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Core Ideas 

● In intensive forage systems 170 kg N ha-1 just from manures limits C sequestration  

● Biennial rotations of four crops maximize nutrient recirculation in calf-rearing farms 

● Double-annual forage crop rotation reduces P surpluses in crop-livestock systems  
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ABSTRACT 

The use of organic fertilizers from stock-raising activity is usually based on nitrogen 

(N) criterion. The objective of our research is to evaluate whether this N criterion lead 

to positive or environmentally risky changes, mainly in organic carbon (OC) storage 

and the availability of the main nutrients. Three biennial rotations of four crops were set 

up (in a 6–year time-frame). The treatments included a control (no N added), two 

mineral treatments where 250 kg N ha-1 yr-1 were provided at two different times during 

the rotation, three cattle manure treatments which provided 170, 250 and 500 kg N ha-1 

yr-1 and four treatments in which the two lowest manure rates were complemented with 

mineral N (80 and 160 kg N ha-1 yr-1). Over the whole 6-year period, the measured soil 

OC increases were equivalent to ca. 25, 43 and 35% of the manure OC applied 

respectively, following the manure rate increases. Furthermore, equivalences were of -5, 

23 and 25% when compared with full mineral fertilization. The positive slope of 

phosphorus availability was 1.2 mg Olsen–P kg-1 to 10 kg P ha-1 applied from manures 

(N:P=4) when starting from a threshold of 15.9 mg Olsen–P kg-1. The availability of 

other nutrients (Mg, Zn) and Na also increased with rates. In a medium-term experiment, 

the manure rate of 250 kg N ha-1 yr-1 optimized the nutrient recirculation. In the long–

term, rotations should be redesigned to control P surpluses or the amount of N applied 

from manures should be reduced. 
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INTRODUCTION 

Organic manure fertilization brings multiple benefits. The organic matter (OM) added 

improves carbon sequestration (Bertora et al., 2009) and soil physical properties (Rasool 

et al., 2008). It provides N, P, K, other nutrients like Ca and Mg. essential 

micronutrients (Benke et al., 2008) and other non–essential elements such as Na. 

Organic fertilizers can influence other soil chemical properties, such as pH or the cation 

exchange capacity (Martí et al., 2016). However, uncertainties about nutrient dynamics 

in the water–soil–crop system (Monaco et al., 2008; Sørensen, 2004) can lead to 

environmental impacts on the external systems (i.e., water eutrophication) or on the 

system itself (i.e. soil salinization or sodification). These impacts are mainly linked to 

nutrient surpluses (Crossman and Whitehead, 2014; Moore et al., 2014). To avoid these 

problems, medium–long term field experiments should be carried out (Johnston and 

Poulton, 2005). Furthermore, double–annual crop rotations are perceived as a tool to 

increase resource productivity due to the need for farm-grown feed (Fariña et al., 2011), 

as well as their potential to diversify farm ecosystems (Sulc and Tracy, 2007) and their 

worldwide importance (Ojeda et al., 2018). 

The organic N applied becomes mineralized following the decreasing series pattern 

(Pratt et al., 1973). This concept has been developed by many authors who have 

established specific mineralization rates for fresh manures (Cusick et al., 2006), and for 

different organic materials (Muñoz et al., 2008) under different environments and 

agronomic management regimes. The use of organic fertilizers can also improve the 

efficiency for plant nutrition of other nutrients such as phosphorus (Xin et al., 2017). 

In the Garrotxa Volcanic Zone Natural Park (NE of Spain), double-annual forage 

cropping is one of the production systems linked to stock-raising activity, mainly of 

veal and dairy cattle (Perramon et al., 2011) and manures are used as fertilizers. In order 
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to protect water quality and to prevent agricultural nitrates pollution, the area has been 

designated as a nitrate vulnerable zone (Generalitat de Catalunya, 2009) following EU 

regulations, and a maximum of 170 kg N ha-1 from organic origin is permitted to be 

applied annually. Although a perfect equilibrium between nutrient availability and crop 

demand is difficult to attain, the aim of farm management is to re-use as much as 

possible of the organic fertilizers produced (as slurries or manures). Thus, how to get 

closer to the circular economy model (EC, 2017), mainly in N terms, is a matter for 

discussion and experiment. Nevertheless, Schröder (2005) warns that if fertilization 

aims to supply N crop requirements from organic fertilizers, P is going to accumulate in 

the soil because manures’ composition does not usually adjust to N:P crop demand. 

Phosphorus accumulation and its further loss (Sims et al., 1998) can cause water 

eutrophication. Losses are mainly caused by superficial runoff. However, P leaching to 

the subsoil and groundwater can also occur (Sims et al., 1998; King et al., 2015), mainly 

in sandy soils. 

The six-year experiment described here was set up in the context of an annual double 

forage crop rotation fertilized with different N manure rates. The objectives were i) to 

quantify potential increases in soil organic matter content and the associated C storage, 

ii) to evaluate changes in total soil N and in the availability of other nutrients (P, K), and 

iii) to quantify potential modifications in the availability of some micronutrients (Cu, Zn, 

Mn) and in other chemical properties: pH, salinity, cation exchange capacity (CEC) and 

exchangeable cations. 

The results from this study will help establish manure fertilization strategies that can be 

used to maximize yields while minimizing environmental impacts. This will also 

promote a  nutrient circular economy in rainfed agricultural systems. 
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MATERIAL AND METHODS 

Climate and soil description 

The climate is wet Mediterranean. Annual average rainfall is close to 1000 mm. Winter 

is the driest period. In summer, rainfed cropping is widely practiced (Fig. 1). During the 

experimental period (2007–2013), weather data were obtained from a meteorological 

station located 4 km away from the experimental field. During this period the average 

annual temperature was 12.5ºC with an average monthly maximum of 21.4ºC in August 

and minimum of 4.3ºC in January. Average annual precipitation was 921 mm, with a 

maximum of 1432 mm in 2011 and a minimum of 569 mm in 2007 (Fig. 1). 

The experiment was set up in a well-drained sandy loam soil, without stones. The soil is 

classified as Fluventic Eutrudept (Soil Survey Staff, 2014). At the beginning of the field 

experiment (2007) the soil was sampled at four depths (0–0.3, 0.3–0.6, 0.6–0.9 and 0.9–

1.2 m). A composite sample from multiple points in the field was compiled for each 

depth and the main chemical parameters were analyzed (Table 1). Organic matter 

content was low. Available P was adequate in the first horizon, diminishing with depth 

(Table 1). The available K was low and micronutrients (Cu, Mn and Zn) were not 

limiting. At the end of the field experiment (October 2013) all plots were sampled 

individually at 0–0.3 m depth, to perform an analysis of the same soil parameters as 

those assessed at the beginning of the experiment, except for soil particle sizes (texture) 

and carbonate content. In addition, soil samples from 0.3–0.6 m and 0.6–0.9 m depth 

were analyzed for OM, N, P and K content.  

Experimental design and management 

The experiment was located in Garrotxa region (NE of Spain); 42º 08’ 32” N, 2º 30’ 10” 

E, altitude 534 m asl. In the experimental field, no organic materials had been applied 

before the experiment was established. A double forage crop annual system was 
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implemented, with two annual rotations: oats (Avena sativa L.) – sorghum (Sorghum 

bicolor L.) in the first year, and ryegrass (Lolium multiflorum L.) – maize (Zea mays L.) 

in the second year. The experiment continued for three cycles of the two-year rotation (a 

6–year period), beginning in October 2007. Winter crops (oats and ryegrass) were 

maintained in the field from October–November to May–June, while summer crops 

(sorghum and maize) were maintained from May–June to October–November. Time 

between the harvest of the preceding crop and the sowing of the next one varied from 

two to three weeks. All crops were used as forage. The fertilization experiment was 

designed as a randomized complete block with 10 treatments (based on N criterion) and 

3 replications.  

The amount of manure to be applied was determined by its analytical composition 

(Table 2) and according to N criterion. The treatments (Table 3) included a control (0–

0) where no N was applied, two treatments with 250 kg of N mineral ha-1 yr-1 applied at 

the sowing time of winter and summer crops (250M–0) or applied only as topdressing 

(0–250M). Three treatments included cattle (Bos taurus) manure equivalent to 170, 250 

and 500 kg N ha-1 yr-1 (170C–0, 250C–0 and 500C–0, respectively). The lowest rate 

was applied at the sowing of the summer crop only. For the other two manure rates, 

applications were divided between the two crops (summer and winter). The two lowest 

manure rates (170 and 250 kg N ha-1 yr-1) were complemented with mineral N at rates of 

80 (170C–80M or 250C–80M) or 160 kg N ha-1 yr-1 (170C–160M or 250C–160M), 

which added 4 new treatments. Solid manures came from a neighboring farm, with the 

exception of the 2008 summer application where a more liquid animal waste was used. 

During the whole experimental period, fertilizing treatments were continued in the same 

plots. Plot size was 50 m2 (5 m x 10 m).  



7 
 

At sowing, fertilizers were mechanically incorporated (0–0.3 m depth) during a period 

of 24h after their application. Mineral N fertilizer was applied as ammonium nitrate 

sulfate (26% N) at sowing, and as urea (46% N) at topdressing, following the usual 

fertilization practices in the area. Phosphorus and potassium fertilization were planned 

to avoid P and K nutrient deficiencies. Crop demand was based on biomass production 

(Fig. 2) and the analyzed P and K concentrations or from references (Table 4). Models 

of crop yield evolution according to N treatments have been already published 

(Perramon et al., 2016). Phosphorus concentration was quantified in the planted crops 

during the first rotation and was analyzed using ultraviolet spectroscopy (UV). The K 

concentration was measured in oat and sorghum during the first year and was analyzed 

by atomic emission spectroscopy (AES). Ryegrass and maize K data were obtained 

from the Agricultural Department of the region (Generalitat de Catalunya, 2014); 

although K concentrations could vary across the range of fertility treatments. When no 

manure was applied or at the low manure rate, P and K were added annually as complex 

mineral fertilizer (0–14–14) and as potassium sulfate (50% K2O) in order to reach rates 

close to 130 kg P2O5 ha-1 yr-1 and 260 kg K2O ha-1 yr-1 in each plot (Table 3). From the 

third year, the theoretical amount of K to be applied reached 380 K2O ha-1 yr-1 as we 

detected in the first rotation a theoretical K deficit of 31 kg K ha-1 (Table S1).  

Oxidizable organic matter was determined by dichromate oxidation and subsequent 

titration with ferrous ammonium sulphate (Yeomans and Bremner 1998). Oxidizable C 

stock (kg OC ha-1) at 0–0.3 m depth was calculated using the measured bulk density. 

The amount of sequestered organic C (kg OC ha-1) in 0–0.3 m soil depth was estimated 

after subtracting the oxidizable C stock in the control (0–0) or in the mineral treatment 

(250M–0) to other treatments. Soil bulk density was evaluated by the core method (Soil 

Survey Staff, 2011) in 250M–0, 170C–0, 250C–0 and 500C–0. 
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Statistical analysis 

Different analyses of variance (ANOVA) were performed by the GLM procedure, 

which is included in the minimum quadratic methods for the adjustment of linear 

models (Table S2). When the year or the rotation was omitted (Table S3), separation of 

means was performed according to the Duncan Multiple Range test at a 0.05 probability 

level. The statistical package SAS v9.4 (SAS Institute, 2000–2012) was used. 

 

RESULTS AND DISCUSSION 

At the end of the experimental period, no significant differences in soil bulk densities 

were found between selected treatments (Table S3), despite decrease in bulk density as 

the amount of OM applied increased (Table 7). The average value obtained (1565 kg m-

3) is consistent with the soil texture (Balba, 1995) and was used for soil nutrient 

calculations.  

Analysis of variance of different soil chemical proprieties indicated significant changes 

in some of them (Table S3 and Tables 5 and 6) depending upon the treatment in the 0–

0.3 m depth. No differences in OM, N, P and K contents were found in the deeper layers 

(Table 6). 

Only in two cases over a total of twelve cattle manure applications, a maximum C:N 

ratio of 24.6 was recorded, the rest being lower than 20. The average ratio of 14 (Table 

2) indicates the predominance of a net N mineralization of the organic N applied 

(Probert et al., 2005). In the short-term, N release (C:N< 13) or N immobilization (C:N 

>15) could coexist in a rotation according to the C:N of the manure applied (Qian and 

Schoenau, 2002) and depending upon other factors such as water availability (Kim et al., 

2011). When applied to soils (C:N=7.6, Table 1), the soil OM content increased 
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significantly at the two highest manure rates (250C–0, 500C–0) or when the lowest rate 

was complemented with mineral N (170C–80M, 170C–160M; Table 6).  

The organic matter increment when using manure has been well described by different 

authors (Grignani et al., 2007; Monaco et al., 2008; Tomasoni et al., 2011). It also 

contributes to C storage, which means that the carbon concentration increased 

(compared with 0–0) by 0.25, 0.43 and 0.35 kg C kg-1 OC applied for 170C–0, 250C–0 

and 500C–0, respectively (Fig. 3). The first figure was close to 23% found by Bhogal et 

al. (2009). The higher storage capacity of our soils is probably explained by their initial 

lower content (8.7 g OC kg-1, Table 1) when compared with those (11–33 g OC kg-1) 

from Bhogal et al. (2009). When C storage was accounted for by comparing it with a 

non-limited N scenario (250M–0, mineral) differences were -0.05, 0.23 and 0.25 kg C 

kg-1 OC applied for 170C–0, 250C–0 and 500C–0, respectively. This means that the EU 

permitted N rate (170C–0), without a mineral N complement, constrains yields (Fig. 2) 

and potential C storage (Fig. 3). Treatments 170C–80M and 170C–160M showed a 

linear trend to increase total Kjeldahl N (Fig. 4a) and soil OC stock (Table 6) when 

mineral N is added. 

It looks as if 250 kg N ha-1 yr-1 as a manure (250C–0) when compared with 250C–80M 

and 250C–160M, or 170 kg N ha-1 yr-1 plus 80 kg mineral–N ha-1 yr-1 (170C–80M) 

when compared with 170C–0 and 170C–160M, optimized the efficiency of total–N 

built up (Fig. 4a). Nevertheless, 170C–0 needs more N (treatment 170C–160M) to also 

optimize C storage (Fig. 3) which indicates that 250C–0 will better fulfill crop N 

demand (Fig. 2) while increasing C stock (Fig. 3). Also, it resulted in a soil C:N ratio of 

8.4 (250C–0) versus a C:N of 7.6 (170C–80M), the last one being equivalent to control 

and minerals (0–0, 250M–0, 0–250M; Fig. 3). The mineral complement in 170C–80M 
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also meant that there was a readily available N supply for soil microorganisms to break 

down the crop residue more quickly.  

The equivalent to 86% of the N applied with manures remained in the soil at the end of 

the six–year period which surpasses the proportion of 72% of N applied as organic-N 

(Table 2). The reduction of a need for the mineral N complement to reach maximum 

yields at the two lowest manure rates (Fig. 2), indicates higher N availability with time 

(from re-mineralization of newly formed soil OM). This positive effect of the yearly 

manure incorporation (Fig. 2) makes statistically significant the interaction 

rotation*treatment (Table S2) in the yield analysis. This N residual effect from manures 

already described by various authors (Schröder, 2007; Muñoz et al., 2008) is close to 80 

kg N ha-1 in our experiment which agrees with Schröder’s et al. (2005) figures. 

Nevertheless, the EU allowed rate (170C–0) still requires a minimum complement of 80 

kg N ha-1 to maximize yields and a bit more to enhance C storage (Fig. 3). In fact, in a 

similar system, Grignani et al. (2007) found an optimum productive rate which agrees 

with our 170C–80M treatment. Furthermore, they also pointed out an N deficit for the 

control (124 kg N ha-1 yr-1) which was close to our deficit average of 99 kg N ha-1 yr-1 

and as a result, in both cases, N deficits constrained yields and enhanced mining of 

nutrients. 

Phosphorus surplus is a common trend when using manures (Nyiraneza et al., 2009; 

Moore et al., 2014). According to Sileshi et al. (2017), our manure ratio C:P< 200 (ca. 

52, Table 2) indicates the predominance of net P mineralization over P immobilization. 

Besides, its N:P ratio average of 4 (Table 2) can be associated with P accumulation in 

soil (Table 6) when manures cover N demand (250C–0 and 500C–0), as the rate of the 

crop extractions (determined for the 4 crops in the first two years) was 4.6 (the whole 

above-ground plant matter is used for forage). Although there was an absence of 
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significant differences in P concentrations at the lowest manure rates after the 6 year 

experimental period (Table 6), a positive linear P accumulation trend (Fig. 4b) was 

evident. This linear function (from a threshold of 22.38 mg kg-1) agrees with Leytem et 

al. (2011) working in soils with a pH range of 7.5–7.9. However, our slope was half that 

of these authors, probably because their experiment lasted just 5 weeks, just covering 

the period of high increase of phosphatase production by soil microbes. Phosphorus 

added from manure and other sources tends to become less available to plants with 

passing time (Wandruszka, 2006). In our intensive forage system, from 16 mg kg-1 of 

available soil P (Olsen), available P stock roughly increased at a rate of 5.4 kg ha-1 (0–

0.3m) for 10 kg of P applied with manure (Fig. 4b), up to a concentration of 80 mg P 

kg-1 (500C–0). Nevertheless, to sustain the option of maximum N recycled (250C–0, 

250 kg N ha-1) the introduction of other crops (e.g. legumes) in the rotation could be of 

interest, because the attained Olsen P values higher than 30 mg kg-1 are considered very 

high for a sandy loam soil (Rodríguez Martín et al., 2009). The maximum accumulation 

recorded in treatment 500C–0 is a severe environmental threat. As suggested by 

Heckrath et al. (1995) on a more fine-textured soil (clay loam), once the concentration 

of Olsen–P exceeds a certain concentration (60 mg P kg-1 in his experiment) an 

enhanced contribution of P losses through subsurface runoff appears. These P losses 

will increase the potential for water eutrophication (Sims et al., 1998), although in our 

experiment, no significant differences in P content were found in deeper horizons 

(Table 6).  

In the third rotation, the yield increases reduced theoretical K surpluses down to 8.5 and 

2.5 kg K ha-1 yr-1 in 170C–80M and 250C–80M treatments, respectively (Table S1). 

There was no deficit because the increase in crop demand was compensated with a 

higher average concentration of K in the applied manure in the last two years (Table 2). 
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Soil K level rose in 500C–0 achieving a high concentration (Fig. 4c), but without rising 

its content at deeper layers. It was maintained in acceptable ranges (Cottenie, 1980) in 

the rest of the treatments. The concentrations of the two exchangeable cations Mg and 

Na, and the one from Zn increased following the manure rate increases, being 

significant versus the mineral fertilization in 250C–0 and 500C–0 treatments. The Zn 

increment agree with other authors (Nyiraneza et al., 2009) and the accumulation would 

require a long-term study to evaluate potential negative impacts as described by Benke 

et al. (2008).  

 

CONCLUSIONS 

In intensive and highly productive double annual forage crop rotations, the equivalent 

manure rate of 250 kg N ha-1 yr-1 maximizes yields and OC storage (0–0.30 m depth). 

The C, N, P and K distribution in the deeper layers (0.30–0.90 m) is not affected. 

However, in the long term, the observed tendency to accumulate P in the 0–0.30 m soil 

layer could be environmentally risky. Rotations should be redesigned or else manure 

addition should be stopped for a short period of time to help in the control of P 

surpluses. If the manure rate is reduced to the European permitted rate in nitrate 

vulnerable areas, equivalent to 170 kg N ha-1 yr-1 for N of organic origin, C storage and 

the recirculation of nutrients will be limited. Besides, an additional mineral complement 

of N (80 kg N ha-1 yr-1) and K (to attain 380 kg K2O ha-1 yr-1) will be required to satisfy 

crop demand and to maintain soil fertility levels. The results of this study provide 

guidelines for farmers, in similar agricultural systems, regarding the choice of an 

appropriate N application regime to maximize the circular nutrient economy of their 

farms. 
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Figures 

 

 

Figure 1. Average monthly temperature (continuous line) and monthly precipitation (P) 

from 2007 to 2013. Data were obtained from a meteorological station located 4 km from 

the experimental field. 
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Figure 2. Yield biomass (kg ha-1) for each treatment and rotation. The white columns 

correspond to rotation 1 (years 1 and 2), the light grey columns correspond to rotation 2 

(years 3 and 4) and the dark grey columns correspond to rotation 3 (years 5 and 6). In 

each rotation the average of the treatment followed by a letter (rotation 1: a, b, c, d; 

rotation 2: g, h, i, l; rotation 3: v, x, y, z) indicates that there are significant differences 

(α = 0.05) according to Tukey-Kramer test. In the treatment codes, information before 

the hyphen indicates the fertilizer treatment at sowing and after the hyphen the 

treatment at cereal tillering. Numbers before the letter C indicate the amount of N 

applied (kg N ha-1) from cattle manure at sowing. The rate of 170 kg N ha-1 (170C) was 

only applied to the summer crop (sorghum or maize). When a higher rate was applied, it 

was divided into 100 and 150 kg N ha-1 (250C) or into 250 and 250 kg N ha-1 (500C) for 

the winter and summer crop, respectively. The numbers before the code M indicate the 

amount of N applied (kg N ha-1) from mineral fertilizers. When 80M or 160M were 

applied as a topdressing, they were fractioned into 30 or 60 kg N ha-1 for the winter crop 

and into 50 or 100 kg N ha-1 for the summer crop, respectively. When only mineral N 

was applied (250M), it was divided into two applications of 100 (winter crop) and 150 

(summer crop) kg N ha-1 both applied at sowing (250M) or as a topdressing (0–250M) 

in both crops. The first year, mineral topdressing was not applied to summer crops, 

which influenced the yield of treatments: 0–250M, 170C–80M, 170C–160M, 250C–

80M and 250C–160M. 
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Figure 3. Changes in C stock (0–0.3 m) and in the C:N ratio after 6 years of continuous 

manure application (October 2013). The column averages with different letters indicate 

significant differences (α = 0.05) according to Duncan’s multiple range test. In the 

treatment codes, information before the hyphen indicates the fertilizer treatment at 

sowing and after the hyphen the treatment at cereal tillering. Numbers before the letter 

C indicate the amount of N applied (kg N ha-1) from cattle manure at sowing. The rate 

of 170 kg N ha-1 (170C) was only applied to the summer crop (sorghum or maize). 

When a higher rate was applied, it was divided into 100 and 150 kg N ha-1 (250C) or 

into 250 and 250 kg N ha-1 (500C) for the winter and summer crop, respectively. The 

numbers before the code M indicate the amount of N applied (kg N ha-1) from mineral 

fertilizers. When 80M or 160M were applied as a topdressing, they were fractioned into 

30 or 60 kg N ha-1 for the winter crop and into 50 or 100 kg N ha-1 for the summer crop, 

respectively. When only mineral N was applied (250M), it was divided into two 

applications of 100 (winter crop) and 150 (summer crop) kg N ha-1 both applied at 

sowing (250M–0) or as a topdressing (0–250M) in both crops. 
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Figure 4. Total N (Kjeldahl), available P (Olsen) and available K (NH4AcO 1N) soil 

stock changes according to applied rates from different fertilization treatments. Each 

point is the average of three repetitions. In the treatment codes, information before the 

hyphen indicates the fertilizer treatment at sowing and after the hyphen the treatment at 

cereal tillering. Numbers before the letter C indicate the amount of N applied (kg N ha-

1) from cattle manure at sowing. The rate of 170 kg N ha-1 (170C) was only applied to 

the summer crop (sorghum or maize). When a higher rate was applied, it was divided 

into 100 and 150 kg N ha-1 (250C) or into 250 and 250 kg N ha-1 (500C) for the winter 

and summer crop, respectively. The numbers before the code M indicate the amount of 

N applied (kg N ha-1) as ammonium nitrosulfate (26%). When only mineral N was 

applied (250M), it was divided into two applications of 100 (winter crop) and 150 

(summer crop) kg N ha-1 both applied at sowing (250M–0) or as a topdressing (0–

250M) in both crops.
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TABLES 

 
Table 1. Soil characteristics at the beginning of the experiment (November 2007). 
 
Parameter Depth (m) 
 0–0.30 0.30–0.60 0.60–0.90 0.90–1.20
Size particle distribution (g kg-1)†     
   Sand (2000 < Ø < 50µm) 568 567 580 623 
   Silt (50 < Ø < 2µm) 274 286 285 235 
   Clay (Ø < 2µm) 158 147 135 142 
pH (soil:water; 1:2.5) 8.1 8.1 8.2 8.2 
Electrical conductivity (soil:water; 1:5; 25ºC) 0.14 0.13 0.13 0.13 
Calcium carbonate equivalent (Bernard; g kg-1) 30 30 30 20 
Organic matter (Walkley˗Black; g kg-1)‡ 15 8 5 5 
Total N (Kjeldahl, g kg-1) 1.18 0.86 0.62 0.49 
Phosphorus (Olsen, mg P kg-1) 19 8 5 5 
Potassium (NH4AcO 1N, mg K kg-1) 76 60 53 49 
Cation exchange capacity (cmolc kg-1) 8.0 8.8 7.7 7.0 
Ca–exchange (cmolc kg-1) 7.4 8.2 7.2 6.6 
Mg–exchange (cmolc kg-1) 0.43 0.45 0.40 0.37 
Na–exchange (cmolc kg-1) 0.03 0.02 0.02 0.03 
Cu (DTPA, mg kg-1) 1.38 0.97 0.62 0.50 
Zn (DTPA, mg kg-1) 1.2 1.0 0.7 0.9 
Mn (DTPA, mg kg-1) 18.5 13.9 8.0 6.4 
 

† Ø: particle apparent diameter 

‡ The organic carbon (OC) is obtained by dividing by 1.72. 
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Table 2. Characteristics† of the organic fertilizers applied in the different years and crops.  
 
Double  
cropping 

Cropping season Oxidizable organic 
matter (%) 

   C:N Dry matter Organic-C‡ Total N Organic–N NH4
+
–N Total P Total K 

 ---------------------------------  (g kg-1)  ------------------------------ 
Oat First (2007–08) 87.9 24.6 181 92.5 3.76 2.36 1.40 0.78 3.33
Sorghum 
 

31.2 2.6 44 8.0 3.10 1.70 1.40 0.42 1.98

Ryegrass Second (2008–09) 43.1 10.7 219 54.9 5.14 4.70 0.42 1.38 6.00
Maize 
 

49.1 17.8 184 52.5 2.95 1.91 1.04 0.76 4.27

Oat Third (2009–10) 84.8 24.6 291 143.5 5.84 5.22 0.62 1.52 5.79
Sorghum 
 

56.7 12.7 163 53.7 4.23 3.34 0.89 1.72 3.96

Ryegrass Fourth (2010–11) 35.3 5.8 153 31.4 5.42 4.86 0.56 0.94 4.30
Maize 
 

61.5 19.4 182 65.1 3.35 2.25 1.10 1.14 4.21

Oat Fifth (2011–12) 56.6 15.7 162 53.3 3.39 2.01 1.39 0.76 3.17
Sorghum 
 

25.5 7.7 320 47.4 6.15 3.45 2.70 1.83 7.71

Ryegrass Sixth (2012–13) 18.3 6.5 336 35.8 5.46 4.35 1.12 2.52 7.93
Maize 54.2 16.0 229 72.2 4.51 3.28 1.23 1.47 4.83

 
† The oxidizable organic matter of the organic fertilizers is quantified over dry matter. The dry matter and the composition of the nutrients of the 

organic fertilizers are quantified over fresh matter. 

‡ The organic carbon (Organic-C) is obtained by dividing the organic matter by 1.72 
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Table 3. Description† of mineral (M) and cattle manure (C) fertilization treatments (kg ha-1) in a two year rotation (four crops) based on N 

manure rates including organic (Org–N) and inorganic (Inorg–N) nitrogen. Nitrogen, P, and K complementary rates‡ by mineral fertilizer to 

cover crop demand are included.  

Treatments. ----------  Rotation 1  ---------- ----------  Rotation 2  ---------- ----------  Rotation 3  ---------- 
Codes† and Org–N Inorg–N P K Org–N Inorg–N P K Org–N Inorg–N P K 
nutrient sources C C M C M C M C C M C M C M C C M C M C M
0–0 0 0 0 0 113 0 433 0 0 0 0 113 0 633 0 0 0 113 0 0 631
250M–0 0 0 500 0 113 0 433 0 0 500 0 113 0 633 0 0 500 113 0 0 631 
0–250M 0 0 350§ 0 113 0 433 0 0 500 0 113 0 633 0 0 500 113 0 0 631 
170C–0 203 137 0 67 36 355 139 248 92 0 126 36 373 203 219 121 0 106 36 395 203 
170C–80M 203 137 110§ 67 36 355 139 248 92 160 126 36 373 203 219 121 160 106 36   395 203 
170C–160M 203 137 220§ 67 36 355 139 248 92 320 126 36 373 203 219 121 320   106 36 395 203 
250C–0 334 166 0 107 0 518 0 398 102 0 154 0 507 0 332 168 0 162 0 587 0 
250C–80M 334 166 110§ 107 0 518 0 398 102 160 154 0 507 0 332 168 160 162 0 587 0 
250C–160M 334 166 220§ 107 0 518 0 398 102 320 154 0 507 0 332 168 320 162 0 587 0 
500C–0 684 316 0 217 0 1035 0 813 187 0 293 0 994 0 668 332 0 327 0 1178 0 

 

† Information before the hyphen indicates the fertilizer treatment at sowing and after the hyphen the treatment at cereal tillering. Numbers before 

the letter C indicate the amount of N applied (kg N ha-1) from cattle manure at sowing. The rate of 170 kg N ha-1 (170C) was only applied to the 

summer crop (sorghum or maize). When a higher rate  was applied, it was divided into 100 and 150 kg N ha-1 (250C) or into 250 and 250 kg N 

ha-1 (500C) for the winter and summer crop, respectively. The numbers before the code M indicate the amount of N applied (kg N ha-1) from 

mineral fertilizers. When 80M or 160M were applied as a topdressing, they were fractioned into 30 or 60 kg N ha-1 for the winter crop and into 

50 or 100 kg N ha-1 for the summer crop, respectively. When only mineral N was applied (250M), it was divided into two applications of 100 

(winter crop) and 150 (summer crop) kg N ha-1 both applied at sowing (250M–0) or as a topdressing (0–250M) in both crops. At sowing, 

ammonium nitrosulfate (26%) was applied and urea (46%) was applied in topdressings. 

‡ When 170 kg N ha-1 was applied as cattle manure, P and K rates were complemented using a N–P–K mineral fertilizer (0–14–14) and potassium 

sulfate (50% K2O). They were applied to cover the maximum crop demand.  

§ In the first rotation, any fertilizer was applied to the summer crop (sorghum) as topdressing. .
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Table 4. Potassium (K), phosphorus (P) and nitrogen (N) concentrations (g kg-1) for the different 

crops included in the first rotation and used to calculate theoretical crop demand. 

 
Treatment† Oat  Sorghum  Ryegrass  Maize  
 K‡ P‡ N K‡ P‡ N‡ K§ P‡ N‡ K§ P‡ N‡ 
0–0 11.8 1.6 8.1 20.5 2.2 6.7 11.3 1.4 8.8 8.8 2.2 7.1 
250M–0 14.2 1.6 8.6 14.2 1.7 8.9 11.3 1.4 6.9 8.8 1.8 9.5 
0–250M 12.2 1.8 9.1 18.4 1.9 - 11.3 2.3 13.1 8.8 1.9 12.4 
170C–0 11.4 1.5 9.1 18.2 1.9 6.8 11.3 1.5 10.2 8.8 2.5 7.8 
170C–80M 11.4 1.5 8.2 18.9 1.6 - 11.3 1.9 9.6 8.8 2.3 9.7 
170C–160M 12.8 1.9 9.9 18.7 1.7 - 11.3 2.3 12.7 8.8 2.3 10.3 
250C–0 11.4 2.1 8.9 17.9 1.8 6.8 11.3 1.5 8.1 8.8 2.8 8.5 
250C–80M 11.0 2.0 9.0 17.8 2.0 - 11.3 1.8 8.5 8.8 2.3 9.5 
250C–160M 13.4 1.7 9.6 16.5 2.3 - 11.3 2.1 10.8 8.8 2.2 11.3 
500C–0 11.5 1.7 8.2 18.4 2.2 8.3 11.3 1.6 7.4 8.8 2.7 8.7 
 

† Information before the hyphen indicates the fertilizer treatment at sowing and after the hyphen 

the treatment at cereal tillering. Numbers before the letter C indicate the amount of N applied 

(kg N ha-1) from cattle manure at sowing. The rate of 170 kg N ha-1 (170C) was only applied to 

the summer crop (sorghum or maize). When a higher rate was applied, it was divided into 100 

and 150 kg N ha-1 (250C) or into 250 and 250 kg N ha-1 (500C) for the winter and summer crop, 

respectively. The numbers before the code M indicate the amount of N applied (kg N ha-1) from 

mineral fertilizers. When 80M or 160M were applied as a topdressing, they were fractioned into 

30 or 60 kg N ha-1 for the winter crop and into 50 or 100 kg N ha-1 for the summer crop, 

respectively. When only mineral N was applied (250M), it was divided into two applications of 

100 (winter crop) and 150 (summer crop) kg N ha-1 both applied at sowing (250M–0) or as a 

topdressing (0–250M) in both crops. At sowing, ammonium nitrosulfate (26%) was applied and 

urea (46%) was applied in topdressings. When 170 kg N ha-1 was applied as cattle manure, P 

and K rates were complemented using a N–P–K mineral fertilizer (0–14–14) and potassium 

sulfate (50% K2O). They were applied to cover the maximum crop demand. In the first rotation, 

any fertilizer was applied to the summer crop (sorghum) as topdressing. 

‡The concentrations are obtained from the analysis. 

§The concentrations followed Generalitat de Catalunya (2014). 
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Table 5. Soil chemical fertility† (0–0.3 m depth) after 6 years of the experiment establishment. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

† Information before the hyphen indicates the fertilizer treatment at sowing and after the hyphen the treatment at cereal tillering. Numbers before the letter C 

indicate the amount of N applied (kg N ha-1) from cattle manure at sowing. The rate of 170 kg N ha-1 (170C) was only applied to the summer crop (sorghum or 

maize). When a higher rate was applied, it was divided into 100 and 150 kg N ha-1 (250C) or into 250 and 250 kg N ha-1 (500C) for the winter and summer 

crop, respectively. The numbers before the code M indicate the amount of N applied (kg N ha-1) from mineral fertilizers. When 80M or 160M were applied as 

a topdressing, they were fractioned into 30 or 60 kg N ha-1 for the winter crop and into 50 or 100 kg N ha-1 for the summer crop, respectively. When only 

mineral N was applied (250M), it was divided into two applications of 100 (winter crop) and 150 (summer crop) kg N ha-1 both applied at sowing (250M–0) 

or as a topdressing (0–250M) in both crops. At sowing, ammonium nitrosulfate (26%) was applied and urea (46%) was applied in topdressings. When 170 kg 

N ha-1 was applied as cattle manure, P and K rates were complemented using a N–P–K mineral fertilizer (0–14–14) and potassium sulfate (50% K2O). They 

were applied to cover the maximum crop demand. In the first rotation, any fertilizer was applied to the summer crop (sorghum) as topdressing.  

‡ NS: non-significant (p > 0.05). Column averages with a different letter indicate significant differences (α = 0.05) based on Duncan’s multiple range test. 

Treatment† pH Electrical Cation Ca Mg Na Cu Zn Mn 
  conductivity exchange 

capacity --------- (cmolc kg-1) ------- ---- (DTPA, mg kg-1) ---- 
 (1:2.5) (1:5; dS m-1) (cmolc kg-1) 

0–0 8.0 0.14 10.6 9.6 0.73e 0.04c 1.12 1.9ef 7.9 
250M–0 7.8 0.16 10.9 10.0 0.76de 0.04c 1.32 1.9ef 9.2 
0–250M 7.9 0.16 10.5 9.7 0.63e 0.04c 1.19 1.8f 8.1 
170C–0 8.0 0.14 8.8 7.8 0.79cde 0.05bc 1.20 2.2def 7.9 
170C–80M 8.0 0.15 9.7 8.6 0.84bcde 0.06bc 1.13 2.5cd 6.8 
170C–160M 8.0 0.15 10.4 9.4 0.78cde 0.06bc 1.14 2.4de 8.1 
250C–0 8.0 0.16 11.3 9.9 1.06b 0.08ab 1.24 3.1b 6.9 
250C–80M 8.0 0.15 11.0 9.8 1.02bc 0.08ab 1.27 3.0bc 8.0 
250C–160M 7.8 0.16 11.4 10.1 1.01bcd 0.08ab 1.34 2.8bcd 8.5 
500C–0 7.8 0.18 11.6 9.8 1.35a 0.10a 1.29 4.1a 7.7 
Significance‡ NS NS NS NS <0.0001 0.0027 NS <0.00021 NS 
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Table 6. Soil organic matter, total N, available P and K soil content at different depths (0–0.30, 0.30–0.60, 0.60–0.90 m) after 6 years of the 

experiment establishment. 

 

† Information before the hyphen indicates the fertilizer treatment at sowing and after the hyphen the treatment at cereal tillering. Numbers before the letter C 

indicate the amount of N applied (kg N ha-1) from cattle manure at sowing. The rate of 170 kg N ha-1 (170C) was only applied to the summer crop (sorghum or 

maize). When a higher rate was applied, it was divided into 100 and 150 kg N ha-1 (250C) or into 250 and 250 kg N ha-1 (500C) for the winter and summer crop, 

respectively. The numbers before the code M indicate the amount of N applied (kg N ha-1) from mineral fertilizers. When 80M or 160M were applied as a 

topdressing, they were fractioned into 30 or 60 kg N ha-1 for the winter crop and into 50 or 100 kg N ha-1 for the summer crop, respectively. When only mineral N 

was applied (250M), it was divided into two applications of 100 (winter crop) and 150 (summer crop) kg N ha-1 both applied at sowing (250M–0) or as a 

topdressing (0–250M) in both crops. At sowing, ammonium nitrosulfate (26%) was applied and urea (46%) was applied in topdressings. When 170 kg N ha-1 was 

applied as cattle manure, P and K rates were complemented using a N–P–K mineral fertilizer (0–14–14) and potassium sulfate (50% K2O). They were applied to 

cover the maximum crop demand. In the first rotation, any fertilizer was applied to the summer crop (sorghum) as topdressing.  

‡ NS: non-significant (p > 0.05). Column averages with a different letter indicate significant differences (α = 0.05) based on Duncan’s multiple range test. 

Treatment† Organic matter (g kg-1) Total N(Kjeldahl, g kg-1) P (Olsen, mg kg-1) K ( NH4AcO 1N, mg kg-1) 
 ----------- depth (m) ----------- ----------- depth (m) ----------- ----------- depth (m) ----------- ----------- depth (m) ----------- 
 0–0.30 0.30–0.60 0.60–0.90 0–0.30 0.30–0.60 0.60–0.90 0–0.30 0.30–0.60 0.60–0.90 0–0.30 0.30–0.60 0.60–0.90 

0–0 16.1f 9.0 7.1   1.23c 0.89 0.69 25bc 5 4 137bc 73 63 
250M–0 19.2cde 9.8 7.6 1.47bc 0.96 0.66 21c 6 4 110bc 69 56 
0–250M 18.1ef 7.9 6.8 1.43bc 0.94 0.67 19c 5 4 96c 64 56 
170C–0 18.7def 9.0 7.1 1.35bc 0.89 0.64 29bc 6 3 136bc 66 54 
170C–80M 19.2cde 9.0 7.0 1.46bc 0.85 0.66 34bc 7 5 128bc 68 57 
170C–160M 20.0bcde 9.6 7.3 1.45bc 0.98 0.66 28bc 7 4 118bc 68 58 
250C–0 22.6b 9.5 7.1 1.57ab 0.96 0.74 36bc 7 4 152b 74 61 
250C–80M 21.9bc 9.9 7.3 1.58ab 0.89 0.65 39b 7 4 128bc 65 57 
250C–160M 21.3bcd 10.2 6.7 1.58ab 0.99 0.69   34bc 9 4 137bc 71 59 
500C–0 26.6a 9.6 7.6 1.81a 0.90 0.71      80a 8 4 263a 71 60 
Significance‡ <0.0001 NS NS 0.0166 NS NS <0.0001 NS NS <0.0001 NS NS 
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Table 7. Bulk density average values and standard deviation (±SD) in the 0–0.10 m depth for 

mineral and cattle manure treatments. 

 
Treatment code† Bulk density‡  

(kg m-3) 
250M–0 1635±95 
170C–0 1622±42 
250C–0 1546±25 
500C–0 1456±195 
Significance 0.229 
 
† Information before the hyphen indicates the fertilizer treatment at sowing and after the hyphen 

the treatment at cereal tillering. Numbers before the letter C indicate the amount of N applied 

(kg N ha-1) from cattle manure at sowing. The rate of 170 kg N ha-1 (170C) was only applied to 

the summer crop (sorghum or maize). When a higher rate  was applied, it was divided into 100 

and 150 kg N ha-1 (250C) or into 250 and 250 kg N ha-1 (500C) for the winter and summer crop, 

respectively. The numbers before the code M indicate the amount of N applied (kg N ha-1) as 

ammonium nitrosulfate (26%). 

‡ Average value (±SD): 1565±83 kg m-3. 



30 
 

Table S1. Estimated nutrient (P, K) balances (nutrient applied – nutrient removed; kg ha-1) from 

the different rotations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
† Information before the hyphen indicates the fertilizer treatment at sowing and after the hyphen 

the treatment at cereal tillering. Numbers before the letter C indicate the amount of N applied (kg N 

ha-1) from cattle manure at sowing. The rate of 170 kg N ha-1 (170C) was only applied to the 

summer crop (sorghum or maize). When the rate of 250 kg N ha-1 (250C) was applied, it was 

divided into 100 and 150 kg N ha-1 for the winter and summer crop respectively. The numbers 

before the code M indicate the amount of N applied (kg N ha-1) from mineral fertilizers. When 80M 

or 160M were applied as a topdressing, they were fractioned into 30 or 60 kg N ha-1 for the winter 

crop and into 50 or 100 kg N ha-1 for the summer crop, respectively. When only mineral N was 

applied (250M), it was divided into two applications of 100 (winter crop) and 150 (summer crop) 

kg N ha-1 both applied at sowing (250M–0) or as a topdressing (0–250M) in both crops. At sowing, 

ammonium nitrosulfate (26%) was applied and urea (46%) was applied in topdressings. When 170 

kg N ha-1 was applied as cattle manure, P and K rates were complemented using a N–P–K mineral 

fertilizer (0–14–14) and potassium sulfate (50% K2O). They were applied to cover the maximum 

crop demand. In the first rotation, any fertilizer was applied to the summer crop (sorghum) as 

topdressing. 

Treatment†           Rotation 1        Rotation 2            Rotation 3  
 P K P K P K 

0-0 72 154 76 404 53 265 
250M–0 50 -24 38 163 22 67 
0–250M 38 -31 37 155 22 65 
170C–0 56 184 113 271 66 132 
170C–80M 44 100 97 168 48 17 
170C–160M 34 73 89 116 52 40 
250C–0 54 202 100 164 73 50 
250C–80M 36 112 83 59 68 5 
250C–160M 33 97 78 34 69 18 
500C–0 142 601 222 551 227 553 
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Table S2. Analysis of yield biomass (kg ha-1) variance for the different fertilization treatments. 

Data come from 3 rotations of two years each (2007–2009, 2009–2011 and 2011–2013). 

 
Source Degrees of 

freedom 
Sum of squares Mean 

square 
F ratio Pr>F 

Rotation 2 2408331637 1204165819 280.19 <0.0001 
Block 2 13462410 6731205 1.57 0.2182 
Rotation*Block 4 12175348 3043837 0.71 0.5898 
Treatment 9 2976296852 330699650 76.95 <0.0001 
Rotation*Treatment 18 259469190 14414955 3.35 0.0003 
Error 54 231078060 4297742   
Total 89 59018134998    

Test Rotation*Block as an error term 
Rotation 2 2408331637 1204165819 395.61 <0.0001
Block  2 13462410 6731205 2.21 0.2255
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Table S3. Analysis of variance (mean square) of some significant soil chemical proprieties (0–0.30 m depth)† and bulk density after 6 years of 

the experiment establishment. Data come from 3 rotations of two years each (2007–2009, 2009–2011 and 2011–2013) 

 

Source Degrees of  
freedom‡ 

Organic matter 
 

Total N 
 

P 
 

K 
 

Mg 
 

Na 
 

Zn 
 

Bulk 
density‡ 

Treatment 9 25.504 0.0749 879.7 6272 0.132 0.001313 1.477 20523.84 
Block 2 1.158 0.016 7.3 366 0.022 0.000011 0.012 17861.42 
Error 18 2.398 0.0208 59.9 712 0.015 0.000273 0.081 10512.96 

 
†The units of studied parameters were: Organic matter (g kg-1); Total N (Kjeldahl, g kg-1); P (Olsen, mg kg-1); K (NH4AcO 1N, mg kg-1); Mg 

(cmolc kg-1); Na (cmolc kg-1); Zn (mg kg-1); Bulk density (kg m-3). 

‡ Degrees of freedom for treatments and the error for bulk density were 3 and 6, respectively because of only four treatments (250M–0, 170C–0, 

250C–0, 500C–0) were compared. For the organic matter, the degrees of freedom of the error were 17 because one value from one block was 

missing in the treatment: 250C–160M. 

 

 


