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Summary 19 

Soil organic carbon (SOC) plays an essential role in the sustainability of natural and 20 

agricultural systems. The identification of sensitive SOC fractions can be crucial for an 21 

understanding of SOC dynamics and stabilization. The objective of this study was to assess 22 

the effect of long-term no tillage (NT) on SOC content and its distribution between particulate 23 

organic matter (POM) and mineral-associated organic matter (Min) fractions in five different 24 

cereal production areas of Aragon (north east Spain). The study was conducted under on-farm 25 

conditions where pairs of adjacent fields under NT and conventional tillage (CT) were 26 

compared. An undisturbed soil nearby under native vegetation was included. The results 27 

indicate that SOC was significantly affected by tillage in the first 5 cm with the greatest 28 

concentrations found in NT (1.5 - 43% more than in CT). Below 40 cm, SOC under NT 29 

decreased (20 - 40%) to values similar or less than those under CT. However, the stratification 30 

ratio (SR) never reached the threshold value of 2. The POM-C fraction, disproportionate to its 31 

small contribution to total SOC (10-30%), was greatly affected by soil management. The 32 

pronounced stratification in this fraction (SR>2 in NT) and its usefulness for differentiating 33 

the study sites in terms of response to NT make POM-C a good indicator of changes in soil 34 

management under the study conditions. Results from this on-farm study indicate that NT can 35 

be recommended as an alternative strategy to increase organic carbon at the soil surface in the 36 

cereal production areas of Aragon and in other analogous areas.  37 

 38 
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Introduction  42 

Soil organic matter (SOM) plays an essential role in maintaining the necessary chemical, 43 

physical and biological conditions for sustainability and environmental integrity of 44 

ecosystems (Lal, 2004). Unfortunately, 20th century tillage practices have caused a 45 

worldwide decline in SOM with serious environmental and agricultural implications. 46 

According to the Thematic Strategy for Soil Protection (European Commission, 2006), the 47 

decrease of SOM is one of the main processes of soil degradation in Europe. Besides climatic 48 

reasons, human activities are the most relevant driving forces. The need to adopt sustainable 49 

management practices that can contribute to improving SOM, such as conservation tillage, is 50 

of particular relevance to the Mediterranean region where 74% of the land has a surface soil 51 

horizon (0-30 cm) with <20 g kg-1 of organic carbon (Van-Camp et al., 2004). 52 

Many studies have shown the potential of conservation tillage, and especially of no tillage 53 

(NT), to increase SOM and improve soil quality (Govaerts et al., 2009) though the rate of 54 

adoption of these alternative systems has been relatively slow in Europe. No tillage is 55 

practised on about 117 million ha throughout the world but only 1.15 million ha are in Europe 56 

(Derpsch & Friedrich, 2010). For Spain, 650,000 ha of agricultural land are under NT. This 57 

indicates that NT adoption is still low in Spain. A recent on-farm study in Aragon (north east 58 

Spain) has shown the increasing interest of farmers in NT systems but, at the same time, there 59 

is lack of knowledge about the soils on which these techniques are being applied (López et 60 

al., 2012). A greater adoption rate of NT could help to reduce the high risk of land 61 

degradation by wind and water erosion in this semiarid region of Aragon (López et al., 2001; 62 

García-Ruiz, 2010).   63 

Total soil organic C (SOC) is not always the best indicator of changes in soil 64 

management, especially under semiarid climatic conditions where low soil moisture and high 65 

temperature are limiting factors for SOC accumulation (Chan et al., 2003; Moreno et al., 66 
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2006; Melero et al., 2012). Under these conditions significant changes in SOC are only to be 67 

expected after several years of NT adoption. The advance in SOM fractionation techniques 68 

has made possible the separation of the heterogeneous organic material into labile and 69 

recalcitrant pools defined not only on the basis of their composition and turnover rates but 70 

also in their response to soil management (Cambardella & Elliot, 1992; Six et al., 2002a; 71 

Haynes, 2005). Thus, while labile SOC pools seem to be influenced by management 72 

practices, the recalcitrant SOC fractions may or may not be affected by the tillage system 73 

(Álvaro-Fuentes et al., 2008; Jagadamma & Lal, 2010). The reasons for this variable response 74 

seem to be complex and can involve not only many influential factors (such as soil texture 75 

and mineralogy), but also the inherent nature of the fraction and the different mechanisms of 76 

C stabilization (biochemical recalcitrance and organo-mineral associations) (Six et al., 2002b; 77 

Moni et al., 2010). Thus research into the characterization of the different SOC fractions is 78 

needed to increase our understanding of the specific contribution of each fraction to soil 79 

function and quality. 80 

The few available data on SOC fractions in agricultural soils of Aragon have been derived 81 

from small research plots and from single soil types (Álvaro-Fuentes et al., 2008). However, 82 

direct measurements under on-farm conditions across different soils, microclimates and 83 

agronomic practices are necessary since farming practices are very diverse and can differ 84 

from those in experimental plots (López et al., 2012). The objective of this study was to 85 

assess the effect of long-term NT on SOC content and its distribution between particulate 86 

organic matter-C (POM-C) and mineral-associated organic C (Min-C) fractions under rainfed 87 

Mediterranean conditions. With this aim, six fields of NT were compared with adjacent 88 

conventional tillage fields and with undisturbed soils under native vegetation in different 89 

cereal production areas of Aragon.  90 

 91 
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Materials and methods 92 

Description of the study sites 93 

The study was based on six long-term NT fields (9 - 21 yr) representative of the different 94 

scenarios of NT in Aragon and located in areas receiving between 350 and 740 mm mean 95 

annual rainfall (Table 1 and Figure 1). These fields were selected from a previous study 96 

where 22 soils under NT were characterized across different rainfed cereal areas in the region 97 

(Lopez et al., 2012). With the exception of the Peñaflor site, the study was carried out under 98 

on-farm conditions using fields of collaborating farmers where pairs of adjacent fields under 99 

NT and conventional tillage (CT) were compared. In Peñaflor, the study used research plots 100 

from a long-term tillage experiment at the dryland research farm of the Estación Experimental 101 

de Aula Dei (Consejo Superior de Investigaciones Científicas). In this case, tillage treatments 102 

(NT, CT and reduced tillage, RT) were arranged in a randomized complete block design with 103 

3 replicates. In all sites, an undisturbed soil under native vegetation (NAT) and close to the 104 

NT and CT fields was included in the study for comparative purposes.  105 

Information on location and soil management characteristics for each site are shown in 106 

Table 1 and detailed in a previous study (Blanco-Moure et al., 2012). The site at Artieda has 107 

the highest rainfall and hence highest agricultural production. A common practice in the area 108 

is for farmers to remove the straw from NT and CT fields to prevent later problems with 109 

seeding. The information in Table 1 reflects the diversity of cropping systems and 110 

conservation agriculture in the region (López et al., 2012). Therefore, the results from the 111 

present study provide data on the effect of NT- and CT-based cropping systems on SOC 112 

rather than on tillage alone. 113 

The soils were medium-textured (sandy loam to silty clay loam), alkaline (pH>8; CaCO3 114 

contents of 60-560 g kg-1) and generally low in OC  (<20 g kg-1) (Table 2). At each site, both 115 

NT and CT fields were contiguous and the NAT soil close to them, thus ensuring that soil 116 



Long-term no tillage effects on POM and Min 
 
 

 
6

type and topography were as similar as possible. All fields were nearly level with the 117 

exception of those of Torres de Alcanadre (hereafter, Torres) where there was a slight slope 118 

(3-4%). 119 

 120 

Soil sampling and analyses 121 

Soil samples for OC analysis were collected at three depths (0-5, 5-20 and 20-40 cm) and 122 

from three different zones within each field (NT, CT and NAT) where two samples per depth 123 

were collected and mixed to form a composite sample. At the Peñaflor site, each of the 124 

composite samples came from each of the 3 tillage plots per treatment. Thus, a total of 27 125 

composite samples were obtained from each site (36 in Peñaflor) (3 or 4 treatments x 3 depths 126 

x 3 replicates). Six undisturbed soil samples were also taken per depth and field (2 in each of 127 

the 3 sampling zones per field) to determine the dry bulk density by the core method. The 128 

study was over two growing seasons (2009-2010 and 2010-2011), with sampling done in 129 

similar periods. Thus, at the sites where there was continuous cropping, sampling was after 130 

planting during the fallow period and at the fields under the cereal-fallow rotation during the 131 

early fallow phase after the cereal harvest in June. At each site all soil samples were collected 132 

on the same day. 133 

In the lab visible roots and organic debris were removed by hand and then air-dry soil (<2 134 

mm) from each depth, field and site, was physically fractionated following the Cambardella 135 

& Elliot (1992) procedure. With this method using soil dispersion and sieving, particulate 136 

organic matter (POM, >53 µm) and mineral-associated organic matter (Min, <53 µm) were 137 

isolated.  138 

The OC concentration in both SOM fractions was determined by dry combustion with a 139 

LECO analyser (RC-612 model). Total SOC content was calculated as the sum of the POM-C 140 

and Min-C contents and expressed on a mass per unit area basis by multiplying the OC 141 
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concentration value by the corresponding soil bulk density. Soil particle size was obtained by 142 

laser diffraction analysis (Coulter LS230), CaCO3 content by dry combustion with the LECO 143 

analyser, and electrical conductivity (EC), pH and gypsum content by standard methods.  144 

 145 

Statistical analyses  146 

Since the study was conducted under farm conditions, the NT, CT, and NAT treatments were 147 

not field replicated. However, in each of the sites, the fields were contiguous and sited on 148 

similar landscape positions and soil. Therefore, the three sampling locations within each field 149 

were used as pseudoreplicates and statistical comparisons among treatments were made using 150 

one-way ANOVA assuming a randomized experiment (Christopher et al., 2009). In the case 151 

of the Peñaflor site, the randomized complete block design with three replicates per tillage 152 

treatment was also applied and statistical results were compared with those obtained from the 153 

pseudoreplicate analysis. Treatments means were compared by the Duncan's multiple range 154 

test (P<0.05). When data showed non-normality, transformations were made and ANOVA 155 

conducted with the transformed data. Computations were performed using SPSS 19.0 156 

statistical software. 157 

 158 

Results and discussion 159 

Tillage effects on total soil organic carbon 160 

With the exception of the NAT soil of Undués and Artieda, total SOC contents in the 0-40 cm 161 

layer were <20 g kg-1 (Figure 2), in agreement with SOC as estimated for this region in the 162 

Map of Topsoil Organic Carbon in Europe (Jones et al., 2005). Although this range is less 163 

than for other European regions, it corresponds well to estimated data for Southern Europe 164 

where 74% of the land has a surface soil horizon (0-30 cm) with <20 g kg-1 of organic C 165 

(Van-Camp et al., 2004).  166 
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At the most humid sites (Artieda and Undués) the greatest SOC contents were in the NAT 167 

soils, and in the driest ones they were similar (1 and 7% more in NAT at Peñaflor CF and 168 

Peñaflor CC, respectively) or even less than those in the agricultural soils (nearly 20% less at 169 

Lanaja). These relatively small SOC contents of the NAT soils in the driest areas are due to 170 

these fields often being in the marginal lands and are not suitable for crop production due to 171 

limited depth or excessive stoniness. In the case of the Lanaja site, the lowest SOC 172 

concentration of the NAT field is due to their semi-natural conditions since it is 173 

in an abandoned agricultural terrace (>40 yr) that is frequently grazed by livestock (Table 1). 174 

From a comprehensive database on Spanish grassland and agricultural soils, Romanyà & 175 

Rovira (2011) also found greater differences in SOC concentration between grassland and 176 

arable areas as the climate became wetter. 177 

For cultivated soils, SOC was significantly affected by tillage only in the first 5 cm of soil 178 

with the highest concentrations found generally in NT (Figure 2). The magnitude of this 179 

increase with respect to CT varied considerably between sites, ranging from only 1.5% at 180 

Artieda to 43% at Lanaja. At the other sites, this increase varied between 18 and 28%. Below 181 

5 cm depth, SOC concentrations under NT decreased considerably (22-38%) up to values 182 

similar to those under CT or slightly lower (Figure 2). Thus, the greater SOC at the soil 183 

surface in NT was offset by the lower concentration at depth, so that the average SOC 184 

concentration in the 0-40 cm profile was not significantly different from that of CT. At 185 

Artieda, the lack of difference between tillage systems even in the top layer (Figure 2) can be 186 

explained by the farmer’s practice of removing crop residues from the NT field (Table 1); this 187 

negated the expected increase in SOC associated with conservation tillage. SOC contents 188 

under NT were nearly or greater than 12 g kg-1 in the 0-20 cm depth. Although there is no 189 

clear evidence of a unique threshold/critical level in SOC (Loveland & Webb, 2003), the 190 
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value of ca. 12 g kg-1 (20 g kg-1 SOM) is considered the minimum for optimal agricultural use 191 

in Western Europe (Bullock, 1997). 192 

Greater stratification of SOC with depth under NT than under CT has been widely 193 

reported under different agroclimatic regions, including semiarid areas of Spain (Álvaro-194 

Fuentes et al., 2008; Hernanz et al., 2009; López-Fando & Pardo, 2011; Martin-Lammerding 195 

et al., 2011; Melero et al., 2012). As stated in these studies, the lack of tillage in NT involves 196 

the retention of crop residues at the soil surface, thus slowing decomposition rates and 197 

increasing SOC in the topsoil. In contrast, mouldboard ploughing in CT incorporates and 198 

distributes throughout the plough layer almost 90-100% of surface crop residues. The 199 

stratification ratio, SR (Franzluebbers, 2002), calculated as the SOC concentration at 0-5 cm 200 

depth divided by that at 20-40 cm, increased with the reduction in intensity of soil disturbance 201 

(CT<RT<NT<NAT) (Table 3). Although SR values greater than the threshold value of 2 were 202 

only found in the NAT soils, the improvement of soil quality with the adoption of NT can be 203 

deduced from SR values in all cases higher than those in the tilled soils. 204 

 205 

Tillage effects on soil organic carbon fractions 206 

The effect of land use and tillage on SOC differed between the two analysed organic matter 207 

fractions, POM and Min (Table 4). In all cases, the highest contribution to total SOC 208 

corresponded to the Min-C fraction, accounting for ca. 70-90% of total C (Figure 3). The Min 209 

fraction is a relatively inert SOM pool, selectively protected by its high stabilization by silt 210 

and clay particles and/or its inherent recalcitrance (Cambardella & Elliot, 1992; Six et al., 211 

2002b). In our study the concentration of this fraction was not greatly affected by soil 212 

management with the exception of the Undués and Artieda sites, where NAT soils had the 213 

highest Min-C contents. This effect was significant (P<0.05) for all soil depths but especially 214 

so for the surface where the Min-C concentration was 1.4-1.9 times higher than in the 215 
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agricultural soils. In contrast, at the most arid sites Min-C was similar or even less in NAT 216 

than in agricultural soils, as can be observed at Peñaflor and Lanaja in the deeper layers 217 

(Table 4). At these sites, low and variable precipitation limit primary production and soil C 218 

storage. Also, the lowest Min-C at Lanaja is explained by the semi-natural conditions of this 219 

field (Table 1). Despite the differences in Min-C concentration among NAT soils, the 220 

contribution to total SOC was similar, accounting for ca. 50-60% in the surface layer and 70-221 

80% in the deep one (Figure 3). In all cases, these percentages were significantly lower than 222 

those from the agricultural soils which included 80-90% of total SOC. Similarly, Llorente et 223 

al. (2010) in another semiarid region of Spain reported for the first 10 cm of soil contribution 224 

percentages of Min-C of 83 and 53% under cropped land and tree cover respectively. For 225 

different climatic conditions, Christensen (2001) and John et al. (2005) also found lower 226 

percentages in soils under permanent vegetation cover than in cultivated soils (50-85% vs. 227 

≥90%). This difference between land uses is explained by the reduced predominance of the 228 

POM fraction in the agricultural soils compared to the NAT soils. In cultivated fields, lower 229 

C inputs, and disruption of soil aggregates by tillage and other agronomic practices led to a 230 

preferential loss of SOC from the POM fraction (Haynes, 2005; Kögel-Knabner et al., 2008), 231 

to thus increase the contribution of the Min fraction with respect to undisturbed soils. 232 

The POM fraction is a labile SOM pool with relatively fast turnover times and consists 233 

mainly of partially decomposed plant residues (Cambardella & Elliot, 1992; Haynes, 2005). 234 

In our study, in contrast to Min-C, the C associated with this fraction was influenced not only 235 

by land use but also by tillage system (Table 4). The POM-C concentration in the agricultural 236 

soils was from 22% (Undués) to 77% (Lanaja) of that in the NAT soils for 0-40 cm with 237 

differences being statistically significant throughout the whole soil profile. Within the 238 

cultivated soils, the POM-C fraction followed the same pattern as the total SOC although the 239 

effect of tillage was more pronounced. With the exception of Artieda, where crop residues 240 
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were removed from the field, in the upper 5 cm soil depth the POM-C content was between 241 

1.2 (Undués) and 3 times higher (Peñaflor CC and Lanaja) under NT than under CT (Table 242 

4). At the Peñaflor site, the RT response under both CF and CC cropping systems was 243 

intermediate between CT and NT with POM-C concentrations significantly higher than those 244 

under CT (1.7-1.8 times higher). Again, the decreasing pattern in C concentration with depth 245 

was more prominent under conservation tillage, especially NT, in such a way that the average 246 

concentrations in the 0-40 cm profile were not significantly different from those under CT. 247 

This depth gradient was reflected in the values of SR for POM-C which were greater than 2 in 248 

the NT and RT soils (Table 3). Even under CT, SR>2 were obtained for this fraction at the 249 

most humid sites. This contrasts with the relatively low SR for Min-C and SOC, suggesting 250 

that the POM-C fraction can be a good indicator of soil quality under rainfed conditions of 251 

semiarid Aragon. The marked stratification of POM-C is generally observed under 252 

continuous NT management (Franzluebbers, 2004; Álvaro-Fuentes et al., 2008; Salvo et al., 253 

2010) and is produced by the maintenance of crop residues at the soil surface and the absence 254 

of soil disturbance. The POM fraction represented a relatively small percentage of the total 255 

SOC in terms of C storage (9-30%; Table 5), in agreement with typical values of 10-30% as 256 

reported in the literature (Wander, 2004; Álvaro-Fuentes et al., 2008; Martin-Lammerding et 257 

al., 2011). However, despite its small contribution, it has a large effect on nutrient-supplying 258 

capacity and structural stability of soils and for these reasons is considered a key attribute of 259 

soil quality (Haynes, 2005).  260 

In our study the POM-C fraction contributed to the differences between our sites based on 261 

the relative gain or loss of POM-C stock (Mg C ha-1) under NT with respect to CT at each site 262 

(i.e. (NT-CT)/CT). With the exception only of Artieda, POM-C was always higher under NT 263 

than under CT in the surface layer (ratios >0) (Figure 4). Such values represent between 1% 264 

less and 225% more POM-C with NT, averaging about 111% more. Figure 4 shows a 265 
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negative and strong relationship (P<0.01) between the relative difference in POM-C stock at 266 

0-5 cm depth and the mean annual precipitation at each site and indicates that the relative 267 

gain of C with the adoption of NT decreases as precipitation increases. A significant 268 

relationship was also obtained for total SOC but this property was not as responsive to 269 

precipitation as POM-C (Figure 4). For the Min-C fraction, no significant influence of 270 

precipitation was observed at any of the soil depths. Although climatic factors such as 271 

precipitation have been shown to exert a control on the potential of NT to store SOC, the 272 

direction and magnitude of this potential with respect to CT systems can vary widely 273 

(VandenBygaart et al., 2003; Franzluebbers, 2004; Govaerts et al., 2009; Blanco-Canqui et 274 

al., 2011). The increase in the relative benefit of NT with reduction in precipitation is also 275 

reported by Gregorich et al. (2009) who compare SOC storage in different Canadian regions. 276 

Similar conclusions are made by Luo et al. (2010) for agricultural soils in Australia.  In these 277 

studies the authors suggest that compared to low rainfall areas, the faster decomposition of 278 

SOM in the surface layer under a more humid environment minimizes the overall change of 279 

SOC balance between input and output under NT and, therefore, the relative C gain with 280 

respect to CT.  281 

In a similar way to previous studies, the differences between treatments in C storage at the 282 

soil surface are reduced when the whole soil profile (0-40 cm) is considered (Table 5). The 283 

depth of soil sampling can greatly affect conclusions on SOC sequestration rates (Blanco-284 

Canqui & Lal, 2008; Christopher et al., 2009). At the most arid sites, Peñaflor and Lanaja, C 285 

stocks in the NAT soils were similar or even lower than those in cultivated soils, supporting 286 

the idea that native SOC levels do not necessarily represent the upper limit for SOC storage 287 

and can be exceeded by those under agricultural management (Six et al., 2002b; 288 

VandenBygaart et al., 2003). In contrast, in the more humid areas, C stocks were enhanced in 289 

the NAT soils (Table 5). Within the cultivated soils, although a trend of higher SOC stored 290 
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under NT than under CT was generally found when the whole 0-40 cm layer was considered, 291 

the additional C was only statistically significant at Lanaja (15% more; Table 5) and can be 292 

attributed to the intensification of cropping system in NT (continuous cereal cropping vs. 293 

cereal-fallow rotation in CT; Table 1). Regardless of the potential of NT to sequester SOC, 294 

the numerous benefits to soil quality derived from the greater accumulation of SOC at the 295 

surface cannot be questioned. A study carried out under semiarid rainfed conditions in south 296 

Spain (López-Garrido et al., 2012) shows that although the increase in SOC after 16 yr of 297 

reduced tillage was only significant down to 5 cm, biological soil properties were 298 

significantly improved. Enhanced structural stability of soil is of special importance in 299 

semiarid Aragon to reduce soil susceptibility to the two main degradation processes of wind 300 

and water erosion that affect agricultural land (López et al., 2001; Blanco-Moure et al., 301 

2012). 302 

 303 

Conclusion 304 

The results from this on-farm study show that the increase in SOC due to long-term NT was 305 

generally restricted to the soil surface (0-5 cm depth) where, on average, 23% more SOC was 306 

found under NT than under CT. The Min-C fraction provided the greatest contribution to total 307 

SOC in all cases (70-90%). However, the POM-C fraction was more sensitive to soil tillage 308 

and land use than Min-C and total SOC. In addition, and in contrast to total SOC, 309 

stratification ratios of POM-C were >2 under NT at all studied sites. For these reasons, POM-310 

C can be considered a useful indicator of soil changes associated with NT. A negative and 311 

strong relationship was found between the relative difference in the surface POM-C stock (i.e. 312 

(NT-CT)/CT) and mean annual precipitation, suggesting that the relative gain in C with NT 313 

increases as precipitation decreases. Regardless of the similar potential of NT and CT to 314 

sequester SOC in whole soil profile (0-40 cm), the environmental benefits derived from the 315 
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higher accumulation of SOC at the surface under NT cannot be questioned. Thus NT can be 316 

recommended as a sustainable management alternative to CT in rainfed cereal areas of 317 

Aragon in north east Spain and in other analogous areas.  318 
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Figure legends 445 

Figure 1. Location of the study sites and average annual rainfall isohyets (mm).  446 

 447 

Figure 2. Depth distribution of soil organic carbon concentration under different tillage and 448 

management systems (CT, conventional tillage; RT, reduced tillage; NT, no tillage; NAT, 449 

natural soil). In Peñaflor, CC refers to the continuous cropping system and CF to the 450 

cereal-fallow rotation. Horizontal bars indicate LSD (P<0.05) for comparisons at the same 451 

soil depth, where significant differences were found.  452 

 453 

Figure 3. Relative proportion of particulate organic carbon (POM-C, □) and mineral-454 

associated organic carbon (Min-C, ■) to total soil organic carbon (SOC) at different soil 455 

depths as affected by soil management and tillage (CT, conventional tillage; RT, reduced 456 

tillage; NT, no tillage; NAT, natural soil). In Peñaflor, CC refers to the continuous 457 

cropping system and CF to the cereal-fallow rotation. For the same study site and soil 458 

depth, different letters indicate significant differences at P<0.05. 459 

 460 

Figure 4. Relative difference between no tillage (NT) and conventional tillage (CT) in total 461 

soil organic carbon content (SOC, —○—; Mg ha-1) and particulate organic carbon content 462 

(POM-C, ---●---) at 0-5 cm soil depth as a function of mean annual precipitation (MAP). 463 
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Table 1. Location and management characteristics of the studied sites (NT, no tillage; RT, reduced tillage; CT, conventional tillage; NAT, 
natural soil; CC, continuous cropping; CF, cereal-fallow rotation; CL, cereal-legume rotation; MP, mouldboard ploughing; Ch, chisel 
ploughing). 

 

MAP
a

Site Location mm Soil typeb Land use and management
Peñaflor CC 41º 44' 30" N 355 Hypercalcic 19-yr NT-CC barley. 19-yr CT-CC (MP) barley. 19-yr RT-CC (Ch) barley. Maintenance of crop 

0º 46' 18" O Calcisol residues in the field. Straw chopped and spread in NT/RT (>30% of soil cover by crop residues) 
(259 m elev.) and incorporated into the soil in CT. NAT: Typical semiarid grassland.

Peñaflor CF 41º 44' 22" N 355 Hypercalcic 20-yr NT-CF. 20-yr CT-CF (MP). 20-yr RT-CF (Ch). Maintenance of crop residues. 
0º 46' 30" O Calcisol Straw chopped and spread in NT/RT (>30% residue cover) and incorporated into the soil in CT. 

(259 m elev.) NAT: Typical semiarid grassland. 

Lanaja 41º 43' 22" N 433 Hypocalcic 10-yr NT-CL followed by 4-yr NT-CC barley with maintenance of crop residues 
0º 21' 19" O Calcisol (>30% residue cover). >14-yr CT-CF (MP) and straw removed. NAT: Frequently grazed area  

(422 m elev.) developed over an abandoned terrace (>40-yr) with sparse vegetation and patches of low shrubs. 

Torres de 41º 57' 52" N 468 Calcaric 9-yr NT-CC cereal with maintenance of crop residues (>30% residue cover). 
Alcanadre 0º 05' 00" O Cambisol >9-yr CT-CC cereal (MP/Ch) and straw removed. NAT: Typical Mediterranean shrubland and 

(431 m elev.)  Pinus halepensis.  Soil surface covered with mosses and algae.

Undués de 42º 33' 43" N 676 Haplic 13-yr NT-CF. Maintenance of crop residues (>30% residue cover). >13-yr CT-CF (MP) and 
Lerda 1º 07' 26" O Calcisol straw removed. NAT: Typical Mediterranean shrubland and Pinus halepensis.

(860 m elev.) 

Artieda 42º 35' 46" N 741 Hypocalcic 19-yr NT-CC cereal followed by 2-yr NT-CL and straw removed (≈10-15% residue cover). 
0º 59' 39" O Calcisol >21-yr CT-CC cereal (MP/Ch) and straw removed. NAT: Typical Mediterranean shrubland. 

(526 m elev.) 
a  Mean annual precipitation. 
b  World Reference Base for Soil Resources, 2007.



Table 2. Selected properties of the studied soils in the 0-40 cm depth (CT, conventional tillage; RT, reduced tillage; NT, no 
tillage; NAT, natural soil). In Peñaflor, CC refers to the continuous cropping system and CF to the cereal-fallow rotation.  
 

 

pH EC (1:5)a CO3Ca Gypsum Organic carbon Sand Silt Clay

Site Treatment (H2O, 1:2.5) dS m-1

Peñaflor CC CT 8.2 0.46 453 48 11.5 320 436 244
RT 8.5 0.16 460 46 11.0 340 440 220
NT 8.5 0.17 467 43 10.6 367 422 211

NAT 8.3 0.79 560 44 11.2 492 351 157

Peñaflor CF CT 8.4 0.18 471 46 10.6 333 433 234
RT 8.4 0.16 482 46 10.2 316 445 239
NT 8.4 0.18 485 47 10.5 318 445 237

NAT 8.3 0.79 560 44 11.2 492 351 157

Lanaja CT 8.3 0.31 439 34 10.0 117 600 283
NT 8.4 0.23 405 34 10.9 125 608 266

NAT 8.3 0.64 324 40 8.7 272 537 191

Torres CT 8.5 0.12 237 29 8.8 576 284 140
de Alcanadre NT 8.6 0.13 229 28 9.4 571 294 135

NAT 8.5 0.14 245 29 11.5 619 264 118

Undués CT 8.3 0.13 56 66 14.7 106 531 363
de Lerda NT 8.3 0.13 89 65 14.5 115 533 352

NAT 8.2 0.20 119 64 25.2 209 487 303

Artieda CT 8.1 0.19 177 46 10.6 370 394 236
NT 8.2 0.18 239 44 10.2 314 451 235

NAT 8.2 0.15 84 65 16.4 308 416 276
a  EC, electrical conductivity 

g kg-1
 



 
 
Table 3. Stratification ratios (0-5 cm/20-40 cm) for total soil organic carbon (SOC), 
particulate organic C (POM-C) and mineral-associated organic C (Min-C) as affected by soil 
management and tillage (CT, conventional tillage; RT, reduced tillage; NT, no-tillage; 
NAT, natural soil). In Peñaflor, CC refers to the continuous cropping system and CF to the 
cereal-fallow rotation. 
 

Peñaflor Peñaflor Torres Undués

Fraction Treatment  CC CF Lanaja de Alcanadre de Lerda Artieda
SOC CT 1.05 1.03 1.09 1.31 1.21 1.31

RT 1.28 1.14 ─ ─ ─ ─
NT 1.55 1.34 1.54 1.61 1.48 1.39

NAT 1.65 1.65 2.89 1.63 1.89 2.40

LSDa 0.21 0.20 0.44 0.28 0.26 0.34

POM-C CT 1.16 1.05 1.75 2.38 2.48 2.11
RT 2.85 2.08 ─ ─ ─ ─
NT 4.37 3.47 3.06 4.27 3.79 2.38

NAT 2.96 2.96 7.84 3.22 3.48 4.19
LSD 0.63 0.87 1.29 1.55 ns 1.13

Min-C CT 1.03 1.03 0.99 1.13 1.08 1.09
RT 1.10 1.06 ─ ─ ─ ─
NT 1.21 1.20 1.24 1.19 1.26 1.18

NAT 1.26 1.26 1.85 1.11 1.36 1.83
LSD 0.18 0.20 0.24 ns ns 0.15  

a LSD (P<0.05) least significant difference.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Table 4. Particulate organic C (POM-C) and mineral-associated organic C (Min-C) 
concentrations at different soil depths as affected by soil management and tillage 
(CT, conventional tillage; RT, reduced tillage; NT, no-tillage; NAT, natural soil). In 
Peñaflor, CC refers to the continuous cropping system and CF to the cereal-fallow rotation. 
 

Site Treatment 0-5 cm 5-20 cm 20-40 cm 0-5 cm 5-20 cm 20-40 cm

Peñaflor CC CT 1.59 1.73 1.37 10.38 9.80 10.07

RT 2.86 2.02 1.00 10.09 9.36 9.19

NT 4.60 1.59 1.06 10.46 8.72 8.69

NAT 6.68 2.98 2.26 9.37 8.40 7.54

LSDa 0.74 0.60 0.31 ns ns 1.24

Peñaflor CF CT 0.93 1.07 0.91 9.80 9.55 9.55

RT 1.56 1.32 0.77 9.58 9.17 9.04

NT 2.25 0.88 0.65 11.06 9.47 9.24

NAT 6.68 2.98 2.26 9.37 8.40 7.54

LSD 0.54 0.39 0.61 ns ns 1.52

Lanaja CT 2.21 1.41 1.27 8.47 8.71 8.56

NT 5.11 2.08 1.69 10.20 8.89 8.23

NAT 8.22 2.28 1.05 9.43 6.90 5.17

LSD 1.39 0.43 0.47 ns 0.89 1.39

Torres de CT 2.79 1.95 1.19 7.68 7.29 6.81

Alcanadre NT 4.82 2.00 1.17 8.53 7.46 7.15

NAT 8.19 3.96 2.56 8.64 7.32 7.77

LSD 1.63 0.93 0.56 ns ns ns

Undués CT 3.22 2.03 1.36 13.69 13.03 12.63

de Lerda NT 4.41 2.22 1.16 15.49 12.63 12.26

NAT 18.66 9.24 5.53 20.73 17.15 15.85

LSD 4.35 2.59 1.92 3.06 3.33 ns

Artieda CT 4.38 2.46 2.06 8.68 8.15 8.01

NT 3.90 2.02 1.63 9.35 8.03 7.90

NAT 12.66 5.11 3.06 17.26 11.90 9.42

LSD 2.96 0.77 0.56 1.48 1.23 1.28

POM-C Min-C

─────────────(g C kg-1 soil)─────────────

 
a LSD (P<0.05) least significant difference.  
 
 
 



 
 
 

Table 5. Soil organic carbon (SOC), particulate organic C (POM-C) 
and mineral-associated organic C (Min-C) stocks in the 0-40 cm soil 
layer as affected by soil management and tillage (CT, conventional 
tillage; RT, reduced tillage; NT, no-tillage; NAT, natural soil). In 
Peñaflor, CC refers to the continuous cropping system and CF to the 
cereal-fallow rotation. 

 

SOC POM-C Min-C
Site Treatment

Peñaflor CC CT 57.36 7.60 49.76
RT 54.89 7.95 46.94
NT 60.23 9.57 50.66

NAT 57.31 15.66 41.65
LSDa ns 3.30 ns

Peñaflor CF CT 54.91 5.07 49.84
RT 51.38 5.34 46.04
NT 59.17 5.26 53.59

NAT 57.31 15.66 41.65
LSD ns 3.21 7.77

 Lanaja CT 54.57 7.76 46.81
NT 62.75 12.89 49.86

NAT 48.18 12.87 35.31
LSD 5.38 2.03 5.62

 Torres CT 55.12 10.31 44.81
de Alcanadre NT 58.78 12.05 46.73

NAT 63.94 20.67 43.27
LSD ns 4.50 ns

Undués CT 89.42 10.88 78.54
de Lerda NT 88.54 11.36 77.18

NAT 129.91 42.15 87.77
LSD 23.73 7.63 ns

Artieda CT 59.07 13.65 45.41
NT 65.18 12.95 52.23

NAT 97.07 29.28 67.79
LSD 7.09 3.00 7.50

Mg C ha-1

 
a LSD (P<0.05) least significant difference. 
 
 
 

 
 
 


