ᔎ  Internode sink  Pa: 䩜∛ᔎ  Needle sink  

T: 䩜ࡳ㛑ᯊ䯈 Needle functioning time  SLW: ↨䞡 Spe-

cific leaf weight  be: ϡৠ⫳⧚ᑈ啘㡖䯈ⱘ↨՟㋏᭄ The scale 

coefficient of internodes of different physiological ages  ȕ: ϡৠ

⫳⧚ᑈ啘㡖䯈ⱘᔶ⢊㋏᭄ The form coefficient of internodes of 

different physiological ages  Sp: ỡ᷾ᡩᕅ䴶⿃ Plant projection 

area   r: ∈䰏ᡫ  Water resistance  PA i:  iϾ⫳⧚ᑈ啘 

Physiological age i (i=1, 2, 3, 4) 

 

 
 

3  㡖䯈剰䞡䩜剰䋼䞣↨⥛                      

Fig. 3  The ratio of internode fresh mass to         

needles fresh mass            

PA i: iϾ⫳⧚ᑈ啘 Physiological age i (i=1, 2, 3, 4)  

 
 

⫳⧚ᑈ啘ⱘއᅮ㋏᭄R
2
0.60~0.91П䯈, 䰸PA2

 , ݊Ҫ⫳⧚ᑈ啘ᢳড়ᬜᵰ䕗ད , PA2ᢳড়㒧ᵰ

䕗Ꮒ , ḍ㾖⌟ৃⶹ , PA2ेϔ㑻ᵱ᳝䱣ⴔᑈ啘

䭓䭓䗔࣪ⱘ㾘ᕟǄ 

ϡৠ⫳⧚ᑈ啘ⱘ㡖䯈ⱘᔶ⢊খ᭄beǃȕḍ݀
ᓣ(1)⬅ᅲ䰙⌟䞣᭄ᢳড়∖ߎ, བ㸼1᠔⼎Ǆ4

ᰃ㡖䯈ᓖ䗳⫳䭓㾘ᕟ, 㸼䗄њ⫳⧚ᑈ啘㡖䯈

剰䋼䞣㡖䯈䭓ᑺⱘ݇㋏Ǆ⫳⧚ᑈ啘ⱘR
2     

0.89~0.96П䯈ᯊ, ᢳড়ᬜᵰ䕗ད, 䇈ᯢ⊍ᵒᑐ 
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4  㡖䯈ᓖ䗳⫳䭓㾘ᕟ 

Fig. 4  Internode allometry 

PA i: iϾ⫳⧚ᑈ啘 Physiological age i (i=1, 2, 3, 4) 

 

 

ᷥⱘ㡖䯈⫳䭓⒵䎇(1)ᓣⱘᓖ䗳⫳䭓㾘ᕟǄ 

䩜ⱘࡳ㛑ᯊ䯈(Functional time)ᰃᄤৃҹ

䖯㸠ܝড়⫼ⱘ᳔䭓ᯊ䯈, ḍᅲ䰙⌟䞣, ⊍ᵒ

䩜᳔䭓ⱘ⫳䭓਼ᳳᰃ3 a, ᠔ҹ݊ࡳ㛑ᯊ䯈Ў     

3 aǄ 

䩜ⱘ↨䞡SLWḍᴼϰᴼ⾔⨈(2004)

ᕫࠄǄ 

3.1.2  䱤খ᭄ 

᳝ϔ㉏⫳⧚⫳ᗕখ᭄, ᅗӀ䱤ỡ⠽⫳

⠽䞣⫳ѻߚ䜡ⱘ䖛Ё, ϡ㛑Ңᅲ偠᭄ЁⳈ

∖ᕫ, 䳔㽕䗮䖛ᇚѢỡ⠽ᢧᠥ㒧ᵘ⌟ᅮⱘ఼

ᅬ⫳⠽䞣ᔶᗕ᭄䕧ܹࠄⳂᷛ᭛ӊЁ, ḍ䴲

㒓ᗻ᳔ᇣѠЬ⊩ॳ⧚ড∖ᠡ㛑ᕫࠄ, ⿄ПЎ䱤

খ᭄Ǆ⊍ᵒᑐᷥЁ䱤খ᭄ࣙᣀ䩜ⱘᡩᕅ䴶

⿃খ᭄Sp, ᄤⱘ∈䰏ᡫrǄᴀ᭛߽⫼Corner Fit

ᑣ∖ߎ⊍ᵒᑐᷥⱘ䱤খ᭄, བ㸼1᠔⼎Ǆ 

3.2  ൟⱘ᷵ޚ 

ᇚ9᷾ᷥᣝ✻ᬃߚ㒧ᵘⱘϡৠߚЎ3㉏, ߚ

䱤খ᭄, Ң㗠㦋ᕫߎ∖Ⳃᷛ᭛ӊ, ডݭ฿߿

ᢳ᭄Ǆᴀ᭛ḍ⊍ᵒᑐᷥⱘᅲ䰙⌟䞣᭄Ϣ

ᢳ᭄䖯㸠ᇍ↨, ᑊᓎゟᅲ⌟ؐൟᢳؐ䯈

ⱘ㒓ᗻಲᔦᮍ, ᇍ㒧ᵘ-ࡳ㛑ൟ䖯㸠᷵ޚǄ

5Aǃ5B߿ߚᰃ4Ͼᑈ啘(1ǃ2ǃ35 a)⊍ᵒᑐᷥⱘ

ᷥ㡖䯈ᘏ剰䋼䞣ᷥᘏ剰䋼䞣ᅲ⌟ؐ

ൟᢳؐⱘ↨䕗, ᮍއᅮ㋏᭄R
2
Ў0.91߿ߚ

0.85; 5Cǃ5Dᰃ9᷾ᷥᷥᑆⱘϡৠ⫳䭓ऩܗⱘ

㡖䯈剰䋼䞣㡖䯈䭓ᑺⱘ↨䕗, R
2
Ў0.80߿ߚ

0.78Ǆ⬅ℸৃ㾕, GreenLabൟৃҹ䕗དഄᢳ⊍

ᵒᑐᷥⱘ⫳⠽䞣ᔶᗕǄ݇Ѣ㑻ᵱⱘᢳؐϢ

ᅲ⌟ؐ, ⬅Ѣ᭄䞣, ᵱϢᵱП䯈ⱘᏂᓖг䕗

, ᠔ҹᢳᬜᵰ≵᳝ᷥᑆⱘᢳᬜᵰད, 䖭䞠

ϡϔϔ߫ߎǄ 

3.3  ᑐᷥᔶᗕᢳঞৃ㾚࣪  

㒧ᵘ-ࡳ㛑ൟⱘϔϾ䞡㽕⡍ᕕህᰃৃҹ䕧

ℸᅗৃҹЎৃ ,މỡ⠽ⱘϝ㓈㒧ᵘ⫳䭓ᚙߎ

㾚࣪ⷨおᦤկখ᭄Ǆḍ䅵ㅫ㦋ᕫⱘⳈখ᭄

䱤খ᭄, ߽⫼ᓎゟⱘൟᢳߎ⫳䭓਼ᳳⱘ

఼ᅬ⫳⠽䞣ǃ఼ᅬᔶᗕ⡍ᕕؐ(བ㡖䯈ⱘ䭓ᑺǃⳈ

ᕘㄝ), 䇗⫼Digiplante䕃ӊ(Cournède et al., 2006)

ⱘ఼ᅬᔶᗕഫ, ेৃᢳߎ⊍ᵒᑐᷥⱘϝ㓈ᔶ

ᗕǄ6ᰃ⊍ᵒ1ǃ35 aᯊⱘᔶᗕ㒧ᵘᢳǄ 

4  㒧䆎䅼䆎 

ᴀ᭛ҹᑐ啘⊍ᵒЎⷨおᇍ䈵, ᡞGreenLab㒧

ᵘ-ࡳ㛑ൟᑨ⫼Ѣऩ᷾ᷥⱘ⫳䭓ᢳৃ㾚

࣪ⷨおϞ , ᦤߎњϔ༫䩜ᇍᷥⱘᔶᗕ㒧ᵘ⌟

䞣ǃᢧᠥߚᵤǃ᭄㓪ⷕঞৃ㾚࣪ᢳⱘᮍ⊩, ᑊ

ᇍൟ䖯㸠њখ᭄∖㾷᷵ޚ, ЎGreenLabൟ

ᷥϞⱘᑨ⫼༴ᅮњϔᅮⱘ⸔Ǆৃҹⳟߎ , 

GreenLabൟ᮶ৃҹᢳᷥⱘ⫳䭓ব࣪⫳⠽

䞣ߚ䜡, জৃҹ䕧ᷥߎⱘϝ㓈㒧ᵘֵᙃ, Ң㗠

ᅲ⦄Ѣ⫳⠽ᄺᴎࠊⱘᷥ⫳䭓ⱘϝ㓈ৃ㾚࣪ , 

ᢳᷥⱘ⫳䭓ᮍ䴶᳝ᕜ┰, ᇍѢᅮ䞣ⷨ

おᷥⱘ⫳䭓㾘ᕟ, ҹঞᷥϢ⦃๗ǃᷥϢỂ

ᵫ㒣㧹ⱘⳌѦ⫼᳝䞡㽕ⱘᛣНǄ 
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Fig. 5  Model calibration  
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Fig. 6  3D visualization for Pinus tabulaeformis saplings 

(1a, 3a, and 5a) 
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