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  Abstract 
Afforestation is recognized as a crucial strategy for enhancing the carbon sink capacity 
of terrestrial ecosystems and mitigating the impact of global greenhouse gases. However, 
the primary factors influencing soil organic carbon (SOC) accumulation in Chinese af-
forestation ecosystems remain inadequately understood. We conducted a meta-analysis 
to identify the temporal patterns and key drivers of SOC accumulation using Structural 
Equation Modeling (SEM), providing new insights for the planning of timing and loca-
tions for afforestation in China. Our analysis revealed that SOC accumulation is posi-
tively correlated with stand age, driven by soil fertility, soil moisture, initial SOC stocks, 
and their interactions over the long term. The temporal pattern of SOC accumulation 
indicated that losses in SOC stocks can occur not only during the early years but also in 
the long term (> 20 years) within afforestation ecosystems. Soil fertility emerged as the 
most significant positive driver of SOC accumulation, followed by soil moisture and 
their interactions. Mean annual temperature (MAT) and initial SOC stocks were identi-
fied as significant negative drivers of SOC accumulation. Overall, these findings under-
score the importance of selecting and managing afforestation ecosystems, serving as a 
scientific reference for maximizing the benefits of soil carbon sequestration and achiev-
ing carbon neutrality. 
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1. Introduction 
Ecosystem services and biodiversity have been degraded by global warming [1, 2]. The ecosystem and socioeconomic system 
and might be suffering catastrophic without effective intervention [3]. In the global carbon cycle, the terrestrial ecosystem is 
absorbing CO2 and mitigating climate change [4]. Accounting for more than half of the soil C pool in the terrestrial ecosystem, 
SOC is an essential contributor to the variation of atmospheric CO2 [5]. Afforestation accumulates SOC by increasing C derived 
from the new forest and decreasing C loss from decomposition and erosion [6]. Thus, afforestation is regarded as an important 
means that can help to increase carbon sinks and mitigate the effect of global greenhouse gases [4]. 

The timing and location of afforestation should be arranged by a scientific prediction in the ecosystem [4]. However, it is 
highly uncertain about the temporal pattern of SOC accumulation in the afforestation ecosystem. More importantly, we still do 
not understand the key factors that regulate the effectiveness of afforestation for SOC sequestration across a range of afforestation 
ecosystems. However, exploring the temporal pattern of SOC accumulation and the key factors driving SOC accumulation is a 
necessary informational backdrop allowing afforestation ecosystem management to more precisely relate C sequestration [2]. 
With the global carbon neutrality vision becoming clear and mitigation actions being accelerated, this exploration has become 
more prominent [7]. 

During the past decades of years, a number of studies have reviewed drivers in SOC accumulation, these studies revealed that 
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the magnitude and direction of SOC accumulation is driven by multiple factors, including climate, tree species, and nutrient 
management [8-10]. However, these studies have generally concentrated on the effects of typical contributing factors, with little 
attention to the interactions among different factors, while the interactions may be crucial to exploring the key drivers of SOC 
accumulation.  

With several afforestation activities such as the Natural Forest Protection Program, Grain for Green Project (GGP), and Three-
Norths Project, the largest area of afforestation in the world has been established in China, which is a critical component of the 
global carbon cycle [11, 12]. Luckily, many areas in these large-scale projects implement both afforestation plots and corre-
sponding control plots at the same site, allowing us to conduct paired comparisons between these two sites. Afforestation in these 
projects involves planting in former croplands, bare lands, grasslands, and deserts. 

We aimed to synthesize the major drivers of SOC accumulation in the Chinese afforestation ecosystem by means of a meta-
analysis. (1) to determine the temporal pattern of SOC stocks; and (2) to find out the vital drivers of SOC accumulation in 
Chinese afforestation ecosystems. In this study, we present our analysis and discuss the temporal pattern of SOC accumulation 
as well as the major drivers of SOC accumulation in Chinese afforestation ecosystems. It is not only an informational backdrop 
to guide Chinese afforestation ecosystem management practices but also a key to strengthening China’s goal of achieving carbon 
neutrality. 

2. Materials and methods 
2.1 Data preparation 
To include a study in the meta-analysis. Literature had to be fulfilled following 4 criteria: (1) the SOC concentrations (or SOC 
stocks) of non-afforest land (reference) and forested plots must have been assessed; (2) plantation age and dominant species of 
forested plots must have been reported; (3) the land use history has been showed and (4) the study identified the plantation age. 
In total, the final dataset comprised 72 studies published between 1985-2019, including 288 observations in 24 provinces or 
municipalities with corresponding control plots (a plot in which the SOC concentrations or SOC stocks from former land use 
prior to afforestation were known and could be compared with a nearby afforested plot within the same site). 

The following information was compiled: source(s) of data, location (longitude and latitude), climatic information (mean 
annual temperature (MAT) and mean annual precipitation (MAP)), forest (arbor, divide tree type into conifer and broadleaf, and 
evergreen and deciduous), growth variability (coverage, tree height, DBH, planting density, canopy density, aboveground bio-
mass, underground biomass, and total biomass), years since afforestation, soil bulk density, soil physical properties (SPP, in-
cluding soil moisture (SM), silt, clay, and sand in soil), soil chemical properties (SCP, including TN, AN, TP, AP, TK, AK, PH, 
Ca, Mg), and amount of SOC concentrations or SOC stocks. The final dataset was divided into five groups according to stand 
ages: 1-5, 6-10, 11-20, 21-30, 31-40, and > 40 years. The raw data were either obtained from tables or extracted by digitizing 
graphs using the Web Plot Digitizer (version 4.2, Oakland, CA). 

2.2 Data calculation 
Units of soil carbon stocks like “g m−2”, “kg m−2”, “kg ha−1” and “t ha−1” were transformed to “Mg ha−1”. were transformed to 
“g kg−1”. While only SOM reported, its SOC value is calculated using the formula [13]: 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆 × 0.58                                        (1) 
  If there was no direct report of SOC stocks, we used the concentrations of SOC or the percentage of SOC concentration, bulk 
density, and sampling depth to calculate SOC stocks. The SOC stocks calculation equation is as follows [13]: 

𝐶𝐶𝑠𝑠 = 𝑆𝑆𝑆𝑆𝑆𝑆×𝐵𝐵𝐵𝐵×𝐷𝐷
10

                                          (2) 

where Cs is soil organic carbon stocks (Mg ha−1), SOC is soil organic carbon concentration (g kg−1), BD is soil bulk density (g 
cm−3), and D is soil depth (cm). 

2.3 Data analysis 
A meta-analysis approach was used to determine the significance of soil C and N to altered cropland conversion. For each study, 
the response ratio (Ln (RR)) was calculated using the equation (1). However, the relationship between SOC stocks and affor-
estation plant biomass, as well as soil physicochemical properties, has to be explored, but many necessary data of plant indicators 
and soil physicochemical properties such as DBH, SM, PH, and TN is inefficient. Therefore, plant growth factors, SPP and SCP 
were converted into the combinations of average effect values. The specific steps are as follows: 

The difference between the data after afforestation and the data before afforestation in a single experiment is taken as the 
natural logarithm [14]: 
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𝐿𝐿𝐿𝐿(𝑅𝑅𝑅𝑅) = ln �𝑋𝑋𝑡𝑡
𝑋𝑋𝑐𝑐
� = ln(𝑋𝑋𝑡𝑡) − ln(𝑋𝑋𝑐𝑐)                                  (3) 

where RR is the response ratio, 𝑋𝑋𝑡𝑡 and 𝑋𝑋𝑐𝑐 were means of SOC stocks from the afforested site and in the corresponding control 
site. If 𝑋𝑋𝑡𝑡 and 𝑋𝑋𝑐𝑐 are normally distributed and both are greater than zero, the RR was typically nearly normal distribution. The 
variance (v) of each log response ratio was approximated as: 

𝑣𝑣 =  𝑠𝑠𝑡𝑡
2

𝑋𝑋𝑡𝑡
2𝑛𝑛𝑡𝑡

+ 𝑠𝑠𝑐𝑐2

𝑋𝑋𝑐𝑐2𝑛𝑛𝑐𝑐
                                                                                              (4) 

Average the logarithmic data of plant affect value, soil physical properties affect value, and soil chemical properties affect 
value respectively. Then we get the average effect values of plant biomass, SPP, and SCP. 

𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  ∑𝐸𝐸𝐸𝐸𝑖𝑖
𝑖𝑖

                                         (5) 

where i is the number of natural logarithms of different properties in a category. 
Due to the big gap among the values of topographical variability, slope gradient, slope aspect, and elevation, we divide slope 

gradient, slope aspect, and elevation by 10, 100, and 1000 respectively, and then average to get a new value. 

𝑇𝑇𝑇𝑇 =  ∑𝑋𝑋𝑛𝑛
10𝑛𝑛

+ ∑𝑌𝑌𝑛𝑛
100𝑛𝑛

+ ∑𝑍𝑍𝑛𝑛
1000𝑛𝑛

                                     (6) 

where X, Y, and Z represent slope gradient, slope aspect, and elevation, and n is the number of X, Y, and Z (the number of = 
slope gradient = the number of slope aspect = the number of elevation). 

SPSS 26.0 statistical software was employed for the statistical analysis of all data, where the data of each variable were tested 
by normality and homogeneity. A linear regression analysis was adopted to examine the relationships between ln (RR) of SOC 
stocks, plant biomass, climatic variability (MAT, MAP), topographic variability (slope gradient, slope aspect, and elevation), 
SPP (silt, clay, sand, SM), SCP (PH, Ca, TN, AN, NH4, NO3, TP, AP, TK, AK, C: N) and initial SOC stocks. Duncan's test 
revealed significant differences under P < 0.05. 

Structural Equation Modeling (SEM) was performed on the same variables as the multiple regressions by using the software 
program Amos (version 24.0; 2015 Amos Development Corporation). Structural equation models can be constructed using con-
tinuous categorical predictor variables and provide a graphical interpretation of complex ecological interactions. Sigma Plot 14.0 
was used for plotting. 

3. Results 
3.1 General patterns in SOC accumulation 
Positive effects on SOC stocks [ln(RRSOC) > 0] were identified after afforestation, and significantly variated with age of affor-
estation (P < 0.01) (Fig. 1). SOC stocks initially decreased at the first 5 years, and then tended to increase, peaked at 11-20 years 
and then decreased slightly (P > 0.05) with increasing age of afforestation. However, there was a remarkable increase (P > 0.05) 
in SOC stocks for > 40 years afforestation (Fig. 2). 

 
Figure 1. Variations in the effect size of soil organic carbon with stand age: (a) the linear regression equation (y = kx + y0) between 

the effect size of SOC stocks and stand age after afforestation; (b) the effect size of SOC stocks in response to the time after afforesta-
tion. The error bars represent standard errors, and different letters on the error bars indicate significant differences among differ-

ent afforestation ages represent significant difference at P < 0.05 on values according to Duncan test (P < 0.05). 
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3.2 Changes in SOC accumulation with different tree species 
Similar patterns of SOC accumulation were shown in the Chinese afforestation ecosystem using different tree species (Fig. 2). 
Conifer and evergreen forests started to significantly increase C stock after afforestation for 5 years, for broadleaf and deciduous 
forests after 10 years. By 20 years, SOC stocks in coniferous and evergreen forests had begun to decrease, while for deciduous 
forests this was after 30 years and in broadleaf forests, this was after 40 years. In addition, SOC stocks in conifer and deciduous 
forests more than in broadleaf and evergreen forests (Table 1), but the difference was not significant (p > 0.05). These results 
indicated tree species are not the key factors that mediated the difference in afforestation in terms of SOC accumulation. 

Table 1. Changes in the effect size of SOC stocks in afforestation ecosystems of different tree species 

Tree species N Ln (RRSOC) F P 

Conifer 97 0.40 ± 0.61a 

1.78 1.51 
Broadleaf 79 0.27 ± 0.45a 

Evergreen 78 0.27 ± 0.58a 

Deciduous 107 0.40 ± 0.51a 

Notes. Values are mean ± standard error. Data followed by different superscript letters represent significant difference at P < 0.05 on values according to the 
Duncan test. 

 

 
Figure 2. The difference between the two four types of forest in relation to change in the effect size of SOC stocks in response to time 
after afforestation: (a) conifer forest; (c) broadleaf forest; (c) evergreen forest; (d) deciduous forest. The error bars represent stand-
ard errors, and different letters on the error bars indicate significant differences among different afforestation ages represent signifi-

cant difference at P < 0.05 on values according to Duncan's test. 
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3.3 Multiple factors of SOC accumulation 
Stepwise regression showed that SOC accumulation had significant and positive correlations (p < 0.05) with plant growth vari-
ability, SM, and the majority of SCP, while the negative correlations (p < 0.05) with climate variability and initial SOC stocks. 
Furthermore, SEM illustrated that the most important factor explaining SOC accumulation was SCP (Standardized regression 
weight = 0.53), followed by MAT (-0.225), SPP (0.126), and initial SOC stocks (-0.079). Besides, the interactions between MAT 
and MAT had significant and positive effects on the SOC accumulation, followed by the interactions between SCP, SPP, and 
plant growth variability (Fig. 3). These results indicated that SCP, SPP, MAT, and initial SOC stocks generally mediated the 
difference on afforestation in terms of SOC accumulation. 

 
Figure 3. SEM among growth variability, MAT, MAP, SCP, SPP, SOC stocks, Topographic variability, and initial SOC stocks. 

Growth variability, SCP, and SPP all use the converted average effect size. The black arrows indicate positive effects and the red 
arrows indicate negative effects. The thickness of the arrow indicates the magnitude of standardized regression weight. 

4. Discussion 
4.1 Temporal pattern of SOC accumulation 
Our synthesis revealed that SOC accumulation was significantly and positively correlated with stand age in the long term (P < 
0.01) (Fig. 1), which can be explained that afforestation improved the number of C inputs with increasing time by a new micro-
climatic regime and enhanced organic matter protection [9]. A pattern of SOC accumulation an initial decrease in SOC stocks 
during the early stage, followed by a gradual return then to the accumulation of SOC has been reported by other authors [15-17], 
which were similar to the pattern in our synthesis (Fig. 1). Moreover, Den et al found that the initial decrease in SOC stocks 
occurs during the first 5 years, which is in agreement with our observation. This phenomenon can be by explained that lower 
productivity of new vegetation and soil disturbance make a loss in soil C [9, 15]. However, our synthesis found a disagreement 
with their observation that there was a slight loss during the 11-40 years after afforestation. This can be explained that stabilized 
input of C from litterfall increases requires approximately 30 years after afforestation with canopy closure [18]. Likewise, Bar-
cena reported that there was a clear difference in SOC before and after 30 years in the Northern European afforestation ecosystem, 
shifting from negative to positive effects [19]. Taken together, these results increase our understanding of SOC accumulation of 
how to change during the long term, indicating losses in SOC stocks not only occur during the early years but also may occur in 
the long term (> 20 years) afforestation ecosystem. 
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4.2 Effect of tree species on SOC accumulation 
Our synthesis revealed that tree species have affected SOC accumulation on magnitude and dynamics in the Chinese afforestation 
ecosystem (Table 1 and Fig. 2). This can be explained that soil C stocks differences are largely regulated by differences in 
aboveground litterfall inputs and decomposition, which is mainly controlled by litter quality tree species [20]. Deng reported that 
there were higher SOC stocks in deciduous forests than in evergreen forests after afforestation [6], which is similar to our findings 
(Table 1). Yet, Deng reported that the SOC content of broadleaf forests is higher than that of conifer forests [6], which differs 
from our findings (Table 1). This discrepancy may be attributed to the area with different climate conditions in studies. However, 
the difference in magnitude of SOC accumulation was not significant (Table 1), which can be explained that litterfall decompo-
sition was regulated by soil temperature and moisture that was closely related to climate conditions. Our findings indicated that 
tree species were not the major driver of SOC accumulation in afforestation ecosystems. 

4.3 Effect of soil fertility and moisture on SOC accumulation 
Our synthesis revealed that the divergent effects of afforestation mainly depended on SCP and SPP SEM showed that SOC 
accumulation was positively correlated with SCP and SPP. This suggested that SOC accumulation is coupled with nutrient cycles 
in afforestation ecosystems [21, 22]. Sequestering C into soil organic matter needs sufficient nutrients, such as N, P, and K [23]. 
Shi demonstrated that SOC accumulation is also strongly and positively correlated with TN, TP, TS, and AN [24]. Likewise, as 
is shown in stepwise regression, there was a significant linear relationship (P < 0.05) between SOC accumulation and soil nutrient 
(Ca, TN, AN, TP, AK, and C: N) changes. Besides, we found a positive interaction between SOC accumulation, SM, and growth 
variability (Fig. 3), which can explain that SOM increases SWC by enhancing soil water-holding capacity [25]; moreover, SM 
is the main regulator and transporter in soil, controlling enzyme activities [26, 27], while forest regulates SM, nutrient availability 
and other edaphic characteristics. Taken together, these results indicate that afforestation ecosystems may have greater C seques-
tration potential with moist, nutrient-rich soil. 

4.4 Effect of climate on SOC accumulation 
Our synthesis revealed that SOC accumulation was significantly and negatively correlated with climate variability. Step regres-
sion showed that MAT and SM were the main factors affecting SOC accumulation after afforestation. These results can be 
explained that high temperatures stimulate decomposition and thus reduce SOC stocks [28]. Yet, Deng reported that the increase 
in temperature and moisture were the major factors determining the rate of accumulation [6]. This discrepancy may be attributed 
to strategy, site, and data processing in the studies. In addition, we found that there was a significant linear relationship between 
SOC accumulation and SM, which can be explained by the increment of topsoil moisture by rainfall, which in turn quickens 
litterfall decomposition [29]. In addition, the interaction between MAT and MAP had a significant side effect on SOC stocks, 
which can be explained that the leaching effect of SOC enhanced by rainfall reduced SOC stocks in topsoil [30]. Our findings 
indicate that the lower temperature sites with lower precipitation displayed a higher C sequestration in the afforestation ecosys-
tem. 

4.5 Effect of initial SOC stocks on SOC accumulation 
Our synthesis revealed that the initial SOC stocks prior to afforestation also affect SOC accumulation. Shi reported that initial 
SOC stocks were significantly negatively correlated with SOC accumulation [31], which is similar to our findings shown in 
regression. This can be explained by different rates of decomposition in soil organic matter [15]. Our findings indicate that higher 
initial soil C stock sites having a negative effect on soil C accumulation in afforestation ecosystems. 

5. Conclusion 
SOC accumulation was positively correlated with the stand age, driven by soil fertility, soil moisture, and initial SOC stocks and 
their interactions in the long term. The temporal pattern for SOC accumulation showed that losses in SOC stocks not only occur 
during the early years but also may occur in the long-term (> 20 years) afforestation ecosystem. Soil fertility was the most 
significant and positive driver of SOC accumulation, followed by soil moisture and their interactions. MAT and initial SOC 
stocks were the significant and negative drivers of SOC accumulation. These results allow afforestation ecosystem management 
to more precisely relate C sequestration. Overall, our work suggests that managers would be better advised to invest more re-
sources in the selection and management of afforestation ecosystems than in tree species or growth variability for soil C seques-
tration benefits. These findings can help guide the efficient management of the Chinese afforestation ecosystem, further maxim-
izing the benefits of soil C sequestration to offset excess CO2 in the atmosphere, and strengthen the goal of achieving carbon 
neutrality. 
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