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殿囮ナ89𥿔革甃, 屢藥艝羝擲U翁O埴親鈑藥┛︸繁35U蜥小鈑韋毚棙圈I鈑藥澋滕35, 痄森小鈑韋豪ホ螌舜狢
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橆妋︸繁暒よ圈芭捷鞁х¿┛35聴┡声ナ圾棙●┛蠖梗35鞄麌聴┡声ナ89𥿔I𥿔抄擲U鑷®, 詔屋δ𩸕鐘鞄櫻ヰ

聴┡-札忘︸繁35小せ┛ 
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A FUNCTIONAL-STRUCTURAL MODEL GREENLAB FOR PINUS TABULAE-

FORMIS 

GUO Hong1*, LEI Xiang-Dong1, Veronique Letort 2, LU Yuan-Chang1, and Philippe de Reffye 2 
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Research Institute of Forest Resource Information Techniques, Chinese Academy of Forestry, Beijing 100091, China, and 
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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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鞄麌35濤燠聴┡覇券ナ圾棙●Ο𪆐ヌ紞こ゚35

屋ホ, 硬ɔ35聴┡︸繁曰曰聳婉ユナコナ燠棙●

35遂O, 姿棙●︸繁湫湫ヮ湿х鞄麌35聴┡┛聴

┡-札忘︸繁陋彩熳х｛8935濤燠聴┡ , 彰彩熳

х券ナコナ燠棙●, 梏忘蠑橎｛89情殿囮35メ翼

皿燠35ナ圾(Sievänen et al., 2000)┛鬘20ヮ檎90桿

鰯𪆐 , 聴┡-札忘︸繁歵ょ縟δ｛89ナ圾︸繁𤸄

描35ヘΜせヽ487/12(de Reffye & Blaise, 1999)┛噪

ュ意詔印圀𥿔芭︸艾｛8935ナ圾, 姿レ忘鴦U⁇

芭︸艾｛89ナ圾棙●35渉湿, 晶x衛悲せヽ鑷®

声肄麸羃竑砷印⁇壟穀35¤游, 瑟A嗎MV趨鸚声

圴穴釱ホ┛LIGNUM︸繁妍棙●︸繁声鞄麌鞄言

35妒職蠑橎聴浄𪆐│ , O艮攸棗ホэ⎨啀┛

(Pinus sylvestris var. mongolica)┚漆花A鐘┛(P. 

banksiana)声*⒭(Acer saccharum)檮庪35ナ圾︸

艾 Ο (Perttunen et al., 1996, 1998, 2001) ┛

ECOPHYS︸繁(Rauscher et al., 1990)声SIMWAL

︸繁(Le Dizè et al., 1997)妍妒職35棙●︸繁ユメ

翼聴┡蠑橎Y鉉浄 , 紅麹︸艾х﨑0峺┅

(Populus tremuloides)檮庪声叱哨(Juglans regia)

聴┡35皿燠狢声蒸湿8935紅𥐮┛汚O艮榺ū︸繁

弥籾榰面э晶尹35降健橊竑 ,噪淫縻歲覇｛89聴

┡︸艾鑷螞棙эヮ湿(洛LIGNUM), 縻歲榰¢鶫

槀≳棙MV儃(洛L-PEACH) (1酚酧シ, 2006)┛ 

GreenLab︸繁韋ラΟ肉⇨喃澷鬘皿湿せヽ罕

Ο®遂浄圈MV嗇┚®肉肉垤革甃ユ鬘皿湿せヽ澷┚

®肉玄ヲ晶尹肉垤Ο濕シ収押璡拴件蒸櫻ヰ35 , 

府эヘO郊｛89喃s凊罕屋35岸僲, 建鼪｛89濤

燠声｛89札忘35︸繁(Hu et al., 2003)┛券Ο, ┧-

+6皿韋券札忘︸繁35εこ゚黝コ┛妋︸繁糦ホ掌

宀楾鬘皿黝︸艾｛89聴┡35濤縟, 毚棙︸艾｛諺

35ナ89𥿔ナ扱ユ府э｛諺艝羝聴┡35ナ89𥿔紅

𥐮, 印抄殿囮ナ89𥿔⌇~ユ殿囮濤燠35倦O, 梏

≳︸艾｛89聴┡-札忘棙● , 緯姿詔暒ɚ問芭︸

艾｛8935ナ圾┛GreenLab毚棙覇︸繁掮櫻ヰ樿鰯

倦O│梏≳︸艾｛諺35札忘ユ聴┡35捷𪘚倦O ,

蕉綳問圀婉𥿔小鈑孛忘︸艾鞄麌ナ圾, ユ券井︸

繁Y訒 ,妋︸繁覇黝コ狢声ヮå狢鑷螞畐剣鶫霽

顆35永仕(1酚酧シ, 2006)┛O艮, 榺ヘ︸繁εこ゚

ホэ玄屋89韞艾ナ圾35せヽ (Yan et al., 2004; 

Guo et al., 2006)┛貨洛: 尹瀰巖シ(2001)会藥｛89

聴┡ -札忘Y唖屋ホ黝コ , 櫻ヰх忘︸艾婀挄

(Triticum aestivum)ナ圾晶謄ユ濤燠聴┡埴縟35韞

艾︸繁; Guoシ(2006)声1酚酧シ(2006)縟札芭妍

聴┡-札忘︸繁棗ホэ85Ω(Zea mays)︸繁35┡櫻

Ο ; Dongシ(2003)妍券棗ホ穀23憍(Lycopersicon 

esculentum)ナ圾声櫻︸せヽΟ┛ユ玄屋89Y訒 , 

鞄麌覇濤燠聴┡声ナコ棙●鑷螞鴦δ盲黹, 頓橆, 

GreenLab︸繁35棗ホせヽ暒婉┛Zhanシ(2003)豪

ホ︸艾鞄麌鈑藥奧榺ヘ︸繁槀≳х悗MV, 嫂麕棗

ホよ圈35I𥿔鈑藥┛麝せヽ印¿┛(Pinus tabu-

laeformis)δ奧澠, ŀ尞妍GreenLab︸繁棗ホэ┴

ヲ, 蠖梗х緯鞄麌I𥿔┚艝羝紅┭┚櫻ヰO餌錮

烏, 穀澋沼︸繁小鈑┚槀≳︸繁悗MV35ヘO郊鑷

® , 梏豪ホ®肉Ο躍コ擺弥喃 (ECP)鬱晶35

DigiPlante㫖烏(Cournède et al., 2006), 屢藥澋滕

35小鈑, 圈xх¿┛檮鞄皿燠メ翼詔⁂湿35︸艾, 

詔δ┴麌聴┡-札忘︸繁35櫻ヰ蠖駕小彩会藥┛ 

1  ⷨおᴤ᭭ 

せヽ罕𣠽ホ35¿┛糦鬘漆絢斫霰桷錫守メ牷

┴背(40°20ƍ N, 116°15ƍ E)ナ圾w蓬鬱旈35庪如, 

I𥿔隸掮覇2006桿4鶇┛榺茜檮鞄35鰀紅声嫌紅瑤

烏畐暒恵僇┛糦ホ喧繁沼珊35鑷®, 𣠽苒ナ圾噏

裸35喧繁檮鞄, 𣠽梗2諺1桿ナ┚2諺2桿ナ┚3諺3

桿ナ声2諺5桿ナ35檮鞄屋δ嗎MV奧澠┛ 

2  ⷨおᮍ⊩ 

2.1  GreenLab︸繁聴┡収形抄券府麝㎤燻 

覇聴┡札忘︸繁Ο, 鞄麌35聴┡ホユ｛89喃

抄｛89濤燠Yゎ浄35詔盲腰35収形ś学校法人┛ラэ濤

燠聴┡唸覇鬘Y猿狢, 十寉璡ユ鉉翁Y猿, 聴┡

︸繁Οヘ倻憩妍鞄麌紅δ彐档聴┡収形(Halle et 

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

(2000)妍榺ヘ聴┡収形❀δ府麝収形 (Ideal ele-

mentary unit, IEU)┛GreenLab︸繁Ο, 芭モ璡紅35

府麝収形ホ圴形 (Metamer)ś学校法人 , ユφY倦35鞄

麌埴烏鶫圴掮(Internode)声ナ圾収形(Growth unit, 

GU)┛ャ螞郊梗х聴┡収形抄券Y倦㎤燻┛ 

圴掮毚曰韋莢屼ユ屼φ掮35鞄┺璡紅┛奧э

𩸕鐘鞄¿┛│岏, ヘΜナ圾趨鸚献ナ縟佟籾35屼, 

頓橆, 唸覇佟籾圴掮, 麝錮Ο蠖穀35圴掮韋莢ヘ
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Μナ圾収形35圴掮璡紅┛ 

圴形韋莢ヘΜ圴掮声毹ヌэ圴掮モ35叟屼印

抄鐘35獪声, 汚ュ辞苺鵜鴬緯叟屼モ臚梗35鑄儲

(Caraglio & Barthelemy, 1997)┛ 

ナ圾収形ラヘΜ縻喉Μ𣙇蔽35圴掮抄券毹屮

殿囮埴縟 , 韋｛89昡圴游狢ナ圾35聴┡紅ナ収

押┛薰Μナ圾収形35圴掮鈑詔忘迩圀縻渉湿

(Room et al., 1994)┛ 

ナ圾趨鸚(Growth cycle, GC)韋莢ナ縟ヘΜナ

圾収形罕誕出35隸掮┛ナコ桿汏 (Physiological 

age, PA)韋声圈氄ナ圾桿汏(Chronological age)Y

奧棗35㎤燻┛覇GreenLab︸繁Ο, 榺ヘ㎤燻ホ│

錫麹ュ蒸押鵈┚剣鶫ュ蒸濤燠ⓔ渫35┺, ヘΜナ

コ桿汏奧棗ヘΜū繁35┺, 岸僲Y蒸ナコ桿汏35

┺鶫Y蒸35聴┡声札忘小鈑(槓喟あ, 2003)┛ 

艝羝聴┡(Topological structure)韋莢鞄麌情

殿囮φ掮3589コ𣙇蜥倦O, ュ彩熳剣翁殿囮35喉

鴬濤燠ⓔ渫┛ 

2.2  喉鴬聴┡︸繁 

喉鴬聴┡︸繁韋莢鞄麌鉉翁声殿囮(屢┚扑┚

圴掮┚鐘┚嬥縻┹圈シ)35メ翼喉鴬濤燠蠑橎(糓

Yヴシ, 2006)┛麝せヽεこ゚彩熳¿┛35Ζū殿囮

——圴掮声鐘35喉鴬聴┡┛ 

2.2.1  圴掮 

圴掮ホ任㍾翁│ś学校法人┛洛┹翁⌇攸s, 屢藥

欸氊ナ圾︸繁孛詔印čゝ梗圴掮螞⌇声圾楾, 洛

穴歡(1)声(2)罕学校法人(de Reffye & Blaise, 1999; 嚮鶫

(シ, 2003):  

2

1

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

2

1

)(
1

)(
β−= jq

b
jS e

e

e

               

(2)

 

歡Ο, le(j)┚Se(j)声qe(j)紅麹韋ゔjΜナコ桿汏

35圴掮圾楾┚圴掮繽螞⌇声圴掮35ナ89𥿔; 券Ο, 

be声ȕ紅麹δ圴掮任㍾翁35訒貨声濤せO鈑┛ 

2.2.2  鐘  

奧э𩸕鐘35濤燠┡櫻, ヘ倻鶫酒任㍾濤声任

㍾濤Ζ△┡櫻鑷®┛覇橆, ホ酒任㍾濤│┡櫻𩸕

鐘┛屢藥┅ヴ声┅〒問(2004), 𩸕鐘35鐘螞⌇ユ𩸕

鐘35ナ89𥿔縟橫訒, 詔ホ穴歡(3)│蠑橎榺△倦O:  

 

歡Ο, LAδ𩸕鐘35鐘螞⌇, qaδ𩸕鐘35ナ89

𥿔, SLWδ𩸕鐘35訒鐘紞(Specific leaf weight)┛ 

2.3  艝羝聴┡紅┭┚擲U声ナ89𥿔I𥿔 

鞄档声情健紅遉埴縟х盲黹35艝羝聴┡, ⓔ

麹韋痁ヌ鞄麌桿汏35膨弥, 紅┺㐬籾, 艝羝聴┡

㐬盲黹┛虹1逃梗х5桿ナ¿┛35艝羝聴┡┛艝羝

聴┡擲U奧э蠑橎鞄麌紅┺聴┡韋螌曰紞こ゚35┛

麝錮覇奧¿┛檮鞄槀≳艝羝聴┡紅┭35府コモ , 

櫻ヰх暒ヮ概35艝羝擲U翁O┛ 

 

 
 

 

虹1  5桿ナ¿┛艝羝聴┡ 

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

tabulaeformis  

  

 

ŀ憩, 問圀鞄档35紅┺健麹(Branching order) 

(Godin et al., 1999)δ0, 鉱ε档モ35懐┺35紅┺

健麹δ1, 縟δヘ健┺, 姿懐┺35紅┺く❀δы健

┺, 会尞ū蝠┛胥ュ蒸健麹35紅┺ś学校法人δュ蒸35

ナコ桿汏, 僲鞄档35ナコ桿汏δ1, ヘ健┺35ナコ

桿汏δ2, 会尞ū蝠┛ラэ1~5桿ナ檮鞄紅┺健麹

鵝籾δメ健┺, 頓橆, ナコ桿汏鵝弥δ4┛ 

ヘ倻│岏, ¿┛┺档1 aナ圾梗ヘΜ鑄儲, 頓

橆妍¿┛35ナ圾趨鸚圀δ1 a┛奧э¿┛檮鞄│岏, 

薰桿ナ圾35鞄┺璡紅抄会毹覇圴掮モ35鐘┡縟ヘ

Μナ圾収形, ナ圾収形35鞄┺璡紅❀δ圴掮┛ 

麝錮僲čх洛虹2罕学校法人35擲U翁O┛Aδ鞄档

35圴掮尞棧十鞄档35ゔAΜ圴掮, ŬδGUA; Bδ

GUAモ螞ナ梗35ゔBΜ┺ ,  ŬδGUAB, Cδ┺

GUABモ35圴掮尞棧 , ŬδGUABC, 会尞ū蝠 , 
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虹2  艝羝擲U翁O虹 

Fig. 2  Topological code system 

GU: ナ圾収形 Growth unit 

 

U穀鵝醸ヘ健┺35圴掮擲U, A┚B┚C┚D┚E賠

ホΖ押鈑啗ś学校法人┛印虹1日忍餌Ê璡紅δ貨, 噪毹

ヌэ鞄档35ゔыΜ圴掮GU02, GU02鶫 1Μ┺

GU0201, 噪屮э橆┺35ゔ1Μ圴掮 , 頓橆Ŭδ

GU020101┛券井圴掮会橆ū蝠┛榺珊, 薰Μ圴掮

く䦰чヘΜ贈ヘ35擲U┛ 

覇I𥿔隸, ホ採溝縻匟妍情Μナ圾収形紅⋛, 

梏妍毹эモ螞35鐘沼ャ, 妍才沖璡紅十ナ圾収形

35圴掮ホロ啀厄桷❀券ナ89𥿔侉迮𥿔(g), ホら餌

繍宀(0.01 mm)I圀情Μ圴掮35府渟(cm)声圾楾

(cm), ホロ啀厄桷❀𥿔圴掮35ナ89𥿔侉迮𥿔(g), 

妍I𥿔聴┹茣せ艝羝擲UŬ洙┛ 

2.4  GreenLab札忘︸繁 

GreenLab︸繁韋覇隸掮モ✂釐35︸繁, 印｛

89ナ圾罕奧棗35ナ圾趨鸚δ橳圾, 噪辞森佟籾献

埃, 榺紒意異聡ホэ¿┛檮鞄せヽ35︸繁┛89迮

┧ -+︸繁韋GreenLab札忘︸繁35叱濕献埃┛

GreenLab︸繁岸僲35┧ (Source), 韋莢忘門槀≳

ナ89𥿔ナ扱35鐘啀 ; +(Sink), 韋莢詔印小ユナ

89𥿔35紅𥐮(綳&)35ヘ紘殿囮┛頓姿, 89迮┧-+

︸繁П孛韋ナ89𥿔ナ扱声紅𥐮︸繁┛  

2.4.1  ナ89𥿔35ナ扱 

掲浄屋ホ韋｛89ナ圾3589迮│┧35府コ, 鐘

啀毚棙豪ホ役榯掲忘┚CO2声鰀紅槀≳掲浄屋ホ, 

澋滕鉉Μ｛諺35ナ89𥿔, 頓姿, 鐘啀韋瀠х鵝降

35△啀印勿35鉉Μ｛諺ナ89𥿔35│┧┛GreenLab

︸繁岸僲鰀覇｛89翁献35衛杝消蜚э｛8935聴┡

埴縟印抄情璡押35鰀察櫈腋 ,岸僲εこ゚35鰀察櫈

腋押э鐘洽Ο, 梏レ罕鶫9皿35鐘韋梏≳屋ホ35

(Zhan et al., 2003), 頓姿, ナ89𥿔ナ扱35籾婉, 沼

袴э忘門槀≳掲浄屋ホ35鐘35鈑𥿔抄券せ燠┛ホ

府э誕MV35螌舜狢札忘︸繁(Yan et al., 2004)│

︸艾｛諺覇ゔ iΜナ圾趨鸚罕ナ扱35ナ89𥿔 , 洛

穴歡(4)罕学校法人:  

 

歡Ο, Q(i)韋莢ゔiΜナ圾趨鸚罕ナ扱35ナ89

𥿔, E(i)韋莢ゔiΜナ圾趨鸚35w蓬頓啀, n(i)韋ゔi

Μナ圾趨鸚忘門槀≳掲浄屋ホ35鐘35Μ鈑┛ラэ

檮庪𣠽鬘鬱旈錫描, 嫌紅声鰀紅瑤烏恵僇, 橆面

¢鶫彩熳w蓬頓啀35淅箭, 罕印w蓬頓啀賠僲鵈

δ1; Spδ｛諺脣淅螞⌇(1酚酧シ, 2006), 榺紒35 

rO莢ユ縕痬屋ホY倦35鰀察櫈腋, Sj韋莢ゔjΜ鐘 

啀35ś螞⌇, 頓姿∑ =
n(i)

j jS
1 莢35韋ゔiΜ趨鸚35獪鐘 

螞⌇┛ 

2.4.2  ナ89𥿔35紅𥐮  

覇ナ89𥿔35紅𥐮Ο, GreenLab︸繁岸僲鞄麌

薰Μナ圾趨鸚ナ扱35忘𥿔憩+磓эヘ7/12, Ⅵ醸賢

屢藥情殿囮35+沛(Sink strength, 鞄麌情殿囮澋

沼蒸湿8935忘察)槀≳紅𥐮┛覇ナ89𥿔紅𥐮︸繁

Ο, 岸僲Y蒸ū繁35殿囮+沛覇ュ蒸ナ圾趨鸚韋

琿圀35, 鉱ゔoū殿囮35+沛δPo┛奧эナ圾趨鸚

i, ゔ oū殿囮罕澋滕35ナ89𥿔詔印ś学校法人δ穴     

歡(5): 

( ) ( ) )1( −⋅= iQ
iD

P
iq o

o

                   
(5)

 

歡Ο , qo(i)δゔoū殿囮覇ゔiΜナ圾趨鸚澋
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沼35ナ89𥿔, D(i)δ鞄麌覇ゔiΜナ圾趨鸚35忘𥿔

綳&獪声, Q(i�1)O莢ゔi�1Μナ圾趨鸚罕ナ扱35

ナ89𥿔┛ 

収諺鞄麌覇ゔiΜナ圾趨鸚奧эナ89𥿔35獪

綳&詔印ś学校法人δ:  

 

歡Ο, oś学校法人殿囮ū繁, 辞苺𩸕鐘声圴掮Ζ△

ū繁, Nbo韋殿囮ū繁o35Μ鈑┛ 

覇¿┛︸艾Ο, đδ圴掮声鐘35ナ圾韋十隸

耒殳35(Immediately expansion), 頓姿詔印屢藥情

ナコ桿汏鑄儲35圴掮抄モ螞35鐘35ナ89𥿔訒83&

梗圴掮声鐘35+沛┛GreenLab︸繁čゝ+沛隸 , 

ŀ憩岸僲ナコ桿汏δ1隸 ,ゔ iΜ趨鸚鑄儲モ𩸕鐘

35+沛δ1, 鉱鑄儲モ圴掮35+沛詔ラ穴歡(7)滕

穀:  

),1(

),(
)(

iq

ikq
kP

a

o

o =                      (7) 

歡Ο, ),( ikqo 韋ゔkΜナコ桿汏┚ゔiΜ趨鸚

鑄儲モ殿囮35+沛┛ 

3  㒧ᵰߚᵤ 

3.1  小鈑&⋛ 

麝錮罕こ゚čゝ35小鈑辞苺ΖΜ璡紅: ヘū韋

詔印毚棙圈氄I𥿔35鈑藥⁇壟縻歲U蜥čゝ澋滕

35小鈑, 紹ヘū韋毚棙︸繁蝠奸滕穀35痄森小鈑

(Hidden parameter)┛奧эU蜥小鈑, 麝錮毚棙č

ゝ9諺ュ蒸桿汏檮鞄35圈I鈑藥澋滕; 覇蝠奸痄

森小鈑隸 , 韋妍9諺檮鞄35艝羝聴┡革甃声ナ89

𥿔革甃紅麹倣弦穀1ΜO餌錮烏(Target file)(Yan 

et al., 2004)Ο, 毚棙棗ホ府э鵝婀ыИ®初コ鬱

晶35Corner Fit●棧(尹瀰巖シ, 2001), 捷&9諺檮

鞄35桷賠35痄森小鈑┛ 

3.1.1  U蜥小鈑 

覇¿┛檮鞄︸艾Ο, U蜥詔印滕穀35小鈑辞

苺: 圴掮┚鐘35+沛, ュ蒸ナコ桿汏35圴掮35濤

せ小鈑be┚ȕ, 𩸕鐘35札忘隸掮T声𩸕鐘35喉鴬小

鈑, 小◓ś1┛ 

圴掮┚鐘35+沛屢藥穴歡(7)&梗, Ζ歲35訒

83倦O洛虹3罕学校法人┛屢藥券訒83倦O, 詔印&梗情

ナコ桿汏35圴掮Pe声鐘35+沛Pa┛緯虹3│つ, 情 

㸼1  ⊍ᵒᑐᷥൟখ᭄㸼 

Table 1  Parameters for Pinus tabulaeformis saplings 

小鈑 

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: 圴掮+沛  Internode sink  Pa: 𩸕鐘+沛  Needle sink  

T: 𩸕鐘札忘隸掮 Needle functioning time  SLW: 訒鐘紞 Spe-

cific leaf weight  be: ュ蒸ナコ桿汏圴掮35訒貨O鈑 The scale 

coefficient of internodes of different physiological ages  ȕ: ュ蒸

ナコ桿汏圴掮35濤せO鈑 The form coefficient of internodes of 

different physiological ages  Sp: ｛諺脣淅螞⌇ Plant projection 

area   r: 鰀察櫈腋  Water resistance  PA i: ゔ iΜナコ桿汏 

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

 

 
 

虹3  圴掮侉紞声𩸕鐘侉迮𥿔訒83                      

Fig. 3  The ratio of internode fresh mass to         

needles fresh mass            

PA i: ゔiΜナコ桿汏 Physiological age i (i=1, 2, 3, 4)  

 
 

ナコ桿汏35袴圀O鈑R
2
覇0.60~0.91φ掮, 瀠PA2

勿 , 券井ナコ桿汏艾浄鄂┹暒裸 , PA2艾浄聴┹

暒攴 , 屢藥⁇I詔s , PA2十ヘ健┺鶫痁ヌ桿汏

膨圾圾仕櫱湿35¤游┛ 

ュ蒸ナコ桿汏35圴掮35濤せ小鈑be┚ȕ屢藥穴
歡(1)ラ圈氄I𥿔鈑藥艾浄&梗, 洛ś1罕学校法人┛虹4

韋圴掮欸氊ナ圾¤游虹, ś橎х情ナコ桿汏圴掮

侉迮𥿔声圴掮圾楾35倦O┛情ナコ桿汏35R
2     

覇0.89~0.96φ掮隸, 艾浄鄂┹暒裸, 岏霽¿┛檮 
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虹4  圴掮欸氊ナ圾¤游 

Fig. 4  Internode allometry 

PA i: ゔiΜナコ桿汏 Physiological age i (i=1, 2, 3, 4) 

 

 

鞄35圴掮ナ圾Ẽ僇(1)歡35欸氊ナ圾¤游┛ 

𩸕鐘35札忘隸掮(Functional time)韋鐘啀詔印

槀≳掲浄屋ホ35鵝圾隸掮, 屢藥圈氄I𥿔, ¿┛

𩸕鐘鵝圾35ナ圾趨鸚韋3 a, 罕印券札忘隸掮δ     

3 a┛ 

𩸕鐘35訒鐘紞SLW屢藥┅ヴ声┅〒問(2004)

滕穀┛ 

3.1.2  痄森小鈑 

紹鶫ヘūナコナ燠小鈑, 噪淫痄森覇｛89ナ

89𥿔ナ扱声紅𥐮35棙●Ο, ュ忘緯圈MV鈑藥ΟU

蜥&滕, 綳こ゚毚棙妍府э｛89艝羝聴┡I圀35殿

囮ナ89𥿔声濤燠鈑藥杝激穀O餌錮烏Ο, 屢藥螌

舜狢鵝婀ыИ®初コ捷&羇忘滕穀, ❀φδ痄森

小鈑┛覇¿┛檮鞄Ο痄森小鈑辞苺𩸕鐘35脣淅螞

⌇小鈑Sp, 鐘啀35鰀察櫈腋r┛麝錮豪ホCorner Fit

●棧&梗¿┛檮鞄35痄森小鈑, 洛ś1罕学校法人┛ 

3.2  ︸繁35慧御 

妍9諺鞄麌茣せ紅遉聴┡35ュ蒸紅δ3ū, 紅

麹倣弦O餌錮烏, 捷&梗痄森小鈑, 緯姿澋滕︸

艾鈑藥┛麝錮屢藥¿┛檮鞄35圈氄I𥿔鈑藥ユ︸

艾鈑藥槀≳奧訒, 梏櫻ヰ圈I還声︸繁︸艾還掮

35舜狢豚洫鑷●, 奧聴┡-札忘︸繁槀≳慧御┛虹

5A┚5B紅麹韋4Μ桿汏(1┚2┚3声5 a)¿┛檮鞄35

鞄麌圴掮獪侉迮𥿔声鞄麌鐘獪侉迮𥿔圈I還声︸

繁︸艾還35訒暒, 鑷●袴圀O鈑R
2
紅麹δ0.91声

0.85; 虹5C┚5D韋9諺鞄麌鞄档35ュ蒸ナ圾収形35

圴掮侉迮𥿔声圴掮圾楾35訒暒, R
2
紅麹δ0.80声

0.78┛ラ橆詔◓, GreenLab︸繁詔印暒裸芭︸艾¿

┛檮鞄35ナ89𥿔声濤燠┛倦э情健┺35︸艾還ユ

圈I還, ラэ鈑藥𥿔弥, ┺ユ┺φ掮35攴欸П暒

弥, 罕印︸艾鄂┹¢鶫鞄档35︸艾鄂┹裸, 榺紒

ュヘヘ郊梗┛ 

3.3  檮鞄濤燠︸艾抄詔⁂湿  

聴┡-札忘︸繁35ヘΜ紞こ゚ⓔ渫孛韋詔印杝

梗｛8935メ翼聴┡声ナ圾發胡, 頓橆噪詔印δ詔

⁂湿せヽ蠖駕小鈑┛屢藥čゝ澋滕35U蜥小鈑声

痄森小鈑, 豪ホ櫻ヰ35︸繁︸艾梗情ナ圾趨鸚35

殿囮ナ89𥿔┚殿囮濤燠ⓔ渫還(洛圴掮35圾楾┚U

渟シ), 异ホDigiplante㫖烏(Cournède et al., 2006)

35殿囮濤燠︸舶, 十詔︸艾梗¿┛檮鞄35メ翼濤

燠┛虹6韋¿┛1┚3声5 a隸35濤燠聴┡︸艾虹┛ 

4  㒧䆎䅼䆎 

麝錮印檮汏¿┛δせヽ奧澠, 胥GreenLab聴

┡-札忘︸繁棗ホэ収諺鞄麌35ナ圾︸艾声詔⁂

湿せヽモ , 蠖梗хヘ輿𩸕奧鞄麌35濤燠聴┡I

𥿔┚艝羝紅┭┚鈑藥擲U抄詔⁂湿︸艾35鑷®, 梏

奧︸繁槀≳х小鈑&⋛声慧御, δGreenLab︸繁

覇鞄麌モ35棗ホ擁圀хヘ圀35府コ┛詔印つ梗 , 

GreenLab︸繁陋詔印︸艾鞄麌35ナ圾渉湿声ナ89

𥿔紅𥐮, 彰詔印杝梗鞄麌35メ翼聴┡革甃, 緯姿

圈x府эナ89喃黝腰35鞄麌ナ圾35メ翼詔⁂湿 , 

覇︸艾鞄麌35ナ圾鑷螞鶫渤弥l察, 奧э圀𥿔せ

ヽ鞄麌35ナ圾¤游, 印抄鞄麌ユw蓬┚鞄麌ユ扈

┴誕瓈35Y唖屋ホ鶫紞こ゚35碆τ┛ 

麝せヽ櫻ヰ35鞄麌艝羝聴┡擲U翁O, 奧薰

ヘΜナ圾収形槀≳擲U, 緯姿禾鞄麌35I𥿔┚Ŭ

洙┚紅┭印抄艝羝聴┡35紞櫻渉滕'03鄂声ボ駘┛汚

殿囮鰀桷35鞄麌濤燠聴┡35I𥿔維綳こ゚嬥釱弥𥿔

35隸掮, 嬋券奧э桿汏鴦弥35鞄麌│岏, 隸掮妍洩

鴦圾┛頓姿, 覇宸𥿔Ẽ僇︸繁小鈑&⋛綳こ゚35艮蠖

ャ, 洛鴬聽穀ヮ湿35I𥿔鑷®, 顆滕守紅濔こ゚┛  

麝せヽ韋GreenLab聴┡-札忘︸繁覇𩸕鐘鞄

ナ圾︸艾声詔⁂湿棗ホモ35ŀ尞嫗嗎, せヽ奧澠

意韋覇鬱旈芭モナ圾35檮汏¿┛, ¢鶫彩熳w蓬

頓t声ぉш頓t35淅箭; ラэI𥿔綳こ゚嬥釱弥𥿔

35隸掮声89察, 珊麝鈑𥿔П消穀ヘ圀35浡腰; 橆

勿, ¢鶫奧︸繁槀≳棙悗MV, 頓橆麝せヽ聴┹剣

鶫ヘ圀35寉浡狢, 綳こ゚覇殺弥珊麝鈑𥿔35府コモ, 
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虹5  ︸繁慧御 

Fig. 5  Model calibration  

 

 

 
 

虹6  ¿┛檮鞄濤燠メ翼詔⁂湿(1┚3声5桿) 

Fig. 6  3D visualization for Pinus tabulaeformis saplings 

(1a, 3a, and 5a) 

 

槀ヘ橳彩熳w蓬頓t┚殃激Μ翁掮35ぉш, 印概

鴦ɚ問芭︸艾鞄麌35メ翼聴┡声ナ圾┛ 
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