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Abstract: Carbon stock is an important indicator of cumulative ecosystem productivity. 

Using this indicator, and based on field sampling data, this paper compared the long-term 

difference in carbon stocks between aerial seeding (AS) and natural regeneration (NR) 

forests of Pinus massoniana in sub-tropic forests, China, in order to assess the effectiveness 

of AS in a highly degraded forest landscape. The results showed that the carbon stocks of 

stems, branches, roots, and trees (including stems, branches, leaves, and roots) were 140%, 

85%, 110%, and 110%, significantly higher (p < 0.05) in the NR forests than those in the 

AS forests at the ages of 11–20 years, respectively. In addition, the carbon stocks of 

understory, litter and soil were also 176%, 151%, and 77%, significantly higher (p < 0.05) 

in the NR forests than those in the AS forests at the same age range, respectively. 

However, with increasing age (i.e., >21 years), those differences became statistically 

insignificant (p > 0.05). The total carbon stocks of the two forest types also showed a 

similar pattern. Those results clearly demonstrate that AS was an effective mean for 

restoring carbon stocks in highly degraded areas, even though their early growth was lower 

than the NR forests, and thus can be applied in the regions where the areas with limited 

seed sources and road accessibility. 
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1. Introduction 

Forest degradation attracts world attention, especially in the tropic and sub-tropic forest ecosystems 

mainly because the majority of greenhouse gas (GHG) emission associated with land cover and land 

use changes is from tropic and sub-tropic deforestation and land degradation [1–5]. Thus, seeking an 

innovative approach to restore degraded forest ecosystems becomes an imperative task. In practice,  

the aerial seeding was employed to the areas where road accessibility is limited, and the areas are too 

large to sow or where the seed bank is limited to natural regeneration. However, the effectiveness of 

this aerial seeding-based forests or restoration on ecosystem functions has been rarely examined [6], 

even though it is a common and traditional practice in the world. 

Increasing forest cover and functions through restoration is an important measure to increase forest 

ecosystem carbon stock and carbon sequestration [7–9]. Natural forests, originated from seeds 

naturally, are dominant forest types in China, which are about 116 million ha, accounting for 70% of 

the country’s total forest area [10]. Natural regeneration may develop a more reasonable and stable 

structure [11,12] and is an easy way to restore vegetation of felled lands [13]. However, in large and 

remote areas where seeds or coppices are rather limited, natural regeneration and subsequent forest 

succession may take much longer [14,15]. To overcome this issue, aerial seeding is commonly applied 

to promote vegetation recovery and thus shorten the time required for ecosystem restoration. Aerial 

seeding has a long history (>50 years) in China, and has been accomplished for 136,400 ha  

in 2012 alone [16]. Aerial seeding has also been widely used around the world [17–21].  

Pyke et al. [20] noted the aerial seeding was the only restoration option in the areas with complex 

terrains after a forest fire in the western United States, while Davies et al. [21] pointed out that aerial 

seeding had significantly accelerated forest vegetation recovery in USA. 

Carbon stock is an important indicator for representing certain ecological functions [9,22].  

The forest carbon accounts for about 86% of global vegetation carbon [23,24]. A small change of 

forest carbon stocks can have a great impact on global GHG emissions [9,25]. Therefore, it is critical 

to assess the effectiveness of vegetation restoration on carbon stock so that management strategies can 

be carefully implemented to maximize carbon sequestration capacity for mitigating the impacts of 

climate change, particularly in tropic and sub-tropic forests. 

In this study, we addressed the following questions: (1) Are there any differences in carbon stocks 

between aerial seeding (AS) and natural regeneration (NR) forests of Pinus massoniana after 30 years 

of restoration? (2) Are there any structural differences among age ranges between these two forest 

types? and (3) What are management implications of those differences? 
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2. Methods 

2.1. Study Area 

The study area was located in the central and southern parts of Jiangxi Province, China, including 

Ji’an and Ganzhou cities (24°29′~27°57′ N and 113°46′~116°38′ E). The climate of this region is 

humid sub-tropic monsoon with four distinct seasons. The annual average temperature is between  

16.2 °C–19.7 °C, while average annual precipitation is about 1635 mm. Landforms are mostly 

mountains and hills. The soil is mostly acidic and red, with soil thickness of 20–100 cm, humus of  

3–20 cm and soil organic matter content of 1%–5%. The dominant vegetation types include coniferous 

forests (e.g., Pinus massoniana, Cunninghamia lanceolata and Pinus elliottii), evergreen broadleaf 

forests (e.g., Cinnamomum camphora, Schima superba and Castanopsis sclerophylla) and bamboo 

forests (e.g., Phyllostachys heterocycla). According to the 11th forest resource inventory data, the total 

area of Pinus massomiana in the study area is 1.24 million ha (accounting for 26% of the forest  

land area in the province), of which 1.18 million ha is from NR, while the rest is from plantations 

(including AS). 

2.2. Description of Sample Plots 

The aerial seeding events occurred during 1965–1997 in our study area, with a sowing density of 

2.2–2.6 kg·ha−1. The seed sources were consistent over the study area. In this study,  

a 10-year age range was used to group the Pinus massoniana into four age ranges: 11–20 years,  

21–30 years, 31–40 years and 41–50 years. To ensure comparability, all sampled plots have a similar 

slope, aspect, soil type, and origin (logging of natural forests) [26]. Each age range had three random 

replications for a total of 24 plots. The plot size was 28.28 m × 28.28 m (0.08 ha, Table 1).  

The distances between the sampled plots range from several kilometers to about fifty kilometers. 

Table 1. The description of Pinus massoniana sample plots (DBH: diameter at breast 

height 1.3 m over bark; BA: basal area; N: number of trees; AS: aerial seeding; NR: natural 

regeneration; and values : means ± standard errors). 

Type 
Age Range 

(Years) 
Average 
Age (a) 

Average 
DBH (cm) 

Average 
Height (m) 

Average BA 
(m2·ha−1) 

Average Stand 
Density (N·ha−1)

AS 

11–20 18 ± 0.3 5.4 ± 0.12 6.3 ± 0.88 5.2 ± 0.66 2267 ± 311.0 
21–30 24 ± 1.9 10.7 ± 1.10 12.2 ± 0.87 11.9 ± 0.33 1408 ± 283.0 
31–40 35 ± 1.2 13.4 ± 1.00 12.3 ± 0.87 17.9 ± 1.54 1329 ± 285.4 
41–50 41 ± 0.3 16.6 ± 0.32 16.6 ± 2.19 25.1 ± 4.12 1152 ± 168.8 

NR 

11–20 18 ± 0.7 9.0 ± 0.70 9.6 ± 0.93 11.3 ± 1.41 1808 ± 227.1 
21–30 23 ± 0.9 11.7 ± 2.16 10.9 ± 3.08 15.9 ± 4.20 1575 ± 343.9 
31–40 36 ± 2.0 13.6 ± 0.70 12.0 ± 1.00 17.6 ± 2.10 1221 ± 145.8 
41–50 44 ± 1.2 16.5 ± 1.95 16.1 ± 0.46 20.52 ± 2.57 1054 ± 281.6 
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2.3. Tree Biomass 

For each plot, DBH (the diameter at breast height; minimum ≥5 cm and below that was classified as 

understory) and the height of all trees were measured individually. To estimate above-ground forest 

biomass, we harvested 1–2 standard trees at each sample plot with a total of 25 standard trees. 

Following harvesting, the aboveground biomass components (stems, branches, and leaves) were 

separated and measured, while the underground part (root) were all excavated and weighted. Samples 

of each component were taken back to the laboratory for oven dry at 65 °C to obtain a consistent 

weight. The allometric regressions (Equation (1)) [27] were established through the relationship 

between dry weight of each component and DBH. Thus, total forest biomass for each plot for tree 

biomass is the sum of each component using the equation. 

bDBHaW   (1)

where, W (Mg·ha−1) is biomass of each component, DBH (cm) is diameter at breast height, a  and b  

are regression coefficients. 

2.4. Understory and Forest Floor Litter 

Understory biomass was determined at each sample plot using destructive sampling techniques, 

including herbs, shrubs, and trees of less than 5 cm DBH. The measured species include herbs  

(e.g., Dicranopteris dichotoma and Miscanthus floridulus), shrubs (e.g., Syzygium grijsii, Eurya 

japonica Thunb and Loropetalum chinense), and trees (e.g., Pinus massoniana, Schima superba,  

and Liquidambar formosana). Three 2 × 2 m subplots were set up for shrubs, while three 1 × 1 m 

subplots were for litter along a diagonal line inside the plots. The above- and below-ground biomass, 

litter, and humus were weighted in the field. The samples were then taken back to the laboratory and 

oven dried at 65 °C to obtain a consistent weight for calculating dry weights for each plot. 

2.5. Soil Sampling 

A soil profile pit of a 100 cm depth was dug in each plot. The soil profile was divided into  

five layers, including 0–10 cm, 10–20 cm, 20–30 cm, 30–50 cm and 50–100 cm. The samples of each 

layer were collected by a cutting ring (volume of 100 cm3) for soil bulk density, while other samples of 

each layer were transported to the laboratory and then air-dried for determination of carbon concentration 

using the Walkley-Black method [28]. 

2.6. Carbon Stock Calculations 

The biomass of each component was multiplied by the corresponding carbon concentration to 

calculate carbon stocks. The carbon concentration of each biomass component was obtained from this 

study. The total vegetation carbon stocks is the sum of different biomass components. 

The soil organic carbon (SOC) stocks at different depths were calculated by soil organic carbon 

concentration, soil bulk density, soil depth, and proportion of gravels. The total SOC (Mg·ha−1) was 

calculated as follows (Equation (2)) [24,29,30]:  
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where, iC (g·kg−1) is the soil organic carbon concentration of the ith layer, iD (g·cm−3) is the soil bulk 

density of the ith layer, iE (cm) is the soil depth of the ith layer, and iG (%) is proportion of gravels 

(diameter > 2 mm) in the soil volume of the ith layer. 

2.7. Statistical Analysis 

Statistical analyses were conducted using SPSS 17.0 software, One-way analyses of variance 

(ANOVA) were used to test the differences among the carbon stock of each age range between the  

two forest types (AS vs. NR). One-way ANOVA were also performed to determine the significant 

differences among the carbon stock of the same type between the different age ranges, with least 

significant differences (LSD) calculated when treatments were significantly different. 

3. Results 

3.1. Carbon Stocks in Trees 

Carbon stocks of different biomass components in two forest types increased significantly with the 

stand age except leaf in natural regeneration (NR) forests (Table 2). For example, the stem stock in 

aerial seeding (AS) forests at 41–50 years were 800%, 147% and 45%, significantly higher (p < 0.05) 

than those at the other age ranges. It is not surprising that the stem carbon was the largest component 

among all others as it accounts for about 60% of the total carbon followed by branches (~17%),  

roots (~13%), and leaf (~8%; Table 2). 

The stem, branch and root carbon stocks at 11–20 years were 140%, 85%, and 110%, significantly 

higher (p < 0.05) in the NR forests than those in the AS forests, respectively. While there were not 

significantly different (p > 0.05) in other older age ranges (>21 years). In addition, they were not 

significantly different (p > 0.05) in leaf carbon stocks at all age ranges between the two forest types. 

Furthermore, the averaged carbon stocks over different age ranges were not significantly different 

either (p > 0.05) of all components between two forest types (Table 2). 

The tree carbon stocks in the AS forests at 11–20 years was significantly lower than those in the NR 

forests (p < 0.05), while the differences at the other age ranges were not significant (p > 0.05) (Figure 1). 

The tree carbon stocks increment between the adjacent age ranges of the AS forests were 15.9, 15.0, 

18.0 Mg·ha−1, respectively, while the corresponding values for the NR forests were 11.4, 13.0,  

12.2 Mg·ha−1, respectively. With the increasing of the stand age, the differences in tree carbon stocks 

between the two forest types were decreased gradually and then became insignificant. 
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Table 2. The carbon stocks (Mg·ha−1) and distribution (%) of each component between aerial seeding (AS) and natural regeneration (NR) of 

Pinus massoniana; numbers in brackets are the percentage of various components of the same age range; different uppercase letters indicate 

significant differences between different age ranges of the same biomass component at p < 0.05; and different lowercase letters indicate 

significant differences between different forest types of the same component and age range (p < 0.05). 

Age 
Range 

Stem Branch Leaf Root 
AS NR AS NR AS NR AS NR 

11–20 
3.9 ± 0.34Aa 9.4 ± 1.04Ab 2.1 ± 0.27Cb 3.9 ± 0.50Ca 1.3 ± 0.97Ca 2.0 ± 0.29Aa 0.9 ± 0.15Db 1.9 ± 0.23Ca 

(48.0) (54.8) (25.4) (22.2) (15.5) (11.7) (11.1) (11.1) 

21–30 
14.2 ± 0.79Bb 17.8 ± 5.08BCa 4.7 ± 0.11Ba 5.1 ± 0.80BCa 2.1 ± 0.12BCa 2.4 ± 0.22Aa 3.1 ± 0.10Ca 3.3 ± 0.93BCa 

(58.9) (62.2) (19.7) (18.0) (8.7) (8.4) (12.8) (11.4) 

31–40 
24.2 ± 2.14Cb 26.5 ± 2.03Ca 6.8 ± 0.94Ba 6.8 ± 0.68ABa 2.7 ± 0.43ABa 2.6 ± 0.35Aa 5.3 ± 0.46Ba 5.3 ± 0.67ABa 

(62.0) (64.3) (17.4) (16.5) (7.0) (6.3) (13.6) (12.9) 

41–50 
35.1 ± 2.26Db 35.4 ± 4.05Ca 10.1 ± 0.97Aa 8.3 ± 1.05Aa 4.1 ± 0.69Aa 3.0 ± 0.48Aa 7.8 ± 0.28Aa 6.8 ± 0.88Aa 

(61.51) (66.2) (17.6) (15.6) (7.2) (5.6) (13.7) (12.7) 

Mean 
19.4 ± 3.55a 22.3 ± 3.05a 5.9 ± 0.93a 6.0 ± 0.58a 2.6 ± 0.36a 2.5 ± 0.18a 4.3 ± 0.78a 4.3 ± 0.61a 

(60.3) (63.4) (18.4) (17.2) (8.0) (7.1) (13.3) (12.3) 
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Figure 1. The tree carbon stocks (including stem, branch, leaf and root stocks) at different 

age ranges in the aerial seeding (AS) and natural regeneration (NR) of Pinus massoniana 

forests; different uppercase letters indicate significant differences between different age 

ranges of the same forest type at p < 0.05, and different lowercase letters indicate 

significant differences between different forest types of the same age range (p < 0.05). 

3.2. Carbon Stocks in the Understory and Litter 

The understory and litter carbon stocks were 176% and 151%, significantly higher (p < 0.05) at the 

age range of 10–20 years in the NR forests than those in the AS forests (Table 3). The similar results 

were observed in the understory and litter carbon stocks in the other age ranges between two forest 

types (Table 3). 

Table 3. Comparison of the understory vegetation and litter layer carbon stocks (Mg·ha−1); 

different uppercase letters indicate significant differences between different age ranges of 

the same forest type at p < 0.05, and different lowercase letters indicate significant 

differences between two forest types of the same age range (p < 0.05). 

 Type 
Age Range 

Mean 
11–20 21–30 31–40 41–50 

Understory 
AS 3.1 ± 0.33Aa 4.4 ± 1.00Aa 3.1 ± 1.13Aa 4.0 ± 1.07Aa 3.7 ± 0.52a 
NR 8.6 ± 1.85Ab 6.8 ± 2.76Aa 5.0 ± 1.70Aa 5.8 ± 1.98Aa 6.6 ± 1.11b 

Litter 
AS 0.4 ± 0.09Aa 0.6 ± 0.13Aa 0.6 ± 0.19Aa 0.5 ± 0.05Aa 0.5 ± 0.10a 
NR 0.9 ± 0.14Ab 1.1 ± 0.17Aa 0.9 ± 0.09Aa 1.0 ± 0.30Aa 1.0 ± 0.08b 
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3.3. Carbon Stocks in Soil 

The soil organic carbon (SOC) stocks increased significantly (p < 0.05) with increasing of stand age 

(Figure 2). For example, for the AS forests, the SOC at 41–50 years were 153% and 49%, significantly 

higher (p < 0.05) than those at 11–20 years and 21–30 years, respectively, while the SOC at  

31–,40 years was 124% significantly higher (p < 0.05) than those of 11–20 years. In the NR forests,  

the SOC of the 41–50 years were 50% and 27%, significantly higher (p < 0.05) than those at 11–20 years 

and 21–30 years, respectively. Furthermore, the SOC at 31–40 years were 48% and 25%, significantly 

higher (p < 0.05) than those of 11–20 years and 21–30 years, respectively. In addition, the SOC of the 

NR forests at 11–20 years was 77%, significantly higher (p < 0.05) than those in the AS forests  

(Figure 2). There were no significant differences (p > 0.05) between the AS and NR forests in the other 

age ranges (Figure 2). 
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Figure 2. Comparison of soil organic carbon (SOC) stocks; different uppercase letters 

indicate significant differences between different age ranges of the same forest type at  

p < 0.05, and different lowercase letters indicate significant differences between different 

forest types of the same age range (p < 0.05). 

3.4. Total Carbon Stocks 

The total carbon stocks (including tree, understory, litter and soil stocks) in both forest types 

exhibited an overall increasing trend with stand age (Figure 3). More specifically, the total carbon 

stocks in the AS forests at 41–50 years were 219% and 69%, significantly higher (p < 0.05) than those 

at 11–20 and 21–30 years, while the total carbon stocks at the age range of 31–40 years were 158% 

and 36%, significantly higher (p < 0.05) than those of 11–20 years and 21–30 years, respectively. In 

the NR forests, the total carbon stocks at the age ranges of 31–40 and 41–50 years were 56% and  

72%, significantly higher (p < 0.05) than those at 11–20 years, and 26% and 39%, significantly higher 

(p < 0.05) than those at 21–30 years. Like the carbon stocks in soils, the difference in total carbon 

stocks between two forest types were not significant (p > 0.05) for all age ranges except 11–20 years. 
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Figure 3. Comparison of total carbon stocks (including tree, understory, litter and soil 

stocks); different uppercase letters indicate significant differences between different age 

ranges of the same forest type at p < 0.05, while different lowercase letters indicate 

significant differences between different forest types of the same age range (p < 0.05). 

4. Discussion 

The main objective of this study was to assess carbon stocks of the AS method in restoring highly 

degraded sub-tropic forest landscapes, and our data over the long-term (30 years) demonstrated that 

AS was a successful strategy in establishing forests and gaining carbon stocks similar to the sites with 

the NR forests. In our study, the average total carbon stocks of different age ranges in the AS forests 

(Pinus massoniana) was 105 Mg·ha−1, which was comparable to the provincial average (116 Mg·ha−1) [31] 

and slightly lower than the NR forests (127 Mg·ha−1, in this study). Our results are generally consistent 

in the carbon stocks between natural and pure pine plantation forests from Chen et al. [32]. Therefore, 

for forest restoration where seeds are limited, AS would be a viable option for consideration in terms 

of carbon stock. 

However, we did observe some differences between the two restoration methods at the younger 

forests (11–20 years). For example, the carbon stocks of major biomass components (e.g., stems, 

branches, and roots) were significantly lower at 11–20 years in the AS forests than those in the NR 

forests. The reason for lower initial growth in the AS forests may be that their stand densities at the 

younger age range (11–20 years) were comparatively higher, and consequently led to more severe 

competition and slow growth because Pinus massoniana is a shade-intolerant species [33,34]. 

However, with the stand age increasing, the differences in carbon stocks between the two forest types 

were diminishing (p > 0.05). This may be due to faster growth of the AS forests as a result of  

self-thinning and further improved growing conditions. Pan et al. [35] also indicated that after  

self-thinning, the biomass in tree layer of Pinus massoniana increased due to accelerated individual 

tree growth. In addition, the species and ages in the AS forests were relatively homogeneous [6], which 

may promote greater growth as stands grow older. Lu et al. [36] and Liu [37] also found that forest 

growth in plantation forests were faster as compared with the natural forests with mixed age ranges  
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(also [38]). Thus, it is understandable that with forest age increasing, carbon stocks of the AS forests 

approached to a comparable level as the NR forests. 

The carbon stocks of the understory and litter in the two studied forest types had no significant 

difference among all age ranges, but both carbon stocks at the age range of 11–20 years were 

significant higher in the NR forests than those in the AS forests. The average carbon stock also showed 

the similar results, which is also consistent with the results from Zhang et al. [39]. The significant 

lower carbon stock at the younger age range (11–20 years) in the AS forests may be due to their higher 

tree densities. The higher densities can cause suppressed growth of understory vegetation as a result of 

aggressively competing for natural resources, such as nutrients, water and light [40]. Accordingly,  

the significantly lower carbon stocks in trees and understory vegetation in the AS forests at  

11–20 years are the key reason for significantly lower litter carbon stocks at this age range, as compared 

to those in the NR forests. In spite of low carbon stocks in the forest floor litter, it plays a critical role in 

carbon cycling as it influences nutrients and provides soil carbon sources through its decomposition 

process [41,42]. 

The soil organic carbon (SOC) of two forest types increased with the stand age, although there  

were some significant differences between different age ranges within the same forest type. However, 

there was no significant difference in SOC between 31–40 years and 41–50 years in both forest types 

(Figure 2). This result suggests that the soil carbon accumulation was rapid during the early growth 

periods (11–30 years) and then approached to a stable stage at older ages, in our case, around  

31–50 years. Our results also indicated that the SOC between two forest types were not statistically 

significant for all age ranges except 11–20 years, which demonstrates that either forest restoration type 

would be suitable in terms of maintaining soil carbon stocks. 

This study has significant practical implications. First, there were limited studies in the literature on 

the applications of AS and their long-term effects on carbon stock. Our result demonstrates that aerial 

seeding reforestation using Pinus massoniana for the regions where seed sources are limited for 

natural regeneration is an effective restoration technique, which is consistent with the conclusion from 

Bassett et al. in Australia [43]. Pyke and Davies et al. [20,21] also indicated that aerial seeding can 

accelerate the recovery of vegetation in the United States. Thus, we expect that our result can be 

effectively applied in sub-tropic regions in China or other countries. Second, our study clearly 

indicates usefulness of long-term data. In this study, we have found the significant differences in 

carbon stocks of various biomass components as well as the total carbon stocks at 11–20 years 

between the two studied forest types, but their differences were not significant at all other age ranges. 

This suggests that long-term data can help understanding dynamics of carbon stocks [5]. Finally,  

our carbon stock data indicated that the AS and NR forests in our study region were at a very early 

stage towards the local climax (Figure 4) [44,45]. This highlights that our future management 

strategies should consider inclusion of broadleaf species for mixed-wood forests in order to increase 

carbon sequestration capacity, and potentially promote higher carbon stocks (also [46,47]). 
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Figure 4. Carbon stocks of various successional forests in the study sub-tropic region. 

Mixed I denotes the mixed forests Pinus massoniana dominant, while Mixed II is for the 

mixed forests broadleaf dominant [44,45]. 

There are a few uncertainties from this study. The carbon concentrations of various biomass 

components are from our own measurement in this study, and they range from 0.45 to 0.50. Ma et al. [48] 

showed that the average carbon concentrations of most conifers in the sub-tropic region were higher 

than or equal to 0.5, while most researchers often used 0.5 as the average carbon concentration of all 

types forests [49,50]. Therefore, the carbon stocks used in our study were slightly lower than the data 

used by other studies. In addition, the contributions of coarse woody debris (CWD) to forest carbon 

stocks were not taken into account in our study. Although Fedrigo et al. [51] indicated the carbon 

stocks of CWD was larger than that from litter in rainforests, Zhang et al. [52] found that the carbon 

contributions from CWD were rather low in Pinus massoniana forests in sub-tropic regions. Thus,  

this error (not considering CWD) may be acceptable. 

5. Conclusions 

Through comparative and long-term study on the carbon stocks between the AS and NR forests of 

Pinus massoniana in the sub-tropic region of China, we have made the following key conclusions. We 

found that the differences in carbon stocks of major biomass components at all age ranges except  

11–20 years between the two studied forest restoration types were not significant, which highlights that 

the aerial seeding restoration method is an effective approach for promoting restoration of carbon 

stocks for the areas where seeds are limited for natural regeneration. There is an important need to 

consider inclusion of a mixed species management strategy for promoting higher carbon sequestration 

capacity in future restoration projects. Finally, our study also reveals usefulness of long-term 

datasets/observations in addressing forest restoration issues. 
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