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Abstract: Nitrate vulnerable zones (NVZs) are areas considered to be at high risk of water pollution
due to an excess of nitrates and, according to European regulations, codes of good agricultural
practice are to be implemented by farmers, such as reducing doses of the applied fertilizers, or the
use of fertilizers that minimize nitrate leaching. In this work, the influence of organic fertilization
with dried pig manure (DPM) as compared to mineral fertilization with ammonium sulfate nitrate
with 3,4-dimethylpyrazole phosphate nitrification inhibitor was studied in a barley crop planted in a
NVZ in Fompedraza (Valladolid, Spain). Organic and mineral fertilizers were applied at different
rates (85, 133 and 170 kg N·ha−1·year−1 vs. 90 and 108 kg N·ha−1·year−1, respectively) over a
three-year period, in a randomized complete block design with six treatments and four blocks.
DPM-based fertilization resulted in a 65% increase in crop yield as compared to the control soil,
reaching 1800 kg·ha−1 for an application rate of 85 kg N·ha−1·year−1. Higher DPM rates were
found to increase the electrical conductivity and assimilable phosphorus, potassium, magnesium
and organic matter contents, but did not lead to yield enhancements. Final nitrate and ammonium
concentrations were lower than 10 mg·kg−1 and 20 mg·kg−1, respectively, and no increase in soil
salinity or heavy metal pollution was observed. DPM fertilization should be supplemented with small
doses of inorganic fertilizers to obtain crop yields similar to those attained with mineral fertilization.

Keywords: barley; dried pig manure; fertilization; nitrate vulnerable zone

1. Introduction

Changes in the management of traditional livestock farms have resulted in greater intensification
of production and a high concentration of farms in small rural areas. This has led to excessive disposal
of pig slurry in agricultural soils which has become a major environmental problem in several European
countries [1–4]. This problem is particularly serious in Spain, which—with over 43 million pigs—is the
second largest producer in the European Union (EU) [5].

The aforementioned intensive direct spreading of manure as a fertilizer has occasioned a
high concentration of nitrates in surface and sub-surface water sources in certain areas, which—in
accordance with European Regulation (91/676/CEE) [6]—have been declared nitrate vulnerable
zones or NVZs (when 50 mg nitrates·L−1 concentration was exceeded). Nitrate levels in the range of
25–50 mg·L−1 of nitrate are considered dangerous to human health and to the environment. Water
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pollution due to N causes eutrophication and acidification in fresh water, and may cause cancer and
infant methemoglobinemia in drinking water [7].

In order to prevent and reduce this excess of nutrients (nitrates) in agricultural soils, the EU
Directive obliges member states to take action in order to minimize risks by applying codes of good
agricultural practice. To solve excess manure production, the Spanish public administration promoted
cogeneration plants in areas with a high concentration of pig farms, particularly in those classified
as NVZs. In these plants, the surplus of thermal energy produced by the combined heat and power
unit (which uses biogas derived from an anaerobic digestion process) is used to dry the solid fraction
of digestate or manure. This results in nutrient (N, P and K) and organic matter concentration and
recovery. The dried end-product features a low water content and can be regarded as a less problematic
bio-fertilizer with a reduced odorous nuisance [8].

Organic solid waste materials primarily contain nitrogen in its organic form, which reduces
nitrate-leaching capacity, since the organic nitrogen mineralization process is slower than the NH4

+-N
nitrification process. Their application can also initially generate the immobilization of plant- available
N (mainly in crop residues and soil microorganisms) during the microbial decomposition of the
organic matter of the residue [9–11]. Nonetheless, there are also negative aspects associated with the
application of solid pig manure, since it may increase the risk of copper and zinc soil pollution [2,12,13].

As compared to organic fertilizers, the application of mineral fertilizers usually generates a
higher residual effect in the soil (due to their NO3

−N content) and increases the risk of leaching [14].
Nitrogen losses can be reduced by resorting to nitrification inhibitors, i.e., chemical compounds (such
as 3,4-dimethylpyrazol phosphate, DMPP) that depress the activity of nitrifying bacteria and hence
delay ammonium to nitrate conversion in the soil [15,16]. Their application can increase the nitrogen
supply capacity over time and may enhance the nitrogen agronomic efficiency (NAE) and crop quality
in some systems [15,17].

Both for mineral and organic fertilizers, dosages should be adjusted to the actual crop needs.
Optimizing fertilizer application rate requires a trade-off between meeting the nutrient requirements
of the crop and environmental friendliness (for example, the threshold for long-term application of pig
manure from an environmental-safety perspective would be around 360 kg N·ha−1 [18]). In line with
this, the goal of this study was to study fertilization alternatives for areas contaminated by nitrates
in order to reach the expected yield goals while minimizing negative environmental side-effects, by:
(1) assessing the effect on the performance and quality of the barley crop of different dried pig manure
(DPM) rates in comparison to a mineral fertilizer with nitrification inhibitors; (2) evaluating the content
of inorganic N concentration in the soil after three years of application; (3) determining possible
contaminations by heavy metals; and (4) establishing if the nutrient requirements of the crop can be
met with only DPM fertilization (without adverse effects).

2. Materials and Methods

2.1. Location

The experiment was carried out over a three-year period in a NVZ located in Fompedraza
(Valladolid, Spain), at an altitude of 889 m.a.s.l. The climate in the region is semiarid continental
Mediterranean, with low annual precipitation (425 mm), a minimum average air temperature of 3 ◦C
and a maximum average air temperature of 18 ◦C. The mean temperatures and rainfall during the
period of study are depicted in Figure 1 [19].

All the cropping seasons showed similar temperatures. However, rainfall was highly variable
from one year to another, with 535 mm, 465 mm and 276 mm in the 2009–2010, 2010–2011 and
2011–2012 seasons, respectively.
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Figure 1. Mean temperature and rainfall in the region under study over the three-year period 
(September 2009–August 2012). 

All the cropping seasons showed similar temperatures. However, rainfall was highly variable 
from one year to another, with 535 mm, 465 mm and 276 mm in the 2009–2010, 2010–2011 and 2011–
2012 seasons, respectively. 

2.2. Soil Samples 

Soil samples for analysis were collected before the field test and in the third year of the 
experiment, at the end of the growing season (after harvesting). Three independent samples were 
taken from each subplot, at two different depths (from 0 to 15 cm, S15; and from 15 to 30 cm, S30). 
All soil samples were air-dried, crushed, and sieved (θ < 2 mm) for homogenization purposes, and 
were stored in glass containers. 

The physicochemical properties of the soil before fertilizer application are summarized in Table 
A1. The soil was rich in carbonates (28.7%). The phosphorus content, extracted by the Olsen method, 
was also high (22.1 mg kg−1), given that the high content in carbonates promotes the formation of 
insoluble calcium phosphate. Exchange cations saturated 100% of the cation exchange capacity, as 
one would expect in a basic pH soil. 

2.3. Organic and Mineral Fertilizers 

Two types of fertilizers were used. The organic fertilizer (DPM), resulting from the treatment of 
liquid and solid waste from pig farms, was collected from a cogeneration plant located in 
Fompedraza. The physico-chemical properties of the DPM are presented in Table A2. 

The electrical conductivity (EC) had a high value (4.5 ± 2.2 mS·cm−1), indicating a high salt 
content in the waste material. The phosphorus content was also high (1.6 ± 0.7), so its application 
would, in most cases, meet the needs of the plants without adding a mineral supplement. 

As regards the heavy metal content, 176.6 mg Cu·kg−1 and 745.6 mg Zn·kg−1 levels of copper and 
zinc were registered, respectively. Considering average concentrations of Cu in pig manure of around 
600 mg·kg−1 [20] and 418 mg·kg−1 [21], the Cu content of the waste materials used in this study may 
be deemed to be low. Likewise, the Zn values of the waste materials used in this study may be 
deemed to be medium-low as compared to the 1514 mg·kg−1 and 625 mg·kg−1 reported by Shi et al. 
[22] and Lipoth et al. [21], respectively. 

Apropos of the mineral fertilizer with nitrification inhibitor, ENTEC® 24 + 8 + 7 was used 
(supplied by EuroChem Agro Iberia, Barcelona, Spain). This commercial product contains 24% N 
(10.5% NO3−-N and 13.5% NH4+-N), 8% P2O5, 7% K2O, 5% SO3 and 0.8% DMPP nitrification inhibitor.  

2.4. Experimental Design 

The field test was performed following a randomized complete block design. The plot was 
divided into four blocks and each block was subdivided into six subplots of 6 × 10 m (60 m2), one per 
assayed treatment, with a 2 m spacing between subplots. The treatments applied during the three-
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(September 2009–August 2012).

2.2. Soil Samples

Soil samples for analysis were collected before the field test and in the third year of the experiment,
at the end of the growing season (after harvesting). Three independent samples were taken from each
subplot, at two different depths (from 0 to 15 cm, S15; and from 15 to 30 cm, S30). All soil samples
were air-dried, crushed, and sieved (θ < 2 mm) for homogenization purposes, and were stored in
glass containers.

The physicochemical properties of the soil before fertilizer application are summarized in Table A1.
The soil was rich in carbonates (28.7%). The phosphorus content, extracted by the Olsen method, was
also high (22.1 mg kg−1), given that the high content in carbonates promotes the formation of insoluble
calcium phosphate. Exchange cations saturated 100% of the cation exchange capacity, as one would
expect in a basic pH soil.

2.3. Organic and Mineral Fertilizers

Two types of fertilizers were used. The organic fertilizer (DPM), resulting from the treatment of
liquid and solid waste from pig farms, was collected from a cogeneration plant located in Fompedraza.
The physico-chemical properties of the DPM are presented in Table A2.

The electrical conductivity (EC) had a high value (4.5 ± 2.2 mS·cm−1), indicating a high salt
content in the waste material. The phosphorus content was also high (1.6 ± 0.7), so its application
would, in most cases, meet the needs of the plants without adding a mineral supplement.

As regards the heavy metal content, 176.6 mg Cu·kg−1 and 745.6 mg Zn·kg−1 levels of copper
and zinc were registered, respectively. Considering average concentrations of Cu in pig manure of
around 600 mg·kg−1 [20] and 418 mg·kg−1 [21], the Cu content of the waste materials used in this
study may be deemed to be low. Likewise, the Zn values of the waste materials used in this study
may be deemed to be medium-low as compared to the 1514 mg·kg−1 and 625 mg·kg−1 reported by
Shi et al. [22] and Lipoth et al. [21], respectively.

Apropos of the mineral fertilizer with nitrification inhibitor, ENTEC® 24 + 8 + 7 was used (supplied
by EuroChem Agro Iberia, Barcelona, Spain). This commercial product contains 24% N (10.5% NO3

−-N
and 13.5% NH4

+-N), 8% P2O5, 7% K2O, 5% SO3 and 0.8% DMPP nitrification inhibitor.

2.4. Experimental Design

The field test was performed following a randomized complete block design. The plot was
divided into four blocks and each block was subdivided into six subplots of 6 × 10 m (60 m2), one per
assayed treatment, with a 2 m spacing between subplots. The treatments applied during the three-year
period (Table 1) were: control soil without fertilizer (T0); soil treated with mineral fertilizer at the usual
rate applied in the region (T1); soil treated with mineral fertilizer according to crop needs (T2); DPM
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at an application rate of 85 kg N·ha−1·year−1 (T3); DPM at 133 kg N·ha−1·year−1 (T4); and DPM at
170 kg N·ha−1·year−1 (T5).

Table 1. Fertilizer and KCl application rates, and nitrogen rates for the treatments.

Fertilizer Treatment
Fertilizer

Application Rate
(t·ha−1·year−1)

Nitrogen Rate
(kg N·ha−1·year−1)

KCl Application Rate
(t·ha−1·year−1)

Control T0

Mineral (ENTEC®)
T1 0.45 108
T2 0.38 90 0.08

Organic
(dried pig manure)

T3 9.5 85
T4 14.2 133
T5 19.0 170

In the subplots to which DPM treatment was applied, no additional mineral fertilizer was added,
given that the crop P and K needs were met solely with the organic waste. A potassium supplement
(60% KCl) had to be added to T2 treatment subplots to meet crop needs.

Since the plot under study was located in an area declared as a NVZ, the maximum application
rate of DPM was limited to 170 kg N·ha−1 [23], which was the rate chosen for the T5 treatment.

In this study, the mineralization of N from soil organic matter (SOM) was not considered for the
calculation of the fertilizer rate, reflecting the agricultural practices developed in the area of study.
Thus, the N needs of the crop would be solely met by fertilizers.

The crop under study was barley (Hordeum vulgare L.), which was planted as an annual crop.
Its nitrogen needs were estimated at 30 kg N·t−1, and crop production at 3000 kg·ha−1 for non-irrigated
land [24]. Crop seeding was conducted in early March and harvesting took place in July. The organic
fertilizers were applied one month before seeding, whereas the mineral fertilizers were applied one
week before seeding. A minimum tillage system was used.

2.5. Methodology for Soil, Dried Pig Manure and Grain Analyses

For homogenization purposes, the soil samples were air-dried, ground using a ball mill
(Retsch HM302; Biometa, Spain), and sieved at 2 mm mesh size.

The pH and EC determination was conducted for a suspension of the sample in water, at a
1:2.5 ratio for the soils and at a 1:10 ratio for the DPM. Texture was obtained by the pipette method [25].
Organic carbon was determined by the Walkley-Black procedure [26]. Available P was extracted
with NaHCO3 according to Olsen et al. [27]. Total C and N were determined on a CNH Leco-2000
(Leco Corp., St. Joseph, MI, USA) analyzer. For the measurement of CaCO3 content, the CO2

released upon HCl addition was determined with a calcimeter. Na, K, Ca and Mg were extracted
by ammonium acetate and determined using flame atomic absorption spectrometry with a Varian
AA240FS spectrometer (Agilent Technologies, Santa Clara, CA, USA). Fe, Cu, Mn, Cr, Ni, Zn, Pb and
Cd were determined by Zeeman atomic absorption spectrometry using a Varian AA240Z apparatus
with GTA 120 graphite tube atomizer. NH4

+-N concentration in soils was measured by colorimetric
analysis in a 2 M KCl extract [28]. Nitrate in soil extracts was determined by dual-wavelength
ultraviolet spectrophotometry [29] with a Shimadzu (Kyoto, Japan) UV-2450 ultraviolet-visible (UV-Vis)
spectrophotometer. Organic matter, total N, NO3

−-N and NH4
+-N levels were measured—after barley

harvesting—in samples taken at two depths (0–15 and 15–30 cm).
The barley yield was estimated considering the weight of the grains of 10 randomly picked spikes

in subplots of 0.5 m2 sampling area. Subplots were hand-harvested, and the grains were separated
from the straw once the whole plants had been dried in a stove.
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2.6. Nitrogen Agronomic Efficiency Parameter (NAE)

To assess the efficiency of nitrogen utilization by the crop for each experimental subplot, the
nitrogen agronomic efficiency (NAE) parameter based on the yield was chosen. The NAE (in kg kg−1)
can be defined as the amount of additional grain harvested per kilogram of nitrogen applied to a grain
crop (Equation (1)):

NAE = (YN − Y0)/AN (1)

where YN is the grain yield (in kg·ha−1) of the treated plots, Y0 is the grain yield (in kg·ha−1)
of the plot without N fertilization, and AN is the N fertilizer rate during barley growing season
(in kg N·ha−1) [17,30,31].

2.7. Statistical Analyses

Statistical analyses were conducted with a mixed model for the analysis of variance (MIXED
procedure in SAS). A separate analysis was carried out for the S15 (physicochemical properties, heavy
metals and organic matter, nitrogen, nitrate, ammonium) and S30 (organic matter, nitrogen, nitrate and
ammonium) soil data in the third year of the experiment. Data normality and variance homogeneity
were verified prior to the analysis. Tukey’s multiple range test at 0.05 probability level (p < 0.05) was
chosen for the post hoc comparison of means. SAS software v.9.2 (SAS Institute Inc., Cary, NC, USA)
was used for all the statistical analyses.

3. Results and Discussion

3.1. Grain Yield, N Content and NAE

The response of the barley crop to the application of fertilization during the three-year study
period is shown in Figure 2. The average barley grain yield in soils with fertilizer was higher than that
of the unfertilized control soil (T0). The mineral fertilizer treatments (T1 and T2) resulted in higher
yields than their organic counterparts (T3–T5), but no statistically significant differences were found.
Mean production values were used in order to average out the effect of the environmental variations.
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Figure 2. Average barley grain yield for each treatment throughout the three-year period. Treatments 
labelled with the same lowercase letters were not significantly different at p < 0.05 using Tukey’s test. 
Figure 2. Average barley grain yield for each treatment throughout the three-year period. Treatments
labelled with the same lowercase letters were not significantly different at p < 0.05 using Tukey’s test.

Average barley grain yields were 1150 kg·ha−1 for the unfertilized control (T0), varied between
1650 and 1800 kg·ha−1 for the DPM treatments (T3–T5) and reached 2450 kg·ha−1 for the mineral
fertilizer treatments (T1 and T2). In these latter cases, production was increased by 124% as compared
to the control, while organic fertilizers led to an increase ranging from 51% (for T5) to 65% (for T3).
This is in line with the findings of other studies [14,32], in which mineral fertilization also had a greater
impact on crop yield and N content.
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It is worth noting that the same average barley grain yield was obtained for T1 and T2 treatments.
Thus, the application of the mineral fertilizer according to the needs of the crop (as is the case for
T2, in agreement with López Bellido et al. [24]), would involve significant savings (18 kg N·ha−1) in
comparison to the traditional mineral fertilization approach used in this region (T1).

The application of DPM as a fertilizer did not result in yields comparable to those usually attained
with mineral fertilization (in 2010 and 2011), but differences were not statistically significant. Further,
the increase in its application rate did not lead to a positive response in terms of crop yield (see Figure 2
and Table 2). The highest crop yields were attained for the lowest rate (9.5 t·ha−1), suggesting that for
higher application rates the potential benefits of DPM as a fertilizer would be affected by its toxicity,
and by the decomposition rate, quantity of N immobilization and timing of nutrient release [33,34].

Table 2. Grain yield, grain N concentration and N content, and nitrogen agronomic efficiency (NAE) of
the barley crop over the three-year period.

Year Treatment Grain Yield
(kg·ha−1)

N Concentration
(%N)

N Content
(kg N·ha−1)

NAE
(kg grain·kg−1 N)

2010

T0 1414 ± 313 c 1.32 ± 0.08 b 18.7 ± 4.4 b
T1 3340 ± 595 a 1.79 ± 0.18 a 59.7 ± 17.1 a 18 ± 7 ab
T2 3215 ± 423 ab 1.73 ± 0.17 a 55.6 ± 13.4 a 20 ± 6 a
T3 2013 ± 225 bc 1.37 ± 0.05 b 27.6 ± 4.2 b 7 ± 2 ab
T4 1957 ± 345 bc 1.35 ± 0.05 b 26.4 ± 6.1 b 4 ± 2 b
T5 2043 ± 356 bc 1.29 ± 0.08 b 26.4 ± 4.7 b 4 ± 3 b

2011

T0 1227 ± 490 b 1.37 ± 0.08 b 16.8 ± 5.7 b
T1 2403 ± 544 a 1.87 ± 0.10 a 45.0 ± 11.1 a 11 ± 6 a
T2 2457 ± 535 a 1.98 ± 0.25 a 48.6 ± 12.0 a 14 ± 7 a
T3 1599 ± 388 ab 1.37 ± 0.05 b 21.8 ± 3.8 b 4 ± 3 a
T4 1538 ± 320 ab 1.52 ± 0.10 b 23.3 ± 5.4 b 2 ± 1 a
T5 1367 ± 371 ab 1.50 ± 0.12 b 20.4 ± 5.9 b 1 ± 0 a

2012

T0 637 ± 182 b 1.34 ± 0.08 b 8.50 ± 2.4 b
T1 1609 ± 442 a 1.88 ± 0.13 a 30.3 ± 14.8 a 9 ± 6 a
T2 1667 ± 469 a 2.03 ± 0.17 a 33.8 ± 13.6 a 11 ± 6 a
T3 1800 ± 403 a 1.39 ± 0.04 b 24.9 ± 6.8ab 14 ± 8 a
T4 1532 ± 282 a 1.54 ± 0.08 b 23.6 ± 4.6 ab 7 ± 3 a
T5 1545 ± 298 a 1.51 ± 0.08 b 23.3 ± 4.5 ab 5 ± 3 a

All values are average values ± standard deviation (n = 4). Values followed by the same letter within each column,
in each year, are not significantly different at p < 0.05.

Several authors have reported that the sole application of organic fertilizers cannot result in the
same performance levels as those attained with mineral fertilizers [14,32,35], and that nitrification
inhibitors improve ammonium supply in the soil, increasing crop performance [36]. Hence, the larger
increase in yield for the subplots treated with the mineral fertilizers than in those treated with DPM
may be related to higher N availability in the early stages of crop development, even before the strong
spring growth starts, due to the impact this has on the final crop production.

Regarding the N content in grain (Table 2), it can be observed that the maximum values were
associated with the mineral fertilizer (T1 and T2), in the 1.73% to 2.03% range, while the lowest
values were found for the control soil (T0) (1.32% and 1.37%). The values for the organic fertilizer
treatments ranged from 1.29% to 1.54%. Villar and Guillaumes [35] also observed higher N content
in wheat grain with mineral fertilization as compared to the application of pig slurry. Riley [37]
reported that the N content in grain increased with the mineral fertilizer application rate, from 1.68%
to 2.17%, for application rates ranging from 0 to 120 kg N·ha−1, respectively. These values are similar
to those obtained in this study for T1 and T2 treatments. It is also worth mentioning that all values
were below the maximum concentration limit (2.16% in barley) that would result in problems for the
malting process [38].

It should be noted that while the lowest rate of DPM (9.5 t·ha−1) led to higher production yields
than for the other two organic fertilization treatments, the N content in grain was lower. Higher crop
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yields entail higher N requirements and, if the availability of N in the form of nitrates is limited, it may
result in a lower N content in grain [38].

The NAE values (Table 2), in a similar fashion to the other analyzed parameters, were affected by
the type of fertilization, with values up to 18 and 20 kg grain·kg−1 N for mineral fertilization (T1 and
T2, respectively). As regards the treatments with organic fertilization, T3 obtained the highest values
(up to 14 kg grain·kg−1 N). In fact, in the last year of the experiment, the climatic conditions (with very
low precipitation) led to a higher NAE value for T3 than for the mineral fertilizers. Delogu et al. [30]
determined that barley and wheat have similar responses to nitrogen fertilization, so NAE data for
wheat can be used for comparison purposes (given that the data published on barley crops is scarcer).
The highest values reported in the literature would range from 20 to 30 kg wheat grain·kg−1 of applied
N, in optimum cultivation conditions [39,40]. Delogu et al. [30] obtained a value of 9 kg grain·kg−1 N,
while Duan et al. [31] found NAE values in the 9 to 29 kg grain·kg−1 N range, attaining the maximum
values with chemical NPK combinations with manure. Villar and Guillaumes [35] obtained values
between−4.0 and 5.9 kg grain·kg−1 N for pig slurry treatments without top-dress fertilizer, and values
ranging from 13.9 to 16.9 kg grain·kg−1 N when ENTEC® mineral fertilizer was used. In this study,
intervals similar to those reported by Villar and Guillaumes [35] were obtained, with NAE values
ranging from 1 to 14 kg grain·kg−1 N for the treatments with DPM (T3- T5) and between 11 and
20 kg grain·kg−1 N for the plots treated with ENTEC® (T1 and T2). Nonetheless, it should be noted
that these studies are not strictly comparable, as pig slurry features a lower C:N ratio and a higher
ammonium content than manure.

3.2. Physicochemical Properties of Soils

The pH, EC, assimilable P, K, Na, Ca and Mg values in soils were determined for the different
fertilization treatments over the three-year period. Average values with their corresponding standard
deviations are summarized in Table 3.

Table 3. Physicochemical properties of the soils after the application of the different treatments over a
three-year period.

Treatment pH EC (µS·cm−1)
Assim. P

(mg·kg−1)
K

(meq·100 g−1)
Na

(meq·100 g−1)
Ca

(meq·100 g−1)
Mg

(meq·100 g−1)

T0 7.90 ± 0.05 144.2 ± 3.5 b 22.6 ± 6.7 b 0.45 ± 0.07 b 0.04 ± 0.02 17.5 ± 2.0 0.85 ± 0.16 c
T1 7.91 ± 0.08 144.5 ± 10.7 b 22.2 ± 7.4 b 0.42 ± 0.04 b 0.08 ± 0.03 18.2 ± 2.1 0.85 ± 0.12 bc
T2 7.86 ± 0.05 162.7 ± 17.2 a 27.2 ± 10.3 b 0.56 ± 0.03 ab 0.07 ± 0.04 18.6 ± 2.1 0.93 ± 0.14 ab
T3 7.92 ± 0.09 165.2 ± 28.3 a 25.4 ± 3.2 b 0.54 ± 0.07 ab 0.11 ± 0.06 18.2 ± 1.4 0.97 ± 0.11 a
T4 7.85 ± 0.10 173.7 ± 30.3 a 28.8 ± 11.1 b 0.59 ± 0.12 a 0.14 ± 0.03 19.2 ± 2.5 1.13 ± 0.21 a
T5 7.91 ± 0.06 157.7 ± 5.7 a 34.7 ± 4.6 a 0.64 ± 0.09 a 0.18 ± 0.14 18.3 ± 2.4 1.10 ± 0.23 a

Values followed by the same letter within each column are not significantly different at p < 0.05. All values are
presented as average ± standard deviation across the four repetitions. EC stands for electrical conductivity, Assim.
P for assimilable phosphorus.

The pH value was not significantly modified upon the application of the different treatments,
probably because of the strong buffering capacity characteristic of calcareous soils [41].

EC values were significantly lower in the soils treated with T0 and T1 than in those treated with
T2, T3, T4 and T5. Several authors have reported a significant increase in the EC of the soil after the
application of manure [33,42]. In the case of T2 treatment, the fact that it was supplemented with a K
contribution should be taken into consideration.

Assimilable P values were also significantly different. The highest value was associated with
T5 treatment, which is reasonable, given that DPM contained significant amounts of P. The application
of organic fertilizers has been reported to have a positive correlation with the P and K content in the
topsoil, depending on the rates and chemical composition of organic amendments [43].

In relation to the Na, K, Ca and Mg cations, there were significant differences for K and Mg;
treatments with DPM were different from the control soil and similar to T2 mineral fertilization.
In general, it could be observed that their values were higher when more DPM was applied. The
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increase in the SOM content implies an increase in the cation-exchange capacity [44], which explains
why it improves the capacity of retention of the cation content in the soils treated with DPM. In addition,
the contents of K, Na, Mg and Ca were related to the increase of EC discussed above.

3.3. Metal Pollution

In general, the average values of heavy metal contents were slightly higher in the soils with
fertilization than in the control soil, although significant differences were only found for Zn. The
Fe, Cu, Mn, Zn, Ni, Cr and Pb average values, with their corresponding deviations, are presented
in Table 4.

Table 4. Heavy metals content in the soil depending on the fertilization treatment after the three-year
application period.

Treatment Fe (%) Cu
(mg·kg−1) Mn (mg·kg−1) Zn (mg·kg−1)

Ni
(mg·kg−1)

Cr
(mg·kg−1)

Pb
(mg·kg−1)

T0 1.16 ± 0.18 7.39 ± 0.57 247.7 ± 28.5 21.4 ± 3.4 b 28.1 ± 7.6 25.3 ± 5.8 22.7 ± 7.1
T1 1.25 ± 0.24 7.47 ± 1.14 267.5 ± 49.5 25.4 ± 5.1 ab 33.5 ± 6.8 28.3 ± 6.1 28.7 ± 3.9
T2 1.34 ± 0.25 7.81 ± 1.25 281.8 ± 54.6 28.8 ± 5.0 a 32.6 ± 8.8 30.4 ± 10.3 26.7 ± 7.2
T3 1.31 ± 0.22 9.18 ± 2.23 280.2 ± 45.9 26.6 ± 4.2 ab 30.4 ± 12.8 28.4 ± 11.3 22.7 ± 11.1
T4 1.07 ± 0.51 8.58 ± 0.60 282.6 ± 30.0 27.4 ± 3.9 ab 32.3 ± 11.1 31.0 ± 10.7 26.1 ± 10.0
T5 1.29 ± 0.25 7.89 ± 1.22 292.7 ± 41.9 26.9 ± 4.3 ab 31.2 ± 10.1 28.5 ± 9.0 23.8 ± 6.8

The values are average ± standard deviations (n = 4). Values followed by the same letter within each column are
not significantly different at p < 0.05.

The highest Zn content occurred for T2, which was the only treatment for which significant
differences from the control were found. Organic fertilization treatments with DPM, in spite of having
noticeable amounts of Zn, did not lead to significant differences in terms of Zn accumulation versus
mineral fertilization treatments or the control. According to Spanish Royal Decree 1310/1990, for soils
with pH > 7, the thresholds for Cu and Zn contents are 210 and 450 mg·kg−1, respectively. Hence,
upon the application of these amounts of fertilizers, reaching those levels would take several years.
Jensen et al. [2] applied other more stringent criteria, so the PNEC (predicted no effect concentrations,
in kg·kg−1 dry weight) according to European Food Safety Authority (EFSA)—for clay soils—would
be 121 mg·kg−1 for Zn and 67 mg·kg−1 for Cu. Nonetheless, these values also remain far from the
average content obtained in the soil under study.

3.4. Organic Matter, Nitrogen, Nitrates and Ammonium Contents in the Soil

The organic matter content (Figure 3a) and total N content (Figure 3b) at different soil depths
showed similar trends, with higher values in the surface layer than in the deepest layer [32] and in
soils treated with DPM than in those to which mineral fertilization was added (or than in the control
soil). Similar results have been reported in the literature [32,43,45].

In the surface soil layer (S15), SOM content was in the 1.42%–1.65% range, while at a greater
depth (S30) it was between 1.01% and 1.22%, mainly due to the minimum tillage system used, which
did not homogenize the soil profile. Significantly different values were obtained in terms of the SOM
content between the control soil and T5 organic fertilization treatment in S15, and as compared to
T4 and T5 treatments in S30.

Organic matter showed a positive response to the increase in the application rate of DPM from
9.5 to 19.0 t·ha−1, increasing by 3.5%, 8.5% and 14.4% for T3, T4 and T5, respectively, as compared
to the values obtained in control soil in S15. This was an expected result, since organic fertilizers
with high C:N (16 for the one studied herein) and low inorganic N content are known to be useful to
increase organic matter content. The application of organic wastes at similar rates to those used herein
has been reported to increase [32,43,45,46] or prevent the decrease of SOM content [47], as is the case
for T3. It should also be taken into consideration that the organic matter applied to calcareous soils is
more stable, which also contributes to its increase [43].
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Regarding the total N content (Figure 3b), no significant differences were found between
treatments. The N content in S15 was in the 0.09–0.11% range, higher than in S30 (0.07–0.08%).
In a similar fashion to the SOM, total N content was higher in the soils treated with DPM (T4 and T5)
in S15. This nitrogen would not be available to the plant, being mostly organic N, leading to the low
barley grain yields obtained in these subplots (Figure 2). The lowest total N content corresponded to
the subplots with organic fertilizer (T3), mineral fertilizer (T1 and T2) and the control (T0).Agronomy 2019, 9, x FOR PEER REVIEW 9 of 15 
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and (d) NH4
+-N content (mg·kg−1) at two different depths as a function of the different fertilization

treatments after the three-year application period. Values are expressed as average values across four
repetitions. S15 stands for 0 to 15 cm depth, S30 stands for 15 to 30 cm depth. Treatments followed by
the same letter are not significantly different (Tukey’s test, significance at 0.05 level).

The SOM and the total N in the agricultural soil increased for all the fertilization treatments as
compared to the control, obtaining the highest values when DPM was applied at rates higher than
14.2 t·ha−1·year−1 (133 kg N·ha−1·year−1). In the DPM treatments, the contribution of organic matter
would be exogenous, whereas in the mineral fertilization ones the increase in SOM would only be due
to crop residues such as roots [32,48], which would account for the slight increases (in SOM and total
nitrogen) in S30 for T1 and T2.

At this point, it should be clarified that, whereas there would be a clear relationship between
SOM and total N in the soil, such relationship would not be observed between SOM and mineral N
(nitrate and ammonium) [32]. Thus, there would be no relationship either between the mineral N and
the total N contents, in line with the results discussed below.

The NO3
−-N content in the soil (Figure 3c) did not significantly differ as a function of the type of

fertilization treatment, neither in the surface layer nor in the deepest one. The average values ranged
from 3.13 to 5.51 mg·kg−1 in S15 and from 2.53 to 6.59 mg·kg−1 in S30, and were always lower than
10 mg·kg−1. The low nitrate values can be deemed normal, given that the sampling was conducted
after the harvest, when the crop had already absorbed the maximum amounts of NO3

−-N.
Residual NO3

−-N contents were higher in the fertilized subplots (ranging from 20% to 77%)
than in the control subplot. The highest soil nitrate enrichment did not correspond to the highest N
application rates (T1 and T5 for mineral and organic fertilization, respectively), in contrast to other
studies in which the maximum leaching nitrate losses were generated when the highest amounts of N
were applied [49,50]. This will be discussed later on.
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The average amounts of NH4
+-N (Figure 3d) were significantly different for the surface layer in

the subplots to which T4 treatment was applied. Further, the ammonium content values were higher
in S15 (13.3–27.9 mg·kg−1) than in S30 (11.5–21.2 mg·kg−1) for all treatments, with a mean value
lower than 20 mg·kg−1 for all treatments except for T4. The mean ammonium content values were
higher in the soils to which treatments were applied than in the control. The increase in the content of
NH4

+–N in the subplots treated with DPM as compared to the control soil ranged from 19% to 109%,
whereas the two mineral fertilizer treatments increased the NH4

+-N content in the soil surface by
similar values (34% and 36%). Among the soils treated with DPM, the nitrate and ammonium values
for T4 (14.2 t·ha−1·year−1) were higher than for T3 (9.5 t·ha−1·year−1) and T5 (19 t·ha−1·year−1).

In contrast to the nitrate anion, which features a high leaching capacity and high mobility through
the soil profile [15,18], the ammonium cation has a greater capacity of retention in the soil [51], which
explains why its values were higher in the surface layer than in deeper layers.

The final content of nitrate and ammonium in soils was relatively low at the end of the crop
harvest [11]. The obtained values for NO3-N content in the soil were similar to the results obtained
by other authors upon application of pig slurry [35,50], sludge waste materials subjected to different
stabilization treatments [45], and mineral fertilization treatments with ENTEC® [35], with values generally
lower than 10 mg·kg−1 and no differences between mineral and organic treatments. Nitrate values below
20 mg·kg−1 would be classified as ‘low’, according to Zhu et al. [52]. The values for the NH4

+-N content
would, in turn, be expected to be lower than 10 mg·kg−1 and lower than the nitrate content [10,45,50,53].
However, the transformation process of ammonium into nitrate is strongly correlated with the pH [54–56]
and, in soils with pH ' 8.0—as is the case in this experiment—a strong reduction in the nitrification
process is known to occur [56]. This would explain why they are higher than the nitrate content, being
favored by ammonia volatilization, which would contribute to this decrease in inorganic N [57].

It is also noteworthy that the highest crop yield values (Figure 2) corresponded to those treatments
(T1, T2 and T3) with higher nitrate amounts in S30 than in S15. This is an indication that those
treatments would have been able to supply higher amounts of plant-available N (nitrates) than the
other two (T4 and T5), which—after not being absorbed by the crop—would have been leached to
deeper soil layers.

In relation to the mineral fertilization treatments (T1, with 108 kg N·ha−1, and T2, with 90 kg N·ha−1),
the amounts of ammonium in the agricultural soil increased as the mineral fertilizer application rate was
increased, whereas the nitrate content was higher in T2 than in T1. Soil texture is a relevant factor that
affects the efficiency of nitrification inhibitors, and the inhibition effect of DMPP varies depending both on
the type of soil and the material applied, increasing its efficiency with sand content. Fangueiro et al. [11]
determined that the nitrification inhibitory effect would last from 8 to 40 days, in such a way that its
effect would be most favored in sandy soils—as is the case for the soils under study—given that the
inhibitor is less likely to be retained in the soil. Nonetheless, this would have had a similar effect in both
cases, so there must be a process that favors the nitrification of ammonia to nitrate in T2 as compared to
T1. A reasonable explanation would be that the application of K (to meet crop needs in T2 treatment, and
which was not supplied in T1) would favor the availability of NH4

+-N [58] and, in turn, its nitrification.
The results in terms of production, nitrate and ammonium contents for the treatments with DPM

suggest that some sort of inhibition of the organic N mineralization would have taken place, which
would be directly proportional to the amount of organic waste material applied, and which would
disappear over time (as in T4 treatment). The mineralization of the organic N provided by DPM seems
to be higher for T3 treatment, while in T4 and T5 treatments it may be slower, resulting in insufficient
amounts of nutrients for the crop, and, consequently, in lower crop yields.

The crop can uptake the N supplied by the mineral fertilizers during the year in which they were
applied. Conversely, for the organic fertilizers at applications rates higher than 9.5 t·ha−1·year−1, part
of the mineralized N may be immobilized by the microorganisms after its incorporation to the soil.
It would be from the third year onwards when the mineralization processes would cause an increment
vs. the immobilization processes (i.e., the immobilized N would be released in subsequent years).
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4. Conclusions

The treatments assayed are appropriate for NVZs: they did not result in a significant increase
in the residual nitrate amounts (concentrations remained below 10 mg·kg−1). Further, they did not
generate pollution problems in terms of increase in salinity (cations in soil) or toxic effects (heavy
metals), despite the Cu and Zn content in DPM. Crop yield and NAE were lower for DPM than
for mineral fertilization, with ENTEC® attaining the best results for an application rate of 85 kg
N·ha−1·year−1. This can be ascribed to an immobilization process of the mineralized nitrogen up to
the third year of the experiment for DPM application rates above 14.2 t·ha−1·year−1, which resulted in
a reduction of the nutrients available to the barley crop.

Taking into consideration the restrictions on the maximum application rates for organic fertilizers
in NVZs (170 kg N·ha−1, according to Spanish Royal Decree 261/1996), the integrated use of small
amounts of mineral N-rich inorganic fertilizers with the organic waste material would be necessary to
balance the manure nutrient composition and to meet crop needs.
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Appendix A

Table A1. Physicochemical soil properties before the application of fertilizers.

Parameter * Soil

Location Fompedraza (41◦32′10′′ N 4◦8′45′′ W)
Sand (%) 46.0 ± 2.2
Silt (%) 25.6 ± 1.4

Clay (%) 28.4 ± 3.6
Texture (USDA) Sandy Clay Loam

pH 7.9 ± 0.1
EC (µS·cm−1) 145 ± 24

Organic matter (%) 1.42 ± 0.05
Total carbon (%) 4.07 ± 0.45

Total nitrogen (%) 0.10 ± 0.01
Phosphorus (mg·kg−1) 22.1 ± 1.3

CaCO3 (%) 28.7 ± 1.4
K (meq·100 g−1) 0.30 ± 0.04

Na (meq·100 g−1) 0.05 ± 0.02
Ca (meq·100 g−1) 17.7 ± 2.1
Mg (meq·100 g−1) 0.85 ± 0.01

Fe (%) 1.27 ± 0.05
Mn (mg·kg−1) 252 ± 21
Zn (mg·kg−1) 21.1 ± 3.3
Cu (mg·kg−1) 7.55 ± 0.6
Cr (mg·kg−1) 26.1 ± 1.7
Ni (mg·kg−1) 27.6 ± 7.2
Pb (mg·kg−1) 22.2 ± 5.8
Cd (µg·kg−1) 6.86 ± 4.3

* Variables expressed in air-dried soil. The values correspond to average values ± standard deviation (n = 3).
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Table A2. Physicochemical properties of the dried pig manure.

Parameter * Dried Pig Manure

Dry matter (%) 29.9 ± 4.4
pH 7.8 ± 0.6

EC (mS·cm−1) 4.5 ± 2.2
Organic matter (%) 52.4 ± 15.3

Total carbon (%) 39.0 ± 3.3
Total nitrogen (%) 2.5 ± 0.1

C:N ratio 16.0 ± 2.1
P (%) 1.6 ± 0.7
K (%) 1.4 ± 0.2

Na (%) 0.6 ± 0.2
Ca (%) 1.7 ± 1.6
Mg (%) 1.9 ± 1.5

Fe (mg·kg−1) 226 ± 39
Mn (mg·kg−1) 493 ± 125
Cu (mg·kg−1) 176 ± 40
Zn (mg·kg−1) 745 ± 301
Ni (mg·kg−1) 12.0 ± 3.2
Cr (mg·kg−1) 16.8 ± 3.2
Pb (mg·kg−1) 11.9 ± 4.8
Cd (mg·kg−1) 0.08 ± 0.03

N-NH4 (%) 0.13 ± 0.02

* Variables expressed in air-dried biowaste. The values correspond to average values ± standard deviation over the
three-year period, with 3 repetitions per year.
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