Soil Carbon Stock and Sequestration after 29 Years of No-tillage in Sumatra, Indonesia  
○Muhajir UTOMO, Jamalam LUMBANRAJA, Tamaluddin SYAM and Fajri Taufik AKBAR 

(Faculty of Agriculture, University of Lampung, Indonesia）
SUMMARY
In the tropics, soil organic carbon (SOC) has important role on enhancing soil health and productivity, but easily degraded by current soil management.  The objective of this experiment was to determine the influence of long-term no-tillage and N fertilization on soil C stock and soil C sequestration.  The long-term experiment was initially established in February 1987, at experiment farm of Politeknik Negeri Lampung, Sumatra, Indonesia. The soil is  Udult, clayey, slope ranging from 6 to 9%, with elevation 122 m. The experiment was a factorial, randomized complete block design, with 4 replications. Tillage treatments were no-tillage (NT), minimum tillage (MT) and conventional tillage (CT); while nitrogen fertilization rates were 0 kg N ha-1 (N0) and 200 kg N ha-1 (N1).  Soil samples were taken in February 2016 at 0-20 cm depth for all treatments, but only combination treatments of NTN1 and CTN1 for the representative profiles. It revealed that after 29 years of cropping, there were significantly influences of tillage and N fertilization on soil C stock and C sequestration (P<0.05).  Soil C stock of no-tillage at 0-20 cm depth was  35.4 Mg C ha-1, or 12.8% higher than CT, but not difference than MT.  While soil C stock in 0 kg N/ha treatment  was  34.9 Mg C ha-1, or 7.7% higher than 200 kg N ha-1 treatment (P<0.05). In soil profile up to 60 cm depth, C stock under NT, CT and reference site were 57.1, 55.6 and 47.9 Mg C ha-1, respectively. Soil C sequestration rate by NT was the highest (118.4 kg C ha-1yr-1), but not significantly different than MT (71.8 kg C ha-1yr-1). While in contrast, soil C sequestration under CT was significanly the lowest (-20.7 kg C ha-1yr-1). Soil C sequestration rate by N fertilization was lower 14.3 kg C ha-1yr-1 than no N fertilization (98.7 kg C ha-1yr-1)   
Introduction
Concerns about climate change due to greenhouse gas (GHG) emissions is currently receiving considerable attention worldwide (Rastogi et al 2002; Lal 2016; Utomo 2014). Depletion of soil SOC contents in soils due to land use conversion and soil cultivation have been contributing to the increase of that GHG emission (Lal, 2007; Sá et al 2015). As a global initiative therefore, the ‘4 per mille Soils for Food Security and Climate’ aspires to increase global soil organic matter stocks by 4 per mille (0.4 percent) per year as a compensation for the global GHG emissions by anthropogenic sources (Chambers et al 2016; Lal 2016; Minasny et al 2016). The strategy is to promote SOC sequestration through implementing best management practices (BMPs) of C farming including conservation agriculture (Lal 2016). Sequestration of SOC has been considered as a possible solution to mitigate climate change (Chambers et al 2016; Minasny et al., 2016; Lal 2016) with an additional benefit of enhancing ecosystem services (Lal 2013), and increasing soil productivity as well (Utomo et al 2013; Utomo 2014). 
With less soil surface manipulation and application of mulch,  no-tillage (NT) is among BMPs that expected to have SOC sequestration and yield higher than that of conventional tllage (CT) (Lal 1997; Utomo 2014). Due to those reasons, since about 1990, adoption of NT has expanded rapidly worldwide (Derpsch et al 2010; Triplett and Dick 2008) and yet in Indonesia (Utomo 2014). Rapid adoption of NT is due to the fact that it requires less cost and labor, sustains soil fertility and crop yield at least the same as CT (Lal 1997; Utomo 2014).
Sá et al (2015) reported that by the conversion of native forest in tropical Brazil to a continuous use plow-based CT agro-ecosystem had decreased SOC sequestration. Significant differences in the SOC sequestrations  between CT and NT cropping systems at 20-cm depth were observed with the rate of of  0. 48–1.30 Mg C ha-1 yr-1. Similar trend also reported by Bayer et al (2006). The soil C stocks at 0-20 cm depth in no-till sandy clay loam Oxisol in Brazil was 2.4 Mg ha-1 higher than  conventionally tilled soil, with C sequestration rate of  0.30 Mg ha-1 yr-1. In the profile sample, the soil C stocks were significantly higher for the minimum tillage (MT) treatment than CT and NT treatments (Andruschkewitsch et al 2013). In NT, however, soil C accumulation increased with the increase in the input of biomass-C (Carvalho et al 2016; Sá et al 2015). After 5 years, soil C stock and soil C sequestration under NT with 80 Mg ha-1 of sugarcane bagasse were  42.9 Mg C ha-1 and 2.8 Mg C ha-1 yr-1, respectively. While under CT with no mulch, soil C stock was only 29.4 Mg C ha-1 and C sequestration was 0.24 Mg C ha-1yr-1 (Utomo et al 2017).  
In tropical agro-ecosystem however, there is a limited information about soil C stock and soil C sequestration under long-term NT plot. The aims of this research were to determine the effect of long-term tillage systems and N fertilization on soil C stock and soil C sequestration after 29 years of corn-soybean crop rotation.  

Material and Method
Experiment Site and Design
The long-term experiment that was established in February 1987 (Utomo et al 1989), was located at the experiment farm of Politeknik Negeri Lampung, Sumatra, Indonesia (105o 13’ 45.5”-105o 13’ 45.5”-105o 13’ 48.0"E, 05o21’19.6"-05o 21’ 19.7"S) with elevation of 122 m from sea level (Utomo et al 2013). Cropping pattern of this longterm experiment was cereal (corn or upland rice)-legume (soybean, mungbean or cowpea)-fallow (weed or bare soil) rotation.  
The experiment was arranged in a factorial, randomized completely block design, with four replications. The plot size was four by six meters. The first factor was tillage systems; those were conventional tillage (CT), no-tillage (NT), and minimum tillage, (MT). While the second factor was nitrogen (N) treatment with rates of 0 (N0) and 200 kg N ha-1 (N1) applied for corn production. Nitrogen source for the N fertilization was Urea 46% N.

For initial soil C stock, composite sample was taken prior to experiment in February 1987 at 0-20 cm depth (Utomo 2014). While samples for soil C stock and sequestration were sampled in February 2016 at depth of 0-20 cm for all treatments, and at depth of 0-60 cm for representative profiles of specific treatments. The soil C stock was calculated from soil BD and the soil carbon concentration as follow: soil C stock (g C cm-2) = [SOC x BD x D]/100, where C, BD and  D were SOC (%), soil bulk density (g cm-3), and soil depth (cm), respectively. Soil C stock was then scaled up into per unit area of estimation (Mg C ha-1). Finally, the soil C sequestration rate after 29 years of cropping (Mg ha-1 yr-1)=[C stock 2016–C stock 1987]/29. Those estimations were modified from Cerri et al (2011); Galdos et al (2009); Khasanaha et al (2015).
Statistical Analysis 
The homoginity and additivity of the data were determined with Bartlett’s test and Tukey test, respectively. Analysis of variance and means test with Least Significance Different (LSD 0.05) were analyzed using the Statistical Analysis System package (SAS Institute 2003).
Result and Discussions
Soil Carbon Stock  
After 29 years of cropping, it turned out that soil C stock and sequestration at 0-20 cm depth were affected by tillage (T) and nitrogen (N), but not affected by NT interaction (Table1). Due to addition of crop residues each season (Utomo et al 2013), soil C stock under NT was significantly (P<0.01) the highest (35.4 Mg C ha-1), while in contrast under CT was the lowest (31.4 Mg C ha-1) (Table 2). Soil C stock under NT was 12.7% and 3.8% higher than those of CT and MT, respectively. 
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Note: N0= 0 kg N ha-1; N1= 200 kg N ha-1
Fig. 1 Soil C stock after 29 years of cropping (0-20 cm)


This finding was similar to those that reported by Bayer et al (2006), Carvalho et al (2016), and Sá et al (2015).  
Within the soil profile (0-60 cm),  the trend of soil C stock was consistent with that  of 0-20 cm depth (Fig. 2). Soil C stock under NT within soil profile through 0-60 cm depth was the highest (57.1 Mg C ha-1), while under reference profile was the lowest (47.9 Mg C ha-1). It was 19.2% and 2.6% higher than those of reference and CT sites, respectively. Different from others, most of soil C stock under NT was accumulated in horizon A, but in horizon B was the lowest. This was because  in NT, there was an  accumulation of previous crop surface on the soil surface with no soil surface disturbance, yielding in higher SOC in A horizon, but lower SOC in B horizon (Fig. 3). 
The strong long-term effect of NT on inducing SOC, was reflected on higher soil C stock under NT if combined with any N treatment. On the other hand, with lower SOC, CT had lower soil C stock (Table 2), resulted in a lower soil C stock if combined with any N treatment (Fig. 1). Soil C stock under N0NT at 0-20 cm depth tended to be the highest (37.1 Mg C ha-1), while under NTCT was the lowest (29.6 Mg C ha-1) (Fig. 1). This was atributed by the higher  soil C stock under NT alone than other tillage treatments.
Different from NT, long-term nitrogen application (200 kg N ha-1) reduced soil C stock. Soil C stock at 0-20 cm depth under N1 was 14.3 kg C ha-1yr-1 (Table 3), while under N0 was 98.7 kg C ha-1yr-1 (P<0.5%).  Probably, this was  indirectly  due to N application had induced SOC mineralisation, resulted in lower soil C stock. 
Soil Carbon Sequestration
The C sequestration rate (kg C ha-1yr-1) after 29 years of cropping was calculated as [C stock 2016-C stock 1987]/29. It is noted that initial carbon stock at 0–20 cm depth in 1987 (when this long-term plot was established) was 32.0 Mg ha−1 (Utomo 2014). 
Fig. 2 Soil C sock within soil profile after 29 years of cropping (0-60 cm)

Fig. 3 Soil C sequestration rate after 29 years of cropping (0-20 cm)

Therefore, during 29 years of cropping, NT had significantly sequestered SOC as much as 3.4 Mg C ha−1 29 yr-1, resulting in a soil carbon sequestration rate of 118 kg C ha−1yr−1. In contrast, IT had significantly depleted SOC as much as -0.6 Mg C ha−1 29 yr-1, yielding with carbon depletion rate of -20.7 kg C ha−1 yr−1 (Table 2). 

Figure 3 shown the trend of combination effect between tillage and N fertilization on soil C sequestration rate.  Under N0NT, soil C sequestration rate  was the highest (175.1 kg C ha-1yr-1) among treatment combinations. In contrast, soil C sequestration rate under N1CT was depleted to -82.8 kg C ha-1yr-1 (Fig. 3). Depletion of soil carbon with repect to CT combined with any N fertilization was mainly due to there was no crop residue addition and soil erosion with respect to CT (Lal 1997; Utomo et al 2013; Utomo 2014), and higher SOC mineralization with respect to N fertilization. Figure 3 also shown that combination nitrogen with any tillage treatments tended to reduced soil C sequestration. It seems that nitrogen had negative effect on soil C  sequestration. Compared to with no nitrogen application, application of 200 kg N ha-1 reduced soil C sequestration as much as 84.4 kg C ha-1yr-1 (Table 3). 

However compared to other reports in temperate region (Bayer et al 2006; Sá et al 2015), these soil C squestration values were lower. This is because in tropical ecosystem such as Indonesia, soil C pool is subjected to be decomposed much faster than temperate region, resulted in a relatively lower soil C sequestration (Utomo 2014). 
Conclusion
Long-term (29 years) no-tillage increased soil C stock and soil C sequestration rate at 0-20 cm depth. In contrast,  conventional tillage depleted soil C stock and soil C sequestration rate. This trend was consistent in soil profile up to 0-60 cm depth. 
Long-term nitrogen fertilization (200 kg N ha-1) depleted soil C stock and soil C sequestration at 0-20 cm depth. 
These findings suggest that application of conservation agriculture such as no-tillage can be promoted for implementation of the‘4 per mille Soils for Food Security and Climate’ global inisiative.

Acknowledgement 
The research was financially supported by the Research Institute of University of Lampung through Hibah Profesor of University of Lampung  in 2016/2017, and partially supported by Yokohama National University, Japan. Acknowledgements are highly appreciated for those who have supported this long-term no-tillage research. 
Reference 

1) Andruschkewitsch R, Geisseler D, Koch HJ and Ludwig B (2013) Effects of tillage on contents of organic carbon, nitrogen, water-stable aggregates and light fraction for four different long-term trials. Geoderma, 192:368–377.

2) Bayer C, Martin-Neto L, Mielniczuk J, Pavinato A, Dieckow J (2006) Carbon sequestration in two Brazilian Cerrado soils under no-till. Soil & Tillage Research, 86:237–245.

3) Carvalho JLN, Noguerol RC, Menandro LMS, Bordonal RDO, Borges CD, Cantarella H and Franco HCJ (2016) Agronomic and environmental implications of sugarcane straw removal: a major review. GCB Bioenergy, 1-15.

4) Cerri CC, Galdos MV, Maia SMF, Bernoux M, Feigla BJ, Powlson D and Cerri CEP (2011) Effect of sugarcane harvesting systems on soil carbon stocks in Brazil: an examination of existing data. European Journal of Soil Science, 62:23–28.

5) Chambers A, Lal R, Paustian K (2016) Soil carbon sequestration potential of US croplands and grasslands: implementing the 4 per thousand initiative. J. Soil Water Conserv, 71: 68A–74A. 

6) Derpsch R, Friedrich T,  Kassam A, Hongwen L (2010) Current status of adoption of no-till farming in the world and some of its main benefits. Int J Agric & Biol Eng, 3 (1): 1-25.

7) Galdos MV, Cerri CC, Cerri  CEP (2009) Soil carbon stocks under burned and unburned sugarcane in Brazil. Geoderma., 153; 347–352.

8) Khasanaha N, van Noordwijk M, Ningsih H, Rahayu S (2015) Carbon neutral? No change in mineral soil carbon stock under oil palm plantations derived from forest or non-forest in Indonesia.  Agriculture, Ecosystems and Environment., 211:195–206.

9) Lal R (1997) Residue management, conservation tillage and soil restoration for mitigating greenhouse

effect by CO2 -enrichment. Soil Tillage Res 43:81–107.

10) Lal R (2007) Soil carbon sequestration to mitigate climate change and advance food security. Soil Sci, 32(12):943–956.

11) Lal R (2013) Enhancing ecosystem services with no-till. Renewable Agriculture and Food Systems,  28(2); 102–114. 

12) Lal R (2016) Beyond COP 21: potential and challenges of the “4 per thousand” initiative. J. Soil Water Conserv, 71: 20A–25A. 

13) Minasny B, Malone BP, Alex B. McBratney, Angers DA, Arrouays D, Chambers A, Chaplot V, Chen ZS,  Cheng K, Das BS, Fielda DJ, Gimona A, Hedley CB, Hong SY, Mandal B, Marchant BP, Martin M, McConkey BG, Mulder VL, O'Rourke S, Anne C. Richer-de-Forges AC, Odeh I, Padarian J, Paustian K, Pan G, Laura Poggio i, Savin I,  Stolbovoy V, Stockmann U, Sulaeman Y, Tsui CC, Vågen TG,

Wesemael BV, Winowiecki L (2016) Soil carbon 4 per mille. Geoderma, 292:59–86.

14) Rastogi M, Singh S, Pathak H (2002) Emission of carbon dioxide from soil. Curr Sci, 82(5):510–517.

15) Sá JCD, Séguy L, Tivet F, Lal R, Bouzinac S, Borszowskei PR, Briedis C, Santos JBD, Hartman DDC, Bertoloni CG, Rosa J, and Friedrich T (2015) Carbon depletion by plowing and its restoration by no-till cropping systems in Oxisols of subtropical and tropical

agro-ecoregions in Brazil. Land Degrad. Develop, 26: 531–543. 

16) SAS [Statistical Analysis System] Institute (2003) TheSAS system for windows. Release 9.1. SAS

Inst.Inc. Cary, NC.

17) Triplett GB and Dick WA (2008)  No-tillage crop production: a revolution in agriculture. Agro J, 100:153–156.

17) Utomo M, H Suprapto and Sunyoto. 1989. Influence of tillage and nitrogen fertilization on soil nitrogen, decomposition of alang-alang (Imperata cylindrica) and corn production of alang-alang land. In: J van der Heide (ed). Nutrient management for food crop production in tropical farming systems. Institute for Soil Fertility (IB), 367-373.

18) Utomo M, Banuwa IS, Buchari H, Anggraini Y, Berthiria (2013) Long-term tillage and nitrogen

fertilization effects on soil properties and crop yields. J Trop Soils, 18 (20):21–30.

19) Utomo M 2014 Conservation Tillage Assessment for

Mitigating Greenhouse Gas Emission in Rainfed Agro- Ecosystems. N. Kaneko et al. (eds.), Sustainable Living with Environmental Risks, 35:35-44. 

20) Utomo M, Niswati A, Yusnaini S, Pamungkas DT, Diky N, Haryani S, and Kaneko N (2017) Soil carbon sequestration after five years of no-tillage and bagasse mulching in sugarcane plantation. International Conference on Organic Agriculture in the Tropics: State of the Art, Challenges and Opportunities. Yogyakarta, August 20-24, 2017. 

-------------------------
Table 1 Analysis of variances for soil C stock and sequestration at 0-20 cm depth
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Table 2 Long-term (29 years) effect of tillage on soil C stock and sequestration at 0-20 cm depth
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Table 3 Long-term (29 years) effect of nitrogen on soil C stock and sequestration at 0-20 cm depth
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