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Abstract: Chinese cork oak (Quercus variabilis) forests are protected on a large-scale under 
the Natural Forest Protection (NFP) program in China to improve the ecological 
environment. However, information about carbon (C) storage to increase C sequestration 
and sustainable management is lacking. Biomass, C, nitrogen (N) and phosphorus (P) storage 
of trees, shrubs, herb, litter and soil (0–100 cm) were determined from destructive tree 
sampling and plot level investigation in approximately 30-year old Chinese cork oak forests 
on the south slope of the Qinling Mountains. There was no significant difference in tree 
components’ biomass estimation, with the exception of roots, among the available allometric 
equations developed from this study site and other previous study sites. Leaves had the highest 
C, N and P concentrations among tree components and stems were the major compartments 
for tree biomass, C, N and P storage. In contrast to finding no difference in N concentrations 
along the whole soil profile, higher C and P concentrations were observed in the upper  
0–10 cm of soil than in the deeper soil layers. The ecosystem C, N, and P storage was 163.76, 
18.54 and 2.50 t ha−1, respectively. Soil (0–100 cm) contained the largest amount of C, N 
and P storage, accounting for 61.76%, 92.78% and 99.72% of the total ecosystem, followed 
by 36.14%, 6.03% and 0.23% for trees, and 2.10%, 1.19% and 0.03% for shrubs, herbs and 
litter, respectively. The equations accurately estimate ecosystem biomass, and the 
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knowledge of the distribution of C, N and P storage will contribute to increased C 
sequestration and sustainable management of Chinese cork oak forests under the  
NFP program. 

Keywords: biomass allocation; carbon concentration; nutrient element; Natural Forest 
Protection (NFP) program 

 

1. Introduction 

Protecting existing forests and planting new forests through reforestation and afforestation  
are important measures to enhance carbon (C) sequestration capacity and potential in terrestrial 
ecosystems [1–4]. A growing number of studies have addressed C storage and sequestration in key 
national ecological restoration programs in China, such as the Sloping Land Conversion program,  
Three-North Sheltbelt Forest program, Changjiang (Yangtze) River Basin Forest Protection program, 
Beijing-Tianjin Sandstorm Source Control program, Natural Forest Protection program (NFP), and other 
programs [2,5–9]. 

The NFP program was implemented in 1998 with the goal of promoting natural forest resource 
protection and cultivation to improve the ecological environment, has been implemented since  
1998 [6,10]. It covers about 6.0 × 107 ha of natural forest land, which accounts for 50% of the total 
natural forest area within 17 provincial-level administrative units in China [10]. Hu and Liu [11] used 
the volume-biomass method and National Forestry Statistics to calculate C storage of the NFP program 
from 1998–2002 and found that in total it sequestered 44.07 Tg, including 21.32 Tg from reforestation 
and afforestation, and 22.75 Tg from reduced the timber production. The results of Wei et al. [10] 
showed that the tree C pool under the NFP program in northeastern China increased from 1998 to 2008, 
by 6.3 Tg C, which was mainly sequestrated by natural forests (5.1 Tg C year−1). It has been projected 
that biomass C storage from afforestation under the NFP program could potentially increase from 
33.67 Tg in 2011 to 96.03 Tg in 2020 [6]. However, most of these previous studies were mainly 
conducted on forest biomass C storage at the national and regional scales with different estimation 
methods and different forest resource data. Moreover, there are few precise studies concerning direct 
plot investigations for various forest types, C storage estimates that include understory, forest floor,  
and soil, and the relationship between climatic factors and forest types on regional scales [12–16].  
An age-related study on C storage in a black locust forest ecosystem on the Loess Plateau showed that 
tree C storage increased from 5 to 38 years, but significantly decreased from 38 to 56 years owing to 
high tree mortality. Moreover, storage in the shrub layer increased with stand age, but it was  
age-independent in the herb layer and litter. Storage in the topsoil (0–20 cm) increased at a constant rate 
with stand age, while it was age-independent in sub-top soil [7]. With an increased numbers of local 
studies, we can gain a more comprehensive understanding of the complex nature of ecosystem C storage 
in order to scale up to regional and global levels. 

Quercus species are a keystone species in a wide range of habitats from Mediterranean semi-desert 
woodlands to subtropical rainforest in Europe, North America, and Southeast Asia [17]. For example, 
the cork oak is the second most important Portuguese forest species both in terms of the country forest 
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area and in terms of forest industry product exports [18]. Many studies have explored the temporal and 
spatial distribution of biomass and nutrient accumulation in Quercus species for suitable management 
and conservation, especially in Spain and Portugal [17–26]. Guyette, Dey and Stambaugh [17] 
documented the temporal distribution in C storage of oak wood at floodplains in northern Missouri, USA. 
In this study, we chose Chinese cork oak (Quercus variabilis) as a model system to carefully evaluate 
biomass and nutrient pools in different ecosystem components. Chinese cork oak is one of the major 
Quercus species in warm-temperate and subtropical forests, ranging from 22°–42° N to 99°–122° E. 
There were only a few studies that developed allometric equations (Table 1; Equations (1)–(3)) and 
addressed tree biomass allocation of Chinese cork oak in different sites in China [27–29].  
The Qinling Mountains in the Shanxi Province is one of the major distribution areas of Chinese cork oak 
forests. Chinese cork oak forests in the Qinling Mountains make up the largest forest vegetation carbon 
sink based on the Shanxi Province forest resource inventory data. However, these forests have been 
under serious threat owing to excessive overexploitation and inappropriate management for timber and 
charcoal production, cultivation of edible wild mushrooms, and dye products. Therefore, many studies 
have been conducted to provide some recommendations toward sustainable management of the Chinese 
cork oak forests in the Qinling Mountains under the NFP program [30–33]. However, there is still a lack 
of information about C stocks, especially below-ground, for Chinese cork oak forests in the Qinling 
Mountain, China. 

The focus of this study was to develop suitable allometric equations to calculate various tree biomass 
components, and to quantify the distribution patterns and quantities of C, N, and P among the major tree 
components, shrubs, herbs, litter, and soil (0–100 cm) in Chinese cork oak forest along the south slope 
of the Qinling Mountains. Results of this study may provide a crucial complement to previous studies 
on the understanding of C storage and forest management under the NFP program. 

2. Materials and Methods 

2.1. Study Site and Sampling 

This study was conducted in the Shan Yang Country, Southern Shanxi Province, China (33°09′–33°42′ N, 
109°32′–110°29′ E; Figure 1). The Shan Yang Country is located on the south slope of the Qinling 
Mountains, China. The study area is situated in the transitional area between the subtropical zone and 
the warm temperate zone, with a mean annual temperature 13.1 °C, a mean annual rainfall of 709 mm, 
and a mean frost-free period of 207 days. Forest coverage is 62.6%, and more than 80% of the forest 
area is dominated by pure Chinese cork oak forest, which originated from seedlings, with a few 
Sabina chinensis, and Pinus armandii species. Shrub species at the site include Pyrus betulifolia, 
Lespedeza bicolor, and Platycarya strobilacea, and the main herb species are Carextristachya, 
Imperata cylindrical and Ophiopogon japonicas. 
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Table 1. Collection of the available allometric equations used to calculate biomass of the various tree components for Chinese cork oak forests in China. 

NO. Site Stand a Components Allometric equation 
Correlation 

coefficient (R) 
Sources 

1. 

Xiaolong Mountains, 
Gansu Province 

(33°30′–34°49′ N, 
104°22′–106°43′ E) 

20–84 
6.0–18.6 
4.3–13.1 

Stem wood LnWS = −3.7447 + 0.9679 Ln (DBH2H) 0.9981 

[28] 
Stem bark LnWBA = −3.2565 + 0.7156 Ln (DBH2H) 0.9852 
Branches LnWBR = −4.8449 + 1.0013 Ln (DBH2H) 0.9917 
Leaves LnWL = −3.3569 + 0.6050 Ln (DBH2H) 0.9611 
Roots LnWR = −2.9066 + 0.8144 Ln (DBH2H) 0.9941 

2. 

Baotianman Natural 
Reserve, Henan 

Province  
(33°25′–33°33′ N, 
111°53′–112° E) 

45 
6.0–30.5 
8.3–18.5 

Stem wood LgWS = −0.5440 + 0.6796 Lg (DBH2H) 0.9969 

[27] 
Stem bark LgWBA = −0.8246 + 0.5896 Lg (DBH2H) 0.9983 
Branches LgWBR = −2.5609 + 1.1092 Lg (DBH2H) 0.9750 
Leaves LgWL = −2.0038 + 0.7460 Lg (DBH2H) 0.9851 
Roots LgWR = −0.2645 + 0.5173 Lg (DBH2H) 0.9986 

3. 
Xishan Mountains, 
Beijing (39°34′ N, 

116°28′ E) 

26 
3.1–10.3 
6.0–8.0 

Stems WS+BA = 0.0508(DBH2H)0.92 0.9889 

[29] 
Branches WBR = 0.0197 (DBH2H)0.8944 0.9412 
Leaves WL = 0.0029 (DBH2H)0.9125 0.9557 
Roots WR = 0.0458 (DBH2H)0.7484 0.9485 

4. 

Shanyang Country, 
Shanxi Province  
(33°9′–34°42′ N, 

109°32′–110°29′ E) 

30 
5.0–34.2 
4.0–15.0 

Stem wood WS = 0.0335 (DBH2H)0.9579 0.9949 

This study 
Stem bark WBA = 0.0458 DBH2.1044 0.9836 
Branches WBR = 0.0047 DBH2.9836 0.9830 
Leaves WL = 0.0128 DBH2.1013 0.9916 
Roots WR = 0.0831 DBH2.1980 0.9634 

a referring to stand age (year), DBH (cm) and H (m), respectively. 
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Figure 1. Site distribution of studies on Chinese cork oak allometric equations include 
Xiaolong Mountains, Gansu Province; the Xishan Mountains, Beijing; the Baotianman 
Natural Reserve, Henan Province; and the present study at Shanyang Country, Shanxi Province. 

With the guidance of local forestry bureau staff, three widely distributed Chinese cork oak stands 
with similar site conditions, little or no human disturbance, and approximately 30 years old were selected 
under from the Shan Yang Country. The sites were all located near the middle of slopes and there was 
little difference among the sites with regard to aspect (North West), gradient (30–35°), and elevation  
(845–1068 m). The distance between each stand was about 5–8 km. Historically, all study stands 
naturally regenerated after the natural Chinese cork oaks were harvested. A 20 m × 20 m plot was 
constructed in the central area of each stand for sampling. Diameter at breast height (DBH) and height 
(H) were measured for all trees (DBH ≥ 5.0 cm) in each plot. In early August 2013, five Chinese cork 
oak trees within representative stand-specific DBH range were selected and harvested destructively in 
each stand following a previously published harvest method [19,27–29,34–36]. Trees were cut near the 
ground surface, after measurement of the total H of each tree, the tree stem was first cut open at 1.3 m, 
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and then the top part of stem (from 1.3 m to the tips) was divided into 1-m-long sections. All branches 
and leaves of each stem section were clipped from the tree stems and branches, respectively and weighed.  
Stem discs (5 cm thickness) were collected from of each section, and the stem bark was separated from 
each disc to measure the weight of the fresh stem bark and the stem wood without bark. The whole root 
system was manually excavated, washed lightly to remove soil particles, and weighed. 

Shrub and herb biomass was determined using total harvesting destructive sampling techniques [34]. 
Sampling of the shrub layer and herb layer was conducted in five 2 m × 2 m subplots and 1 m × 1 m 
subplots, respectively. These subplots were randomly selected within each plot. Shrub plants were 
separated into leaves, stems and roots, and herbs were separated into aboveground and belowground 
components. Litter was sampled by collecting the entire organic material within five 1 m × 1 m subplots 
randomly chosen in each plot [34]. 

Subsamples of tree components (stem wood, stem bark, branches, foliage, and roots), shrub (leaves, 
stems and roots), herb (above- and belowground) and litter were sealed in plastic bags, and then oven 
dried at 80 °C in the laboratory to constant weight to obtain wet-to-dry mass conversion factors. The 
dried samples were ground and used to determine plant C and N concentrations by an elemental analyzer 
(Carlo Erba 1106, Milan, Italy). Total P was determined by the HClO4-H2SO4 colorimetric method [37]. 

In each plot, five soil cores (5 cm in diameter) were randomly collected at 0–10 cm, 10–20 cm,  
20–30 cm, 30–50 cm and 50–100 cm layers. After removing the plant roots, fauna and debris by hand, 
the soil was air dried at room temperature around 20 °C, and then ground and passed through a  
0.25 mm sieve for determination of soil chemical properties. C concentration was determined by the 
K2Cr2O7-H2SO4 method [38], total N concentration by the Kjeldahl method [39] and total P by the 
HClO4-H2SO4 colorimetric method [37].A soil profile (1 m × 1 m × 1 m) in each plot was dug for 
measuring soil bulk density (g cm−3). After excluding recognizable soil surface litter, stainless cutting 
rings (5 cm in diameter) were used to sample five replicated 100 cm3 of soil at each layer at same depth 
intervals of 0–10 cm, 10–20 cm, 20–30 cm, 30–50 cm and 50–100 cm layers. The ring soil samples were 
scraped out and roots manually removed. The soils were dried at 105 °C to constant weight to calculate 
bulk density (oven-dried soil sample/volume of the metal ring). All of the samples were analyzed at the 
central laboratory of the Institute of Soil and Water Conservation, Chinese Academy of Sciences and 
Ministry of Water Resources (Yangling, China). 

2.2. Data Calculation and Analysis 

Before establishing the allometric equation, scatter plots were used to visualize whether the 
relationship between the independent (dry biomass (kg) of each tree component) and dependent variables 
(DBH and/or H of each tree) was linear. A power function was selected as an appropriate model in this 
study, with the following equations: 

W = aDBHb  (1) 

W = a(DBH2 × H)b  (2) 

where W is the dry biomass (kg) of each tree component; a and b are allometric parameters; least squares 
linear regression was used to estimate the value of a and b. Ordinary least squares regression was 
performed to determine the coefficient of determination (R). 
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The developed allometric equations from this study (Table 1; Equations (4)) and the available 
allometric equations (Table 1; Equations (1)–(3)) developed previously in other study sites (Figure 1) 
were used to compare the differences in tree biomass (stem wood, stem bark, branches, leaves, and roots) 
estimations. Then, the total ecosystem C, N and P storage in the present study site were calculated based 
on the combination of tree (stem wood, stem bark, branches, leaves, and roots), shrub (leaves, stem and 
roots), herbs (above- and belowground), litter layers, and soil (0–100 cm) pools. C, N, and P 
concentrations of leaves, branches, stem bark, stem wood, and roots were multiplied by each tree 
component biomass from the developed species-specific allometric equations from the present site 
(Table 1, Equation (4)) to partition C, N, and P stocks among the tree components, and then summed the 
stocks for each tree and site to calculate the stand level stocks. For shrubs, herbs and litter, the C, N, and 
P concentrations were multiplied by their component mass at the plot level to calculate the stand level 
C, N and P stocks. The stock of soil C, N, and P in the different layers of soil were calculated by 
multiplying the soil bulk density with soil depth and C, N, and P concentrations in each layer. The carbon 
storage results in each layer of soil (0–10 cm, 10–20 cm, 20–30 cm, 30–50 cm and 50–100 cm) were 
then summed to compute the total C, N, and P storage to a depth of 100 cm. 

All statistical analyses were performed with SPSS (version 20.0, SPSS Inc., Chicago, IL, USA) and 
the accepted significance level was α = 0.05. Allometric equations were developed with linear 
regression. Goodness of fit was based on the coefficient of determination (R) and the level of probability 
(p). All comparisons of biomass among the different allometric equations were performed using 
ANOVA, followed by multiple comparisons (LSD tests). 

3. Results 

Allometric Equations and Tree Biomass 

The allometric equations developed in this study were all power functions (Table 1). Only significant 
parameters were included in the equations; therefore, DBH was the only significant parameter for bark, 
leaves, and roots components. DBH squared multiplied H was the significant parameter for stem wood. 
All equations had significant linear relationships between dependent and independent variables, and their 
correlation coefficients ranged from 0.9634 to 0.9949 (Table 1). 

Although allometric equations of different forms are available from the present and previous studies, 
there was no significant difference in the biomass estimation for the various tree components in this 
study, with the exception of roots (Table 2). The root biomass calculated by the equation of Bao et al. [19] 
was significantly lower (17.59 t ha−1) than the values generated by the other equations. Therefore, 
biomass from other equations was distributed similarly in the following manner: stem wood > roots > 
branches > stem bark > leaves. According to the tree biomass distribution pattern in the present sites, 
stem wood made the largest contribution to the total tree biomass, accounting for around 50%, while the 
proportion of leaves to total tree biomass was only around 3%, and the ratio of below- to aboveground 
was 0.33 (Table 2). 
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Table 2. Comparison of the biomass estimates of the various tree components by different allometric equations for a Chinese cork oak forest in 
the south slope of the Qinling Mountains, China. 

Tree 
component 

Allometric Equations (1) [28] Allometric Equations (2) [27] Allometric Equations (3) [29] 
Allometric Equations (4) 

(This Study) 
Biomass  
(t ha−1) 

Proportion 
(%) 

Biomass  
(t ha−1) 

Proportion 
(%) 

Biomass (t ha−1) 
Proportion 

(%) 
Biomass  
(t ha−1) 

Proportion 
(%) 

Stem wood 50.56 ± 4.97a 40.96 64.53 ± 5.16a 46.42   66.20 ± 6.46a 49.13 
Stem bark 11.48 ± 0.94a 9.30 16.99 ± 1.28a 12.22   14.48 ± 1.12a 10.75 

Stem 62.05 ± 5.89a 50.26 81.54 ± 6.44a 58.65 74.46 ± 7.06a 62.22 80.68 ± 7.54a 59.87 
Branches 21.92 ± 2.21a 17.76 18.07 ± 1.98a 13.00 23.61 ± 2.19a 19.73 16.30 ± 1.64a 12.10 
Leaves 4.45 ± 0.34a 3.60 3.74 ± 0.31a 2.70 4.01 ± 0.38a 3.35 4.01 ± 0.31a 2.98 

Aboveground 88.41 ± 8.42a 71.62 103.35 ± 8.61a 74.34 102.08 ± 9.63a 85.30 100.99 ± 9.47a 74.95 
Root 35.05 ± 3.07a 28.39 35.67 ± 2.59a 25.66 17.59 ± 1.47b 14.70 33.76 ± 2.68a 25.05 

Total tree 123.45 ± 11.48a  139.02 ± 11.14a  119.67 ± 11.09a  134.75 ± 12.11a  
Data is reported as mean ± standard error (n = 3); within a line, values followed by the same lowercase letter indicate that the estimated biomass of the same tree component 
did not differ significantly among different allometric equations (p < 0.05). 
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Higher C, N, and P concentrations were observed in the shrub leaves than in shrub roots (Table 3). 
Similarly, the C and N concentrations in aboveground herbs were significantly higher than in belowground 
herbs (Table 3). The C:N and C:P mass ratios in shrub leaves (19.63 and 369.08, respectively) were 
significant lower than that in branches (60.91 and 742.61) and roots (63.64 and 717.74) of shrubs, 
whereas the N:P mass ratio in shrub leaves (18.92) was significantly higher than in branches (12.51) and 
roots (13.52) of shrubs. However, there was no significant difference in the C:N, C:P and N:P mass 
ratios between aboveground and belowground herbs. In contrast, no significant differences were found 
in the N concentrations in the different soil layer. The highest C and P concentrations were in the surface 
0–10 cm soil layer, and the values significant decreased with soil depth (Table 3). The C:N, C:P and N:P 
ratios did not change significantly with soil depths. 

C, N and P storage in the Chinese cork oak ecosystem were 163.76, 18.54 and 2.50 t ha−1, respectively. 
The C storage distribution among different tree components was in the following order: stem wood > 
roots > branches > stem bark > leaves. Whereas, the order was stem wood > roots > leaves > stem bark > 
branches for the N storage distribution, and stem wood > roots > branches > leaves > stem bark for the 
P storage distribution (Table 3). C, N and P storage in tree accounted 36.14%, 6.03%, and 0.23% of the 
total ecosystem C, N, and P pools, respectively. The C, N, and P storage in the shrub, herb and  
litter pools accounted 2.10%, 1.19% and 0.03% of the total ecosystem C, N, and P pools, respectively. 
Soil (0–100 cm) contained the largest amount of C, N, and P storage, accounting for 61.76%, 92.78% 
and 99.72% of total ecosystem C, N, and P pools, respectively. C and P storage in the 0–50 cm soil 
depthswere significantly greater than that in deeper soil, accounting for 61.35% and 60.02% of the  
entire soil profile (0–100 cm); whereas, N storage between 0 and 50 cm was almost equal to that in 
deeper soil, accounting for 47.40% of the entire soil profile (0–100 cm). 
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Table 3. C, N and P concentrations and storage distribution of a Chinese cork oak forest in the south slope of the Qinling Mountains, China. 

Layer Component 
C N P 

Concentration  
(g kg−1) 

Storage (t ha−1) 
Concentration  

(g kg−1) 
Storage (kg ha−1) 

Concentration  
(g kg−1) 

Storage (kg ha−1) 

Tree Stem wood 433.28 ± 9.43c 28.68 ± 2.80a 2.63 ± 0.24c 174.11 ± 16.98a 0.35 ± 0.06b 23.17 ± 2.26a 
 Stem bark 454.60 ± 2.20b 6.58 ± 0.51c 5.05 ± 0.10b 73.11 ± 5.66b 0.29 ± 0.01b 4.20 ± 0.32c 
 Branches 433.81 ± 1.36c 7.07 ± 0.72c 4.50 ± 0.02bc 73.36 ± 7.42b 0.62 ± 0.08b 10.11 ± 1.02b 
 Leaves 483.07 ± 2.59a 1.94 ± 0.15c 19.31 ± 1.19a 77.48 ± 5.99b 1.26 ± 0.16a 5.06 ± 0.39c 
 Root 441.96 ± 4.03bc 14.92 ± 1.18b 4.54 ± 0.06bc 153.25 ± 12.17a 0.39 ± 0.02b 13.17 ± 1.04b 
 Subtotal  59.19 ± 5.31  551.31 ± 47.76  55.70 ± 4.99 

Shrub Leaves 459.12 ± 4.96a 0.09 ± 0.02b 24.08 ± 0.81a 4.60 ± 0.90a 1.30 ± 0.06a 0.25 ± 0.05a 
 Branch 449.30 ± 5.89a 0.37 ± 0.07ab 8.20 ± 0.60b 6.80 ± 1.34a 0.69 ± 0.06b 0.57 ± 0.11ab 
 Root 428.63 ± 5.70b 0.59 ± 0.17a 7.85 ± 0.93b 10.84 ± 3.06a 0.85 ± 0.11b 1.18 ± 0.33a 
 Subtotal  1.06 ± 0.22  22.24 ± 4.36  2.00 ± 0.42 

Herb Aboveground 428.73 ± 6.44a 0.08 ± 0.01a 14.83 ± 0.85a 2.81 ± 0.45a 1.34 ± 0.08a 0.25 ± 0.04a 
 Belowground 262.03 ± 13.08b 0.11 ± 0.03a 7.61 ± 0.40b 3.14 ± 0.91a 1.02 ± 0.15a 0.42 ± 0.12a 
 Subtotal  0.19 ± 0.04  5.95 ± 1.14  0.67 ± 0.14 

Litter  364.17 ± 10.69 2.18 ± 0.44 12.49 ± 0.21 74.88 ± 15.20 0.97 ± 0.07 5.82 ± 1.18 
Soil 0–10 cm 16.63 ± 1.19a 18.05 ± 1.86b 1.69 ± 0.21a 1.83 ± 0.25t ha−1b 0.43 ± 0.11a 0.46 ± 0.11 t ha−1b 

 10–20cm 10.12 ± 1.41bc 11.57 ± 2.05b 1.47 ± 0.27a 1.68 ± 0.34 t ha−1b 0.29 ± 0.06ab 0.33 ± 0.07 t ha−1b 
 20–30cm 10.31 ± 0.64b 11.54 ± 0.81b 1.42 ± 0.29a 1.64 ± 0.38 t ha−1b 0.27 ± 0.02ab 0.30 ± 0.02 t ha−1b 
 30–50 cm 8.63 ± 1.34bc 20.89 ± 3.77b 1.35 ± 0.33a 3.33 ± 0.87 t ha−1b 0.16 ± 0.03b 0.38 ± 0.06 t ha−1b 
 50–100cm 5.76 ± 0.53c 39.10 ± 6.44a 1.26 ± 0.37a 9.41 ± 3.19 t ha−1a 0.16 ± 0.03b 0.96 ± 0.13 t ha−1a 
 Subtotal  101.14 ± 11.03  17.89 ± 4.92 t ha−1  2.43 ± 0.20 t ha−1 

Total ecosystem  163.76 ± 11.25  18.54 ± 4.96 t ha−1  2.50 ± 0.21t ha−1  
Data is reported as mean ±standard error (n = 3); within a column, values followed by the same lowercase letter indicate that they did not differ significantly within the same  
layer (p < 0.05). 
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4. Discussion 

Allometric equations are crucial in order to accurately estimate forest biomass for C accounting.  
A number of previous studies demonstrated that power function allometric equations based on DBH or 
squared DBH multiplied by H can be used to estimate tree biomass [29,35]. Allometric equations based 
on DBH are recommended because the measurement of H is time-consuming and less accurate than 
DBH [19,34,40,41]. In this study, we observed that DBH was the only significant parameter for bark, 
leaf, and root components; whereas, the squared DBH multiplied by H as the significant parameter for 
stem wood. Different models (Table 1) were used to estimate biomass distribution for Chinese cork oak 
in China due to various biotic and abiotic environmental factors. However, there was no significant 
difference in tree components biomass estimation, with the exception of roots, among all the  
available allometric equations. In some cases the power function failed, and then transformed  
models were needed to develop significant allometric equations for different tree species, locations, and 
specific-components [7,25,27,28,42–47]. 

The biomass distribution among tree components was as follows: stem wood > roots > branches > 
stem bark > leaves. Our findings were similar to the previous reports for Chinese cork oak in the 
temperate region of China [27–29]. However, the different biomass distribution also observed for 
Chinese cork oak. For example, the biomass distribution of a 20-year-old Chinese cork oak forest was 
distributed as follows: stem wood > branches > roots > stem bark > leaves at; while that in 30- and  
40-year-old in hilly region of Taihang Mountain, the distribution was stem wood > stem bark > branches 
> roots > leaves at [48]. The total Chinese cork oak tree biomass was 158.84 t ha−1 in the Baotianman 
Natural Reserve, Henan Province [27], 134.75 t ha−1 in the south slope of the Qinling Mountains of the 
present study, 79.80 t ha−1 in the Xiaolong Mountains, Gansu Province [28] and 53.64 t ha−1 in the 
Xishan Mountains, Beijing [29]. These obvious differences were mainly caused by age, tree density, and 
climate factors. Zhao et al. [48] reported that in a hilly region of Taihang Mountain, tree biomass 
significantly increased from 131.65 t ha−1 in a 20 year old stand to 202.96 and 291.15 t ha−1 in 30 and 
40 years old stands, respectively. 

The nutrient concentrations among plant components were significantly different. The concentrations 
of C, N and P in tree leaves were the highest, but the lowest values of C and N were observed in tree 
stems. In addition to C, N and P, the highest mobile nutrient concentrations, such as Mg, K, and Mn, 
were also detected in the leaves of oak forests in Spain [19]. Moreover, the N, P, and K concentrations 
were the highest in spring and then decreased throughout the vegetative period [19]. Similarly,  
the highest concentrations were in shrub leaves, but the lowest values were in shrub roots. The C, N and P 
concentrations in aboveground portion of herb were higher than in the belowground portion. The leaves 
N:P ratio, which is relatively easy to determine, has been widely used to indicate limitations in soil N 
(N:P < 14) and soil P (N:P > 16) [49,50]. The leaf N (19.31 g kg−1), P (1.26 g kg−1) concentrations,  
and N:P ratio (16.10) of Chinese cork oak forests in the present study were similar with the average 
values of leaves N (18.33 g kg−1) and P (1.18 g kg−1) concentrations and the N:P ratio (16.56) in  
China [51]. Moreover, the N:P ratio of shrub leaves was also higher than 16. Therefore, soil P is a 
limiting nutrient in this study area for the growth demands of Chinese cork oak forests. In contrast, the 
leaves N:P ratios of sharptooth oak, Chinese pine, and Armand pine indicated that there is soil N 
limitation in the Qinling Mountains [52]. However, the nutrient concentrations in live leaves decreased 
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and the N:P ratio increased during the growing seasons were observed in a Mediterranean cork oak forest 
in southwestern Spain [26]. Moreover, the leaf N and P concentrations of Chinese cork oak forests also 
decreased during stand development. It was shown that there is an disconnect bewteen soil P supply and 
plant growth demand indicated by an increased N:P ratio from 13.84 in 20-year-old stand to 16.05 and 
19.75 in 30- and 40-year-old stands, respectively, in a hilly region of the Taihang Mountains [48]. 
Therefore, quantifying soil nutrient limitation by only using the leaf N:P ratio presents challenges 
because of the limited amount of data and only a partial understanding of the processes involved [50,53]. 
Although significant differences in leaves N and P concentrations were detected across all Quercus 
species in China, leaf N:P ratio (13.96) was well constrained to a relatively stable range for Quercus 
species and was less influenced by environmental variables across China [51]. 

Abundant precipitation, full sunshine and nutrient-rich soil were considered to be suitable for 
supporting plant growth in the southern slope of the Qinling Mountains [52]. C, N, and P were enriched 
at 0–10 cm soil depth, while C and P decreased with an increase in soil depth. However, N showed a stable 
trend. C, N, and P concentrations of 0–10 cm soil depth in this study area (16.63, 1.69 and 0.43 g kg−1, 
respectively) were higher than the mean values (12.28, 0.94 and 0.38 g kg−1, respectively) of soils in 
China. As a consequence, the C:N, C:P and N:P (10.55, 51.51 and 4.59 in molar, respectively) ratios of 
0–10 cm soil depth in this study area were smaller than those mean values (14.4, 136 and 9.3, 
respectively) of soils in China [54]. C, N, and P concentrations increased during stand development of 
Chinese cork oak forests in the hilly region of the Taihang Mountains, possibly due to a larger 
accumulation of organic matter in older stands [48]. Under Mediterranean climate conditions in 
Mainland Spain, the soil C storage of cork oak forests was favored by large organic matter inputs, high 
soil clay contents, a calcium-saturated soil matrix and reduced summer aridity [23]. 

The proportion of stem to total tree biomass was around 60% in this study. The highest percentage 
was 73% for four Mediterranean oak forests in Spain [19]. The proportion of stem to total tree biomass 
has been used to infer the light conditions, soil nutrient and age stage at study sites [35,36]. For example, 
the ratios in Chinese pine were 46.9%, 72.2%, 70.6% and 70.7% for young, middle-aged, immature, and 
mature stands, respectively [34]. Although the low percentage of nutrients accumulated in the leaves 
because leaf biomass represents only around 3% of the total, the amount of nutrients accumulated in 
leaves was of great importance because the nutrients were subject to internal annual cycles within the 
tree, and some of them return to the soil in the form of leaf litter [19]. At the same time, root biomass 
accounted for a large proportion of the total tree biomass. The ratio of below- to aboveground biomass 
was 0.33 for Chinese cork oak forests in this study.The ratio value was 0.28, 0.29 and 0.23 for the 
Baotianman Natural Reserve of Henan Province [27], the Xiaolong Mountainsof Gansu Province [28], 
and the Xishan Mountains of Beijing [29], respectively. In contrast to the result [55] that there is  
a relatively constant ratio of below- to aboveground biomass during stand development globally,  
Zhao et al. [48] found that the ratio decreased during stand development, from 0.23 in a 20-year-old 
stand to 0.16 and 0.13 in 30- and 40-year-old stands, respectively, in a hilly region of the Taihang 
Mountains. The decreased below- to aboveground biomass ratio may demonstrate different strategies in 
nutrient cycling and water uptake potential [1]. Our study agrees with previous studies that soil is the 
largest C and nutrient element storage component, followed by tree, understory, and litter [21]. Soil C, 
N, and P storage were 1.62-, 27.52- and 34.71-fold higher than vegetation C, N, and P storage. In 
addition, soil C storage was higher in the topsoil than in deeper soil owing to soil organic matter is the 
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main source of C stored in topsoil. Moreover, soil organic matter is essential to ecosystem productivity 
and regeneration. Recently, many studies have focused on biomass, C, and nutrient storage during stand 
development [1,7,34–36,48,55]. These studies provided a comprehensive understanding of the 
importance of considering the succession development of forest ecosystem C pools and the interaction 
with other nutrient elements, especially when estimating C sink potential over a life cycle. Because 
human disturbances can have huge impacts on certain age stage forests, we only selected 30-year-old 
Chinese cork oak stands with little or no human disturbance to describe the basic characteristics of 
biomass, C and nutrient storage distribution. Therefore, future studies should focus on improving our 
understand of the effects of age and disturbance in biomass, C concentrations and stocks for devising 
optimum forest management strategies aimed at mitigating climate change. 

5. Conclusions 

In this study, we presented the basic C, N and P storage distribution patterns among trees, shrubs, 
herbs, litter, and soil (0–100 cm) in a 30-year-old Chinese cork oak forest in the south slope of the 
Qinling Mountains, China. The biomass of tree components can be better predicted from allometric 
equations using DBH as the independent variable. There was no significant difference in various tree 
components biomass estimations, with the exception of roots, between different Chinese cork oak 
allometric equations developed from different sites. Stems and roots were the main proportion of total 
tree biomass. The proportion of stem to total tree biomass was around 60% and the ratio of below- to 
aboveground biomass was 0.33. There were significant differences in C, N and P concentrations between 
plant components. Plant leaves had the highest C, N, and P concentrations than other plant components. 
The N:P ratio was similar to the national level and indicated soil P limitation. However, C, N and P 
concentrations of the 0–10 cm soil depth were higher than those mean values of soils in China.  
C, N, and P storage of this Chinese cork oak ecosystem were 163.76, 18.54 and 2.50 t ha−1, respectively. 
Soil was the largest C and nutrient element storage component, followed by trees. C, N, and P stocks in 
shrubs, herbs, and litter contributed only little to ecosystem C, N and P stocks. This study demonstrated 
that large-scale Chinese cork oak forests in the Qinling Mountains play an important role in C 
sequestration under NFP program. Furthermore, we suggest that further research on human-caused, 
natural disturbance and other influence factors on the continuous accumulation of C in both the plants 
and soils are especially critical for developing recommendations on appropriate forest management 
practices under the NFP program. 
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