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Livestock production systems play a significant role in the global greenhouse gas budget, primarily due to emissions of 
methane (CH₄) and nitrous oxide (N₂O), which have global warming potentials 28 and 265 times higher than that of CO₂, 
respectively. Manure management alone accounts for approximately 5–10% of global agricultural greenhouse gas 
emissions and up to 37% of global CH₄ emissions [1], [2], [3]. In dairy production systems in particular, the widespread 
use of liquid manure, slurry, and lagoon-based storage systems—together with increasing herd sizes—is associated with 
elevated CH₄ emissions under anaerobic and warm conditions [4]. Seasonal temperature fluctuations further alter 
microbial activity and redox conditions, thereby significantly influencing both CH₄ and CO₂ fluxes throughout the year 
[5], [6]. In recent years, the application of biochar as a surface cover material (biocover) on manure storages has emerged 
as an innovative approach for mitigating greenhouse gas emissions, owing to its porous structure and high specific surface 
area that restrict gas diffusion [7], [8], [9], [10]. However, field and semi-controlled studies evaluating the long-term 
physical durability of biochar and its emission mitigation effectiveness in liquid manure storage systems remain limited, 
highlighting the need for systematic assessment of the practical applicability of biochar under realistic management 
conditions. 
 In this study, the objective was to evaluate the effectiveness of the biochar as a surface cover (biocover) derived 
from wood residues in reducing greenhouse gas emissions (CH₄ and CO₂) from separated liquid dairy cattle manure stored 
under open-atmosphere conditions. For this purpose, an experimental setup was established consisting of two PVC 
columns, each with a diameter of 20 cm and a height of 50 cm, into which 16 L of separated liquid dairy manure was 
placed. The manure surface in the first column was left uncovered and exposed to the atmosphere, whereas the manure 
surface in the second column was covered with biochar material.  
 In the biochar-covered treatment a biodegradable straw bedding layer was first applied uniformly at a thickness of 
2 cm to ensure prolonged flotation of the biochar on the liquid manure surface while allowing gas transfer. Subsequently, 
biochar produced via pyrolysis of wood residues at 700 °C was homogeneously applied onto the straw layer at a rate of 
5 kg m⁻² (160 g) [7], [8] ,[9], [10]. The experiment was conducted over a 40-day period between 14 July 2025 and 28 
August 2025. During the experimental period, CH₄ and CO₂ fluxes were directly measured at 10-day intervals using a 
smart flux measurement system (LI-COR 7810) operating according to the closed chamber method [11] (Figure 1). 
 
 
 
 
 
 
 
 
 
 
 

  
 
During the experimental period, CH₄ emissions were calculated using the trapezoidal integration method, assuming a 
linear change in emission fluxes between consecutive measurement days. At the end of the experiment, cumulative CH₄ 
emissions were 259.604 g m⁻² in the control column, whereas this value decreased to 108.033 g m⁻² in the column with 
biochar surface cover (BSC) (p < 0.05). Accordingly, biochar application reduced cumulative CH₄ emissions by 58.4% 
compared to the control treatment (Figure 2). The emission-reducing effect of biochar was also observed for CO₂ 
emissions. Cumulative CO₂ emissions reached 3,783.45 g m⁻² in the control column, while they decreased to 2,357.53 g 
m⁻² in the biochar-treated column (p < 0.05). Accordingly, biochar application reduced cumulative CO₂ emissions by 
37.7% compared to the control treatment (Figure 3).  
 During the experimental period, no sinking or submergence of the BSC layer was observed. In addition, the 
decrease in manure level due to evaporation was limited to 8 cm in the column with the biochar surface cover, whereas a 
much greater reduction of approximately 20 cm was recorded in the control column. Although openings occurred in the 
BSC layer as a result of the reduction in manure level—appearing only at the edges on Day 10 and as localized partial 
fragmentations between Days 20 and 40—the biochar layer largely maintained its structural integrity (Figure 4). 
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C A Figure 1. Experimental design and smart flux 
measurement system: (A) Liquid dairy manure surface 
covered with biochar applied at a rate of 5 kg m⁻²; (B) 
Liquid dairy manure without biochar surface  cover 
application (control); (C) Smart Flux measurement 
system used for direct measurement of CH₄ and CO₂ 
fluxes. 
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Figure 2. Temporal variation in daily CH₄ fluxes with SEM error bars (left), cumulative CH₄ emissions over the experimental period 
(middle), and CH₄ mitigation efficiency of the BSC (right). 

 
Figure 3. Temporal changes in daily CO₂ fluxes with SEM error bars (left), cumulative CO₂ emissions over the experimental period 
(middle), and CO₂ mitigation efficiency of the BSC (right). 
 

 These findings indicate that the BSC functions not only as a physical barrier that reduces CH₄ and CO₂ emissions, 
but also as an effective measure for substantially limiting evaporation losses from manure. When the results are evaluated 
collectively, they demonstrate that biochar exhibited strong performance as a physical barrier for mitigating greenhouse 
gas emissions under the experimental conditions. In conclusion, the use of biochar produced by pyrolysis of wood residues 
at 700 °C as a surface cover material on manure can be considered an effective and sustainable practice for reducing 
methane emissions. The results further suggest that biochar has strong potential to be integrated into greenhouse gas 
mitigation strategies within manure management systems. 
 
 
 
 
 
 
 
 
Figure 4. Temporal changes in the physical condition of the BSC during the 40-day experimental period: (A) Day 0, intact and continuous biochar cover; 
(B) Day 10, initial localized openings observed mainly along the edges; (C) Day 20, expansion of edge-related openings and onset of minor surface 
fragmentation; (D) Day 30, development of more pronounced cracks and partial surface separation; (E) Day 40, localized breakdowns and discontinuities 
in the BSC layer. Red arrows indicate the locations structural disruptions. 
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