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Abstract 
Vegetation restoration has emerged as a critical strategy for enhancing soil organic 
carbon (SOC) sequestration and mitigating climate change impacts. This 
comprehensive study examines the effects of different vegetation restoration 
approaches on SOC accumulation and mineralization processes across diverse 
ecosystems. Through meta-analysis of 156 field studies spanning 25 countries and 
laboratory incubation experiments involving 45 restored sites, we quantified the 
temporal dynamics of SOC accumulation and mineralization rates following 
vegetation restoration. Results demonstrate that forest restoration achieved the highest 
SOC accumulation rates of 1.8 ± 0.6 Mg C ha⁻¹ year⁻¹, followed by grassland 
restoration (1.2 ± 0.4 Mg C ha⁻¹ year⁻¹) and shrubland restoration (0.9 ± 0.3 Mg C ha⁻¹ 
year⁻¹). SOC mineralization rates decreased significantly across all restoration types, 
with forest restoration showing the greatest reduction (45 ± 12%) compared to 
degraded baseline conditions. Temporal analysis revealed that SOC accumulation 
follows a logarithmic pattern, with rapid initial gains during the first 5-10 years post-
restoration, followed by gradual stabilization. Soil depth analysis indicated that 65-
70% of SOC accumulation occurred in the top 30 cm, while deeper soil layers (30-100 
cm) contributed 20-25% of total gains. Climate variables, particularly mean annual 
precipitation and temperature, significantly influenced both accumulation and 
mineralization processes, with optimal conditions occurring at 800-1200 mm annual 
precipitation and 8-15°C mean annual temperature. Microbial community 
composition shifts were strongly correlated with SOC dynamics, with fungal:bacterial 
ratios increasing by 2.3-fold in forest restoration sites. Economic valuation revealed 
that SOC accumulation provides carbon sequestration benefits worth $85-245 ha⁻¹ 
year⁻¹ at current carbon prices. These findings underscore the substantial potential of 
vegetation restoration for climate change mitigation while highlighting the importance 
of restoration type, duration, and environmental context in determining SOC 
outcomes. 
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1. Introduction 

Soil organic carbon represents the largest terrestrial carbon pool, containing approximately 1,550 Pg C globally, which is twice 

the amount stored in the atmosphere and three times that in vegetation [¹]. The critical role of soils in the global carbon cycle has 

garnered increasing attention as nations seek nature-based solutions for climate change mitigation [²]. Vegetation restoration, 

defined as the deliberate establishment of plant communities on degraded or disturbed lands, offers significant potential for 

enhancing soil carbon storage while providing multiple ecosystem services [³]. 

Historical land-use changes, particularly deforestation, agricultural expansion, and urban development, have resulted in 

substantial SOC losses globally. It is estimated that soils have lost 25-75% of their original carbon content due to human  
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wing 40-60% greater SOC retention after 20 years of 

restoration [4-21]. 

 

3.5 Economic Valuation of Carbon Sequestration 

Economic analysis based on current carbon prices ($20-55 

per Mg CO₂) revealed substantial economic value from SOC 

accumulation in restored ecosystems. Forest restoration 

provided the highest economic returns, with annual carbon 

sequestration benefits of $132-363 ha⁻¹ year⁻¹. Grassland 

restoration generated $88-242 ha⁻¹ year⁻¹, while shrubland 

restoration provided $66-182 ha⁻¹ year⁻¹ in carbon benefits. 

 
Table 3: Economic Valuation of SOC Accumulation by Restoration Type 

 

Restoration Type SOC Accumulation CO₂ Equivalent Economic Value ($ ha⁻¹ year⁻¹) 
 (Mg C ha⁻¹ year⁻¹) (Mg CO₂ ha⁻¹ year⁻¹) Low Price ($20) 

Forest 1.8 ± 0.6 6.6 ± 2.2 132 ± 44 

Grassland 1.2 ± 0.4 4.4 ± 1.5 88 ± 30 

Shrubland 0.9 ± 0.3 3.3 ± 1.1 66 ± 22 

 

4. Discussion 

The results of this comprehensive study demonstrate the 

substantial potential of vegetation restoration for enhancing 

soil carbon storage while reducing mineralization losses. The 

observed SOC accumulation rates across different restoration 

types align with previous global estimates but provide new 

insights into the temporal dynamics and mechanistic controls 

of these processes [²²]. 

The superior performance of forest restoration in terms of 

both SOC accumulation and mineralization reduction can be 

attributed to several factors. Forest systems typically provide 

higher quantities and more diverse organic matter inputs 

through leaf litter, woody debris, and extensive root systems 
[²³]. Additionally, forest canopies create more stable 

microclimatic conditions that favor carbon stabilization 

processes [²⁴]. The observed shift toward more recalcitrant 

carbon pools in forest soils suggests enhanced protection of 

organic matter through physical and chemical stabilization 

mechanisms [²⁵]. 

The temporal dynamics of SOC accumulation revealed in this 

study have important implications for carbon accounting and 

restoration planning. The rapid initial accumulation phase 

represents a critical window for maximizing carbon 

sequestration benefits, while the subsequent stabilization 

phase indicates the establishment of new soil carbon 

equilibria [²⁶]. Understanding these patterns is essential for 

accurate predictions of long-term carbon storage potential 

and the design of carbon offset projects [²⁷]. 

The depth distribution of SOC accumulation highlights the 

importance of considering the entire soil profile in carbon 

assessments. While surface soils showed the greatest absolute 

gains, the substantial accumulation observed in deeper layers 

(30-100 cm) represents a significant contribution to total 

carbon storage that is often overlooked in shallow sampling 

protocols [²⁸]. This deep carbon may also be more stable due 

to reduced microbial activity and physical protection in 

mineral soil layers [²⁹]. 

The relationship between microbial community structure and 

SOC dynamics provides mechanistic insights into restoration 

outcomes. The observed increases in fungal: bacterial ratios 

following restoration are consistent with the establishment of 

more carbon-conservative microbial communities [³⁰]. Fungi 

typically have higher carbon use efficiency and produce more 

recalcitrant residues compared to bacteria, contributing to 

enhanced carbon stabilization in restored soils [³¹]. 

Climate controls on SOC dynamics have important 

implications for restoration planning under changing 

environmental conditions. The optimal precipitation range 

identified (800-1200 mm year⁻¹) suggests that restoration 

effectiveness may be limited in both arid and extremely wet 

environments [³²]. Temperature effects were more nuanced, 

with the optimal range (8-15°C) reflecting a balance between 

plant productivity and decomposition rates. These findings 

suggest that climate change may alter the carbon 

sequestration potential of restoration projects, particularly in 

regions experiencing shifts toward temperature or 

precipitation extremes [³³]. 

The soil texture effects observed in this study underscore the 

importance of site selection and restoration design. Clay-rich 

soils offer superior carbon sequestration potential due to 

organo-mineral interactions that protect organic matter from 

decomposition [³⁴]. However, this does not preclude 

restoration of sandy soils, which may provide other important 

ecosystem services despite lower carbon storage potential [³⁵]. 

Economic valuation of carbon sequestration benefits reveals 

the substantial financial incentives for vegetation restoration 

under current and projected carbon pricing scenarios. These 

economic returns, combined with other ecosystem services 

such as biodiversity conservation, water regulation, and 

erosion control, strengthen the economic case for large-scale 

restoration investments [³⁶]. However, realizing these benefits 

requires appropriate policy frameworks and carbon market 

mechanisms that recognize and compensate restoration 

activities [³⁷]. 

Several limitations and uncertainties should be 

acknowledged in interpreting these results. First, the meta-

analysis approach, while providing broad insights, may mask 

important site-specific variations in restoration outcomes. 

Second, the relatively short duration of most studies (median 

8 years) limits our understanding of long-term carbon 

dynamics and stability. Third, the focus on temperate and 

subtropical systems means that tropical and boreal restoration 

may show different patterns. Finally, the potential impacts of 

climate change on restoration outcomes remain uncertain and 

require continued monitoring and research. 

Future research priorities should include: (1) long-term 

monitoring of restoration sites to better understand carbon 

stability and permanence, (2) investigation of restoration 

outcomes in underrepresented biomes and climate zones, (3) 

development of predictive models linking restoration 

practices to carbon outcomes, and (4) integration of carbon 

dynamics with other ecosystem services to optimize multiple 

benefits. 

 

5. Conclusion 

This comprehensive analysis demonstrates that vegetation 

restoration represents a highly effective strategy for 

enhancing soil organic carbon storage while reducing 

mineralization losses. Forest restoration achieved the highest 
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SOC accumulation rates (1.8 ± 0.6 Mg C ha⁻¹ year⁻¹), 

followed by grassland and shrubland restoration, with all 

types showing significant improvements compared to 

unrestored conditions. The temporal dynamics of SOC 

accumulation follow predictable patterns, with rapid initial 

gains during the first 5-10 years followed by gradual 

stabilization. 

Key findings include the substantial reduction in SOC 

mineralization rates (28-45%) across all restoration types, the 

important contribution of deeper soil layers to total carbon 

storage, and the strong influence of climate and soil texture 

on restoration outcomes. Changes in microbial community 

structure, particularly increased fungal: bacterial ratios, 

appear to drive enhanced carbon stabilization in restored 

soils. 

The economic value of carbon sequestration through 

restoration ($66-363 ha⁻¹ year⁻¹) provides strong financial 

incentives for scaling up restoration efforts. However, 

successful implementation requires careful consideration of 

site conditions, restoration approaches, and long-term 

management strategies. 

These findings support the inclusion of vegetation restoration 

in climate change mitigation strategies and highlight the 

multiple benefits these practices provide for ecosystem health 

and human well-being. Continued research and monitoring 

will be essential for optimizing restoration practices and 

ensuring the long-term success of these important climate 

solutions. 
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