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Abstract Estimation of shrub biomass can provide more
accurate estimates of forest biomass and carbon seques-
tration. We developed species-specific biomass regression
models for four common shrub species, Chinese loropetal
(Loropetalum chinense), white oak (Quercus fabri),
chastetree (Vitex negundo var. cannabifolia), and Gardenia
(Gardenia jasminoides), in southeast China. The objective
of this study was to derive appropriate regression equations
for estimation of shrub biomass. The results showed that
the power model and the quadratic model are the most
appropriate forms of equation. CA (canopy area, m?) as the
sole independent variable was a good predictor of leaf
biomass. DzH, where D is the basal diameter (cm) and H is
the shrub height (cm), is a good predictor of branch and
root biomass, except for V. negundo var. cannabifolia and
the root biomass of L. chinense. For total biomass, D? is the
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best variable for estimation of L. chinense and G. jasmi-
noides, and D?H is the best variable for estimation of
Q. fabri and V. negundo var. cannabifolia. Although
variables D2, DZH, and H are the preferred predictors for
biomass estimation, CV (canopy projected volume, m?) could
be used alone to predict branch, root, and total biomass in
shrub species with acceptable accuracy and precision.

Keywords Biomass - Regression equation - Shrub

Introduction

Vegetation biomass is an important ecosystem attribute.
The biomass of herbs, shrubs, and trees is vital for herbi-
vores and their subsequent predators and for ecosystem
management. For individual trees or forest stands, infor-
mation on biomass is essential for understanding the
changes in energy, carbon, and nutrient flows resulting
from changes in forest land use (Houghton 1991; VEMAP
Members 1995; Brown 1997; Marland et al. 1997; Schimel
et al. 2000). Shrub biomass is an important component of
the total forest biomass, especially in natural stands.
However, compared with arboreal biomass, shrub biomass
is often neglected in biomass research because of the lack
of methodology and difficulty in calculation. Some
research has gone into estimating the biomass of individual
shrub species (Murray and Jacobson 1982; Frandsen 1983;
Navar et al. 2002; Paton et al. 2002; Navar et al. 2004).
However, shrub biomass equations for the subtropical
ecosystem in China have been little studied.

Total harvesting is generally impractical or inappropri-
ate in shrub studies, so allometric methods have been
developed for estimation of total biomass from nonde-
structive surrogate measurements such as shrub height and
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diameter at breast/basal level (Smith and Brand 1983; Vora
1988; Buech and Rugg 1989; Tietema 1993). Equations
used to estimate plant organ biomass and total biomass are
required for better understanding of the carrying capacity
of plant communities for several purposes, for example
grazing, timber, fuel wood, other non-timber forest prod-
ucts, and the environmental services provided by seques-
tering CO,. Developing accurate allometric equations for
shrub biomass estimation in southeast China is essential
for at least two reasons. First, the accelerating “woody
thickening”—grasslands are becoming woodlands and
woodlands are becoming thicker—has heightened its
importance. Second, measurement of carbon flux has local
importance in study of the CO, cycle. Study of forest
biomass is very important for constructing the coupling
relationship between community processes and flux
observations and for validating and calibrating flux obser-
vations. Estimation of shrub biomass can help to produce
more accurate estimates of forest biomass.

Our primary objective was to establish dimensional
relationships between three properties, D (basal diameter,
cm), H (height, cm), and C (crown width, cm), and organ/
total biomass (g) for the four dominant understory shrubs.
A secondary objective was to develop allometric equations
with H and C as variables for the four species in the
investigation of forest communities.

The allometric regression equations developed in this
paper are only valid within the range of D, H and C cov-
ered by our sampling program. We therefore recommend
that you obtain tree and shrub measurements of D, H, C,
etc., before applying these equations. It is also possible that
the allometric relationships depend on stand structure and
their fit to plants in a particular stand should be checked.

Materials and methods
Site description

Data were collected from sample plots in Qianyanzhou
Ecological Station of the Chinese Academy of Science
(QYZ station; 26°44'52"N, 115°03’47"E). The elevation of
QYZ station is about 102 m. The subtropical monsoon
climate is characterized by a warm winter and a hot sum-
mer, abundant but unevenly distributed rainfall, and high
humidity. The annual precipitation is 1,487 mm, and the
average temperature is 18.0° (1985-2004). Rainfall is
heaviest in late spring and early summer with about
45-50% falling between March and June. The substratum
is dominated by a red soil, 100 cm in depth. In addition,
there are small proportions of paddy soil, fluvo-aquic soil,
meadow soil, etc. The parent materials are red sandstone,
glutenite, mudstone, and river alluvium.
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In the stand studied the trees are around 20 years old.
Slash pine (Pinus elliottii Engelm.) and masson pine (Pinus
massoniana Lamb.) are dominant, followed by Chinese fir
(Cunninghamia lanceolata (Lamb.) Hook.). The height of
the canopy layer is 15 m. According to an investigation in
2004, the average DBH (diameter at breast height), height,
and density of the slash pine forest were 18.3 cm, 14.5 m,
and 1,650 trees/ha, respectively. The average density of the
shrub layer was about 400 shrubs/ha. The shrub layer is
dominated by Chinese loropetal (Loropetalum chinense
(R. Br.) Oliv.), white oak (Quercus fabri Hance), and
chastetree (Vitex negundo var. cannabifolia (Sieb. et Zucc.)
Hand.-Mazz.). The height of the shrub layer is less than
4 m.

Materials

Four shrub species were selected for conducting this
research: Chinese loropetal (Loropetalum chinense), white
oak (Quercus fabri), chastetree (Vitex negundo var. cann-
abifolia), and Gardenia (Gardenia jasminoides). These
species are distributed widely in subtropical China and they
belong to the most common floristic groups.

For each species, 21-24 individuals that covered the
whole range of size of the studied species were selected
for investigation. The maximum basal diameter (D),
minimum basal diameter (D,), height (H), maximum
crown width (C;), and minimum crown width (C,) were
measured before harvesting. The average values, D =
(D1 4+ D)2, C = (Cy + Cy)/2, were adopted for estab-
lishing equations. With these variables, plant canopy area
(CA, m? and plant canopy projected volume (CV, m>)
were calculated as: CA = nC2/4, CV =CA x H. For
each individual, leaves, branches (including stem and
stalk of shrubs), and roots were weighed separately after
harvesting. The dry weight of each component was
measured after the samples had been kept in a drying
oven at 80° for 24 h. Total biomass included branch
biomass, leaf biomass, and root biomass. Average values,
maximum values, minimum values, and standard devia-
tions of D, H, C, Dz, D2H, CA, CV, branch biomass, leaf
biomass, root biomass, and total biomass are listed in
Table 1.

Modeling

Regression analysis was conducted for the purpose of
establishing the relationship between organ/total biomass
and D, H, CA and various combinations of D and H. By
comparing regression coefficients among various forms of
equations, the following equations were selected for
describing the characteristics of organ and total biomass of
each species.
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Table 1 Summary of model variables and independent variables for four shrub species from China

Leaf Root Total

CV (m®) Branch

CA (m?)

D*H (cm?)

H (cm) C (cm) D? (cm?)

N D (cm)

biomass (g)

biomass (g)

biomass (g)

biomass (g)

139.74 + 187.88

63.06 + 50.69 1.11 £ 124  252.89 +£ 37335 051 £0.79 1.18 £ 2.14 80.11 + 126.09 16.46 + 30.78  43.18 £ 42.51

24 090 £ 0.56  139.92 + 94.27

L. chinense

(1.28-693.64)
662.68 + 1531.35

(0.46-137.63)
523.33 + 1269.03

(0.25-126.91)
26.19 + 51.40

(0.50-450.31)
113.16 £ 221.49

(0.004-9.51)
0.96 + 1.89

(0.01-3.63)
042 + 0.62

(1.45-1110.02)
359.33 + 586.73

(0.04-4.08)
1.70 + 1.87

(13.00-215.00)
59.02 + 44.53

(20.00-372.00)
147.38 £+ 78.92

(0.19-2.02)
1.15 £ 0.63

21

Q. fabri

(4.99-6926.99)
31.35 + 46.95

(2.09-5673.24)
18.35 £+ 41.22

(0.15-230.00)

1.31 £ 1.25

(1.77-1023.75)
11.69 + 9.99

(0.005-8.62)
0.14 + 0.16

(0.01-2.75)

0.12 + 0.11

(3.82-2658.98)
7144 £ 119.15

(0.10-8.47)
0.61 + 0.85

(11.50-87.00)

34.98 + 18.49

(34.00-314.00)
93.83 £ 34.61

(0.31-2.91)

24 0.69 £+ 0.37

V. negundo var.

(3.39-230.40)

44.62 £ 123.68

(1.58-205.06)

10.34 £ 31.81

(0.09-4.76)
4.85 + 8.97

(1.52-35.68)
29.45 + 84.53

(0.006-0.36)  (0.002-0.56)
0.37 + 1.03

0.21 £ 0.39

(2.84-589.69)
120.31 + 283.47

(0.08-4.37)
0.83 + 1.03

(9.00-68.00)
40.63 + 32.98

(32.00-154.00)

76.87 £ 62.5

(0.29-2.09)
23 0.81 + 043

cannabifolia

G. jasminoides

(0.51-595.29)

(0.27-154.25)

(0.13-37.41)

(0.02-4.84) (0.54-1310.50) (0.01-1.79) (0.002-4.87)  (0.11-403.63)

(11.00-151.00)

(18.00-272.00)

(0.15-2.20)

CA x H)

D basal diameter, H height, C crown width, CA canopy area (CA = nC>/4), CV canopy projected volume (CV

Values are average =+ standard deviation (min — max)

Power model : y = ax” (1)
Quadratic model : y = a + bx + cx* (2)
The total variance for additive equations is

conventionally determined by the summation of squared
residuals. SPSS (11.0) was used for regression analysis.
The coefficient of determination (R2), the standard error of
the estimate (SEE) and the F value were used for
evaluation of the goodness of fit and for comparisons of
alternative biomass models. The equations were originally
described in previous reports (Lu and Lai 2003):
R*=1— (RSS/TSS), RSS =) (v —5),

i=1
n

TSS = ()

i=1

n
y= Zyi /n
i=1

(TSS — RSS)/1

F=Rssjtn—2)

where 7 is the number of observations, y; is the estimated
biomass (g), y; is the observed biomass (g), and y is the
mean of observed value of y;.

Results

The best-fit equations for estimated organ and total bio-
mass are shown in Table 2. These species-specific regres-
sion equations were statistically significant (p < 0.001).
The R? value varied from a low of 0.756 for root biomass
of L. chinense to a high of 0.997 for branch biomass of
G. jasminoides.

Because of the variation in morphological features, the
best-fit equations for both organ and total biomass dif-
fered among populations. For Q. fabri, V. negundo var.
cannabifolia, and G. jasminoides, the quadratic equations
showed the highest R*-value for total biomass and organ
biomass except for the foliar biomass of V. negundo var.
cannabifolia. For L. chinense, power models with D2, CA
and H as independent variables showed the best fit for
biomass of branches, leaves, and roots, respectively
(Table 2).

Equations with CA as the sole independent variable had
the highest R for leaf biomass of all species. In comparison,
equations with D*H as the sole independent variable gave
the highest R* for branch and root biomass except for branch
biomass of V. negundo var. cannabifolia and root biomass of
L. chinense. For total biomass, equations with D? showed the
highest R* for L. chinense and G. jasminoides, and equations
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Table 2 Best fitted allometric equations for four shrub species

Species Organ  Variable  Equation a b c R? SEE F value

L. chinense Branch x = D’°H y = ax" 0.450 0930 - 0.971 034  742.61%**
Leaves x=CA y=a" 25.294 1.076 - 0.901 0.61  200.34%**
Root x=H y = ax’ 0.007 1.704 - 0.756 0.75 68.11%#%%*
Total x=D’ y=a+bx+cx* 7.558  63.666 2.280E+401 0975  31.12  408.75%**

Q. fabri Branch x=D?H y=a+ bx + cx* 5.800 0225 5.840E—04 0978 34.84  395.18%**
Leaves x=CA y=a+ bx + cx* 2,622 32468 1.803E401 0905 16.68 86.03%**
Root x=DH y=a+bx+cx* —69.469 1.168  4.000E—04 0975 211.05  352.55%%*
Total x=DH y=a+bx+cx* —55975 1.417 1.000E—03 0.983 207.77  534.23%**

V. negundo var. cannabifolai Branch x=H y=a+ bx+ ox? 4339 —-0.164 2.000E—03 0.936 2.65 153.41%%*
Leaves x=CA y=ax" 6.864 0.808 - 0.765 0.54 71.62%%*
Root x=D’H y=a+bx+ cx* 1.823 0.141 3.000E—04 0.974 691  398.94%**
Total x=D’H y=a+ bx + cx* 2.342 0422 —6.070E—05 0.968 8.80  317.09%**

G. jasminoides Branch x=D?H y=a + bx + cx? 1.376 0.134  1.000E—04 0.997 4.66  3609.80%*%*
Leaves x=CA y=a+ bx + cx* 0.536  20.087 3.540E—01 0.789 4.43 37.33%%%
Root x=DH y=a+ bx + cx* 1.951 0.006 8.340E—05 0.995 225 2183.61%**
Total x=D’ y=a+bx+ cx* 4753 —5.909 2.629E+401 0.997 722 3216.50%**

D basal diameter, H height, CA canopy area (CA = nC*/4, where C is crown width)

% p < 0.001

Table 3 Allometric regressions of biomass with CV for shrubs

Species Organ  Variable Equation a b c R? SEE F value

L. chinense Branch x=CV y=ax° 76.9140 0.8075 - 0.893 0.66 183.18%*%*%*
Leaves x=CV y=ax" 13.6629 0.7716 - 0.893 0.63 182.81%**
Root x=CV y=ax" 48.4808 0.4860 - 0.571 1.00 2023k
Total x=CV y=a+bx+cx> 232917 1278694 —6.0428 0.875 69.64 73.21%**

Q. fabri Branch x=CV y=a+bx+cx> 134830  90.2780 3.0837 0976  36.17 366.01%**
Leaves x=CV y=a+bx+cx> 4.0915 19.7866 0.7333  0.904 16.83 8420
Root x=CV y=a+bx+cx’> 92658 406.9591 28.8700 0.928 358.66 116.19%**
Total x=CV y=a+bx+cx> 268425 517.0213 32.6874 0947 37243 160.07%**

V. negundo var. cannabifolai Branch x=CV y=a + bx + cx° 2.8619 78.0886 —50.5326 0.774 4.97 35.96%**
Leaves x=CV y=ax" 4.5312 0.6186 - 0.768 0.54 72.68%**
Root x=CV y=ax" 37.8840 0.5810 - 0.593 0.76 32.10%%%*
Total x=CV y=ax" 91.3383 0.6012 - 0.759 0.54 69.38%%*

G. jasminoides Branch x=CV y=a+4 bx + x> 09223 67.3647 3.1488 1.000 1.56  32361.15%**
Leaves x=CV y=a+bx+cx> 20093 8.5411 —0.2791 0.691 5.23 22 Ak
Root x=CV y=a+bx+cx? 1.3090 12.1151 3.9570 0.999 1.01  10868.61%**
Total x=CV y=a+bx+cx> 42425 87.8648 6.8594  0.999 4.64  7816.08***

CV canopy projected volume [CV = CA x H, where CA is canopy area (CA = nC%/4), H is height, and C is crown width]

% p < 0,001

with D?H fit best for Q. fabri and V. negundo var. canna-
bifolia (Table 2).

Species-specific allometric equations with projected
volume only were developed for organs and total biomass
(Table 3). They showed a close relationship between CV
and organ/total biomass (R* > 0.691) except for the root
biomass of L. chinense (R> = 0.571) and V. negundo var.
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cannabifolia (R* = 0.593). Compared with the variables in
Table 2, CV also resulted in very good correlation for
biomass estimation, e.g. branch biomass of Q. fabric
(R* = 0.976), total biomass of Q. fabri (R* = 0.947),
branch biomass of G. jasminoides (R* = 1.000), root bio-
mass of G. jasminoides (R* = 0.999), and total biomass of
G. jasminoides (R2 = 0.999). Furthermore, the R?-value of
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the regression model with CV (Table 3) was higher than
that with other properties (Table 2) as the independent
variables in estimation of branch, root, and total biomass of
G. jasminoides.

Discussion

Regression equations for estimating total and organs
biomass

Allometric equations with easy-to-sample variables are
commonly used for forest inventories and ecological
studies (Satoo and Madgewick 1982; Araujo et al. 1999;
Montes et al. 2000). Our study showed that the quadratic
model and power model were most reliable for estimating
organ and total biomass of the four shrub species. A qua-
dratic equation is a common model used to estimate shrub
biomass (Sah et al. 2004; Foroughbakhch et al. 2005), and
our results are consistent with previous reports that the
biomass of shrub populations can be well described with
architectural variables (Foroughbakhch et al. 2005). The
quadratic model with D* was the best predictor of total
biomass of L. chinense and G. jasminoides. In comparison,
the quadratic model with D*H had the highest R* for
Q. fabri and V. negundo var. cannabifolia. For L. chinense,
power models with D2, CA, and H as the independent
variables provided the best fits for branch, leaf, and root
biomass, respectively.

Usually, a power model with (DBH)H as the predictor
variable is regarded as the best theoretical equation for
shrub biomass estimation. Some previous studies suggested
that stem diameter is the best predictor for biomass esti-
mation (Haase and Haase 1995; Paton et al. 1998). In our
study of the four species, the basal diameter was measured
instead of stem diameter, because of the morphology of
shrub species. Our result showed that only the branch
biomass estimate model of L. chinense conformed to the
theoretical equation. For estimation of total biomass of
Q. fabri and V. negundo var. cannabifolia, the quadratic
model with D’H was better than the power model with D*H
(Table 2). Because of the morphology of shrub species,
such as multiple stems and ramification at low height, an
empirical equation was better than the theoretical equation
in our research.

Regression parameter analysis

For establishing regressions of shrub biomass, D, D’H , CA,
and H are typically used as independent variables (Murray
and Jacobson 1982; Vora 1988; Paton et al. 2002; Navar
et al. 2004). In some cases, D is the best predictor (Clough
and Scott 1989; Haase and Haase 1995; Paton et al. 1998,

2002). However, we found that D* or D*H were better than
D. For estimation of total biomass, in particular, the best-fit
regression models were those with D or D°H as the sole
variable. This is consistent with previous studies that D?
and D?H are suitable variables for estimation of the bio-
mass of small trees of hardwood species (Williams and
McCleanahen 1984).

Although the inclusion of height in biomass regression
is less common for shrubs (Peek 1970; Murray and
Jacobson 1982; Halpern et al. 1996) than for trees, this
study revealed that inclusion of H, or D2H, in the models
improved the precision in branch and total biomass
estimation, e.g. Q. fabri. In addition, H was the best vari-
able in equations for root biomass of L. chinense and
branch biomass of V. negundo var. cannabifolia.

CA alone has been used in some studies to estimate
biomass (Martin et al. 1981; Ohmann et al. 1981; Halpern
et al. 1996). For all the species in our study, CA as the
independent variable did in fact raise precision of foliar
biomass estimation (Table 2), and we found a good rela-
tionship between CA and leaf biomass (R* > 0.765). This
suggests that CA is the best descriptor for estimation of
foliar biomass. CA as the single independent variable in
biomass regression has also been recognized by others
(Paton et al. 1998, 2002; Sah et al. 2004). A previous study
indicated that leaf biomass depends on stand factors (Satoo
and Madgewick 1982). Thus our result was because there
are free spaces for shrubs to develop their canopy in the
understory of the pine forest and their branches tend to
grow towards the horizontal periphery, forming an exten-
ded crown. Although regressions with CA can provide
good fits for leaf biomass estimation, it is not the best
variable for estimation of branch, root and total biomass.

Regression model analysis with CV as a sole variable

In practice, the stem diameter can be obtained easily in a
single-stem plant, but it was difficult to obtain an accurate
stem diameter for a multi-stem plant. Consequently the
basal diameter was used instead of stem diameter. How-
ever, it is inconvenient to measure the basal diameter of a
plant because there is always thick litter fall or ground
cover in a shrub community. Comparatively, measuring H
and C of shrub species were more convenient, quicker, and
less laborious than measuring the basal diameter. Espe-
cially for those shrub species with numerous stem, H and C
could be used instead of stem basal diameter (Brown
1976). Consequently C and H of shrubs are recorded in the
investigation of forest communities. Moreover, many
reports have shown that CV is sometimes the best vari-
able for estimation of biomass (Paton et al. 2002;
Foroughbakhch et al. 2005). In this study, species-specific
allometric equations showed a close relationship between

@ Springer
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Fig. 1 Scatter maps between total biomass (g) and CV (m?) of the four shrub species

CV and organ and total biomass (Table 3). The scatter
maps (Fig. 1) showed that a quadratic model could express
the relationship between total biomass and CV of L. chin-
ense, Q. fabri, and G. jasminoides. For V. negundo var.
cannabifolia, however, a power model is preferable to
express that relationship.

Although regression models with CA as a single variable
were the best-fit equations for foliar estimation for the four
species, models with the integrated CV variable that com-
bines CA and H were developed for the shrubs. This was
found to be reasonable because CA-only models effectively
reflect variation associated with lateral branching but not
variation associated with extension growth (Halpern et al.
1996). Height did in fact add more precision to shrub biomass
estimates in some previous studies (Murray and Jacobson
1982; Halpern et al. 1996). Nadezhdina et al. (2004) sug-
gested that height was linearly related to stem basal diameter
and biomass of plant organs. These results also agree with
those of Paton et al. (2002), who confirmed that one of the
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best variables for quantifying biomass was CV. Regression
equations with multiple variables were less sensitive to
variations in plant form associated with site age (Alaback
1986; Halpern et al. 1996). The reduced major axis (RMS)
regression method (Sokal and Rohlf 1995) was used to
analyze the relationship between shrub organ/total biomass
and CV (Table 4), it assumes that the errors in the mea-
surements are evenly partitioned between the y variable
(organ/total biomass) and the x variable (CV). The R? value
of the model with RMS was slightly less than the R* of the
model with standard ordinary least squares (OLS) regres-
sion. This revealed that CV could be used alone in estimation
of organ and total biomass for these four species.

Conclusions

This study suggests that it is possible to estimate plant
biomass for these four shrub species. The method used in



J For Res (2010) 15:83-90

89

Table 4 Comparison of biomass models with CV for shrubs between reduced major axis (RMS) regression and standard ordinary least squares

(OLS) regression

Species Organ Equation Method a b R?
L. chinense Branch Iny=a+1InCV RMS 2.8085 0.8168 0.890
OLS 4.3427 0.8075 0.893
Leaves Iny=a+InCV RMS 4.6152 0.8547 0.876
OLS 2.6147 0.7716 0.893
Root Iny=a+InCV RMS 4.3293 0.6434 0.510
OLS 3.8812 0.4860 0.571
Total Iny=a+InCV RMS 5.1509 0.7087 0.801
OLS 5.0366 0.6415 0.819
Q. fabri Branch Iny=a+1InCV RMS 1.7371 0.7137 0.903
OLS 4.7531 0.7582 0.920
Leaves Iny=a+InCV RMS 3.5094 0.6228 0.763
OLS 3.0673 0.8108 0.794
Root Iny=a+InCV RMS 4.4588 0.7474 0.648
OLS 5.7494 0.7868 0.675
Total Iny=a+InCV RMS 4.9649 0.6787 0.801
OLS 6.2351 0.7744 0.802
V. negundo var. cannabifolai Branch Iny=a+InCV RMS 1.7530 0.7051 0.752
OLS 3.6270 0.5693 0.774
Leaves Iny=a+1InCV RMS 3.8440 0.6469 0.758
OLS 1.5110 0.6186 0.768
Root Iny=a+InCV RMS 4.1158 0.7533 0.540
OLS 3.6345 0.5810 0.593
Total Iny=a+InCV RMS 4.7603 0.6891 0.742
OLS 4.5146 0.6012 0.759
G. jasminoides Branch Iny=a+1InCV RMS 4.3051 0.8768 0.936
OLS 42204 0.8490 0.937
Leaves Iny=a+InCV RMS 2.6020 0.6335 0.472
OLS 2.0943 0.4664 0.542
Root Iny=a+1nCV RMS 3.0018 0.6935 0.865
OLS 2.8600 0.6469 0.864
Total Iny=a+1InCV RMS 4.6561 0.7592 0.933
OLS 4.5799 0.7342 0.935

CV canopy projected volume [CV = CA x H, where CA is canopy area (CA = nC%/4), H is height, and C is crown width]

this study revealed the close relationships between total or
organ biomass and D, H, and CA and their combinations.
These relationships allowed us to use simple and quick
procedures to estimate total or component biomass of shrub
species in subtropical China.

In this study, the power model and quadratic model were
the most appropriate equations for providing a common
statistical basis for describing size-biomass relationships.
CA as the sole independent variable gives the best fit for
leaf biomass estimation. D*H is ideal for branch and root
biomass estimation except for branch biomass of V. neg-
undo var. cannabifolia and root biomass of L. chinense. For
total biomass, D? is the best variable for the estimation of

L. chinense and G. jasminoides, and D?H is the best vari-
able for the estimation of Q. fabri and V. negundo var.
cannabifolia. Although D2, D2H, and H are preferable
variables for biomass estimation, CV can be used alone to
predict branch, leaf, root, and total biomass of shrub spe-
cies with an acceptable level of accuracy and precision in
investigation of the productivity of forest communities.
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