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ABSTRACT 5 
 6 

The years of intensive tillage in many countries, including Cambodia have caused significant 7 

decline in agriculture’s natural resources that could threaten the future of agricultural production 8 

and sustainability worldwide. Long-term tillage system and site-specific crop management can 9 

affect changes in soil properties and processes, so there is a critical need for a better and 10 

comprehensive process-level understanding of differential effects of tillage systems and crop 11 

management on the direction and magnitude of changes in soil carbon storage and other soil 12 

properties. A study was conducted in farmer’s field to evaluate the effect of conservation 13 

agriculture (CA) and conventional tillage (CT) on soil carbon, nitrogen and soil respiration in 14 

three villages of Siem Reap, Cambodia. Soil organic carbon (p�0.01), soil total nitrogen (p�0.01) 15 

and soil respiration (p�0.10) for at least in two villages, were significantly affected by tillage 16 

management. The soil quality was improved in villages with CA compared with villages with CT 17 

by increasing soil organic carbon (10.2 to 13.3 Mg ha
-1

) and soil nitrogen (0.87 to 1.11 Mg ha
-1

) 18 

because of much higher soil moisture (15.7±8.6 to 20.0±11.9%) retained in CA and with reduced 19 

soil temperature (30.4±2.0 to 32.4±2.3
o
C) during the dry period. Additionally, field soil 20 

respiration was higher in CA (55.9±4.8 kg CO2-C ha
-1

 day
-1

) than in CT (36.2±13.5 kg CO2-C 21 

ha
-1

 day
-1

), which indicates more microbial activity and increased mineralization of soil organic 22 

carbon for nutrient release. The soil’s functions of supporting plant growth and sink of carbon 23 

and recycler of nutrients was likely improved in agroecosystem with CA than in system with CT. 24 

Our results have suggested that CA may have had enhanced soils’ carbon and nitrogen contents, 25 

nutrient supplying capacity and microclimate for soil microorganisms in three villages with 26 

vegetable production. 27 
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1. INTRODUCTION 29 
 30 

 Long-term tillage system and crop management can affect changes in soil properties and 31 

processes. These changes can, in turn affect the delivery of ecosystem services, including climate 32 
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regulation through carbon sequestration and greenhouse gas emission, regulation and provision 33 

of water through soil physical, chemical and biological properties  [1, 2, 3]. Soil quality or soil 34 

health is the capacity of soil to function within ecosystem boundaries to support plants and 35 

animals and their health, resist erosion, and maintain environmental quality [4, 5]. It has been 36 

claimed that components of CA promote soil health, productive capacity, and ecosystem services 37 

[6]. There is clear evidence that topsoil organic matter increases with conservation agriculture 38 

and with other soil properties and processes that reduce erosion and runoff and increase water 39 

quality. Reduction of erosion and runoff in system with CA or no-till system is due to protection 40 

of the soil surface with residue retention and increased in water infiltration [7]. Previous 41 

literature on soil carbon stocks has often discussed effects of tillage, crop rotations and residue 42 

management separately [8]. It is important to recognize that these components interact. These 43 

complex and multiple interactions will ultimately determine the potential for soil organic carbon 44 

storage especially in system with CA.  45 

 Conservation agriculture is a concept of crop production that aims to save resources, 46 

strives to achieve acceptable profits with high and sustained production levels, while at the same 47 

time conserving the environment [6, 9, 10, 11, 12]. Conservation agriculture involves a set of 48 

complex knowledge, intensive, and often counter-intuitive and unrecognized elements that 49 

promote soil health, and improve productive capacity and ecosystem services [6]. The three main 50 

principles of CA are the following: (a) soils are not disturbed more than 15 cm in width or 25%, 51 

whichever is lesser, of the cropped area and  with no periodic tillage; (b) more than 30% of the 52 

soil is to be covered with crop residue or organic mulches at planting; and (c) crop rotation that 53 

involves at least three different crops [6, 9, 13, 14, 15]. In contrast, CT encompasses a multitude 54 

of objectives, which includes soil loosening, leveling of soil for seed bed preparation, mixing of 55 
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fertilizers into soil, mineralization of soil nutrients, weed control, and crop residue management 56 

[14]. While tillage has been recognized to be beneficial to farmers, it is believed to come with 57 

cost to the farmers themselves, the environment, and natural resource base that is depended upon 58 

by farming [14]. The rapid decline in soil organic matter caused by tillage results in 59 

mineralization of nutrients for plant use [6], with significant source of carbon emissions [16], but 60 

it also leads to soil crust formation, soil compaction and reduction in water infiltration leading to 61 

high potentials of soil erosion [15, 17]. This calls for a new paradigm of sustainable agricultural 62 

production that balances increase food production with conservation and enhancement of natural 63 

resources. Stakeholders are now demanding a sustainable agricultural system that addresses 64 

issues about rising food, energy, and environmental costs [6, 11, 12]. 65 

Agricultural soils are important contribution to greenhouse gas emissions and the size of 66 

this contribution can be influenced by tillage practice and crop management [17, 18]. No-till 67 

system may promote N2O emissions. Leibig et al. [19] reported higher CO2 emissions from 5 to 68 

6 year old no-till soils than in soils with CT  under sorghum and soybean rotations. Conversely, 69 

Dao [20] determined soil CO2 flux following wheat in the 11
th

 year of a tillage study and found 70 

the cumulative CO2 evolved from soil was much higher for moldboard plowing than for no-71 

tillage. Bauer et al. [21] also reported soil CO2 flux was generally greater in conventional tillage 72 

than in conservation tillage after 25 years. Recently, Babujia et al. [22] reported that CT had 73 

greater CO2 soil-atmosphere fluxes than no-tillage and other tillage systems.  74 

The years of intensive tillage in many countries, including Cambodia have caused 75 

significant decline in agriculture’s natural resources that could threaten the future of agricultural 76 

production and sustainability worldwide [11]. Hence, there is a critical need for a better and 77 

comprehensive process-level understanding of differential effects of tillage systems and crop 78 
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management on the direction and magnitude of changes in soil carbon storage and other soil 79 

properties [17]. Additional information that are essential for determining where and why CT 80 

and/or CA does work in delivering different ecosystem services while increasing crop production 81 

are still needed. It is also important to establish strategically experimental sites that compare CA 82 

and CT on a range of soil-climate types. With this knowledge, greater progress can be made to 83 

fully understand the interactive effect of tillage system and crop management in enhancing soil 84 

health, soil quality and soil carbon storage. The objective of our field research was to compare 85 

the effects of CA and CT in terms of the soil organic carbon dynamics, total nitrogen, soil 86 

respiration, and other field soil quality attributes under vegetable production in three villages of 87 

Siem Reap, Cambodia.  88 

2. MATERIALS AND METHODS 89 

2.1  Site description and Site Preparation 90 

The geographic location of the study sites is shown in Figure 1. Briefly, the 15 study sites 91 

were located in three villages in Siem Reap Cambodia: O’Village (13°19’22.9”N; 92 

103°56’50.62”E); Sratkat village (13°20’55.57”N; 104°02'45.11” E); and Soutrikum Village 93 

(13°16’48.66”N; 104°07'47.85”E). The major soil types in the villages were similar to that of the 94 

Arenosols, prey Khmer Soil Group, FAO soil classification, as described by Seng et al. [23], 95 

equivalent to Soil Order Entisol and Suborder Psamments according to the USDA soil 96 

classification [24]. The soil properties include having a low organic carbon (0.5 g kg
-1

), low total 97 

organic N (0.5 g kg
-1

) with 73% sand, 22% silt and 5% clay, low CEC, exchangeable K, and 98 

Olsen P with high hydraulic conductivity [23]. Additionally, other soil properties are included in 99 

Table 1.  100 
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Cambodia has two distinct seasons, marked with dry and wet conditions. Averaged over 101 

several decades (1900–2009), Cambodia has an annual rainfall of 1837 mm and annual mean 102 

temperature of 26.5°C (The World Bank Group, 2015). A critical period of crop production 103 

was identified which falls on the months of April to July, referred to as the early wet 104 

season, due to erratic rainfall patterns [23] with high temperature (Figure 2). 105 

In CA, tillage was no longer repeated after the first crop production, dry rice straws 106 

(Oryza sativa L.) of about 15 Mg ha
-1

 were placed on top of the vegetable beds’ surface as mulch 107 

(8 cm height). A cover crop Crotolaria juncea L. was planted at 0.5 m apart at a rate of 30 kg ha
-

108 

1
 between rows of crops. One week prior to harvesting the main crop, Crotolaria juncea, was 109 

then cut from the base of the stem, laid on top of the soil, and covered with rice mulch with the 110 

same rate as above. Holes were dug at about 10 cm in diameter and by 10–12 cm depth for 111 

planting the next crop. In CT, the soil was continuously tilled at about 20 cm depth, using hoe 112 

and moldboard plow drafted by two buffalos. The soils were then evened out using rakes, beds 113 

remade, remaining residues taken out and sometimes burned, and holes manually dug for the 114 

next crop (Figure 3). 115 

The experiment was laid out in a randomized complete block design with three villages 116 

as the block effect and production management (CA versus CT) as the treatment effect. Each plot 117 

measuring 100 m
2
 was replicated five times. Crop history and/or different crop rotations for the 118 

three villages during the study period are presented in Table 2. 119 

2.2   Soil sampling and sample preparation for laboratory analyses 120 

This experiment involved laboratory and field tests. For the laboratory part, there were 121 

nine farms selected, three farms within each of the three villages (O’ village and Sratkat village 122 

in Prasat Bakong District and Soutrnikum village, Trabek District). Within each farm, CA and 123 
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CT experimental units covering an area of about 25 m
2
 were sampled diagonally in two depths; 124 

surface (0-10 cm) and bottom (10-20 cm) layers. Five subsamples were taken, composited, and 125 

transported to Siem Reap Town for air drying at room temperature. A total of 36 soil samples for 126 

laboratory tests were collected, passed through a 2-mm sieve, packed, and transported to the 127 

Coastal Plains Soil, Water and Plant Conservation Research Center, Agriculture Research 128 

Service, United States Department of Agriculture, Florence, South Carolina. USA.  129 

2.3   Soil Organic Carbon and Total Nitrogen 130 

Collected samples were analyzed for total organic carbon and total nitrogen through flash 131 

combustion method at high temperature using Vario MAX CNS Elemental Analyzer at Coastal 132 

Plains Soil, Water and Plant Research Center, Agricultural Research Service, USDA, Florence, 133 

SC. Percent soil organic carbon and total nitrogen were calculated based on bulk density of the 134 

soil.  135 

2.4   Volumetric Water Content and Soil Temperature 136 

Field testing of soil moisture and soil temperature was conducted on six farms; two farms 137 

per village, under CA and CT, respectively. The volumetric soil moisture content was measured 138 

from 10 subsampling points using a time domain reflectometer with 12 cm probe (TDR 100-139 

Spectrum Tech) after calibration procedures. The soil temperatures were gathered using a field 140 

soil thermometer probe from 10 subsampling points and the temperature was checked using a 141 

second thermometer. Both TDR and temperatures were measured inside the vegetable beds about 142 

15 cm to 30 cm away from the center of the plots’ width, avoiding 1 meter from the plots 143 

borders. Percent water-filled pore space (%WFPS) were calculated based on volumetric water 144 

content and bulk density [19].  145 

 146 
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2.5   Soil Respiration 147 

Soil respiration was measured 12 times, six from each of CA and CT, following the 148 

procedures published by Liebig and Doran [19] Briefly, a 6-inch ring was driven into the soil, 149 

and after 1-2 hours it was covered with a rubber lid. After allowing carbon dioxide (CO2) to 150 

accumulate for 30 minutes, the gas was sampled quantitatively by drawing 100-cm
3 

suctions 151 

using a syringe attached via rubber tubing to a Draeger tube and a needle. A minor modification 152 

was done by purging the chamber five times before sampling and no needle was attached on the 153 

other side of the rubber lid. The purging and non-sticking of another needle were done to mix the 154 

gas trapped in the chamber and to avoid possible gases coming in from outside the chamber to be 155 

sampled, respectively. Actual field respiration was converted to kg CO2-C ha
-1

 day
-1

 and 156 

normalized to 25ºC and 60% water-filled pore space (WFPS). Both actual and adjusted 157 

respiration rates were compared with a respiration index described in the USDA soil quality test 158 

kit [19, 24, 25]. 159 

2.6   Statistical analysis 160 

The results for SOC and TN were analyzed using SAS PROC GLM [26] involving three 161 

class treatments: block, management and soil depth. Means of SOC, TN and other soil properties 162 

were separated at alpha=0.10 using Fisher’s protected Least Significance Difference (LSD). 163 

Variation between farmer plots, as blocks, was also accounted for in the model. Dependent 164 

variables were pH, EC, bulk density, soil temperature, soil respiration(actual), soil 165 

respiration(@25°C&%60WFPS), volumetric water content, and water-filled pore space.   166 

3. RESULTS AND DISCUSSION 167 

 168 

 169 
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3.1   Soil Organic Carbon 170 

Differences in the total soil organic carbon (SOC) content for the three villages under CA 171 

and CT are presented in Table 3. Soil organic carbon varied significantly (p�0.001) with tillage 172 

management for two villages (i.e., Srakat and Soutrnikum). The CA system in Srakat village 173 

(12.6±4.0 Mg ha
-1

) and Soutrnikum village (13.3±2.7 Mg ha
-1

) had greater concentration of SOC 174 

when compared with the amount of SOC in CT system of (10.4±2.0 Mg ha
-1

) and (10.2±2.0 Mg 175 

ha
-1

), respectively. In O’ village, the SOC in CA (12.1±2.9 Mg ha
-1

) was system was statistically 176 

comparable with the amount of SOC in CT system (13.4±5.1 Mg ha
-1

). Averaged across soil 177 

depths, CA has greater concentration of SOC of about 2.2 Mg C ha
-1

 and 3.1 Mg C ha
-1 

 than the 178 

amount of SOC in CT for Sratkat and Soutrnikum village, respectively (Table 3).   179 

The increase of SOC in CA between the two villages may be due to the addition of about 180 

15 Mg ha
-1

 rice mulch in two separate occasions before planting time. In addition, the planting of 181 

Crotolaria juncea in between rows of long-bean and cabbages during the second production 182 

prior to their harvesting time may also have added to the SOC of the soil. The root residues of 183 

previous crops, which were retained in CA and uprooted in CT, may have had added greater 184 

SOC in CA than in the system with CT. Our results were supported by the early findings of 185 

Stevenson [27] and Paustian et al. [28]. Al-Sheik et al. [29] showed that when a cover crop 186 

residue is incorporated or cover crop with deep root system is grown and incorporated in sandy 187 

soils, SOC sequestration can increase. When this happens, residues decay more rapidly for three 188 

main reasons: first, for the direct contact with soil-borne decomposing organisms; second, for the 189 

generally favorable soil conditions for microbial decomposition in terms of moisture and 190 

temperature; and third, for the favorable conditions for microbial activity resulting from 191 

optimum soil aeration [30]. 192 
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For O’ village, the lack of significant difference in SOC may be explained by having low 193 

organic matter input compared to other villages. Although we have added about the same amount 194 

of rice mulch to this village, tomato production for the second crop production was terminated as 195 

a result of high mortality of about 68% when averaged across all treatments. The soil was left 196 

bare for about six weeks while farmers were still deciding collectively what to plant. Also, cover 197 

crop production in this area was low because of high water table during the end of the rainy 198 

season and no watering at the beginning of the dry season. The effect of both cover crop and 199 

vegetable crop residues from the production of roots may have played an important role in 200 

increasing total soil organic carbon in Sratkat and Soutrnikum villages. It is generally recognized 201 

that the differential effects of crop rotations on SOC are simply related to the amount of above 202 

and belowground biomass produced and retained in the system. Retention of crop residues in our 203 

study is an essential component of CA for increasing or maintaining SOC. Factors that increase 204 

crop yields due to crop rotations will increase the amount of residue available and potentially soil 205 

carbon storage. The amount of crop residue retained after harvest, either on the soil or 206 

incorporated, is a key component to CA performance. 207 

A substantial amount of work has been conducted on the individual influence of reduced 208 

tillage, residue retention, and crop rotation on soil organic carbon contents. However, limited 209 

information is available on the real impact of CA on this parameter when all of the three required 210 

components of CA are simultaneously implemented in crop production. The three components of 211 

CA being referred to are as follows: (a) soils are not disturbed more than 15 cm in width or 25%, 212 

whichever is lesser, of the cropped area and with no periodic tillage; (b) more than 30% of the 213 

soil is to be covered with crop residue or organic mulches at planting; and (c) crop rotation that 214 

involves at least three different crops. For instance, Govaerts et al. [31] inferred the potential for 215 
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CA to increase soil organic carbon based on results from studies showing soil degradation when 216 

reduced tillage is practiced without ample residue cover in rain-fed or irrigated conditions in 217 

semi-arid or arid areas. Moreover, the findings of West and Post [32] has served as another basis 218 

when their analyses of 67 international studies revealed that experiments on wheat (Triticum 219 

aestivum) under no-till appeared to have greater SOC when wheat is rotated with one or more 220 

different crops (i.e., wheat-sunflower, Helianthus annuus or with wheat-legume) rotations in 221 

comparison to continuous wheat. In crop rotations involving winter vetch (Vicia villosa) planted 222 

as an additional legume in the cropping sequence SOC was significantly greater under zero 223 

tillage than under CT. In crop rotations involving winter vetch (Vicia villosa) planted as an 224 

additional legume in the cropping sequence SOC was significantly greater under zero tillage than 225 

under CT. However, the kind and number of rotation crops also matter. After 13 years of 226 

experimental data collection, West and Post [32] found no significant difference in SOC between 227 

zero tillage and CT under continuous wheat and soybean (Glycine max) sequence. Many of the 228 

differences of SOC accumulations may be due to soil type, topographic position, parent material 229 

and potentially their interactions and combination with management. 230 

Additionally, the overall increase in SOC of CA when compared with CT in our study is 231 

seemingly associated with the following: i) keeping the disturbance impact between the 232 

mechanical implements and soil to an absolute minimum; ii) using effective crop rotations and 233 

association (Table 2); and iii) leaving crop residues as carbon source on the soil surface. The 234 

implementation of these practices is likely helpful in restoring a degraded agro-ecosystems to 235 

sustainable and productive state. Soil cover combined with reduced mechanical disturbance in 236 

CA system tends to make dryland (i.e., tropics and/or subtropics countries) soils more suitable 237 
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for agriculture as compared to CT system. Further, the presence of mulch layers in CA can 238 

reduce soil temperature, resulting in high accumulation of SOC [33, 34].  239 

3.2   Total Nitrogen 240 

Table 4 shows the differences of soil total nitrogen as influenced by management at two 241 

depths among the three villages. The average total nitrogen in soils under CA and CT did not 242 

differ significantly in O’ village and Sratkat village (Table 4). In O’ village, the verage SOC in 243 

CA was about 0.79±0.17 Mg ha
-1

 and 0.90±0.28 Mg ha
-1

 in CT. The average amount of SOC in 244 

Sratkat village with CA was about 0.94±0.18 Mg ha
-1

 compared with 0.90±0.15 Mg ha
-1

 in CT. 245 

Concentration of total nitrogen does not vary with soil depths among the three villages. 246 

However, at Soutrnikum village under CA, the total nitrogen was observed to be 240 kg ha
-1

 247 

higher than the average amount of total nitrogen in CT. The reason might be due to the addition 248 

of Crotolaria juncea in the soil under CA. Mansoer et al. [35] reported an increase of 57 kg of 249 

nitrogen after nine to 12 weeks of growing this cover crop (Crotolaria juncea) while Rotar and 250 

Joy [36] reported an increase of about 60 kg N after 60 days production due to Crotolaria juncea 251 

in CA. 252 

 For Sratkat village having added with Crotolaria juncea, the trend shows that there was 253 

an increase in total nitrogen in both soil layers of 0-10 cm and 10-20 cm, albeit not significantly 254 

greater than CT. In contrast, O’ village, as described earlier, was planted with cover crop but 255 

with poor growth, because it was no longer irrigated having no commercial crop involved at the 256 

onset of the dry season which may have had affected the total soil nitrogen content (Table 4). 257 

 The increased amounts of total nitrogen under CA in Trabek District (Soutrnikum 258 

village) can be related to the residue on the soil surface, which generate a better environment for 259 

microbial activity and organic matter mineralization [37, 38]. Cover crop has likewise showed 260 
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favorable effects by conserving and increasing the concentration of nitrogen in the soil. Cover 261 

crops which are commonly present in system with CA conserve nitrogen by converting mobile 262 

nitrate-N into immobile plant protein by providing timely competition to other nitrogen loss 263 

process, such as leaching or denitrification. Delgado [39] conducted cover crop studies with 264 

irrigated vegetable and small grain systems and found a positive correlation among root depth, N 265 

use efficiency and nitrate uptake from shallow groundwater. The deeper rooted cover crops 266 

functioned like vertical filter strips to scavenge nitrates from soil and recover nitrates from 267 

underground water. 268 

3.3   Soil pH and Soil Electrical Conductivity 269 

Soil pH and soil electrical conductivity did not vary significantly with management 270 

treatments. The soils of the study site have pH ranges from strongly acidic to moderately acidic 271 

while soil electrical conductivity varies from non-saline to slightly saline (Table 5). The soil 272 

volumetric water content and percent water-filled pore space were significantly higher in CA 273 

(20.0±11.9 % and 41.4±23.3%) compared with CT (15.7±8.6% and 33.2±19.0%), which may be 274 

due to the mulch that acted as barriers from solar radiation, wind, and the impact of water from 275 

irrigation that may seal the soil pores due to crust formation, if uncovered, during the dry season. 276 

It is expected the H
+
 ions will move down throughout the soil profile, but the slow infiltration 277 

rate due the presence of mulch acting as barrier especially in CA and under NT increases the 278 

probability of maintaining the released H+ ions near the soil surface [40]. 279 

The electrical conductivity of the soil was less than 1 dS m
-1 

in both CA and CT systems 280 

(Table 5), which is indicative of no salinity problems. Under the CT (0.6±1.1 dS m
-1

), the 281 

electrical conductivity was higher as compared to CA (0.6±1.1 dS m
-1

), but the difference was 282 

not statistically different. The lower EC observed in CA can be associated to greater biological 283 
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activity in this system. Biological processes such as nitrification increases the transformation of 284 

SOC and the potential liberation of H
+
 ions that can cause a decrease in the electrical 285 

conductivity. 286 

3.4   Soil Respiration and Soil Temperature  287 

The actual soil respiration rate (Table 6) for CA of 55.9 ±4.8 CO2-C per ha
-1

 day
-1

 was 288 

greater by 19.7 CO2-C per ha
-1

 day
-1

 than the average soil respiration in CT (36.2±13.5 CO2-C 289 

per ha
-1

 day
-1

). The CO2 produced from the soil and released to the soil surface may come from 290 

several sources with about half derived from metabolic activity to support the growth of roots 291 

and mycorrhizae, and the remaining are associated with heterotrophic respiration from microbial 292 

communities while a small portion comes from decomposition of carbon compounds as noted by 293 

Ryan and Law [41], who reviewed work from several authors.  294 

Soil respiration is an indicator of soil microbial activity and organic matter 295 

decomposition in the soil, although higher soil microbial activity may not necessarily be 296 

beneficial all the time [24]. With this, CA may have had higher soil organic matter 297 

decomposition from the added residues in the soil or from the microbial activity or both. With 298 

higher soil carbon mineralization in this case, nutrients will be released for use by plants or by 299 

the organisms living in the soil. 300 

When the values of soil respiration were compared to the index provided for by Soil 301 

Quality Institute Staff [24], CA shows to fall in the middle of the index range stating that it has 302 

an “ideal soil activity” with an added explanation that that the “soil is at an ideal state of 303 

biological activity and has adequate soil organic matter and active populations of 304 

microorganisms.”  In comparison, CT falls along the border between “ideal soil activity” and 305 
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“medium soil activity” where medium soil activity was described as “the soil is approaching or 306 

declining from an ideal state of biological activity.” 307 

The value obtained from our study with CA was at the middle range of ideal soil activity. 308 

It was described as the soil was at an ideal state of biological activity with sufficient organic 309 

matter and active populations of microorganisms, while the conventionally tilled are in the 310 

middle between medium soil activity and ideal soil activity wherein the soil was approaching or 311 

declining from an ideal state of biological activity [24]. 312 

Soil respiration is an indicator of soil microbial activity. It is measured through respired 313 

CO2 and is thus a measure of the capacity of the soil to degrade organic matter. Tillage systems 314 

affect CO2 release. Ussiri and Lal 18] observed lower CO2 released from soils under zero tillage 315 

in comparison to those under conventional tillage with continuous corn. Similarly, for soils 316 

grown with corn, Almaraz et al. [42] reported lower CO2 respired from top soils under zero 317 

tillage in comparison to CT, regardless of whether there were residues retained or not in both 318 

systems. Lower respired CO2 was attributed to the protection of soil organic carbon by the stable 319 

soil aggregates under no-till, leading to slower decomposition rates of SOC under such system 320 

[42]. However, when no-till was combined with permanent residue cover under corn-wheat 321 

rotation, Oorts et al. [43] found no significant difference or even greater released of CO2 from 322 

no-till than from conventionally tilled soils without residue cover. While the findings of Oorts et 323 

al. [43] is specific to their climatic and soil conditions, it is unclear whether similar results would 324 

be seen under CA’s more diversified crop rotations under other types of climate, soil, and 325 

organic residue covers. Again, many of the differences may be due to different soil types, 326 

topographic position, parent material and their combination and interaction with management.  327 
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Soil temperature plays an important role in seed germination, activity of soil microbes, 328 

and evapotranspiration. Temperature of soils under CA (30.4°C±2.0) was lower by 2.0°C than 329 

CT (32.4°C ±2.3) soils (Table 6). This was because the soils under CA were covered with mulch 330 

from rice straws at about 8 cm thick while the conventionally tilled soils were left bare. Soils in 331 

CA or no-till systems are often cooler and wetter than under conventional plowing regimes [8, 332 

44]. 333 

4. SUMMARY AND CONCLUSIONS 334 

Soil organic carbon (p�0.01), soil total nitrogen (p�0.01) and soil respiration (p�0.10) for 335 

at least in two villages in Siem Reap, Cambodia were significantly affected by tillage 336 

management. After two harvests, addition of residues from mulch, and cover crop production, 337 

the average soil organic carbon was observed to be higher in CA compared with CT. The overall 338 

increase in SOC of CA when compared with CT in our study is seemingly associated with the 339 

following: a) keeping the disturbance impact between the mechanical implements and soil to an 340 

absolute minimum; b) using effective crop rotations and association; and c) leaving crop residues 341 

as carbon source on the soil surface. The legume cover crop Crotolaria juncea may have 342 

increased soil organic carbon and total nitrogen. Field soil respiration rate, based on actual field 343 

soil temperature and moisture indicate a good micro-climate for the growth and proliferation of 344 

soil fauna, as well as the release of nutrients from the mineralization of soil organic carbon. Also, 345 

lower soil temperature and higher soil water content were observed during the dry season in CA 346 

compared with CT. The soil’s function of supporting plant growth, habitat for soil 347 

microorganisms, and sink for carbon and recycler of nutrients likely improved in CA than in CT. 348 

Our results have suggested that CA may have had improved soils’ carbon and nitrogen contents, 349 

nutrient supplying capacity and microclimate for soil microorganisms. Moreover, results of our 350 
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study supported the overall concept and/or premise of CA. Conservation agriculture is a concept 351 

of crop production that aims to save resources, strives to achieve acceptable profits with high and 352 

sustained production levels, while at the same time conserving the environment. 353 

REFERENCES 354 

1. Alvarez CR, Alvarez R. Short-term effects of tillage system on active soil microbial biomass. 355 

Biol. Fertil. Soils. 2000; 31: 157-161. 356 

2. Melero S, Lopez-Garrido R, Murillo JM, Moreno F. Conservation tillage: short- and long-357 

term effects on soil carbon fractions and enzymatic activities under Mediterranean 358 

conditions. Soil Tillage Res. 2009; 104: 292-298. 359 

3. Palm C, Canqui HB, DeClerck F, Gatere L. Conservation agriculture and ecosystem services: 360 

an overview. Agriculutre, Ecosystems and Environment. 2014; 187: 87-105. 361 

4. Doran JW, Parkin TB. Defining and assessing soil quality. In. J.W. Doran, D. C. Coleman, 362 

D.F. Bezdicek, B.A. Stewart (editors), Defining soil quality for a sustainable environment. 363 

SSSA Special Publication 35, SSSA, Madison, WI. 1994; p.1-21. 364 

5. Jin K, Sleutel S, Buchan D, De Neve S, Cai DX, Gabriels D, Jin JY. Changes of soil enzyme 365 

activities under different tillage practices in the Chinese Loess Plateau. Soil Tillage Res. 366 

2009; 104(1):115-120. 367 

6. Kassam A, Friedrich T, Shaxson F, Pretty J. The spread of conservation agriculture: 368 

Justification, sustainability and uptake. Int. J. Agric. Sustainability. 2009; 7(4):292-300.  369 

7. Verhulst N, Govaerts B, Verachtert B, Castellanos-Navarrete E, Mezzalama M, Wall P, 370 

Deckers J, Sayre KD. Conservation agriculture. Improving soil quality for sustainable 371 

production systems? In Lal, R., Stewart, B.A. (eds.). Advances in Soil Science: Food 372 

Security and Soil Quality. CRC Press, Boca Raton, FL. USA pp. 2010; 137-208. 373 

UNDER PEER REVIEW



 

17 

 

8. Hayhoe HN, Dwyer LM, Stewart DW, White RP. Tillage, hybrid and thermal factors in corn 374 

establishment in cool soils. Soil Tillage Res. 1996; 40: 39-54. 375 

9. Derpsch R. No-tillage and conservation agriculture: A progress report. In. T. Goddard, M.A. 376 

Zoebisch, Y. Gan, W. Ellis, A. Watson, S. Sombatpanit (editors), No-till farming systems. 377 

World Association of Soil and Water Conservation, Bangkok, Thailand. Vol. 3. 2008; 544 378 

pp.  379 

10. Borlaug NE. 2007. Sixty-two years of fighting hunger: personal recollections. Euphytica. 380 

2007; 157: 287-297.  381 

11. FAO. Save and grow, A policy maker's guide to the sustainable intensification of smallholder 382 

crop production. FAO, Rome, Italy. 2011; http://www.fao.org/ docrep/ 383 

014/i2215e/i2215e.pdf (accessed 1 Nov 2011) 384 

12. Friedrich T, Derpsch R, Kassam A. Overview of the global spread of conservation 385 

agriculture. Field Actions Science Reports [Online] 6:1-8. 2012; http://factsreports. 386 

revues.org/1941 (accessed 12 Dec 2014)  387 

13. FAO, Rome, Italy. 2001; http://www.fao.org/docrep/003/y1730e/y1730e00.HTM (accessed 1 388 

Nov 2011) 389 

14. Hobbs PR, Sayre K, Gupta R. The role of conservation agriculture in sustainable agriculture. 390 

Philos. Trans. R. Soc. B. 2008; 363:543-555. 391 

15. FAO. 2014. CA Adoption Worldwide. FAO, Rome, Italy. 2014;  392 

http://www.fao.org/ag/ca/6c. html (accessed 11 Aug 2014) 393 

16. Lal R. Sequestering carbon in the soils of agroecosystems. Food Policy. 2011; 36: 533-539. 394 

17. Lal R. Promise and limitations of soils to minimize climate change. J. Soil Water Conserv. 395 

2008; 63(4):113A-118A.  396 

UNDER PEER REVIEW



 

18 

 

18. Ussiri DAN, Lal R. Long-term tillage effects on soil carbon storage and carbon dioxide 397 

emissions in continuous corn cropping system from an Alfisol in Ohio. Soil Tillage Res. 398 

2009; 104:39-47. 399 

19. Liebig MA, Doran JW. Impact of organic practices on soil quality indicators. J. Environ. 400 

Qual. 1999; 28:1601-1609. 401 

20. Dao TH. Tillage and crop residue effects on carbon dioxide evolution and carbon storage in 402 

Paleustoll. Soil Sci. Soc. Am. J. 1998; 62: 250-256. 403 

21. Bauer PJ, Frederick JR, Novak JM, Hunt PG. Soil CO2 flux from a Norfolk loamy sand after 404 

25 years of conventional and conservation tillage. Soil Tillage Res. 2006; 90: 205-211. 405 

22. Babujia L, Hungria M, Franchini J,  Brookes P. Microbial biomass and activity at various 406 

soil depths in a Barzilian oxisols after two decades of no-tillage and conventional tillage. Soil 407 

Biology and Biochemistry. 2010; 42: 2172-2181. 408 

23. Seng V, Bell RW, White PF, Schoknecht N, Hin S, Vance W. Sandy soils of Cambodia. 409 

FAO, Rome, Italy. 2005; http://www.fao.org/docrep/ 010/ag125e/ AG125E07.htm (accessed 410 

1 Nov 2011) 411 

24. Soil Quality Institute Staff. Soil Quality Test Kit Guide. USDA Washington, DC. 412 

      United States Census Bureau. 2011. International database. 1998; http://www.census.gov/ 413 

population/international/data/idb/worldpopgraph.php (accessed 1 Nov 2011) 414 

25. Andrews SS, Karlen DL, Cambardell CA. The soil management assessment framework: A 415 

quantitative soil quality evaluation method. Soil. Sci. Soc. Am. J. 2004; 68:1945-1962. 416 

26. SAS Institute. SAS/STAT User’s Guide. Release 6.03. SAS Institute, Cary, North Carolina. 417 

2000. 418 

UNDER PEER REVIEW



 

19 

 

27. Stevenson FJ. Origin and distribution of nitrogen in soils. In: F.J. Stevenson (ed). Nitrogen in 419 

agricultural soils. Agronomy No. 22. 1982; pp. 1-42. Agronomy Society of America, 420 

Madison, WI. USA. 421 

28. Paustian K, Collins HP, Paul EA. Management controls on soil carbon. In: Soil organic 422 

matter in temperate agroecosystems: long term experiments in North America. E.A. Paul, K. 423 

Paustian, E.T. Elliot and C.V. Cole (eds). 1997; pp 15-49. CRC Press, Boca Raton, FL. USA. 424 

29. Al-Sheikh, Delgado JA, Barbarick K, Sparks R, Dillon M, Qian Y. Effects of potato-grain 425 

rotations on soil erosion, carbon dynmics and properties of rangeland sandy soils. Jour. Soil 426 

Till Res. 2005; 81:227-238. 427 

30. Magdoff F, Weil RR. Soil organic management strategies. In: Magdoff, F., Weil, R.R. (eds). 428 

2004; pp. 45-65. Soil organic matter in sustainable agriculture, CRC Press, New York. 429 

31. Govaerts B, Verhulst N, Castellanos-Navarrte A, Sayre K, Dixon J, Dendooven L. 430 

Conservation agriculture and soil carbon sequestration: between myth an dfarmer reality. Cr. 431 

Rev. Plant Sci. 2009; 28: 97-122. 432 

32. West TO, Post WM. Soil organic carbon sequestration rates by tillage and crop rotation: a 433 

global data analysis. Soil Sci. Soc. Am. J. 2002; 66: 1930-1946. 434 

33. Thiombano L, Meshack M. Scaling-up conservation agriculture in Africa: strategy and 435 

approaches, Vol. 31. 2009; Food and Agriculture Organization of the United Nations, Sub-436 

Regional Office for Eastern Africa, Addis Ababa, Ethiopia. 437 

34. Silici L. Conservation agriculture and sustainable crop intensification in Lesotho. 2010; Vol. 438 

61, Food and Agriculture Organization of the United Nations, Rome, Italy. 439 

35. Mansoer Z, Reeves DW, Wood CW. Suitability of sunnhemp as an alternative late-summer 440 

legume cover crop. Soil Sci. Soc. Am. J. 1997; 61:246-253. 441 

UNDER PEER REVIEW



 

20 

 

36. Rotar PP, Joy RJ. ‘Tropical sun’ sunnhemp as an alternative late-summer legume cover crop. 442 

Soil Sci. Soc. Am. J. 1998; 61:246-253. 443 

37. Franzluebbers AJ, Hons F, Zuberer DA. Soil organic carbon, microbial biomass and 444 

mineralizable carbon and nitrogen in sorghum. Soil Sci. Soc.Am. J. 1995; 59:460-466.  445 

38. Thomas G, Dalal R, Standley C. No-till effect on organic matter, pH, cation exchange 446 

capacity and nutrient distribution in a Luvisol in the semi-arid subtropics. Soil and Tillage 447 

Res. 2007; 94:295-304. 448 

39. Delgado JA. Use of simulations for evaluation of best management practices on irrigated 449 

cropping systems. In: M.J. Shaffer, L. Ma and S. Hansen (eds). Modeling Carbon and 450 

Nitrogen Dynamics for Soil Management. 2001; pp. 355-381. Boca Raton, FL. Lewis 451 

Publishers. 452 

40. Martinez E, Fuentes JP, Silva P, Valle S, Acevedo E. Soil physical properties and wheat root 453 

growth under no tillage and conventional tillage system in Mediterranean environment of 454 

Chile. Soil and Tillage Res. 2008; 99:232-244.  455 

41. Ryan MG, Law BE. Interpreting, measuring and modeling soil respiration. Biogeochemistry. 456 

2005; 73:3-27. 457 

42. Almaraz JJ, Zhou X, Mabood F, Madramootoo C, Rochette P, Ma BL, Smith DL. 458 

Greenhouse gas fluxes associated with soybean production under two tillage systems in 459 

southwest Quebec. Soil Tillage Res. 2009; 104: 134-139. 460 

43. Oorts K, Merckx R, Gre´han E, Labreuche J, Nicolardot B. (2007) Determinants of annual 461 

fluxes of CO2 and N2O in long-term no-tillage and conventional tillage systems in northern 462 

France. Soil Tillage Res. 2007;  95:133–148. 463 

UNDER PEER REVIEW



 

21 

 

44. Doran JW, Elliot ET, Paustian K. Soil microbial activity, nitrogen cycling and long-term 464 

changes in organic carbon pools as related to fallow tillage management. Soil Tillage Res. 465 

1998; 49: 3-18. 466 

LIST OF FIGURES: 467 

Figure 1. Geographic location of the study sites showing the three villages in Siem Reap, 468 

Cambodia. 469 

Figure 2. Average monthly temperature and rainfall for Cambodia from 1900 to 2009. 470 

Figure 3. Conventional tilled plots (Left) and conservation agriculture plot (right) with 471 

Crotolaria juncea cover crop in Siem Reap, Cambodia. 472 

473 

UNDER PEER REVIEW



 

22 

 

                                                                                   474 

 
 

Village District Latitude Longitude 

O’ Village Prasat Bakong 13°19'22.94"N 103°56'50.07"E 
Sratkat Village Prasat Bakong 13°20'55.51"N 104° 2'45.13"E 

Soutrnikum Village Trabek 13°16'48.59"N 104° 7'47.82"E 

 

Figure 1.  

 

O’Village 

Sratkat Village 

Soutrnikum Village 

Siem Reap, Cambodia 
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Figure 2. 479 
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Figure 3.488 
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Table 1. Selected properties of soils in the study sites located in Siem Reap, Cambodia. 489 
 490 

 

Soil                 

Properties 

Villages 

O’ village Sratkat Village Soutrikum Village 

    
pH 5.15±0.45 6.10±0.97 6.31±0.64 

EC (uS cm
-1

) 80.0±30.0 211.0±120.0 306.0±136.0 

Soil Organic Carbon (g kg
-1

) 8.8±2.5 7.9±2.1 8.3±2.2 

Total Nitrogen (g kg
-1

) 0.58±0.15 0.64±0.11 0.70±0.14 

Potassium (mg kg
-1

) 72.4±43.2 83.7±43.2 125.2±41.1 

Phosphorus (mg kg
-1

) 69.7±21.5 69.7±43.6 76.4±30.7 

Bulk Density  (g cm
-3

) 1.44±0.11 1.45±0.10 1.42±0.07 

    
 491 

  492 

 493 

Table 2. Management and rotation of crops in three villages, Siem Reap, Cambodia. 494 

     Planting Season Crop selection by Village 

 ---------- O’Village, Prasat Bakong District ------- 

Early wet season 2013 Cucumber (Cucumis sativus L). 

Wet to dry season 2013 Tomato (Solanum lycopersicum L). 

Dry Season 2013 -2014  Yard-long bean (Vigna unguiculata L. subsp. Sesquipedalis) 

Early Wet season 2014 Round eggplant (Solanum melongena L.) 

 ---------- Sratkat Village Prasat Bakong District ------- 

Early wet season 2013 Cucumber (Cucumis sativus L). 

Dry season 2013 Yard-long bean (Vigna unguiculata L. subsp. Sesquipedalis) 

Dry season 2014 Cauliflower (Brassica oleracea L.var. botrytis) 

Early wet season 2014 Eggplant (Solanum melongena L) 

 ---------- Soutrnikum Village Trabek District ------- 

Wet season 2013 Chinese kale (Brassica oleracea L. var. Aboglabra) 

Wet to dry season 2013 Cabbage (Brassica oleracea L. var. Capitata) 

Early wet to wet season 2014 Tomato (Solanum lycopersicum L) 

Wet season 2014 Yard-long bean (Vigna unguiculata L.subsp. sesquipedalis) 
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