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There is a general agreement that forest ecosystems in the Northern Hemisphere function as signifi-
cant sinks for atmospheric CO2; however, their magnitude and distribution remain large uncertainties. 
In this paper, we report the carbon (C) stock and its change of vegetation, forest floor detritus, and 
mineral soil, annual net biomass increment and litterfall production, and respiration of vegetation and 
soils between 1992 to 1994, for three temperate forest ecosystems, birch (Betula platyphylla) forest, 
oak (Quercus liaotungensis) forest and pine (Pinus tabulaeformis) plantation in Mt. Dongling, Beijing, 
China. We then evaluate the C budgets of these forest ecosystems. Our results indicated that total C 
density (organic C per hectare) of these forests ranged from 250 to 300 t C ha-1, of which 35―54 t C ha−1 
from vegetation biomass C and 209―244 t C ha−1 from soil organic C (1 m depth, including forest floor 
detritus). Biomass C of all three forests showed a net increase, with 1.33―3.55 t C ha−1 a−1 during the 
study period. Litterfall production, vegetation autotrophic respiration, and soil heterotrophic respira-
tion were estimated at 1.63―2.34, 2.19―6.93, and 1.81―3.49 t C ha−1 a−1, respectively. Ecosystem gross 
primary production fluctuated between 5.39 and 12.82 t C ha−1 a−1, about half of which (46%―59%, 
3.20―5.89 t C ha−1 a−1) was converted to net primary production. Our results suggested that pine forest 
fixed C of 4.08 t ha−1 a−1, whereas secondary forests (birch and oak forest) were nearly in balance in CO2 
exchange between the atmosphere and ecosystems. 

carbon budget, carbon density, carbon flux, mountainous area, temperate forest. 

Forest ecosystems play a leading role in global terrestrial 
carbon (C) cycle owing to their huge C pool and high 
productivity[1]. At the global scale, studies based on ob-
servations of atmospheric CO2 and monitoring of remote 
sensing and forest inventory have indicated that forest 
ecosystems in the Northern Hemisphere are functioning 
as significant sinks for atmospheric CO2

[2―4]. Like forests 
in other northern regions, east Asian forests have also 
been significant C sinks despite a large spatial hetero-
geneity and uncertainty[5―7]. Ecosystem-scale studies of 
C budgets can help evaluate this spatial heterogeneity and 
uncertainty and understand ecological processes and 
driving forces of the C cycle. However, such studies are 
lacking in east Asia, especially in China[8,9]. While sev- 

eral studies have focused on specific components/proc-    
esses of forest ecosystem C cycle in China[10―13], com-
prehensive measurement involving all major compo-
nents/processes has been little conducted[14] because it is 
very complex and hard to measure directly[9,15―17]. 

We have carried out systematic measurements on main 
processes of C cycles in three temperate forests, birch 
(Betula platyphylla) forest, oak (Quercus liaotungensis) 
forest, and pine (Pinus tabulaeformis) plantation in 
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Table 1  Characteristics of study sites for three temperate forests in Dongling Mt., Beijing 
Item B. platyphylla Q. liaotungensis P. tabulaeformis 

Altitude (m) 1350 1150 1050 
Area (m2) 1050 1200 600 
Projected area (m2) 927.1 982.8 519.6 
Aspect NW SW SE 
Slope (°) 28 33 30 

Individuals per plot 1992 
1994 

186  
180 

148 
151 

101 
101 

Stem density (stems·hm−2) 1992 
1994 

2006  
1942 

1506 
1536 

1944 
1944 

Mean dbh (cm) 1992 
1994 

9.18 
9.47 

9.60 
9.65 

12.58 
13.46 

Mean height (m) 1992 
1994 

8.15 
8.36 

6.21 
6.24 

9.19 
9.43 

 
Dongling Mt., Beijing during 1992―1995, and their 
major methods and results have been reported[18,19]. This 
paper is to provide a synthesis of major C processes and C 
budgets for these forests. The major objectives are: (1) to 
evaluate the C sink/source of these three forest ecosys-
tems, and (2) to provide a detail for in situ methodology 
on study of forest ecosystem C cycle. 

Temperate forests in Dongling Mt., Beijing, have been 
intensely disturbed by human activities, and primary 
zonal vegetation has been completely destroyed[20]. 
Contemporary vegetation mainly consists of secondary 
deciduous broadleaved forests, such as B. platyphylla 
forest and Q. liaotungensis forest, and plantations, such 
as Pinus tabulaeformis forest[21]. Previous studies in this 
area have focused on vegetation characteristics[20] and 
structure, function, and nutrient cycling of ecosys-    
tems[21,22]. This study is to be an extension of previous 
work on functions and processes of forest ecosystems in 
mountain areas of Beijing. 

1  Materials and methods 

1.1  Site 

The study sites of these three forests are located near 
Xiaolongmen forestland, Mentougou District, Beijing 
(39°58′N, 115°26′E). According to climatic record at 
Beijing Forest Ecosystem Research Station (BRERS), 
mean annual temperature (MAT) was 4.8℃, mean annual 
precipitation (MAP) 611.9 mm, and mean relative hu-
midity 66%[23]. The climate during the study period 
(1992―1994) was comparable to the mean value of the 
past 30 years (1970―1999) in Beijing[23]. We selected 
three plots from the upper to the foot of a mountain near 
BRERS as the study sites of birch, oak, and pine forests, 
respectively. The detailed information on these study 

sites is shown in Table 1. 
Birch forest was located in a northwestward lap near 

the peak of the mountain, with an altitude of ~1350 m. 
The forest was dominated by B. platyphylla, companied 
with B. utilis and Populus alba. Woody plants in the 
understory included Sorbus pohuashanensis, Lonicera 
japonica, Prunus armeniaca, Corylus mandshurica, Acer 
mono, Abelia biflora, Leptodermis oblonga, Spiraea 
sargentiana, and Macrocarpium officinalis. Herbaceous 
species in the understory were rich. The soil was 90―100 
cm deep, with a dark topsoil and high organic matter 
concentration (17.05%―36.23%). 

Oak forest was located on a south-west slope at the 
middle of the mountain, with an altitude of ~1150 m. The 
forest was a secondary forest recovered from human 
disturbance, dominated by Q. liaotungensis, companied 
with B. utili. Understory woody plants included S. sar-
gentiana, A. mono, Lespedeza bicolor, L. japonica, C. 
mandshurica, and Deutzia scabra. Many herbaceous 
species occurred in the understory. The soil was 90―120 
cm deep, with a dark-brown topsoil and moderate organic 
matter concentration (8.25%―11.53%). 

Pine forest was on a south-east slope at the foot of the 
mountain, with an altitude of ~1050 m. The forest was a 
~30-year-old plantation, dominated by only tree species, 
P. tabulaeformis, with very few plants in the understory 
and thick litterfall floor. The soil had a depth of 100―110 
cm, with a dark-brown topsoil and low organic matter 
concentration (4.86%―5.81%). 
1.2  Measurement and calculation of C density 

(i) Tree biomass.  We measured girth at breast height 
(G) and height (H) of all individuals with diameter at 
breast height (D) >3 cm for each plot during 1992 sum-
mer. In 1994 summer, only G was measured, and H was 
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estimated with the G-H relationships that were developed 
based on 1992 data. The G-H relationships for each plot 
are as follows:  

Birch forest: H=0.7379G0.7270 (R=0.93, n=175), (1) 
Oak forest: H=0.9087G0.5827 (R=0.89, n=138),  (2) 

Pine forest: H=4.3694G0.2051 (R=0.44, n=101).  (3) 
To estimate biomass of each plot, we selected and fell 
several tree samples for four major tree species (B. 
platyphylla, B. utilis, Q. liaotungensis, and P. tabulae-
formis), to develop allometric equations between the dry 
weight (biomass) of each organ (stem, branch, leaf and 
root) and D2H (D was calculated from G) (Table 2). Be-
cause the allometric equations between biomass and D2H 
for B. platyphylla and B. utilis in birch forest did not 
differ significantly, the unified equations (Table 2) were 
used to calculate the biomass of all individuals in this 
forest. On the basis of the allometric equations we de- 

veloped (Table 2) and D and H of all individuals with D 
> 3 cm, we calculated biomass of trees for each plot for 
1992 and 1994. C density was calculated from biomass 
density using a factor of 0.5. 

(ii) Biomass of understory shrubs and seedlings.  We 
chose two 5×5 m2 quadrats in the understory of birch and 
oak forests to measure base diameter (D) and height (H) 
of all woody plants in 1992. Note, there were nearly no 
shrubs or herbs in the understory of pine forest. We then 
sampled 5―7 individuals for every major shrub species 
to measure their H and D, and took them to the lab to 
measure biomass by oven-drying at 70℃. Based on D, 
H, and biomass of all individuals, we developed the al-
lometric equations between biomass and D2H for major 
understory species in the two forests (Table 3). Using 
these allometric equations (Table 3) and D and H of all  

 

Table 2  Biomass equations for different components (stems, branches, leaves, fruits, and roots) and whole trees of major tree species in three mountainous 
temperate forests in Beijing, China. Equation is expressed as biomass = a(D2H)b, where D and H are DBH (cm) and height (m) of a tree, respectively 

Biomass a B R2 Note 
B. platyphylla and B. utilisa)     

Stem 0.0319 0.9356 0.99 
Branch 0.00063 1.2781 0.91 
Leaf 0.00016 1.1688 0.88 
Root 0.0093 0.9396 0.95 
Total 0.0327 0.9951 0.98 

Sample size: 18 
DBH (cm): 5.8―23.8 
Height (m): 6.1―14.5

Q. liaotungensis     

Stem 0.0369 0.9165 0.99 
Branch 0.00051 1.3377 0.90 
Leaf 0.00021 1.171 0.95 
Root 0.0778 0.7301 0.87 
Total 0.0729 1.9154 0.99 

Sample size: 7 
DBH (cm): 8.0―23.8 
Height (m): 7.0―14.5

P. tabulaeformis     

Stem 0.0475 0.8539 0.98 
Branch 0.0017 1.1515 0.94 
Leaf 0.0134 0.8099 0.92 
Root 0.0027 1.0917 0.95 
Fruit 0.0013 0.9055 0.27 
Total 0.0482 0.9401 0.99 

Sample size: 12 
DBH (cm): 6.5―17.7 
Height (m): 6.5―9.8 

a) There are no significant differences in the parameters of biomass equations between B. platyphylla and B. utilis, thus they are combined to regress a 
single equation. 
 
Table 3  Biomass equations for total biomass of five dominant shrub species in temperate forests in Beijing, China. Equation is expressed as biomass = 
a(D2H)b, where D and H are base diameter (mm) and height (cm) of the individual, respectively 

Species a b R2 Sample size Base D (mm) Height (cm) 
Corylus mandshurica 0.148 0.663 0.86 7 4.6―33.4 83―343 
Acer mono 0.0543 0.739 0.95 5 5.4―28.7 59―210 
Abelia biflora 0.00349 1.040 1.00 6 4.8―21.1 92―262 
Deutzia scabra 0.014 0.873 0.97 6 5.2―12.3 25―220 
Lespedeza bicolor 0.0202 0.877 0.90 5 4.3―9.3 13―172 
Othersa) 0.0481 0.837     

a) Average of the above five species. 
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individuals, we estimated the biomass of understory 
plants for the two forests during 1992. We assumed that 
understory biomass of both forests in 1994 was the same 
as that in 1992. C density was calculated from biomass 
density using a factor of 0.5. 

(iii) Litter fall and soil organic C density.  We estab-
lished 2―5 quadrats with a size of 1×1 m2 in the three 
forests in 1992 to measure biomass of forest floors. Col-
lected forest floors were oven-dried at 70℃ to a constant 
mass. C density was calculated from biomass density 
using a factor of 0.5. 

Two soil profiles (1 m depth) were dug at each forest to 
collect soil samples at ~10 cm interval during 1992 
summer. Bulk density was determined by drying at 80℃ 
and organic matter content was measured by K2Cr2O7 
oxidation method. Based on bulk density and organic 
matter content of each soil layer, we calculated total or-
ganic matter density in the top 1 m of each profile. Soil 
organic C density was estimated from soil organic matter 
density using a factor of 0.58 (Appendix 1). 

1.3  Net biomass increment and litterfall  

On the basis of tree biomass in 1992 and 1994, we esti-
mated net biomass increment between 1992 and 1994 for 
each forest site. Note, we assumed understory biomass 
remained constant during 1992―1994 when counting net 
biomass increment of a whole forest. This assumption 
should not exert a substantial effect on total biomass in-
crement because birch and oak forests were both relatively 
stable communities with small interannual changes in 
understory biomass, and pine forest had very few under-
story plants. 

From October 1992 to October 1994, 5 litterfall traps 
with a size of 1×1 m2 were randomly placed on the forest 
floor for each forest site. Litterfall was collected every 
1―2 months and sorted into branches, leaves, and fruits, 
and oven-dried at 70℃ to a constant mass and weighting.   

1.4  Ecosystem respiration 

(i) Vegetation respiration.  Vegetation (stem, branch, root 
and leaf) respiration was already estimated by Fang and 
Wang[11], Fang et al.[24], and Fang[19] by the following 
steps: (1) to develop allometric relationships between 
diameter classes and total length of non-assimilation 
plant organs (stem, branch, and root), (2) to establish 
relationships between respiration rate and diameter of 
non-assimilation organs, (3) to establish biologically 
sound models to estimate respiration rate of a tree, and (4) 

to develop the synthetic equation to estimate respiration 
rate of the whole community. 

The general equation to estimate respiration rate of 
non-assimilation organs is as follows: 

 max

min

2

3 3
max min

(3 ) ,
ax

a a x

w a xR d
Ax Bx x

−

− −

−
=

+− ∫ x

.

 (4) 

where R is total respiration rate of a non-assimilation 
organ of a tree, w weight of this organ, a organ-specific 
constant (1.5≈2.5 for branch and root, 0 for stem) which 
are obtained from the above-described steps, xmin and xmax 

are minimum and maximum diameters of this or-
gan,which can be measured directly, A and B are coeffi-
cients, and x diameter of the organ. 

For a non-assimilation organ with large diameter, res-
piration rate is proportional to its surface area, which is 
also suitable for a whole tree. Therefore, we have eq. (5). 
 0 ( )R k DH β= +  (5) 

For the assimilation organ (leaf), respiration rate is 
proportional to its weight. According to allometry of trees, 
we have eq. (6): 

 2
0 ( )R k D H .β=  (6) 

In eqs. (5) and (6), D is diameter, H height, and k0 and 
β constants. With the above equations (4―6), we can 
estimate the respiration rate of each organ (stem, branch, 
root, and leaf) of each tree. Summing the respiration of 
each organ for all trees in a community, we obtain total 
respiration rate of the whole community. Annual respira-
tion rate of whole community was estimated by using Q10 
law, and length and mean temperature of growing season 
(May―October). For details on the methodology, see 
Fang[19]. 

(ii) Soil respiration.  From September 1994 to August 
1995, we measured soil respiration at the three forest sites 
in fall, winter, spring, and summer, respectively[18]. For 
each season and each site, measurement had lasted for 
2―3 days. For each day, measurement was conducted 
from 7―8 a.m. to 6―7 p.m. except full day in fall 1994, 
with 2―3-hour intervals and 3 replicates. Soil CO2 efflux 
rate was measured by using PDA-100 portable NDIR 
CO2 analyzer (Fuji Motor Co. Ltd., Japan). The method 
for estimating annual soil respiration rate was below: 

First, the relationship between soil respiration rate (y) 
and soil temperature at 5 cm below surface (x) was de-
veloped. For example, the equation for birch forest is 
given by eq. (7): 
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0.5128 0.5498y x= +  (R2 = 0.89, n=27).   (7) 
Second, based on the ten-day-averaged soil tempera-

ture (T) at 5 cm depth below surface measured by BRERS 
(1050 m a.s.l.), we developed the relationship between T 
and calendar day (from July 1 to next June 30, 1―365) 
(eq. (8)). 

3 2 6 3

8 4 11 5

20.43 0.138 3.209 10 4.034 10

 4.070 10 8.360 10

T z z

z z

−

− −

= + − × + ×

+ × − ×

z−

z

 

 (R2 = 0.99, n = 36). (8) 
Finally, considering difference in altitude between 

birch forest site and BRERS, we used an altitudinal lapse 
rate of soil temperature of 0.55℃/100 m to estimate an-
nual soil respiration rate (R) of this forest by the follow-
ing integral equation (eq. (9)). 

365

0
3 2 6 3 8 4

11 5

0.5128 0.5498 (20.43 0.138

 3.209 10 4.034 10 4.070 10

 8.360 10 3 0.55)d .

R

z z

z z

− −

−

= + × +

− × + × + ×

− × − ×

∫
z−  

For details on this method, see Liu et al.[18]. 

1.5  Production (GPP, NPP, and NEP) 

Ecosystem gross primary production (GPP), or total as-
similation amount of vegetation, is defined as the sum of 
autotrophic respiration (Ra), litterfall production (L), and 
net biomass increment (ΔB). Ecosystem net primary 
production is defined as the sum of litterfall production (L) 
and net biomass increment (ΔB). Net ecosystem produc-
tion (NEP) is defined as the sum of litterfall production (L) 
and net biomass increment (ΔB) minus heterotrophic 
respiration (Rh) by soil microbes and animals. The equa-
tions are as follows[25,26]: 
 GPP = Ra + L + ΔB, (10) 
 NPP = L + ΔB, (11) 

 NEP = L + ΔB − Rh. (12) 

2  Results 

2.1  C densities 

Vegetation C density of birch forest ranged from 45.8 to 
50.0 t C ha−1 during 1992―1994, most of which came 
from trees (45.7―49.9 t C ha−1) and only 0.3% from 
understory plants. Most of C in trees was stored in 
aboveground biomass, with less than 1/5 from below-
ground biomass. The below- and above-ground biomass 
ratio was 0.19―0.22. Soil stores more C than vegetation; 
soil organic C density (SOCD) in the top 1 m was 201.0 t C 
ha−1, and forest floor C density was 8.3 t C ha−1, together 
making a total detritus (mineral soil and forest floor) C 
density of 209.3 t C ha−1, about 4.6 times of vegetation C 
density (1992 data). The total C density (vegetation plus 
detritus) of birch forest ranged from 255.1 to 259.3 t C 
ha−1 (Table 4). (9) 

Vegetation C density of oak forest was between 35.0 
and 37.7 t C ha−1 during 1992―1994, most of which 
came from trees (35.0―37.7 t C ha−1) and only 0.1% 
from understory plants. Most of C in trees was stored 
aboveground, with only ~1/4 belowground. The be-
low/aboveground biomass ratio was 0.33. SOCD in the 
top 1 m was 239.0 t C ha−1, and forest floor C density was 
3.0 t C ha−1, with a total detritus C density of 242.0 t C 
ha−1, about 6.9 times of vegetation C density (1992 data). 
The total C density of oak forest ranged from 277.0 to 
279.7 t C ha−1 (Table 4). 

Vegetation C density of pine forest ranged from 47.0 to 
54.0 t C ha−1 during 1992―1994, most of which came 
from trees due to few understory plants. The below-/ 

 
Table 4  C pools (t C ha−1) and their allocation to organs for three mountainous temperate forests in Beijing, China 

B. platyphylla Q. liaotungensis P. tabulaeformi Item 
1992 1994 1992 1994 

 
1992 1994 

Vegetation 45.8§ 50.0 35.0 37.7 47.0 54.0 
Tree 45.7 49.9 35.0 37.7 47.0 54.0 

Stem 27.5 29.8 17.9 19.2 24.3 27.7 
Branch 9.1 10.3 8.0 9.0 7.8 9.3 
Leaf 0.9 1.0 0.8 0.9 4.9 5.6 
Fruit     1.0 1.2 
Root 8.2 7.9 8.6 9.2 8.1 9.6 

Shrub* 0.135 0.031  
Soil + Floor* 209.3 242.0 244.0 
Soil* 201.0 239.0 232.0 
Floor* 8.3 3.0 12.0 
Total  255.1 259.3 277.0 279.7  291.0 298.0 

* Assuming no changes in 1992 and 1994. 
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aboveground biomass ratio was 0.22. SOCD in the top 1 
m was 232.0 t C ha−1, and forest floor C density was 12.0 
t C ha−1, with a total detritus C density of 244.0 t C ha−1, 
about 5.2 times of vegetation C density (1992 data). The 
total C density of this forest was 291.0―298.0 t C ha−1 

(Table 4). 

2.2  C fluxes 

Net biomass increment (ΔB) and litterfall production (L) 
of birch forest were 2.10 and 1.63 t C ha−1 a−1. Vegetation 
autotrophic respiration (Ra) was 3.57 t C ha−1 a−1, with 
3.26 and 0.31 t C ha−1 a−1 for above (stem, branch, leaf) 
and below (root) parts, respectively. Soil respiration was 
estimated at 3.09 t C ha−1 a−1, most of which (2.78 t C ha−1 
a−1) was owed to heterotrophic respiration (Rh). Therefore, 
GPP, NPP, and NEP of birch forest were estimated as 7.30, 
3.79, and 0.95 t C ha−1 a−1, respectively (Table 5). 

ΔB and L values of oak forest were 1.33 and 1.87 t C 
ha−1 a−1. Vegetation Ra was 2.19 t C ha−1 a−1, of which 
1.78 and 0.41 t C ha−1 a−1 were from above and below 
parts. Soil respiration was estimated at 3.90 t C ha−1 a−1, 
most of which (3.49 t C ha−1 a−1) came from Rh. Conse-
quently, GPP, NPP, and NEP of oak forest were estimated 
at 5.39, 3.20, and −0.29 t C ha−1a−1 (Table 5). 

ΔB and L of pine forest were 3.55 and 2.34 t C ha−1 a−1. 
Ra was 6.93 t C ha−1 a−1, with 6.37 and 0.56 t C ha−1 a−1 
from above and below parts. Soil respiration was esti-
mated at 2.37 t C ha−1 a−1, of which 1.81 t C ha−1 a−1 was 
contributed from Rh. Hence, GPP, NPP, and NEP of this 
forest were estimated at 12.82, 5.89, and 4.08 t C ha−1 a−1 
(Table 5). 

2.3  C budgets 

According to the above accounting, we constructed the C 
budgets for these temperate forest ecosystems (Figure 
1(a)―(c), 1994 data). Soil organic C pool refers to the top  

1 m. We obtained detritus C stock by summing soil or-
ganic C stock and forest floor C stock. 

Pine plantation had a much larger GPP than two sec-
ondary deciduous broadleaved forests (birch and oak 
forest). Pine plantation showed a marked increase in 
vegetation C density from 1992 to 1994, while the two 
secondary forests had almost constant vegetation C densi-
ties. This suggests that pine plantation was functioning as a 
C sink during 1992―1994, whereas birch forest was a 
small sink (0.95 t C ha−1 a−1) and oak forest a small source 
(−0.29 t C ha−1 a−1) during the study period. 

3  Discussion 

3.1  C densities 

Vegetation C density of birch forest in Dongling Mt., 
Beijing, ranged from 45.8 to 50.1 t C ha−1, which was 
comparable to that of B. utilis forest in the same mountain 
(35.8―59.6 t C ha−1)[27], as well as the mean C density of 
warm temperate Betula forests in China (42.2 t C ha−1)[28]. 
Oak forest had a vegetation C density of 35.0―37.7 t C 
ha−1, which was close to the value (31.8 t C ha−1) for that 
under mid-succession in the same region[27], but much 
lower than that of old-growth oak forests in the same 
latitude. For example, Son et al.[29] reported a vegetation 
C density of 68.9―126.7 t C ha−1 for a natural oak forest 
in central Korea, which is 2―4 times of our data. Pine 
plantation stored 47.0―54.0 t C ha−1 in vegetation, which 
was higher than the mean C density of other pine forests 
in Dongling Mt.[30], but close to that of warm temperate 
pine forests in China[28]. Although the vegetation C den-
sity of the three mountainous temperate forests in Bei-
jing (37.7―54.0 t C ha−1, 1994 data) was lower than that 
of old-growth deciduous broadleaved forests at the same 
latitude, but very close to the mean vegetation C density 
(57 t C ha−1) of forests in the mid-latitude countries[31]. 

Table 5  C fluxes (t C ha−1 a−1) of three mountainous temperate forests in Beijing, China 
Item B. platyphylla Q. liaotungensis P. tabulaeformis 

Net biomass increment 2.10 1.33 3.55 
Litterfall production 1.63 1.87 2.34 
Autotrophic respiration 3.57 2.19 6.93 

Aboveground 3.26 1.78 6.37 
Belowground 0.31 0.41 0.56 

Soil Respiration 3.09 3.90 2.37 
GPP 7.30 5.39 12.82 
NPP 3.73 3.20 5.89 
NEP 0.95 −0.29 4.08 

GPP, Gross Primary Productivity; NPP, Net Primary Productivity; NEP, Net Ecosystem Productivity. 
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Figure 1  Carbon budgets of three mountainous temperate forest ecosystems 
in Dongling Mt., Beijing, China. (a) B. platyphylla forest; (b) Q. liaotungensis 
forest; (c) P. tabulaeformis forest. The figures in parentheses represent fluxes 
(t C ha−1 a−1), while others are pools (t C ha−1). 
 

Global soil organic C (SOC) stock in the top 1 m was 
estimated as 1502 Pg C[32]. SOCD of the top 1 m and 
forest floor C density of the three mountainous temperate 
forests in Beijing ranged from 201 to 232 t C ha−1 and 
from 3.0 to 12.0 t C ha-1, respectively, and therefore 

generated a total detritus C density of 209.3―244.0 t C 
ha−1. This is 4―7 times of vegetation C density, much 
higher than the mean SOCD of China’s brown earths 
(97.1 t C ha−1)[33], as well than total mean of China’s soils 
(80.1 t C ha−1)[33] and the global mean (106.0 t C ha−1)[34]. 

3.2  C fluxes 

Net biomass increment of the three mountainous tem-
perate forests in Mt. Dongling, Beijing, ranged from 1.33 
to 3.55 t C ha−1 a−1 during 1992―1994, suggesting a 
small vegetation C sink. Pine plantation showed a much 
higher rate of net biomass increment than birch forest and 
oak forest. In addition, litterfall production was 1.63 and 
1.87 t C ha−1 a−1 in birch and oak forest, roughly consis-
tent with that of warm temperate deciduous broadleaved 
forests in China (1.33―3.3 t C ha−1 a−1)[22]. Litterfall 
production of pine plantation was 2.34 t C ha−1 a−1 during 
1992―1994 due to its high growth rate, which was 
higher than that of other two forests, but very close to that 
of warm-temperate mature pine forest in China (2.27 t C 
ha−1 a−1)[22]. 

Vegetation respiration was estimated as 3.57 and 2.19 t 
C ha−1 a−1 for birch and oak forest, which is comparable to 
that of five temperate deciduous broadleaved forests in 
Japan (1.5―2.2 t C ha−1 a−1)[35]. Pine forest showed a 
lower rate of vegetation respiration (6.93 t C ha−1 a−1) 
than a 15-year Pinus taeda forest in USA (17.04 t C ha−1 

a−1), as well as a 20-year P. radiata forest in Australia 
(10.68 t C ha−1 a−1)[36]. 

Soil respiration was estimated as 3.09, 3.90, and 2.37 t 
C ha−1 a−1 for birch, oak, and pine forests, respectively, 
which was far lower than that of similar forests in the 
same latitude[37]. Possible causes for this difference are: 
(1) the three forests in this study are two naturally sec-
ondary forests under the middle stages of post-distur-    
bance succession and a young (~30-year) plantation, 
compared to old-growth forests in most of other studies in 
the same latitudes, and (2) previous work often used the 
alkali-absorption method to measure soil respiration, 
which has been suggested to produce an overestimated 
value. 

GPP was estimated as 7.30 and 5.39 t C ha−1 a−1 for 
birch and oak forest, respectively, lower than that of de-
ciduous broadleaved forests in similar latitude Europe 
(10―13 t C ha−1 a−1, Table 6)[8]. Pine plantation had a 
GPP of 12.82 t C ha−1 a−1, close to that of needleleaf for- 
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Table 6  Parameters for C balance of broad-leaved deciduous and coniferous forest ecosystems in the middle latitudes of the Northern Hemisphere 

Location Latitude Speciesa) Forest
typeb)

T 
(℃) 

P 
(mm) 

Age 
(a) Period GPP 

(tC ha−1 a−1)
NPP 

(tC ha−1 a−1) 
NEP 

(tC ha−1 a−1) Reference 

China 39°58′ BP S 3.6 612 30―40 1992―94 7.3 3.73 0.95 this study 

China 39°58′ QL S 4.8 612 30―40 1992―94 5.39 3.2 −0.29 this study 

Italy 41°52′ BD NM 6.2 1180 105 1996―97 13  6.4 Valentini et al. 

France 48°40′ BD NM 9.2 771 30 1996―97 10.1―12.5  2.2―2.6 Valentini et al. 

Denmark 55°29′ BD NM 8.1 531 80 1996―98 11.4―12.4  0.9―1.3 Valentini et al. 

China 39°58′ PT1 P 5.4 612 30 1992―94 12.82 5.89 4.08 this study 

USA 35°58′ PT2 P 15.5 1140 15 1996―2000 23.71 7.05 4.28 Hamilton et al., 2002

France 44°05′ C P 13.7 936 29 1996―97 12.3  4.3 Valentini et al. 

Germany 50°09′ C NM 5.8 885 45 1997―98 13.77  0.77 Valentini et al. 

Germany 50°58′ C NM 8.3 724 105 1996―98 11.6―15.1  3.3―5.4 Valentini et al. 

a) BP, Betula platyphylla; QL, Quercus liaotungensis; BD, broad-leaved deciduous; PT1, Pinus tabulaeformis; PT2, Pinus taeda; C, coniferous; b) S, 
secondary forest; NM, natural origin and managed; P, plantations. 

 
ests in similar latitude Europe (11―15 t C ha−1 a−1, Table 
6)[8], but only half of that of a 15-year P. taeda forest in 
North Carolina, USA (23.71 t C ha−1 a−1, Table 6)[9]. 

NPP of these three forests fluctuated from 3.2 to 5.89 t 
C ha−1 a−1, lower than that of a 15-year P. taeda forest in 
North Carolina (7.05 t C ha−1 a−1, Table 6)[9]. The 
NPP/GPP ratio ranged from 0.46 to 0.60, close to a value 
of 0.50 which was often used for modeling studies of 
regional and global C cycles in which NPP was consid-
ered as constant fraction (40%―52%) of GPP across 
broad environmental gradients[26]. 

NEP is defined as GPP minus ecosystem respiration, 
and has been suggested to be a direct measure of CO2 
exchange between the atmosphere and the ecosystem and 
of CO2 source/sink in the ecosystem[1,25,26]. NEP differed 
greatly among the three temperate forest ecosystems: 
birch forest functioned as a small C sink, oak forest was 
nearly in balance, whereas pine plantation was a signifi-
cant C sink (Tables 5 and 6). 

3.3  Uncertainties in the C budgets 

According to Figure 1, we can make a preliminary as-
sessment on the C budgets of these three mountainous 
temperate forests. The following five aspects may be the 
major errors/uncertainties for the C budgets. 

(1) Understory herbaceous plants were not incorpo-
rated in the estimation of C density, and understory 
woody and herbaceous plants were not included in the 
estimation of the C flux. However, due to very small 
biomass of these understories compared to tree biomass 
and their small interannual changes, their fluxes will not 
have a significant impact on the C budgets. 

(2) Assuming that litterfall was only passway of or-
ganic C input from vegetation C stock to soil organic C 
stock, we omitted contributions of root exudates and dead 
roots to soil organic C. This assumption is based on the 
fact that root exudates and dead roots remain roughly 
constant due to respiration and decomposition. This may 
be true in a stable ecosystem, but needs to be confirmed. 

(3) GPP is very difficult to measure directly, and thus is 
often estimated by indirect methods, such as eddy-covari-     
ance method[8] and inverse modeling[38]. In this study, we 
estimated GPP by summing its three major components 
(eq. (10)). Similar method was used in a 15-year pine 
forest in Duke FACE experiment forest, USA[9].  

(4) Temperature has a critical impact on community 
(vegetation) respiration. Although we recorded air tem-
perature in the container when measuring vegetation 
respiration rate and estimated annual community respi-
ration rate by the Q10 law and length and mean tempera-
ture of growing season (May―October), uncertainty still 
exists in the estimated annual community respiration rate 
due to temperature-dependent Q10 relationship. This 
might influence estimation of ecosystem C flux. 

(5) NPP is estimated by eq. (11), which only includes 
net biomass increment and litterfall production and 
omitted other components of NPP, such as aboveground 
losses to consumers, volatile and leached organics, 
belowground net fine root increment, dead coarse and 
fine roots, root losses to herbivores, root exudates and 
carbohydrates export to symbionts[15]. Omission of these 
components often leads to an underestimate of forest 
NPP[15]. However, a comprehensive method to measure 
all components of forest NPP is a large challenge to eco-
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ecological studies[9]. 
All of these factors will induce uncertainties in our re-

sults. However, although Figure 1 is only rough budgets of 
the three mountainous temperate forest ecosystems in 
Beijing, it does represent all the major components and 
processes for the C cycling in these forest ecosystems. 

4  Conclusions 

Based on two-year (1992―1994) measurement of all 
major components and processes of C cycling, we con-
structed C budgets for three mountainous temperate for-
est ecosystems in Dongling Mt., Beijing (Figure 
1(a)―(c)). The main conclusions are summarized as 
follows: 

(1) Total C density ranged from 250 to 300 t C ha−1 for 
these forest ecosystems (birch, oak, and pine forests), 
with 35―54 t C ha−1 in vegetation and 209―244 t C ha−1 
in soil (top 1 m, including forest floor), suggesting small 
differences in C density among these forests. 

(2) Vegetation biomass of all these forests increased 

during the study period (1992―1994), with a net incre-
ment of 1.33―3.55 t C ha−1 a−1. Litterfall production, 
vegetation respiration, and soil heterotrophic respiration 
were estimated as 1.63―2.34, 2.19―6.93, and 1.81― 

3.49 t C ha−1 a−1, respectively. GPP ranged from 5.39 to 
12.82 t C ha−1 a−1, about half of which (46%―59%) were 
converted to NPP (3.20―5.89 t C ha−1 a−1). While these 
three forests all experienced an increase in biomass, only 
pine plantation functioned as a significant C sink (NEP, 
4.08 t C ha−1 a−1), compared to birch and oak forests, 
which were nearly in balance in CO2 exchange with the 
atmosphere. 

(3) While all major components and processes of C 
cycling of these forest ecosystems were measured in this 
study, the C budgets should be further improved by more 
precise methods, and cross-validated with the results by 
other methods. In addition, our results only refer to a 
relatively short period (1992―1994), which cannot be 
simply extended to longer time scales or to other forest 
types. 

 

Appendix 1  Vertical distribution of soil organic matter concentration and bulk density of mountainous temperate forests in Beijing, China 

Depth (cm) OM (%) Bulk density 
(kg·m−3) OCD (kg·m−2) Depth (cm) OM (%) Bulk density 

(kg·m−3) OCD (kg·m−2) 

B. platyphylla forest, soil profile 1  B. platyphylla forest, soil profile 2 
0-4 17.05 717 2.84 0-10 36.23 207 4.35 
4-10 5.57 850 1.65 10-20 7.42 852 3.67 
10-20 4.25 982 2.42 20-30 7.44 780 3.37 
20-30 4.39 948 2.41 30-40 4.61 926 2.48 
30-40 2.95 967 1.65 40-50 3.34 1052 2.04 
40-50 2.47 957 1.37 50-60 2.07 1077 1.29 
50-60 1.98 1085 1.25 60-70 1.84 1289 1.37 
60-80 1.82 1212 1.28 70-80 1.60 1500 1.39 
80-90 1.65 1236 1.18 80-95 1.90 1346 2.22 
90-100 1.55 1255 1.13 95-100 2.20 1192 0.76 

Q. liaotungensis forest, soil profile 1 Q. liaotungensis forest, soil profile 2 
0-4 11.53 924 2.47 0-4 8.25 872 1.67 
4-10 4.71 947 1.55 4-10 6.60 886 2.03 
10-20 5.60 1001 3.25 10-20 5.54 900 2.89 
20-30 5.45 1111 3.51 20-30 4.04 992 2.32 
30-40 4.80 1064 2.96 30-40 2.54 1083 1.60 
40-50 4.15 1016 2.45 40-50 2.67 1148 1.77 
50-60 4.75 1124 3.09 50-60 2.79 1212 1.96 
60-80 5.34 1232 3.82 60-80 1.93 1348 1.50 
80-90 3.33 1378 5.32 80-90 1.06 1483 0.91 
90-100 1.32 1524 1.17 90-100 0.83 1612 1.55 

P. tabulaeformis forest, soil profile 1 P. tabulaeformis forest, soil profile 2 
0-10 5.81 1015 3.42 0-10 4.86 1090 3.07 
10-20 5.02 1096 3.19 10-20 4.69 1037 2.82 
20-30 5.11 1102 3.26 20-30 3.80 1114 2.45 
30-40 5.20 1107 3.34 30-40 2.90 1190 2.00 
40-50 4.23 1224 3.00 40-50 2.99 1317 2.28 
50-60 3.26 1341 2.54 50-60 2.24 1386 1.80 
60-70 3.03 1347 2.37 60-70 1.49 1455 1.26 
70-80 2.80 1352 2.20 70-80 1.12 1561 2.02 
80-90 2.88 1362 3.41 90-100 0.74 1667 0.72 
90-100 2.96 1372 1.18     

 

OM: organic matter content; OCD: organic carbon density. 
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