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Abstract
Intensive pig farming produces large amounts of slurry, which is applied to agricultural soils as fertilizer. A 7-year field study 
was performed to check the effect of pig slurry on soil properties and on the accumulation of some essential nutrients and 
heavy metals in a calcareous silty-loam soil (0–0.3 m) and in barley (Hordeum vulgare L.) plants in two cropping seasons 
with contrasting amounts of rainfall. Five fertilization treatments, control (no N applied), mineral fertilizer (90 kg N  ha−1), 
and different N doses of pig slurry (146, 281, 534 kg N  ha−1), were applied at sowing of a barley crop. Organic carbon, 
available P and K, and total P in soil increased with slurry dose. No differences were found in Co, Cr, Fe, Mn, Ni, and Pb 
soil concentrations. Slurries increased Cu, Mn, and Zn extractions and plant concentrations of P in straw and Zn in grain. 
However, the lowest slurry rate was able to maintain the highest grain yields while improving fertility. The results of this 
research study support the sustainability of pig slurry fertilization at appropriate rates in relation to soil chemical quality.
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Introduction

Pig farming plays an important role in the socio-economic 
activity of European rural areas, and Spain, with 33 million 
pigs, is the leading European country in terms of number 
of animals (Eurostat 2021). Application of pig slurry (PS) 
to field crops at an agronomic rate is considered a suitable 
agricultural practice to increase soil quality (Bosch-Serra 

et  al. 2017). If good agricultural practices are applied, 
environmental impacts such as ammonia volatilization 
(Bosch-Serra et al. 2014a, b) or greenhouse gas emissions 
(Shakoor et al. 2021) can be minimized. Pig slurry is also an 
important source of macronutrients (e.g. N, P, K, Ca, Mg) and 
micronutrients (e.g. Mn, B, Fe, Ni), especially copper (Cu) 
and zinc (Zn) (Grohskopf et al. 2016). Pig slurry also contains 
small amounts of other trace elements that are not nutrients 
for plants (e.g. Co, Cr, Pb) (Serrano-Barrientos 2001). Copper 
and Zn are used in feedstuffs to improve animal performance, 
and eventually for preventing bacterial infections (Suresh 
et al. 2009; Grohskopf et al. 2016). Digestion and absorption 
by pigs of these trace elements are limited, and this is why 
they are transferred to pig slurry (López-Alonso et al. 2012; 
Kowalski et al. 2013; Montibeller et al. 2017). As a result, 
regular applications of pig slurry to the soil can raise nutrients 
and heavy metal levels in both top (0–0.2 m) (Tiecher et al. 
2013) and deeper (0.2–0.4 m) soil layers (Veiga et al. 2012). 
Furthermore, their uptake by plants may also increase 
(Jakubus et al. 2013; Provolo et al. 2018).

The bioavailability and solubility of micronutrients and 
other trace elements in the soil profile behave differently 
when pig slurry is used instead of synthetic fertilizers, 
because of the complexation of those elements with organic 
matter (Grohskopf et al. 2016). Mineral fertilization, mainly 
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with P fertilizers, is also a source of additional heavy metals, 
such as cadmium, according to the fertilizer origin (Mort-
vedt, 2005). Some of this heavy metals are micronutrients 
(e.g. Ni, Zn) and others not (e.g. Cr, Pb). In this article, the 
‘heavy metal’ (HM) term will be used from selected ele-
ments from the heavy metal group that are not nutrients.

Previous research on the effects of pig slurry application 
on soil HM (Provolo et al., 2018) or on other aspects, such 
as N efficiency (Bosch-Serra et al. 2015) and N uptake and 
losses (Ovejero et al. 2016), has been conducted over a rela-
tively low number of cropping seasons. However, research 
has studied acid or neutral soils (Veiga et al. 2012; Tiecher 
et al. 2013; Oliveira et al. 2014; Qaswar et al. 2020), irri-
gated systems (Martínez et al. 2017), or it has developed 
under greenhouse conditions (Montaghian and Hosseinpur 
2015; Provolo et al. 2018). Information about impacts on 
calcareous soils under field conditions in semiarid rainfed 
areas is scarce.

Therefore, we hypothesized that fertilization with pig 
slurry at agronomic rates based on nitrogen (N) criteria sus-
tains soil quality and avoids accumulation of other nutrients 
and HM. The objective of this research work was to assess, 
in a semiarid system on calcareous soil, the mid-term effect 
of pig slurry fertilization (when compared with mineral fer-
tilization) on the folllowing: (1) soil properties (pH, salinity, 
organic carbon) including soil nutrients (N, P, K, Cu, Zn, 
Mn, Fe, Ni), and HM concentrations (Co, Cr, Pb); (2) grain 
and straw biomass of barley (Hordeum vulgare L.) in two 
harvests after 4 and 7 years of pig slurry use; and (3) the 
concentration of nutrients (N, P, K, Cu, Zn, Mn, Ca, Mg) in 
barley (in both harvests) after cropping seasons with con-
trasting rainfall amounts.

Materials and methods

Experimental site and study design

A mid-term field experiment (2000–2007) was conducted in 
Oliola, Lleida, northeastern of Spain. The specific location is 
41°52′30″ N, 1°09′1″ E, with an altitude of 440 m a.s.l. The 
site is located in a slightly sloping (< 2%) valley. No slurry 
fertilization was applied before the establishment of the 
experiment. The 2004 sampling was chosen as a midpoint of 
the experimental period to allow sufficient time since its start 
for potential studied effects, and to conduct the sampling and 
analysis of the various variables considered.

Five different treatments with three replications were used 
during the whole experiment according to a randomized 
complete block design. The five treatments included a con-
trol (C000) without N fertilization, a treatment with mineral 
(ammonium nitrate) N fertilizer (M090) applied annually at 
90 kg N  ha−1, and three treatments with pig slurry applied 

annually at 20  m3  ha−1 (~ 146 kg N  ha−1) (S146), 40  m3  ha−1 
(~ 281 kg N  ha−1) (S281) or at 80  m3  ha−1 (~ 534 kg N  ha−1) 
(S534). These amounts cover the range commonly applied 
by farmers and S146 is the recommended rate. Pig slurry 
was spread using a conventional splash-plate system before 
sowing and was incorporated into the soil by disc-harrow-
ing within 24 h of spreading. From 2000 to 2004, annual 
doses of pig slurry were complemented with 60 kg N  ha−1 
as ammonium nitrate at cereal tillering stage because the 
experimental field had a very low concentration of organic 
matter and it had not received any organic fertilizer before 
the start of the experiment, and therefore, there was no resid-
ual N (from organic fertilizers) in the soil profile. Slurries 
and mineral were always applied in October except in the 
M090 treatment where 30 kg N  ha−1 were applied in Octo-
ber and the rest (60 kg N  ha−1) at cereal tillering stage in 
February. Phosphorus (P) and potassium (K) were applied 
annually at sowing in C000 and M090 treatments at 42 kg 
P  ha−1 and 89 kg K  ha−1 in order to avoid shortage of these 
macronutrients. Therefore, the average amounts of P applied 
for the S146, S281, and S534 treatments were 26.3 kg  ha−1, 
50.6 kg  ha−1, and 96.1 kg  ha−1, respectively. Similarly, the 
average amounts of K were 122.6 kg  ha−1, 236.0 kg  ha−1, 
and 448.6 kg  ha−1 for S146, S281, and S534 treatments, 
respectively. Experimental plots were 12 m long and 7 m 
wide for C000 and M090 while the rest of the plots were 
20 m long and 12 m wide.

Winter cereals were cropped under rainfed conditions 
following a rotation of 2 years of barley and 1 year of 
wheat (Triticum aestivum L.). Wheat was established in the 
2002/2003 and 2005/2006 cropping seasons. The winter 
cereal was sown in early November, and it was harvested 
at the end of June. Cereal straw was annually removed from 
the field and the stubble was buried by tillage before sowing.

Climate in the area is characterized as semiarid Mediter-
ranean, with an average annual rainfall lower than 450 mm 
and an average reference crop evapotranspiration  (ETo) of 
1013 mm (Penman–Monteith equation; Allen et al. 1998). 
Daily average air temperature, daily  ETo, and precipitation 
data were collected from an automatic weather station next 
to the experimental field. From 2001 to 2007 annual rain-
fall ranged from 284 mm (2001) to 593 mm (2003). During 
the cropping seasons (from October to June) of 2003–2004 
and 2006–2007, the accumulated rainfall was 487 mm and 
343 mm, respectively. Within years, the maximum monthly 
rainfall occurred in April, October, or November.

Sampling and analysis

Soil analysis

The soil is a well-drained Typic Xerofluvent (Soil Survey 
Staff 2014) with over 1 m of rooting depth. Soil samples 
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were collected from 0 to 0.3 m of depth using a soil auger 
in October 2000 (before any fertilization treatment) and in 
June 2004 and 2007. Three samples were taken at random 
in each plot to make a composite sample. Bulk density was 
measured with the ring method and its average value was 
1650 kg   m−3 in the top layer (0–0.3 m). The content of 
 CaCO3 in this layer was 300 g  kg−1, and the texture was 
silty loam (USDA), with 609 g  kg−1 of silt and 260 g  kg−1 
clay. The soil physicochemical properties were determined 
as follows (Porta et al. 1986): texture by pipette method; 
pH in aqueous solution using a 1:2.5 (soil:water) ratio and 
salinity (electrical conductivity, EC) by conductimetry 
(1:5); total N by Kjeldahl digestion and distillation method 
(McGill and Figueiredo 1993); oxidizable organic carbon 
by the Walkley and Black (1934) method; available P con-
tent by the Olsen method (sodium bicarbonate-extractable 
P at pH 8.5; Pansu and Gautheyrou 2003a); cation exchange 
capacity and exchangeable K which were evaluated by 
extraction with ammonium acetate 1 N (pH = 7) follow-
ing Hendershot et al (2008); and further determination by 
atomic absorption spectrophotometry. A Bernard calcimeter 
(Pansu and Gautheyrou 2003b) was used for the measure-
ment of calcium carbonate  (CaCO3). The analysis of total 
content of micronutrients (Fe, Cu, Mn, Ni, Zn) and the rest 
of the selected HM (Co, Cr, Pb) was based on the method-
ology described in EPA 3051 (U.S. EPA 2007) (extraction 
with 6 mL of 67–69% TraceMetal™  HNO3, 2 mL 34–37% 
TraceMetal™ HCl and 2 mL of Milli-Q water) after micro-
wave digestion. In digested samples, concentrations were 
determined by inductively coupled mass spectrometry 

(ICP-MS) in a × 7700 analyzer (Agilent Technologies, Santa 
Clara, CA, USA), following the UNE-EN 17,053 standard 
(AENOR 2018). In soil, the micronutrients Cu, Zn, Mn, and 
Fe were analyzed as they were supplied by slurries (Table 1) 
and Ni, Co, Cr, and Pb as they were present (traces) in min-
eral fertilizers, mainly from phosphates (Mortvedt 2005). 
As C000 received the same amount of P and K fertilizers 
than M090, micronutrients and the rest of selected heavy 
metals (not being nutrients) in soil were only analyzed in 
the C000 treatment.

Pig slurry collection and analysis

Pig slurry was always collected from a nearby fattening pig 
farm and slurry samples were collected at application time, 
just before annual sowing. Slurries were analyzed for dry 
matter after drying at 105 °C, pH and electrical conductiv-
ity (EC) in a 1:5 dilution in water, organic matter as loss of 
weight after calcination at 540 °C, total and ammonia N by 
the Kjeldahl method, and P, K, Ca, Mg, Na, Fe, Mn, Cu, and 
Zn by ICP-MS spectrometry following the EPA 3051 pro-
cedure (U.S. EPA 2007) (Table 1). The amounts applied of 
all these elements and sodium (Na) were calculated for the 
periods leading to the two harvests analyzed, from October 
2000 to October 2003 and from October 2004 to October 
2006 (Table 2). In the last cropping season, the amount of 
N applied with slurries (October 2006) was 99, 211, and 
402 kg N  ha−1 for treatments S146, S281, and S534, respec-
tively, because of the variability in slurry composition.

Table 1  Average chemical 
properties (± standard 
deviation)a of pig slurry used 
during the two periods within 
the whole experimental period

a It represents the average and standard deviation of the applied pig slurry for each period. Values refer to 
dry weight

Parameter (units) First period (n = 4)
(Oct 2000–Oct 2003)

Second period (n = 3)
(Oct 2004–Oct 2006)

pH 7.8 ± 0.1 8.6 ± 0.1
EC (dS  cm−1) 35.7 ± 3.0 25.8 ± 24.3
Dry matter (g  kg−1 fresh weight) 74 ± 36 102 ± 9
Organic matter (g  kg−1) 644 ± 71 736 ± 31
Nitrogen (g  kg−1) 100 ± 36 91 ± 3
Organic N (g  kg−1) 28 ± 4 27 ± 1
Ammonia N (g  kg−1) 72 ± 31 64 ± 1
P (g  kg−1) 20 ± 0 14 ± 0
K (g  kg−1) 83 ± 40 77 ± 16
Ca (g  kg−1) 26 ± 6 34 ± 17
Mg (g  kg−1) 9 ± 3 10 ± 0
Na (g  kg−1) 19 ± 7 14 ± 1
Fe (mg  kg− 1) 3871.7 ± 161.4 2958.3 ± 271.0
Mn (mg  kg−1) 492.0 ± 127.0 624.4 ± 150.2
Cu (mg  kg−1) 751.6 ± 183.4 361.5 ± 133.6
Zn (mg  kg−1) 1661.1 ± 678.0 1330.7 ± 265.9
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Table 2  Organic carbon, 
nutrients, and Na applied in 
the different  treatmentsa and 
in two  periodsb: from October 
2000 to October 2003 (period 1, 
four fertilizer applications) and 
from October 2004 to October 
2006 (period 2, three fertilizer 
applications)

a The letter in the acronym indicates the fertilizer origin: mineral fertilizer (M), pig slurry (S), and the con-
trol (C). The numbers indicate the average of N rate applied annually as slurry or only mineral (kg  ha−1)
b Slurries and mineral were always applied in October except in the M090 treatment where 30 kg N  ha−1 
were applied in October and the rest (60 kg N  ha−1) at cereal tillering stage in February
c In the first period of time, slurry treatments received at cereal tillering a complementary amount of 
60 kg N  ha−1 as ammonium nitrate, which means a complementary addition of 240 kg N  ha−1 in period 1 
which is not included in the figures of the table

Treatment C000 M090 S146 S281 S534

Accumulated organic carbon applied (kg ha−1)
Period 1 — — 2469.5 4318.5 8285.4
Period 2 — — 1544.6 3174.1 6285.0
Total — — 4014.1 7492.6 14,570.4
Accumulated N applied (kg ha−1)
Period  1c 0 360 513.9 1016.2 1913.2
Period 2 0 270 284.2 625.8 1215.0
Total 0 630 798.1 1642.0 3128.2
Accumulated P applied (kg ha−1)
Period 1 169 169 116.9 231.0 433.0
Period 2 126 126 44.3 98.1 200.0
Total 295 295 161.2 329.1 633.0
Accumulated K applied (kg ha−1)
Period 1 357 357 388.5 855.7 1515.3
Period 2 268 268 234.7 518.5 1107.8
Total 625 625 623.2 1374.2 2623.1
Accumulated Ca applied (kg ha−1)
Period 1 — — 172.7 305.9 605.1
Period 2 — — 107.3 240.0 503.2
Total — — 280.0 545.9 1108.3
Accumulated Mg applied (kg ha−1)
Period 1 — — 64.1 116.8 232.8
Period 2 — — 32.0 70.9 144.0
Total — — 96.1 187.7 376.8
Accumulated Na applied (kg ha−1)
Period 1 — — 99.1 213.5 372.3
Period 2 — — 43.5 93.2 195.8
Total — — 142.6 306.7 568.1
Accumulated Fe applied (kg ha−1)
Period 1 — — 25.5 51.1 98.6
Period 2 — — 8.9 19.9 40.1
Total — — 34.4 71.0 138.7
Accumulated Mn applied (kg ha−1)
Period 1 — — 3.1 5.7 11.3
Period 2 — — 1.9 6.9 8.8
Total — — 5.0 12.6 20.1
Accumulated Cu applied (kg ha−1)
Period 1 — — 4.6 9.6 17.7
Period 2 — — 1.0 2.3 4.7
Total — — 5.6 11.9 22.4
Accumulated Zn applied (kg ha−1)
Period 1 — — 10.8 22.4 41.3
Period 2 — — 3.9 8.7 18.0
Total — — 14.7 31.1 59.3
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Plant analysis

Barley plant samples were taken at the 2004 and 2007 har-
vests. Straw and grain samples were analyzed for N accord-
ing to the Kjeldahl method. Other samples (0.25 g) were 
digested according to EPA 3052 methodology (U.S. EPA 
1996), with a mixture of 4 mL 67–69% TraceMetal™  HNO3, 
2 mL of  H2O2 at 30% and 4 mL of Milli-Q water. Concentra-
tions of other nutrients were quantified following the previ-
ously described ICP-MS method. Plant uptake was estimated 
by multiplying straw and grain biomass by their element or 
nutrient concentration. In plants, macronutrients (N, P, K, 
Ca, and Mg) and the micronutrients Cu, Zn, and Mn were 
analyzed.

Statistical analysis

The data was statistically analyzed by using the statistical 
package SAS (v 9.4) (SAS Institute 2014). Analysis was 
performed by the maximum likelihood method to analyze 
the effects of treatments and sampling year on soil chemi-
cal variables and on element concentrations and contents 
in the different fractions (grain and straw) of aerial crop 
biomass. The SAS System’s MIXED procedure (Littell 
et al 1996) was used for all performed analyses. Basic sta-
tistical assumptions were checked. Treatments and years 
were considered as fixed effects and replications as ran-
dom effect. We selected a value of 5% (i.e., p < 0.05) as 
the minimum criterion for significance. The standard error 
of differences (SED) and the least significant difference 
(LSD) were calculated according to Webster (2007) and 
Webster and Lark (2018).

Results

Grain and straw yields

In 2004, the control had lower grain yield (2312 kg  ha−1) 
than the rest of the treatments (average of 3724 kg  ha−1), 
but no significant differences appeared in straw biomass 
(Fig. 1a). In 2007 (Fig. 1b), the grain yield of the S146 treat-
ment (3125 kg  ha−1) was higher than that of the S534 treat-
ment (2474 kg  ha−1) although S534 produced the highest 
straw biomass (4982 kg  ha−1). The control treatment also 
yielded lower grain and straw biomass than S146 in this 
year.

Pig slurry effects on soil properties and fertility

In the experimental period of 7  years, no significant 
changes appeared in soil pH or cation-exchange capacity 
(CEC) (Table 3), with mean values of 8.2 and 8.4  cmol+ 
 kg−1, respectively. All treatments tended to increase soil 
EC 1:5 with time (from 0.2 up to 0.3 dS  m−1 at 25 °C). 
Soil organic carbon (SOC) concentration only increased 
significantly (by an average of 20%) when the control was 
compared with the two highest slurry rates of S281 and 
S534 (Table 3). With the exception of the control, total soil 
N (Kjeldahl N) also increased with time in all treatments. 
In 2007, it also increased with N rate but only the S281 
and S534 treatments (with an increase of 16% and 33%, 
respectively) were significantly different from the control 
(Table 3). The similar SOC and total N changes led to 
a constant C:N ratio average, around 9.1–9.2. Available 
Olsen P significantly increased, from an initial average of 

Fig. 1  Average grain yield, straw, and total biomass according to pig 
slurry treatments maintained for a 2004 and b 2007 cropping seasons. 
Vertical bars indicate ± one standard deviation of the mean (n = 3). 

Significant differences between means are showed by different letters 
and according to LSD test; lowercase letters were used for grain (a, 
b) and straw (x, y, z) biomass and uppercase letters for total biomass
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Table 3  Valuesa of 
physicochemical properties 
of soil and its macronutrient 
concentrations when the 
experiment was established 
(year 2000) and after 7 years 
(2007) according to annual 
pig slurry treatments applied 
during this period (2000–2007). 
Marginal means for years 
(MMyear) and treatments 
(MMtreat) are also included

Parameter Treatment 2000 2007 MMtreatments

pH C000 8.3 8.1 8.2 ± 0.05
M090 8.2 8.2 8.2 ± 0.05
S146 8.1 8.2 8.2 ± 0.05
S281 8.3 8.2 8.3 ± 0.05
S534 8.3 8.2 8.2 ± 0.05
MMyear 8.2 ± 0.03 8.2 ± 0.03

Soil EC 1:5 (dS  m−1, 25 °C) C000 0.2 0.3 0.2 ± 0.02
M090 0.2 0.3 0.2 ± 0.02
S146 0.2 0.3 0.2 ± 0.02
S281 0.2 0.2 0.2 ± 0.02
S534 0.2 0.3 0.2 ± 0.02
MMyear 0.2 ± 0.01 Y 0.3 ± 0.01 X

Soil CEC  (cmol+  kg−1) C000 7.8 7.9 7.9 ± 0.68
M090 - - -
S146 7.7 8.8 8.2 ± 0.68
S281 9.1 9.1 9.1 ± 0.68
S534 8.5 7.7 8.1 ± 0.68
MMyear 8.3 ± 0.54 8.4 ± 0.54

Soil OC (g  kg−1) C000 10.0 11.0 10.5 ± 0.49 B
M090 10.0 12.0 11.0 ± 0.49 AB
S146 10.0 12.0 11.0 ± 0.49 AB
S281 11.0 13.0 12.0 ± 0.49 A
S534 10.0 14.0 12.0 ± 0.49 A
MMyear 10.1 ± 0.38 Y 11.6 ± 0.38 X

N (Kjeldahl method) (g  kg−1) C000 1.1 a x 1.2 c x 1.1 ± 0.05
M090 1.1 a y 1.3 bc x 1.2 ± 0.05
S146 1.1 a y 1.3 bc x 1.2 ± 0.05
S281 1.1 a y 1.4 ab x 1.2 ± 0.05
S534 1.0 a y 1.6 a x 1.3 ± 0.05
MMyear 1.0 ± 0.04 1.3 ± 0.04

C:N ratio C000 9.4 9.1 9.3 ± 0.36
M090 9.5 9.3 9.4 ± 0.36
S146 8.9 9.0 9.0 ± 0.36
S281 9.3 9.2 9.3 ± 0.36
S534 9.8 8.8 9.3 ± 0.36
MMyear 9.2 ± 0.27 9.1 ± 0.27

Available P (Olsen) (mg  kg−1) C000 11.0 a 35.67 ab 23.33 ± 1.94
M090 10.3 a 17.67 c 14.00 ± 1.94
S146 9.7 a 14.7 c 12.2 ± 1.9
S281 11.3 a 26.0 bc 18.7 ± 1.94
S534 11.3 a 41.0 a 26.2 ± 1.94
MMyear 10.7 ± 1.23 Y 27.0 ± 1.23 X

Available K (mg  kg−1) C000 81.0 a 205.0 b 143.0 ± 12.45
M090 102.3 a 178.0 bc 140.2 ± 12.45
S146 94.7 a 154.7 c 124.7 ± 12.45
S281 104.3 a 205.7 b 155.0 ± 12.45
S534 98.3 a 302.0 a 200.2 ± 12.45
MMyear 96.1 ± 8.43 Y 209.1 ± 8.43 X
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10.7 mg  kg−1 in 2000, at a rate of 3.1 mg P kg −1 soil for 
every 100 kg P  ha−1 in S146, and at rate 4.6 mg P kg −1 
soil for higher doses (Tables 2 and 3). Thus, a maximum 
concentration of 41.0 mg  kg−1 was recorded for the S534 
treatment. The highest rates of slurry also produced sig-
nificant increases in soil total P compared to S146. The 
relation between available P increase and total P increase 
was 12%, 10%, and 17% for S146, S281, and S534, respec-
tively. For the control, this relation was 10%. Available K 
increased significantly from an average of 96.1 mg K  kg−1 
in 2000 to 209.1 mg K  kg−1 in 2007, with a highest value of 
302 mg K  kg−1 in the S534 treatment (Table 3). For micro-
nutrients and HM, no interactions were found. Differences 
between years were also detected in total Cu and Zn soil 
concentrations (Table 4). No differences in total Mn, Fe, 
Ni, Co, and Cr soil concentrations were detected (Table 4) 
with time or between treatments.

Pig slurry effects on element concentrations 
and uptake in plants

The highest concentrations of N and P in grain were reached 
with the highest slurry dose (Table 5), while the rest of the 
slurry treatments gave results similar to those of the mineral 
treatment. From 2004 to 2007, grain concentrations of N, 
Mg, Cu, and Mn increased and the opposite was observed for 
P and K (Table 5). Only treatments S281 and S534 resulted 
in an increase between years in Zn grain concentration; in 
2007, both treatments also showed higher Zn concentrations 
than the control.

In barley straw (Table 6), N concentration increased with 
time in all treatments with the sole exception of the control. 
The control always showed lower N concentration than S281 
and S534. The highest slurry dose also attained the high-
est P straw concentration while S281 led to the lowest Ca 
concentration. The Ca, Zn, and Cu concentrations increased 
with time. No differences were observed for K, Mg, and Mn 
concentrations.

Differences in element concentration and plant biomass 
led to significant differences in Cu and Mn plant uptake 
between treatments in both harvests and to differences in 
Zn uptake in the 2007 harvest (Fig. 2). No significant differ-
ences in uptake were obtained for the other elements.

Discussion

Soil properties

In this experiment, the high soil  CaCO3 content (300 g  kg−1) 
prevented any acidification of the soil even at the higher 
rates of pig slurry applications. Changes in EC 1:5 were also 
non-significant between treatments (Table 3) and changes 
between sampling periods were likely due to a dry period 
prior to sampling in 2007.

Soil organic carbon concentration at the beginning of the 
experiment was close to 10 g  kg−1, which is considered the 
lower limit for sustainability (Jones et al. 2004), but all the 
fertilization treatments increased SOC with time (Table 3) 
despite the removal of straw. However, differences were only 
significant between the highest doses of pig slurry and the 
control, probably because of the low organic matter concen-
tration of the slurry applied (Table 1). Nevertheless, it has 
been found that fresh organic matter from pig slurry helps 
to improve physical conditions (Oliveira et al. 2014) as well 
microbial activity (Valdez et al. 2020) which may justify 
the higher total plant biomass in S534 than in M090 in 2007 
(Fig. 1b), despite the excessive amount of N applied.

The N remaining in the soil profile at the end of the crop-
ping season may benefit subsequent crops, which is known 
as the residual effect (Albuquerque et al. 2017), but losses 
to soil and air should remain under certain acceptable lim-
its. In the last harvest of 2007, the ratio between N yield of 
M090 vs. the one of the S146 treatment (Fig. 1b, Table 5) 
was 1.1 but the lower ratio of other treatments close to 0.4 
led to the rest of slurry treatments not being considered to 

a Means followed by a different letter are significantly different according to the least significant difference, 
all for P = 0.05. Capital letters X and Y are used for differences between years and the capital letters A and 
B are used for differences between treatments. When an interaction was found, lower case letters x and y 
are used to differentiate between years (for each treatment), and lower case letters a, b, and c are used to 
differentiate between treatments (for each year)

Table 3  (continued) Parameter Treatment 2000 2007 MMtreatments

Total P (mg  kg−1) C000 480.7 719.7 600.2 ± 32.23 AB

M090 - - -

S146 566.3 607.3 586.8 ± 32.23 B

S281 621.0 770.3 695.7 ± 32.23 A

S534 607.3 779.7 693.5 ± 32.23 A

MMyear 568.8 ± 22.79 Y 719.3 ± 22.79 X
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give sustainable fertilization approaches. Also, the ratio of 
N output/ N input (in this case at plot level) and according 
to the EU Nitrogent Expert Panel (2015) should achieve a 
minimum of 0.5 to be considered sustainable. Again, only 
treatment S146 may be considered sustainable under this 
criterion, because it reaches a value of 0.8 in 2007 vs. the 
value of 0.4 for S281 and S534 (Fig. 1b, Tables 5 and 6).

It has also been reported that pig slurry may increase 
soil productivity, above and over its nutrient contents, 
when large inputs are applied to soil over several years 
(Edmeades 2003). Results from this study demonstrate that 
the yearly application of pig slurry significantly increased 
soil fertility in the mid-term (Table 3), which agrees with 
the results obtained working with manures (Mahmood 

Table 4  Micronutrient and soil 
heavy metal  contentsa after 
4 years (2004 sampling) from 
the experiment establishment 
(year 2000) and 7 years later 
(2007), and according to 
different annual pig slurry 
treatments applied during this 
period (2000–2007). Marginal 
means for years (MMyear) and 
treatments (MMtreat) are also 
included

a Means followed by a different letter are significantly different according to the least significant difference, 
all for P = 0.05. Capital letters X and Y are used for differences between years and the capital letters A and 
B are used for differences between treatments

Parameter Treatment 2000 2007 MMtreatments

Co (mg  kg−1) C000 8.1 8.5 8.3 ± 0.34
S146 8.8 8.8 8.8 ± 0.34
S281 8.9 8.9 8.9 ± 0.34
S534 8.4 8.4 8.4 ± 0.34
MMyear 8.5 ± 0.27 8.6 ± 0.27

Cr (mg  kg−1) C000 17.7 12.7 15.2 ± 1.07
S146 15.0 14.7 14.8 ± 1.07
S281 15.0 17.3 16.2 ± 1.07
S534 13.7 14.3 14.0 ± 1.07
MMyear 15.3 ± 0.71 14.8 ± 0.71

Cu (mg  kg−1) C000 20.0 20.0 20.0 ± 1.31
S146 19.7 23.0 21.3 ± 1.31
S281 16.0 22.7 19.3 ± 1.31
S534 17.0 24.7 20.8 ± 1.31
MMyear 18.2 ± 1.03 Y 22.6 ± 1.03 X

Fe (mg  kg−1) C000 20,987.4 21,486.1 21,236.7 ± 604.23
S146 22,112.9 22,065.6 22,089.2 ± 604.23
S281 22,573.0 22,671.7 22,622.3 ± 604.23
S534 21,577.2 21,217.3 21,397.3 ± 604.23
MMyear 21,813 ± 461.2 21,860 ± 461.2

Mn (mg  kg−1) C000 564.3 588.0 576.2 ± 24.27
S146 604.3 626.7 615.5 ± 24.27
S281 598.3 596.3 597.3 ± 24.27
S534 568.3 547.7 558.0 ± 24.27
MMyear 583.8 ± 21.75 588.7 ± 21.75

Ni (mg  kg−1) C000 21.3 23.3 22.3 ± 1.06
S146 23.3 24.0 23.7 ± 1.06
S281 24.0 24.7 24.3 ± 1.06
S534 22.7 23.0 22.8 ± 1.06
MMyear 22.8 ± 0.91 23.7 ± 0.91

Pb (mg  kg−1) C000 18.7 18.7 18.7 ± 0.81
S146 19.0 19.7 19.3 ± 0.81
S281 19.3 19.7 19.5 ± 0.81
S534 18.3 19.0 18.7 ± 0.81
MMyear 18.8 ± 0.67 19.3 ± 0.67

Zn (mg  kg−1) C000 61.0 67.3 64.2 ± 3.68 B
S146 68.7 74.3 71.5 ± 3.68 AB
S281 70.7 85.0 77.8 ± 3.68 A
S534 67.0 89.7 78.3 ± 3.68 A
MMyear 66.8 ± 2.86 Y 79.1 ± 2.86 X
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et al. 2017). At the beginning of the experiment, available 
P and K (Table 3) concentrations were low for a silty loam 
soil (Rodríguez Martín et al. 2009). After a 7-year period, 
the increment in these concentrations might be explained 
by the higher application rates of pig slurry or minerals 
in comparison to the exportations from the crops (grain 
and straw) (Fig. 1, Table 6). In the S146 treatment, P and 
K extractions, in 2007 and in 2004, were 61–88% (P) and 
79–100% (K) of the amounts applied in those years. It 
must be stressed that in 2004, yields were higher than in 
2007. The N agronomic treatment (S146) improved fertil-
ity but K remained at acceptable levels according to the 
CEC of the soil (Cottenie 1980); for the rest of treatments, 
the attained concentrations were high (M090) or very high 
(over 200 mg K  kg−1).

Olsen P concentrations above 35–40 mg   kg−1 in the 
plough layer are considered critical points in terms of risk 
of P leaching (Hughes et al. 2000; Bai et al. 2013). Although 
the two highest pig slurry treatments reported in this paper 
showed large increases in Olsen P concentration, critical 
levels were only reached with the highest one. This fact 
reinforces the choice of the S146 treatment as the recom-
mendable rate in ths rainfed winter cereal system. It must 
be pointed out that in nitrate vulnerable zones (Generalitat 
de Catalunya 2019), in order to protect water quality and 
according to EU regulations, the maximum amount of N 
from organic origin to be applied is 170 kg N  ha−1. This dose 
matches our findings, although the experimental area is not 
included in an existing vulnerable area. Recommendations 
by the Common Agricultural Policy of the European Union 
to include leguminous crops in the rotation cycle should also 
help to control P levels because they can make a significant 
use of the P in soils.

From 2004 to 2007, the application of slurries increased soil 
concentrations around 1.3 mg Zn  kg−1 soil for every 1 kg Zn 

Table 5  Nutrient  concentrationsa in barley (Hordeum vulgare L.) 
grain in 2004 and 2007 harvests and according to different annual 
treatments in an experiment established in the 2000–2001 cropping 
season. Marginal means for years (MMyear) and treatments (MMtreat) 
are also included

Parameter Treatment 2000 2007 MMtreatments

N (g  kg−1) C000 14.9 23.0 19.0 ± 1.11 C
M090 16.9 31.4 24.1 ± 1.11 B
S146 17.4 28.3 22.9 ± 1.11 B
S281 19.3 32.0 25.7 ± 1.11 B
S534 21.2 36.9 29.1 ± 1.11 A
MMyear 17.9 ± 0.80 Y 30.3 ± 0.80 X

P (g  kg−1) C000 4.2 3.5 3.8 ± 0.11 C
M090 4.1 3.9 4.0 ± 0.11 BC
S146 4.3 3.7 4.0 ± 0.1 BC
S281 4.3 4.0 4.1 ± 0.11 B
S534 4.5 4.7 4.6 ± 0.11 A
MMyear 4.2 ± 0.07 X 3.9 ± 0.07 Y

K (g  kg−1) C000 5.6 4.2 4.9 ± 0.10
M090 5.3 4.6 4.9 ± 0.10
S146 5.5 4.3 4.9 ± 0.10
S281 5.7 4.3 5.0 ± 0.10
S534 5.3 4.5 4.9 ± 0.10
MMyear 5.4 ± 0.07 X 4.3 ± 0.07 Y

Ca (g  kg−1) C000 0.6 0.4 0.5 ± 0.04
M090 0.5 0.6 0.5 ± 0.04
S146 0.5 0.5 0.5 ± 0.04
S281 0.6 0.6 0.5 ± 0.04
S534 0.6 0.7 0.6 ± 0.04
MMyear 0.5 ± 0.03 0.5 ± 0.03

Mg (g  kg−1) C000 1.2 1.2 1.2 ± 0.04
M090 1.1 1.3 1.2 ± 0.04
S146 1.2 1.3 1.2 ± 0.04
S281 1.1 1.3 1.2 ± 0.04
S534 1.1 1.4 1.2 ± 0.04
MMyear 1.1 ± 0.02 Y 1.3 ± 0.03 X

Cu (mg  kg−1) C000 2.6 3.7 3.3 ± 0.52
M090 2.5 5.0 3.7 ± 0.47
S146 2.3 5.3 3.8 ± 0.47
S281 4.7 5.3 5.0 ± 0.48
S534 3.8 6.3 5.0 ± 0.52
MMyear 3.2 ± 0.29 Y 5.1 ± 0.26 X

Mn (mg  kg−1) C000 17.9 18.3 18.1 ± 0.62
M090 18.1 19.7 18.9 ± 0.62
S146 19.9 19.0 19.4 ± 0.62
S281 16.8 20.7 18.7 ± 0.62
S534 18.2 22.0 20.1 ± 0.62
MMyear 18.2 ± 0.39 Y 20.0 ± 0.39 X

Table 5  (continued)

Parameter Treatment 2000 2007 MMtreatments

Zn (mg  kg−1) C000 25.2 b x 23.7 c x 24.4 ± 2.11

M090 23.4 b y 30.0 bc x 26.7 ± 2.11

S146 29.7 a x 29.7 bc x 29.8 ± 2.11

S281 23.5 b y 35.0 ab x 29.2 ± 2.11

S534 27.1 ab y 41.3 a x 34.2 ± 2.29

MMyear 25.8 ± 1.23 31.9 ± 1.18

a Means followed by a different letter are significantly different 
according to the least significant difference, all for P = 0.05. Capital 
letters X and Y are used for differences between years and the capital 
letters A and B are used for differences between treatments. When an 
interaction was found, lower case letters x and y are used to differenti-
ate between years (for each treatment), and lower case letters a, b, and 
c are used to differentiate between treatments (for each year)
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 ha−1 applied, and 0.4 mg Cu  kg−1 soil for every 1 kg Cu  ha−1 
applied (Tables 2 and 4), although the amount (kg  ha−1) of 
Cu applied (from 2004 to 2007) was around four times less 
than that of Zn (Table 2). These increases are consistent with 
the results obtained by Kumaragamage et al. (2016), and the 
mean concentrations of 79.1 mg Zn  kg−1 and 22.6 mg Cu  kg−1 
obtained in 2007 are within the ranges proposed by Barber 
(1995) (10–300 mg  kg−1 for Zn and 1–50 mg  kg−1 for Cu). 
The total increases are the result of the adsorption of these ele-
ments in soils at high pH into positions from which they are 
not readily displaceable. The absence of differences for other 
elements such as Mn and Fe may be due to the low amounts 
applied (Table 2) compared with the soil contents (Table 4).

In relation to heavy metals, the final average soil concen-
trations of Cr (14.8 mg  kg−1), Ni (23.7 mg  kg−1), and Pb 
(19.3 mg  kg−1) are far below the thresholds (150 mg Cr  kg−1, 
112 mg Ni  kg−1, 300 mg Pb  kg−1) established by the Span-
ish government for basic soils (pH > 7) receiving urban sludge 
(MAPA 1990), according to EU regulations. The cobalt con-
centration in soil of 8.4 mg  kg−1 obtained in 2007 is considered 
to be within the modal range for soils (Page et al 1981).

Crop yield and element concentrations

Rainfall differences, 100 mm less in the 2006–2007 than in the 
2003–2004 cropping season, favoured grain yield in S146 as 
its green biomass (leaves and stem) was smaller than for S534. 
This fact may have reduced grain filling water stress at the end 
of the growing season due to a lower evaporative demand in 
S146 than in S534. Thus, we may consider the 146 kg N  ha−1 
pig slurry dose as the long-term advisable agronomic treatment. 
Its performance also compares very well with that of a mineral 
fertilization of 90 kg N  ha−1 (Fig. 1).

Table 6  Nutrient  concentrationsa in barley (Hordeum vulgare L.) 
straw in 2004 and 2007 harvests and according to different annual 
mineral and pig slurry treatments in an experiment established in the 
2000–2001 cropping season. Marginal means for years (MMyear) and 
treatments (MMtreat) are also included

Parameter Treatment 2000 2007 MMtreatments

pH C000 8.3 8.1 8.2 ± 0.05
M090 5.1 ab y 7.7 bc x 6.4 ± 0.60
S146 4.7 b y 6.4 bc x 5.5 ± 0.60
S281 6.8 a y 8.7 b x 7.8 ± 0.60
S534 7.0 a y 15.2 a x 11.1 ± 0.60
MMyear 5.6 ± 0.40 8.5 ± 0.40

P (g  kg−1) C000 1.1 0.5 0.6 ± 0.11 C
M090 0.8 0.8 1.0 ± 0.11 B
S146 0.8 0.6 0.7 ± 0.11 BC
S281 0.9 0.8 0.9 ± 0.11 BC
S534 1.2 1.4 1.3 ± 0.11 A
MMyear 1.1 ± 0.07 0.8 ± 0.07

K (g  kg−1) C000 14.2 13.5 13.8 ± 1.40
M090 18.7 17.4 18.1 ± 1.40
S146 15.7 14.2 15.0 ± 1.40
S281 14.7 17.7 16.2 ± 1.40
S534 20.5 20.4 20.4 ± 1.40
MMyear 16.7 ± 0.80 16.6 ± 0.80

Ca (g  kg−1) C000 6.7 5.4 6.1 ± 0.3 AB
M090 7.3 6.4 6.8 ± 0.30 A
S146 6.8 5.8 6.4 ± 0.30 A
S281 4.9 5.5 5.2 ± 0.30 B
S534 7.4 6.1 6.7 ± 0.30 A
MMyear 6.6 ± 0.20 X 5.8 ± 0.20 Y

Mg (g  kg−1) C000 1.1 0.8 1.0 ± 0.12
M090 1.2 1.0 1.0 ± 0.13
S146 1.0 0.7 0.8 ± 0.12
S281 0.9 1.1 1.0 ± 0.12
S534 1.0 0.7 0.8 ± 0.12
MMyear 1.0 ± 0.09 0.8 ± 0.08

Cu (mg  kg−1) C000 3.4 4.7 4.1 ± 0.55
M090 4.0 5.3 4.7 ± 0.49
S146 3.9 5.3 4.6 ± 0.55
S281 3.9 6.7 5.2 ± 0.49
S534 5.4 6.3 5.8 ± 0.49
MMyear 4.1 ± 0.34 Y 5.7 ± 0.31 X

Mn (mg  kg−1) C000 39.6 32.0 35.8 ± 6.90
M090 32.6 37.0 34.8 ± 7.55
S146 42.7 52.0 35.3 ± 6.90
S281 42.6 51.6 48.3 ± 6.90
S534 53.7 60.0 39.5 ± 6.90
MMyear 42.2 ± 4.76 35.2 ± 4.60

Table 6  (continued)

Parameter Treatment 2000 2007 MMtreatments

Zn (mg  kg−1) C000 5.8 7.5 6.6 ± 0.21

M090 5.4 8.6 7.0 ± 0.32

S146 8.9 8.7 8.8 ± 0.42

S281 7.0 11.0 9.0 ± 0.55

S534 10.7 17.0 13.9 ± 0.69

MMyear 7.56 ± 0.65 Y 10.6 ± 0.31 X

a Means followed by a different letter are significantly different 
according to the least significant difference, all for P = 0.05. Capital 
letters X and Y are used for differences between years and the capital 
letters A and B are used for differences between treatments. When an 
interaction was found, lower case letters x and y are used to differenti-
ate between years (for each treatment), and lower case letters a, b, and 
c are used to differentiate between treatments (for each year)
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In plants, changes in N concentration between harvests 
can be explained by the dilution effect (Greenwood and 
Draycott 1989), which means that as yields increase (as 
was the case in 2004 vs. 2007), N concentration diminishes 
(Table 5). Furthermore, if N application rates increase, N 
concentration can increase, which is the case with the S534 
treatment, which shows the maximum concentrations in 
grain and straw (Tables 5 and 6).

The highest slurry dose, which also involved the highest 
P application rate, produced the highest concentrations of 
P both in grain and straw, probably as a result of higher P 
concentration in the soil solution. Higher rainfall may also 
explain the significantly higher concentration of P in grain 
in 2004 compared to 2007as P availability for plants was 
increased because P is transported in the soil mainly through 
the diffusion process (Olsen and Watanabe 1963).

Lack of water could also constrain K grain availability in 
2007, as the reduction in volumetric water content reduced K 
diffusion in soil due to a reduction in cross-sectional area for 
diffusion and an increment in the tortuosity of the diffusion 
path (Barber 1995). Calcium is fully available in this calcar-
eous soil, and therefore, the lowest value in barley straw in 
2004 and in S281 treatment could not be related to Ca avail-
ability. The higher Mg grain concentration in 2007 vs. 2004 
may be also explained by the dilution effect in the latter year.

Copper concentrations in barley (Tables 5 and 6) were 
within the lowest range of normal Cu concentrations (from 
3–20 mg  kg−1 of dry foliage) according to Chaney (1989) 
which means that slurries were not able to improve plant 
Cu availability and differences with time may be attributed 
to a dilution effect similar to that found for other elements. 
According to Montaghian and Hosseinpur (2015), in calcar-
eous soils amended with sewage sludges, there is a redis-
tribution of Cu between different soil fractions, increasing 
the proportion linked to organic matter. However, final Cu 
extractions by barley plants increased with slurry fertili-
zation (Fig. 2d) which means that the slurry had a posi-
tive effect on Cu bioavailability, as has also been found by 
Zaragüeta et al. (2021) in a calcareous soil fertilized with 
sewage sludge.

In the case of Mn, the grain concentration increased in 2007 
in comparison to 2004, which may also be related to the dilu-
tion effect caused by yield differences between years, as has 
been previously found by Morera et al. (2002). Concentra-
tions of Mn (Tables 5 and 6) were in the adequacy range of 
20–500 mg  kg−1 (Anderson and Ohki 1977). However, plants 
were able to positively answer to fertilization, as extraction 
increased when compared to the control, mainly due to a 
higher Mn straw extraction (Figs. 2b, e). This response to 
Mn applications (Table 2) has been previously recorded in 

Fig. 2  Copper, manganese, and zinc average uptakes by straw, grain, 
and total biomass in 2004 (a, b, c) and 2007 (d, e, f) cropping seasons 
according to different annual pig slurry treatments. Vertical bars indi-
cate ± one standard deviation of the mean (n = 3). Significant differ-

ences between means are showed by different letters and according to 
LSD test; lowercase letters were used for straw (a, b, c) and grain (x, 
y) biomass and uppercase letters for total biomass
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calcareous soils (Reuter et al. 1973), even though solubility of 
Mn compounds is reduced in basic soils.

The Zn concentrations in plants in our experiment (Table 5) 
were within the lower range of values for most crops and pas-
ture plants (10 to 100 mg  kg−1) (Lindsay 1972). Nevertheless, 
slurry fertilization increased these concentrations, and there-
fore grain quality, and the highest Zn concentration in grain 
coincided with the highest slurry rate (Table 5) which also 
allowed, in 2007 the highest extraction. Therefore, slurry was 
necessary to improve Zn fertility levels and increase Zn plant 
extraction (Fig. 2f).

The previous results are in agreement with Provolo et al. 
(2018) who found that soils with a long history of pig slurry 
application were associated with higher contents of Mn, Cu, 
and Zn in plant shoots.

Conclusions

In this rainfed semiarid system, an average pig slurry dose of 
146 kg N  ha−1 produced barley grain yields (~ 3–4 Mg  ha−1) as 
high as those obtained with mineral fertilization or with doses 
with a higher N content. Such dose also increased soil organic 
carbon, total N, available P and K, and total Cu and Zn to lev-
els within acceptable fertility ranges, and did not significantly 
affect heavy metal concentrations. Slurry application affected 
N, P, and Zn concentrations in grain and N and P concentration 
in straw, but nutrient concentrations in plants also varied with 
accumulated rainfall during the cropping season: its reduction 
increased N, Mg, Cu, Zn, and Mn concentrations in barley 
grain and reduced those of K and P, while N, Cu, and Zn con-
centrations in straw increased. Thus, when fertilizing with pig 
slurries, it is possible to match agronomic and mid-term soil 
chemical quality if the applied rate is adjusted to the potential 
productivity of the agricultural system.
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