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Abstract. Several comparative studies have reported that there can be great 
discrepancies between different methods used to estimate forest biomass. 
With the development of carbon markets, an accurate estimation at the re-
gional scale (i.e. county level) is becoming increasingly important for lo-
cal government. In this study, we applied five methodologies [continuous 
biomass expansion factor (CBEF) approach, mean biomass density (MB) 
approach, mean biomass expansion factor (MBEF) approach, national con-
tinuous biomass expansion factors (NCBEF) proposed by Fang et al (2002), 
standard IPCC approach] to estimate the total biomass for Shitai County, 
China. The CBEF is generally considered to provide the most realistic es-
timates in term of regional biomass because CBEF reflects the change of 
BEF to stand density, stand age and site conditions. The forests of the whole 
county were divided into four forest types, namely Chinese fir plantations 
(CF), hardwood broadleaved forests (HB), softwood–broadleaved forests 
(SB) and mason pine forests (MP) according to the local forest management 
inventory of 2004. Generally, the MBEF approach overestimated forest bio-
mass while the IPCC approach underestimated forest biomass for all forest 
types when CBEF derived biomass was used as a control. The MB approach 
provided the most similar biomass estimates for all forest types and could be 
an alternative approach when a CBEF equation is lacking in the study area. 
The total biomass derived from MBEF was highest at 1.44×107 t, followed 
by 1.32 ×107 t from CBEF, 1.31 ×107 t from NCBEF, 1.25 ×107 t from MB 
and 1.16 ×107 t from IPCC. Our results facilitate method selection for re-
gional forest biomass estimation and provide statistical evidence for local 
government planning to enter the potential carbon market.
Keywords biomass expansion factors (BEFs), forest type, forest inventory, 
carbon market
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Introduction
 
Globally, about 80% of terrestrial biomass is 
stored in forests (Dixon et al. 1994), and forest 
biomass as well as methods for its estimation 
are of great interest due to the important role 
of forests with regards to mitigating global cli-
mate change (Guo et al. 2010, Seo et al. 2013). 
According to the United Nations Framework 
Convention on Climate Change (UNFCCC), 
signatory countries are obliged to report green-
house gas emissions and removals (Bettelli et 
al. 1997).  
 Forest biomass acts as a continuous carbon 
sink of 1.9-2.6 Pg C a-1 [about 50% of biomass 
is carbon (IPCC, 2007)],  accounting for 33% 
of carbon emissions from fossil fuel and land 
use changes (Houghton 2007, IPCC 2007, 
Pan et al. 2011), thus forests play an impor-
tant role in mitigating and alleviating global 
climate change (Bonan 2008). However, dif-
ferent methods generate different biomass 
estimates (Guo et al. 2010, Yin et al. 2015). 
For example, based on the national forest in-
ventory in 1999-2003, China’s forest biomass 
carbon stock ranged from 5.7 Pg C (1 Pg C = 
1015 g C) derived from the continuous biomass 
expansion factor (CBEF) approach to 7.7 Pg C 
derived from the mean biomass density (MB) 
approach (Guo et al. 2010), and it is even high-
er from MODIS-based estimation (8.6 Pg C, 
Yin et al. 2015). Thus, applying appropriate 
methods for regional forest biomass estimation 
are important for accurate estimation (Fang et 
al. 1998), which is itself essential when report-
ing data to the UNFCCC (IPCC 2006) and an 
essential step to enter into the carbon market.
 Some early efforts in the 1970s were made 
to estimate the regional, national and global 
scale forest biomass using the MB approach 

(Whittaker et al. 1973, Woodwell 1978). This 
approach simply multiplies mean biomass 
observed from field measurement by forest 
area. However, direct field measurements 
with greater biomass than the mean biomass 
level in a region will lead an overestimation 
of forest biomass (Brown et al. 1984, Fang et 
al. 2005, Guo et al. 2010). With the increasing 
data availability of forest inventories, invento-
ry data has been widely used to estimate the 
forest biomass at a large scale (Schroeder et al. 
1997, Fang et al. 1998, Fang et al. 2005, Guo 
et al. 2010). 
 Since most inventories record detailed infor-
mation on stand volume by age class and tree 
species, it is possible and useful to calculate 
a biomass expansion factor (BEF) to convert 
stand volume to stand biomass, including the 
non-commercial biomass such as branches, 
leaves and roots (Fang et al. 2001, Guo et al. 
2010). Sharp et al. (1975) estimated the re-
gional forest biomass for Northern Carolina 
in the USA using a constant BEF of 2.0 Mg 
m-3. However, more recent studies have in-
dicated that the BEF is not a constant value 
and varies with forest age, site class and stand 
density (Fang and Wang 2001, Lehtonen et 
al. 2004, Teobaldelli et al. 2009, Correia et al. 
2010, Yu et al. 2014). Thus, applying constant 
BEFs across all age classes and site conditions 
within a given forest type underestimates the 
forest biomass of younger or less productive 
stands and overestimates the forest biomass 
of older or more productive stands (Fang et 
al. 1998, Goodale et al. 2002). To reduce the 
bias of constant BEFs, BEF equations have 
been developed that include stand variables as 
predictors (Teobaldelli et al. 2009, Guo et al. 
2010, González-García et al. 2013). Because 
it is difficult or inefficient to obtain BEFs for 
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each age and site class at regional or nation-
al scales, Fang et al. (1998, 2001) and Fang 
and Wang (2001) derived a simple linear re-
lationship between BEFs and stem volume 
using field inventory data across China. Since 
the stand volume could reflect the impacts of 
stand age, stand density and other factors on 
biomass, it can be used to calculate the forest 
biomass using forest area and volume derived 
from forest inventory data without information 
about age, site class, etc (Fang et al. 2002, Guo 
et al. 2010). 
 In order to establish an international stand-
ard estimation of forest biomass, IPCC (2003) 
proposed a similar approach using forest vol-
ume, wood density, BEF and the shoot/root ra-
tio. Many reference values for wood density, 
BEF and shoot/root ratios for different forest 
types were also provided (IPCC, 2003). This 
simplifies the biomass estimation and com-
parison globally. Using the constant BEF pro-
posed by IPCC (2003), the total forest biomass 
of five provinces in China reported by Li et al. 
(2012) was 1.79 × 109 t, but it was much lower 
than 2.42× 109 t as derived using the contin-
uous BEF. Therefore, the IPCC proposed ap-
proach may not necessarily be appropriate for 
some study areas. 
 This study was conducted in a mountainous 
county of Anhui Province with a forest cover 
of 80%. Timber and by-products from the for-
ests are the main income for local residents. 
The increasingly important role of sequestrat-
ing CO2 by forests has attracted considerable 
political and scientific attention from the local 
government that is aiming to enter the carbon 
market. The first step to enter the carbon mar-
ket is to quantify the biomass on the county 
level. Thus, in this study, five well-known 
methods, namely the continuous biomass ex-
pansion factor (CBEF) approach, the mean 
biomass density (MB) approach, the mean 
biomass expansion factor (MBEF) approach, 
national continuous biomass expansion factors 
(NCBEF) proposed by Fang et al (2002), and 
the standard IPCC approach, were used to es-

timate the forest biomass of four forest types. 
The objectives were to: (1) build a continuous 
BEF equation relating stand volume for each 
forest type; and (2) to compare the biomass es-
timation derived from the five methods. These 
results could contribute to the improved under-
standing of method selection of regional bio-
mass estimation.

Materials and methods

Study area

The study was conducted in Shitai County 
(29°59’-30°24’ N, 117°12’-117°59’ E, Fig-
ure.1), Anhui province, China. It has an area 
of about 900 km2

, about 80% of which is cov-
ered by forests. It is a mountainous area with 
an elevation range of 50 m to 1000 m and 
steep slopes with an average of 66%. The re-
gion has a mid-subtropical, humid, mountain-
ous climate with distinct seasonality (Geng et 
al. 2011). The annual average temperature is 
16oC with an annual mean maximum of 40.9oC 
and an annual mean minimum of -13.2oC (Lu 
2010). The mean annual precipitation is about 
1668 mm with high inter-annual variability 
and about 70% of the precipitation occurs dur-
ing flooding seasons (Geng and Wang 2011). 
The average annual sunshine duration is 1704 
hours and the pan evaporation is  1256 mm (Lu 
2010). 
 
Plot design

This study is a part of the Lin4Carbon project, 
in which three different scales of inventories 
are distinguished: (1) land use inventory and 
forest inventory (LUI/FI) that produce infor-
mation over the whole extent of the sampling 
frame based on systematic grids 3 × 3 km; (2) 
Forest management inventory (FMI) for those 
stands with forest management information 
with a 500 × 500 m systematic grid, which is 
also part of a Sustainable Forest Management 
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(SFM) Cooperation Project between the Shitai 
Forest Bureau and the German Development 
Bank (KfW); (3) Stand inventory of selected 
stands (SI) with a 100 × 100 m systematic grid. 
This resulted in the establishment of 158 plots. 
Among these plots, 74 plots were dominated 
by Chinese fir, 47 plots were dominated by 
hardwood broadleaved species, 28 plots were 
dominated by softwood broadleaved species 
and 9 plots were dominated by Mason pine 
(MP) forests (Table 1). The main broadleaved 
species include Castanopsis sclerophylla, Cy-
clobalanopsis glauca, Castanopsis eyrei, Cas-
tanea mollissima, Cyclobalanopsis jensenia-
na, etc. Other broadleaved species (with lower 
wood basic density) included Liquidambar 
formosana, Rhus punjabensis, Rhus chinensis, 
Acer elegantulum, Cerasus pseudocerasus, 
etc. The bamboo forests were not included in 
this study. In circular plots of 6 m radius, trees 
were measured for 10 cm < dbh < 20 cm, while 
in 10 m radius plots, trees with dbh > 20 cm 
were measured. Tree diameters were meas-
ured with a diameter tape to the nearest 0.1 
cm and heights of one or two dominant trees, 
one co-dominant tree and one suppressed 
tree were measured in each plot. The crown 

of dominant trees extends above 
the general layer of the stand and 
intercepts direct sunlight across 
the top and upper branches. The 
diameters of dominant trees are 
usually amongst the largest in the 
stand. The crown of co-dominant 
trees lies within the main layer 
and their stem diameter lies in the 
middle of the range in the stand. 
The crown of suppressed trees lies 
entirely below the main canopy. 
The stem diameter of suppressed 
trees is amongst the smallest in 
the stand (Tang et al. 2015). If 
more than two plots were estab-
lished in one stand, especially in 
well-managed stands, the average 
biomass was used to represent the 
stand because more plots in high 

production stands could overestimate the mean 
biomass of the whole county. 
Definition of a biomass expansion factor (BEF)
In this study, a BEF is defined as the ratio of 
total stand biomass (including above-, be-
low-ground and understorey biomass) divided 
by stand stem volume:

                                (1)

where B is the total stand biomass (Mg ha-1), 
and V is total stem volume (m3 ha-1). 
 The allometric models for volume and bio-
mass of the main species in the study area are 
shown in appendix Table 1 (Guisasola-Rodrí-
guez 2014). Because we did not measure the 
belowground biomass, we used the ratios of 
below- and above-ground biomass for differ-
ent species to estimate the belowground bio-
mass (Fang et al. 1998, Wang et al. 2008).

Understorey biomass estimation

Understorey harvest was conducted in FMI 
and SI plots. In each plot, three systematic 
subplots of 40 × 40 cm were established that 

Figure 1 Location of Shitai County in the southern part of An-
hui Province, South-Eastern China 
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were distributed in directions of 0°, 120° and 
240° from North and 3 metres away from the 
plot centre. All understorey vegetation, in-
cluding grass and shrubs, were harvested by 
uprooting in each plot and washed in the lab. 
The understorey samples were dried at 70 oC to 
constant weight. A linear relationship between 
the aboveground biomass and understorey bio-
mass was used to estimate the understorey bio-
mass where the understorey was not collected. 

Descriptions of biomass estimation approaches

In this study, five methods were used to esti-
mate regional scale biomass as follows:
 
CBEF:                      (2)  
MB:                                  (3)

MBEF:                            (4)

NCBEF: 
 
                     (5)

IPCC:          (6)

where Bt is the total forest biomass of Shitai 
County; i = 1, 2, 3 and 4, are the forest types; 

Vm is the mean volume per hectare; Ai is the 
total area, taken from the forest management 
inventory of Shitai County (Forest Bureau 
of Shitai County 2004); BEFi is the biomass 
expansion factor; Bm is the mean biomass of 
forest type i; BEFm is the mean biomass ex-
pansion factor; a and b are the coefficients for 
each forest type at the national level (Fang et 
al. 1998); D is the wood density proposed for 
these forests (IPCC 2003); BEF2 is the  bio-
mass expansion factor proposed by the IPCC 
(2003); R the shoot/root ratio (IPCC 2003).
  
Data analysis

Statistical analyses were performed using R 
3.0.2  (R Core Team 2014). Non-linear regres-
sion analysis was used to model the relation-
ship between BEF and volume for each forest 
type. The relationships between BEF and vol-
ume were expressed as follows: 

              (7)

where a and b are coefficients.

Results

Stand characteristics of different forest types
The general characteristics of stand density, 

Descriptions of stand characteristics of different forest typesTable 1 

Note. Abbreviations: BA - stand basal area, CV - coefficient of variation (%), CF - Chinese fir plantation, HB - hardwood 
broadleaved forests, SB - softwood broadleaved forests, MP - mason pine forests.

Stand Mean 
BEF

Density (trees·ha-1) BA (m2·ha-1) Volume (m3·ha-1) Biomass (Mg·ha-1)
Number 
of plotsMean

(range)
CV
(%)

Mean
(range)

CV
(%)

Mean
(range)

CV
(%)

Mean
(range)

CV
(%)

CF 0.84 1025
(88-2416) 45.3 22.1

(1.0-58.1) 58.1 133.4
(4.2-356.9) 64.4 96.6

(3.6-256.2) 62.2 74

HB 1.18 826
(88-1920) 49.1 31.3

(0.7-85.3) 65.7 220.2
(2.4-816.8) 76.0 236.7

(4.1-1042.9) 84.9 47

SB 1.28 494
(88-1316) 69.4 13.3

(0.8-41.8) 97.6 91.4
(3.1-313.1) 108.3 94.1

(4.7-382.0) 107.3 28

MP 0.84 540
(177-1061) 67.7 17.8

(3.9-44.9) 81.6 110.8
(15.7-327.2) 92.2 89.1

(9.3-279.8) 97.6 9
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basal area, stand volume and biomass are dis-
played in Table 1. Stand density ranged from 
88 to 2416 tree ha-1. The lowest basal area was 
found in SB with 13.3 m2 ha-1, with the increase 
to 17.8 m2 ha-1 for MP forests, 22.1 m2  ha-1 for 
CF plantations and 31.3 m2 ha-1 for HB forests. 
HB forests had the highest mean stand volume 
of 220.2 m3 ha-1, followed by CF plantations 
(133.4 m3 ha-1), MP forests (110.8 m3 ha-1) and 
SB had the lowest mean stand volume of 91.4 
m3 ha-1.  Mean stand biomass ranged from 89.1 
Mg ha-1 in MP forests to 236.7 Mg ha-1 in HB 
forests. Among different forest types, SB for-
est had the highest coefficients of variance. 

The relationship between BEF and stand 
volume

BEF ranged from 0.65 to 2.58 Mg m-3 for CF 
plantations, compared to the values from 0.87 
to 3.03 Mg m-3 for HB, from 0.82 to 2.55 Mg 
m-3 for SB and from 0.73 to 0.94 Mg m-3 for 
MP forests (Figure 2). The average BEFs were 
0.84 Mg m-3 for CF, 1.18 Mg m-3 for HB, 1.28 
Mg m-3 for SB and 0.84 Mg m-3 for forests. 
BEF of different forest types showed a similar 
pattern such that the BEF decreases steeply at 
low volume values, typically below 50 m3 ha-1. 
Then, with the increase of stand volume, the 
BEF tended to level off and remained constant 
for the high stand volumes. 
 We also calculated a threshold of stand vol-
ume for the continuous BEF and constant BEF 
by assuming those continuous BEFs equalled 
the constant BEF. If the stand volume was 
lower than this threshold, the constant BEF 

Figure 2 The relationship between biomass expansion factors and stand vol-
ume for different forest types. The horizontal lines mean mean bio-
mass expansion factors, CF - Chinese fir, HB - hardwood broadleaf 
forest, SB - softwood broadleaf forest, MP - mason pine.
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resulted in lower estimates of stand biomass 
compared to the continuous BEF method, and 
vice versa. The thresholds were 59, 39, 20 and 
153 m3 for CF, HB, SB and MP forests, respec-
tively.
 
Biomass estimation of different forest types

Regardless of different approaches, biomass 
estimates were highest in HB forests, account-
ing for 83% of total biomass, followed by CF 
forests, MP forests and SB forests. Within the 
same forest type, biomass estimates differed 
greatly depending on the method used (Figure. 
3). For example, total biomass of CF planta-
tions ranged from 1.83×106 t calculated using 
the NCBEF approach and 2.52 ×106 t calcu-
lated using the MBEF approach (Figure 3). 
First, we compared the first three methods that 
were developed in our study. In comparison to 
the CBEF derived biomass, the MB approach 
produced lower estimates of biomass while 
the MBEF approach led to higher biomass 
estimates for different forest types. Secondly, 

we compared the biomass estimation method 
proposed by Fang et al. (1998) and the IPCC 
(2003) approach. The NCBEF approach pro-
duced higher biomass estimates for HB forests 
and lower biomass estimates for CF, SB and 
MP forests. The IPCC approach generated the 
lowest biomass estimates for all forest types. 
The MBEF derived total biomass (the sum of 
the four forest types) was highest at 1.87×107 

t, followed by 1.79 ×107 t from NCBEF, 1.71 
×107 t from CBEF, 1.68 ×107 t from MB and 
1.58 ×107 t from IPCC.
 In order to further qualify the effects of 
using different methods on estimating the bi-
omass of different forest types, we took the 
CBEF derived biomass estimation as a control 
and compared the ratios of biomass estimates 
from MB, MBEF, NCBEF and IPCC to that of 
CBEF (Figure 4). The MB approach generated 
relatively stable biomass estimates of different 
forest types (89%-98%), generating the most 
accurate estimation of total biomass compared 
to the other methods, while NCBEF had the 
greatest variability in biomass estimation, var-

Biomass of different forest types and to-
tal biomass in Shitai County estimated by 
different methods (CF - Chinese fir, HB - 
hardwood broadleaf forest, SB - softwood 
broadleaf forest, MP - mason pine)

Figure 3 

Comparison of biomass estimated using 
different methods, shown as the ratios of 
MB, MBEF, NCBEF and IPCC to CBEF. 
The black dash line represents a constant 
ratio of 100%. Abbreviations same as in 
Fig. 3, while Total - the total biomass of 
different forest types.

Figure 4 
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ying from 80% in 
CF to 110% in HB 
forests. The IPCC 
approach underes-
timated biomass by 
35% for SB forests 
and 27% for MP 
forests. Compared 
with different for-
est types, different 
methods generated 
the most accurate 
biomass estimates 
for HB, varying 
from 94% for IPCC/
CBEF and 110% 
for NCBEF/CBEF, 
and generated the least accurate estimates for 
SB forests, varying from 66% for IPCC/CBEF 
to 116% for MBEF/CBEF. 

Discussion 

Comparison of BEFs 

The mean BEFs were 0.84 Mg m-3 for CF and 
MP forests, 1.18 Mg m-3 for HB forests and 
1.28 Mg m-3 for SB forests, which were gen-
erally comparable to the reported values of 
these or similar forest types (Fang et al. 2007, 
Li et al. 2012). For example, Li et al. (2012) 
found BEFs of CF plantations that ranged from 
0.705 to 0.954 Mg m-3 in different provinces, 
while Fang et al. (2007) reported a BEF val-
ue of 0.89 Mg·m-3 for MP  forests. However, 
the BEF of CF plantations was higher than the 
value calculated from Pan et al. (2004) and 
Fang et al. (2007) at the national level (Table 
2). This deviation may have resulted from the 
stand volume distributions. For instance, Pan 
et al.’s (2004) calculation was based on a vol-
ume range of 10-707 m3 ha-1 (n = 268), which 
has a wider spread of stand volume than our 
data set (4-357 m3 ha-1, n = 74), which does not 
include plots with high volumes. 

 In our study, BEF values varied with forest 
types, which has been illustrated by many oth-
er studies (Pan et al. 2004, Fang et al. 2007, 
Li et al. 2012). BEFs essentially represent spe-
cific weight in Mg m-3 and are influenced by 
the density of the tree canopy, stand wood vol-
ume, the wood density of the tree species and 
biomass allocation patterns (IPCC 2003, Pajtík 
et al. 2008, Correia et al. 2010). Thus previ-
ous studies have demonstrated that the higher 
BEFs are related to species morphology such 
as the lack of apical dominance with a polyar-
chic ramification resulting in a crown shape 
that is wider than it is deep (Mutke et al. 2005), 
which leads to higher biomass allocation to the 
crown compared to the stem (and wood vol-
ume) (Correia et al. 2010). The age of the tree 
could also lead the variations in BEFs because 
the allocation of biomass to different function-
al parts of a tree changes with age (Petersson 
et al. 2012). The average BEFs for larger areas 
can only reflect the mean age structure in the 
respective forest types, and they are not ex-
pected to be well adapted to local conditions 
and/or a specific stand age or diameter distri-
bution. Thus, it should be noted that the BEFs 
developed in our study are applicable to the 
study area, and should be used with caution if 
applied to other forests.
 The BEFs first declined with the increas-

Table 2 BEFs of different forest types 
Forest type BEF Sources

Chinese fir

0.75 (Fang et al. 2007)

0.68 Calculated from Pan et 
al. (2004) using our data

0.701-0.957 (Li et al. 2012)
0.84 In this study

Conifer forest 1.30 (IPCC 2003)
Abies fabri 0.89 (Fang et al. 2007)
Deciduous oaks 1.47 (Fang et al. 2007)
Cypress 1.05 (Fang et al. 2007)
Betula 1.26 (Fang et al. 2007)
P. massoniana & P. yunnanensis 0.69 (Fang et al. 2007)
Cupressus 0.844-10.598 (Li et al. 2012)
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ing stand volume for low volume in all forest 
types (Figure 2), and then BEFs levelled off 
and remained stable for high volume values, 
which is highly consistent with previous stud-
ies (Fang et al. 1998, Teobaldelli et al. 2009, 
Correia et al. 2010, Guo et al. 2010). There-
fore, using constant BEFs may underestimate 
or overestimate the forest biomass with differ-
ent volume distributions. However, some re-
searchers have determined a threshold for the 
use of a constant BEF based on a certain val-
ue of the predictor variables where the BEFs 
stabilize, and biomass estimation bias will be 
minimized (Brown et al. 1999). This could be 
a good way to simplify biomass calculation in 
mature when the stand volume estimates are 
available, but it should be applied cautiously to 
young stands or stands with a low productivity 
(González-García et al. 2013).
 
Comparison of biomass estimates from 
different methods

In this study, the biomass was estimated using 
five well-known methods, and we found that 
different methods resulted in highly variable 
estimates of biomass for different forest types. 
CBEF uses stand volume as a function of BEF 
and accounts for the effects of forest age, stand 
density and site quality, allowing more real-
istic estimates of forest biomass than other 
methods (Fang et al. 2002, Teobaldelli et al. 
2009). Therefore, the continuous BEF method 
is widely used to estimate forest biomass at 
regional or national scales (Fang et al. 2001, 
Guo et al. 2010, Li et al. 2012), because stand 
volume is usually one of the most reliably esti-
mated variables from forest inventory (Peters-
son et al. 2012). 
 It is impossible to get a true value of regional 
biomass, therefore the CBEF derived biomass 
was taken as a control to compare the biomass 
estimation derived from the other methods 
(Fang et al., 2002, Guo et al., 2010). The ratio 
of MB/CBEF was 98% for total biomass, com-
pared to 94% for CF, 99% for HB, 89% SB 

and 95% for MP, indicating that the MB ap-
proach did not result in a substantial difference 
in the biomass estimate (Figure 4). In contrast, 
the IPCC approach underestimated forest bi-
omass of the different forest types and total 
biomass, suggesting that the IPCC approach is 
not suitable in our study area although it is a 
standard approach on a global level. A similar 
conclusion was found by Li et al. (2012) for 
regional biomass estimation using the IPCC 
approach. More interestingly, the NCBEF ap-
proach underestimated biomass of CF, SB and 
MP forests, but overestimated biomass of HB 
forests, subsequently leading to the most accu-
rate estimation of total biomass compared to 
other methods. The result indicates that using 
the national approach proposed by NCBEF 
could generate bias in the biomass estimation 
of certain forest types, but not in total biomass. 
If total biomass estimates were required by the 
carbon market, rather than estimates specific 
to a certain forest type, the NCBEF approach 
would have been a good choice when BEFs are 
lacking. However, if biomass estimates for a 
specific forest type, such as CF, were required 
for the carbon market, the NCBEF approach 
would have underestimated the forest biomass 
by 20%. 
 Early approaches to simplify biomass esti-
mation at the regional level applied the con-
stant BEFs because only volume data was re-
quired (Sharp et al. 1975, Turner et al. 1995). 
However, more recent evidence shows that 
these constant BEFs are always the average 
values for a specific tree species, which are 
sometimes inaccurate given that stand age, 
stand density and site quality can change the 
BEFs (Lehtonen et al. 2004, Teobaldelli et al. 
2009, Correia et al. 2010). Thus, applying con-
stant BEFs values across all age classes and site 
conditions within a forest type underestimates 
the forest biomass of younger or less produc-
tive stands or overestimates the forest biomass 
of older and more productive stands (Fang et 
al. 1998, Goodale et al. 2002, Yu et al. 2014). 
In this study, the threshold stand volume where 
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BEFs equal the constant BEF were 59, 39, 20 
and 153 m3 for CF, HB, SB  and MP forests, 
respectively. As expected, the constant BEFs 
overestimated the biomass of CF, HB and SB 
forests because the average volume (Table 1) 
was higher than these thresholds. As a result, 
MBEF overestimated the total biomass by 9% 
(Figure 4). 
 However, the data requirement of continu-
ous BEFs, which can be determined using ex-
isting biomass and volume data, is stricter than 
other methods. When there is sufficient forest 
inventory data, including stand volume, forest 
area and a continuous BEF equation, the con-
tinuous BEFs method is a good choice to esti-
mate regional forest biomass (Guo et al. 2010). 
Therefore, the continuous BEF equation pro-
posed in this study could be directly used to 
estimate regional forest biomass in the study 
area.

Conclusions
 
Five methods were applied to estimate the for-
est biomass of Shitai County, China. The high-
est biomass estimate (1.87×107 t) was generat-
ed using the MBEF approach while the lowest 
biomass estimate (1.58×107 t) was generated 
using the IPCC approach. The CBEF was con-
sidered the most realistic estimate because it 
estimated biomass as a function of stand vol-
ume, which incorporated the effects of forest 
age, stand density and site quality. The data 
requirement of CBEF is stricter than the other 
methods because it is requires forest inventory 
data including the forest area and the contin-
uous function of BEF. If there is not enough 
forest inventory data, the MB approach is an-
other option in our study area because the MB 
derived biomass estimate had the lowest de-
viation from the CBEF approach for different 
forest types. The BEF equations developed in 
our study can be directly applied to estimate 
forest biomass for the study area if the stand 
volume is given without destructively sam-
pling. Our results have further significance for 

method selection of biomass estimation for re-
gional carbon accounting. 

Acknowledgements

This study was part of the Lin2Value project 
(project number 033L049-CAFYBB2012013) 
and special research fund of the International 
Centre for Bamboo and Rattan (project 
number 1632013010) supported by the 
Federal Ministry of Education and Research 
(BMBF, Bundesministerium für Bildung und 
Forschung), Chinese Academy of Forestry 
and the International Centre for Bamboo and 
Rattan (ICBR). We thank Hans Fuchs, Sa-
bine Schreiner, Haijun Yang, Torsten Vor and 
Dengkui Mo from Georg-August-Universität 
Göttingen for plot design and fieldwork sup-
port. We also thank Director An’guo Fan, Mr. 
Bailing Ding, Miss Yue’e Chu from Shitai For-
est bureau for kindly organizing the fieldwork. 
Lastly, special thanks to Mr. Xiaozhu Wang 
and Mr. Hongbing Ruan for fieldwork support. 
We would also like to take this opportunity to 
express our deep thanks to the anonymous re-
view for his suggestion and comments to im-
prove this manuscript. 

References

Bettelli P., Carpenter C., Davenport D., Doran P., Wise S., 
1997. Report of the Third Conference of the Parties to 
the United Nations Framework Convention on Climate 
Change: 1–11 December 1997. Earth Negotiations Bul-
letin 12:1-16. 

Bonan G.B. 2008. Forests and climate change: forcings, 
feedbacks, and theclimate benefits of forests. Science 
320:1444-1449. DOI: 10.1126/science.1155121.

Brown S., Lugo A.E. 1984. Biomass of tropical forests: 
a new estimate based on forest volumes. Science 
223:1290-1293. DOI: 10.1126/science.223.4642.1290.

Brown S.L., Schroeder P., Kern J.S. 1999. Spatial dis-
tribution of biomass in forests of the eastern USA. 
For Ecol Manag 123:81-90. DOI: 10.1016/S0378-
1127(99)00017-1.

Correia A.C., Tome M., Pacheco C.A., Faias S., Dias A.C., 
Freire J., Carvalho P.O., Pereira J.S. 2010. Biomass 
allometry and carbon factors for a Mediterranean pine 
(Pinus pinea L.) in Portugal. Forest Systems 19:418-



279

Tang et al.                                                                                                        Inventory-based estimation of forest biomass ...

433. 
Dixon R.K., Solomon A.M., Brown S., Houghton R.A., 

Trexier M.C., Wisniewski J. 1994. Carbon pools and 
flux of global forest ecosystems. Science 263:185-190. 
DOI: 10.1126/science.263.5144.185.

Fang J., Chen A., Zhao Z. 2002. Calculating forest bio-
mass changes in China-response. Science 296:1359. 
DOI: 10.1126/science.296.5572.1359a.

Fang J., Oikawa T., Kato T., Mo W., Wang Z. 2005. Bio-
mass carbon accumulation by Japan’s forests from 1947 
to 1995. Global Biogeochem Cycles 19:GB2004. DOI: 
10.1029/2004gb002253.

Fang J.Y., Chen A.P., Peng C.H., Zhao S.Q., Ci L. 2001. 
Changes in forest biomass carbon storage in China be-
tween 1949 and 1998. Science 292:2320-2322. DOI: 
10.1126/science.1058629.

Fang J.Y., Guo Z.D., Piao S.L., Chen A.P., 2007. Terres-
trial vegetation carbon sinks in China, 1981-2000. Sci-
ence in China Series D-Earth Sciences 50:1341-1350. 
DOI: 10.1007/s11430-007-0049-1.

Fang J.Y., Wang G.G., Liu G.H., Xu S.L. 1998. Forest bio-
mass of China: An estimate based on the biomass-vol-
ume relationship. Ecological Applications 8:1084-
1091. DOI: 10.2307/2640963.

Fang J.Y., Wang Z.M. 2001. Forest biomass estimation 
at regional and global levels, with special reference to 
China’s forest biomass. Ecological Research 16:587-
592. DOI: 10.1046/j.1440-1703.2001.00419.x.

Forest Bureau of Shitai County, 2004. Forest resources 
planning and design survey of Shitai County in 2004, 
Hefei

Geng T.S., Wang H.H. 2011. Research on the water and 
soil conservation in Shitai County of Anhui Province. 
Journal of Anhui Agriculture Science 39:451-452, 482 
(in Chinese with English abstract). 

González-García M., Hevia A., Majada J., Barrio-Anta 
M., 2013. Above-ground biomass estimation at tree and 
stand level for short rotation plantations of Eucalyptus 
nitens (Deane & Maiden) Maiden in Northwest Spain. 
Biomass Bioenergy 54:147-157. DOI: 10.1016/j.biom-
bioe.2013.03.019.

Goodale C.L., Apps M.J., Birdsey R.A., Field C.B., 
Heath L.S., Houghton R.A., Jenkins J.C., Kohlmaier 
G.H., Kurz W., SR Liu, GJ Nabuurs, S Nilsson, AZ 
Shvidenko, 2002. Forest carbon sinks in the Northern 
Hemisphere. Ecological Application 12:891-899. DOI: 
10.2307/3060997.

Guisasola-Rodríguez R., 2014. Allometric biomass equa-
tions and crown architecture in mixed-species forests of 
subtropical China, Albert-Ludwigs Universität Freiburg

Guo Z.D., Fang J.Y., Pan Y.D., Birdsey R. 2010. Invento-
ry-based estimates of forest biomass carbon stocks in 
China: A comparison of three methods. Forest Ecolo-
gy Management 259:1225-1231. DOI: 10.1016/j.fore-
co.2009.09.047.

Houghton R.A. 2007. Balancing the Global Car-
bon Budget. Annual Review of Earth and Plane-
tary Sciences 35:313-347. DOI:10.1146/annurev.

earth.35.031306.140057.
IPCC 2003. Good practice guidance for land use, land-use 

change and forestry, Institute for Global Environmental 
Strategies

IPCC 2006. IPCC guidelines for national greenhouse gas 
inventories. IGES, Japan. http://www.ipcc-nggip.iges.
or.jp/public/2006gl/index.html.

IPCC 2007. Climate Change 2007: Synthesis Report. Con-
tribution of Working Groups I, II and III to the Fourth 
Assessment Report of the Intergovernmental Panel on 
Climate Change

Lehtonen A., Mäkipää R., Heikkinen J., Sievänen R., 
Liski J. 2004. Biomass expansion factors (BEFs) for 
Scots pine, Norway spruce and birch according to stand 
age for boreal forests. Forest Ecology Management 
188:211-224. DOI: 1016/j.foreco.2003.07.008.

Li H.K., Zhao P.X., Lei Y.C., Zeng W. 2012. Comparison 
on estimation of wood biomass using forest inventory 
data. Scientia Silvae Sinnica 48:44-52 (in Chinese with 
English abstract). 

Lu C.M. 2010. Rock-soil geochemical features for Dashan 
Area, Shitai, Anhui. Geology of Anhui 20:120-125 (in 
Chinese with English abstract). 

Mutke S., Sievänen R., Nikinmaa E., Perttunen J., Gil L. 
2005. Crown architecture of grafted Stone pine (Pinus 
pinea L.): shoot growth and bud differentiation. Trees 
19:15-25. DOI: 10.1007/s00468-004-0346-7.

Pajtík J., Konôpka B., Lukac M. 2008. Biomass functions 
and expansion factors in young Norway spruce (Picea 
abies [L.] Karst) trees. Forest Ecology Management 
256:1096-1103. DOI: 10.1016/j.foreco.2008.06.013.

Pan Y., Birdsey R.A., Fang J., Houghton R., Kauppi 
P.E., Kurz W.A., Phillips O.L., Shvidenko A., Lew-
is S.L., Canadell J.G., Ciais P., Jackson R.B., Pacala 
S.W., McGuire A.D., Piao S., Rautiainen A., Sitch S., 
Hayes D. 2011. A large and persistent carbon sink in the 
world’s forests. Science 333:988-993. DOI: 10.1126/
science.1201609.

Pan Y.D., Luo T.X., Birdsey R., Hom J., Melillo J. 2004. 
New estimates of carbon storage and sequestration in 
China’s forests: Effects of age-class and method on 
inventory-based carbon estimation. Climate Change 
67:211-236. DOI: 10.1007/s10584-004-2799-5.

Petersson H., Holm S., Stahl G., Alger D., Fridman J., Le-
htonen A., Lundstrom A., Makipaa R. 2012. Individual 
tree biomass equations or biomass expansion factors for 
assessment of carbon stock changes in living biomass 
- A comparative study. Forest Ecology Management 
270:78-84. DOI: 10.1016/j.foreco.2012.01.004.

R Core Team 2014. R: A language and environment for 
statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria. URL http://www.R-project.
org/. Accessed accessed on 6 March, 2015 

Schroeder P., Brown S., Mo J.M., Birdsey R., Cieszewski 
C. 1997. Biomass estimation for temperate broadleaf 
forests of the United States using inventory data. For 
est Science 43:424-434. 

Seo Y.O., Lee Y.J., Lumbres R.I.C., Pyo J.K., Kim R.H., 



280

Ann. For. Res. 59(2): 269-280, 2016                                                                                                                     Research article 

Son Y.M., Lee K.H. 2013. Influence of stand age class 
on biomass expansion factor and allometric equations 
for Pinus rigida plantations in South Korea. Scand J For 
Res 28:566-573. DOI: 10.1080/02827581.2013.786126.

Sharp D.D., Lieth H., Whigham D. 1975. Assessment of 
regional productivity in North Carolina. In: Whittaker 
HLRH (ed.), Primary productivity of the biosphere. 
Springer,  pp. 131-146.

Tang X., Lu Y., Fehrmann L., Forrester D.I., Guisaso-
la-Rodríguez R., Pérez-Cruzado C., Kleinn C. 2015. 
Estimation of stand-level aboveground biomass dynam-
ics using tree ring analysis in a Chinese fir plantation 
in Shitai County, Anhui Province, China. New For-
ests  10.1007/s11056-015-9518-0:1-14. DOI: 10.1007/
s11056-015-9518-0.

Teobaldelli M., Somogyi Z., Migliavacca M., Usoltsev 
V.A. 2009. Generalized functions of biomass expan-
sion factors for conifers and broadleaved by stand 
age, growing stock and site index. Forest Ecology and 
Management 257:1004-1013. DOI: 10.1016/j.fore-
co.2008.11.002.

Turner D.P., Koerper G.J., Harmon M.E., Lee J.J. 1995. 
A carbon budget for forests of the conterminous Unit-

ed States. Ecological Applications 5:421-436. DOI: 
10.2307/1942033.

Wang X., Fang J., Zhu B. 2008. Forest biomass and root-
shoot allocation in northeast China. Forest Ecology 
and Management 255:4007-4020. DOI: 10.1016/j.fore-
co.2008.03.055.

Whittaker R.H., Likens G.E. 1973 Carbon in the biota. In: 
Woodwell GM, Pecan EV (eds.), Brookhaven Symp 
Biol. Technical Information Center, Office of Informa-
tion Services, US Atomic Energy Commission, Spring-
field, VA, USA, pp. 281-302.

Woodwell G.M. 1978. The carbon dioxide question. Sci-
entific American 238:34-43. 

Yin G., Zhang Y., Sun Y., Wang T., Zeng Z., Piao S. 2015. 
MODIS Based Estimation of Forest Aboveground Bio-
mass in China. PLoS One 10:e0130143. DOI: 10.1371/
journal.pone.0130143.

Yu D., Wang X., Yin Y., Zhan J., Lewis B.J., Tian J., Bao 
Y., Zhou W., Zhou L., Dai L. 2014. Estimates of for-
est biomass carbon storage in Liaoning Province of 
Northeast China: a review and assessment. PLoS One 
9:e89572. DOI: 10.1371/journal.pone.0089572.




