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Abstract. We developed a volume-to-biomass method based on age groups representative of forest 
development stages to estimate live tree biomass, C, and biomass and C accumulation rates of China's 
forests between 1973 and 1993. The datawere fromplot-level forest inventory, national-level inventory 
statistics, and ecological site studies specified to estimate biomass in different tree components. Our 
results indicate that carbon storage in China's forests was 4.34 Pg C in the early 1990s, an increase of 
13% since the early 1970s. The annual forest C sequestration rate from the late 1980s to early 1990s 
was 0.068 Pg Clyr and approximately four- to five-times higher than in the 1970s and 1980s. The 
Iirge C sink in China's forests in the early 1990s was likely related to age structure changes that had 
developed to more productive stages, a consequence of reforestation and afforestation programs from 
the 1960s. The results were compared with other C store estimates, which were based on the same 
inventory data. Various methods can produce estimates that differ in the direction of C flux as well as 
its magnitude. Separating age groups with the volume-biomass method could cause a 27% difference 
in estimated carbon pools but an 89% difference in C sequestration rates whereas the biomass density 
method would provide an estimate that differs by 65% in the C pools. 

1. Introduction 

Recent research highlights the importance of understanding terrestrial carbon 
exchange in the Northern Hemisphere, particularly the role of the Northern 
Hemisphere as a carbon sink (Schimel et al., 2001; IPCC, 2001). Forest ecosys- 
tems play dominant roles in the carbon cycle because they store a large amount 
of C in vegetation and soil, and interact with atmospheric processes through the 
absorption and respiration of COz (Brown and Schroeder, 1999; Houghton et al., 
1999; Goodale et al., 2002). Forest inventory data are valuable resources in forest 
carbon research because they provide true ground-based estimates of C stock and 
fluxes across heterogeneous regions, and are statistically representative of land-use 
change and disturbance (Birdsey, 1992; Brown and Schroeder, 1999). 

Our knowledge of forest resource conditions throughout the Northern Hemi- 
sphere varies considerably. Comprehensive, long-term data from forest inventories 
of European and North American countries areieadily available and show that these 
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two regions have sequestered C for several decades (Kauppi et al., 1992; Apps et 
al., 1999; Birdsey and Heath, 1995, Goodale et al., 2002). Forest inventory data 
for Asian countries, on the other hand, were ult to access until recently. New 
analyses from forest inventory data suggest that the mount of C in Russia forests 
is increasing, but the rate of increase cannot yet exhibit sufficient to be estimated 
with accuracy (see APexeyev et d., 1995; LisE and Kauppi, 2000; Nilsson et al., 
2000). Similarly, the mount of carbon in China's could be increasing by 
a small amount (Fang et al., 2001), but estimates increase are uncertain 
(Fang et al., 2001; Zhang and Xu, 2003). 

Few studies synthesize the inventory-based G estimates across several countries 
in the Northern Hemisphere to depict a large-scale G balance for the forest sector 
(Goodale et al., 2002). Such a compilation is problematic because the forest C 
estimates from different countries and data sources are not fully compatible due 
to inconsistent definitions, inventory designs, estimation methods, m d  models. We 
have limited knowledge about uncertainties in most inventory-based forest carbon 
estimates and about cross-nation comparisons of forest inventory studies for carbon 
(Smith and Heath, 2000; Goodale et al., 2002). 

In this study, we develop an age-based vdm-to-biomass method to estimate 
live tree biomass, and @, md biomass and C accumulation rates in China's forests, 
based on data from four forest inventories between the 1970s md 19969s. In Data 
and Method, we present the steps and data sources for estimating forest biomass 
and C in China's forests (Figure 1). h Discussion, we compare OW results with 
the results from a sidlar forest carbon study in China (Fang et al., 9998,2001), 
and analyze the relevance of separating age groups in forest carbon estimates. 
We also compare and andyze several methods commonly used in inventory-based 
forest c +es (Le. Volume-biomass, Bimass Expansion Factor, 
Density ark Gravity methods), thus offering insights into the 
ent methods. 'go present our research in a greater context, we compare our esti- 
mates for China's forests with those for the US. and Russia and reveal the effect 
of forest age structure on @ sequestration rates. Finally, we analyze sources that 
cause uncertainties in the inventory-based forest carbon estimates. Ow analysis 
provides infomation for developing more consistent, accurate estimates of forest 
carbon stocks in future inventory-based carbon research, which is one of 
efforts to improve the understanding of forest carbon sequestration in the No 
Hemi sphere. 

2.1. ESTIMATION OF TOTAL FOREST TREE BIOMASS USING ALLBMETRIC 
EQUATIONS 

Forest inventory reports usually indude estimates of growing stock (the volume of 
wood typically harvested for products) and lack infomation about noncommercial 
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Figure I .  The diagram represents the volume-to-biomass method for estimating forest C. Red boxes 
are data sources or collected information; blue, the medium and final products. The dashed boxes and 
lines represent other estimation methods. 

components (roots, tops, branches, foliage, and noncommercial species) that should 
be included to calculate total forest tree biomass. Therefore, before we convert 
growing stock volume to tree biomass, we need empirical data or equations to 
estimate biomass in various tree components. 

Allometric equations are regression equations that estimate biomass of whole 
trees or tree components based on tree diameter at breast height (DBH) and tree 
height (H). We collected 1285 allometric equations, which were grouped into 333 
sets (a set includes the equations respectively for calculating biomass of tree stems, 
branches, foliage, and roots), for 98 major forest types and tree species in China 
(Luo, 1996). Most of the equations were from the literature and a few were devel- 
oped using data from supplemental field studies. 

We also used the datasets from 4622 routine inventory plots and 793 additional 
reference plots that represent a wide range of China's forest types and plot conditions 
(Figure 2). These datasets contain information, among other things, about plot 
location, coordinates, forest types and species, age classes (young, middle-aged, 
premature, mature and overmature), arithmetic means of DBH and H (for trees in 
plots with DBH r 4 cm), area, growing stock volume and tree density. The data were 
derived from either databases or pubIications of provincial forest agencies. Most of 
the data were from plots designed by the National Inventory of the Forest Ministry 
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of China and were collected during 1989-1993 (FRSC, 1994). Some supplemental 
inventory data were collected in the 1970s from the national inventory reference 
plots (793 plots) that are independent of the routine inventory plots. 

We then used our collected sets of allometric equations specific for certain forest 
types and regions to calculate biomass of tree stems, branches, foliage, and roots 
using available information of stand DBH and H of each age group, before adding 
the biomass of individual tree components to estimate total tree biomass (Figure 1). 
Sometimes, several sets of allometric equations exist for the same forest type. 
When this happened, we calculated the tree biomass using each set of equations 
and averaged their results. If allometric equations did not exist for a certain forest 
type in a region, we adopted the sets of equations from a neighboring region. 
We calculated stand biomass density by multiplying the total tree biomass by the 
number of trees, then dividing the result by the plot area (Figure 1). 

2.2. THE VOLUME-BIOMASS EQUATIONS FOR AGE GROUPS AND FOREST TYPES 

One method used to convert growing stock data from forest inventories to tree 
biomass is the volume-to-biomass method (Brown and Lugo 1984; Brown et al., 
1989,1997; Fang et al., 1998,2001). In this method, linear regression equations are 
established between growing stock (m3 ha-l) and stand biomass density (Mg ha-') 
for various forest types. However, volume-biomass equations are often developed 
for universal age groups probably because of insufficient data specific to various 
age groups. Here, we developed equations separately, using the available data from 
5415 plots, for different age groups that represent forest development stages and 
major forest types in China. In total, 52 equations were developed (Table I). 

We included woodlands and bamboo forests in this study. The volume-biomass 
equations for woodlands are nonlinear and were developed for regions rather than 
age groups (Table II). For bamboo forests, stand biomass density is simply a linear 
function of tree (bamboo) density (individuals ha-') (Table 11). 

2.3. ESTJMATION OF NATIONAL FOREST BIOMASS AND CHANGE 

The China Forestry Administration (CFA) has conducted nation-wide and periodic- 
forest inventories since the 1970s and compiled national forest inventory statistical 
data that were reported as the Forest Resource Statistics of China (FRSC). The 
inventory plots were in grid polygons systematically located across the country, 
which is similar to the sampling strategy used in the U.S. The inventory plots were 
remeasured every 5 years by the provincial district's forestry bureaus following 
the standards designed by CFA. The permanent ground survey plots for forest 
inventories numbered 140 000 in 1973-1976 and 1977-1981; 255 000 in 1984- 
1988; and 227 000 in 1989-1993 (Zhang and Xu, 2003). There were about 100 000 
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TABLE I 
Parameters to calculate forest live-biomass density ( y ,  Mg ha-'). Biomass density is expressed as a 
function of standgrowing stock ( x ,  m3 ha-'), y = a+b.x, where a (Mg ha-I) andb (Mg m-3) arecon- 
stants for a forest type. Data are from 793 field plots and 4622 inventory plots collected by Luo (1996) 

Vol range Plot 
Forest type Agegroup (m3ha) a b number R2 

Abies, Picea, Tsuga 

Pinus sylvestris 
var. mongolica 

Pinus tabulaefomzis, 
Platycladus orientalis 

Pinus yunnanensis, 
Pinus khasya 

Pinus massoniam 
and other tropical 
pines 

Pinus amandii, Pinus 
deasada and other 
mountain pines 

Cunninghamia 
Zanceolata 

(Continued on next page.) 
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TABLE I 
(Continued). 

Forest type Age group Vol range fm3/ha) a b Plot number R2 

Cryptomeria fortunei, 530a 8-654 19.711 0.5679 64 0.9461 

Cupressusfunebris 3 1 4 0 a  17-465 15.213 0.6220 19 0.9548 

and other conifers 161a 1-59 25.568 0.5673 23 0.8712 

Pinus koraiensis - <60a 9-3 18 24.946 0.5383 106 0.6013 

and its mixed forest 261a 188-723 115.60 0,2974 51 0.4395 

Oaks and other 540a 15-500 5.7107 0.9957 162 0.8578 
decidious trees 4160a 25-280 13.394 . 1.0564 123 0.8278 

61-80a 33-304 24.774 0.8515 66 0.7246 

281a 29-549 50.649 0.4829 42 0.6206 

Betula and Populus 5 1 Oa 4-244 4.1318 0.8682 71 0.9060 

11-15a 12-276 8.5271 0.8491 77 0.9056 
1620a 3-360 21.235 0.7594 61 0.8412 

21-30a 9-652 36.308 0.6455 145 0.8434 

3 1 a  14-655 33.54 0.6642 314 0.8129 

Evergreen 540a 6-366 5.2243 1.1253 437 0.8559 
broadleaved trees 4140a 29-584 22.967 1.0014 254 0.8409 

61-80a 75684 24.653 0.9790 102 0.7460 

>80a 26-955 42.774 0.8436 145 4.7045 

TABLE I1 
Parameters to cakulate woodland and bamboo forest live biomass density (y, Mg ha-'). Biomass 
density forwoodlands is expressed as a function of standgrowing stock (x, m3 ha-'), y = a .xb, where 
a and b are constants for a region. Plot data are selected from the data set collected by Luo (1996) 
with stand growing stock of less than 100 m3 haT1 .md tree density of less than 1000 trees per hectare 
- -- 

Woodlands (for province or autonomous region) a b Plot number R2 

Guangdong, Guangxi, Hainan 
Guizhou 
Anhui, Fujian, Hubei, Hunan, Jiangsu, 

Jiangxi, Shanghai, Zhejiang 
Beijing, Hebei, Henan, Shandong, 

Tianjin 
Gansu, Ningxia, Qinghai, Sanxi, 

Shanxi, Xinjiang 
Sichuan, Tibet (Xizang), Yunnan 
Heilongjiang, Jilin, Liaoning, Neimeng 
Over China 

Bamboo forests 



218 Y. PAN ET AL. 

interpretation plots from remote sensing for the period 1989-1993 (Zhang and Xu, 
2003). Generally, only statistical data at e provincial level me accessible to the 
public. The data used in s study for calculating total forest biomass and C were the 
provincial data compiled kom survey plots from the FRSC 1973-1976,1977-198 1, 
19841988, and 1989-1993 (FRSC, 1977,1982,1989,1994). Although statistical 
data for 1950-1962 exists, the CFA declared that those data lack statistical reliability 
and should not be used in a formal report. The inventory data from 1994-1 998 were 
also excluded from this study because the definition of forests changed, reducing 
the threshold value of the minimum canopy cover from 30 to 20%, which would 
cause difficulty when c o m p ~ n g  estimates. 

The FRSC includes the data for forests, special product plantations, bamboo 
forests, woodlmds, sparsely stocked areas, md urban trees. For this study, we 
included only the categories of woodlands, bamboo forests, and forests (including 
all natural forests and forest plantations). The PRSC (1977, 1982, 4989, 1994) 
provided infomation about forest area and growing stock volume associated with 
36 forest types, 5 age classes, and 31 provinces and special city districts. We first 
calculated, for each forest type, age class and province, the mean growing stock 
volume per hectsnre ( V )  using growing stock volume and areas for dl categories 
(i, forest. type; j ,  age; and k, province). We then calculated biomass density (BD) 
using the volume-biomass equations developed earlier (see Figure 1): 

BDijk (Mg ha-') = aij (hdg ha-') + bij (Tldg m-3) ijk(m3 ha-') 

We then aggregated the total nationd forest tree biomass (BM) from dl categories 
er multiplying the biomass density (BDijk) by the area (Aijk): 

We regrouped the forest types described in the FRSC to aggregated forest types as 
necessary according to similar life-forms. 

3.1. BIOMASS AND CHANGES IN MAIN FOREST TYPES 

The total area of the main forests (not including woodlands and bamboo) in China 
increased by 3.5%, from 105.0 to 108.6 million hectare (ma) ,  between the first 
inventory (1973-1976) and the fourth inventory (1989-1993) (Table 
this time, the area decreased approximately 8.9% from the fist  to second inven- 
tory (1973-1976 to 1977-1981) and increased 13.6% afterward because of in- 
tensive national plantation campaigils (FRSC, 1977, 1982, 1989, 19943. The total 
biomass in forest Uees increased from 7.02 to 8.04 Pg over the entire period, and 
increased 2.6,2.4, and 9.1% between sequential inventories, which was consistent 
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Forest areas, stocking, biomass and carbon in four inventory periods 
(sources: FRSC, 1977,1982,1989,1994) 

Forests Woodlands Bamboo Total 

Areas (lo6 ha) 
1973-1976 
1977-1981 
1984-1988 
1989-1993 

Stocking (lo9 m3) 

1973-1976 
1977-1981 
1984-1988 
1989-1993 

Biomass (Pg = 1015 g) 
1973-1976 
1977-1981 
1984-1988 
1989-1993 

Carbon (Pg C) 
1973-1976 
1977-1981 
1984-1988 
1989-1993 

with changes in growing stock (Table 111, Figure 3c). Although forest area decreased 
from 1973-1976 to 1977-1981, which was likely related to the harvesting of ma- 
ture forests, an increase of biomass in the middle-aged forests compensated for 
the biomass lost to harvesting (Figures 3a and 3b). A remarkable increase in forest 
biomass for the periods 1984-1988 to 1989-1993 is because of an increase in the 
productivity of large areas of forest established during the plantation campaigns. 
These middle-aged forests have reached the most productive stages in their life 
cycle (Figures 3a-3c). 

3.2. BIOMASS AND CHANGES IN WOODLANDS AND BAMBOO FORESTS 

Generally, the biomass stored in woodlands did not change significantly during 
four inventories and ranged from 0.48 to 0.50 Pg. The biomass stored in bam- 
boo forests ranged from 0.13 to 0.16 Pg. The biomass of woodlands and bamboo 
forests contributed approximately 0.61-0.65 Pg to the total forest biomass in China 
(Table El). 
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Figure 3. Areas (a) and growing stock (b) of young, middle-aged, and maruhe fo~ests (including 
premature, mature and post-mature stages because earlier inventories did not separate them), total 
growing stock (c) in different inventory periods, and annual C sequestration rates in the periods 
between inventories (d). 

3.3. EFFECT OF AGES ON ESTIlMATEn FOREST BIOMASS 

The results showed that changes in the age structure of forests greatly affect forest 
biomass. The area-weighted biomass densities for the four inventory periods varied 
between 66.9 and 75.4 Mg ha-', corresponding' to proportions of young forest 
areas (Table N). For &Berent forest types, the ages that correspond to different 
development stages are not equal. For example, spruce-fir forests require more than 
100 years to reach maturity. However, it takes only 30 years for birch and poplar 
forests to mature (Table I). The plot data show that biomass densities for different 
forest development stages may change significantly (Table V). For example, the 
biomass density of Pinus mmassoniana was 71 g ha-' in young stands and ranged 
from 322 to 407 Mg ha-' in anore mature stands. For most forest types, biomass 
densities increased two- to three-times while stands developed to matunity (Table V). 
The differences in biomass densities mong age groups indicate the importance of 
estimating forest biomass for separate age groups. 

3.4. NATIONAL CARBON STORAGE AND CHANGES IN ALL FOREST TYPES 

We used 0.5 as the factor to convert the biomass to carbon stored in China's forests. 
The carbon storage in forested lands for 1973-1976, 1977-198 1, 1984-1988, and 
1989-1993 was 3.84,3.91,4.00, and 4.34 Pg C, respectively (Table 
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TABLE N 
Age structure, biomass density, estimates of C stock and sequestration rates (based on the volurne-to- 
biomass methods) in China's forests (not including woodlands and bamboo forests) 

Inventory data (FRSC) Our estimates Fang et al. (2001) 

Forest area (%) Biomass Forest Carbon Forest Carbon 
density Carbon change carbon change 

Inventory periods Young Mid-age Mature* (Mg/ha) (Pg C) (Pg C ~r- ' )  (Pg C) (Pg C yr-I) 

"Mature forests include premature, mature and overmature forests. 

C stock increased by 12.9% from the early 1970s to early 1990s. The annual 
C accumulation rates between the inventories were 0.016, 0.013, and 0.068 Pg C 
yr-l, respectively. If woodlands and bamboo forests were excluded, the C estimates 
were 3.51, 3.60, 3.69 and 4.02 Pg C, respectively, and the total C stock increased 
by 14.5%. The C accumulation rates between periods were 0.020,0.013, and 0.066 
Pg C yr-I (Table N). Our estimates were consistent with the changes of growing 
stock in the inventory data and indicate that the forests in China have become a C 
sink since the early 1970s, as opposed to the late 1970s (Fang et al., 2001, Figure 3c 
and 3d). 

4. Discussion 

4.1. COMPARISON OF RESULTS AND METHODS I N  FOREST BIOMASS 
AND C ESTIMATION 

4.1.1. Volume-Biomass Method WitWWthout Separating Ages in China's Studies 
We compared our results with Fang et al. (1998;2001) who used a similar volume- 
to-biomass method and the same inventory data to estimate China's forest tree 
biomass. The main differecces between the two studies are that we had 10-times 
more sample plots and developed the volume-biomass equations for different age 
groups. 

The estimates of C in forest biomass (excluding woodland and bamboo, and 
using the same carbon conversion factor) by Fang et al. (2001) for the same in- 
ventory periods (1973-1976,1977-1981,1984-1988, and 1989-1993) are greater 
by 26.5, 21.7, 20.8, and 15.2%, respectively, than our estimates (Table IV). These 
differences are caused primarily by using different volume-biomass equations that 
were developed separately in the two studies. We compared the volume-biomass 
curves developed for most of the main forest types in China (Figure 4) in the two 
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TABLE V 
Biomass densities (Mg ha-') by forest type (n = number of sample plots) and total biomass estimated using the mean biomass-density method based 
on the forest areas for different age classes from the inventory data of 1989-1993 (FRSC, 1994) 

w 
Young Middle Premature Mature Overmature Fang's data1 

Biomass Area 
Forest type pg Mha Mglha n Mgha n Mg/ha n Mgha n Mglha n M a  n 

Abies-Picea 
Lark 
l? sylvestris var. 

mongolica 
l? tabulaefomis 
P. armandii, I? densata 
l? lcoraiensis 
I1 massoniana 
P. yunnaensis, l? khasya 
Cunningharniu 

lanceoluta 
Cypress 
Broadleaf deciduous 

forests 
Populus-Betula 
Populu-Robinia 

plantation 
Subtropical broadleaf 

evergreen 
Subtrop mixed 

deciduous-evergreen 
Subtropical evergreen 

Quercus 
Tropical forests 
Total 

'From Fang et al. (1 998). 
*The data of Populus and Betuln were separated in Fang et al. (1998). The value here is the weighted mean value based on the original data. 
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studies. The regression curves developed by Fang et al. (2001, 1998) show that the 
curves for most forests types are close to the curves of middle- and young-aged 
stands in our studies (Figure 4). The estimated biomass densities foi the sample 
plots in Fang's study also indicate this phenomenon (Table V). By om estimation, 
with data from 793 field plots derived from the CEnese literature ahat include most 
information used in Fang et d. (1998, 2001), 83% of the plots are classified as 
young- and middle-aged stands. This percentage is higher an shown by the data 
in the FRSC (1977, 1982, 1989, 1994), which range from 68 to 71% (Table W),  
and may indicate a skewed age distribution in the sample plots. 

The regression curves that we developed for age goaps show that the relationship 
between biomass and volume varies with age (Figure 4). However, within an age 
group, the volume-biomass relationship appeas to be linear (Figure 5). The range 
of stem volume in an age group can be wide and reflects the effects of diverse growth 
conditions (Figure 5). The ratios of biomass to growing stock are often lower in older 
forests except Pinus massoniano and Easix that have higher ratios in more mature 
stands (Figures 4b and 4d). Both stem volume and tree biomass are no doubt the 
functions of age, and the relationships appear to be nonlinear (Figures 6a and 6b). 
The relationships demonstrate an intsinsic biological reladonship between gmwth 
and aging (praring and Schlesinger, 1985). The data show that the relationship 
between volume and biomass is more likely to be linear (Smith et d., 2002, also see 
Figures 5 and 6c), and that ahe ratios (biomass/volum) decline as trees grow bigger 
(Figure 4, refering to one-to-one lines). Such a phenomenon is determined by the 
characteristics of tree morphology, described by the pipe-model theory (Shinozaki 
et d., 1964 a, b), that the mount of foliage is related to the surface areas of 
sapwood under tree crowns that remain relatively constant as trees grow. Trees at 
different ages, however, have different strategies for allocating carbon to different 
tree components, whichreflect the changing biological traits with age, and affect the 
volume-biomass relationship (comparing Figures 6a and 6b). The linear volume- 
biomass equations should be represented by a set of curves to address this trait 
(Figure 4) and the patterns of the curve sets could be different for vxious life foms 
(Figure 64 .  Tms, separating age groups for developing linea volwne-biomass 
equations, if extra age infomation is available, will improve the accuracy of the 
models (Figure 5). The agsbased volume-biomass equations will improve the 
accuracy of prediction for Abies and Picea forests, Binus mssonimo forests and 
Oak and deciduous forests in our case (Figures .$a, 4d and 4e). 

It is possible fiat the volume-biomass equations by Fang et al. (2001) overesti- 
mate biomass for mature or all-aged forests, such as spruce-f?r, oak, deciduous, and 
birch forests (Figures 4a, 4e and 40. Generally, mame and ovennature spruce-fir 
forests constituted 80% of the spruce-fir forest type, which occupied more than 
6.5% of the total forest area in the country (FRSC, 1977, 1982, 1989, 1994). The 
deciduous forests of oak and birch generally occupied mope than 49% of the total 
forest m a .  Consequently, we believe that Fang et al. (2001) overestimates forest 
tree biomass in more than 54% of the forests in China. 
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Figure 6. Total tree biomass (a), tree stem volume @), and the relatnonshp between stem volume and 
tree biomass fc). The data collected by Luo (1996) include 243 plots of even-aged temperate pne  
forests in China with aeasurements of tree biomass and wood volume. The theoretic pattern of a set 
of volume-b~omass curves for age classes (d). 

Cases also exist where the all-aged equations in Fang et al. (2001) underesti- 
mate forest biomass in Pinus massoniano and poplar forest types for all-aged stands 
(Figures 4d and 40. R massoniano and poplar forests occupy approximately 18% 
of the total forest area, which means that Fang et al. (2001) could underestimate 
biomass in less than 20% of the forests. Overall, Fang et al. (2001) could overesti- 
mate forest tree biomass in more than 35% of the forested lands. The cornparison 
indicates that all-aged volume-biomass equations developed with small datasets 
and a skewed age distribution of sample plots toward younger ages may lead to 
biased estimates and, in this case, overestimates of live tree biomass. 

4.1.2. Biomass Expansion Factor Method 
In addition to the volme-biomass method, the Biomass Expansion Factor (BEF) 
method is mentioned often and used in inventory data-based biomass and carbon 
research (Schroeder et al., 1997; Mauppi et al., 1992; Brown and Schoeden; 1999). 
BEF converts growing stock volume to mass, accounting for noncomescid com- 
ponents. Essentially, the BEF method is the same as the volume-biomass method 
(Figure 13, especially when a continuous function is developed (usually an expo- 
nential function) for BEF to convert growing stock volume to total tree biomass. 
Sometimes the biomass expansion factors are estimated as individual conversion 
parameters for different size classes of b-ees. The study by S c h e d e r  et al. (1997) 
indicates that there is a general pattern between BEF and stand volme for temperate 
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broadleaf forests. The BEF declines from stands of lower growing stock volume to 
stands of higher growing stock volume. The one-to-one lines in Figure 4 illustrate 
a general pattern between live tree biomass and growing stock volume that can 
be explained as declining ratios with increasing growing stock volume. Even with 
this general pattern, age is another factor that affects this ratio (Figures 4 and 6d). 
The information implies that using sample data from either young stands or stands 
with low stocking to develop the volume-biomass equations or BEFs could cause 
overestimates of biomass, and the opposite is true, also. 

4.1.3. Mean Biomass Density Method 
In early International Biosphere Program and biomass studies, the mean biomass- 
density method was often used to estimate forest biomass (Lieth and Whittaker, 
1975). This method estimates a mean biomass density (Mg ha-l) using datasets 
for a certain forest type and then multiplies the mean biomass density by the forest 
area derived from the inventory statistics (Figure 1). We used the inventory data of 
1989-1993 to compare this method with ours. The mean biomass-density method 
estimates 13.25 Pg of forest tree biomass, which is 65% higher than the volume- 
biomass method (8.04 vs. 13.25 Pg, see Table III and V). A much lower biomass 
estimate using the volume-biomass method implies that the mean biomass densities 
estimated from the inventory of growing stock volume are much lower than those 
directly estimated from the sample plot datasets. 

Inconsistency in the mean biomass densities used in the two methods reflects 
statistical biases in the reference datasets that cannot cover the full range of forest 
conditions representedin the inventory information. Forest inventories are based on 
the systematic plot networks designed to represent the broad range of forest condi- 
tions actually present. Therefore, inventories are more likely representative of the 
true average values of stem volumes, which can be further transformed to biomass 
(Birdsey, 1992). The lower mean biomass densities based on the volume-biomass 
equations and inventory data indicate that forests across heterogeneous regions 
could, on average, experience very different growth conditions than represented 
by a small number of reference plots. Because volume-biomass equations repre- 
sent continuous relations between a wide range of values of volume and biomass 
(Figure 4), this method should be more reliable statistically to convert growing 
stock to biomass than the mean biomass-density method. 

4.1.4. Biomass Estimation Methods Used in the U.S.A. and Russia 
The biomass estimates based on inventory data were developed in the U.S. (Birdsey 
1992; Birdsey and Heath, 1995; Jenkins et al., 2001) and Russia (Alexyev et al., 
1995). In the U.S., allometric equations developed from empirical data are used 
to calculate biomass in different forest components including growing stock, tops, 
branches, foliage, rough and rotten trees, small trees, standing dead trees, stump 
section, roots, and bark (Cost, 1990). Theratios of total forest biomass to the biomass 
in growing stock (for different regions and species groups) were calculated and used 
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as the ratios of total tree volume to growing stock (Birdsey, 1992). These ratios 
were then applied to Forest Inventory Analysis (FW) data (growing stock volume) 
to calculate total tree voltrimes based on regions. The mean specific gravities of 
wood for different tree species were used to c0nveI-t total tree volume to total tree 
biomass (figure 1). 

Initially, estimation of forest tree biomass in the U.S. depended on the ratios of 
total tree volume to merchantable wood volume, and average specific gravity, to 
develop the relationship between growing-stock volume and totd forest biomass 
pirdsey, 1992). This method averages and doles not consider a functional relation- 
ship between volume and biomass. The updated studies forlhe U.S. carbon biomass 
estimates give full consideration to the effects of stand volume on live tree biomass 
and develop the volume-biomass equations (exponential functions) based on Imge 
amounts of forest inventory plot data (Smith et al., 2002; Jenkins et al., 2003). The 
advantage in the U.S. approach is that a great mount of inventory data at both 
tree and plot levels are available for analysis and developing models, which are 
not accessible for either Russian or Chinese inventory databases. Rom a statistical 
point of view, the volume-biomass equations in the updated U.S. forest carbon 
stady could be more precise and less biased than hose linear equations developed 
in the carbon studies of China's forests that had limited plot data available. 

National Forest hventory data in Russia include infomation about forest age 
groups similar bo the FRSC. The data from 2290 sample plots across Russia for tree 
species, age classes, and ecoregions were used to estimate forest tree biomass, and 
the ratios of bark, crown, and root biomass to under-bark wood biomass (Alexeyev 
and Birdsey, 1996). e ratios that convert the growing stock volume (ie. inventory 
data including under-bark wood and bark) to total tree biomass were developed 
dependent on the biomass ratios of wee components to under-bark wood and the 
specific gravities of wood and bark. Except for separating age groups and using 
different specific gravities to calculate bark biomass, the medod in the Russian 
study is similar to the methods in the U.S. biomass estimates. 
biomass (or volume) ratios of tree components and woodhark specific gravities 
(the gravity method, Figure 1). 

4.1.5. Diflerences Inherent in Estimation Methods 
All the methods we mention, except the mean biomass-density mehod, take steps 
to develop relations or ratios between growing stock volume and total wee biomass. 
However, the volune-to-biomass and the BEF methods establish the hnctional 
relations or ratios between the growing stock and total tree biomass based on data 
from sample plots (Figure 1). The specific gravity methods determine ratios of total 
tree biomass to stem biomass (as the ratios of total volume to stem volume) using 
data from sample plots, but then convert wood volume to wood biomass by using 
specific wood or bark gravities usually derived fiom measurement hmdboloks and 
laboratory studies that represent independent data sources (Figwe 1). Whether such 
a difference in methods could cause considerable va~ations in the final estimates 
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of forest biomass is unclear. The volume-to-biomass and BEF methods rely exclu- 
sively on sample data for the volume-biomass relationship and may involve more 
statistical errors and biases related to selection of sample plots and their variability. 

4.2. EFFECT OF AGE STRUCTURE CHANGES ON ESTIMATES OF CARBON 
SEQUESTRATION IN FOREST TREES 

On average (over the four inventories between 1973 and 1993), our estimates of 
C storage in China's forests are approximately 21% lower than those in the earIier 
study by Fang et al. (2001). However, the C accumulation rates in our estimates are 
higher than the estimates in Fang et al. (2001) (Table IV). The major differences in 
the results of these two studies include: 

(1) We estimated China's forests from 1973-1976 to 1977-1981 to be a C sink 
(0.02 Pg C y-l), which is consistent with the change of wood volume 
in the inventory data during the period. Fang et al. (2001) estimated the 
forests at the same period were a source (-0.013 Pg C yr-I), which is not 
consistent with the increase in wood volume that appeared in the inventory 
data (Figures 3c and 3d). Our estimates indicate that the forests in China 
initially became a C sink in the early '70s rather than the late '70s. 

(2) From 1984-1988 to 1989-1993, the forest C accumulation rate (0.066 Pg 
C yr-l) we .estimated is almost twice (89% higher) the earlier estimate 
(0.035 Pg C yr-l) by Fang et al. (2001) (Table IV). A significantly greater 
C sink in China's forests from the middle 1980s to early 1990s is likely 
related to the changing age structure in China's forests that reached more 
productive stages, reflecting the effects of reforestation and afforestation 
programs from the 1960s (Figure 3a). This C sink may also be attributed 
to climate variability and strong El NifioJLa Niiia events during the period 
(Schimel et al., 2001). 

Comparing the inventory-based forest carbon estimates of China, the conter- 
minous U.S., and Russia for 1988-1993, we may further recognize the effect of 
age structure on forest C sequestration (Table VI). During this period, the areas of 
forest lands were 130.5,245.9, and 771.1 M ha, and C stored in forests was 4.34, 
13.78, and 25.6 Pg C for China, the conterminous US., and Russia, respectively. 
The area-weighted carbon density in forests is 33.3, 56.0, and 33.2 Mg hau1 for 
China, the conterminous US., and Russia. China and the conterminous U.S. are at 
similar latitudes, but carbon density in China's forests is only approximately 60% 
of U.S. forests. This difference may be associated with more intensive human dis- 
turbances and younger forests in China. The annual C sequestration rate is 0.066, 
0.10, and 0.058-0.429 Pg C yr-' (Table VI) for China, the conterminous U.S., and 
Russia respectively (Birdsey and Heath, 1995; Liski and Kauppi, 2000; Nilsson 
et tal., 2000). The area-weighted sequestration rate (i.e. Mg C ha-lyr-I), however, 
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TABLE VI 
Inventory-based estimates of forest tree carbon for the early 1990s in some Northern Hemispheric countries 

Forest C storage in Area-weighted C sequestration Area-weighted C Percent of 
lands forest trees C density rate for country sequestration rate mature forests 

Country (Mha) (Pg C) (Mg C ha-') (Pg C yr-') (Mg C ha-'yr-') (%) 

China 130.5 4.34 33.3 0.066 0.51 29 

 he US.' 245.9 13.78 56.0 0.100 0.41 41 
~ussia '  771.1 25.60 33.2 0.058-0.429 -0.26 67 

Canada3 244.6 11.89 48.6 0.093 0.38 50 
Europe4 195.0 7.70 39.5 0.090 0.46 na 

Data sources: 
' Birdsey and Heath, 1995. 
=Alexeyev et at., 1995; Liski and Kauppi, 2000; Nilsson et al., 2000. 
3Liski and Kauppi, 2000. 
4Goodale et al., 2002. 
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is 0.51,0.41,0.08-0.52 for China, the conterminous US, and Russia (Birdsey and 
Heath, 1995; Liski and Kauppi, 2000; Nilsson et al., 2000). China has the highest 
and Russia the lowest area-weighted sequestration rates in forests if the average 
rate of 0.26 Mg C/ha/yr is taken from the variable estimates of Russian sink (Liski 
and Kauppi, 2000; Nilsson et al., 2000). During 1988-1993, mature forests were 
approximately 29,41, and 67% for China, the U.S ., and Russia respectively (FRSC, 
1994; Myneni, 2001). Because younger forests sequester C at higher rates than ma- 
ture forests, this may explain why the area-weighted C sequestration rate in China 
is higher than the conterminous U.S. and Russia. In addition, we included the C 
data of Canada and Europe in our comparison table (Table VI), which also shows a 
consistent pattern for C sequestration. Although the total forested.lands and forest 
carbon pool in China is small in comparison to the U.S. and Russia, the relatively 
younger forests in China may have great potential for storing additional carbon in 
the system. 

4.3. UNCERTAINTIES IN THE INVENTORY-BASED FOREST C ESTIMATION 

Forest inventory data are recogcized as valuable resources in global carbon cycle 
research. Aside from using the data to directly estimate carbon storage and changes 
in forests, the data g e  also used to compare andlor validate the estimates based on 
other methodology, such as eddy-flux covariance, remote sensing, and ecosystem 
modeling (Myneni et al., 2001; Jenkins et al., 2001). However, in those related 
carbon studies, many uncertainties in the inventory-based C estimates were ignored 
or lacked appropriate description. Here, we list several sources of errors that cause 
uncertainties in the inventory-based C estimates, although we may not be able to 
quantify all of these uncertainties: 

1. DeJinition of forests. Different definitions for forests are often used in dif- 
ferent studies, which affects comparison between studies (IPCC, 2000). For 
example, the "forests" used in our study in C estimation methods include 
stocked forests, woodlands, and bamboo forests. Fang et al. (2001) included 
only natural and plantation forests. Additionally, the China Forest Adminis- 
tration has changed the minimum threshold of canopy cover for forests from 
0.3 to 0.2, beginning with the inventory period of 1994-1998, which gener- 
ally increases the forest area by approximately 9% (i.e. 145.2 M haincluding 
forests, woodlands, and bamboo forests). This change does affect total forest 
C estimates and area-weighted C densities and makes it difficult to evaluate 
historical changes in forest carbon storage. However, the forest area in China 
under the new definition is close to the result by the remote sensing study 
that estimated 142.6 M ha of forest in China in the 1990s (Myneni et al., 
2001). 

2. Inventory methods. Forest inventory methods have changed with new technol- 
ogy and knowledge. These changes may cause inconsistency when estimating 



232 Y. PAN ET AL. 

the historical change of forest carbon but are rarely evaluated (Birdsey and 
Scheder ,  1992). For example, in China the forest inventories for some re- 
mote areas, such as Tibet, were based on ground surveys and measurements 
before 1989 and switched to remote sensing after 1989 @no, 1994). This 
situation happens in er countries, such as Russia's Siberian region and in 
the U.S. w k r e  s procedures have evolved over time (Nilsson et al., 
2000; Birdsey and Scheder ,  P 992). The changes in forest inventory methods 
should be documented in historical data analysis. The relevant uncertainties 
associated with changes in the inventory methods should be evaluated to 
make accuracy adjustments in the data. 

3. Carbon estimation methods and sample data. As discussed earlier, differ- 
ent procedures, methods, and statistical errors can affect the inventoy-based 
C estimates. Insufficient sample data to develop statistical equations or ra- 
tios may cause great biases in estimation. The cornpaison between Fang et 
al. (2001) and the current study shows that the skewed age distribution of 
biomass measurements in sample plots that cannot represent dl age classes 
may cause a 1527% difference in the forest carbon estimate, but will cause 
a -254 to 89% difference in estimated C sequestration rates even when using 
the same estimation method (Table N, Figure 3 4 .  e studies by Smith 
and Heath (2000) and Smi th  et al. (2002) show that where an adequate 
sample of forest inventory data exists, if representative biomass equations 
are available, C stock change can be estimated with a precis$n of about 
&lo%. Additionally, our analysis indicates that the different estimation meth- 
ods, such as the volume-biomass method and mean density method, may 
cause a 45% difference in C stock, although the same sample p1o.L data are 
used. 

4. Retrospective analysis. Vanious environmental processes, such as land-use 
change, climate anomalies, elevated atPnosphePic GO2, ozone, and N deposi- 
tion cm affect forest C sequestration rates. The inventory-based C estimates 
are used to diagnose the change in growth trend associated with those pro- 
cesses (Casperson et al., 2000). Such analyses should be done with caution 
because the C estimates for different t h e  periods often use the same statis- 
tical equations or r a t h  derived from the same group of sample data. The 
underlying hypothesis is that the biological/morphdogiGal chsaracteristics 
of trees do not change with time, and therefore, allometric equations, ra- 
tios of tree components, or volume-biomass relatioh do not change either. 
However, changes in atmospheric chemistry, such as C02 and N deposition, 
or silviculture and forest management, may alter C allocation patterns in 
trees (Delucia et al., 1999; McGuire et al., 1995). Therefore, the forest C 
estimates for different inventory periods, but using the same equations or 
ratios, may fail to diagnose changes in growth atthibutable to lane changed 
processes. 
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5. Conclusion 

The carbon pool in China's forests is relatively small compared to the U.S. and 
Russia, amounting to 4.34 Pg C in the early 1990s. This pool has increased ap- 
proximately 13% since the early 1970s, reflecting the impact of reforestation and 
afforestation programs in China since the 1960s. The carbon sequestration rate from 
the late 1980s to the early 1990s was significantly higher, which was approximately 
four- to five-times higher than in the 1970s and 1980s, and amounted to 0.068 PgC 
(forests including woodlands and bamboo). The large carbon sink during the late 
1980s to early 1990s was likely related to a change in forest age structure and 
higher productivity at the time, which may be a response to large climate variabil- 
ity as reported by other studies (Schimel et al., 2001). Although China has less 
forested land and a smaller forest carbon pool than the U.S. and Russia, the area- 
weighted C sequestration rate was highest from the late 1980s to early 1990s. This 
was due to younger age structure and greater C sequestration potential in China's 
forests. 

The comparison of methods reveals the impact of separating age groups to 
estimate forest carbon. Separation may cause a 15-27% difference in estimated pool 
sizes for China's forests and much higher differences in estimated C sequestration 
rates. Generally, the biomass to volume ratio declines as trees age and growing 
stock volume increases. The volume-to-biomass, BEF, and gravity methods all can 
incorporate the effect of sizes on the ratio. In China's studies, because the field 
data derived from the literature include relatively higher percentage of young and 
middle-aged stands, a skewed distribution of sample data towards younger ages may 
lead to overestimates for forests with older age structure. considering that currently 
China's forests have relatively young age structure (only 29% of the forests reach 
more mature stages), the age impact on C sequestration estimates will be more 
prominent in the near future. 

The comparison of the estimation methods indicates that using different methods 
may cause approximately 65% of the discrepancy in China's forest carbon estimates. 
Although the inventory-based forest carbon estimates all rely on simple statistical 
methods, those methods could create statistical biases of different magnitudes. 
We should evaluate and choose the method that is likely to introduce the fewest 
statistical errors. 

Many issues may cause uncertainties in the inventory-based forest carbon esti- 
mates. For most of those uncertainties, we could not provide quantified evaluations 
because of a lack of available data to evaluate errors. Although inventory-based 
forest carbon estimates rely on real ground measurement data, we still need more 
evaluation and comparison studies to improve estimation and reduce uncertainty. 
Inventory-based forest carbon research should also be combined with other inde- 
pendent methods and data, such as remote sensing and eddy covariance data, to 
make more reliable carbon estimates. 
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