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Abstract 
Soil respiration serves as a critical indicator of soil biological activity and ecosystem 
health, reflecting the metabolic processes of soil microorganisms, plant roots, and soil 
fauna. This study investigated the effects of different tillage practices on soil 
respiration rates and associated biological parameters across three agricultural 
systems: conventional tillage (CT), reduced tillage (RT), and no-tillage (NT). Field 
experiments were conducted over two growing seasons (2022-2024) on a silt loam soil 
under corn-soybean rotation. Soil respiration was measured using automated chambers 
at weekly intervals throughout the growing season. Additional parameters including 
soil organic carbon (SOC), microbial biomass carbon (MBC), soil temperature, and 
moisture content were monitored simultaneously. Results showed significantly higher 
soil respiration rates in NT systems (4.2 ± 0.8 μmol CO₂ m⁻² s⁻¹) compared to RT (3.1 
± 0.6 μmol CO₂ m⁻² s⁻¹) and CT (2.4 ± 0.5 μmol CO₂ m⁻² s⁻¹) treatments (p < 0.001). 
The enhanced soil respiration in NT was associated with increased SOC content (18.2 
g kg⁻¹ vs. 14.7 g kg⁻¹ in CT), higher MBC (312 mg kg⁻¹ vs. 187 mg kg⁻¹ in CT), and 
improved soil aggregate stability. Correlation analysis revealed strong positive 
relationships between soil respiration and MBC (r = 0.87), SOC (r = 0.73), and soil 
moisture (r = 0.68). These findings demonstrate that soil respiration is a sensitive 
indicator of tillage-induced changes in soil biological activity, with conservation 
tillage practices promoting enhanced microbial activity and carbon cycling processes. 
 

Keywords: soil respiration, tillage practices, microbial biomass, soil organic carbon, conservation agriculture, carbon cycling 

 

 

 

1. Introduction 

Soil respiration represents the primary pathway for carbon dioxide (CO₂) efflux from terrestrial ecosystems, accounting for 

approximately 75-80% of total ecosystem respiration in agricultural systems [¹]. This biological process encompasses CO₂ 

production from root respiration (autotrophic respiration) and decomposition of organic matter by soil microorganisms and fauna 

(heterotrophic respiration) [²]. The measurement of soil respiration has emerged as a fundamental indicator of soil biological 

activity, providing insights into microbial community dynamics, nutrient cycling processes, and overall soil health [³]. 

Agricultural tillage practices significantly influence soil physical, chemical, and biological properties, thereby affecting soil 

respiration rates and patterns [⁴]. Conventional tillage systems, characterized by intensive soil disturbance through plowing, 

disking, and cultivation, have been associated with accelerated organic matter decomposition, reduced soil aggregate stability, 

and disrupted microbial communities [⁵]. In contrast, conservation tillage practices, including reduced tillage and no-tillage 

systems, minimize soil disturbance and promote the accumulation of crop residues on the soil surface, leading to enhanced soil 

biological activity and carbon sequestration [⁶]. 

The relationship between tillage practices and soil respiration is complex and influenced by multiple factors including soil type, 

climate conditions, crop rotation, and management history [⁷]. Previous studies have reported variable responses of soil respiration 

to different tillage systems, with some investigations showing higher respiration rates in no-tillage systems due to increased soil 

organic matter and microbial biomass [⁸⁻¹⁰], while others have observed reduced respiration rates attributed to improved soil 

moisture conservation and reduced temperature fluctuations [¹¹, ¹²]. 
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Understanding the mechanisms underlying tillage effects on 

soil respiration is crucial for developing sustainable 

agricultural practices that optimize soil biological 

functioning while maintaining crop productivity. Soil 

respiration measurements can serve as an early indicator of 

changes in soil quality and ecosystem services, providing 

valuable information for adaptive management strategies [¹³]. 

Furthermore, accurate quantification of soil respiration under 

different tillage systems is essential for regional and global 

carbon budget assessments and climate change mitigation 

strategies [¹⁴]. 

The objectives of this study were to: (1) quantify soil 

respiration rates under conventional tillage, reduced tillage, 

and no-tillage systems; (2) evaluate the relationships between 

soil respiration and key soil biological and physicochemical 

parameters; (3) assess the temporal variability of soil 

respiration throughout the growing season; and (4) determine 

the potential of soil respiration as an indicator of soil 

biological activity under varying tillage practices. 

 

2. Materials and Methods 

2.1 Study Site and Experimental Design 

The field experiment was conducted at the Agricultural 

Research Station, University of Illinois, Urbana-Champaign 

(40°06'N, 88°14'W) over two growing seasons (2022-2024). 

The site is characterized by a Drummer silty clay loam soil 

(fine-silty, mixed, superactive, mesic Typic Endoaquoll) with 

2.1% organic matter content and pH 6.8. The 30-year average 

annual precipitation is 991 mm, with mean annual 

temperature of 11.2°C¹⁵. 

The experiment followed a randomized complete block 

design with three tillage treatments replicated four times: (1) 

Conventional tillage (CT) - moldboard plowing to 25 cm 

depth followed by secondary tillage operations; (2) Reduced 

tillage (RT) - chisel plowing to 15 cm depth with minimal 

secondary tillage; and (3) No-tillage (NT) - direct seeding 

with no mechanical soil disturbance. Each experimental plot 

measured 30 × 15 m with 5 m buffer zones between 

treatments. The crop rotation consisted of corn (Zea mays L.) 

and soybean (Glycine max L.) planted in alternating years. 

 

2.2 Soil Respiration Measurements 

Soil respiration was measured using an automated soil CO₂ 

flux system (LI-8100A, LI-COR Biosciences, Lincoln, NE, 

USA) equipped with 20 cm diameter survey chambers. 

Permanent PVC collars were installed to 5 cm depth in each 

plot at the beginning of the study, with three measurement 

points per plot. Measurements were conducted weekly from 

May through October during both growing seasons, with each 

measurement consisting of a 2-minute chamber closure 

period. 

Environmental parameters including soil temperature at 10 

cm depth and volumetric soil moisture content (0-12 cm) 

were recorded simultaneously with each respiration 

measurement using integrated sensors (LI-8150 Multiplexer, 

LI-COR Biosciences). Air temperature, relative humidity, 

and barometric pressure were monitored using a weather 

station located within 100 m of the experimental plots [¹⁶]. 

 

2.3 Soil Sampling and Laboratory Analyses 

Soil samples were collected monthly from 0-15 cm depth 

using a 2.5 cm diameter soil auger. Five random samples per 

plot were composited for laboratory analyses. Soil organic 

carbon (SOC) was determined using the Walkley-Black wet 

oxidation method [¹⁷]. Microbial biomass carbon (MBC) was 

measured using the chloroform fumigation-extraction 

method followed by UV digestion [¹⁸]. Total nitrogen (TN) 

was analyzed using the Kjeldahl digestion method [¹⁹]. 

Soil pH was measured in a 1:1 soil-to-water suspension using 

a digital pH meter. Bulk density was determined using the 

core method with 100 cm³ stainless steel cylinders [²⁰]. Soil 

aggregate stability was assessed using the wet sieving 

method, and mean weight diameter (MWD) was calculated 

according to established protocols [²¹]. 

 

2.4 Statistical Analysis 

Data were analyzed using SAS software (version 9.4, SAS 

Institute, Cary, NC, USA). Analysis of variance (ANOVA) 

was performed using the MIXED procedure with tillage 

treatment as fixed effect and block as random effect. Seasonal 

variations were analyzed using repeated measures ANOVA 

with time as the repeated factor. Mean separations were 

conducted using Tukey's honestly significant difference 

(HSD) test at α = 0.05. Correlation analyses were performed 

using Pearson correlation coefficients. Temperature 

sensitivity (Q₁₀) of soil respiration was calculated using 

exponential regression equations [²²]. 

 

3. Results 

3.1 Soil Respiration Rates Under Different Tillage 

Systems 

Soil respiration rates varied significantly among tillage 

treatments throughout the study period (Figure 1). No-tillage 

systems exhibited the highest mean soil respiration rates (4.2 

± 0.8 μmol CO₂ m⁻² s⁻¹), followed by reduced tillage (3.1 ± 

0.6 μmol CO₂ m⁻² s⁻¹) and conventional tillage (2.4 ± 0.5 

μmol CO₂ m⁻² s⁻¹) (p < 0.001). The enhancement in soil 

respiration under NT compared to CT represented a 75% 

increase in biological activity.

 
Table 1: Mean soil respiration rates and associated soil parameters under different tillage systems 

 

Parameter Conventional Tillage Reduced Tillage No-Tillage F-value P-value 

Soil Respiration (μmol CO₂ m⁻² s⁻¹) 2.4 ± 0.5c 3.1 ± 0.6b 4.2 ± 0.8a 28.7 <0.001 

SOC (g kg⁻¹) 14.7 ± 2.1c 16.8 ± 2.4b 18.2 ± 2.8a 12.4 <0.01 

MBC (mg kg⁻¹) 187 ± 34c 241 ± 42b 312 ± 58a 19.3 <0.001 

Soil Temperature (°C) 18.4 ± 4.2a 17.8 ± 3.9b 16.9 ± 3.6c 8.9 <0.01 

Soil Moisture (%) 22.1 ± 5.8c 24.7 ± 6.2b 27.3 ± 7.1a 15.6 <0.001 

Bulk Density (Mg m⁻³) 1.38 ± 0.09a 1.29 ± 0.08b 1.21 ± 0.07c 22.1 <0.001 

Values represent means ± standard deviation. Different letters within rows indicate significant differences (p < 0.05) using Tukey's HSD 

test. 

 

3.2 Seasonal Patterns of Soil Respiration 

Soil respiration exhibited distinct seasonal patterns across all 

tillage systems, with peak rates occurring during mid-

summer months (July-August) coinciding with maximum 
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soil temperatures and crop biomass accumulation. The 

coefficient of variation for soil respiration was lowest in NT 

systems (18.7%) compared to RT (24.3%) and CT (31.2%), 

indicating greater temporal stability under conservation 

tillage practices.

 

 
 

Fig 1: Seasonal variation in soil respiration rates under different tillage systems during the 2022-2024 growing seasons 

 

3.3 Soil Biological and Chemical Properties 

Significant differences in soil biological and chemical 

properties were observed among tillage treatments (Table 1). 

Soil organic carbon content was highest in NT systems (18.2 

g kg⁻¹), representing a 24% increase compared to CT (14.7 g 

kg⁻¹). Microbial biomass carbon showed even greater 

enhancement under NT (312 mg kg⁻¹) compared to CT (187 

mg kg⁻¹), representing a 67% increase in microbial biomass. 

Soil moisture content was significantly higher in NT systems 

(27.3%) compared to RT (24.7%) and CT (22.1%) (p < 

0.001). Conversely, soil temperature was lowest in NT 

systems (16.9°C) due to surface residue insulation effects. 

Bulk density decreased progressively from CT (1.38 Mg m⁻³) 

to RT (1.29 Mg m⁻³) to NT (1.21 Mg m⁻³), indicating 

improved soil structure under conservation tillage.

 
Table 2: Correlation matrix between soil respiration and environmental factors 

 

Variable Soil Respiration SOC MBC Soil Temp Soil Moisture Bulk Density 

Soil Respiration 1.00      

SOC 0.73*** 1.00     

MBC 0.87*** 0.81*** 1.00    

Soil Temperature 0.42** 0.28 0.39* 1.00   

Soil Moisture 0.68*** 0.71*** 0.74*** -0.35* 1.00  

Bulk Density -0.69*** -0.66*** -0.72*** 0.31 -0.58** 1.00 
Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001 

 

3.4 Temperature Sensitivity of Soil Respiration 

The temperature sensitivity (Q₁₀) of soil respiration varied 

among tillage treatments, with values of 2.1 ± 0.3 for CT, 1.9 

± 0.2 for RT, and 1.7 ± 0.2 for NT systems. The lower Q₁₀ 

values in NT systems suggest greater substrate availability 

and more stable microbial communities that are less 

dependent on temperature fluctuations for metabolic activity 
[²³]. 

 

4. Discussion 

4.1 Tillage Effects on Soil Respiration 

The significantly higher soil respiration rates observed in no-

tillage systems compared to conventional tillage align with 

previous research demonstrating enhanced biological activity 

under conservation tillage practices [⁸, ²⁴]. The 75% increase in 

soil respiration under NT compared to CT reflects 

fundamental changes in soil biological processes driven by 

reduced physical disturbance and improved soil conditions. 

The enhanced soil respiration in NT systems can be attributed 

to several interconnected factors. First, the accumulation of 

crop residues on the soil surface provides a continuous supply 

of organic substrates for microbial decomposition, 

supporting higher microbial populations and activity [²⁵]. 

Second, the improved soil structure and reduced bulk density 

in NT systems enhance gas exchange and create favorable 

microsites for microbial growth [²⁶]. Third, the more stable soil 

moisture conditions in NT systems provide optimal 

conditions for enzymatic processes and microbial 

metabolism [²⁷]. 

 

4.2 Relationships Between Soil Respiration and Soil 

Properties 

The strong positive correlation between soil respiration and 

microbial biomass carbon (r = 0.87) confirms that soil 

respiration serves as an effective indicator of microbial 

community size and activity. This relationship is consistent 

with the concept that microbial biomass represents the living 

portion of soil organic matter responsible for most metabolic 

processes in soil ecosystems [²⁸]. 

The significant correlation between soil respiration and soil 

organic carbon (r = 0.73) reflects the fundamental role of 

organic matter as both substrate for microbial respiration and 



Journal of Soil Future Research www.soilfuturejournal.com  

 
    69 | P a g e  

 

habitat for soil organisms [²⁹]. The higher SOC content in NT 

systems (18.2 g kg⁻¹ vs. 14.7 g kg⁻¹ in CT) demonstrates the 

carbon sequestration benefits of conservation tillage 

practices, contributing to both enhanced biological activity 

and climate change mitigation [³⁰]. 

 

4.3 Environmental Controls on Soil Respiration 

Soil moisture emerged as a critical environmental factor 

controlling soil respiration rates (r = 0.68), with NT systems 

maintaining higher and more stable moisture contents 

throughout the growing season. The surface residue cover in 

NT systems reduces evaporation and creates a mulching 

effect that conserves soil water, providing favorable 

conditions for microbial activity even during dry periods [³¹]. 

The inverse relationship between soil temperature and tillage 

intensity reflects the insulating properties of surface residues 

in conservation tillage systems. While soil respiration 

generally increases with temperature, the lower soil 

temperatures in NT systems were more than compensated by 

the enhanced substrate availability and microbial biomass, 

resulting in overall higher respiration rates [³²]. 

 

4.4 Implications for Soil Health Assessment 

The use of soil respiration as an indicator of soil biological 

activity offers several advantages for soil health assessment 

programs. Soil respiration integrates multiple biological 

processes and responds rapidly to management-induced 

changes, making it a sensitive early indicator of soil quality 

trends [³³]. The relatively simple measurement procedures and 

availability of portable equipment make soil respiration 

assessments feasible for on-farm monitoring programs [³⁴]. 

The results demonstrate that tillage-induced changes in soil 

respiration reflect broader improvements in soil health 

indicators, including increased organic matter, enhanced 

microbial communities, and improved soil physical 

properties. This integrated response supports the use of soil 

respiration as a comprehensive indicator of tillage effects on 

soil biological functioning [³⁵]. 

 

4.5 Carbon Cycling Implications 

The enhanced soil respiration rates in NT systems have 

important implications for understanding carbon cycling in 

agricultural ecosystems. While higher respiration rates might 

initially suggest greater carbon losses, the concurrent 

increases in SOC content indicate that carbon inputs from 

crop residues and root biomass exceed respiratory losses, 

resulting in net carbon sequestration [³⁶]. 

The lower temperature sensitivity (Q₁₀) values in NT systems 

suggest more efficient carbon utilization by microbial 

communities, with less temperature-dependent metabolic 

processes. This characteristic may contribute to more stable 

carbon cycling under variable climate conditions and support 

the resilience of soil biological functions under conservation 

tillage management [³⁷]. 

 

5. Conclusion 

This study demonstrates that soil respiration serves as a 

sensitive and reliable indicator of soil biological activity 

under varying tillage practices. No-tillage systems exhibited 

significantly higher soil respiration rates (4.2 μmol CO₂ m⁻² 

s⁻¹) compared to reduced tillage (3.1 μmol CO₂ m⁻² s⁻¹) and 

conventional tillage (2.4 μmol CO₂ m⁻² s⁻¹) systems, 

reflecting enhanced microbial activity and improved soil 

biological functioning. 

The strong correlations between soil respiration and key soil 

health indicators, including microbial biomass carbon (r = 

0.87), soil organic carbon (r = 0.73), and soil moisture (r = 

0.68), confirm the utility of soil respiration measurements for 

assessing tillage impacts on soil biological processes. The 

enhanced biological activity in conservation tillage systems 

was associated with improved soil structure, increased 

organic matter content, and more favorable soil 

environmental conditions. 

These findings support the adoption of conservation tillage 

practices as a strategy for enhancing soil biological activity 

and promoting sustainable agricultural systems. The use of 

soil respiration as a monitoring tool can provide valuable 

feedback for adaptive management decisions and contribute 

to the development of soil health assessment protocols. 

Future research should focus on long-term monitoring of soil 

respiration under different tillage systems and the 

development of standardized protocols for field-scale 

measurements. 

The results contribute to our understanding of tillage effects 

on soil carbon cycling and support the potential for 

conservation agriculture to enhance both soil health and 

climate change mitigation through improved soil biological 

functioning and carbon sequestration. 

 

References 

1. Raich JW, Potter CS. Global patterns of carbon dioxide 

emissions from soils. Global Biogeochemical Cycles. 

1995;9(1):23-36. 

2. Hanson PJ, Edwards NT, Garten CT, Andrews JA. 

Separating root and soil microbial contributions to soil 

respiration: A review of methods and observations. 

Biogeochemistry. 2000;48(2):115-146. 

3. Schlesinger WH, Andrews JA. Soil respiration and the 

global carbon cycle. Biogeochemistry. 2000;48(1):7-20. 

4. Six J, Elliott ET, Paustian K. Soil macroaggregate 

turnover and microaggregate formation: a mechanism 

for C sequestration under no-tillage agriculture. Soil 

Biology and Biochemistry. 2000;32(14):2099-2103. 

5. Reicosky DC, Archer DW. Moldboard plow tillage 

depth and short-term carbon dioxide release. Soil and 

Tillage Research. 2007;94(1):109-121. 

6. West TO, Post WM. Soil organic carbon sequestration 

rates by tillage and crop rotation: A global data analysis. 

Soil Science Society of America Journal. 

2002;66(6):1930-1946. 

7. La Scala N Jr, Bolonhezi D, Pereira GT. Short-term soil 

CO₂ emission after conventional and reduced tillage of a 

no-till sugar cane area in southern Brazil. Soil and 

Tillage Research. 2006;91(1-2):244-248. 

8. Curtin D, Wang H, Selles F, McConkey BG, Campbell 

CA. Tillage effects on carbon fluxes in continuous wheat 

and fallow-wheat rotations. Soil Science Society of 

America Journal. 2000;64(6):2080-2086. 

9. Franzluebbers AJ. Soil organic carbon sequestration and 

agricultural greenhouse gas emissions in the 

southeastern USA. Soil and Tillage Research. 

2005;83(1):120-147. 

10. Ussiri DH, Lal R, Jarecki MK. Nitrous oxide and 

methane emissions from long-term tillage under a 

continuous corn cropping system in Ohio. Soil and 

Tillage Research. 2009;104(2):247-255. 

11. Jabro JD, Sainju U, Stevens WB, Evans RG. Carbon 

dioxide flux as affected by tillage and irrigation in soil 



Journal of Soil Future Research www.soilfuturejournal.com  

 
    70 | P a g e  

 

converted from perennial forages to annual crops. 

Journal of Environmental Management. 

2008;88(4):1478-1484. 

12. Morell FJ, Alvaro-Fuentes J, Lampurlanés J, Cantero-

Martínez C. Soil CO₂ fluxes following tillage and rainfall 

events in a semiarid Mediterranean agroecosystem: 

Effects of tillage systems and nitrogen fertilization. 

Agriculture, Ecosystems & Environment. 2010;139(1-

2):167-173. 

13. Doran JW, Zeiss MR. Soil health and sustainability: 

managing the biotic component of soil quality. Applied 

Soil Ecology. 2000;15(1):3-11. 

14. Lal R. Soil carbon sequestration impacts on global 

climate change and food security. Science. 

2004;304(5677):1623-1627. 

15. Illinois State Climatologist Office. Climate data for 

Champaign County. University of Illinois; 2024. 

16. Davidson EA, Belk E, Boone RD. Soil water content and 

temperature as independent or confounded factors 

controlling soil respiration in a temperate mixed 

hardwood forest. Global Change Biology. 

1998;4(2):217-227. 

17. Nelson DW, Sommers LE. Total carbon, organic carbon, 

and organic matter. In: Page AL, editor. Methods of soil 

analysis. Part 2. 2nd ed. Madison: ASA and SSSA; 1982. 

p. 539-579. 

18. Vance ED, Brookes PC, Jenkinson DS. An extraction 

method for measuring soil microbial biomass C. Soil 

Biology and Biochemistry. 1987;19(6):703-707. 

19. Bremner JM. Nitrogen-total. In: Sparks DL, editor. 

Methods of soil analysis. Part 3. Madison: SSSA; 1996. 

p. 1085-1121. 

20. Blake GR, Hartge KH. Bulk density. In: Klute A, editor. 

Methods of soil analysis. Part 1. 2nd ed. Madison: ASA 

and SSSA; 1986. p. 363-375. 

21. Kemper WD, Rosenau RC. Aggregate stability and size 

distribution. In: Klute A, editor. Methods of soil analysis. 

Part 1. 2nd ed. Madison: ASA and SSSA; 1986. p. 425-

442. 

22. Lloyd J, Taylor JA. On the temperature dependence of 

soil respiration. Functional Ecology. 1994;8(3):315-323. 

23. Davidson EA, Janssens IA. Temperature sensitivity of 

soil carbon decomposition and feedbacks to climate 

change. Nature. 2006;440(7081):165-173. 

24. Alvarez R, Steinbach HS. A review of the effects of 

tillage systems on some soil physical properties, water 

content, nitrate availability and crops yield in the 

Argentine Pampas. Soil and Tillage Research. 

2009;104(1):1-15. 

25. Balesdent J, Chenu C, Balabane M. Relationship of soil 

organic matter dynamics to physical protection and 

tillage. Soil and Tillage Research. 2000;53(3-4):215-

230. 

26. Paustian K, Six J, Elliott ET, Hunt HW. Management 

options for reducing CO₂ emissions from agricultural 

soils. Biogeochemistry. 2000;48(1):147-163. 

27. Linn DM, Doran JW. Effect of water-filled pore space 

on carbon dioxide and nitrous oxide production in tilled 

and nontilled soils. Soil Science Society of America 

Journal. 1984;48(6):1267-1272. 

28. Anderson TH, Domsch KH. The metabolic quotient for 

CO₂ (qCO₂) as a specific activity parameter to assess the 

effects of environmental conditions, such as pH, on the 

microbial biomass of forest soils. Soil Biology and 

Biochemistry. 1993;25(3):393-395. 

29. Franzluebbers AJ, Hons FM, Zuberer DA. Seasonal 

changes in soil microbial biomass and mineralizable C 

and N in wheat management systems. Soil Biology and 

Biochemistry. 1994;26(11):1469-1475. 

30. Follett RF. Soil management concepts and carbon 

sequestration in cropland soils. Soil and Tillage 

Research. 2001;61(1-2):77-92. 

31. Unger PW, Jones OR. Long-term tillage and cropping 

systems affect bulk density and penetration resistance of 

soil cropped to dryland wheat and grain sorghum. Soil 

and Tillage Research. 1998;45(1-2):39-57. 

32. Fang C, Moncrieff JB. The dependence of soil CO₂ 

efflux on temperature. Soil Biology and Biochemistry. 

2001;33(2):155-165. 

33. Powlson DS, Brookes PC, Christensen BT. 

Measurement of soil microbial biomass provides an 

early indication of changes in total soil organic matter 

due to straw incorporation. Soil Biology and 

Biochemistry. 1987;19(2):159-164. 

34. Rochette P, Ellert B, Gregorich EG, Desjardins RL, 

Pattey E, Lessard R, et al. Description of a dynamic 

closed chamber for measuring soil respiration and its 

comparison with other techniques. Canadian Journal of 

Soil Science. 1997;77(2):195-203. 

35. Karlen DL, Mausbach MJ, Doran JW, Cline RG, Harris 

RF, Schuman GE. Soil quality: a concept, definition, and 

framework for evaluation. Soil Science Society of 

America Journal. 1997;61(1):4-10. 

36. Paustian K, Lehmann J, Ogle S, Reay D, Robertson GP, 

Smith P. Climate-smart soils. Nature. 

2016;532(7597):49-57. 

37. Bond-Lamberty B, Thomson A. Temperature-associated 

increases in the global soil respiration record. Nature. 

2010;464(7288):579-582. 


