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A B S T R A C T

Monitoring soil carbon content and pools and associated enzyme activities has become an important area of
research in terms of the carbon cycle in agricultural lands in order to infer factors regulating soil carbon se-
questration. Pig slurry (PS) is considered as a source of organic matter and nutrients for crop production. In
recent years, because of the cost of conventional feed applications, manufacturers have preferred liquid feeding
diets with decreases of 10–25% in production costs. Furthermore, physical and chemical filtration of PS by new
techniques may prevent soil degradation and reduce the negative effects of PS, such as high salt, pathogen, and
heavy metal contents. This research aimed to assess the effect of the application of raw pig slurry (R) and treated
pig slurry (T) (derived from physical and chemical separation processes) from liquid (L) and solid (S) feeding
diets on different soil organic carbon pools and enzyme activities in a sandy loam soil under a rainfed barley
cropping system for two years. The solid diet consisted of maize/soya bean, tubers and roots, and supplementary
vitamins and minerals. The liquid diet consisted of dairy products such as fresh whey, concentrated cheese or
yogurt, skim milk powder, and beer by-products such as brewer's yeast. As a general pattern, the addition of the
different types of PS (R or T) had no significant effect on most soil properties, except for microbial biomass C
(Cmic), which increased with R. However, the type of diet did have a significant effect on most properties, both
for R or T slurries, suggesting that this is more of a determinant factor in explaining changes in soil than the type
of pig slurry. Solid diet favors the significant increase of soil organic carbon and arylesterase activity, suggesting
higher stabilization of the organic compounds provided by the PS. However, the liquid diet contributed to
increasing soluble C and Cmic, suggesting higher availability of nutrients and C sources. Hence, the use of
treated pig slurry has no detrimental effect on organic carbon dynamics compared to raw pig slurry and can be
suggested as an alternative to reduce the environmental impact, prevent soil pollution, and ensure sustainability.

1. Introduction

Pig slurry is a good source of plant nutrients (Antezana et al., 2016)
and improves the chemical (Silva et al., 2016), physical (Agne and
Klein, 2014) and biological characteristics of the soil if properly man-
aged (Yanardağ et al., 2015, 2017). Land application of animal by-
products is considered to be the most economical management practice
that enables the nutrients in manure or slurry to be recycled (Assefa
et al., 2006). Recent slurry production within Spain has been approxi-
mately 30 million tonnes year−1 (Moreno-García et al., 2017). As the
scale and intensity of livestock production increase, environmentally

safe and agronomically sound practices for the utilization of nutrients
contained in the manure and slurry are needed (Chang and Janzen,
1996; Karlen et al., 1998). Animal by-products may contain salts, pa-
thogenic organisms, and heavy metals. Thus, although pig slurry can be
an ideal fertilizer, overdoses of slurry applications may cause saliniza-
tion in semi-arid regions, increase toxic concentrations of metals in the
soil, increase the risk of spreading pathogenic diseases in sludge and
produce high ammonia gas emissions (Hjorth et al., 2011).

The integration of pig slurry as a fertilizer for crop production is the
primary mechanism adopted for the disposal of this by-product.
Nevertheless, the quantitative understanding of the relationship

https://doi.org/10.1016/j.geoderma.2020.114640
Received 14 April 2020; Received in revised form 29 July 2020; Accepted 29 July 2020

⁎ Corresponding author.
E-mail address: ibrahim.yanardag@ozal.edu.tr (İ. Halil Yanardağ).

Geoderma 380 (2020) 114640

Available online 12 August 2020
0016-7061/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00167061
https://www.elsevier.com/locate/geoderma
https://doi.org/10.1016/j.geoderma.2020.114640
https://doi.org/10.1016/j.geoderma.2020.114640
mailto:ibrahim.yanardag@ozal.edu.tr
https://doi.org/10.1016/j.geoderma.2020.114640
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geoderma.2020.114640&domain=pdf


between the animal feed composition and the agronomic and en-
vironmental consequences of the slurry produced from this feed is still
very poor (Velthof et al., 2000). When liquid feed is used in stock-
breeding, the production costs are reduced by 10–25% compared to
conventional solid feed. Moreover, it provides a great advantage in
terms of using and evaluating a wide range of food waste and agri-
cultural sub-products (Rodríguez Estévez et al., 2007). Liquid nutrients
used in pig nutrition are dairy products such as fresh whey, con-
centrated cheese or yogurt, bread and pastry, and beer by-products such
as brewer's yeast. These products can be used directly in pig production
without the need for expensive purification processes (Luis Criado
et al., 2009).

Slurry management consists of various stages from animal nutrition
to valorization such as its use as fertilizer (Sajeev et al., 2018). Research
has always focused on the effects of manure and slurry on soil condi-
tions and crop growth, without assessing the effect of feed on fertilizer
composition and its value as fertilizer. Velthof et al. (2000) reported
that animal feeding diets could easily change slurry properties. Fur-
thermore, slurry characteristics are also changed by physical, chemical,
and biological separation processes. In many cases, pig slurry is sepa-
rated into solid and liquid fractions before being used directly in the
field; this process is important for the ease of application and reduction
of transportation costs. Adopting separation treatments, 70–80% of the
total solids and 80–90% of volatile solids can be easily removed in pig
slurry, with decreases of 70% in chemical oxygen demand (Fangueiro
et al., 2012; Hjorth et al., 2011; Makara and Kowalski, 2015; Walker
and Kelley, 2003). There are many techniques for fractions separation
and pig slurry treatment, such as polyacrylamide flocculants (Walker
and Kelley, 2003). In this study, we performed the physical and bio-
logical separation of pig slurries using biodegradable cationic polymers
for flocculation developed by Martinez-Almela and Barrera (2005).

Soil organic matter (SOM) plays an important role in biogeochem-
ical cycling processes in terrestrial ecosystems, and it is an essential
source of available C and N for soil microorganisms and plants (Lal,
2020; Minasny et al., 2017; Plaza et al., 2018; Scaglia and Adani, 2009).
In many cases, soil microbial biomass is closely linked to the primary
productivity of an ecosystem and acts as a highly labile source of plant-
available nutrients (Singh et al., 1989). The accumulation of SOM re-
sults from the activity of the soil biota: plants ensure the supply of
organic compounds while soil fauna and microorganisms transform it.
In the soil, most organic compounds are processed by heterotrophic
microorganisms that use organic carbon as nutrient and energy sources
(Fontaine et al., 2003). Soil microbial biomass and community structure
are key drivers in mineralization and synthesizing processes. In this
line, soil enzymes such as arylesterase, β-glucosidase, and β-galactosi-
dase have a crucial role in C cycles (Karaca et al., 2010). The increased
level of enzyme activities in the organic-amended soil may be a re-
flection of the increased protective sites within the soil, as a result of
enhanced humus content (Pascual et al., 1999). The enzymes β-gluco-
sidase and β-galactosidase play an important role in soils, as they are
involved in catalyzing the hydrolysis and biodegradation of various
glucosides and galactosides, releasing low molecular weight sugars that
are important energy sources for microorganisms and plants (Bandick

and Dick, 1999; Martinez and Tabatabai, 1997). Esterases (ester hy-
drolases) such as arylesterase are widely distributed in various organ-
isms, including animals, plants, and microorganisms, and catalyze the
hydrolysis and formation of ester bonds (Satoh and Hosokawa, 1998).
Many of the esterases have wide substrate specificity, leading to the
assumption that they have evolved to enable access to carbon sources or
to be involved in catabolic pathways (Park et al., 2007). One of the
tasks of the arylesterase is its involvement in the hydrolysis of tox-
ic metabolites, organophosphates and recalcitrant aromatic compounds
(Primo-Parmo et al., 1996).

Therefore, the objective of this study was to assess if repeated ad-
ditions of raw and treated pig slurry derived from pigs fed with dif-
ferent diets significantly influenced soil organic carbon content and
pools and carbon mineralization, and also to elucidate the relationships
between organic carbon dynamics and some soil enzyme activities. In
this study, we hypothesized that the use of pig slurry from pigs fed with
a liquid nutrition diet could be an alternative to pig slurry obtained
from pigs fed with a traditional (solid) nutrition diet with no significant
differences in terms of soil carbon sequestration and dynamics in soil,
because the liquid diet provides the essential nutrients required for
pigs, with production of pig slurry with similar organic compounds.
Additionally, treated pig slurries may decrease the toxicity of slurries by
elimination, by physical separation, or by microbial degradation, and
so, positive effects on microbial biomass and enzyme activities should
be expected.

2. Material and Methods

2.1. Study site and experimental design

A two-year field experiment was performed with the application of
raw pig slurry and treated pig slurry (with physical separation and
chemical purification techniques) derived from two different pig diet
managements (solid and liquid) in an agricultural soil cultivated with
barley, to assess if the pigs’ diet can have a significant effect on the soil
carbon biogeochemical cycle and in the ability to enhance C seques-
tration in soil. The study was carried out for two crop cycles on a farm
with pig production and agricultural land located in Cancarix, Albacete
province, SE Spain (38°45′13′’ N, 1°54′19′’ W) (Fig. S1). The climate is
semiarid Mediterranean, with a mean annual rainfall of 270 mm and a
mean annual temperature of 17 °C. The soil is a Typic Xerorthents (Soil
Survey Staff, 2014) with sandy loam texture, basic pH, high content of
carbonates, and low organic matter content (Table 1). Barley (Hordeum
vulgare L.), which is one of the most common crops in the region, had
been grown in the field under rainfed conditions in the years prior to
the experiment. The field experiment was set up in November 2009 in a
complete randomized block with three replications, using plots of 5x5
m2. Treatments were the application of: i) raw pig slurry from liquid
feeding diet (RL), ii) raw pig slurry from solid feeding diet (RS), the
liquid fraction of the treated pig slurry from liquid feeding diet (TL), the
liquid fraction of the treated pig slurry from solid feeding diet (TL) and
unamended control (CT). The application rate of pig slurry was
210 kg N ha−1 year−1. Based on the N quantity of each pig slurry, the

Table 1
General characteristics of the studied soil (n = 48).

pH(H2O) EC POlsen Corg TN CaCO3 Na
dS m−1 g kg−1 g kg−1 g kg−1 % cmol+ kg−1

7.80 ± 0.16 1.10 ± 0.17 0.69 ± 0.28 21.50 ± 3.96 2.10 ± 0.77 43.3 ± 3.9 1.60 ± 0.32

K Mg Ca CEC Sand Silt Clay
cmol+ kg−1 cmol+ kg−1 cmol+ kg−1 cmol+ kg−1 % % %

3.10 ± 0.14 3.80 ± 0.67 19.70 ± 2.81 12.51 ± 1.47 50.24 ± 4.36 32.29 ± 4.87 16.98 ± 1.73

EC: Electrical Conductivity; Corg: soil organic carbon; TN: total nitrogen; CEC: Cation Exchange Capacity.
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rates applied in this experiment were 5.82 L m−2 for RL, 5.07 L m−2 for
RS, 9.05 L m−2 for TL, and 13.72 L m−2 for TS. Plots received no other
fertilization besides pig slurry.

The solid diet consisted of sugar cane molasses, maize/soya bean,
amino acids, tubers and roots, and supplementary vitamins and mi-
nerals. The liquid diet consisted of dairy products such as fresh whey,
concentrated cheese or yogurt, bread, and pastry, skim milk powder,
and beer by-products such as brewer's yeast.

2.2. Pig slurry treatment

Farmer prefer screw press style separators mostly because of their
lower cost. However, such separators make it possible to physically
separate only the solid part of the pig slurry. We chose this seperator
because it allows for more extensive and physical separation, as well as
chemical separation, and can prevent PS's negative environmental ef-
fects. The SELCO Ecopurin® (SELCO MC, Advanced Engineering
Services, Castellón, Spain) physical-chemical separator was used for the
treating of the raw pig slurry, with the use of biodegradable cationic
polymers for flocculation. The SELCO-Ecopurin® separation module
(Fig. S2) consists of: 1) a polymer mixing section where the dry polymer
is activated with water; 2) the ionic transfer reactor main module where
polyacrylamide (PAM) is mixed with wastewater (5 kg m−3 dry PAM is
activated in water and then mixed with the slurry for 20 to 30 min); 3) a
rotating screen with 0.2 mm openings to separate the flocculated solids;
4) a filter press to further dewater the manure; and 5) a small dissolved
air flotation unit to further separate residual solids in the liquid stream
before exiting to the water treatment section. Solids skimmed from the
dissolved air flotation (DAF) unit are returned to the mixing tank for
subsequent separation (Martinez-Almela and Barrera, 2005), where
12 g of PAM per 1.5 kg of total suspended solids were used in the se-
paration (Dinuccio et al., 2012). For the purification of the liquid phase
after the decantation of flocculated solids, filters (< 0.5–1 mm) were
used to increase separation efficiency to > 90%. These filters were
filled with hollow spheres of plastic on which bacteria develop and are
capable of removing the excess of ammonia (Martínez-Almeda et al.,
2009).

The characteristics of the different pig slurries used in this experi-
ment are shown in Table 2. The pH of the pig slurries was between 7.08
and 8.02, with high salinity, total nitrogen of 1.53–4.14 mg L−1 (where
~50–75% was ammoniacal nitrogen (AN), and P2O5 content of
36.3–1363 mg L−1.

2.3. Soil sampling and analytical methods

There were three different soil samplings. The first sampling was
carried out at the sowing of the barley in the first cycle (November

2009) and the two others were at the end of each of the two crop cycles
(July 2010 and July 2011, respectively). Three composite samples were
randomly collected in each plot at two different depths (0–20 cm and
20–40 cm). The soil samples collected were air-dried in the lab, passed
through a 2-mm sieve, and stored at room temperature prior to la-
boratory analyses. The biochemical properties were also measured in
air-dried samples, as the biochemical properties from Mediterranean
semiarid soils are stable in air-dried samples for at least six months, and
it is not necessary to measure them in field-moist soil samples (Zornoza
et al., 2009b).

Soil pH and electrical conductivity (EC) were measured in deionized
water (1:1 and 1:5 w/v, respectively). Soil organic carbon (Corg) was
determined by potassium dichromate oxidation, whilst total nitrogen
(TN) was determined by the Kjeldahl method (Duchaufour, 1970). The
volumetric method (Bernard calcimeter) was used to determine the
equivalent calcium carbonate (Hulsemann, 1966). Plant available P was
measured according to Olsen and Dean (1965). Cation exchange ca-
pacity (CEC) was determined according to Chapman (1965). An atomic
absorption spectrophotometer (AAnalyst 800, Perkin Elmer) was used
to determine the selected element (Na, K, Ca, and Mg) concentrations.
Recalcitrant carbon (Crec) content was determined by hydrolysis with
H2SO4 (Rovira et al., 2009; Rovira and Vallejo, 2000). Microbial bio-
mass carbon (Cmic) was determined using the fumigation-extraction
procedure after extraction with 0.5 M K2SO4 (Vance et al., 1987b). The
non-fumigated fraction was considered as soluble carbon (Csol). The
arylesterase activity was quantified following the method of Zornoza
et al. (2009a). β-glucosidase and β-galactosidase activities were mea-
sured according to Eivazi and Tabatabai (1988).

2.4. Pig slurry analysis

Characterization of the pig slurry was carried out according to the
Standard Methods for the examination of water and wastewater (APHA,
2005). Raw PS was diluted (1/10) in a 100 ml flask, manually shaken
for 1 min, then filtered with the filter paper (Albet paper No 242.). This
extract was kept refrigerated at 4 °C for conservation. For further
analyses of PS, the following analytical techniques suggested by APHA
(2005) were used. pH was measured by pH meters (LPG 21 Crisol),
electrical conductivity (EC) (LPG Conductivity Crisol 31), total ni-
trogen, and NH4

+-N were measured by Duchaufour (1970) method.
Trace elements (Cu, Zn, Fe, and Mn) were measured by Atomic Ab-
sorption Spectrometer (AAS) (AAnalyst-800 AAS, Perkin Elmer Pre-
cisely). Phosphorus forms (P2O5 and PO4

3−) were measured as mo-
lybdenum blue after acid hydrolysis and oxidation at 100–120 °C. This
test used Nanocolor 0–55 and was measured with the photometer PF-
11, both from Macherey-Nagel.

Table 2
Selected chemical properties of the pig slurries studied (n = 48).

Samples pH EC Corg Total N C:N NH4
+-N

dS m−1 g L−1 g L−1 g L−1

RL 7.23 ± 0.35 22.39 ± 6.06 33.40 ± 14.16 3.61 ± 1.53 9.25 ± 3.93 2.78 ± 1.17
RS 7.08 ± 0.35 23.76 ± 7.31 33.29 ± 13.75 4.14 ± 1.71 8.05 ± 3.33 3.00 ± 1.21
TL 7.64 ± 0.12 20.28 ± 0.17 26.29 ± 1.48 2.32 ± 0.13 11.34 ± 0.64 2.01 ± 0.20
TS 8.02 ± 0.07 15.40 ± 1.50 20.60 ± 4.72 1.53 ± 0.35 13.47 ± 3.09 1.27 ± 0.13

P2O5 PO4
− Mn Zn Fe Cu

mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1

RL 831.6 ± 155.9 1163 ± 549 1.34 ± 1.31 2.62 ± 1.51 3.40 ± 1.48 0.73 ± 0.62
RS 165.3 ± 12.1 107.7 ± 9.5 3.95 ± 1.70 5.84 ± 2.16 5.06 ± 1.70 1.85 ± 0.96
TL 1363.2 ± 255.7 1733 ± 262 0.97 ± 0.27 2.81 ± 1.13 2.13 ± 0.69 0.64 ± 0.36
TS 36.3 ± 21.3 27.5 ± 6.3 0.44 ± 0.34 0.33 ± 0.17 0.00 ± 0.00 0.19 ± 0.21

RL: Raw pig slurry from the liquid feeding diet; RS: Raw pig slurry from the solid feeding diet; TL: Treated pig slurry from the liquid feeding diet; TS: Treated pig
slurry from the solid feeding diet; EC: electrical conductivity.
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2.5. Statistical analysis

The fit of the data to a normal distribution for all properties mea-
sured was checked with the Kolmogorov-Smirnov test. Data were sub-
mitted to two-way repeated measures ANOVA, with time (start, cycle 1,
and cycle 2) as within-subject factor, and pig slurry type (raw and
treated) and diet type (liquid and solid) as between-subject factors.
Relationships among properties were studied using Pearson correla-
tions. Soil chemical properties related to carbon content and pools and
enzyme activities were subjected to principal components analysis
(PCA) to elucidate major variation patterns in terms of C pools. The
PCA reduced all the variables by using linear combinations and ex-
plained most of the variance that the initial results had. Statistical
analysis was performed with the software SPSS for Windows (Version
26.0).

3. Results

3.1. Soil organic carbon content and pools

The highest value in Corg was recorded in RS after the last crop
cycle in surface soil, while the lowest value was observed in RL after the
first crop cycle in subsurface soil (Fig. 1). There was no significant effect
of pig slurry type (raw or treated) on Corg, while diet type significantly
affected Corg on the surface soil. The pig slurry type × diet type

interaction was not significant. Thus, pig slurry derived from the solid
diet, raw or treated, significantly increased Corg compared to slurry
coming from the liquid diet on the surface. This effect was not observed
in the subsurface layer.

Csol showed the highest values during the initial sampling, whilst
the lowest value was for TS at the end of the second cycle in the sub-
surface soil (Fig. 1). The sampling time was the factor with the highest
significant effect on Csol, mostly in surface soil; this was also observed
in Cmic. As for soil Corg, the pig slurry type did not significantly affect
Csol at either of the soil depths. However, diet type was significant in
surface soil, with significantly higher values under the liquid diet in the
last crop cycle, regardless of the pig slurry type. Csol was positively
correlated with Corg, TN, P, EC, Mg, Ca, β-glucosidase, arylesterase,
and Crec. Conversely, Csol was negatively correlated with pH and C:N
ratio.

The highest Crec content was observed in TL at the surface at the
end of the first cycle, while the lowest value was observed at the sub-
surface in the initial sampling (Fig. 1). Sampling time significantly af-
fected Crec at both depths, with higher values in the last two samplings.
This trend was the opposite to that of the previous properties, in-
dicating that Crec increased in summer time under Mediterranean
conditions in rainfed cropping systems. The type of pig slurry and diet
did not significantly affect Crec at either depth. We found positive
correlations between Crec and Corg, TN, P, CEC, Mg, Ca, β-glucosidase,
β-galactosidase and arylesterase. There were negative correlations

Fig. 1. Effect of pig slurry application on total soil organic carbon (Corg), microbial biomass carbon (Cmic), soluble carbon (Csol) and recalcitrant carbon (Crec) in
the surface and subsurface soil layers (n = 3). RL = Raw Pig Slurry Liquid Feeding Diet, RS = Raw Pig Slurry Solid Feeding Diet, TL = Treated Pig Slurry Liquid
Feeding Diet, TS = Treated Pig Slurry Solid Feeding Diet, CT = Control, F values and significance of the two-way repeated ANOVA measures are shown in each
graph. ST = Sampling Time, PST = Pig Slurry Type, DT = Diet Type. Significant at *P < 0.05, **P < 0.01 and P < 0.001; ns = not significant (P > 0.05).
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between Crec and pH and C:N ratio (Table 3).

3.2. Microbial biomass carbon and enzyme activities

The highest value in Cmic was recorded for RL in surface soil at the
beginning of the experiment, while the lowest value was observed for
RS in subsurface soil at the end of the first cycle (Fig. 1). The type of pig
slurry significantly affected Cmic in surface soil, with higher values
after application of raw pig slurry. Diet type was also significant in
surface soil, as was the pig slurry type × diet type interaction, showing
that the liquid diet contributed to higher Cmic when raw slurry was
applied, mostly during the first crop cycle. No significant effect of in-
dividual factors was observed in subsurface soil. Cmic was significantly
and positively correlated with Corg, TN, P, Mg, Ca, β-galactosidase, β-
glucosidase, arylesterase and Crec. Furthermore, Cmic was negatively
correlated with pH, CaCO3 content and C:N ratio (Table 3).

Enzyme activities are shown in Fig. 2. Sampling time significantly
affected β-glucosidase and β-galactosidase activities at both depths,
with higher values in the last sampling. The type of pig slurry and diet
did not significantly affect these two enzymes at any depth, and inter-
actions were not significant either. Sampling time showed no significant
effect on arylesterase activity in the surface soil layer, indicating that
arylesterase activity remained stable along time. However, for subsur-
face soil, the sampling time significantly affected arylesterase, with a
higher value after the first crop cycle after the application of pig slurry
derived from the liquid diet. The pig slurry type showed no significant
effect on arylesterase. Nonetheless, diet type showed a significant effect
at the surface, with higher activity under the solid diet.

There were positive correlations between β-glucosidase and Corg
(r2 = 0.68P < 0.01), TN, P, CEC Mg, Ca, β-galactosidase and ar-
ylesterase. The β-glucosidase was negatively correlated with pH and the
C:N ratio (Table 3). The β-galactosidase was positively correlated with
Corg, TN and Ca, while negatively correlated with pH. Arylesterase was
positively correlated with Corg, TN, P, Mg, and Ca, and negatively
correlated with pH and the C:N ratio.

The PCA performed with soil physicochemical and biological
properties in the surface layer (Fig. 3a) showed that 81.77% of the total
variation could be explained by the first two PCs. PC1, which explained
49.77% of the variation, was strongly associated with Csol, Cmic, and
arylesterase with positive values and Crec with negative values. PC2,
which explained 32% of the variation, was strongly related to Corg and
β-galactosidase. Very similarly, the PCA performed with the subsurface
layer (Fig. 3b) also showed that 79.62% of the total variation could be

explained by the first two PCs. PC1, which explained 52.97% of the
variation, was strongly associated with Crec, arylesterase, and β-ga-
lactosidase with positive values and Csol and Cmic with negative va-
lues. PC2, which explained 26.68% of the variation, was strongly re-
lated to Corg and β-glucosidase. At both soil depths, neither of the two
PCs clustered samples by treatments, highlighting that soil organic
carbon, organic carbon pools, and enzyme activities were not highly
affected by treatments, with similar behavior being found among the
different plots.

4. Discussion

The impact of pig slurry on SOC content is a long-term process that
cannot be assessed in a two-year experiment, but other indicators such
as labile organic C pools, Cmic and enzyme activities respond to
changes quickly and could give evidence about the short-term effect of
pig slurry addition (Aon et al., 2001; van Bruggen and Semenov, 2000).
The organic matter content in pig slurry is usually low (between 2 and
5%), with low C:N ratios (between 8 and 13%) as observed in this study
(Table 2) and confirmed in other studies (Martinez-Almela and Barrera,
2005; Santos et al., 2018). This characteristic makes pig slurry highly
degradable by soil microorganisms, and the effect on soil organic
carbon content and pools could not be appreciated short-term (Plaza
et al., 2004).. It is important to highlight that the type of pig slurry (raw
or treated) had no significant effect on organic carbon content, and
pools none on enzyme activities. Thus, once applied to the soil, the
organic matter provided by the pig slurry is rapidly mineralized, likely
due to the low C:N ratio with no effect being observed at harvest time.
This fact has been previously reported in areas with pig slurry appli-
cations, contributing to decreased soil C:N ratios, indicating greater N
availability (Rauber et al., 2012). The majority of C loss that occurred
during the first week following the application of pig slurry was due to
the metabolism of sugars and amino acids, which are readily available
to soil microorganisms owing to the high N content (Rochette and
Angers, 2000). It is true that during the pig slurry phase separation
process, organic matter content decreases, but the rate of application
was based on the N content of the pig slurry. Therefore, the application
rate for treated pig slurry was higher than that for raw pig slurry to
reach the same amount of N (see Section 2.1), although the final effect
on the soil was the same. These results suggest that the quality of or-
ganic matter in both types of pig slurry (raw and treated) is similar, and
its dynamics in the soil (degradation, mineralization, humification)
may also be similar, leading to the lack of differences in Corg and

Table 3
Correlation matrix among the different soil properties. Sample size = 48.

TN P pH EC CaCO3 C:N CEC K Mg Ca β-Glu β-Gal Aryl Csol Cmic Crec

Corg 0.94** 0.75** −0.72** 0.15 −0.02 −0.22 0.37** 0.18 0.71** 0.68** 0.68** 0.43** 0.52** 0.54** 0.61** 0.70**
TN * 0.82** −0.74** 0.27* −0.06 −0.47** 0.30* 0.10 0.83** 0.69** 0.65** 0.36** 0.59** 0.65** 0.64** 0.75**
P * −0.54 0.52** −0.25* −0.30** 0.10 0.16 0.80** 0.59** 0.30* 0.23 0.47** 0.64** 0.59** 0.44**
pH * −0.19 −0.06 0.27* −0.30* 0.01 −0.58** −0.55** −0.53** −0.24* −0.39** −0.51** −0.46** −0.63**
EC * −0.24* −0.32** −0.12 0.33** 0.56** 0.31** −0.22 −0.19 0.16 0.52** 0.15 0.03
CaCO3 * 0.13 0.06 0.00 −0.22 −0.14 0.13 −0.03 −0.15 −0.14 −0.27* −0.04
C:N * 0.08 0.16 −0.49** −0.33** −0.31** −0.05 −0.42** −0.46** −0.30* −0.38**
CEC * 0.23* 0.17 0.22 0.28* 0.14 0.05 −0.18 0.13 0.39**
K * 0.26* 0.31** 0.15 0.01 −0.05 0.00 0.04 −0.04
Mg * 0.76** 0.40** 0.21 0.58** 0.75** 0.59** 0.60**
Ca * 0.56** 0.25* 0.54** 0.61** 0.52** 0.51**
β-Glu * 0.50** 0.46** 0.31** 0.57** 0.57**
β-Gal * 0.37** 0.12 0.45** 0.39**
Aryl * 0.56** 0.61** 0.60**
Csol * 0.45** 0.47**
Cmic * 0.46**
Crec *

Corg: soil organic carbon; TN: total nitrogen; EC: electrical conductivity; CEC: cation exchange capacity; Cmic: microbial biomass carbon; Csol: Soluble carbon; Crec:
Recalcitrant carbon; β-Glu: β-Glucosidase enzyme activity; β-Gal: β-Galactosidase enzyme activity; Aryl: Arylesterase enzyme activity; Sub: *P < 0.05; **P < 0.01;
***P < 0.001
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organic carbon pools. This fact makes sense because the treatment the
pig slurry was submitted to was only a phase separation after floccu-
lation, which does not provide any chemical modification in soil or-
ganic matter. Contrarily to our results, Bol et al. (2003) reported that
soil enzyme activity increased with the application of raw pig slurry
under grassland (> 40 years) in a clayey soil in Southwest England.
Increases in enzyme activities were suggested to be due to the im-
provement in soil conditions (such as reaching a near to optimal pH
value) and due to the application of microorganisms by the slurry
amendment in the case of the activity (Gianfreda and Ruggiero, 2006).

The only C pool significantly affected by the type of pig slurry was
Cmic, with higher content with the addition of raw pig slurry. With the
application of pig slurry, the presence of microbial habitats in the soil
and access to microbial food sources become easier, as a result of which
the microbial population can grow decomposing soil organic particles
(de Mora et al., 2005; Zornoza et al., 2013b). Raw pig slurry may
provide higher availability of nutrients to favor the growth of microbial
communities, as confirmed by the lower C:N ratio compared to the
treated pig slurry. This is also supported by the positive correlations
between Cmic and soil nutrients (Table 3). The negative relationship

Fig. 2. Effect of pig slurry application on arylesterase, β-galactosidase and β-glucosidase enzyme activities in the surface and subsurface soils (n = 3). RL = Raw Pig
Slurry Liquid Feeding Diet, RS = Raw Pig Slurry Solid Feeding Diet, TL = Treated Pig Slurry Liquid Feeding Diet, TS = Treated Pig Slurry Solid Feeding Diet,
CT = Control, F values and significance of the two-way repeated ANOVA measures are shown in each graph. ST = Sampling Time, PST = Pig Slurry Type, and
DT = Diet Type. Significant at *P < 0.05, **P < 0.01 and P < 0.001; ns = not significant (P > 0.05).

Fig. 3. Biplot of principal component ana-
lysis (PCA) performed with C pools and en-
zyme activities in surface soil layer (a) and
subsurface layer (b). Cmic: microbial bio-
mass C, Corg: total organic C; Crec: re-
calcitrant C; Csol: soluble C; B-Glu: β-glu-
cosidase activity; B-Gal: β-galactosidase
activity; Aryl: arylesterase activity.
RL = Raw Pig Slurry Liquid Feeding Diet,
RS = Raw Pig Slurry Solid Feeding Diet,
TL = Treated Pig Slurry Liquid Feeding
Diet, TS = Treated Pig Slurry Solid Feeding
Diet, CT = Control.
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between Cmic and pH observed in this study has also been observed in
previous studies (Pietri and Brookes, 2008; Vance et al., 1987a). The
main reason for this could be the limited activity of the microbial po-
pulation in alkaline soil, and that the activity increased with decreasing
pH. Microbial metabolism and enzyme activities are highly dependent
on soil pH (Eivazi and Tabatabai, 1990; Xiao-Chang and Qin, 2006).

Cmic was nevertheless more affected by sampling time than by the
type of pig slurry (Fig. 3). Cmic content was higher at the beginning of
the experiment than at the end of both crop cycles. This was likely
related to the different sampling season since the first sampling was
performed in November, while the last two samplings were carried out
in July. July is summertime in the study area, with high temperatures
and solar radiation and practically null precipitation. Under rainfed
systems, this time of year is associated with the lowest microbial bio-
mass due to climatic constraints under the Mediterranean climate
(Plaza-Bonilla et al., 2015). Similarly, Csol followed the same pattern,
suggesting that Csol increases with microbial biomass growth, owing to
an active soil organic matter degradation (Zornoza et al., 2007). Crec
showed higher values in November, the opposite trend to Csol and
Cmic. This fact may indicate that Crec increases in summertime under
Mediterranean conditions in rainfed cropping systems, likely due to
lower microbial activity. Pig slurry applications had a positive effect on
the accumulation of Cmic in the surface layer but without significant
changes in the subsurface. Accordingly, Dambreville et al. (2006) re-
ported that applications of pig slurry for nine years tended to increase
Cmic content, but this positive effect was limited only to the surface
layer. Cosandey et al. (2003) also reported that Cmic content decreased
with increasing soil depth in a terric Histosol.

Glucosidases play a key role in degrading organic compounds such
as crop residues or animal manure in soils, and β-glucosidase activity is
strongly related to soil organic matter cycling (Gascó et al., 2016).
Moreover, β-glucosidase has been used to monitor quick changes in soil
organic matter caused by changes in soil management (Bandick and
Dick, 1999). The increase in β-glucosidase enzyme activity may have a
positive relationship with the increasing amount of organic matter in
the soil. Gianfreda and Ruggiero (2006) reported that enzyme activity
in the soil slightly increases with the application of RPS. The enzymes
absorbed in the degradation of carbohydrates (b-galactosidase and b-
glucosidase) showed higher activities with PS application because 50%
of the organic carbon present in the slurry was soluble (Zornoza et al.,
2013a). However, we could not observe a remarkable increase in en-
zyme activity due to the late sampling in our study results. This may
indicate that the effect of PS applications is effective in the short term,
or enzyme activities are limited due to the low organic matter content
of our studied soil. Arylesterase enzyme hydrolyzes highly recalcitrant
aromatic compounds of soil organic matter (Primo-Parmo et al., 1996).
Furthermore, increases in this enzyme activity are a clear indicator that
organic matter applied by solid pig slurry is more recalcitrant and prone
to be accumulated in the soil. Zornoza et al. (2013a) reported that in-
crements in arylesterase activity after the application of the pig slurry
were not as intense as in the other enzymes, since pig slurry provides
highly available organic compounds, rather than recalcitrant ones.
However, no effect was observed in Crec, suggesting that two crop
cycles may not be long enough to assess changes in Crec under rainfed
cropping systems in a semiarid Mediterranean climate. Crec con-
centration in our study was similar to that reported in the surface layer
of other agricultural soils (Currie et al., 2002; Masiello and Druffel,
2003).

The most important outcome of this experiment is the fact that pig
diet (solid or liquid) had an important effect on some soil properties,
with this factor being more significant than if pig slurry was applied
raw or treated. In fact, this is the first attempt, as far as we are con-
cerned, in which slurry derived from liquid diet is used as organic
fertilizer. The liquid diet led to a pig slurry that significantly increased
Csol and Cmic, for both raw and treated pig slurry. Contrarily, the solid
diet led to significant increases in Corg and arylesterase activity. When

the organic C content of pig slurries was examined, it was observed that
the solid diet contained a greater amount of stable C compared to the
liquid food diet, it therefore had a positive effect on Corg and Crec. In
addition, the liquid diet originated a slurry with higher quantity of
other nutrients such as P, Zn and Fe (Table 2). Hence, the organic
sources of the liquid food diet, such as the fresh dairy products and
brewery by-products given in the liquid food diet, originated a slurry
with more degradable compounds, associated to higher concentration
of essential nutrients, which were directly used by the microbial po-
pulation by applying high doses to the soil. As a consequence the use of
a slurry derived from a liquid diet had a positive effect on Csol and
Cmic. This is related to the activation of the biochemical cycles in the
soil and higher mineralization rates, which can finally contribute to
increase the availability of nutrients for the crop (Plaza et al., 2004).
Contrarily, a solid diet seems to provide more recalcitrant organic
compounds that slow down soil organic carbon mineralization, thus
favoring C sequestration. Thus, diet type is an important factor de-
termining the characteristics of the slurry (Hansen et al., 2014), more
determinant that posterior treatments to purify the slurry. In this sense,
Sánchez-Martín et al. (2017), for example, observed that the inclusion
of fibrous compounds in the pig diet can lead to a reduction of urea-N
excretion, with lower N compounds in the slurry. So, the manipulation
of diet provides an available strategy to change organic and mineral
compounds within the slurry (Dijkstra et al., 2013), which may be used
to tailor slurries to be used as potential fertilizers in agriculture. This
experiment highlights the high influence of diet on the excreta pro-
duced by the animals. Thus, not only strategies must be assessed to treat
the slurry to reduce the possible environmental effects once applied in
agriculture as fertilizers, but also strategies to manipulate the diet in a
way it is healthy for the animal, fulfilling the required standards for
animal production, but also generates a slurry with the organic and
mineral compounds needed to enhance soil quality and fertility and
foster vegetal production. The liquid diet used in this study favors the
growth of microorganisms and the increase of soluble organic com-
pounds, which can be associated to increases in soil fertility by the
mineralization of the easily degradable compounds.

5. Conclusions

Generally speaking, the addition of different types of pig slurry had
no significant effect on soil organic carbon content and pools and en-
zyme activities involved in the C cycle under rainfed barley mono-
culture in a sandy loam Mediterranean soil. Although the type of pig
slurry (raw or treated) had no significant effect on the studied prop-
erties except for microbial biomass carbon, the type of diet significantly
affected many of the properties. The solid diet led to increases in soil
organic carbon and arylesterase activity, indicating higher recalcitrance
of the organic compounds provided. Contrarily, the liquid diet led to
increases in soil soluble organic carbon and microbial biomass carbon,
suggesting more available nutrients. Thus, the use of treated pig slurry
has no detrimental effect on organic carbon dynamics compared to raw
pig slurry and can be suggested as an alternative to decrease the en-
vironmental impact, prevent soil pollution, and ensure sustainability.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

Raúl Zornoza acknowledges the financial support from the Spanish
Ministry of Science, Innovation, and Universities through the “Ramón y
Cajal” Program [RYC-2015-18758].

İ. Halil Yanardağ, et al. Geoderma 380 (2020) 114640

7



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.geoderma.2020.114640.

References

Agne, S.A., Klein, V.A., 2014. Organic matter and physical attributes of an Oxisol after
swine waste application in perennial pastures/Materia organica e atributos fisicos de
um Latossolo Vermelho apos aplicacoes de dejeto de suinos. Revista Brasileira de
Engenharia Agricola e Ambiental 18 (7), 720–727.

Antezana, W., De Blas, C., García-Rebollar, P., Rodríguez, C., Beccaccia, A., Ferrer, P.,
Cerisuelo, A., Moset, V., Estelles, F., Cambra-López, M., 2016. Composition, potential
emissions and agricultural value of pig slurry from Spanish commercial farms. Nutr.
Cycl. Agroecosyst. 104 (2), 159–173.

Aon, M.A., Cabello, M.N., Sarena, D.E., Colaneri, A.C., Franco, M.G., Burgos, J.L.,
Cortassa, S., 2001. I. Spatio–temporal patterns of soil microbial and enzymatic ac-
tivities in an agricultural soil. Appl. Soil Ecol. 18, 239–254.

APHA, 2005. Federation, Water Environmental American Public Health Association.
Standard methods for the examination of water and wastewater. American Public
Health Association (APHA): Washington, DC, USA.

Assefa, B., Chen, Y., Buckley, K., Akinremi, W., 2006. Effects of manure injection tool type
and tool spacing on soil nutrient levels and spring barley performance. Can. Biosyst.
Eng. 48, 2.

Bandick, A.K., Dick, R.P., 1999. Field management effects on soil enzyme activities. Soil
Biol. Biochem. 31 (11), 1471–1479.

Bol, R., Kandeler, E., Amelung, W., Glaser, B., Marx, M., Preedy, N., Lorenz, K., 2003.
Short-term effects of dairy slurry amendment on carbon sequestration and enzyme
activities in a temperate grassland. Soil Biol. Biochem. 35 (11), 1411–1421.

Chang, C., Janzen, H., 1996. Long-term fate of nitrogen from annual feedlot manure
applications. J. Environ. Qual. 25 (4), 785–790.

Chapman, H.D., 1965. Cation‐exchange capacity. Methods of Soil Analysis: Part 2
Chemical and Microbiological Properties 9, 891-901.

Cosandey, A.C., Maitre, V., Guenat, C., 2003. Temporal denitrification patterns in dif-
ferent horizons of two riparian soils. Eur. J. Soil Sci. 54 (1), 25–38.

Currie, L.A., Benner Jr, B.A., Kessler, J., Klinedinst, D., Klouda, G., Marolf, J., Slater, J.F.,
Wise, S., Cachier, H., Cary, R., 2002. A critical evaluation of interlaboratory data on
total, elemental, and isotopic carbon in the carbonaceous particle reference material,
NIST SRM 1649a. J. Res. Nat. Inst. Stand. Technol. 107 (3), 279.

Dambreville, C., Hallet, S., Nguyen, C., Morvan, T., Germon, J.-C., Philippot, L., 2006.
Structure and activity of the denitrifying community in a maize-cropped field ferti-
lized with composted pig manure or ammonium nitrate. FEMS Microbiol. Ecol. 56
(1), 119–131.

de Mora, A.P., Ortega-Calvo, J.J., Cabrera, F., Madejón, E., 2005. Changes in enzyme
activities and microbial biomass after “in situ” remediation of a heavy metal-con-
taminated soil. Appl. Soil Ecol. 28 (2), 125–137.

Dijkstra, J., Oenema, O., Van Groenigen, J., Spek, J., Van Vuuren, A., Bannink, A., 2013.
Diet effects on urine composition of cattle and N2O emissions. Animal 7 (S2),
292–302.

Dinuccio, E., Gioelli, F., Balsari, P., Dorno, N., 2012. Ammonia losses from the storage and
application of raw and chemo-mechanically separated slurry. Agric. Ecosyst. Environ.
153, 16–23.

Duchaufour, P.H., 1970. Precis de Pedologie. Masson. Paris 1–481.
Eivazi, F., Tabatabai, M., 1988. Glucosidases and galactosidases in soils. Soil Biol.

Biochem. 20 (5), 601–606.
Eivazi, F., Tabatabai, M., 1990. Factors affecting glucosidase and galactosidase activities

in soils. Soil Biol. Biochem. 22 (7), 891–897.
Fangueiro, D., Lopes, C., Surgy, S., Vasconcelos, E., 2012. Effect of the pig slurry se-

paration techniques on the characteristics and potential availability of N to plants in
the resulting liquid and solid fractions. Biosyst. Eng. 113 (2), 187–194.

Fontaine, S., Mariotti, A., Abbadie, L., 2003. The priming effect of organic matter: a
question of microbial competition? Soil Biol. Biochem. 35 (6), 837–843.

Gascó, G., Paz-Ferreiro, J., Cely, P., Plaza, C., Méndez, A., 2016. Influence of pig manure
and its biochar on soil CO2 emissions and soil enzymes. Ecol. Eng. 95, 19–24.

Gianfreda, L., Ruggiero, P., 2006. Enzyme activities in soil, Nucleic acids and proteins in
soil. Springer 257–311.

Hansen, M.J., Nørgaard, J.V., Peter, A.S., Hanne, A., Poulsen, D., 2014. Effect of reduced
crude protein on ammonia, methane, and chemical odorants emitted from pig houses.
Livestock Science 169, 118–124.

Hjorth, M., Christensen, K.V., Christensen, M.L., Sommer, S.G., 2011. Solid–liquid se-
paration of animal slurry in theory and practice, Sustainable Agriculture Volume 2.
Springer 953–986.

Hulsemann, J., 1966. On the routine analysis of carbonates in unconsolidated sediments.
J. Sediment. Res. 36 (2).

Karaca, A., Cetin, S.C., Turgay, O.C., Kizilkaya, R., 2010. Soil enzymes as indication of soil
quality, soil enzymology. Springer 119–148.

Karlen, D., Gardner, J., Rosek, M., 1998. A soil quality framework for evaluating the
impact of CRP. J. Prod. Agric. 11 (1), 56–60.

Lal, R., 2020. Managing soils for resolving the conflict between agriculture and nature:
the hard talk. Eur. J. Soil Sci. 71 (1), 1–9.

Luis Criado, J., María Castel, J., Delgado-Pertíñez, M., 2009. Efecto del Sistema de
Distribución del Alimento en el Cebo del Cerdo Iberico Cruzado Con Duroc.
Agrociencia 43 (8), 791–801.

Makara, A., Kowalski, Z., 2015. Pig manure treatment and purification by filtration. J.

Environ. Manage. 161, 317–324.
Martínez-Almeda, J., Barrera Marza, J., Muñoz Luna, A., Salamó Casals, D., 2009.

Alternativas tecnológicas y un nuevo sistema de gestión para la valoración y apro-
vechamiento de los residuos líquidos ganaderos. Localización: Sólo Cerdo Ibérico. 22
(OCT), 65-77.

Martinez-Almela, J., Barrera, J.M., 2005. SELCO-Ecopurin® pig slurry treatment system.
Bioresour. Technol. 96 (2), 223–228.

Martinez, C., Tabatabai, M., 1997. Decomposition of biotechnology by-products in soils.
J. Environ. Qual. 26 (3), 625–632.

Masiello, C., Druffel, E., 2003. Organic and black carbon 13C and 14C through the Santa
Monica Basin sediment oxic-anoxic transition. Geophys. Res. Lett. 30 (4).

Minasny, B., Malone, B.P., McBratney, A.B., Angers, D.A., Arrouays, D., Chambers, A.,
Chaplot, V., Chen, Z.-S., Cheng, K., Das, B.S., Field, D.J., Gimona, A., Hedley, C.B.,
Hong, S.Y., Mandal, B., Marchant, B.P., Martin, M., McConkey, B.G., Mulder, V.L.,
O'Rourke, S., Richer-de-Forges, A.C., Odeh, I., Padarian, J., Paustian, K., Pan, G.,
Poggio, L., Savin, I., Stolbovoy, V., Stockmann, U., Sulaeman, Y., Tsui, C.-C., Vågen,
T.-G., van Wesemael, B., Winowiecki, L., 2017. Soil carbon 4 per mille. Geoderma
292, 59–86.

Moreno-García, B., Guillén, M., Quílez, D., 2017. Response of paddy rice to fertilisation
with pig slurry in northeast Spain: Strategies to optimise nitrogen use efficiency. Field
Crops Research 208, 44–54.

Olsen, S.R., Dean, L.A., 1965. Phosphorus. In: Black, C. (Ed.), Methods of soil analysis.
Madison, Wisconsin, USA, pp. 1035–1049.

Park, E.-J., Sul, W.J., Smucker, A.J., 2007. Glucose additions to aggregates subjected to
drying/wetting cycles promote carbon sequestration and aggregate stability. Soil
Biol. Biochem. 39 (11), 2758–2768.

Pascual, J., García, C., Hernandez, T., 1999. Lasting microbiological and biochemical
effects of the addition of municipal solid waste to an arid soil. Biol. Fertil. Soils 30
(1–2), 1–6.

Pietri, J.A., Brookes, P., 2008. Relationships between soil pH and microbial properties in a
UK arable soil. Soil Biol. Biochem. 40 (7), 1856–1861.

Plaza-Bonilla, D., Arrúe, J.L., Cantero-Martínez, C., Fanlo, R., Iglesias, A., Álvaro-Fuentes,
J., 2015. Carbon management in dryland agricultural systems. A review. Agronomy
for Sustainable Development 35 (4), 1319–1334.

Plaza, C., Hernandez, D., Garcia-Gil, J., Polo, A., 2004. Microbial activity in pig slurry-
amended soils under semiarid conditions. Soil Biol. Biochem. 36 (10), 1577–1585.

Plaza, C., Zaccone, C., Sawicka, K., Méndez, A.M., Tarquis, A., Gascó, G., Heuvelink,
G.B.M., Schuur, E.A.G., Maestre, F.T., 2018. Soil resources and element stocks in
drylands to face global issues. Sci. Rep. 8 (1), 13788.

Primo-Parmo, S.L., Sorenson, R.C., Teiber, J., La Du, B.N., 1996. The human serum
paraoxonase/arylesterase gene (PON1) is one member of a multigene family.
Genomics 33 (3), 498–507.

Rauber, L.P., Piccolla, C.D., Andrade, A.P., Friederichs, A., Mafra, Á.L., Corrêa, J.C.,
Albuquerque, J.A., 2012. Physical properties and organic carbon content of a Rhodic
Kandiudox fertilized with pig slurry and poultry litter. Revista Brasileira de Ciência
do Solo 36, 1323–1332.

Rochette, P., Angers, D.A., 2000. Soil carbon and nitrogen dynamics following application
of pig slurry for the 19th consecutive year I. Carbon dioxide fluxes and microbial
biomass carbon. Soil Sci. Soc. Am. J. 64 (4), 1389–1395.

Rodríguez Estévez, V., Rucabado Palomar, T., Mata Moreno, C., 2007. La producción
ganadera extensiva y la conservación del medio ambiente, en Andalucía. . In: E.
Rodero Serrano, M. Valera Córdoba (Eds.), Patrimonio Ganadero Andaluz Vol. I: La
Ganadería Andaluza en el Siglo XXI. . Consejería de Agricultura y Pesca, Sevilla,
Spain, pp. 267-278.

Rovira, P., Duguy, B., Ramón Vallejo, V., 2009. Black carbon in wildfire-affected shrub-
land Mediterranean soils. J. Plant Nutr. Soil Sci. 172 (1), 43–52.

Rovira, P., Vallejo, V.R., 2000. Examination of thermal and acid hydrolysis procedures in
characterization of soil organic matter. Commun. Soil Sci. Plant Anal. 31 (1–2),
81–100.

Sajeev, M., Purath, E., Winiwarter, W., Amon, B., 2018. Greenhouse gas and ammonia
emissions from different stages of liquid manure management chains: abatement
options and emission interactions. J. Environ. Qual. 47 (1), 30–41.

Santos, A., Fangueiro, D., Moral, R., Bernal, M.P., 2018. Composts produced from pig
slurry solids: nutrient efficiency and N-leaching risks in amended soils. Front.
Sustainable Food Syst. 2, 8.

Satoh, T., Hosokawa, M., 1998. The mammalian carboxylesterases: from molecules to
functions. Annu. Rev. Pharmacol. Toxicol. 38 (1), 257–288.

Scaglia, B., Adani, F., 2009. Biodegradability of soil water soluble organic carbon ex-
tracted from seven different soils. J. Environ. Sci. 21 (5), 641–646.

Silva, D.M.d., Jacques, R.J.S., Silva, D.A.A.d., Santana, N.A., Vogelmann, E., Eckhardt,
D.P., Antoniolli, Z.I., 2016. Effects of pig slurry application on the diversity and ac-
tivity of soil biota in pasture areas. Ciência Rural 46 (10), 1756–1763.

Singh, J., Raghubanshi, A., Singh, R., Srivastava, S., 1989. Microbial biomass acts as a
source of plant nutrients in dry tropical forest and savanna. Nature 338 (6215),
499–500.

Soil Survey Staff, 2014. Keys to Soil Taxonomy. 12rd Edition. United States Department of
Agriculture (USDA), Natural Resources Conservation Service. Washington DC, USA.
360p. Available at: https://www.nrcs.usda.gov/wps/PA_NRCSConsumption/down-
load?cid=stelprdb1252094&ext=pdf.

van Bruggen, A.H.C., Semenov, A.M., 2000. In search of biological indicators for soil
health and disease suppression. Appl. Soil Ecol. 15, 13–24.

Vance, E., Brookes, P., Jenkinson, D., 1987a. Microbial biomass measurements in forest
soils: the use of the chloroform fumigation-incubation method in strongly acid soils.
Soil Biol. Biochem. 19 (6), 697–702.

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987b. An extraction method for measuring
soil microbial biomass C. Soil Biol. Biochem. 19 (6), 703–707.

İ. Halil Yanardağ, et al. Geoderma 380 (2020) 114640

8

https://doi.org/10.1016/j.geoderma.2020.114640
https://doi.org/10.1016/j.geoderma.2020.114640
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0005
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0005
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0005
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0005
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0010
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0010
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0010
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0010
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0015
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0015
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0015
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0025
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0025
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0025
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0030
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0030
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0035
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0035
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0035
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0045
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0045
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0055
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0055
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0060
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0060
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0060
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0060
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0065
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0065
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0065
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0065
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0070
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0070
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0070
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0075
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0075
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0075
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0080
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0080
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0080
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0090
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0095
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0095
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0100
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0100
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0105
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0105
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0105
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0110
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0110
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0115
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0115
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0120
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0120
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0125
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0125
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0125
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0130
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0130
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0130
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0135
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0135
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0140
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0140
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0150
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0150
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0155
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0155
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0160
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0160
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0160
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0165
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0165
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0175
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0175
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0180
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0180
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0185
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0185
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0190
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0190
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0190
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0190
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0190
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0190
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0190
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0195
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0195
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0195
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0200
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0200
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0205
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0205
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0205
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0210
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0210
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0210
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0215
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0215
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0220
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0220
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0220
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0225
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0225
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0230
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0230
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0230
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0235
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0235
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0235
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0245
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0245
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0245
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0245
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0250
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0250
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0250
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0260
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0260
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0265
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0265
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0265
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0270
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0270
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0270
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0280
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0280
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0280
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0285
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0285
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0290
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0290
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0295
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0295
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0295
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0300
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0300
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0300
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0310
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0310
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0315
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0315
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0315
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0320
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0320


Velthof, G., Bannink, A., Oenema, O., Van Der Meer, H., Spoelstra, S., 2000. Relationships
between animal nutrition and manure quality; a literature review on C, N, P and S
compounds, Alterra.

Walker, P., Kelley, T., 2003. Solids, organic load and nutrient concentration reductions in
swine waste slurry using a polyacrylamide (PAM)-aided solids flocculation treatment.
Bioresour. Technol. 90 (2), 151–158.

Xiao-Chang, W., Qin, L., 2006. Beta-glucosidase activity in paddy soils of the Taihu Lake
region, China. Pedosphere 16 (1), 118–124.

Yanardağ, I., Zornoza, R., Bastida, F., Büyükkiliç-Yanardağ, A., García, C., Faz, A.,
Mermut, A., 2017. Native soil organic matter conditions the response of microbial
communities to organic inputs with different stability. Geoderma 295, 1–9.

Yanardağ, İ.H., Zornoza, R., Cano, A.F., Yanardağ, A.B., Mermut, A., 2015. Evaluation of
carbon and nitrogen dynamics in different soil types amended with pig slurry, pig
manure and its biochar by chemical and thermogravimetric analysis. Biol. Fertil. Soils
51 (2), 183–196.

Zornoza, R., Faz, Á., Carmona, D.M., Acosta, J.A., Martínez-Martínez, S., de Vreng, A.,
2013a. Carbon mineralization, microbial activity and metal dynamics in tailing ponds
amended with pig slurry and marble waste. Chemosphere 90 (10), 2606–2613.

Zornoza, R., Faz, Á., Martínez-Martínez, S., Acosta, J.A., Gómez-López, M.D., Avilés-
Marín, S.M., 2013b. Marble waste and pig slurry increment soil quality and reduce
metal availability in a tailing pond. Terra Latinoamericana 31 (2), 105–114.

Zornoza, R., Guerrero, C., Mataix-Solera, J., Arcenegui, V., García-Orenes, F., Mataix-
Beneyto, J., 2007. Assessing the effects of air-drying and rewetting pre-treatment on
soil microbial biomass, basal respiration, metabolic quotient and soluble carbon
under Mediterranean conditions. Eur. J. Soil Biol. 43 (2), 120–129.

Zornoza, R., Landi, L., Nannipieri, P., Renella, G., 2009a. A protocol for the assay of
arylesterase activity in soil. Soil Biol. Biochem. 41 (3), 659–662.

Zornoza, R., Mataix-Solera, J., Guerrero, C., Arcenegui, V., Mataix-Beneyto, J., 2009b.
Storage effects on biochemical properties of air-dried soil samples from southeastern
Spain. Arid Land Res. Manage. 23 (3), 213–222.

İ. Halil Yanardağ, et al. Geoderma 380 (2020) 114640

9

http://refhub.elsevier.com/S0016-7061(20)30965-4/h0330
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0330
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0330
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0335
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0335
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0340
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0340
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0340
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0345
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0345
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0345
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0345
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0350
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0350
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0350
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0355
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0355
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0355
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0360
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0360
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0360
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0360
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0365
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0365
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0370
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0370
http://refhub.elsevier.com/S0016-7061(20)30965-4/h0370

	Changes in carbon pools and enzyme activities in soil amended with pig slurry derived from different feeding diets and filtration process
	Introduction
	Material and Methods
	Study site and experimental design
	Pig slurry treatment
	Soil sampling and analytical methods
	Pig slurry analysis
	Statistical analysis

	Results
	Soil organic carbon content and pools
	Microbial biomass carbon and enzyme activities

	Discussion
	Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Supplementary data
	References




