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Abstract. Information on soil organic carbon (SOC) content and stocks is not available in coastal 
shelter forests, East China, although a large area of forests has been established there in the past 30 
years. Dawn Redwood (Metasequoia glyptostroboides) is one of the most commonly tree species 
for shelter plantation in eastern coasts of China, but it is unknown on the temporal distribution of 
SOC content and stock in the M. glyptostroboides plantations. In this study, SOC contents and 
stocks, and soil properties were determined in an age-sequence (23, 27, and 33 years old) of M. 
glyptostroboides plantations in Shanghai, East China. SOC content and stocks increased gradually 
with the increasing stand age, and the total SOC stocks in the depth of 0-100 cm increased by 
53.20% with stand age from 23 to 33 years stand. Meanwhile, SOC showed good relationships with 
soil physical properties (such as soil particle composition) and chemical properties (such as soil 
nitrogen and potassium concentrations). Our results indicate that afforestation with M. 
glyptostroboides can promote SOC content and stocks and improve nutrient conditions in coastal 
lands, and provide data for estimating ecosystem carbon stocks of coastal shelter forests in China. 

Introduction 
Soil carbon (C) stock has been considered to be impacted by land use and land cover, which 

leads to changes in soil physical structure and chemical component [1-3]. Afforestation has been 
recognized to be an important measure to mitigate atmospheric CO2 by sequestering C in larger 
biomass, with a longer rotation, and in soils [4-6]. Soil organic C (SOC) stocks accounts for two 
thirds of the C stocks in forest ecosystem, and is more stable than that in biomass [7]. However, it is 
difficult to quantify SOC stocks compared with that in biomass [8,9], because SOC stocks may be 
affected by many factors, such as forest type, tree species, stand age, climate, and soil physical and 
chemical properties [2,6,10-13]. 

Although SOC content or stocks following afforestation and stand age have been widely 
conducted, the results are diverse. SOC content increases with the stand age in many studies [5,6], 
while contrary result is also found in early duration after afforestation [7,9]. Therefore, SOC content, 
especially in surface soil layer, would be affected by the changes of biomass, root, herb and soil 
physical and chemical characteristic across stand age [5,14,15]. However, a majority of studies have 
found that the SOC content declines firstly, then increases with the stand age increasing [7,16]. 

The afforestation in coastal saline lands has last for several decades in China, which aims at 
improving environment and protecting human life, industrial and agricultural production from 
oceanic disasters [17]. The afforestation area arrives about 4.2×106 ha in coastal China since 1991 
[18], however, SOC stock could not be calculated as a single forest type at national scale, due to 
less data on SOC content and stocks for coastal forest. Since the 1970s, Metasequoia 
glyptostroboides, a living fossil in the plant kingdom, has been one of the most commonly tree 
species for afforestation in coastal lands, East China [17]. For example, the total area of M. 
glyptostroboides plantations reaches 2.1×105 ha merely in Shanghai, accounting for 31.02% of the 
total afforestation area [19]. This seems to profoundly influence soil C stocks, however, little is 
known about the dynamics of soil C content and stocks in an age-sequence M. glyptostroboides 
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forests. Meanwhile, a better knowledge of dynamics of SOC content and stocks for age-sequence M. 
glyptostroboides forests can also supply more correct data for C stocks statistics in China. In the 
present study, we determined the SOC content and stocks in M. glyptostroboides plantations with 
different ages. Our objectives are to (1) investigate the SOC content and stocks in age-sequence of 
M. glyptostroboides plantations in coastal East China; and (2) clarify relationships between soil 
physical and chemical properties and SOC content. 

Methods and materials 
Experimental site. The field experiment was located in East China Sea Farm, Pudong district, 

Shanghai, P. R. China (121°52′ – 121°58′ E, 30°56′ – 31°00′ N), the east of which is next to East 
China Sea. The average altitude is about 1 – 3 m. The climate is subtropical humid monsoon with 
four distinct seasons, abundant rainfall and ample sunshine. Annual mean temperature is 15.8 °C 
and mean precipitation is 1081 mm. The M. glyptostroboides forests were established along land to 
sea in 1979, 1985 and 1989 successively (with stand ages of 33, 27 and 23 years old, respectively). 
The structural characteristics of each stand are showed in Table 1. 
 
Table 1 Basic stand structural characteristics of three Metasequoia glyptostroboides forests 

Stand age 
[year] 

Height under branch 
[m] 

Mean height 
[m] 

DBH 
[cm] 

Planting spacing  
[m] 

23 8.12 18.32 22.25 3×4 
27 9.31 19.29 23.36 3×4 
33 11.80 20.15 25.26 3×4 

 
Methods and Measurements. Three plots of 20 m × 20 m were established in each M. 

glyptostroboides plantation stands in late August, 2012, respectively. In each plot, six soil cores 
were randomly collected at 0–20, 20–40, 40–60 and 60–100 cm layers under the help of soil auger 
(5 cm in diameter), following removal of understory plants and surface litter, and thoroughly mixed 
to homogenize a sample. Meanwhile, six samples were also collected using volumetric rings (100 
cm3) from each layer and each plot to determine bulk density. 

SOC content was determined by the potassium dichromate oxidation method [20]. SOC stocks 
were calculated by SOC content, bulk density and soil depth.  

SOC stock = ∑
=

××
n

1
i )d(

i
ii DC .                                                  (1) 

Where, i is soil layer, Ci is SOC content, di is soil bulk density, Di is soil depth. 
The physical properties, such as soil particle composition, bulk density were chosen in this study. 

The soil particle composition was measured with Malvern Mastersizer 2000: clay (<2 μm), silt 
(2–20 μm) and sand (>20 μm) particles were divided based on the particle size. Bulk density was 
measured and calculated by the cutting ring method. 

The chemical properties, such as total nitrogen (N), total phosphorus (P), total potassium (K), 
hydrolyzable N, available P and available K, were also chosen. Salt content was measured by 
DDSJ-308A conductivity meter. Hydrolyzable N, available P and available K were measured 
respectively by the alkaline hydrolysis diffusion method, hydrochloric acid extraction Mo-Sb 
anticolorimetric method and ammonium acetate extraction flame spectrophotometric method [20]. 
Catalase activity was measured using H2O2 as a substrate, incubated for 20 min and the filtrate was 
titrated with 0.1 mol L-1 KMnO4. Catalase activity is expressed as mmol KMnO4 consumed g-1 h-1.  

Statistical analyses. General linear model (GLM) and analysis of variance (ANOVA) were used 
to analyze the effect of stand age and soil layer on SOC content and stocks. Scatter plots were used 
to visualize the relationships between SOC contents and soil properties, based on which appropriate 

1005



 

 

regression equations were developed using regression analysis. All statistical analyses were 
conducted using SPSS software (SPSS Inc, 2008).  

Results 
SOC contents and stocks of age sequence M. glyptostroboides forests. Stand age (P = 0.000) 

and soil layer (P = 0.000) had significant effects on SOC contents, whereas their interactions (P = 
0.467) did not significantly (Table 2). Except 0–20 cm layer, SOC content in all soil layers were 
significantly higher in 33 years old stand than those in 27 and 23 years old stands (P < 0.05). SOC 
contents decreased significantly with the increase of soil depth, and SOC content in 0–20 cm layers 
were higher than those in other layers for each stand (P < 0.05).  
Table 2 SOC contents (mg g-1) in three Metasequoia glyptostroboides stands. Values in parentheses are standard 
errors of the means (n=3). Means with different uppercase (A and B) and lowercase (a and b) letters are 
significantly different between soil layers for each Metasequoia glyptostroboides stand and between Metasequoia 
glyptostroboides stands for each soil layer (P < 0.05), respectively. Values with the various letter in each line are 
significantly different (p<0.05). 

Soil layer 
[cm] 

Stand age [years] 

23 27 33 
0–20 10.23±0.96 a 12.34±1.00 a 14.29±0.96 a 
20–40 3.20±0.33 B b 4.72±0.62 B b 7.12±0.54 A b 
40–60 3.65±0.52 B b 3.40±0.45 B b 6.28±0.38 A b 
60–100 4.85±0.56 AB b 3.97±0.36 B b 5.61±0.16 A b 

SOC stocks also increased significantly with the increase of stand age for each soil layer, as well 
as for the sum of 0–100 cm (P < 0.05, Fig. 1). The sum of SOC stocks in 33 years old stand 
(103.27±8.10 g cm-2) was increased by 53.20% compared with that in 23 years old stand. 
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Fig. 1 SOC stocks in different soil layers for three aged Metasequoia glyptostroboides stands 

Relationships between SOC content and soil properties. The SOC content was significant 
positively correlated with clay and silt contents (P < 0.05, Fig. 2a, 2b), and negatively correlated 
with sand content (P < 0.05, Fig. 2c), except in 0–20 cm soil layer. 

The SOC content was positively correlated with total N, hydrolyzable N, available K contents, 
N:P, and N:K (P < 0.05, Fig. 3a-e).  
 

 
 
 
 

 

 

Fig. 2 Relationships between SOC and soil particle composition. Linear fit for (a) SOC content and soil clay 
content (R2 = 0.776, P = 0.000), (b) SOC content and soil sand content (R2 = 0.741, P = 0.000), and (c) SOC 
content and soil silt content (R2 = 0.489, P = 0.000). 
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Discussion 

In our study, both SOC content and stocks increased significantly with stand age increasing, 
which is consistent with the results in most studies [5,6]. The diameter of breast height (DBH) and 
height (H) increased with the increasing of M. glyptostroboides stand age (Table 1), and the crown 
density also increased, which induced the increase of competition among individuals in the stand. 
Self pruning and even self thinning would appear, for example, the height under branch (HUB) was 
higher in 33 years old stand (Table 1), and induced more litter quantity [21], which produced more 
inputs of SOC in older stand. In addition, catalase activity, indicating microbial quantity and 
activity in soil [22], was higher in 33 years old stand than that in 27 and 23 years old stands (Fig. 4). 
Microbial biomass and activity of catalse are close related to SOC content [23]. 

 

 

 

 
Fig. 3 Relationships between SOC and soil chemical properties. Linear fit for (a) SOC content and soil N content 
(R2=0.805, P=0.000). (b) SOC content and soil hydrolyzable N (R2=0.417, P=0.000), (c) SOC content and soil 
available K, (R2=0.957, P=0.000), (d) SOC content and soil N:K (R2=0.777, P=0.000), (e) SOC content and soil 
N:P (R2=0.662, P=0.000). 
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Fig. 4 Soil catalase activity in three aged Metasequoia glyptostroboides stands 

Surface SOC content is highly variable [24], which is impacted strongly by litter decomposition 
and root exudates, secondary metabolites, and root decrepitude and death [13,25,26]. Moreover, the 
effects of litter and root on SOC become weak in deeper soil layer due to the decrease of litter 
transference and root quantity, and SOC decreases with the increase of soil depth [13]. In the 
present study, SOC content in the surface soil layer (0–20 cm) was significantly larger than any 
other soil layers. Similarly, the proportion for SOC stock was mainly stored in the layer of 0–20 cm. 

Soil texture is one of the main factors affecting on soil C dynamics, in spite that the causal 
relationships are not completely known [27,28]. For example, soil C content is usually closely 
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correlated with soil particle composition [29,30]. Soil particle composition is relatively stable, while 
it might change with afforestation and stand age [14,31], for example, soil clay content would 
increase and soil sand content would decrease with the stand age increasing, due to soil mineral 
weathering and biochemical effect of microorganism or plant root [32]. Meanwhile, the amount and 
stability of C in clay and silt is greater than in sand soil [28]. In our study, SOC content also showed 
same response to soil particle composition, i.e., it was positively related to soil clay content, and 
negatively to soil sand content.  

SOC content, including dissolved organic carbon, microbial biomass carbon, is found to be well 
correlated to total N and available N in many studies [6,31]. 24 portions of C are consumed when 
microbes assimilate 1 portion of N, indicating that the effectiveness of mineral N in soil directly is 
controlled by the decomposition rate of SOC [33,34]. Available N, K could accelerate the growth of 
plants and simultaneously provide sufficient nutrient for the robust root system of plants, increasing 
the residual of plant in the soil, and that increasing SOC [35]. In this study, we also found a positive 
linear correlation between SOC content and soluble K, which might be relevant with soluble K 
released by the soil parent material with increasing rate of weathering [36]. Meanwhile, soil P 
contents, including available P and total P contents, showed weak correlations to SOC content in 
this study. It is well known that soil P is the key limited nutrient element for plant growth in coastal 
area [37]. 
 
Table 3 SOC stocks for Metasequoia glyptostroboides stands in this study, for other similar tree species stands, 
and the average SOC stocks for forests in China and globe. 

— represents no data. 

Site Species 
Age 

[years] 
Soil depth 

[cm] 
SOC stock 
[Mg ha-1] 

Reference 

Shanghai, coastal 
China 

Metasequoia 
glyptostroboides 

23 
40 32.26 

This study 

100 67.40 

27 
40 42.17 

100 72.23 

33 
40 53.97 

100 103.27 
Huitong, Hunan 
Province, China 

Chinese fir  
Cunninghamia lanceolata 

22 100 85.27 Niu et al., 2009 

Beijing mountain area 
Chinese pine  
Pinus armandii 

25 40 68.53 Cao et al., 2011 

Beijing mountain area 
Oriental arborvitae 
Platycladus orientalis 

32 40 57.75 Cao et al., 2011 

South Ontario, Canada 
White pine 
Pinus monticola 

30 55 30.00 
Peichl and Arain, 
2006 

Southeast Queensland, 
Australia 

Hoop pine 
Araucaria cunninghamii 

25 100 188.9 Richards et al., 
2007 34 100 175.9 

Shanghai 
Tidal area — — 13.8 

Wang, 2013 
Average for all forest soil — — 31.85 

China 
Average for all forest soil — — 107.8 Liu et al., 2011 
Average for plantation soil — — 107.1 Liu et al., 2011 

Global Average for all forest soil — — 72.3 FAO, 2011 

1008



 

 

SOC stocks in 23 and 27 years old M. glyptostroboides plantations were obviously higher than 
the average SOC stocks in other forests and in tidal field in Shanghai [38](31.85, 13.8 Mg ha-1, 
respectively, in Table 3), similar to the average SOC stocks of global forests [39](72.3 Mg ha-1), but 
far lower than the average SOC stocks of natural forests and planted forests in China [40](107.8 and 
107.1 Mg ha-1, respectively). SOC stock in 33 years old M. glyptostroboides plantation was higher 
than the average SOC stock of global forests, and similar to the average SOC stocks of natural 
forests and planted forests in China (Table 3). Compared with other similar tree species, SOC stocks 
in 23 and 27 years old M. glyptostroboides plantations were far lower than those in Chinese fir 
(Cunninghaia lanceolata), Chinese pine (Pinus armandii) and Hoop pine (Araucaria cunninghamii) 
plantations, in terms of similar age and soil depth [41-43](in Table 3). SOC stocks in 33 years old 
M. glyptostroboides plantation was higher than those in Oriental arborvitae (Platycladus orientalis) 
and white pine (Pinus monticola), but far lower than in Hoop pine [12,42,43]. In sum, the SOC 
stock of 0–100 cm soil depth in M. glyptostroboides stands was relatively low. First, SOC content in 
tidal field before afforestation (for example, only 5.30 g kg-1) is far lower than that in agricultural 
land and abandoned land in the same area (11.10, 14.47 g kg-1, respectively) [3]. Second, the study 
site was located in the edge of north subtropical monsoon climate area, which had high litter 
decomposition rate and soil respiration rate due to the high temperature and humidity, accelerating 
decomposition speed of organic substance and reducing the content of SOC in soil [44]. While, the 
SOC stocks approaches the average of natural forests in China after 33 years of afforestation for M. 
glyptostroboides, which shows a significant C sequestration for afforestation in coastal China. 

Conclusion 
SOC contents and stocks, especially for deeper layer (20–100 cm), increased with the stand 

development for M. glyptostroboides plantations in coastal East China, being an increase of 53.20% 
from 23 old years stand to 33 years old stand. Moreover, soil physical (such as soil particle 
composition) and chemical properties (such as soil nitrogen and potassium) showed well 
correlations to SOC content. Our results showed SOC content, stocks and nutrient conditions can be 
significantly promoted by afforestation in the coastal area of China.  
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