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Dynamic change of stand leaf area for Chinese fir plantation
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Abstract: Leaf area is an important factor for quantifying the potential production of trees because it is closely related to
tree growth. The dynamic changes in leaf area directly drive the change of tree growth. At present, scholars hold varying
views on the dynamic changes in stand leaf area. Some scholars proposed a classical hypothetical trend that leaf area of a
stand showed a more or less constant level after the initial peak. On the contrary, other scholars proposed another
hypothetical trend: i.e., the stand leaf area showed a single peak maximum of leaf area followed by a decline after canopy
closure. However, neither the hypothesis of constant leaf area nor the hypothesis of a maximum leaf area clearly explained
why leaf area should remain constant or decline after canopy closure from the growth models. In this study, data were
collected from 54 plots, containing 144 trees in various subtropical climatic zones. We developed tree leaf area and stand
density models for Chinese fir using nonlinear mixed-effects models based on six growth equations ( Richards, Logistic,
Gompertz, Mitscherlich, Korf, Weibull ). The stand leaf area was determined by multiplying the tree leaf area by the
number of trees. Then we explored the dynamic change of stand leaf area. The results showed that the optimal tree leaf area

3

model (at the plot level ) considered the random effect of the plot on the parameter ‘a’ of the Logistic function. The optimal
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stand density model (at the population-averaged level) considered the random effect of the site on the parameter ‘a’ of the
Logistic function. However, the heteroscedasticity structure of both models was not considered. The dynamic change in stand
leaf area followed a unimodal pattern, increasing rapidly during the young growth phase, peaking, and then gradually
declining at a slower rate. With the consideration of self-thinning as a premise, from the growth model perspective, the
dynamic change in stand leaf area exhibited a unimodal pattern, instead of remaining constant after reaching its peak. In
addition, the decrease of stand leaf area after reaching the peak was caused by the decrease of stand density. Therefore, a
series of management measures can be considered to delay the decline time of leaf area in forest, so that the forest can
maintain a high production volume for a long period of time, so as to obtain greater ecological and economic benefits. Our

findings are of great significance for the quantitative management of Chinese fir plantations in different climate zones.
Key Words: Chinese fir; stand leaf area; dynamic change; unimodal pattern; self-thinning
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Table 1 Summary statistics of tree ( average tree) and stand factors for each age group
W . Jig 4z $/l\‘ﬂ+ﬁf,”\ B UREL
i@f—i aﬁw# leﬂ MRITAE RS Tree height/m Dlame?er at breast Tree lca;f Number of treezs.
Site Plantation time/a  Stand age/a height/cm area/m per ha/ (#£/hm?)
(A Mean #5ifE2: SD #{H Mean #5122 SD (A Mean #5ifE2% SD #4{H Mean  #5ifE2: SD
pANi) 1969 48 18.56 1.76 23.53 1.67 101.70 29.13 572.00 34.83
1986 31 15.56 1.06 19.04 1.19 77.42 37.10 827.67 178.00
1993 24 14.53 1.97 18.12 2.66 54.05 20.82  1067.00 264.58
2000 17 15.30 0.98 17.22 1.36 51.98 13.16 767.00 100.00
2006 11 13.26 1.12 12.28 0.43 26.12 1012 2655.33 236.00
2012 5 7.36 0.63 8.86 0.44 23.54 296  3022.33 434.72
2015 2 — — — — — — 3211.33 318.82
W 1973 48 — — — — — — 1666.67 536.21
1986 35 15.86 2.05 20.17 3.68 37.33 18.77  1333.33 428.57
1996 25 13.21 1.42 16.74 0.93 33.34 10.67  1433.33 116.93
2004 17 9.25 1.85 11.38 1.32 19.46 8.57  2805.67 526.16
2008 13 10.11 1.18 11.66 0.52 16.68 7.48  2977.67 419.74
2013 8 7.45 0.59 9.82 0.53 18.68 572 3339.00 422.44
i 1987 35 18.57 1.79 18.53 1.83 48.47 7.93  1455.67 198.46
1998 24 10.37 0.86 14.43 1.00 45.89 9.81  1000.00 109.49
2006 16 14.06 1.18 15.88 0.82 38.18 13.67  1588.67 108.61
2009 13 9.54 1.78 11.20 1.95 22.16 16.86  2616.67 592.47
2016 6 7.74 0.60 8.63 0.76 15.27 3.62  2622.00 151.04

PT. 3 AKAf[E] Plantation time; A : ARAMEY Stand age;H;W%‘ Tree height;DBH:H@ﬂ’é Diameter at breast height;LA;ﬁA\‘ﬂfEfﬂ Tree leaf area;
N AR HIREL Number of trees per ha;SD ;#5125 Standard deviation
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K50 AR BRI T BB RUAS B B v, AR Y 48 BHRE L H AR R 1 SRR, FFRIAY 47 SRS EL
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BEAb, G 56 o A P A AR 4 A 3K (16) SR B 56 B A 2k M T I 4% 7T ( Empirical best linear unbiased
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1.9 Mo i B sh e pL A
TE H AR FG L U R AR i TR R DA A I T ER 5 bk 208 B8 9 e A
Y(1) =y(1)N(1) (17)
A, V() 2 ¢ AFF AR TR,
ARBEFE T B RS RO B R ARS8, 20T nime” 42,

2 ZHREHSH

2.1 R HEREEA

75 6 Fp ARy R 43 B AR S B B HLSON 415 07 20, AR RO R A 7 M dl A = (a b c.ab,
ac b Al abe) , IA 42 F Hivh 11 Fuliesl, MRIASAIEMH8 bR B fe i B AL 015 45 R L3k 2 (b HgoR
TURSHALED) . TR ), Logistic A2 4 7 R g BEALAN NAES L a LA RCR B4 (RPAT Loglik e K,
AIC F/NV) o

R2 ETRERKFEZETRAMINKESHENAAHERRANUSERILE

Table 2 Comparison of tree leaf area model results with different random effect parameters based on each growth equation

AR gl g

Growth equation Random parameter 4 R? AlC Loglik
Richards A
Logistic a 5 0.81 1250.78 -620.39
a, c 7 0.53 1269.35 -627.67
a, b, ¢ 10 0.81 1260.78 -620.39
Gompertz a 5 0.81 1254.51 -622.26
a, b 7 0.81 1258.51 -622.25
a, c 7 0.81 1258.49 -622.24
Mitscherlich a 5 0.81 1260.27 -625.13
b 5 0.35 1278.01 -634.00
Korf a 5 0.81 1272.46 -631.23
a, b 7 0.81 1276.49 -631.24
Weibull a 5 0.81 1257.77 -623.89

R? .12 230 Coefficient of deler‘mination;AlC:ﬁfm{%,‘éjﬁmu Akaike Information criterinn;Loglik;Xﬂlﬁfu%ﬁ Log Likelihood

Bt J5 EU 3 35 F TN AR & ( Age ) 5 FE LA oA Bk pRESCRI B B0 Rk pRER 3 435 4 T B 5B 18] 1) S5y 22,
PIALERILEE 3, 3 By 224544 i BUMFE R B AIC fH /D, Loglik A, HJE AN % pe 5 5 2% (R INAR) it
RSB (RO R B0 IR 011, DRASHIFSE Hhovh 2% 1 (R B0 T pR 3R ) (R 18) FIAR % [ 57 07 22 (Y
18 ™ G BALEAR A ) A PR R B0 43 B HEATRGT6: | LIRS IO G 132 48 v AV g B I T AR e R Y
(atu)

E..
1 + be ™ Y
E; = (gil ’.“’gini>T ~ N(O’Ri =0’ G?'S Fi G?'S) (18)

LAlree<t) =

G, = diag(A, + a2, A, +x2)
ro~1,
A1 LA, (1) ¢ SEREG AR u BB S8
2.2 MROFEEEERIAY
15 Logistic Jr B % IR S BUNBEHAON AL &7 2, 264 7 FALE )78 (a b e abac be il abe) , 23
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Wk, AR R PR R OB U AR AR 4, AT LIRS BENLAON NTE a b 8 e LG RCR
— B, KBS (RPN Loglik K, AIC F/N)  ABIETE PR BENLAINAE a _EAOREAY

®3 ET Logistic WRERHERAERERFHFELFMHERNSERILE

Table 3 Comparison of model results with different variance structures based on Logistic tree leaf area equation

) B i iy Age

Heteroscedasticity structure R2 AlC Loglik LRT P
7 None 5 0.81 1250.78 -620.39

B4 PRAL Exponential function 6 0.62 1216.74 -602.37 36.04 <0.0001
T PRZL Power function 6 0.49 1218.83 -603.42

W HOMFEREL Constant plus power function 7 0.70 1211.16 -598.58 7.57 0.0059

LRT: ISR FL A6 Likehood Ratio Test

F4 ET Logistic ARERZFEREBINBMNSHNRSZTEREBYSERILER
Table 4 Comparison of stand density model results with different random effect parameters based on Logistic

AR KPS %

Growth equation Random parameter 4 R? Alc Loglik
Logistic a 5 0.60 855.59 —-422.80
b 5 0.60 855.59 -422.80
¢ 5 0.60 855.59 —-422.80
a, b 7 0.60 859.59 —-422.80
a, ¢ 7 0.60 859.59 —-422.80
b, ¢ 7 0.60 859.59 -422.80
a, b, c 10 0.60 865.59 -422.80

Bifi Ji5 U3 T T A5 £ ( Age ) 75 S AR £ pRER 5 pR BRI R 0NN R PR K 3 PP 25 #4) 1 R s 1) 9 53 22,
PABEER NI 5, VA BT 22 (RN AR 25 BEBC AU e A (R Bk, AIC /) |, TRl LRT #6564
B, LR RV E 52 7 22 5 M RN T 7y 25 85I 3 25 57 (P =0.3552) DA b e 45 DA Hb X AE R Bl AL A%
N T B BEALRON INTE Logistic T REM a ZE0 L, HATE 8557 285 F MBI (19) VE bR 4345 B A Y 1) e
PERER . S 40, 1 2 R R4 FE B A MRS P S TR A
(a+u) |

E..
1+ be™ Y

& :(Sil"" & )T ~ N((),Ri =0’ G?‘S I, G?‘S) (19)

N(t) =

ij < in;

£S5 ET Logistic WRDBEFBEEBRAZEMNBEBUSERILR

Table 5 Comparison of model results with different variance structures based on Logistic stand density equation

S 4 of i Age

Heteroscedasticity structure R? AlIC Loglik LRT P
Jt None 5 0.60 855.59 -422.80

TR BUFEL Exponential function 6 0.60 857.59 -422.79

TR Power function 6 0.59 856.74 -422.37 0.85 0.3552
W RO A PREL Constant plus power function 7 0.59 858.74 -422.37

2.3 BIEPEHY
36 3 T BRI T BUR AR (5 B IR e S 22 ) PR3 B IR A AR (R % e 577 22 ) [ ]
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2.4 FAKGE

AHFFE T B — 28 IR U R R AT A5, 1) T
N5 P (BT A% TR B 8 b O R EAT LLAR ., AR T
A LLA AR ORI AR R R R IR R T 22,
FE LK SEER LY BAARSE 2 7K SE ( Population averaged level
PA) CRAERRL TP IE XSO 5 85 RO iR 73, B A7 B
BB ZHUEERIA S 0) FIRS B2 i, 25 8 e 07 22 1Y
R Ml K P SIS B2 B i, 5 AP AER 22 181 (181 3) ]
VARt DL O o8 B S S J7 2 235 A8 I A 28 v A S
T3 ZEATRAFAE THBR 5207 2290 o R TEAS 52 i
BERITEOUT , Dy 1 AL R S fin 3 B, e & AN S S+ 7
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3

2

1

425 FE Stand density/(Ff/hm?)

500

500

500

500

0 20 40
i Age/a

B2 worE R

60 80 100

RS

Fig.2 Trend in stand density with stand age

TEMR 3 ERS TR | B 22 18] (18] 4) AT LAt DA ek B o 507

FZELERFIANTE [ 577 22 B AR 2E FIBCRAR L, YR AR A 52 05 25 B G . T3 AMEA T 1B 57 05 2 B IX K ~F-
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R 6 HARMERKR KRS HEERESHATHEITNISR

Table 6 Parameter estimates and evaluation indexes for tree leaf area model and stand density model

BRI 7KF  BERY 19 1w S 0)

HiH 2% HUARM TR Tree leaf area MY Stand density
Ttem Parameter NIRRT % BT % ARSI %
No heteroscedasticity Heteroscedasticity No heteroscedasticity
[f 7 RO B4 a 54.0532 46.0777 -1882.1028
Fixed effect parameter b 5.2055 3.4421 -1.4921
¢ 0.1550 0.1624 -0.0161
Eﬂfﬁ%ﬁf%ance a? 460.3701 284.0192 4.78x107*
12477 2% Error variance a? 197.3981 0.4367 3.70x10°
577 2% Heteroscedasticity A — 2.12x1077 —
Ay — 1.0199 -
PEM 4R Evaluation index R? 0.81 0.70 0.60
AIC 1250.78 1211.16 855.59
Loglik -620.39 -598.58 -422.80
R7 BAMEREINMHKS ZEERQE
Table 7 Validation for tree leaf area model and stand density model
fz) By K B — 2 LKA Leave-one-out cross-validation
Model Heteroscedasticity Level R? TRE/% MAE
LV N A AN g SV H K- 0.32 0.31 15.62
Tree leaf area FEHbKSF- 0.62 0.14 11.85
& S H K- 0.24 0.42 15.76
FEHLIK 0.52 0.23 11.69
o345 AEIE ST H K- 0.57 0.09 522.61
Stand density i X 7K 0.57 0.09 522.61

TRE ; S AAXT 1222 Total relative error; MAE ; 34466 %1% 2% Mean absolute error
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Fig.5 Trend in stand leaf area with stand age
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( Pinus sylvestris var. mongholica Litv.) /K53 B BOE 45 58 M T AR B SRR I E 22 . Clough 251 YIS
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Fig.6 Trend in individual tree leaf area with stand age

AMTFAE S IEM ST AR T BRI TS B MM 2R K

http ; //www.ecologica.cn



13 1 SR A AN TR M B Bl A2 A AL 5619

BRI 4 Ff1 REUE R T A2 AR T AR Sl 2728 Al B B R | T A 5 B0 THUUEE 5 (4 AN AL ] Nt 38 A AR 2 o i AR ik
PTG 5T 2 TR S AR S DAY .l bR a3 it T B R 38 AR AR i 2 [ A 50 (9 AP A 5
KZ M TR AW SR el D T S O A VRTINS | e T BOMR A I8 . P, 7E 7R
MRZ B B AT LA R i — RS G B F i (A ) ARG i 1 BT R S [ 4R BHE 2%, fAR 0 A B Y
— BEI ] A ORI A A 7 i DT BJAS B R A A A MR B A0

S 2% 307k ( References) ;

(1]
(2]

(3]

[4]

(6]

(7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]
[23]

[24]
[25]

I, PEATARREEMER. Jeat: EMoll s L, 2014,

LiQY, LuXJ, Wang Y P, Huang X, Cox P M, Luo Y Q. Leaf area index identified as a major source of variability in modeled CO, fertilization.
Biogeosciences, 2018, 15(22) : 6909-6925.

Gower S T, Reich P B, Son Y. Canopy dynamics and aboveground production of five tree species with different leaf longevities. Tree Physiology,
1993, 12(4) : 327-345.

Pretzsch H, Biber P, Schiitze G, Uhl E, Rétzer T. Forest stand growth dynamics in Central Europe have accelerated since 1870. Nature
Communications, 2014, 5. 4967.

Fan HB, Wu J P, Liu WF, Yuan Y H, Hu L, Cai Q K. Linkages of plant and soil C: N: P stoichiometry and their relationships to forest growth
in subtropical plantations. Plant and Soil, 2015, 392(1); 127-138.

Ogawa K, Adu-Bredu S, Yokota T, Hagihara A. Leaf biomass changes with stand development in hinoki cypress ( Chamaecyparis obtusa[ Sieb. et
Zucc. ] Endl.). Plant Ecology, 2010, 211(1); 79-88.

Innes J C, Ducey M J, Gove ] H, Leak W B, Barrett J P. Size density metrics, leaf area, and productivity in eastern white pine. Canadian Journal
of Forest Research, 2005, 35(10) : 2469-2478.

Coker G W R. Leaf Area Index in Closed Canopies: an indicator of site quality. Christchurch: University of canterbury school of forestry, 2006.
Shi K, Cao Q V. Predicted leaf area growth and foliage efficiency of loblolly pine plantations. Forest Ecology and Management, 1997, 95(2) ; 109-
115.

Kira T, Shidei T. Primary production and turnover of organic matter in different forest ecosystems of the Western Pacific. Japanese Journal of
Ecology, 1967, 17. 70-87.

Odum E P. The Strategy of Ecosystem Development: An understanding of ecological succession provides a basis for resolving man’s conflict with
nature. Science, 1969, 164(3877) . 262-270.

Ryan M G, Binkley D, Fownes J H. Age-related decline in forest productivity: pattern and process. Advances in Ecological Research, 1997, 27.
213-262.

Ryan M G, Binkley D, Fownes J H, Giardina C P, Senock R S. An experimental test of the causes of forest growth decline with stand age.
Ecological Monographs, 2004, 74(3) . 393-414.

Saint-Andre L, Mbou A, Mabiala A, Mouvondy W, Jourdan C, Roupsard O, Deleporte P, Hamel O, Nouvellon Y. Age-related equations for
above- and below-ground biomass of a Eucalyptus hybrid in Congo. Forest Ecology and Management, 2005, 205(1/2/3) : 199-214.

Wutzler T, Wirth C, Schumacher J. Generic biomass functions for Common beech ( Fagus sylvatica) in Central Europe: predictions and
components of uncertainty. Canadian Journal of Forest Research, 2008, 38(6) . 1661-1675.

Genet A, Wernsdorfer H, Jonard M, Pretzsch H, Rauch M, Ponette Q, Nys C, Legout A, Ranger J, Vallet P, Saint-André L. Ontogeny partly
explains the apparent heterogeneity of published biomass equations for Fagus sylvatica in central Europe. Forest Ecology and Management, 2010,
261(7): 1188-1202.

Forrester D I, Tachauer I H H, Annighoefer P, Barbeito I, Pretzsch H, Ruiz-Peinado R, Stark H, Vacchiano G, Zlatanov T, Chakraborty T,
Saha S, Sileshi G W. Generalized biomass and leaf area allometric equations for European tree species incorporating stand structure, tree age and
climate. Forest Ecology and Management, 2017, 396 160-175.

O’Hara K L. Dynamics and stocking-level relationships of multi-aged ponderosa pine stands. Forest Science, 1996, 42(suppl_2) : a0001-34.
Turner D P, Acker S A, Means J E, Garman S L. Assessing alternative allometric algorithms for estimating leaf area of Douglas-fir trees and stands.
Forest Ecology and Management, 2000, 126(1) . 61-76.

Perry D A, Oren R, Hart S C. Forest Ecosystems. Baltimore, Maryland: The Johns Hopkins University Press, 2008.

Zhang X Q, Cao Q V, Duan A G, Zhang J G. Self-thinning trajectories of Chinese fir plantations in southern China. Forest Science, 2016, 62(6) :
594-599.

Ogawa K. Modeling age-related leaf biomass changes in forest stands under the assumptions of the self-thinning law. Trees, 2017, 31(1) : 165-172.
Zhang X Q, Duan A G, Zhang J G. Tree biomass estimation of Chinese fir ( Cunninghamia lanceolata) based on Bayesian method. PLoS One,
2013, 8(11): €79868.

BT WA 3. LR, AR L, 2006.

Lang A R G. Simplified estimate of leaf area index from transmittance of the Sun’s beam. Agricultural and Forest Meteorology, 1987, 41(3/4) .

http ; //www.ecologica.cn



5620 JAE = 44 %

[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

179- 186.

Buermann W, Dong J R, Zeng X B, Myneni R B, Dickinson R E. Evaluation of the utility of satellite-based vegetation leaf area index data for
climate simulations. Journal of Climate, 2001, 14(17) ; 3536-3550.

Lee K S, Cohen W B, Kennedy R E, Maiersperger T K, Gower S T. Hyperspectral versus multispectral data for estimating leaf area index in four
different biomes. Remote Sensing of Environment, 2004, 91(3) : 508-520.

Stenberg P, Rautiainen M, Manninen T, Voipio P, Smolander H. Reduced simple ratio better than NDVI for estimating LAI in Finnish pine and
spruce stands. Silva Fennica, 2004, 38(1) ; 3-14.

Calama R, Montero G. Interregional nonlinear height-diameter model with random coefficients for stone pine in Spain. Canadian Journal of Forest
Research, 2004, 34(1): 150-163.

Trincado G, Burkhart H E. A generalized approach for modeling and localizing stem profile curves. Forest Science, 2006, 52(6) ; 670-682.
Pinheiro J C, Bates D M. Mixed-Effects Models in S and S-PLUS. New York, NY: Springer New York, 2000.

Shinozaki K. Logistic theory of plant growth. Kyoto: Kyoto University, 1961.

ZERH. R FAE AN THB IR ABL. Aol Brr, 2004, 40(5) : 16-24.

SRHENS, TINA, B, Mo AR & TN AR B KR Al 5 F HL . Mol B, 2011, 47(7) : 36-41.

Nord-Larsen T, Meilby H, Skovsgaard J P. Site-specific height growth models for six common tree species in Denmark. Scandinavian Journal of
Forest Research, 2009, 24(3) : 194-204.

Timilsina N, Staudhammer C L. Individual tree-based diameter growth model of slash pine in Florida using nonlinear mixed modeling. Forest
Science, 2013, 59(1) . 27-37.

Yang Y Q, Huang S, Meng S X, Trincado G, VanderSchaaf C L. A multilevel individual tree basal area increment model for aspen in boreal
mixedwood stands. Canadian Journal of Forest Research, 2009, 39(11) . 2203-2214.

Yang Y Q, Huang S. Comparison of different methods for fitting nonlinear mixed forest models and for making predictions. Canadian Journal of
Forest Research, 2011, 41(8) . 1671-1686.

Fu L Y, Zeng W S, Zhang H R, Wang G X, Lei Y C, Tang S Z. Generic linear mixed-effects individual-tree biomass models forPinus
massonianain Southern China. Southern Forests: a Journal of Forest Science, 2014, 76(1) : 47-56.

Wk, FISGE, 0%, BMS7. IZARMIESRHES M i BRI, A 2574], 2018, 38(10) : 3569-3580.

BB, 0, BOTIE, WRETA, B , SRR )RR N AR I RS RO AR I R RS IE. AR, 2022, 42(11) ; 4451-4462
BRI, ST BRI 3 R plomt o - I AR BORIUMORE I ) BE i 15 3 2S. i AR 8241k, 2007, 31(3) : 431-436.

TREWT, FWL, 2. 3 EMINR A LA AR AR R Y ShAS . 2RI IR, M AR, 2012, 36(3) ; 231-242
Jagodzinski A M, Katucka I. Age-related changes in leaf area index of young Scots pine stands. Dendrobiology, 2008, 59 57-65.

Clough B, Tan D T, Phuong D X, Buu D C. Canopy leaf area index and litter fall in stands of the mangrove Rhizophora apiculata of different age in
the Mekong Delta, Vietnam. Aquatic Botany, 2000, 66(4) : 311-320.

Zheng Y, Zhao Z, Zhou J J, Zhou H, Liang Z S, Luo Z B. The importance of slope aspect and stand age on the photosynthetic carbon fixation
capacity of forest; a case study with black locust ( Robinia pseudoacacia) plantations on the Loess Plateau. Acta Physiologiae Plantarum, 2011, 33
(2): 419-429.

Schulze E D, Schulze W, Koch H, Ameth A, Bauer G, Kelliher F M, Hollinger D Y, Vygodskaya N N, Kusnetsova W A, Sogatchev A, Ziegler
W, Kobak K I, Issajev A. Aboveground biomass and nitrogen nutrition in a chronosequence of pristine Dahurian Larix stands in eastern Siberia.
Canadian Journal of Forest Research, 1995, 25(6) : 943-960.

Putz F E, Parker G G, Archibald R M. Mechanical abrasion and intercrown spacing. American Midland Naturalist, 1984, 112(1) ; 24.

Long J N, Smith F W. Volume increment in Pinus contorta var. latifolia ; the influence of stand development and crown dynamics. Forest Ecology
and Management, 1992, 53(1/2/3/4) . 53-64.

Luo T X, Neilson R P, Tian H Q, Vérosmarty C J, Zhu H Z, Liu S R. A model for seasonality and distribution of leaf area index of forests and its
application to China. Journal of Vegetation Science, 2002, 13(6) . 817-3830.

Shaiek O, Loustau D, Trichet P, Meredieu C, Bachtobji B, Garchi S, EL Aouni M H. Generalized biomass equations for the main aboveground
biomass components of maritime pine across contrasting environments. Annals of Forest Science, 2011, 68(3) : 443-452.

Ogawa K. Mathematical consideration of the age-related decline in leaf biomass in forest stands under the self-thinning law. Ecological Modelling,
2018, 372: 64-69.

Vose J M, Swank W T. Assessing seasonal leaf area dynamics and vertical leaf area distribution in eastern white pine ( Pinus strobus L.) with a

portable light meter. Tree Physiology, 1990, 7(1/2/3/4) . 125-134.

http ; //www.ecologica.cn



