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Abstract : Based on the stem analysis and biomass measurement of 36 trees and 1,576 branches in Pinus

sylvestris var. mongolica (Mongolian pine) plantations of Northeast China, this study was conducted to

develop estimation model equation for leaf biomass of a single tree and branch, to examine the vertical

distribution of leaf biomass in the crown, and to evaluate the proportional ratios of biomass by tree parts,

stem, branch, and leaf. The results indicated that DBH and crown length were quite appropriate to estimate

leaf biomass. The biomass of single branch was highly correlated with branch collar diameter and relative

height of branch in the crown, but not much with stand density, site quality, and tree height. Weibull

distribution function would have been appropriate to express vertical distribution of leaf biomass. The shape

parameters from 29 sample trees out of 36 were less than 3.6, indicating that vertical distribution of leaf

biomass in the crown was displayed by bell-shaped curve, a little inclined toward positive side. Apparent

correlationship was obtained between leaf biomass and branch biomass having resulted in linear function

equation. The stem biomass occupied around 80% and branch and leaf made up about 20% of total biomass

in a single tree. As the level of tree class was increased from class I to class V, the proportion of the stem

biomass to total biomass was gradually increased, but that of branch and leaf became decreased.

Key words : Pinus sylvestris var. mongolica, leaf biomass, branch biomass, biomass equation model, ver-

tical distribution

Introduction

Leaves of woody plants play a paramount role in pho-

tosynthesis, the process by which practically solar

energy enters forest ecosystems. The characteristics of

spatial structure of leaves such as the amount, surface

area, and arrangement may have direct influence on the

light absorption, light intensity, and light spectrum

related to leaves, determining the efficiency of harness-

ing solar energy by trees (Kramer and Kozlowski, 1979).

In general, leaf biomass (or leaf area index) in the

sphere of crown increases in proportion to the increase

of branch depth, possibly expressed by linear relation-

ship to each other (Oliver and Larson, 1996). However,

the research of Wang (1990) in a eight-year-old Cun-

ninghamia lanceolata plantation suggested that the ver-

tical distribution of leaves might be related to leaf area

index and stand density. In addition, as the stand density

was increased, the form of crown was switched from

conical to cylindrical shape, but leaf area index (or leaf

biomass) was increased at first then decreased gradually.

Another experiment done by Mäkelä and Vanninen (2001)

in a Pinus sylvestris forest indicated that leaf biomass

was more and more increased from top of the crown

downward to middle of it then rapidly decreased to the

base of the crown.

The accumulation of branch and leaf area from top to

down showed S-shaped distribution in a Larix principis-

rupprechtii forest (Ma et al., 2000). In the Larix gmelini

forest vertical distribution of leaf area was suited to the

curve of secondary degree and horizontal distribution

was matched with the quadratic Gaussian distribution

(Wu et al., 2003). The vertical and horizontal distribu-

tion of leaf area of various age classes in the 17-year-old

Cunninghamia lanceolata forest presented B distribution

function (Zhang et al, 1996). Vertical distribution of

Pinus armandi leaf area of each age class also showed

B distribution function (Zhang and Dang, 1995). Like-

wise distribution pattern of leaf biomass (or leaf area)

varied by the stand of different species, age, density, site,

and so on.

Pinus sylvestris var. mongolica (Mongolian pine) has

been planted for afforestation since 1950s in China,
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extended 370 thousand ha merely in Heilongjiang, Jilin,

and Liaoning Province up to 1993. Despite large area of

Mongolian pine plantation with tremendous potential for

the production of various forest resources, the tending

operation, such as release cutting and pruning, has not

been sufficiently implemented to make better growing

stock of the forest. 

Accordingly, the objectives of this study were 1) to

develop estimation model equation for leaf biomass for

individual tree and single branch, 2) to examine the

characteristics of the vertical distribution of leaf biomass

in the crown, and 3) to evaluate the proportional ratios

of biomass for stem, branch and leaf by tree classes, so

as to provide fundamental information for tending oper-

ation in Mongolian pine plantations of Northeast, China.

Materials and Methods

1. Study area

The study was conducted in Mongolian pine planta-

tions in the Maoershan Experimental Forest (45o 14'-45o

29'N, 127o 29'-127o 44'E) of Northeast Forestry Univer-

sity, China, located in the western slopes of Zhangguangcai

Mountains, Heilongjiang Province. The Maoershan Experi-

mental Forest is characterized by rolling mountainous

terrain with 805 m of highest peak and 300 m of average

above sea level, and average slope gradient is 10~15o.

Mean annual temperature is 2.8oC with 120~130 frost-

free days. Mean annual precipitation is 724 mm with

70% of relative humidity and 1094 mm of evaporation

rate.

Even though potential climax vegetation would be the

mixed broadleaved-Korean pine forest, the original veg-

etation was modified by indiscreet harvesting cutting and

secondary deciduous forests have been naturally estab-

lished by succession process (Zhao et al., 1999; Wang et

al., 2003). Present forests are mainly composed of Frax-

inus mandshurica, Tilia amurensis, Quercus mongolica,

Acer mono, Juglans mandshurica, Betula platyphylla,

Phellodendron amurense, and Populus davidiana. In

some limited areas, they have made plantation with such

species as Pinus koraiensis, Pinus sylvestris var. mon-

golica, Larix olgensis, and Picea koraiensis.

2. Collection of materials and data

Experimental data were collected in the seven perma-

nent research plots of unthinned Mongolian pine plan-

tations, which were varied by age, site condition, and

stand density. Employed “equal basal area selective sam-

pling method” (Bai et al., 1987), sample trees were divided

by 5 diameter classes and measured average DBH and

height. In every experimental plot, medium quality of

Table 1. Collected data sets of stands, trees, and branches by attributes for the studied Mongolian pine plantations.

Attributes Minimum Mean Maximum  S.D.

Stand (n=7)

 SI (Site index) 12.32 13.92 16.04 1.35

 N (Number of trees per ha) 1010 2662 4800 1141

Tree (n=36)

DBH (Tree DBH, cm) 6.50 14.85 26.80 4.94

HT (Total tree height, m) 7.40 12.13 18.90 3.69

CL (Crown length, m) 2.97 5.17 8.00 1.26

CW (Crown width, m) 1.13 2.65 5.08 1.10

Ws (Dry mass of trunk/tree, kg) 5560.00 62829.72 245170.00 60257.13

Wl (Dry mass of leaf/tree, kg) 529.00 5774.53 19226.70 4558.64

Wb (Dry mass of branch/tree, kg) 554.70 9441.23 38523.70 9677.58

Branch (n=1,576)

DINC (Depth of each branch/crown, m) 8.50 248.91 992.00 163.95

Φ (Branch azimuth) 0.00 176.83 355.00 103.34

θ (Branch angel) 7.00 49.48 135.00 18.59

BD (Branch diameter, cm) 0.18 1.88 8.15 1.08

BL (Branch length, cm) 2.00 130.63 585.00 92.96

BCL (Branch chord, cm) 2.00 123.91 560.00 87.74

BAH (Bow height, cm) 0.00 13.48 130.00 14.15

BFM (Fresh mass of branch+leaf, g) 2.50 771.30 18150.00 1228.24

LFM (Leaf fresh mass, g) 1.88 296.39 3839.83 404.28

TFM (Twig fresh mass, g) 0.61 480.99 22500.00 1029.36

LDM (Leaf dry mass, g) 0.84 128.88 1818.54 178.86
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five to six sample trees, which were close to average

size of diameter, height and crown, were selected for

stem and branch analysis.

The total of 36 sample trees were undamagedly felled

to obtain analysis materials. The discs were gathered in

the middle of every 1 m of interval node for each felled

stem. Each whorled branch from the tree base were

assigned with consecutive numbers, tallied 1,576 branches

in total. The measurements of every whorled branch

were implemented for total depth into crown of each

branch (DINC), branch azimuth (φ), branch angel (θ),

branch diameter (BD), branch length (BL), branch chord

(BCL), and bow height (BAH).

Fresh weight of stem and disc samples was measured

in the field, and branch and leaf samples were weighed

by standard branch method (Bai et al., 1987) on the

basis of fresh weight. The fresh biomass was separately

weighed for the whole leafy branch, leaf-mass only, and

branch-mass only. Some portion of disc, branch and leaf

samples were sealing tightly transported to the labora-

tory and dried in ovens at 80oC until fixed weight and

then weighed and recorded. 

The values of measurement and calculation for 36 sample

trees and 1,576 branches were presented in Table 1.

3. Data analysis

In order to develop leaf biomass estimation model for

a single tree (WI), the values of correlation coefficient

were calculated between total leaf dry mass of the sam-

ple tree and attributes of stands and trees on the basis of

measure of dispersion and correlation analysis. Among

those attributes, having higher values of coefficient than

any other attributes, DBH and crown length (CL) were

adopted as independent variables to induce leaf biomass

model equations for the single Mongolian pine tree.

In order to develop leaf biomass estimation model for

a single branch (LDM), the values of correlation coef-

ficient were calculated between leaf dry mass of the

sample branch and attributes of stands, trees, and branches.

Since branch diameter (BD), branch length (BL), and

relative height of branch in the crown (BRH) had greater

values of coefficient than others, these three attributes

were employed as independent variables to induce leaf

biomass model equations for the branch of Mongolian

pine. The optimum model equation were selected after

examining the fitness by comparison of non-linear and

logarithmic prediction models.

The vertical distribution of leaf biomass in a single

tree can be commonly expressed by normal distribution,

Beta distribution, or Weibull distribution. Several for-

estry-related studies used Weibull distribution to describe

status of growth and yield for various species and stands

(Campos, 1981; Meng, 1988; Brooks and Borders, 1992;

Zhou et al., 1996; James, 1998; Wang et al., 2001; Lee

and Hong, 2001), taking advantage of dissimilar distri-

bution pattern, appropriate bell-shaped curve, and grad-

ual decreasing curve of reversed J-shape.

In the Weibull distribution, the function of probability

density is;

(1)

where b is scale parameter and c is shape parameter.

This study utilized Weibull distribution function with

two parameters to evaluate vertical distribution of leaf

biomass in the sample trees; 

(2)

where FCP is cumulative percentage of leaf biomass and

RH is relative attaching depth of branch.

Because there were great differences in the numbers of

whorled branches in sample trees, the crowns were not

classified by the position of whorl but the length of

crown was arbitrarily divided by 10 classes, calculating

cumulative percentage of leaf biomass by summing up

the leaf biomass in each crown class. After acquiring the

estimation parameters of distribution function for each

sample tree by Weibull distribution analysis, linear and

non-linear models were developed to predict the vertical

distribution of leaf biomass. Besides, relationships between

scale parameter b and shape parameter c and attributes

of sample trees and stands were examined by logarith-

mic transformation of independent variables.

Results and Discussion

1. Estimation model of leaf biomass at the tree level

Equation (3) with independent variables of DBH and

crown length was induced as an optimum prediction

model to estimate the leaf biomass in a single Mongo-

lian pine tree; 

(3)

where W
l 
is dry weight of leaf biomass (g), DBH is the

diameter at breast height (cm), CL is crown length (m),

and a
0
, a

1
, a

2 
are parameter estimates. Parameter esti-

mates and fit statistics of the developed equation were

presented in Table 2 and residual diagram of leaf bio-

mass was illustrated in Figure 1, hardly noticing appar-

ent tendency.

2. Estimation model of leaf biomass at the branch level

Equation (4) with independent variables of branch col-

lar diameter, branch length, and relative height of branch

in the crown, which were highly correlated with leaf

biomass, was induced as an optimum prediction model
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to estimate the leaf biomass at the branch level of the

sample trees; 

(4)

where BF
 

is dry weight of leaf biomass (g), BD is branch

collar diameter (cm), BL is branch length (m), BRH is

relative height of branch in the crowns, and b0, b1, b2, b3

are parameter estimates. 

After exclusion of 36 outliers and extreme values out

of 1,576 branches, parameter estimates and fit statistics

by non-linear regression analysis of the developed equa-

tion were presented in Table 3. The residual diagram

was illustrated in Figure 2. The spread pattern of resid-

uals by logarithmic transformation showed no tendency,

indicating that the induced equation might be appropriate

for the estimation of branch leaf biomass. Leaf biomass

of branch was increased as branch collar diameter and

branch length were increased at the same relative height

of branch in the crown. On the other hand, the leaf bio-

mass was decreased as relative height of branch was

increased with same branch collar diameter and branch

length.

3. Vertical distribution of leaf biomass

Scale and shape parameter estimates (b and c) and fit

statistics of Weibull distribution function were presented

in Table 4 on the basis of stem analysis of 36 sample

trees. The scale parameter b ranged within 0.47~0.72

and shape parameter c ranged within 2.01~4.52. The

results of fitness t-test of the model showed statistical

significance (p<0.01) with high correlation coefficient

values of 0.958~0.997, implying that Weibull distribu-

tion function would have been appropriate to express

vertical distribution of leaf biomass in the crown. 

Ln BF( ) b
0
BD

b
1

BL
b
2

BRH
b
3

=

Table 2. Parameter estimates and fit statistics of equation (3).

Parameter Estimate
Standard

error
t-value p-level

Fit statistics

n Sy.x R2

a0 12.40869 9.120749 1.360490 0.184156

36 1491.03 0.8111a1  1.40618 0.254523 5.524760 0.000006

a2  1.27155 0.345532 3.679978 0.000947

Figure 1. Residuals of estimation model of the leaf biomass at
the individual tree level [Eq. (3)].

Table 3. Parameter estimates and fit statistics of equation (4).

Parameter Estimate
Standard

Error
t-value p-level

Fit statistics

n Sy.x R2

b0 0.676444 0.065907 10.2636 0.00

1538 0.5568 0.8556
b1 0.296928 0.021709 13.6776 0.00

b2 0.307238 0.021126 14.5434 0.00

b3 -0.168122 0.011089 -15.1617 0.00

Figure 2. Residuals of estimation model of the leaf
biomass at the branch level [Eq. (4)].
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The shape parameters of 29 sample trees out of 36

trees fell under the category of less than 3.6, noting that

vertical distribution of leaf biomass in the crown was

displayed by bell-shaped curve, a little inclined toward

positive side. Accordingly, it was illustrated that large

amount of leaves took their position in upper part of the

crown so as to grasp more solar light for the effective

photosynthesis. Leaves of taller trees tended to be con-

centrated in lower part of the crown. 

After transforming and compounding variables through

necessary computation, estimation model equations were

developed, being associated shape parameter c and scale

parameter b with tree and stand attributes; 

(5)

(6)

where RELD is relative height (the ratio of a certain tree

height to dominant tree height). Parameter estimates and

fit statistics of the developed equation were presented in

Table 5 and the residual diagram was illustrated in Figure 3.

As shown in the Table 5 and Figure 3, however, the

attributes of the stand and the tree which examined in

this study had little apparent influence on and relation to

c a
0

a
1
RELD a

2
CL a

3
CW a

4
SI a

5
N ha⁄+ + + + +=

b b
1
  exp b

2
RELD( )=

Table 4. Estimates for scale and shape parameters and fit statistics of Weibull distribution function for 36 sample trees.

Plot &
sample tree

Scale parameter b Shape parameter c 95%
confidence
 lower limit

95%
confidence
upper limit

R2

Estimate t-value Estimate t-value

Z201-1 0.5873 54.89 3.1838 12.74 2.6074 3.7602 0.992

Z201-2 0.6344 49.82 4.5241 8.42 3.2859 5.7624 0.986

Z201-3 0.6391 27.02 2.8968 6.78 1.9114 3.8822 0.966

Z201-4 0.6333 64.31 2.6160 17.10 2.2543 2.9776 0.993

Z201-5 0.4730 39.22 2.6759 10.21 2.0714 3.2804 0.989

Z202-1 0.6418 46.82 3.0658 11.20 2.4344 3.6972 0.988

Z202-2 0.6379 37.85 3.0852 9.01 2.2954 3.8751 0.981

Z202-3 0.6701 41.13 3.3517 9.09 2.5009 4.2024 0.982

Z202-4 0.5748 25.81 2.1670 8.27 1.5630 2.7710 0.971

Z202-5 0.5380 27.38 2.0779 9.17 1.5552 2.6007 0.976

Z204-1 0.6322 35.82 3.0050 8.72 2.2107 3.7994 0.980

Z204-2 0.6389 38.36 3.1064 9.07 2.3168 3.8959 0.981

Z204-3 0.6584 58.34 3.7509 11.69 3.0107 4.4910 0.991

Z204-4 0.5618 27.94 2.8252 7.42 1.9470 3.7035 0.980

Z204-5 0.6322 31.58 3.0421 7.61 2.1201 3.9641 0.975

Z205-1 0.5758 27.66 2.8833 7.01 1.9343 3.8323 0.972

Z205-2 0.6247 64.15 3.4216 13.96 2.8562 3.9869 0.994

Z205-3 0.6434 38.02 3.5759 7.95 2.5387 4.6131 0.981

Z205-4 0.5545 46.52 2.8758 11.82 2.3145 3.4370 0.990

Z205-5 0.5079 34.02 2.4271 10.03 1.8694 2.9849 0.984

Z206-1 0.6990 44.02 3.1398 10.20 2.4299 3.8497 0.983

Z206-2 0.6700 36.38 3.3867 7.96 2.4065 4.3669 0.983

Z206-3 0.7213 74.55 3.2522 16.68 2.8027 3.7018 0.982

Z206-4 0.5835 54.81 3.8203 10.80 3.0047 4.6359 0.991

Z206-5 0.5985 35.91 3.3146 8.04 2.3635 4.2657 0.996

Z207-1 0.6810 37.89 3.0793 8.96 2.2870 3.8716 0.997

Z207-2 0.5203 33.02 2.0120 11.38 1.6043 2.4197 0.984

Z207-3 0.6483 106.30 3.7731 21.18 3.3623 4.1839 0.997

Z207-4 0.5534 28.70 2.3380 8.71 1.7189 2.9572 0.977

Z207-5 0.6778 44.97 2.9329 11.07 2.3218 3.5441 0.986

Z207-6 0.6368 38.50 3.0882 9.16 2.3106 3.8658 0.982

Z301-1 0.6871 51.27 2.7274 13.3 2.2543 3.2004 0.989

Z301-2 0.6343 50.56 3.6703 10.33 2.8511 4.4896 0.989

Z301-3 0.6874 42.21 3.7292 8.48 2.7158 4.7426 0.981

Z301-4 0.6529 33.27 2.1554 10.36 1.6758 2.6350 0.978

Z301-5 0.6832 25.56 2.7559 6.59 1.7917 3.7201 0.958
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vertical distribution of leaf biomass in the crown. 

Figure 4 presented proportion of leaf biomass to rel-

ative height by different ratio of average to dominant

tree height (RELD) and stand density.

4. Correlation between leaf biomass and branch biomass

Apparent correlationship was obtained between leaf

biomass and branch biomass (Figure 5), having resulted

in following linear function equation;

 

(R2=0.8330; n=1554; MSE=0.618)

lnW
b

0.712709– 1.188653lnW
a

+=

Table 5. Parameter estimates and fit statistics of equation (5) and (6).

Parameter Estimate
Standard

Error
t-value p-level

Fit statistics

n Sy.x R2

a0 -3.01311 1.173836 -2.5669 0.01663

36 0.26815 0.394

a1 4.88559 0.903016 5.4103 0.00001

a2 -0.36753 0.089724 -4.0962 0.00039

a3 0.28914 0.071730 4.0310 0.00046

a4 0.21692 0.052948 4.0969 0.00039

a5 -0.00022 0.000054 -4.0140 0.00048

b1 0.37880 0.053145 7.1276 0.00000
36 0.05146 0.15

b2 0.44815 0.124276 3.6061 0.00185

Figure 3. Residuals of estimation model for parameters c
and b.

Figure 4. Vertical distribution pattern of leaf biomass for
whole tree. (a) different relative tree height (RELD=1.0, 0.8,
0.6) and (b) different stand density (N=1000, 3300, 6600)



582 Jour. Korean For. Soc. Vol. 98, No. 5 (2009)

where W
b
 is branch biomass and W

a
 is leaf biomass. And

scatter diagram of residuals after logarithmic transfor-

mation (Figure 6) noted that the model was adequate for

estimation of relation between branch biomass and leaf

biomass.

5. Proportion of aboveground biomass for the single tree

The proportional ratios for the biomass of stem,

branch, and leaf by five tree classes were illustrated in

Figure 7. The stem biomass ranged 71.6~88.6%, the

branch biomass ranged 5.4~18.2%, and the leaf biomass

ranged 5.9~10.2%. As the level of tree class was

increased from class I to class V, the proportion of the

stem biomass to total biomass was gradually increased,

on the other hand, that of the biomass of branch and leaf

became less and less. This situation coincided with the

research results of Fang and Kong(2003), which reported

that the proportion of stem biomass of Pinus taeda arti-

ficial forests to total aboveground biomass was increased

as the plantation got old to grow bigger. 

Conclusion

This study was carried out to develop estimation model

equation of leaf biomass for individual tree and single

branch, to examine the characteristics of the vertical dis-

tribution of leaf biomass in the crown, and to evaluate

the proportional ratios of biomass for stem, branch and

leaf by tree classes. The experiment was based on the

stem analysis of 36 trees and 1,576 branches in Pinus

sylvestris var. mongolica (Mongolian pine) plantations of

the Maoershan Experimental Forest, Northeast Forestry

University, China. 

The results indicated that DBH and crown length were

quite appropriate to estimate leaf biomass in this study.

The biomass of single branch was highly correlated with

branch collar diameter and relative height of branch in

the crown. But the amount of leaf biomass was seldom

influenced by stand density, site quality, and height. 

Weibull distribution function would have been suitable

to express vertical distribution of leaf biomass in the

crown. The shape parameters of 29 sample trees out of

36 trees fell under the category of less than 3.6, indi-

cating that vertical distribution of leaf biomass in the

crown was displayed by bell-shaped curve, a little

inclined toward positive side. Accordingly, it was illus-

trated that large amount of leaves took their position in

upper part of the crown so as to grasp more solar light

for the effective photosynthesis. Leaves of taller trees

tended to be concentrated in lower part of the crown.

Figure 5. Fitting relationship between branch biomass
and leaf biomass.

Figure 6. Residuals of estimation model for branch
biomass.

Figure 7. Proportion of aboveground biomass by five tree
classes.
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However, the attributes of the stand and the tree which

examined in this study had little apparent influence on

and relation to vertical distribution of leaf biomass in the

crown. 

Apparent correlationship was obtained between leaf

biomass and branch biomass having resulted in linear

function equation. The stem biomass occupied around

80% and branch and leaf made up about 20% of total

biomass at the individual tree level. As the level of tree

class was increased from class I to class V, the propor-

tion of the stem biomass to total biomass was gradually

increased, on the other hand, that of the biomass of

branch and leaf became less and less.
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