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ABSTRACT 22 

Animal excreta are commonly recycled as fertilizers, although attention should be 23 

given to environmental impacts. Legislation must also be adapted to new research 24 

findings. The framework of this study is an intensive fodder Mediterranean agricultural 25 

system affected by EU legislation on the protection of waters against nitrate pollution. 26 

This paper studies the effect of two N based dairy cattle slurry (DCS) rates (170 vs. 27 

250 kg N ha-1 yr-1) plus additional mineral N (up to 450kg N ha-1 divided between two 28 

crops), on different soil quality parameters. A control (no N applied) was included. 29 

The experiment, which lasted for 8 years, included forage maize followed by ryegrass, 30 

grain maize and rapeseed. In the whole period, the organic carbon inputs from the DCS 31 

treatments comprised C slurry inputs (14.8 or 21.9 Mg ha-1) plus the C input difference 32 

in crop residues (8.3 Mg ha-1) between DCS and the control treatment. In the 0-0.3 m 33 

soil depth, slurries significantly increased soil organic carbon (SOC) from by 2.3 or 34 

2.7% yearly (c. 2.8 Mg C with 10 Mg C ha-1 input) mainly in its light fraction. The size 35 

of the microbial biomass increased by 5.1% yearly (c. 0.12 Mg C with 10 Mg C ha-1 36 

input). A higher aggregate stability against slaking disruption was observed. Soil pH 37 

slightly decreased, P (Olsen) fertility increased (up to 10 mg P kg-1) as did K 38 

availability (up to 140 mg K kg-1) and Mn and Ni bioavailability. In rapeseed plants, 39 

seed Ca, S, Cu and Mn content increased as did K, S, Fe, Mn and Zn in the rest of the 40 

plant biomass. These changes were within acceptable concentration ranges. The higher 41 

N rate from DCS has proved useful for the circular nutrient economy, while improving 42 

soil physical and chemical quality and the sustainability of the agricultural system as a 43 

whole. 44 
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1. Introduction 48 

The intensification of agricultural management practices in crops, including fodder 49 

crops for animal feed, linked to the need for improving the carrying capacity of the 50 

different productive areas (Searchinger et al., 2018, Wang et al., 2020), is a positive 51 

trend.  52 

Intensification by double-annual cropping (or just by the reduction of the length of 53 

fallow periods between crops) can help to meet growing global demand while limiting. 54 

the environmental impacts associated with cropland expansion such as increased soil 55 

erosion and loss of wildlife habitat or carbon. However, some restrictions (i.e. 56 

production costs, limits to N management) explain why double-annual cropping only 57 

occupies 2-3% of total cropland in the USA (Borchers et al., 2014) or 9% in Europe 58 

(Estel et al., 2016). In Europe, maize (Zea mays L.) and sorghum (Sorghum bicolor L.) 59 

maintain their importance as they are more frequently grown as summer crops and also 60 

combined with different winter crops (i.e. winter rapeseed (Brassica napus L.), barley 61 

(Hordeum vulgare L.), wheat (Triticum aestivum L.) or forage-ryegrass (Lolium 62 

multiflorum). In double forage cropping systems, linked to livestock activities, 63 

fertilization is provided by manures, slurries or other organic fertilizers (waste animal 64 

based) whether or not combined with mineral fertilizers (Huang et al., 2015; Ovejero et 65 

al., 2016; Demurtas et al., 2016; Perramon et al., 2016). 66 

Fertilization is an important cost in intensive agricultural systems and organic fertilizers 67 

may be a cheaper source of nutrients. The positive impact of waste recycling on 68 

productivity is fully endorsed by economic panel data models (Aldieri et al., 2019). 69 

Organic fertilizers are relevant in the context of the European circular economy action 70 

plan (reduction of waste to a minimum) where the use of recycled nutrients is a priority 71 

in order to reduce the Union’s dependency on nutrients imported from third countries 72 
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(E.C., 2019). However, in Europe legislation also exists for the so-called “nitrate 73 

vulnerable areas” in which the maximum amount of organic fertilizer to be applied is 74 

based on N criteria or N plant demand (E.C., 1991) with the permitted maximum 75 

equivalent to 170 kg N ha-1. The Directive aims to protect water quality across the 76 

European Union (EU) by preventing nitrates from agricultural sources from polluting 77 

ground and surface waters. The limit seems quite reasonable if only one crop is 78 

cultivated annually, but there is a considerable increase in how the needs for N change if 79 

a double-annual cropping system is introduced; consequently, this limit might prevent 80 

appropriate nutrient supply to plants as nutrient demand increases. The EU has allowed 81 

derogations of the Directive and in some regions it allows the application of higher N 82 

amounts from an organic origin, up to a maximum of 250 kg N ha-1 year-1 (i.e. E.C., 83 

2011). However, there is controversy about other impacts than N leaching such as over 84 

soil quality and potential nutrient imbalances. Manures and organic wastes contain 85 

potentially toxic elements (Bloem et al., 2017) that might present soil fauna concerns, 86 

for instance, for the presence of some earthworm species and their role in soils (Valdez-87 

Ibañez et al., 2019a; Valdez et al., 2020); besides, liquid manures may stimulate the 88 

mineralization of native soil C while raising the P soil content to very high levels 89 

(Angers et al., 2010). 90 

In these double-annual cropping Mediterranean systems, where summer crops play a 91 

crucial role in N demand, studies have focused on agronomic and N cycle aspects 92 

(Ovejero et al., 2016; Perramon et al., 2016 and 2018) and to a lesser extent on soil 93 

quality effects such as on water-stable soil aggregates (Yagüe and Quílez, 2013) or on 94 

soil organic C concentrations (Chataway et al., 2011) which may help to guarantee 95 

sustainability in the medium-long term.  96 
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The use of higher rates of organic fertilizers in intensive systems might maintain or 97 

increase soil organic C (SOC) directly (OC slurry input) or through residue retention 98 

(Zhao et al., 2020) due to potentially higher yields. This fact is of special interest in 99 

areas with low SOC or from the C sequestration point of view. It also might reduce the 100 

negative impact of compaction (Mujdeci et al., 2017) related to the increase in traffic of 101 

machinery over the soil surface, as organic matter is one of principal aggregating agents 102 

in soils (Tisdall and Oades, 1982). 103 

Organic fertilizers provide essential nutrients (macro and micro) other than N but the 104 

ratios of these nutrients differs from those needed by plants. Thus, as N rate increases it 105 

might lead to an accumulation of other nutrients in soil, e.g. P (Eghball and Power, 106 

1999). The introduction of different crops in a rotation, with different rooting systems 107 

and P nutrient demand is of interest. Rapeseed has been recommended as a crop when 108 

organic wastes are applied because of its high N fertility demand (CRDC, 2009) and a 109 

high rhizosheath acid phosphatase activity in the rhizosphere which leads to a high P 110 

uptake efficiency (Nobile et al., 2019). Furthermore, used as an animal feed, it often 111 

produces measurable advantages in dairy rations (Moore and Kalscheur, 2017) in terms 112 

of feed efficiency and milk production compared with soybean (Glycine max L.), while 113 

saving on feed cost.  114 

Organic fertilizers also contain trace elements from animal feed via impurities or 115 

supplements in trace elements which are often formulated in diets in safety amounts 116 

which can largely exceed requirements. The undigested minerals are excreted and can 117 

increase their concentrations in soil superficial layers. Soil acts as a trace element 118 

reservoir, which poses potential threats to the environment through their mobile forms 119 

or bioavailability in some plants (Veiga et al., 2012). In fact, Blanco-Penedo et al. 120 

(2009) in a study conducted in the NW of Spain found that Mn concentration in the soil 121 
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explained up two-thirds of the variability in liver Mn concentrations in calves. The 122 

prolonged application of trace elements to the soil surface can lead to a reduction of soil 123 

buffering capacity and can cause permanent contamination of soil or groundwaters (He 124 

et al., 2005). Even though the application of organic matter (OM) is an effective 125 

strategy for heavy metal immobilization through complexation, thus reducing plant 126 

uptake (Putwattana et al., 2015), the risk of soil contamination by trace elements such as 127 

Cd, Cu or As must not be underestimated (Zhang et al., 2012). 128 

Our hypothesis is: as Mediterranean systems become intensified by double-annual 129 

cropping, the N rates from fertilizers of organic origin allowed by EU legislation might 130 

be increased to 250 kg N ha-1 yr-1. The measure proposed will cover crop demand to a 131 

greater extent, while avoiding negative soil impacts or changes in plant composition. 132 

Data will be provided by means of an experimental field where there were five years of 133 

double cropping plus three years during which a total of four crops were grown. The 134 

aim of this study was to assess the influence of dairy cattle slurry (DCS) applied during 135 

years at two N rates: 170 or 250 kg N ha-1, on soil quality parameters and on the nutrient 136 

and heavy metal composition of rapeseed. Results could provide arguments to 137 

legislators to ensure that decisions on N thresholds are well informed. The soil quality 138 

parameters include: i) soil macro-aggregate stability against slaking, ii) soil organic 139 

carbon fractions including microbial biomass C, iii) other soil and plant chemical 140 

parameters: nutrients (N, P, K, Ca, Mg, Cu, Fe, Mn, Mo, Ni and Zn), Na and trace 141 

elements (As, Cd, Co, Cr, Pb and V). 142 

2. Materials and Methods  143 

A fertilizer experiment was established at the Mas Badia experimental station in Tallada 144 

d’Emporda (42º 03’ 02’’N, 03º 03’ 37’’E, 18 m a.s.l) in 2008 and was maintained until 145 

June 2016 when soil sampling was performed.  146 
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The area has a dry Mediterranean climate (Papadakis classification; MAPA, 1989). The 147 

historic temperature, precipitation and crop reference evapotranspiration (ET0, FAO 148 

Penman-Monteith equation) data for a period of 27 years (1989-2016) were obtained 149 

from an automatic meteorological station located in the experimental station (Fig. 1). In 150 

2016, annual average temperature, precipitation and ET0 were 15.3ºC, 519 mm and 996 151 

mm, respectively. The dry period lasts from June to August. Soil at the study site was 152 

classified as Oxyaquic Xerofluvent (Soil Survey Staff, 2014). The soil is very deep 153 

(>1.20 m) and well drained, without stones. The surface layer (0-0.30m) has a loamy 154 

texture (Table S1) and a basic pH (1:2.5; w:v, 8.2); it is non-saline (1:5; w:v; 0.18 dS m-155 

1) and calcareous (13.7%, calcium carbonate equivalent).  156 

[Figure 1] 157 

A double-annual crop forage rotation: maize − ryegrass was established in 2008 and 158 

maintained until 2013 (Fig. S1). Forage maize was harvested when the interior of the 159 

kernel was of doughlike consistency. Ryegrass was harvested (two cuts) at maximum 160 

biomass before coming into ear. In the 2013-2016 period, after the maize harvest for 161 

forage in September 2013, the rotation was modified and it included: winter rapeseed – 162 

grain maize (short cycle) - grain maize (long cycle) – winter rapeseed, which means four 163 

crops in three years (Fig. S1). Maize was irrigated (sprinkler system) during the spring-164 

summer period and the rest of the crops were not irrigated. Stubble of rapeseed and maize 165 

(grain) was incorporated by disc-harrowing into the soil but the rest (stalks) was removed. 166 

Main tillage before sowing was done with a mouldboard or a disc harrow (~0.30 m deep). 167 

The last changes in the crop rotation were related to local weather conditions (right 168 

climate conditions) and market tendencies (prices). 169 

Fertilization was based on dairy cattle slurry (DCS) which was analyzed prior to 170 

application (Table 1).  171 
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[Table 1] 172 

The fertilizer treatments (Table 2) were two doses of DCS complemented with mineral N 173 

fertilization (calcium ammonium nitrate, 27%) and a control (no NPK fertilization). The 174 

170DCS rate equalled 170 kg N ha-1 yr-1 (~52 Mg DCS ha-1) corresponding to the 175 

maximum legal dose according to nitrates Directive 91/676 (E.C., 1991) in vulnerable 176 

areas. The 250DCS rate equalled 250 kg N ha-1 yr-1 (~77 Mg DCS ha-1) which was related 177 

to the N crop extraction potential. They were distributed between two successive crops,  178 

prior to spring and autumn sowings (170DCS: 100 and 70 kg N ha-1; 250DCS: 150 and 179 

100 kg N ha-1, respectively). As the DCS rates provided between 38% and 55% of 180 

theoretical N plant needs, fertilization was supplemented with mineral fertilizer (calcium 181 

ammonium nitrate, 27% N) up to 450 kg N ha-1 for two crops in a rotation: 280 kg N ha-1 182 

for 170DCS and 200 kg N ha-1 for 250DCS. The exception was the 2014-2015 cropping 183 

season where a summer crop (maize) was followed by a summer crop (maize) but the 184 

fertilization schedule for summer crops was maintained. Treatments were distributed 185 

according to a randomized block design with three replicates. An area of 40 m2 (5 m x 8 186 

m) was assigned to each replicate. A total of nine plots were set up.  187 

[Table 2] 188 

2.1. Soil and plant analysis 189 

Eight months after the last slurry application (7th June 2016), each of the nine plots was 190 

sampled for soil and plant analysis. Soils were sampled from 0-0.1 m depth (a 191 

composite sample of 5 points plot-1 was obtained) and air dried. A soil sample fraction 192 

was sieved to 3.15 mm for aggregate stability evaluation and another one to 2 mm for 193 

chemical analysis. 194 

In soil, aggregate stability was measured from aggregates remaining after a fast wetting 195 

of dry aggregates (stability against slaking) in four subsamples of each treatment. 196 
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Results were expressed as mean weight diameter index (MWD, mm) proposed by Le 197 

Bissonnais (1990) and adapted by Amézqueta et al. (1996):  198 





n

1i
iiDW MWD
 

(1)

where n corresponds to the number of aggregate size fractions considered in the analysis 199 

and Di is the mean diameter of aggregates that potentially can stay in the i th and i+1 200 

sieves. The five size classes were: < 3.15 mm to 2 mm < 2 mm to 1 mm; < 1 mm to 0.5 201 

mm; < 0.5 mm to 0.25 mm; < 0.25 mm which were respectively associated to: 202 

D1=2.575 mm, D2=1.5 mm; D2=0.75 mm; D3=0.375 mm; D4=0.125 mm. No detected > 203 

3.15 mm. The Wi is the mass percentage of each fraction calculated as dry weight of 204 

aggregates in the ith size fraction (g) divided by the sum of total sieved soil dry weight 205 

fractions (g) including the smallest (< 0.25 mm) one.  206 

Soil organic carbon (SOC) was divided into three physical sizes and into two density 207 

fractions following the procedure NF X 31-516 from AFNOR (2007). This means that 208 

five fractions were distinguished: ≤ 0.05 mm, > 0.05–0.2 mm (light), > 0.05–0.2 mm 209 

(heavy), > 0.2–2 mm (light), and > 0.2–2 mm (heavy). Organic carbon was determined 210 

by dichromate oxidation and subsequent titration with ferrous ammonium sulfate 211 

(Yeomans and Bremner, 1988). The total SOC content was obtained as the sum of the 212 

different fractions. Carbon content of soil microbial biomass (SMB) was quantified by 213 

the fumigation-extraction method (AENOR, 2003) adopting the value of 0.38 as the the 214 

efficiency factor for SMB carbon extraction (Vance et al., 1987). All SMB analyses 215 

were done in triplicate for each composite sample. 216 

Analytical procedures from MAPA (1994) were used for other chemical parameters: pH 217 

(potentiometry; 1:2.5 soil:distilled water), electrical conductivity at 25ºC (1:5 218 

soil:distilled water), total N (Kjeldahl method), available P (Olsen method) and 219 
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available K (ammonium acetate 1N, pH=7). Cation exchange capacity (CEC) and 220 

exchangeable cations were evaluated by extraction with ammonium acetate 1N (pH=7). 221 

The analysis of exchangeable cations (K+, Na+, Mg2+ and Ca2+) followed Hendershot et 222 

al. (2008). The micronutrients Fe, Zn, Mn, Cu and Ni plus Cd were extracted with a 223 

DTPA (diethylenetriaminepentaacetic acid) solution (1:2, w:v) following Baker and 224 

Amacher (1982). From microwave digested samples (UNE-EN 16174:2012; AENOR 225 

2012a) with aqua regia (3:1, v:v, HCl:HNO3) the elements: P, K, Ca, Mg, Na, Fe, As, 226 

Cd, Co, Cr, Cu, Mo, Mn, Ni, Pb, V and Zn were quantified using inductively coupled 227 

plasma mass spectrometry (UNE-EN 16171; AENOR, 2016).  228 

Rapeseed shoots were sampled from a surface of 0.5 m2 (1 m x 0.5 m) plot-1 and they 229 

were divided for further analysis in two parts: seeds and the rest of shoot biomass (RS) 230 

which included pods plus branches. Seed harvest was performed the 20th of June 2016 231 

in 12 m2 (8 m x 1.5 m) plot-1. Samples from the two rapeseed shoot fractions were 232 

prepared for analysis following UNE-EN ISO 6498:2012 (AENOR, 2012b). They were 233 

digested in a microwave with nitric acid and hydrogen peroxide (3:2:2, v:v:v, HNO3: 234 

H2O2: H2O) following UNE-EN 13805:2015 (AENOR, 2015). Major nutrients (P, K, S, 235 

Mg), micronutrients (Mn, Fe, Co, Cu, Zn, Mo) and heavy metals (Co, Cd) were 236 

quantified using inductively coupled plasma mass spectrometry (UNE-EN 15763:2010; 237 

AENOR, 2010). Total N was just analyzed in seeds following a Kjeldahl method 238 

(Chang, 2003). The seed oil content at harvest was analyzed using low-resolution 239 

pulsed nuclear magnetic resonance (NMR) spectrometry (ISO 8292-2:2008, ISO, 2008) 240 

with a Bruker’s Minispec equipment. 241 

2.2. Carbon balance calculations 242 
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Topsoil C inputs (0-0.3 m) included C from slurries (Table 2) and C from stubble and 243 

plant roots. The effects of such C inputs on SOC were considered jointly following 244 

Rasmussen et al. (1980) and Bhogal et al. (2009). 245 

The C input from plants was assumed to be proportional to yield biomass (quantified as 246 

dry matter). Average yield biomasses in DCS treatments was similar, without statistical 247 

differences. In the control plots, yield biomass averaged 40% of those in DCS treatments. 248 

As the DCS effect on SOC was compared to the control, in slurry treatments only 60% of 249 

the total crop C return to soil (stubble plus roots, Table S2) was attributed to the effect of 250 

slurry addition, which means 8.3 Mg C ha-1 for the full period and for every DCS 251 

treatment. 252 

Stubble biomass was calculated from the harvest index ratio (Unkovich et al., 2010) thus, 253 

the ratio between grain/seed yield biomass to shoot biomass. Shoot corresponds to total 254 

plant above-ground dry matter (stalks and leaves/pods and branches plus grains/seeds). It 255 

was assumed that stubble was equivalent to 5% and 10% of plant biomass (excluding 256 

grain/seed yields) for grain maize and rapeseed respectively (Table S2). Carbon from 257 

stubble was adopted from Redin (2018) and Williams et al. (2013). Stubble was assumed 258 

to be zero for forage crops. 259 

Root biomass and its C input were estimated (Table S2) from root:plant above-ground 260 

ratios (Anderson, 1988; Gan et al., 2009; Crush et al., 2010), C in roots (Redin, 2018) and 261 

root fraction from 0 to 0.30 m depth (Gan et al., 2009). 262 

The relative mean annual SOC storage rates (%) were calculated as the difference 263 

between the SOC from the DCS treatments and the control (ΔSOC-content), and they 264 

were divided by the SOC content in the control and the time elapsed since the 265 

implementation of the experiment (8 years). A similar calculation was performed for 266 

SMB changes. The DCS retention coefficient (Mg C with 10 Mg C ha-1) has been 267 
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calculated taking into account the SOC changes in soil (ΔSOC-content) per unit of C 268 

added via the control plot used as reference (ΔC-input). 269 

2.3. Statistical analysis 270 

The statistical analyses were done using the SAS statistical package v9.4 (SAS Institute, 271 

2002–2012). Data were subjected to appropriate analysis of variance (ANOVA) 272 

according to the experimental field design. When the ANOVA detected significant 273 

differences, separation of means was performed according to Duncan’s multiple-range 274 

test (P=0.05).  275 

3. Results 276 

3.1. Aggregate stability  277 

The DCS application significantly improved the resistance to soil physical degradation 278 

by slaking (P = 0.0006) compared with the control, despite the relatively low OC inputs 279 

applied from manures (14-22 Mg OC ha-1) from the start of the experiment in 2008. The 280 

mean weight diameter after a fast wetting was 748, 1110 and 1152 µm for the control, 281 

170DCS and 250DCS treatments, respectively. The addition of DCS favours (in relative 282 

terms) aggregation (Fig. 2) at the highest size diameters from 2000 to 3150 µm, while 283 

the ones <250 µm are reduced (without significant changes in the intermediate sizes).  284 

[Figure 2] 285 

3.2. Soil organic carbon fractions and microbial biomass  286 

It is assumed that SOC in the control was equivalent to the initial concentration in soil, 287 

as in this SOC fraction analysis procedure the total sum of the five fractions tends to 288 

give lower figures than in a single (and total) sample analysis. The total SOC content 289 

ranged from 9.2 (control) to 11.2 g C kg-1 in 250 DCS (Fig. 3). The latter, for a 0.30 m 290 
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depth, and assuming for a soil loamy texture a bulk density of 1350 kg m-3 (Trueba et 291 

al., 1999), equals an equivalent of 37.3 Mg SOC ha-1, 44.1 Mg SOC ha-1 and 45.4 Mg 292 

SOC ha-1 for the control, 170DCS and 250DCS, respectively. The SOC build-up 293 

showed a significant increase in the SOC fraction lower than 0.05 mm but, in relative 294 

terms, increases were important in light SOC fractions (Fig. 3).  295 

[Figure 3] 296 

The soil microbial biomass was significantly higher (40% up) in DCS treatments than in 297 

the control (Fig. 4) without differences between DCS rates.  298 

[Figure 4] 299 

3.3. Soil nutrients and heavy metal contents 300 

The addition of DCS slightly decreased soil pH and maintained negligible salinity 301 

although the slight increase in the EC (Table 3). Total N, available P and exchangeable 302 

K also increased with DCS addition. The total N increase did not result in quantitative 303 

changes in the C:N soil ratio (Table 3, Fig. 3). No significant differences in 304 

exchangeable cations (rather than K) or cation exchange capacity were found when 305 

comparing DCS treatments with the control (Table 3). Exchangeable potassium 306 

equalled 72, 109 and 140 mg K kg-1 for the control, 170DCS and 250DCS, respectively.  307 

[Table 3] 308 

Furthermore, the soil heavy metal content was not affected and it can be considered for 309 

As, Cd, Co, Cr, Pb, V, Cd, Cu, Fe and Zn, similar to the soil background. The 310 

exceptions were Mn and Ni extracted with DTPA which increased with DCS rates but 311 

without significant changes in total Mn or Ni soil content (Table 4).  312 

[Table 4] 313 

3.4. Plant nutrients and heavy metals contents 314 
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The classical negative relationship between N and oil seed content was observed (Table 315 

5, Eq. 1) 316 

Rapeseed oil (%) = 62.01 - 0.5469 N (g kg-1); R2 = 0.99.           (1) 317 

In rapeseed, DCS application decreased the P and Ca seed content but increased N and 318 

S seed concentration. It also increased K and S concentration in the rest of the plant 319 

biomass (Table 5). Related to micronutrients, as the DCS rate increased, Cu seed 320 

concentration decreased and Mn increased, while Fe and Zn increased in the rest of the 321 

biomass (Table 5). No differences were found in the rest of the analysed components, 322 

including Cd and Co heavy metals. 323 

[Table 5] 324 

4. Discussion 325 

The mean DCS retention coefficient (from 2008 to 2013) was equivalent to c. 2.8 Mg C 326 

with 10 Mg C ha-1 input. These values, with less than one third of the OC applied 327 

remaining in the soil yearly, are consistent with the results of other authors such as 328 

Bhogal et al. (2009). The relative mean annual SOC storage increased annually by an 329 

average of 2.5% whereas the light fraction increased by about 4.2% and the microbial 330 

biomass C by 5.1%. The light fraction of SOC is a labile source of soil C (unprotected 331 

C) and it is strongly influenced by factors related to the recent history of OM addition 332 

(Gosling et al., 2013). Thus, it is an early and sensitive indicator of changes in OM 333 

status associated with fertilization practice (Leifeld and Kögel-Knabner, 2005; Bhogal 334 

et al., 2009; Yagüe et al., 2012, 2016) and an important nutrient source. There are 335 

indicators that it can become saturated (Six et al., 2002) but little information is 336 

available on the mechanics of the asymptotic relationship with C inputs (Beare et al., 337 

2014). Besides, these labile organic C components such as polysaccharides are 338 

recognised to act as transient binding agents, which can explain the higher MWD as the 339 
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DCS dose increases. This positive effect has also been detected when dairy cattle 340 

manure (Yagüe et al., 2016) or pig slurry (Domingo-Olivé et al., 2016) have been 341 

annually applied at sowing for a period of 11 or 12 years, respectively. Labile organic 342 

matter is abundant in macroaggregates but not in microaggregates (Cambardella and 343 

Elliott, 1993; Six et al., 1998). Thus, this mass aggregate distribution is followed by a 344 

tendency to increase macroporosity (Valdez-Ibañez et al., 2019b). These results also 345 

agree with Hernandez et al. (2007) who suggested that slurry addition induces a 346 

reactivation of soil microbial growth.  347 

Rapeseed responded to the lowest DCS rate applied (Table 2) as according to Soper 348 

(1971) it responds well up to 200 kg N ha-1. Besides, oil decreased linearly with N seed 349 

content (Eq. 1) as other authors have found (Hao et al., 2004) but not with the total N 350 

applied, which indicates that the higher amount of mineral N applied as a complement 351 

in 170DCS treatment was highly available, more than N from excreta. However values 352 

were close to the 41.5% oil average from Australian fields (CRDC, 2009). In plant 353 

seeds, the N content (protein content) increased with DCS followed by an opposite and 354 

significant P decline (Table 5), despite the soil content build-up in both nutrients (Table 355 

3). These results draw an opposite trend to Cadot et al. (2018) who reported, in a neutral 356 

soil pH, a decrease of protein concentration and an increase in P with repeated P 357 

applications. Our disagreement with Cadot et al. (2018) findings can be explained 358 

because our soil P (Olsen) levels (Table 3) are below or close to 10 mg P kg-1 which 359 

means that rapeseed might still respond to P applications (Soper, 1971). In addition, our 360 

yields with DCS are 50% higher than Cadot et al. (2018) which means, in our case, a 361 

higher P demand that might not have been fully satisfied from our calcareous soil 362 

(Table S1). Slurries favoured P availability (Table 3) but levels were still low for the 363 

loam texture soil (Rodríguez-Martín et al., 2009). Additional constraining factors such 364 
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as the low precipitation during the rapeseed growing period (Fig. 1) could slow P soil 365 

transport to the roots by the diffusion process which, in turn, could minimize P 366 

absorption efficiency. 367 

As soil total N increases, there could be higher N availability by mineralization at the 368 

higher DCS rate. In fact,  the mineral N in soil has been positively related to the N 369 

content of the unprotected SOC (Six et al., 2002). The subsequent higher risk of nitrate 370 

leaching may be controlled by a reduction of the mineral N fertilizer complement 371 

applied, as other authors established in a similar agricultural system (Perramon et al., 372 

2018) 373 

Exchangeable soil K+ increased with DCS (Table 3) and followed a smooth tendency to 374 

increase CEC due to the addition of organic matter. However, differences between 375 

control and both DCS treatments were just in RS (Table 5). Our findings are in 376 

agreement with Grant and Bailey (1993) in the sense that a small amount of K is 377 

removed in the seed and with Soper (1971) who suggested a critical level of 100 mg kg-378 

1 exchangeable K+ be used to distinguish between sufficient and deficient soils for 379 

rapeseed production This threshold value closely matched K+ exchangeable content of 380 

109 mg K kg-1 soil in the 170DCS treatment (Table 3).  381 

In this calcareous soil, well above deficiency levels (CCC, 2020) rapeseed accumulated 382 

high amounts of Ca in RS (Table 5) As a dicotyledonous plant, it has a high demand for 383 

Ca (>4.9 g kg-1) which doubles P and S ones but, usually, only 10% of plant Ca ends up 384 

in the seeds (CCC, 2020). Differences in seed Ca content might be attributed to some 385 

translocation delays due to lack of water (Ho and White, 2005) as Ca is relatively slow 386 

moving within the canola plant (GRDC, 2015). Magnesium does not show differences 387 

probably because the soil is well provided with this element (Table 3). 388 
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Rapeseed is highly S demanding and DCS satisfies this demand (Table 5), allowing 389 

adequate S concentrations in plant tissues which must be higher than 2 g kg-1, but below 390 

10 g kg-1 for a satisfactory supply (Jones, 1986). The increase in S concentrations as N 391 

increases is of interest as it helps to complete protein synthesis (Finlayson et al., 1970) 392 

avoiding the increase in free amino acids. 393 

The micronutrients Zn and Cu and their bioavailability did not differ from the control. 394 

Our total and Zn extractable with DTPA concentrations were in the low ranges 395 

described by Kabata-Pendias et al. (1989). The DTPA-extractable soil Cu (Table 4) was 396 

much higher than the minimum level of 0.35 mg Cu kg-1 established from the rapeseed 397 

growth curves in sandy-sandy loam soils (Karamanos et al., 1986). The Cu straw 398 

concentration (1.3-1.5 mg kg-1) nearby doubled from Karamanos et al., (1986) values, 399 

that confirms the natural availability of Cu. Changes in seed Cu content (Table 5) can 400 

be attributed to a dilution effect. It cannot be attributed to an Mn:Cu antagonism which 401 

is diagnosed when the ratio in RS is higher than 15 (Karamanos et al., 1989); according 402 

to our values the maximum figure in RS is 12 (250DCS, Table 5). The concentrations of 403 

Mn (in seeds and in RS) and Zn (in RS) increased with DCS (Table 5). These positive 404 

responses are justified as concentrations were in the lowest value of ranges found by 405 

other authors (Karamanos et al., 1986) with values around 32-37 mg kg-1 for Mn and 406 

12-16 mg kg-1 for Zn. However, Fe (Table 5) was in a similar range pointed out (38- 43 407 

mg kg-1) by Karamanos et al. (1986) and even higher for 250DCS (Table 7, 60 mg kg-1). 408 

The higher Mn bioavailability could be related to the slightly decrease in soil pH. The 409 

higher Ni availability is of interest as the values are also in the lowest figures (Feigin et 410 

al., 1991) and because Ni is also required by animals. By contrast, the Cd and Pb soil 411 

concentrations were lower than the common soil values (Kabata-Pendias and Dudka, 412 
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1991) and so were those for Cd in plants (Kabata-Pendias and Dudka, 1991; E.C., 413 

2002). 414 

Furthermore, the concentrations of elements Cd, Co, Cu, Fe, Mn and Zn in RS (Table 5) 415 

were within the lowest levels of normal concentrations in plant foliage used in diets of 416 

domestic livestock (Chaney, 1989). 417 

Our data on soil quality advocate the use of the highest DCS dose as the fodder crop 418 

production is intensified. The achievement of high yields linked to soil quality 419 

maintenance/improvement are in line with the European Commission’s intentions (E.C., 420 

2020a) as regards the implementation of a fair, healthy and environmentally-friendly 421 

food system. Attention should be given to the improvement of soil structure (through 422 

better aggregate stability) by DCS applications, as this soil property is linked to the 423 

reduced risk of greenhouse gas emissions (Ball et al., 2013), one of the main targets in 424 

the EU climate action (E.C., 2020b). 425 

Our results help to solve some of the existing policy-practice gaps in farm slurry 426 

management (i.e. nutrient management) pointed out by different authors (Micha et al., 427 

2020). These balanced results guarantee the productive sustainability of the system into 428 

the future. In a long term further research is needed in terms of the saturation value of 429 

the SOC light fraction and on the mechanisms that affect SOC stabilization.  430 

5. Conclusions 431 

The annual average increase of 2.5% in SOC was c. 70% based on the OC from slurries 432 

and c. 30% to the increase in root and stubble biomass. The benefit of moving the DCS 433 

dose from 170 kg N ha-1 to 250 kg N ha-1 was observed by a positive trend for SOC 434 

content, mainly for its light C fraction. Besides, SMB grew by 40% with slurry 435 

applications (end of the 8 CS). 436 
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Slurry boosted soil aggregate stability against slaking and it improved P, K, Mn and Ni 437 

soil bioavailability. In the three latter parameters, bioavailability also increased with the 438 

DCS dose.  439 

In rapeseed, slurry augmented S and Mn seed content. The highest DCS rate increased 440 

Fe, S, Mn and Zn content in the rest of the plant biomass. Thus, the 250DCS rate might 441 

also contribute to the reduction of supplemental trace elements in animal diets.  442 

As the N crop extraction potential grew up through the reduction of fallow periods 443 

between crops, the increase of the DCS dose up to an equivalent of 250 kg N ha-1 444 

improved soil quality, rapeseed nutrient value and enhanced the circular economy of 445 

nutrients in dairy cattle rearing farms.  446 

Author Contributions: Data acquisition, A.S.V. and F.D.O.; Writing & Editing, 447 

A.D.B.S. and M.R.Y. All authors have read and agreed to the published version of the 448 

manuscript. 449 

Funding: This work was co-funded by Spanish Ministry of Economy and 450 

Competitiveness and the Spanish National Institute for Agricultural Research and 451 

Experimentation (MINECO-INIA) through the projects RTA2013-57-C5-5 and 452 

RTA2017-88-C3-3. It was also co-funded by the Government of Catalonia through the 453 

network of Plans for the improvement of the fertilization in agriculture, led by the 454 

Department of Agriculture, Livestock, Fisheries and Food. Alcira S. Valdez thanks 455 

Fundación Carolina for her PhD grant. Dr MR. Yagüe was beneficiary of an INIA 456 

contract (contract number INIA-DOC-CCAA2015) assigned to IMIDRA in Madrid. 457 

Acknowledgments: The initial field maintenance by IRTA - Mas Badia and the 458 

Department of Agriculture, Livestock, Fisheries and Food from Generalitat de 459 

Catalunya is fully acknowledged. The authors thank Elena González for field assistance, 460 



 

 21

M. Antúnez and S. Porras are fully acknowledged for their laboratory support and C. 461 

Llena for administrative assistance.  462 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no 463 

role in the design of the study; in the collection, analyses, or interpretation of data; in 464 

the writing of the manuscript, or in the decision to publish the results. 465 

Appendix A. Supplementary data  466 

The following tables are the supplementary data to this article: Table S1 and S2 and 467 

Figure S1. 468 

References 469 

AENOR, 2003. UNE 77310-2. Calidad del suelo. Determinación de la biomasa 470 

microbiana del suelo. Parte 2: Método de extracción-fumigación. Asociación 471 

Española de Normalización y Certificación, Madrid, Spain. 472 

AENOR, 2010. UNE-EN 15763:2010. Productos alimenticios. Determinación de 473 

elementos traza. Determinación de arsénico, cadmio, mercurio y plomo en 474 

productos alimenticios mediante espectrometría de masa de plasma acoplado 475 

inductivamente (ICP-MS) tras digestión bajo presión. Asociación Española de 476 

Normalización y Certificación, Madrid, Spain. 477 

AENOR, 2012a. UNE-EN 16174. Sludge, treated biowaste and soil - Digestion of aqua 478 

regia soluble fractions of elements. Asociación Española de Normalización y 479 

Certificación, Madrid, España. 480 

AENOR, 2012b. UNE-EN ISO 6498:2012. Alimentos para animales. Directrices para la 481 

preparación de muestras. Asociación Española de Normalización y 482 

Certificación, Madrid, Spain. 483 



 

 22

AENOR, 2015. UNE-EN 13805:2015. Foodstuffs - Determination of trace elements - 484 

Pressure digestion. Asociación Española de Normalización y Certificación, 485 

Madrid, Spain. 486 

AENOR, 2016. UNE EN 16171. Sludge, treated biowaste and soil - Determination of 487 

elements using inductively coupled plasma mass spectrometry (ICP-MS). 488 

Asociación Española de Normalización y Certificación, Madrid, España. 489 

AFNOR, 2007. NF X 31-516. Qualité du sol. Fractionement granulodensimétrique des 490 

matières organiques particulaires du sol dans l´eau. Association Francaise de 491 

Normalisation, La Plaine Saint-Denis, France. 492 

Aldieri, L., Kotsemir,M., Vinci, C.P., 2019. Environmental innovations and 493 

productivity: empirical evidence from Russian regions. Resour. Policy, available 494 

on line 6 July 2019. https://doi.org/10.1016/j.resourpol.2019.101444 495 

Amézqueta, E., Singer, M.J., Le Bissonnais, Y., 1996. Testing a new procedure for 496 

measuring water stable aggregation. Soil Sci. Soc. Am. J. 60, 888–894. 497 

https://doi.org/10.2136/sssaj1996.03615995006000030030x. 498 

Anderson, E.L., 1988. Tillage and N fertilization effects on maize root growth and 499 

root:shoot ratio. Plant Soil 108, 245–251. https://doi.org/10.1007/BF02375655. 500 

APHA. 2012. Nitrogen (ammonia): 4500-NH3B, preliminary distillation step and 4500-501 

NH3C, titrimetric method. In: Rice, E.W., Bridgewater, L. (Eds.). Standard 502 

Methods for the Examination of Water and Wastewater, 2nd ed. APHA, AWWA 503 

and WEF, Washington, DC, pp. 110–111. 504 

Baker, D.E., Amacher, M.C., 1982. Nickel, copper, zinc and cadmium. In: Page, A.L. 505 

(Eds.). Methods of soil analysis, Part 2, Chemical and microbiological 506 

properties, second ed., ASA, SSSA: Madison, WI, USA, pp. 323–336. 507 



 

 23

Ball, B., Hargreaves, P., Cloy, J., 2013. Soil structure and greenhouse gas emissions. 508 

Proceedings 736. International Fertiliser Society, York, UK. 509 

Beare, M. H., McNeill, S. J., Curtin, D., Parfitt, R. L., Jones, H. S., Dodd, M. B., Sharp, 510 

J., 2014. Estimating the organic carbon stabilisation capacity and saturation 511 

deficit of soils: a New Zealand case study. Biochemistry 120, 71–87. 512 

https://doi.org/10.1007/s10533-014-9982-1. 513 

Bhogal, A., Nicholson, F.A., Chambers, B.J., 2009. Organic carbon additions: effects on 514 

soil bio-physical and physic-chemical properties. Eur. J. Soil Sci. 60, 276–286. 515 

https://doi.org/10.1111/j.1365-2389.2008.01105.x. 516 

Blanco-Penedo, I., Shore, R.F., Miranda, M., Benedito, J.L., López-Alonso, M., 2009. 517 

Factors affecting trace element status in calves in NW Spain. Livest. Sci. 123, 518 

198–208. https://doi.org/10.1016/j.livsci.2008.11.011. 519 

Bloem, E., Albihn, A., Elving, J., Hermann, L., Lehmann, L., Sarvi, M., Schaaf, T., 520 

Schick, J., Turtola, E., Ylivainio, K., 2017. Contamination of organic nutrient 521 

sources with potentially toxic elements, antibiotics and pathogen 522 

microorganisms in relation to P fertilizer potential and treatment options for the 523 

production of sustainable fertilizers: A review. Sci. Total Environ. 607–608, 524 

225–242. https://doi.org/10.1016/j.scitotenv.2017.06.274.  525 

Borchers, A., Truex-Powell, E., Wallander, S, Nickerson, C, 2014. Multi-Cropping 526 

Practices: Recent trends in double cropping. United States Department of 527 

Agriculture. 528 

https://www.ers.usda.gov/webdocs/publications/43862/46871_eib125.pdf?v=41529 

787 (accessed 15 April 2020). 530 



 

 24

Cadot, S., Bélanger, G., Ziadi, N, Morel, C., Sinaf, S., 2018. Critical plant and soil 531 

phosphorus for wheat, maize and rapeseed after 44 years of P fertilization. Nutr. 532 

Cycl. Agroecosyst. 112, 417–433. https://doi.org/10.1007/s10705-018-9956-0. 533 

Cambardella, C.A., Elliott, E.T., 1993. Carbon and nitrogen distribution in aggregates 534 

from cultivated and native grassland soils. Soil Sci. Soc. A. J. 57, 1071–1076. 535 

https://doi/abs/10.2136/sssaj1993.03615995005700040032x. 536 

CCC (Canola Council of Canada), 2020. Canola encyclopedia. Managing other 537 

nutrients. https://www.canolacouncil.org/canola-encyclopedia/fertilizer-538 

management/managing-other-nutrients/ (accessed 15 April 2020). 539 

Chaney, R.L., 1989. Toxic element accumulation in soils and crops: protecting soil 540 

fertility and agricultural food-chains. In: Bar-Yosef, B., Barrow, N.J., 541 

Goldshmid, J. (Eds.) Inorganic contamination of the vadose zone, Springer Ecol. 542 

Stud. 74, 140–158. 543 

Chataway, R.G., Cooper, J.E., Orr, W.N., Cowan, R.T., 2011. The role of tillage, 544 

fertilizer and forage species in sustaining dairying based on crops in southern 545 

Queensland 2. Double-crop and summer sole-crop systems. Anim. Prod. Sci. 51, 546 

904–919. https://doi.org/10.1071/AN11032.  547 

Crush, JR., Nichols, S.N., Ouyang, L., 2010. Adventitious root mass distribution in 548 

progeny of four perennial ryegrass (Lolium perenne L.) groups selected for root 549 

shape.  New Zeal. J. Agr .Res. 53, 193–200. 550 

https://doi.org/10.1080/00288233.2010.495740.  551 

Demurtas, C.E., Seddaiu, G., Ledda, L., Cappai, C., Doro, L., Carletti, A., Roggero, 552 

P.P., 2016. Replacing organic with mineral N fertilization does not reduce nitrate 553 

leaching in double crop forage systems under Mediterranean conditions. 554 

Agric.Ecosyst. Environ. 219, 83–92. https://doi.org/10.1016/j.agee.2015.12.010. 555 



 

 25

Domingo-Olivé, F., Bosch-Serra, A.D., Yagüe, M.R., Poch, R.M., Boixadera, J., 2016. 556 

Long term application of dairy cattle manure and pig slurry to winter cereals 557 

improve soil quality. Nutr. Cycl. Agroecosyst. 104, 39–51. 558 

https://doi.org/10.0007/s10705-015-9757-7. 559 

E.C., 1991. Council Directive 91/676/EEC, of 12 December 1991, concerning the 560 

protection of waters against pollution caused by nitrates from agricultural 561 

sources. OJEC, L 375. 562 

E.C., 2002. Directive 2002/32/EC of the European Parliament and of the Council of 7 563 

May 2002 on undesirable substances in animal feed. OJEC, L 140. 564 

http://data.europa.eu/eli/dir/2002/32/2019-11-28 (accessed 15 April 2020). 565 

E.C., 2011. Commission Implementing Decision 2011/721/EU, of 3 November 2011, 566 

on granting a derogation requested by Italy with regard to the Regions of Emilia 567 

Romagna, Lombardia, Piemonte and Veneto pursuant to Council Directive 568 

91/676/EEC concerning the protection of waters against pollution caused by 569 

nitrates from agricultural sources. OJEC, L 287. 570 

E.C., 2019. Regulation (EU) 2019/1009 of the European parliament and of the council 571 

of 5 June 2019 of 5 June 2019 laying down rules on the making available on the 572 

market of EU fertilising products and amending Regulations (EC) No 1069/2009 573 

and (EC) No 1107/2009 and repealing Regulation (EC) No 2003/2003. OJEC, L 574 

170.  575 

E.C., 2020a. Communication from the commission to the European parliament, the 576 

council, the European economic and social committee and the committee of the 577 

regions. A Farm to Fork Strategy for a fair, healthy and environmentally-friendly 578 

food system. Com. 381 final, 20.5.2020, Brussels. 579 



 

 26

E.C., 2020b. Climate Action. https://ec.europa.eu/clima/policies/strategies_en (accessed 580 

14 June 2020). 581 

Eghball, B., Power. J.F., 1999. Phosphorus and Nitrogen-based manure and compost 582 

applications: Corn production and soil phosphorus. Soil Sci. Soc. Am. J. 63, 583 

895–901. https://doi.org/10.2136/sssaj1999.634895x. 584 

Estel, S., Kuemmerle, T., Levers, C., Baumann, M., Hostert, P., 2016. Mapping 585 

cropland-use intensity across Europe using MODIS NDVI time series. Environ. 586 

Res. Lett. 11, 1–10. https://doi.org/10.1088/1748-9326/aacc7a.  587 

Feigin A., Ravia I., Shalhevet J., 1991. Irrigation with treated sewage effluent. Springer-588 

Verlag. Berlin.  589 

Finlayson, A. J., Christ, C. M., Downey, R. K., 1970. Changes in the nitrogenous 590 

components of rapeseed (Brassica napus) grown on a nitrogen and sulfur 591 

deficient soil. Can. J. Plant Sci.50, 705–709. https://doi.org/10.4141/cjps70-131. 592 

Gan, Y.T., Campbell, C. A., Janzen, H. H., Lemke, R., Liu, L. P., Basnyat, P., 593 

McDonald, C. L., 2009. Root mass for oilseed and pulse crops: Growth and 594 

distribution in the soil profile. Can. J. Soil Sci. 89, 883–893. 595 

https://doi.org/10.4141/CJPS08154. 596 

Gosling, P., Parson, N., Bending, G.D., 2013. What are the primary factors controlling 597 

the light fraction and particulate soil organic matter content of agricultural soil?. 598 

Biol. Fert. Soils 61, 482–484. https://doi.org/10.1007/s00374-013-0791-9. 599 

Grant, C.A., Bailey, L.D., 1993. Fertility management in canola production. Can. J. 600 

Plant Sci. 73, 651–670. https://doi.org/10.4141/cjps93-087. 601 

GRDC, 2009. Canola. Best practice management guide for south-eastern Australia. 602 

https://grdc.com.au/resources-and-publications/all-603 



 

 27

publications/publications/2009/08/canola-best-practice-management-guide-for-604 

southeastern-australia (accessed 16 April 2020). 605 

GRDC, 2015. Grains research and development corporation. Canola. Section 5. 606 

Nutrition and fertilizer. https://grdc.com.au/ (accessed 15 April 2020). 607 

Hao, X., Chang, C., Travis, G.J., 2004. Short communication: effect of long-term cattle 608 

manure application on relations between nitrogen and oil content in canola seed. 609 

J Plant Nutr. Sci., 167, 214–215. https://doi.org/10.1002/jpln.200320355.  610 

He, Z.L., Yang, X.E., Stoffella, P.J., 2005. Trace elements in agroecosystems and 611 

impacts on the environment. J. Trace Elem. Med. Biol. 19, 125–140. 612 

https://doi.org/10.1016/j.jtemb.2005.02.010. 613 

Hendershot, W.H., Lalande, H., Duquette, M., 2008. Ion exchange and exchangeable 614 

cations. In: Carter, M.R., Gregorich, E.G. (Eds.), Soil sampling methods of 615 

analysis, second ed. CSSS, CRC Press, Taylor & Francis Group, Boca Raton, 616 

FL, USA, pp. 197–206. 617 

Hernandez, D., Fernandez, J.M., Plaza, C., Polo, A., 2007. Water soluble organic matter 618 

and biological activity of a degraded soil amended with pig slurry. Sci. Total 619 

Environ. 378, 101–103. https://doi.org/10.1016/j.scitotenv.2007.01.020. 620 

Ho, L., White, P.J., 2005. A cellular hypothesis for the induction of blossom-end rot in 621 

tomato fruit. Ann. Bot. 95, 571–581. https://doi.org/10.1093/aob/mci065 622 

Huang, M., Liang, T., Wang, L., Zhou, C., 2015. Effect of no-tillage systems on 623 

physical properties and carbon sequestration under long-term wheat-maize 624 

double cropping systems. Catena 128, 195–202. 625 

http://doi.org/10.1016/j.catena.2015.02.010. 626 



 

 28

ISO, 2008. ISO 8292-2. 2008. Animal and vegetable fats and oils — Determination of 627 

solid fat content by pulsed NMR. Part 2: Indirect method. 628 

https://www.iso.org/obp/ui/#iso:std:iso:8292:-2:ed-1:v1:en.  629 

Jones, M. B., 1986. Sulfur availability indexes. In: Pages in M. A. Tabatabai, M.A. 630 

(Ed.), Sulfur in agriculture. American Society of Agronomy, Madison, WI, pp. 631 

549–566 https://doi.org/10.2134/agronmonogr27.c19.  632 

Kabata-Pendias, A., Dudka, S., 1991. Baseline data for cadmium and lead in soils and 633 

some cereals of Poland. Water Air Soil Pollut. 57-58, 723–731. 634 

https://doi.org/10.1007/BF00282936. 635 

Kabata-Pendias, A., Galczynska, B., Dudka, S., 1989. Baseline zinc content of soils and 636 

plants in Poland. Environ. Geochem. Health 11, 19–24. 637 

https://doi.org/10.1007/BF01772068. 638 

Karamanos, R.E., Kruger, G.A.., Stewart, J.W.B., 1986. Copper deficiency in cereal and 639 

oilseed crops in northern Canadian prairie soils. Agron. J., 78, 317–323. 640 

https://doi.org/10.2134/agronj1986.00021962007800020021x. 641 

Karamanos, R.E., Hodge, N., Stewart, J.W.B., 1989. The effect of sulphur on 642 

manganese and copper nutrition of canola. Can. J. Soil Sci. 69, 119–125. 643 

https://doi.org/10.4141/cjss89-011. 644 

Le Bissonnais, Y., 1990. Experimental study and modelling of soil surface crusting 645 

processes. Catena Suppl. 17, 13–28. 646 

Leifeld, J., Kögel-Knabner, I., 2005. Soil organic matter fractions as an early indicator 647 

for carbon stock under different land-use? Geoderma 124, 143–155. 648 

https://doi.org/10.1016/j.geoderma.2004.04.009. 649 



 

 29

MAPA, 1989. Caracterización agroclimática de la provincia de Lérida. Ministerio de 650 

Agricultura, Pesca y Alimentación, Secretaría General Técnica, Centro de 651 

Publicaciones, Madrid, España. 652 

MAPA, 1994. Métodos químicos de suelos. In: Ministerio de Agricultura, Pesca y 653 

Alimentación (Ed.). Métodos oficiales de Análisis. Tomo III. MAPA, Madrid, 654 

Spain. pp. 281–283. 655 

Micha, E., Roberts, W., O’Sullivan, L., O’Connell, K., Daly, K. 2020. Examining the 656 

policy-practice gap: the divergence between regulation and reality in organic 657 

fertilizer allocation in pasture based systems. Agric. Syst. 179, 1022708. 658 

https://doi:10.1016/j.agsy.2019.102708.  659 

Moore, S.A., Kalscheur, K., 2017. Manipulating early lactation energy and protein 660 

balances using canola meal as a protein source. Am. Dairy Sci. Assoc. Abstracts. 661 

95(suppl. 2), 182. https://doi.org/10.2527/asasmw.2017.376. 662 

Mujdeci, M., Isildar, A.A., Uygur, V., Alaboz, P., Unlu, H., Senol, H., 2017. 663 

Cooperative effects of field traffic and organic matter treatments on some 664 

compaction-related soil properties. Solid Earth 8, 189–198. 665 

https://doi.org/10.5194/se-8-189-2017. 666 

Chang, S.K.C., 2003. Protein analysis, in: Nielsen, S. (Ed.), Food analysis. Springer, 667 

New York, pp. 131–142. 668 

Nobile, C., Houben, D., Michel, E., Firmin, S., Lambers, H., Kandeler, E., Faucon, 669 

M.P., 2019. Phosphorus-acquisition strategies of canola, wheat and barley in soil 670 

amended with sewage sludges Sci. Rep. 9, 14878. 671 

https://doi.org/10.1038/s41598-019-51204-x.  672 

Ovejero, J., Ortiz, C., Boixadera, J., Serra, X., Ponsá, S., LLoveras, J., Casas, C., 2016. 673 

Pig slurry fertilization in a double-annual cropping forage system under sub-674 



 

 30

humid Mediterranean conditions. Eur. J. Agron. 81, 138–149. 675 

http://doi.org/10.1016/j.eja.2016.09.005.  676 

Perramon, B., Bosch-Serra, A.D., Domingo, F., Boixadera, J., 2016. Organic and 677 

mineral fertilization management improvements to a double-annual cropping 678 

system under humid Mediterranean conditions. Eur. J. Agron. 76, 28–40. 679 

http://doi.org/10.1016/j.eja.2016.01.014. 680 

Perramon, B., Domingo-Olivé, F., Bosch-Serra, A.D., Yagüe M. R., Boixadera, J., 681 

2018. Double-annual forage crop rotation controls nutrient surpluses in 682 

Nitrogen-based organic fertilization Agron. J. 110, 2268–2276. 683 

https://doi.org/10.2134/agronj2018.02.0099.  684 

Putwattana, N., Kruatrachue, M., Kumsopa, A., Pokethitiyook, P., 2015. Evaluation of 685 

organic and inorganic amendments on maize growth and uptake of Cd and Zn 686 

from contaminated paddy soils. Int. J. Phytoremediat. 17, 165–174. 687 

http://doi.org/10.1080/15226514.2013.876962. 688 

Rasmussen, P.E., Allmaras, R.R., Rohde, C.R., Roager, N.C. jr. 1980. Crop residue 689 

influences soil carbon and nitrogen in a wheat-fallow system. Soil Sci. Soc. Am. 690 

J. 44, 596–600. https://doi.org/10.2136/sssaj1980.03615995004400030033x. 691 

Redin, M., 2018. Root and shoot contribution to carbon and nitrogen inputs in the 692 

topsoil layer in no-tillage crop systems under subtropical conditions. Rev. Bras. 693 

Ciênc. Solo e0170355. https://doi.org/10.1590/18069657rbcs20170355. 694 

Rodríguez Martín, J.A., Álvaro-Fuentes, J., Gabriel, J.L., Gutiérrez, C., Nanos, N., 695 

Escuer, M., Ramos-Miras, J.J., Gil, C., Martín-Lammerding, D., Boluda, R., 696 

2019. Soil organic carbon stock on the Majorca Island: Temporal change in 697 

agricultural soil over the last 5 – 10 years. Catena 181, 104087. 698 

https://doi.org/10.1016/j.catena.2019.104087. 699 



 

 31

SAS INSTITUTE INC. 2002–2012. SAS/TAT. Software v 9.4. SAS Institute, Cary, 700 

NC, USA.  701 

Searchinger, T., Waite, R., Hanson, C., Ranganathan, J., Dumas, P., Matthews, E., 702 

2018. Menu of solutions to feed nearly 10 billion people by 2050 (Synthesis 703 

Report) World Resources Institute. Washington, USA. 704 

https://www.wri.org/publication/creating-sustainable-food-future (accessed 15 705 

April 2020). 706 

Six, J., Elliott, E.T., Paustian, K., Doran, J.W., 1998. Aggregation and soil organic 707 

matter accumulation in cultivated and native grassland soils. Soil Sci. Soc. Am. 708 

J. 65, 1367–1377. https://doi.org/10.2136/sssaj1998.03615995006200050032x.  709 

Six, J., Conant, R.T., Paul, E.A., Paustian, K. 2002. Stabilization mechanisms of soil 710 

organic matter: Implications for C-saturation of soils. Plant and Soil 241. 155–711 

176. https://doi.org/10.1023/A:1016125726789. 712 

Soil Survey Staff., 2014. Keys to Soil Taxonomy. 12th ed. Washington, DC.USDA-713 

NRCS. US Gov. Print. Office, USA. 714 

Soper, R.J., 1971. Soil tests as a means of predicting response of rape to added N, P and 715 

K. Agron. J. 63, 564–566. 716 

https://doi.org/10.2134/agronj1971.00021962006300040015x. 717 

Tisdall, J.M., Oades, J.M., 1982. Organic matter and water stable aggregates in soil: J. 718 

Soil Sci. 33, 141–163. https://doi.org/10.1111/j.1365-2389.1982.tb01755.x.  719 

Trueba, C., Millán, R., Schmid, T., Lago, C., Roquero, C., Magister, M., 1999. Base de 720 

datos de propiedades edafológicas de los suelos españoles. Volumen XIV, 721 

Cataluña. Publ. 913. CIEMAT, Madrid, Spain. 722 

https://inis.iaea.org/collection/NCLCollectionStore/_Public/38/106/38106957.pd723 

f (accessed 11 June 2020). 724 



 

 32

Unkovich, M., Baldock, J., Forbes, M., 2010. Variability in harvest index of grain crops 725 

and potential significance for carbon accounting in Australian agriculture. Adv. 726 

Agron. 105, 173–219. https://doi.org/10.1016/S0065-2113(10)05005-4.  727 

U.S. EPA., 2014. Method 6010D (SW-846): Inductively Coupled Plasma-Atomic 728 

Emission Spectrometry, Revision 4. Washington, DC.USEPA. 729 

https://www.epa.gov/esam/epa-method-6010d-sw-846-inductively-coupled-730 

plasma-atomic-emission-spectrometry (accessed 2 August 2020). 731 

Valdez, A.S., Bosch-Serra, A.D., Yagüe M.R., Poch, R.M., Puigpinós, E., 2020. 732 

Earthworm community and soil microstructure changes with long-term organic 733 

fertilization. Arch. Agron. Soil Sci. 66, 957–70. 734 

https://doi.org/10.1080/03650340.2019.1648792. 735 

Valdez-Ibañez, A.S., Bosch-Serra, A.D., Yagüe-Carrasco, M.R., 2019a. Fertilization 736 

with pig slurry: impacts on earthworms in rainfed agriculture. Investig. Agrar. 737 

21, 1–10. http://dx.doi.org/10.18004/investig.agrar.2019.junio.1-10. 738 

Valdez-Ibañez, A.S., Domingo-Olivé, F., Mateo-Marín, N., Yagüe-Carrasco, M.R., 739 

Bosch-Serra, A.D., 2019b. Long-term fertilization with dairy cattle slurry in 740 

intensive production systems: effects on soil porosity and pore morphology. 741 

Rev. Fca. Uncuyo 51, 248–260. 742 

http://revistas.uncu.edu.ar/ojs/index.php/RFCA/article/view/2693 (accessed 16 743 

June 2020). 744 

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring 745 

soil microbial biomass C. Soil Biol. Biochem. 19, 703–707. 746 

https://doi.org/10.1016/0038-0717(87)90052-6.  747 



 

 33

Veiga, M., Pandolfo, C. M., Junior, A. A. B., Spagnollo, E., 2012. Chemical attributes 748 

of a Hapludox soil after nine years of pig slurry application. Pesqui. Agropecu. 749 

Bras. 12, 1766–1773. https://doi.org/10.1590/S0100-204X2012001200013. 750 

Williams, J.D., McCool, D.K., Reardon, C.l., Douglas, CL., Albrecht S.L., Rickman, 751 

R.W., 2013. Root : shoot ratios and below biomass distribution for Pacific 752 

Northwest dryland crops. J. Soil Water Conserv. 68, 349–360. 753 

https://doi.org/10.2489/jswc.68.5.349.  754 

Wang, H., Huang, J., Zhou, H., Deng, C., Fang, C. 2020. Analysis of sustainable 755 

utilization of water resources based on the improved water resource ecological 756 

footprint model: a case study of Hubei province, China. J. Environ. Manage. 262, 757 

110331. https://doi.org/10.1016/j.jenvman.2020.110331. 758 

Yagüe, M.R., Quílez, D., 2013. Residual effects of fertilization with pig slurry: double 759 

cropping and soil. Agron. J. 105, 70–78. https://doi.org/10.2134/agronj.2012.0191. 760 

Yagüe, M.R., Bosch-Serra, A.D., Antúnez, M., Boixadera, J., 2012. Pig slurry and 761 

mineral fertilization strategies’ effects on soil quality: macroaggregate stability 762 

and organic matter fractions. Sci. Total Environ. 438, 218–224. 763 

https://doi.org/10.1016/j.sciototenv.2012.08.063. 764 

Yagüe, M.R., Domingo-Olivé, F., Bosch-Serra, A.D., Poch, R.M., Boixadera, J., 2016. 765 

Dairy cattle manure effects on soil quality: porosity, earthworms, aggregates and 766 

soil organic carbon fractions. Land Degrad. Develop. 27, 1753–1762. 767 

https://doi.org/10.1002/ldr.2477. 768 

Yeomans, J.C., Bremner, J.M., 1988. A rapid and precise method for routine 769 

determination of organic carbon in soil. Commun. Soil Sci. Plan. 19, 1467–76. 770 

https://doi.org/10.1080/00103628809368027.  771 



 

 34

Zhang, F., Li, Y., Yang, M., Li, W., 2012. Content of heavy metals in animal feeds and 772 

manures from farms of different scales in Northeast China. Int. J. Environ. Res. 773 

Public Health 9, 2658–2668. https://doi.org/10.3390/ijerph9082658. 774 

Zhao, X., Virk, A.L., Ma, S.T., Kan, Z. R., Qi, J.Y., Pu, C. Yang, X. G., Zhang. H.L., 775 

2020. Dynamics in soil organic carbon of wheat-maize dominant cropping 776 

system in the North China Plain under tillage and residue management. J. 777 

Environ. Manage. 265, 110549. https://doi.org/10.1016/j.jenvman.2020.110549.  778 

 779 



 

 35 

Table 1  
Chemical parameter averages (±standard deviation) of the applied dairy cattle slurries 
(n=15) from 2008 to 2013 and from 2013 to 2016 cropping seasons.  
Parametera 2008 - 2013 2013 - 2016 
pH (1:5; potentiometry) 8.3±0.6 8.5±0.2 
Electrical Conductivity (dS m-1, 1:5 
conductimetry)a 

4.8±3.0 4.1±1.2 

Dry matter (%, gravimetry 105ºC) 8.7±1.6 9.0±3.4 
Organic matter (% DM, ignition 550ºC)b 77.0±5.2 72.6±2.9 
Organic- N (% DM, Kjeldahl method) 2.1±0.2 2.0±0.3 
Ammonium-N (% DM, titrimetric method) 1.9±0.4 1.6±0.7 
Total N (% dm) 4.0±0.4 3.6±0.9 
Phosphorus (P, % DM, ICP)c 1.2±2.0 0.6±0.2 
Potassium (K, % DM, ICP) 4.1±1.0 5.0±0.2 

a Soil: distilled water; b DM: dry matter basis; the organic and the ammonium N 
were determined according to methods 4500-NH3B-C from APHA (2012); c ICP: 
inductively coupled plasma atomic emission spectrometry (U.S.EPA, 2014).  



 

 36

Table 2 

Crop fertilization treatments according to N application rates with dairy cattle slurry (DCS) before sowing and with mineral N 
fertilizera at topdressing (TopD) and total C applied for the whole period (2008 - 2016) from DCS. 

 Double annual forage cropping: 
Maize - Ryegrass 

(May 2008 - September 2013) 

Rotation: Rapeseed-Maize short cycle - 
Maize long cycle - Rapeseed 

(September 2013 - June 2016) 

Total C from 
DCS 

(2008 - 2016) 
N rate Maize ryegrass Maize Rapeseed Mg ha-1 
 Sowing TopD Sowing TopD Sowing TopD Sowing TopD  
Control 0 0 0 0 0 0 0 0 0 
170DCS 100DCS 200 70DCS 80 100DCS 200 70DCS 80 14.8 
250DCS 150DCS 150 100DCS 50 150DCS 150 100DCS 50 21.9 

a Mineral N fertilizer was calcium ammonium nitrate (27% N). 
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Table 3 

Average valuesa (n=3) of different chemical soil parameters in 2016 according to N application rates with dairy cattle 
slurry. 

N rateb 
pH EC (1:5)c  Total-N  P (Olsen)  CECd K+ Mg2+ Na+ Ca2+ 

(1:2.5) (dS m-1) (g kg-1) (mg kg-1) -----------------  (cmolc+ kg-1)  --------------------- 

Control 8.3 A 0.20 B 1.2 B 6.7 B 7.89 0.18 C 1.77 0.11 5.83 
170DCS 8.1 B 0.23 AB 1.4 A 9.7 A 7.96 0.28 B 1.74 0.19 5.75 
250DCS 8.0 B 0.26 A 1.5 A 10.1 A 8.00 0.36 A 1.80 0.16 5.68 
P value 0.0051 0.039 0.01 0.004 NS 0.005 NS NS NS 

a Within columns, means followed by the same letter are not significantly different according to Duncan’s Multiple 
Range test (P=0.05); NS: not significant (P>0.05). b Control, no N applied; DCS, daily cattle slurry applied at 170 kg 
N ha-1 (170DCS) or 250 kg N ha-1 (250 DCS). c EC: Electrical conductivity. d CEC: Cation exchange capacity.  
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Table 4 
Averagea values (n=3) of nutrients and other elements in soil extracted with aqua regia 
(3:1, v/v, HCl:HNO3) or with diethylenetriaminepentaacetic acid (DTPA) solution (1:2, 
w:v) in 2016 and according to different N application rates with dairy cattle slurry 
(DCS). 

a Within columns, means followed by the same letter are not significantly different 
according to Duncan’s Multiple Range test (P=0.05); NS: not significant (P>0.05). b 
Control, no N applied; DCS, daily cattle slurry applied at 170 kg N ha-1 (170DCS) or 
250 kg N ha-1 (250 DCS). 

 Nutrients extracted with aqua regia 

N rateb 
P K Ca Mg Cu Fe Mn Mo Ni Zn 

----------------------------------  (mg kg-1 soil)  ---------------------------- 
Control 554 4962 43480 5387 15.3 19326 315 0.40 14.2 54.4 
170DCS 581 5019 43606 5352 15.8 19412 321 0.43 14.3 58.0 
250DCS 602 5122 44567 5564 16.0 20064 334 0.41 14.5 49.9 
P value NS NS NS NS NS NS NS NS NS NS 

 Elements extracted with aqua regia 

N rate 
As Cd Co Cr Na Pb V 
----------------------------------  (mg kg-1 soil)  ---------------------------- 

Control 14.4 0.28 5.9 18.4 237 22.6 30.2 
170DCS 14.9 0.30 6.0 18.3 229 22.1 30.1 
250DCS 15.6 0.28 6.1 18.7 232 22.2 30.8 
P value NS NS NS NS NS NS NS 

 Elements extracted with DTPA 

N rate 
Cd Cu Fe Mn Ni Zn 
----------------------------------  (mg kg-1 soil)  ---------------------------- 

Control 0.075 2.57 10.19 10.84 C 0.23 C 1.06 
170DCS 0.078 2.47 10.84 12.60 B 0.25 B 1.30 
250DCS 0.082 2.56 10.34 13.81 A 0.28 A 1.77 
P value NS NS NS 0.0002 0.0015 NS 
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Table 5 
Average values (n=3) of raw oil in seeds, macronutrients, micronutrients and heavy metal extracted by nitric acid and hydrogen 
peroxide (3:2:2, v:v:v, HNO3: H2O2: H2O) in grain and in the rest of  rapeseed shoot (RS)a in 2016 harvest. 

N rateb 
Oil N P K Ca Mg S 

Seed Seed Seed RS Seed RS Seed RS Seed RS Seed RS 
(%) ----------------------------------------------------------------  (g kg-1)  ---------------------------------------------------------- 

Control 45.8A 29.8B 6.57A 0.53 6.57  7.06B 5.23A 11.73 2.97 1.73 3.39B 2.15B 
170DCS 40.1B 40.3A 5.21B 0.82 6.69 11.52A 4.46C 14.85 2.95 2.08 4.69A 3.23AB 
250DCS 41.8B 36.8A 5.06B 0.86 6.48 12.17A 4.73B 15.45 2.91 2.04 4.41A 3.87A 
P value 0.01 0.007 0.007 NS NS 0.05 0.0009 NS NS NS 0.004 0.05 

N rateb 
Cd Co Cu Fe Mn Zn 

Seed RS Seed RS Seed RS Seed RS Seed RS Seed RS 
---------------------------------------------------------------------------  (μg kg-1)  ---------------------------------------------------------- 

Control 53 278 45 42 4575A 2499 77629 35659B 26375C 10862B 39836 6837C 
170DCS 48 311 34 57 3986B 2419 103048 46252AB 29193B 23762B 40974 8750B 
250DCS 43 366 28 62 4009B 2736 70736 60336A 30613A 32010A 41138 12314A 
P value NS NS NS NS 0.0014 NS NS 0.02 0.0014 0.0077 NS 0.0028 
a Within columns, means followed by the same letter are not significantly different according to Duncan’s Multiple Range test 
(P=0.05); NS: not significant (P>0.05). b Control, no N applied; DCS, daily cattle slurry applied at 170 kg N ha-1 (170DCS) or 250 kg 
N ha-1 (250 DCS). 
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Appendix A 
 

Table S1  
Physical and chemical average characteristics of the soil (±standard deviation)a. 
 Depth (m) 
Parameter 0-0.30 0.30-0.60 0.60-0.90 0.90-1.20 
Particle size distribution (g kg-1)b     
Sand (2000 <Ø< 50 µm) 485 492 423 630 
Silt (50 <Ø< 2 µm) 404 408 473 305 
Clay (Ø < 2 µm) 110 99 104 65 
pH (water; 1:2.5; potentiometry)c 8.2±0.1 8.2±0.1 8.3±0.1 8.4±0.1 
Electrical conductivity (1:5; dS m-1, 25ºC)c  0.18±0.01 0.19±0.01 0.19±0.01 0.18±0.02 
Organic matter (g kg-1; Walkey and Black) 18±1.1 9±1.5 6±0.5 3±0.5 
C/N 9.1±0.4 8.3±0.7 7.9±0.7 8.4±3.6 
Calcium carbonate equivalent (%) 13.7±1.7 14.5±1.3 17.3±1.4 16.2±2.7 

a Soil samples (n=15) were obtained at the start of the fertilization experiment. b Ø: particle 
apparent diameter. c Soil: distilled water.  
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Table S2  
Average of grain/seed yield for DCS treatments and for the rest of shoot (RS) which includes the averaged fraction (stubble) left on soil at each 
harvest, and from the 2008 – 2016 period. The associated C root and C stubble inputs in soil (0-0.3 m depth) are included. Adopted harvest 
index (HI) as yield to shoot biomass, root: shoot biomass ratio and the root biomass fraction are also included. 

Crop 

Biomass Harvests 

 

HI Root:shoot Root 

fraction 

Root 

(0-0.3m) 

C 

roots 

C 

stubble 

C root 

input 

C stubble 

input 

Total C input 

 RS Stubble Grain 

-- (Mg DM ha-1 yr-1) -- (Number)   (0-0.3m) (Mg DM ha-1 yr-1) ----- (g kg-1) --- -- (Mg ha-1 yr-1 ) -- (Mg ha-1) 

Ryegrass  

(2 cuts cycle-1) 

10.0 - - 5 - 0.19d 0.70g 1.34 458d - 0.62 - 3.1 

Maize 

forage 

 

21.0 - - 6 - 0.21c 0.47c 2.10 481d - 1.01 - 6.1 

Maize grain 

(short cycle) 

7.9 0.40 8.6 1 0.52b 0.18c 0.47c 1.42 481d 464c 0.68 0.19 0.9 

Maize grain 

(long cycle) 

11.9 0.60 12.9 1 0.52b 0.18c 0.47c 2.13 481d 464d 1.02 0.28 1.3 

Rapeseed 6.9b 0.69 2.7 2 0.28b 0.29f 0.73f 2.04 452d 479e 0.92 0.33 2.5 
a Stubble was equivalent to 5% and 10% of RS biomass for maize and rapeseed respectively. b Unkovich et al. (2010); c Anderson (1988); d 

Redin (2018); e Williams et al. (2013); f Gan et al. (2009); g Crush et al. (2010). 
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Legend figures 

 
Figure 1. Monthly rainfall and mean air temperature and crop reference evapotranspiration 

(ET0, FAO Penman-Monteith equation) for the last rapeseed growing period (October 2015 

– July 2016) in the experimental field. 

 

Figure 2. Mass aggregate distribution in five diameter ranges after slaking disturbance and 

for each fertilization strategy: control, no N applied; daily cattle slurry applied at 170 kg N 

ha-1 (170DCS) or 250 kg N ha-1 (250 DCS). 

 

Figure 3: Distribution of soil organic carbon in three apparent diameter sizes (≤0.05mm, 

>0.05–0.2mm, >0.2–2mm) and in two density fractions: light (LF) and heavy (HF) for each 

fertilization strategy: control, no N applied; daily cattle slurry applied at 170 kg N ha-1 

(170DCS) or 250 kg N ha-1 (250 DCS). Within columns, means of total C and C in each 

fraction followed by the same letter are not significantly different according to the 

Duncan’s Multiple Range test (P>0.05).  

 

Figure 4. Soil microbial biomass (SMB) for each fertilization strategy: control, no N 

applied; daily cattle slurry applied at 170 kg N ha-1 (170DCS) or 250 kg N ha-1 (250DCS). 

Within columns, means followed by the same letter are not significantly different according 

to Duncan’s Multiple Range test (P>0.05).  

 

Figure S1. Scheme of crop distribution from 2008 to 2016 cropping seasons. 
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Fig. 2  
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Fig. 4  
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Appendix A 
 

Table S1  
Physical and chemical average characteristics of the soil (±standard deviation)a. 
 Depth (m) 
Parameter 0-0.30 0.30-0.60 0.60-0.90 0.90-1.20 
Particle size distribution (g kg-1)b     
Sand (2000 <Ø< 50 µm) 485 492 423 630 
Silt (50 <Ø< 2 µm) 404 408 473 305 
Clay (Ø < 2 µm) 110 99 104 65 
pH (water; 1:2.5; potentiometry)c 8.2±0.1 8.2±0.1 8.3±0.1 8.4±0.1 
Electrical conductivity (1:5; dS m-1, 25ºC)c  0.18±0.01 0.19±0.01 0.19±0.01 0.18±0.02 
Organic matter (g kg-1; Walkey and Black) 18±1.1 9±1.5 6±0.5 3±0.5 
C/N 9.1±0.4 8.3±0.7 7.9±0.7 8.4±3.6 
Calcium carbonate equivalent (%) 13.7±1.7 14.5±1.3 17.3±1.4 16.2±2.7 

a Soil samples (n=15) were obtained at the start of the fertilization experiment. b Ø: particle 
apparent diameter. c Soil: distilled water.  
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Table S2  
Average of grain/seed yield for DCS treatments and for the rest of shoot (RS) which includes the averaged fraction (stubble) left on soil at each 
harvest, and from the 2008 – 2016 period. The associated C root and C stubble inputs in soil (0-0.3 m depth) are included. Adopted harvest 
index (HI) as yield to shoot biomass, root: shoot biomass ratio and the root biomass fraction are also included. 

Crop 

Biomass Harvests 

 

HI Root:shoot Root 

fraction 

Root 

(0-0.3m) 

C 

roots 

C 

stubble 

C root 

input 

C stubble 

input 

Total C input 

 RS Stubble Grain 

-- (Mg DM ha-1 yr-1) -- (Number)   (0-0.3m) (Mg DM ha-1 yr-1) ----- (g kg-1) --- -- (Mg ha-1 yr-1 ) -- (Mg ha-1) 

Ryegrass  

(2 cuts cycle-1) 

10.0 - - 5 - 0.19d 0.70g 1.34 458d - 0.62 - 3.1 

Maize 

forage 

 

21.0 - - 6 - 0.21c 0.47c 2.10 481d - 1.01 - 6.1 

Maize grain 

(short cycle) 

7.9 0.40 8.6 1 0.52b 0.18c 0.47c 1.42 481d 464c 0.68 0.19 0.9 

Maize grain 

(long cycle) 

11.9 0.60 12.9 1 0.52b 0.18c 0.47c 2.13 481d 464d 1.02 0.28 1.3 

Rapeseed 6.9b 0.69 2.7 2 0.28b 0.29f 0.73f 2.04 452d 479e 0.92 0.33 2.5 
a Stubble was equivalent to 5% and 10% of RS biomass for maize and rapeseed respectively. b Unkovich et al. (2010); c Anderson (1988); d 

Redin (2018); e Williams et al. (2013); f Gan et al. (2009); g Crush et al. (2010). 
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