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SUMMARY  

The knowledge about dynamics of soil organic carbon (SOC) accumulation 

and its controls are critical in understanding of the C cycling in forest ecosystems. 

Acacia mangium Willd. is one of the most important fast-growing afforestation 

tree species in Vietnam, providing significant ecological, economic, 

environmental, and social benefits. The existing studies offered information 

limited on the distribution and regulation of SOC in the A. mangium plantations. 

The primary purpose of this study was to explore the variation trend of SOC and 

its driving factors in an age-sequence of three A. mangium plantation stands in 

Changriec Historical - Cultural Forest, Southeastern region, Vietnam. The study 

was conducted to estimate SOC content and storage, and soil physicochemical 

characteristics of three different–aged (4–, 7–, 11–year–old stands) A. mangium 

plantations. The SOC content increased significantly from young to older stand, 

and its maximum concentration occurred in the topsoil layer and decreased 

continually with increasing soil depth. The SOC stocks increased significantly 

with the stand age. The SOC stocks showed obvious surface aggregation, with 

more than 60% of SOC distributed in the soil of 0–30 cm depth. The soil total 

nitrogen content and soil texture (i.e., soil silt content) were identified as the 

major factors controlling the SOC distribution. The other parameters (i.e., plant 

biomass, soil pH, bulk density, available nitrogen, total phosphorus, available 

phosphorus, total potassium, and available potassium) also significantly 

influenced the distribution of SOC. These findings suggest that afforestation with 

A. mangium can facilitate SOC accumulation, improve soil nutrient regimes, and 
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provide a new insight in understanding the factors controlling SOC in the 

Southeastern region of Vietnam. 

Keywords: Acacia mangium plantations, Soil organic carbon, 

Environmental variables, Age-sequence, Vietnam  

 

ABBREVIATIONS USED: SOC (soil organic carbon); CS (soil organic carbon 

storage); DBH (diameter at breast height); H (height); TAGB (total above-ground 

biomass); TBGB (total below-ground biomass); BD (bulk density); TN (total 

nitrogen); TP (total phosphorus); TK (total potassium); AN (available nitrogen); 

AP (available phosphorus); AK (available potassium). 

 

INTRODUCTION 
Soil is the largest terrestrial organic carbon (C) pool, holds three times as 

much C as the vegetation C pool and twice as much as the atmosphere (Batjes, 

1996; Lal, 2004; Carvalhais et al., 2014). Soil C in the Forest ecosystem is a 

crucial part of the global C reservoir, containing 73% of the global SOC pool 

(Sombroek et al., 1993; Six et al., 2002b). Thus, minor changes in the C reservoir 

of forest soil will dramatically influence the global C balance, which impacts 

global climate change (Albaladejo et al., 2013). The SOC is principally 

determined by the balance between C inputs through litterfall and root turnover 

and loss of C primarily through organic matter decomposition, which processes 

are controlled by various environmental variables, including vegetation biomass 

(Wang et al., 2013; Zhang et al., 2018) and soil physicochemical properties such 

as soil N (Batjes, 1996; Cong et al., 2016), soil texture (Jobbágy and Jackson, 

2000; Liu et al., 2016), soil P (Zu et al., 2011; Deng and Shangguan, 2017), soil 

K (Zu et al., 2011; Zhang et al., 2016), soil pH (Robson and Foy, 1990; Thomas, 

1996; Chen et al., 2004), and soil BD (Hobley et al., 2015; Ngaba et al., 2020). 

Hence, understanding the SOC storage dynamics and the factors that control this 

process in forest ecosystems is critical for better C budget management and 

climate change mitigation options. 

To date, studies on SOC content or storage following afforestation and 

stand age have been widely carried out worldwide, and showed contradictory 

results. Some scholars presented that the SOC decreased in the early stage of 

afforestation and then gradually increased with stand age (Pregitzer and 

Euskirchen, 2004; Zhaodi et al., 2018). Whereas others showed an increasing 

SOC in the early period after afforestation followed by a gradual decrease (Ali et 

al., 2019; Zhang et al., 2019), a stable SOC after afforestation (Simon et al., 

2012), or no significant increase with stand development (Matthias and Arain, 

2006; Yue et al., 2018). Nonetheless, according to most researches, SOC 

significantly increased with forest age (Cheng et al., 2015; Deng et al., 2017; 

Zhang et al., 2018). One possible interpretation to this discrepancy is that, in 

addition to stand age, several other factors impact SOC accumulation, such as tree 

species, forest types, climate conditions, soil physicochemical characteristics, and 

former land use (Smal and Olszewska, 2008; Noh et al., 2010). 
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Acacia mangium Willd. is one of the most principal afforestation tree 

species in some of the eight important forestry-ecological regions and 

Southeastern region in Vietnam (MARD, 2018), where it has been planted on 

more than 800,000 ha and comprises approximately 19% of all forested 

plantation areas in Vietnam (MARD, 2020). Its wood is suitable for the 

production of pulps, timbers, and household furniture (MARD, 2018). Besides 

producing woods for industries, A. mangium plantations also have a crucial role 

in providing environmental services such as C uptake and storage given by its 

high growth rate. Thus, a better knowledge of SOC dynamics of A. mangium 

plantations is of great importance in the accurate prediction of soil C storage and 

its influence on future climate change and forest management. Although there is 

abundant studies in A. mangium forests; growth and yield prediction (Shah 

Newaz and Millat-e-Mustafa, 2004), biomass accumulation and C storage (Hai et 

al., 2009; Lee et al., 2015; Cuong et al., 2020), wood properties (Jusoh et al. 

2014), soil nutrients (Lee et al. 2015, Matali and Metali, 2015), biological N 

fixation (Lydie-Stella et al., 2017), and benefits and threats on biodiversity 

(Koutika and Richardson, 2019). Nevertheless, existing knowledge and studies 

have offered limited information on the distribution of SOC and its influencing 

factors in an age-sequence of A. mangium plantation forests, particularly in the 

Southeastern region of Vietnam. Therefore, the present study was designed to 

examine the SOC content and storage in an age-sequence of three A. mangium 

plantation stands (4-, 7-, and 11-years-old) in Southeastern region, Vietnam. The 

specific purposes of the study were to: (i) quantify the SOC content and stocks; 

and (ii) identify the controlling parameters of SOC variation in A. mangium 

plantations across three different ages in the Southeastern region. Our findings 

can strengthen understanding of C sink management in A. mangium forest soils 

and provide new insight into the unique relationship between SOC and influential 

environmental factors (i.e. plant biomass and soil physicochemical properties). 

 

MATERIAL AND METHODS 

Study site description 

The study was conducted at the Chang Riec Historical - Cultural Forest 

(11°00′30″ to 11°35′13″N and 106°00′00″ to 106°07′10″E), located in Tay Ninh 

Province, Southeastern region, Vietnam (Figure 1). The study area has two 

distinct seasons: the dry season (December to April) and the rainy season (May to 

November). The annual mean temperature is 26.9°C with a yearly range of 

25.2°C to 28.8°C. The annual mean precipitation is 1967 mm with average rainy 

days of 155 days (IBST, 2009). This study area terrain is relatively flat, with an 

altitude of 29-67 m a.s.l. and slopes of 3-5°. Soil type in this region is mainly 

grey-brown, developed on ancient alluvium, and soil depth over 100 cm. Soil’s 

texture is loam (Cuong et al., 2020). The dominant tree species of the area consist 

of A. mangium Willd., Acacia hybrid (Acacia auriculiformis A. Cunn. ex Benth. 

× A. mangium Willd.), Dipterocarpus obtusifolius Teijsm. ex Miq., Tectona 

grandis L.f., Hopea spp., and Khaya senegalensis (Desv.) A.Juss.. The plantation 



Cuong et al 

 
136 

forests are composed of about 40% of the total forest area. A. mangium amounts 

to approximately 20% of the total plantations in this region and plays an 

important role in pulp and timber production. In this study, we selected three 

differently aged (4-, 7-, 11-years) A. mangium plantations, which were all 

covered by previous Cassava (Manihot esculenta Crantz) before afforestation. 

Additionally, no fertilization was applied after afforestation. The initial density of 

the experimental stands were 1000 trees
.
ha

-1
 (initial spacing, 4 m × 2.5 m), and 

thinning operations were carried out once, twice, and three times for the 4-, 7-, 

and 11-year-old stands, respectively. The diversity, healthy, and abundance of 

understory vegetation in the A. mangium plantations were found, particularly in 

the 7- and 11-year-old stands. The dominant species of understory vegetation in 

the A. mangium plantations include Mallotus apelta (Lour.) Müll. Arg., Tetracera 

scandens (L.) Merr., Chromolaena odorata (L.) R.M. King & H. Rob., 

Saccharum arundinaceum (Retz.), Mimosa pudica var. tetrandra (Willd.) DC., 

Chrysopogon aciculatus (Retz.) Trin., Maesa perlarius (Lour.) Merr., Lygodium 

microphyllum (Cav.) R. Br., Dryopteris parasitica (L.) Kuntze, Helicteres 

angustifolia var. obtusa (Wall. ex Kurz) Pierre, and Cynodon dactylon (L.) Pers 

(Cuong et al. 2020). 

 
Figure 1. Map of experimental plots in Changriec Historical - Cultural 

Forest (Tayninh Province, Southeastern region, Vietnam) 
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Biomass estimation  

Four plots of 40 m × 25 m were established in each A. mangium stands in 

February to April 2019 (Figure 1). The detailed descriptions of the study site and 

biomass estimation were given by Cuong et al. (2020) and is reproduced in Table 

1. 

Table 1. Biomass characteristics of Acacia mangium plantations at different 

stand ages 

Measured variables Stand age (years) 

4 7 11 

Plants Stand area (ha) 2.6 2.2  3.6 

Mean DBH (cm) 13.78 ± 0.38a 17.94 ± 0.86b 21.78 ± 0.85c 

Mean H (m) 14.72 ± 0.17a 17.29 ± 0.56b 18.60 ± 0.21c 

Stand density (tree. ha–1) 888 ± 30a 728 ± 22b 610 ± 29c 

Canopy density 0.83 ± 0.01a 0.81 ± 0.01b 0.79 ± 0.03b 

Elevation (m a.s.l.)    38    40     40 

Soil depth (cm)    >100    >100     >100 

Above-

ground 

biomass 

Trees (Mg. ha–1) 55.08 ± 3.98a 109.18 ± 4.44b 175.17 ± 5.11c 

Understory (Mg. ha–1) 4.05 ± 0.05a 4.31 ± 0.05b 4.80 ± 0.11c 

TAGB (Mg. ha–1) 59.13 ± 3.98a 113.49 ± 4.46b 179.96 ± 5.07c 

Below-

ground 

biomass 

Trees (Mg. ha–1) 17.64 ± 0.68a 34.38 ± 1.43b 35.40 ± 1.87b 

Understory (Mg. ha–1) 0.82 ± 0.02a 0.92 ± 0.02b 1.19 ± 0.02c 

TBGB (Mg. ha–1) 18.46 ± 0.67a 35.30 ± 1.41b 36.59 ± 1.87c 

Litter biomass (Mg. ha–1) 11.43 ± 0.91a 11.90 ± 0.55ab 13.29 ± 1.16b 

Note. Values are means ± standard deviations (SD). DBH, diameter at breast 

height (1.3 m); H, tree height; TAGB, total above-ground biomass; TBGB total 

below-ground biomass. Means in a row, different lower-case letters are 

significantly different at p<0.05 

Soil sampling and laboratory analysis 

Five soil profiles were dug to a depth of 50 cm from the four corners and 

the center of each sample plot, and the samples were taken from four depths (0-

10, 10-20, 20-30 and 30-50 cm) using a soil corer (5 cm inner diameter). Soil 

samples from the same layer in the same plot were mixed in equal volume 

proportions, air-dried and stored at room temperature. Meanwhile, soil BD 

samples were collected from different soil layers using a stainless-steel cutting 

ring (volume of 100 cm
3
). Soil samples were analyzed at the Centre of Forestry 

Research and Climate Change laboratory at the Vietnam National University of 

Forestry (VNUF). Soil pH was measured with a pH meter at a soil:water ratio of 

1:2.5. Soil BD was determined by drying the core samples at 105°C until constant 

weight (Blake and Hartge, 1986), while the pipette method was employed to 

measure the soil texture and compute the percentage of clay (<0.002 mm), silt 

(0.002–0.02 mm), and sand content (0.02–2 mm) (Van Reeuwijk, 2002). SOC 

content was analyzed by the potassium dichromate oxidation (external heat 

applied) method (Nelson and Sommers, 1982). The contents of soil TN, TP, TK, 

AN, AP, and AK were analyzed according to the Vietnam National Standard 

methods (TCVN 6498:1999 - ISO 11261:1995; TCVN 8940:2011; TCVN 
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8660:2011; TCVN 5255:2009; TCVN 5256:2009; TCVN 8662:2011) adopted by 

Cuong et al. (2017) and Thanh & Cuong (2017b). The soil TN concentration was 

determined by the modified Kjeldahl method after digestion with a mixture of 

C7H6O3 and H2SO4. The soil TP content was determined by the colorimetric 

method after digestion with HClO4 and H2SO4. The soil TK concentration was 

analyzed using the flame photometer method after digestion with HClO4 and HF. 

The concentration of soil AN was measured by the alkaline hydrolysis-diffusion 

method. The soil AN content was reduced to NH3 after adding a NaOH solution, 

then the NH3 was diffused and absorbed by H3BO3 solution and titrated using 

H2SO4 to calculate the soil AN content. The concentration of soil AP was 

estimated using the Olsen method (the soil AP was extracted using NaHCO3 

followed by measurement via the molybdenum antimony colorimetric method). 

The content of soil AK was measured using the flame photometer method after 

extraction with CH3COONH4. 

 

Calculation of soil carbon storage 

The C storage in each soil layer was computed according to SOC content, soil 

BD and sampled depth. Coarse fractions (>2 mm) were very rare in the soil 

samples. Thus, the following equation was used to calculate CS (Deng et al. 

2017; Thanh and Cuong 2017a; Wang et al. 2019):  

              
 (1) 

where: , soil carbon storage in the soil layer i (Mg
. 
C

.
 ha

-1
); i represents the 0–

10 cm, 10–20 cm, 20–30 cm, and 30–50 cm soil layers; , soil organic 

carbon concentration of the soil layer i (g
.
 kg

-1
); , soil bulk density of the soil 

layer i (g
.
 cm

-3
); and , soil thickness of the soil layer i (cm). 

 

Statistical analyses 

The effects of plantation age, soil depth and their interactions on SOC 

content and stocks, and soil physicochemical properties in A. mangium 

plantations were analyzed by two-way analysis of variance (ANOVA). 

Comparisons of SOC content and stocks, and soil physicochemical properties 

among three plantations, and four soil depths were tested by one-way ANOVA 

followed by Fisher’s Least Significant Difference (LSD) test (p < 0.05). Before 

ANOVA analyses, we conducted tests for normality and homogeneity of 

variance.  

Pearson’s correlation was applied to understand the relationships between 

SOC contents and environmental factors (e.g., TAGB, TBGB, litter, BD, pH, TN, 

TP, TK, AN, AP, and AK). The environmental factors that had high weighted 

factor loadings were obtained by reducing the dimension of environmental factors 

using Principal Component Analysis (PCA); the effect of a possible linear 

correlation between variables was also eliminated (Fan et al., 2018). It should be 

noted that only principal components (PCs) having eigenvalues greater than 1 and 

factors having highly weighted factor loading (i.e., those with absolute values for 

factor loading within 10% of the maximum value) were retained for Stepwise 
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Multiple Regression Analysis (SMRA) (Tian et al., 2016; Fan et al., 2018). The 

SMRA was conducted using the filtered factors as inputs to determine the major 

factors that influence SOC. In the present study, both data processing and 

statistical analyses were carried out using SPSS 25.0 (IBM Corp, 2017) and R 

3.5.2 (R Core Team, 2018) software packages. 

 

RESULTS  
C content in the soil layer 

The two-way ANOVA analysis revealed the SOC was significantly affected 

by stand age (p<0.001). Besides, soil layer (p<0.001) and the interaction between 

stand age and soil layer (p<0.001) resulted in a significant effect on SOC (Figure 

2a). Statistically significant differences were observed among different aged 

stands of different soil layers for SOC values (p<0.05). The SOC concentration 

decreased significantly with an increase in soil depth irrespective of stand age 

(p<0.05). In 0-10 cm soil layer, SOC ranged from 12.70 to 21.90 g
.
 kg

−1
, which 

was much greater than that of the other soil depths (10–20, 20–30, and 30–50 

cm). SOC concentration at all soil depths increased significantly with stand age 

(p<0.05).  

 

Figure 2. Variation of SOC (a) and CS (b) with stand age and soil depth. Error 

bars indicate standard deviation (SD). Note. SOC, soil organic carbon; CS, soil 

organic carbon stocks. Means with different uppercase and lowercase letters 

indicate significantly different between soil layers in the same stand ages and 

between stand ages in the same soil layers (p<0.05), respectively. Results (p-

values) of two-way ANOVAs show the effect of stand age, soil depth and the 

interaction between stand age and soil depth on the SOC and CS  

(a) (b) 
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C storage in the soil layer 

Figure 2b represents trends in the soil layer C stocks over an age-sequence of 

three A. mangium stands. Stand age (p<0.001) and soil layer (p<0.001) had 

significant influences on CS. Similarly, the interaction effect between stand age 

and soil depth demonstrated significant differences in CS (p<0.001). The CS of 

the 30-50 cm soil layer followed a significant increasing trend with the increase 

of stand age (p<0.05). Although the CS of the soil at 0–10 cm, 10–20 cm, and 20–

30 cm increased with increasing forest age, the relationship was not significant. 

Summed CS from 0 to 50 cm soil depth was 86.86, 126.88, and 140.94 Mg
.
 C

.
 ha

-

1 
in the 4-, 7-, and 11-year-old stands, respectively. The uppermost 30 cm of soil 

stocked a large proportion of C, and the CS in the 0–30 cm soil layer occupied 

60.37%, 62.53%, and 63.33% of the total soil total C storage in the 0–50 cm soil 

layer for the three stands. 

 

Basic soil physicochemical properties 
There was a significant interaction between stand age and soil layer on soil 

physical properties (BD, clay, silt, and sand) (p<0.001, Figures 3a-3d). As 

described in Figure 3a, soil BD increased significantly as soil depth increased 

across all stand ages (p<0.05). The soil BD in 4-year-old stand was the highest 

among all stand ages at four soil depths (i.e., 0–10, 10–20, 20–30, and 30–50 cm) 

(p<0.05). However, there was no significant difference in soil BD between the 

11- and 7-year-old stands at the 0–10 and 10–20 cm soil layers (p>0.05). 

Statistical analysis revealed significant differences in soil clay, silt, and sand 

contents between the three stand ages at the four soil depths (p<0.05, Figures 3b-

3d). The changes of clay, silt, and sand contents showed a trend not obvious 

along with soil depth in all three stands. There were no significant differences in 

contents of soil clay, silt, and sand among the four soil depths at the same forest 

age (p>0.05), except for the clay content at the 11-year-old stand (p<0.05). 

Soil chemical properties (pH, TN, TP, TK, AN, AP, and AK) were 

significantly influenced by both stand age and soil depth (p<0.001, Figures 4a-4d, 

and Figures 5a-5c). Similarly, the interaction among stand age and soil depth also 

significantly affected the chemical characteristics of the soil (p<0.001, Fig. 4b-4c, 

and Fig. 5a-5b) except for pH, TK, and AK (p=0.735, Figure 4a, p=0.987, Figure 

4d, and p=0.956, Figure 5c, respectively). The soil pH value appeared an 

increasing trend with soil depth in the same forest age but was not significantly 

different among the four soil depths for any given age stand (p>0.05, Figure 4a). 

A significant decreasing trend was found as the stand age increased (p<0.05). The 

respective highest and lowest pH values were recorded in the 4- and 11-year-old 

stands for the four sampled soil depths. The contents of soil TN, TP, TK, AN, AP, 

and AK decreased significantly with increasing soil depth across the three stands, 

being higher in the superficial soil depth (0–10 cm) than in the other three deeper 

soil layers (10–20, 20–30, and 30–50 cm) (p<0.05, Figures 4b-4d, and Figures 

5a-5c). Significant differences in soil TN, TP, TK, AN, AP, and AK concentrations 
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were found among the three stand ages at all soil depths (p<0.05). These 

parameter values increased with stand age, being the highest in 11- year-old-stand 

and the lowest in 4- year-old-stand, and this trend was consistent at the four soil 

depths. 

 

 
 

Figure 3. Variation of soil BD (a), clay (b), silt (c), and sand (d) with stand age 

and soil depth. Error bars indicate standard deviation (SD). Note. BD, bulk 

density. Means with different uppercase and lowercase letters indicate 

significantly different between soil layers in the same stand ages and between 

stand ages in the same soil layers (p<0.05), respectively. Results (p values) of 

(c) 

(b) (a) 

(d) 
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two-way ANOVAs indicate the effect of stand age, soil layer, and their 

interaction on the soil BD and particle composition 

 

 

Figure 4. Variation of soil pH (a), TN (b), TP (c), and TK (d) with stand age and 

soil depth. Error bars indicate standard deviation (SD). Note. TN, total nitrogen; 

TP, total phosphorus; and TK, total potassium. Means with different uppercase 

and lowercase letters indicate significantly different between soil layers in the 

same stand ages and between stand ages in the same soil layers (p<0.05), 

respectively. Results (p values) of two-way ANOVAs indicate the effect of stand 

age, soil layer, and their interaction on the pH, TN, TP, and TK  

(d) (c) 

(a) (b) 
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Figure 5. Variation of AN (a), AP (b), and AK (c) with stand age and soil depth. 

Error bars indicate standard deviation (SD). Note. AN, available nitrogen; AP, 

available phosphorus; and AK, available potassium. Means with different 

uppercase and lowercase letters indicate significantly different between soil 

layers in the same stand ages and between stand ages in the same soil layers 

(p<0.05), respectively. Results (p values) of two-way ANOVAs indicate the 

effect of stand age, soil layer, and their interaction on the AN, AP, and AK 

 

(a) 

(c) 

(b) 
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Major factors controlling SOC 

The correlation analysis showed that SOC was strongly and positively 

correlated with clay, silt, TN, TP, TK, AN, AP, and AK but significantly 

negatively correlated with BD, pH, and sand (p<0.01) (Table 2). Plant biomass 

factors including TAGB, TBGB, and litter were also significantly positively 

correlated with SOC (p<0.01).  

Table 2. Pearson Correlation Coefficient Values (r) between soil organic carbon 

content and environmental variables at different stand ages of Acacia mangium 

forests  

Environmental variables SOC (g. kg–1) 

TAGB (Mg. ha–1) 0.86** 

TBGB (Mg. ha–1) 0.90** 

Litter (Mg. ha–1) 0.53** 

Clay (%) 0.68** 

Silt (%) 0.87** 

Sand (%) -0.86** 

BD (g. cm–3) -0.86** 

pH -0.86** 

TN (g. kg–1) 0.92** 

TP (g. kg–1) 0.79** 

TK (g. kg–1) 0.81** 

AN (mg. kg–1) 0.58** 

AP (mg. kg–1) 0.75** 

AK (mg. kg–1) 0.80** 

Note. SOC, soil organic carbon; TAGB, total above-ground biomass; TBGB total 

below-ground biomass; BD, bulk density; TN, total nitrogen; TP, total 

phosphorus; TK, total potassium; AN, available nitrogen; AP, available 

phosphorus; and AK, available potassium. ** indicates significant effects at p < 

0.01 

The PCA results revealed that the first principal component (PC1) explained 

71.21% of the total variance of data obtained in the 12 study plots, whereas the 

second principal component (PC2) interpreted 17.19% (Figure 6). These results 

illustrated that the first two principal components contributed 88.40% of the 

standardized variance. The first principal component was mainly associated with 

variation in TN, pH, and silt, and the second was primarily related to AN and clay. 

To find the best predictive variables that influence SOC, we conducted SMRA 

with PC1 (TN, pH, and silt), and PC2 (AN, and clay) as independent variables and 

SOC as the dependent variable. The regression model suggested that the soil TN 

and silt were the two most important factors controlling SOC and these factors 

exerted a significant positive effect (Table 3).  

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3986058/table/pone-0093584-t004/
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Figure 6. Principle component analysis (PCA) of the environmental variables 

Table 3. Results of stepwise multiple linear regression analyses showing the 

dependence of soil organic carbon on environmental variables  

Dependent 

variable 

Explanatory 

variable 

Coefficient 

estimate 
SE t-value p-value R 2 

SOC 

Constant 1.103 0.804 1.371 0.177 

0.898 TN 9.077 1.114 8.149 <0.001 

Silt 0.113 0.022 5.122 <0.001 

Note. SOC, soil organic carbon; TN, total nitrogen; SE, standard error of the 

coefficient estimate 

 

DISCUSSION 

Soil organic carbon content and storage in A. mangium plantations 

In the three age-sequence A. mangium stands of this study, the SOC 

concentration was the highest in the surface 0–10 cm soil layer and revealed a 

decreasing trend with increasing depth (Figure 2a). The SOC produced from the 

decomposition of root system and litter near the ground surface will get into the 

topsoil first, this could be responsible for the significant higher SOC content in 
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the upper soil layer (Zhong and Qiguo, 2001; He et al., 2009; Laik et al., 2009; 

Thanh and Cuong, 2017a; Zhang et al., 2018). The concentration of C stored in 

the top three soil layers (0–10 cm, 10-20 cm, and 20–30 cm) and the deepest layer 

(30–50 cm) significantly increased with increased age of A. mangium plantations, 

probably due to the increase of litter productivity and slow decomposition in 

older stands (Herdiyanti and Sulistyawati, 2009; Ming et al., 2014). 

Changes in CS following afforestation and stand age have been widely 

carried out in earlier studies. Interestingly, there were varied conclusions 

concerning the changes in CS after afforestation among former studies in the 

literature. Some researchers found no change in CS after afforestation (Zhang et 

al., 2017; Yue et al., 2018). Some researchers observed an increasing trend of CS 

in the plantations in the early stages after afforestation followed by a gradual 

decrease (Noh et al., 2010; Ali et al., 2019). Some researchers showed that there 

was an initial decline in CS after afforestation followed by a gradual increase (Li 

et al., 2011; Zhaodi et al., 2018). Some important factors, such as the choice of 

plant species used for plantation, forest type, soil cultivation method, soil 

properties, earlier land use and climate could explain the contradictory results 

reported in various studies. All these factors, independently or in combination 

could overshadow the effect of stand age on the accumulation of soil organic C 

(Noh et al., 2010; Zhang et al., 2019). In the current study, carbon storage in the 

mineral soil layer always increased significantly along with A. mangium stand 

development (Figure 2b). Hence, our study results demonstrate that afforestation 

with A. mangium resulted in a remarkable increase in soil organic C storage in 

Southeastern region. These findings may be attributed, at least in part, to the 

larger accumulation of soil organic matter (litter and roots) with the forest stand 

development (Thanh and Cuong, 2017a) and the annual soil respiration was far 

lower (Yang et al., 2007). Similar results were obtained by Hai et al. (2009), He 

et al. (2009), Zhao et al. (2014), Abaker et al. (2016), and Zhang et al. (2018), 

who also observed an increase of organic C in soil following afforestation. 

Furthermore, in terms of vertical distribution of CS, the results of our study 

illustrated that a large quantity of the CS was sequestrated in upper 0-30 cm of the 

mineral soil horizon in all stands, showing that greater amounts of CS were 

stoked in the topsoil layer. Approximately 60.37% to 63.33% of CS in the 0–50 

cm range of soil was found in the 0–30 cm range (Figure 2b), where soils can be 

disturbed by human disturbances and natural erosion. Thus, research the vertical 

variability of CS, and protection of the topsoil from loss is important to promote 

C sequestration.  

 

Factors influencing SOC across stand ages 

Our findings revealed that soil TN and AN were strongly correlated with 

SOC (Table 2). In many ecosystems, it is well known that soil C and N are two 

closely associated biogeochemical processes (Hagedorn et al., 2003; Abaker et 

al., 2018). As one of the most essential nutrients for plant healthy growth, the 

quality and quantity of available N could impact the biomass productivity and the 
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amount of plant litter, which is the dominant source of organic C (Bronson et al. 

2004; Sam et al. 2006). A. mangium has a very high biological N-fixation 

capacity because of its symbiotic association with nodule-forming bacteria (Yang 

et al., 2009; Matali and Metali, 2015), it probably maintains the N inputs at our 

sites, and indirectly increase SOC. Partly due to their contribution, the increasing 

of the soil N contents likely affects the accumulation of SOC (Zhang et al., 2018), 

including SOC variation in the A. mangium forest land (Table 3). 

In the present study, soil texture could play a crucial role in determining 

SOC accumulation. The variation in SOC in different age stands was positively 

correlated with clay and silt contents, while SOC was negatively correlated with 

sand content (Table 2). Additionally, silt content was the dominant factor 

influencing SOC (Table 3). Therefore, the present results corroborated previous 

empirical studies demonstrating that soil clay and silt contents contribute to SOC 

formation and preservation (Six et al., 2002a; Zhou et al., 2019). Fine particle 

proportions (clay and silt) and microaggregates can protect soil organic matter by 

stabilizing them against microbial mineralization (Paul, 1984; Baldock and 

Skjemstad, 2000). Moreover, fine soil particles can enhance water retention in 

soil and promote biomass production, increase litter input to soils (Burke et al., 

1989; Yang et al., 2008). 

Soil pH was the environment factor with high factor loading, which could 

interpret SOC variability to certain extents (Figure 6). As depicted in Table 2, 

SOC was significantly negatively correlated with soil pH. This result is congruent 

with the findings of the previous researches (Zhang et al., 2018; Zhaodi et al., 

2018; Zhou et al., 2019). The soil pH primarily influences microbial respiration 

and activity, which directly affects soil organic matter formation and 

decomposition (Senechkin et al., 2014), since most microorganisms prefer to 

grow and metabolize with pH values ranging from 5.5 to 8.5 (Holguin et al., 

2001; Zhou et al., 2005). In such pH range, more microorganism activities are 

available, therefore further contribute to higher SOC decomposition. The current 

research found SOC increased with a decrease in soil pH. The relatively low pH 

values are often related to low microbial activity that reduces the SOC 

decomposition (Lei et al., 2019). Thus, relatively low soil pH may enhance soil C 

accumulation in the A. mangium forest land.  

The previous studies showed that SOC was significantly positively 

correlated with plant biomass (He et al., 2009; Sun and Guan, 2014), which was 

confirmed by the current study (Table 2). Other studies reported similar finding 

for some plantation forests in Vietnam (e.g., A. mangium, A. auriculiformis, A. 

hybrid, and Eucalyptus urophylla) (Hai et al., 2009). It also demonstrated the 

increase in biomass accumulated in the above- and below-ground components as 

the principal source of soil C inputs in forest ecosystems, which play a crucial 

role in SOC dynamics (Kristensen et al., 2008). The quantity and quality of 

aboveground litterfall determine SOC accumulation especially for the surface soil 

layer (Herdiyanti and Sulistyawati, 2009). Belowground root biomass plays a 

pivotal role in the accumulation of SOC across the soil profiles (Bauhus et al., 
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2000; Qu et al., 2011). Soil BD can be viewed as a key parameter of soil physical 

health that could affect soil structure, porosity, water-holding capacity, 

permeability and soil ventilation, and thus further influence the accumulation of 

SOC (Yu et al., 2019). In present study, significantly negative correlation 

between SOC and soil BD had been found (Table 2), which is in agreement with 

the results of previous studies (Thanh and Cuong, 2017a; Zhang et al., 2018). 

Plant growth and root penetration with organic matter returning can significantly 

improve soil structure and porosity and increase SOC content and impact soil BD 

(Ruehlmann and Krschens, 2009; Thanh and Cuong, 2017a; Wang et al., 2019). 

Soil P is a dominant nutrient that controls plant growth and development (Lei et 

al., 2019). Our results demonstrated that SOC was significantly positively 

correlated with soil TP and AP contents (Table 2). Lei et al. (2012) showed that P 

limitation might restrict SOC accumulation. It should be due to the availability of 

P regulating microbial growth and activities. Insufficient P supply may influence 

symbiotic N fixation (Augusto et al., 2013), and ultimately impact SOC 

accumulation. Another study demonstrated that the decomposition of SOC could 

promote the release of P, and the increased P availability had a contribution to the 

SOC accumulation (Qian et al., 2017). Available K could accelerate plant growth 

and simultaneously provide sufficient nutrient for the healthy root system in 

plants, increasing the number of plant residuals in the soil and increasing SOC 

(Sam et al. 2006). Our research also found a significant positive correlation of 

soil K contents (TK and AK contents) with SOC (Table 2), which might be 

associated with K released by the soil parent material with an increasing rate of 

weathering. Besides, the stand characteristic parameters such as stand density, 

canopy closure, mean DBH, and H may also contribute to interpreting the change 

of SOC in forests at different ages (Table 1).  

 

CONCLUSIONS 

The present study results provided an overall view of SOC distribution in 

an age-sequence of A. mangium forests (from 4- to 11-year-old plantations). To 

the best of our knowledge, this is the first report on the dynamics of SOC 

accumulation and the unique relationships between SOC and influential 

environmental variables for A. mangium forests in Southeastern region of 

Vietnam. Soil organic C content increased significantly with forest age. 

Moreover, SOC concentration primarily occurred in the topsoil and declined 

significantly with depth. Carbon storage in the mineral soil layer increased 

significantly with stand age. Soil organic C storage indicated obvious surface 

aggregation, with more than 60% of CS being in 0–30 cm depth. Soil TN content 

and soil texture (i.e., soil silt content) were the principal factors regulating the 

SOC. The findings provided by this study revealed that the SOC and nutrient 

regimes were substantially improved by afforestation with A. mangium, and 

provide valuable information for understanding the factors controlling SOC in the 

region.  
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