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Abstract Anaerobic digestion is currently considered a
valuable technology for recycling of cattle slurry due to
the production of biogas, a renewable source of energy.
However, an appropriate management of the waste generated
from anaerobic co-digestion of cattle slurry (digestate) is
needed for the sustainability of the process. This paper shows
the effects provoked on soil C and N mineralisation processes
and on microbial biomass due to the addition of the digestate,
the liquid and solid fractions obtained after separation of the
digestate and the composted solid fraction of the digestate, in
comparison with the effects of the non-digested cattle slurry.
Composting was a very effective way of recycling the diges-
tate, producing highly stable (mineralised-C reached only 3%
of the added total organic-C) and hygienised material with an
elevated fertilising potential (the net-N mineralisation
accounted for 2% of total-N from compost). The agricultural
use of cattle slurry, the digestate and the separated fractions
should take into account their effects on soil C and N cycles:
high decomposition rate (ranging from 25% to 50% of total
organic-C) and partial N immobilisation in the soil.

Keywords Digestate . Soil organic carbon . Nitrogen
immobilisation . Microbial activity

Introduction

Cattle slurry represents nowadays an important resource for
biogas production in the EU-27. Considering that the annual

animal manure (cattle and pig) production is about 1,284×
106 Mg (Holm-Nielsen et al. 2009), a biogas production
potential of 18.5 Mtoe (million tons of oil equivalent) has
been estimated. This alternative has potential financial ben-
efits lying in biomass-to-energy schemes, which generate
revenue from the energy produced, and often provide a by-
product that could be potentially used as an agricultural
fertiliser. Therefore, co-digestion of cattle slurry with other
biomass substrates—such as agricultural wastes—seems to
be a sustainable technology for producing biogas as a renew-
able source of energy, offering advantages for the manage-
ment of these organic wastes and for mitigation of greenhouse
gas emissions (Nielsen et al. 2002).

However, the sustainability of biogas production may
depend on an appropriate end-use of the digested material
obtained, which should be treated, disposed of, or re-used in
a proper way, avoiding any possible negative environmental
impact. It has been demonstrated that direct soil application
of digestate can lead to benefits for crops, if integrated into
good agricultural practices (Al Seadi 2002; Fuchs et al.
2008; Holm-Nielsen et al. 2009). Digested materials present
some advantages for their use as soil amendments in com-
parison with untreated wastes, such as greater microbial
stability and hygiene and a higher amount of N present as
ammonium (Al Seadi 2002; Alburquerque et al. 2012a;
Holm-Nielsen et al. 2009). Nevertheless, anaerobic diges-
tate can produce disgusting odours, and its viscosity (Smet
et al. 1998) and high humidity make its handling and appli-
cation to soils difficult (Tchobanoglous et al. 2002). Also,
the presence of high concentrations of easily degradable
organic matter in the digestate could lead to an excessive
increase in soil microbial activity (Alburquerque et al.
2012b) and cause detrimental effects on the plant–soil sys-
tem such as phytotoxicity (e.g. toxic intermediate degrada-
tion products), anaerobic soil conditions, etc. Consequently,
the anaerobic digestate may require further processing to
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enhance its potential fertilising value and applicability as a
soil conditioner. Various treatment options for reducing
the amount of water such as composting, physico-
chemical treatments and mechanical or thermal dewater-
ing of digestate have been previously discussed (Rehl
and Müller 2011).

Separation of liquid and solid fractions of the digestate is
a desirable upstream operation in the treatment process since
dewatering the solid fraction reduces the cost of transport
and facilitates its addition to soil (Holm-Nielsen et al. 2009).
Additionally, the solid fraction can be transformed by com-
posting, which final product would represent an attractive
source of stable organic matter and nutrients for agricultural
soils (Atallah et al. 1995). The composting of the solid
fraction of the digestate can constitute a feasible method
not only to handling these materials but also to improve the
quality of the end-product, reducing odours emission by
decreasing the concentration of volatile compounds, moisture
content, potential phytotoxicity and also contributes to the
elimination of pathogens (Bustamante et al. 2012). Moreover,
the separated liquid fraction, which has lower amount of
suspended solids, can be directly used as an agricultural
fertiliser due to its high NH4

+–N concentration (Morris and
Lathwell 2004). Further refining of the liquid fraction into
concentrated fertilisers, or receiving post-treatments to obtain
clean water suitable for other uses, could be of interest as well
(Holm-Nielsen et al. 2009).

The increasing interest in Mediterranean countries in the
use of organic materials derived from anaerobic digestion
(raw digestate, liquid and solid fractions, etc.) as soil fertilisers
contrasts with the fact that their effects on soil properties are
largely unknown. Digestates from animal manures may hold
elevated contents of metals (Cu and Zn) and salts since they
are present in high concentrations in the raw materials (espe-
cially in pig slurries; Moral et al. 2005), as well as certain
microbial instability, constituting a potential risk of metal
accumulation in soil, salinisation or phytotoxic effects,
N-immobilisation, etc. (Alburquerque et al. 2012a; McLachlan
et al. 2004; Poggi-Varaldo et al. 1999). Therefore, the aims of
the present paper were to elucidate the effects on soil of
materials associated to cattle slurry anaerobic digestion,
and to establish the most appropriate strategy for cattle
slurry management based on the potential use as soil
fertilisers and amendments of the (by)products generated
by the different treatment processes (anaerobic co-digestion of
cattle slurry, anaerobic digestion followed by liquid–solid
separation of digestate, or composting of the solid fraction)
and of untreated slurry. For that, the impact of the addition of
thesematerials on both soil-C and soil-N cycles related param-
eters like microbial biomass C and N, and C and N mineral-
isation in soil, and on soil physico-chemical properties (pH,
EC and available phosphorous) was evaluated in aerobic
incubation experiments.

Materials and methods

Incubation experiments

The organic materials used in the present experiment were
obtained from a dairy farm located in Requena (Valencia,
Spain). Raw cattle slurry (CS) and anaerobically digested
material or digestate (D) were sampled directly from an on-
farm biogas plant. Briefly, the plant, with a total utilisable
volume of 3,000 m3, produces 500 kW hday−1 of electrical
power by co-digesting cattle slurry (84.1% fresh weight),
cattle manure (4.3% fresh weight) and maize–oat silage
(11.6% fresh weight). The separated solid (SD) and liquid
(LD) fractions of the digestate were collected from a mechan-
ical screen separator (screw press) installed after the storage
tank. The screw press showed a removal efficiency for DM of
32%. The compost (CM) was obtained after composting the
solid digestate fraction without bulking agent addition during
131 days (Bustamante et al. 2012). The organic materials were
kept at <4°C for 2–3 days and processed quickly to prevent
any chemical or biological alteration. Their main character-
istics are shown in Table 1.

A calcareous sandy loam agricultural soil (14.8% clay,
22.3% silt and 62.9% sand) from La Alberca (Murcia,
Spain) was taken from the superficial top 20 cm, air-dried
and sieved to 2 mm before use. Its main characteristics were
24% CaCO3, pH 8.3, electrical conductivity (EC) 0.3 dS m−1,

Table 1 Characteristics of the cattle slurry (CS), digestate (D), liquid
and solid fraction of digestate (LD, SD) and the compost prepared with
the solid fraction of digestate (CM)

Parameter CS D LD SD CM

Fresh weight Dry weight

BOD5 (g l−1) 18.8 6.0 8.5 n.d. n.d.

EC (dS m−1) 17.5 25.8 22.5 5.5 7.5

pH 7.2 7.5 7.6 8.9 6.9

DM (%) 7.2 9.0 6.1 22 27.9

OM (g kg−1) 60 66 36 823 654

TOC (g kg−1) 30 34 20 418 324

WSC (g kg−1) 8.1 5.4 5.5 16 6.3

Total-N (g kg−1) 3.2 4.0 3.9 26 31

NH4
+–N (g kg−1) 1.3 1.9 2.4 6.7 0.07

Total-P (g kg−1) 0.5 0.8 0.7 5.1 8.3

K (g kg−1) 1.9 3.1 3.0 14.0 19.7

Fe (mg kg−1) 86 301 305 2,550 2,650

Cu (mg kg−1) 6.2 11 8.9 47 69.4

Mn (mg kg−1) 15 28 22 158 159

Zn (mg kg−1) 19 28 29 155 250

BOD5 5-day biochemical oxygen demand, EC electrical conductivity,
DM dry matter, OM organic matter, TOC total organic carbon, WSC
water-soluble carbon, n.d. not determined
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24.3 gkg−1 organic matter (OM), 14.1 gkg−1 total organic-C
(TOC) and 1.85 gkg−1 total nitrogen (TN).

The liquid materials (CS, D and LD) were thoroughly
mixed with the soil in a proportion of 4 ml of fresh material
per 100 g of dry soil (equivalent to a field application of
96 m3 ha−1), while the solid ones (SD and CM) were
incorporated to the soil at a rate of 2 g of dry material per
100 g of dry soil (equivalent to 48 Mg ha−1), leading to
organic C addition rates of 2.9, 3.3, 1.9, 20.1 and
15.6 Mg ha−1 for CS, D, LD, SD and CM, respectively.
The above application rates were selected in order to avoid
excessively low inputs of organic-C to the soil with the liquid
samples, which could limit the accuracy of the C-mineralisation
study. Unamended soil (S) was used as a control.

Soil–organic amendment mixtures were incubated under
aerobic conditions in darkness at 26±0.5°C for 56 days. Soil
moisture was maintained at 60% of the water-holding ca-
pacity during incubation, with deionised water. Two parallel
sets of incubations were carried out:

1. A destructive set of samples (7 g of dry soil and the
equivalent proportions of the amendments) to determine
soil physico-chemical properties, following the method-
ology described by Alburquerque et al. (2012b). Briefly,
a total of 44 replicate samples were run: at days 0, 2, 7,
14, 28, 42 and 56, three replicates per treatment for the
analysis of inorganic-N (NH4

+–N and NO3
−–N), and

two more to evaluate soil pH were taken; at days 0, 7
and 56 of incubation, three extra replicates per treatment
were removed for the determination of available-P
concentrations.

2. A non-destructive set of samples (20 g of dry soil and
the equivalent proportions of the amendments) for the
determination of C-mineralisation (CO2–C evolved
from the soil) and microbial biomass-C (BC) and -N
(BN) concentrations (Alburquerque et al. 2012b).
Evolved CO2–C was measured periodically (after 2, 4,
7, 10, 14, 17, 21, 28, 35, 42, 49 and 56 days of incuba-
tion) by titration of the NaOH solution placed in a small
beaker inside the incubation vessels with 0.1 M HCl in
an excess of BaCl2 to precipitate carbonates. Vessels
without soil were used as blanks. The mineralisation of
the organic-C from the amendments (Cm) was calculated
as the difference between the CO2–C evolved in the
amended soils and that produced in the unamended con-
trol soil, and was expressed as a percentage of the TOC
added with the amendments. Both BC and BN concentra-
tions were determined after 7 and 56 days of incubation.

Analytical methods

Moisture content of the solid and liquid organic materials
was evaluated after drying to constant weight at 105°C

while the OM content was determined by loss on igni-
tion at 500°C for 24 h. Both TOC and TN concentra-
tions were measured in freeze-dried samples using an
automatic elemental microanalyser (EuroVector, Milan,
Italy).

For the liquid materials (D, CS and LD), electrical
conductivity (EC) and pH were measured directly after
sample homogenisation. Ammonium was extracted by
steam distillation of fresh samples alkalised with MgO,
trapped in boric acid and titrated with HCl (Bremner
and Keeney 1965). The 5-day biochemical oxygen de-
mand (BOD5) is a reliable and commonly used method
to calculate readily biodegradable OM (Alburquerque et
al. 2012a), and was determined using the method and
equipment supplied by WTW (Oxitop IS6) based on
pressure measurement in a sealed system. Water-soluble
organic C (WSC) was determined using an automatic analyser
for liquid samples (TOC-VCSN+TNM-1Analyser, Shimadzu)
after sample filtration (0.45-μm pore diameter) accord-
ing to method 5310B (APHA 2005). In the solid mate-
rials (SD and CM), WSC, EC and pH were measured
after freeze-drying and grinding (<0.5 mm) in 1:10
water extracts (w/v). Ammonium concentration was ana-
lysed in SD as described before for liquid samples and
in CM in 2 M KCl extracts (1:5 w/v) by the salicylate
method (Kempers and Zweers 1986) using sodium dichlor-
oisocyanurate as the chlorine source. The pathogens
Escherichia coli and Salmonella spp. were determined
in the organic materials as proposed by Chroni et al.
(2009) and USEPA (2005), respectively.

Soil TOC and TN concentrations were determined by an
automatic microanalyser; organic matter (OM) contents
were calculated by multiplying TOC concentrations by
1.72 (Nelson and Sommers 1982). The CaCO3 content
was measured with a Bernard calcimeter. A two-step se-
quential extraction procedure was carried out for soil
inorganic-N evaluation during the incubation experiments:
(1) ultrapure water (1:5 w/v) for 2 h: water-soluble NH4

+–N
and NO3

−–N and (2) 2 M KCl (1:5 w/v) for 2 h: exchange-
able NH4

+–N forms in the soil. Nitrate concentrations in soil
extracts were measured using a nitrate-ion selective elec-
trode (USEPA 2007) and NH4

+–N concentrations were eval-
uated as proposed by Kempers and Zweers (1986). Soil BC

and BN concentrations were determined after a fumigation-
extraction procedure (Brookes et al. 1985; Vance et al.
1987) in an automatic analyser for liquid samples, and
calculated according to Wu et al. (1990). All values refer
to oven-dried soil weight (105°C for 24 h). Soil pH and EC
throughout the incubation experiment were determined in
1:2.5 and 1:5 (w/v) soil/water extracts, respectively.
Available-P concentrations in soil were measured colorimet-
rically after NaHCO3 extraction (Watanabe and Olsen
1965).
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Statistical analyses

Basic statistical analyses of data (ANOVA) were calculated
using SPSS 18.0 software for Windows. The normal distri-
bution of the data was checked by the Shapiro–Wilk’s test;
when data failed this test, they were adjusted to a normal
distribution through log transformation.

Data concerning C-mineralisation in soil were fitted to
kinetic functions by the non-linear least-square technique
(Marquardt–Levenberg algorithm), using Sigma-Plot 10.0
software (Systat Software Inc). The statistical significance
of the curve-fitting, residual mean square (RMS) and
F values were also calculated.

Results and discussion

Agrochemical characteristics of the tested materials

In the present study, all the liquid materials (CS, D and LD)
were close to neutral or slightly alkaline, which has been
commonly reported for both cattle slurry and digestates (e.g.
Alburquerque et al. 2012a; Sommer and Olesen 1991). The
separated solid fraction of the digestate (SD) showed a
strong alkaline character (pH 8.9), which may affect soil
pH and nutrient availability for plants if used as soil amend-
ment. In contrast, CM showed a pH value of 6.9, slightly
lower than typical values of compost (Bustamante et al.
2012). Elemental sulphur was added to SD for composting
in order to reduce NH3 emissions during the process; its
gradual oxidation and nitrification processes may account
for the relatively low pH values observed in this material.
Raw cattle slurry (CS), D and LD showed high EC as soluble
salts remain mainly in the liquid fraction after separation
processes of livestock manures (Burton 2007). Compost
(CM) showed higher EC than SD (Table 1) due to increased
ions concentration as a consequence of the mineralisation
processes that occur during composting and to the mass loss
of the pile (Paredes et al. 2000).

Degradation of labile organic matter during the anaerobic
digestion resulted in lower BOD5 and WSC values in D than
in CS (Table 1). Contrastingly, organic matter, TOC and dry
matter were not reduced in D since a lignocellulosic material
was added to CS as co-substrate for co-digestion (maize–oat
silage at 11.6% fresh weight). Compost showed lower
concentration of OM, TOC and WSC than SD, associated to
the degradation of the organic compounds throughout
composting.

High concentrations of NH4
+–N were found in CS, D,

LD and SD. The production of NH4
+–N during the anaerobic

process, derived from the breakdown of urea and other organ-
ic constituents (mainly aminoacids and proteins), enriches
digestates in such N-form, which remain almost entirely in

the liquid fraction after separation (Table 1) (Jørgensen
and Jensen 2009). Ammonium-N from SD decreased
during composting due to several processes such as
NH3 volatilisation under high temperature and alkaline
pH, microbial immobilisation and nitrification (NO3

−–N
was 3.16 gkg−1 and <0.05 gkg−1 in CM and SD,
respectively). Heavy metal concentrations in the tested
organic materials were lower than the limits established
by the Spanish legislation for fertiliser products prepared
from organic materials (Cd<0.01, Cr<0.3, Ni<0.5 and Pb<
3 mg l−1 for liquid materials, and Cd<0.1, Cr<10, Ni<10 and
Pb<20 mg kg−1 for solid materials; BOE 2011).

Composting was the only process that allowed the sani-
tation of the product. Salmonella spp. was present in all
materials with the exception of compost. Anaerobic diges-
tion reduced the presence of E. coli from 7.9×104 MPN g−1

in cattle slurry to 4.0×102 MPN g−1 in digestate, but com-
posting reduced it further to <10 MPN g−1 in the final
compost, after the thermophilic temperatures were reached
during the process (Bustamante et al. 2012).

Organic carbon mineralisation

The amount of CO2–C evolved throughout the incubation
experiment showed a similar pattern in the soil amended
with the three liquid materials (D, CS and LD). After 2 days
of incubation, the amount of CO2–C evolved (expressed as
milligrams of C per kilogram per day) from the amended
soils was higher than that from the control soil (S), espe-
cially in the CS treatment (Fig. 1a), as this material
contained a higher amount of biodegradable organic com-
pounds than D and LD (higher BOD5d and WSC concen-
trations; Table 1). Control soil (S) showed certain initial
mineralisation, which can be attributed to the degradation
of the organic matter of this agricultural soil or to the storage
conditions of the soil (4°C) previous to incubation. Highly
biodegradable organic matter of the CS is mainly trans-
formed to biogas during anaerobic digestion, leading to
more stabilised organic matter content in D and LD (more
resistant to microbial degradation in the soil). The CO2–C
production rates decreased rapidly after the first week of
incubation reaching nearly constant values from day 21 to
56 (<20 mg C kg−1 day−1; Fig. 1a), similar to those obtained
in the control soil (S), as the easily mineralisable OM
sources were exhausted. Similar dynamics have been de-
scribed in agricultural soils amended with liquid organic
wastes, such as pig slurry, due to the presence of a high
concentration of easily degradable organic C in these mate-
rials (Saviozzi et al. 1993).

The addition of organic-C rich solid materials (SD and
CM) to soil also resulted in a rapid increase in the produc-
tion of CO2–C compared to non-treated soil (Fig. 1a). But
the dynamics of C-mineralisation were very different when
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soils were treated with SD or with CM. Control and compost-
treated samples had their maximum values of CO2–C emis-
sion on the first measuring day, followed by a rapid decrease
in the mineralisation rates (Fig. 1a). Contrastingly, the SD-
treated soil samples reached the highest C-mineralisation rate
during the first week of incubation (Fig. 1a). Compost con-
tains stable, partially humified OM, very resistant to microbial
degradation, while SD presents a great amount of easily
biodegradable OM with low microbiological stability (Bernal
et al. 1998a).

The amount of CO2–C evolved from the soils after
56 days of incubation decreased significantly (P<0.001) in
the order (mg CO2–C kg−1; mean±standard deviation, n0
3): SD (2,704±38)>CS (1,133±41)>D (948±23)>LD
(871±15)>CM (735±23)>S (542±6). Expressing such
results as the %TOC of the organic materials mineralised
reflected the different biodegradability of the OM present in
these residues (Fig. 1b), assuming no priming effect in soil
(Sinha et al. 1977). Thus, at the end of the incubation exper-
iment (56 days), CM showed the lowest percentage of
mineralised-C (3% of the added TOC), followed by SD
(26%), D (30%), LD (42%) and CS (50%). Carbon min-
eralisation of CS and D was similar to that observed for
cattle slurries and digestates in similar experiments with
agricultural soils: 49–60% of TOC for cattle slurry
(Sørensen 1998) and 30–34% of TOC for stable diges-
tates (Alburquerque et al. 2012b).

Lower percentages of C-mineralisation of the solid mate-
rials (especially CM) compared to the liquid materials are a
consequence of the higher proportion of solid OM of
lignocellulosic character contained in CM and SD and
the maturity degree of the OM after composting (Bernal
et al. 1998a; Saviozzi et al. 1993). This may account
also for the lower mineralisation of the D treatment
compared to CS and LD.

Data from C-mineralisation in soil were fitted to a first-
order kinetic model, where potentially mineralisable-C (C0)
ranged from 2.7% to 47.6% (Table 2). The highest value of
C0 was found in CS and SD for liquid and solid materials,

respectively, although the TOC in SD seems to be slowly
degraded (lowest rate constant; Table 2). As C0 indicates the
maximum amount of mineralisable substrate by soil micro-
organisms, the proportion of TOC from the waste that can
remain in the soil for a long time can be calculated. From a
practical point of view, conservation of C in soil has been
expressed as kilograms of C per megagram of dry material
for solids (CM and SD) and kilograms of C per cubic meter
of fresh material for liquids (CS, LD and D). Compost
would increase soil organic C levels to a greater extent than
SD, reaching 315 and 298 kg C Mg−1, respectively. Even if
losses of TOC as CO2–C due to composting of SD were
considered (22.4% of TOC), CO2–C emissions from CM
(CO2–C evolved during composting+CO2–C emissions
from the compost-amended soil) would be lower than those
coming from the soil amended with SD (103 and 121 kg C
Mg−1 for CM and SD, respectively).

Contrastingly, liquid materials would increase soil C in
only 12, 16 and 24 kg C m−3 for CS, LD and D, respectively.
Thus, if the main concern is to increase soil organic matter
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Fig. 1 Daily production of
CO2–C from the soil (mean
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where absent, bars fall within
symbols) (a), and cumulative
mineralised-C from amended
samples; dots are experimental
data (mean value±standard de-
viation, n03) and lines repre-
sent the curve-fitting (b). S
control soil, CS cattle slurry, D
digestate, LD liquid fraction of
digestate, SD solid fraction of
digestate, CM compost

Table 2 Parameters of the first-order kinetic model [Cm0C0 (1−e−kt)]
used to describe C-mineralisation of the organic materials (CS cattle
slurry, D digestate, LD liquid fraction of digestate, SD solid fraction of
digestate, CM compost) (mean value±standard deviation) and the
statistical significance of the non-linear curve-fitting (RMS residual
mean square, F value of the ANOVA)

Treatment Cm C0 k RMS F value

CS 49.8±2.5 47.6±1.2 0.08±0.01 3.6 778**

D 30.1±1.2 28.9±0.6 0.08±0.01 0.8 1,447**

LD 42.0±1.3 39.6±0.8 0.10±0.01 2.2 908**

SD 25.9±0.3 28.8±1.0 0.04±0.01 0.4 2,204**

CM 2.9±0.3 2.7±0.1 0.10±0.01 0.03 305**

Cm mineralised-C (% of TOC) after 56 days of incubation, C0 poten-
tially mineralisable-C (% of TOC), k rate constant (day−1 ), t incubation
time (days)

**Significant at probability level P<0.001
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levels for soil protection, composting and using mature
compost would always be recommended over soil application
of fresh or anaerobically transformed wastes (Bernal et al.
1998a).

Nitrogen transformation in soil

The addition of the liquid materials (CS, D and LD) led to
similar transformation dynamics of the inorganic–N (NH4

+–
N and NO3

−–N) in the soil (Fig. 2): during the first week of
incubation, the concentration of inorganic-N decreased in
the soil. Such initial decrease in inorganic-N concentration
could be due to microbial immobilisation of NH4

+–N since a
concomitant strong CO2–C production was found in those
soils (Figs. 1a and 2). Indeed, rapid immobilisation of
NH4

+–N by soil microorganisms in the presence of easily
degradable organic-C as an energy source has been previ-
ously reported (Bernal et al. 1998b; de la Fuente et al. 2010;
Jørgensen and Jensen 2009; Kirchmann and Lundvall
1993). Other processes, such as fixation of NH4

+–N in soil
clay (Nieder et al. 2011), or even NH3 volatilisation, may
also contribute to the rapid decrease of NH4

+–N concentra-
tion observed in the soils. Nevertheless, the experimental
procedure used has been proven to produce negligible N

losses by ammonia volatilisation, and the low clay content
of the soil may cause low NH4

+–N fixation as a non-
exchangeable form in the soil (de la Fuente et al. 2010).

After the immobilisation period, inorganic-N concentra-
tion increased, indicating a partial re-mineralisation of the
immobilised-N, with a fast NO3

−–N production in the
soil (Fig. 2). A similar behaviour was found by Albu-
rquerque et al. (2012b), who evaluated different diges-
tates as soil amendments in an incubation experiment.
These authors showed a rapid oxidation of the NH4

+–N
applied by the digestates after 2 weeks of N immobili-
sation in the soil. At the end of the incubation time
(56 days), the nitrification conversion (100×[(NO3

−–
N56d−NO3

−–N0d)soil+organic material− (NO3
−–N56d−NO3

−–
N0d)soil]/TN added) accounted for 55% of TN for D
and LD, and 41% of TN for CS.

Regarding the solid materials (SD and CM), the greatest
decrease of inorganic-N concentration occurred in the soil
with SD, the less stable material, which had also led to the
highest CO2–C production in the soil (Figs. 1a and 2).
Nitrification could be expected in the SD-treated soil; al-
though the majority of NH4

+–N remains in the liquid frac-
tion after separation a considerable amount of NH4

+–N is
retained in the solid fraction (Table 1) due to its elevated
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moisture content (Möller et al. 2002). However, NO3
−–N

formation was only slightly and temporarily observed in the
soil treated with SD during the first week of incubation
(Fig. 2). Microbial N-immobilisation can be considered as
the main factor responsible for the following decrease of
inorganic-N concentration in the SD-treated soil (Fig. 2).
Despite the preferential microbial immobilisation of NH4

+

over NO3
−, the latter could have been also used as a N

source by soil microorganisms in the absence of ammonium
in SD treated soil (Myrold and Posavatz 2007). Moreover, N
losses by denitrification cannot be ruled out in the soils
treated with SD, which supplied high amounts of highly
labile OM to the soil and produced intense microbial respi-
ration (CO2–C production, Fig. 1). This high respiration rate
during the first days of incubation could have reduced
oxygen concentration in the amended soil, leading to
N losses by denitrification (Clemens and Huschka 2001;
Dendooven et al. 1998).

Contrastingly, CM did not produce any inorganic-N decrease
in soil, and even a slow organic-N mineralisation occurred as
inorganic-N was produced with time (Fig. 2). The net-N miner-
alisation from CM (calculated as 100×[(inorg-N56d–inorg-
N0d)soil+compost− (inorg-N56d– inorg-N0d)soil]/TN added)
accounted for 2% of total-N from compost (3.7% of
organic-N). Compost addition resulted in high concen-
trations of inorganic-N (mainly NO3

−–N) in the soil
throughout the incubation experiment (Fig. 2). This is
related to the elevated concentration of NO3

−–N in CM
(Table 1), coming from the nitrification of NH4

+ that
took place during the composting process (Bustamante
et al. 2012). This is of interest regarding its potential

use in agriculture, as it allows an easy calculation of the
necessary application rate for supplying the correct
amount of N according to the crop requirement (Bernal
et al. 1998b).

From an agricultural point of view, the N-fertiliser value
of the organic materials was assessed in this experiment as
kg of NO3

−–N produced in soil per megagram of dry mate-
rial for solids (CM and SD) or per cubic meter of fresh
material for liquids (CS, LD and D), as NO3

− is the main
form of N taken up by plants from the soil. Compost reached
the greatest N-fertiliser value of the organic materials

Table 3 Microbial parameters
in soil (dry matter basis) after 7
and 56 days of incubation in the
control (S) and amended soils
(CS cattle slurry, D digestate, LD
liquid fraction of digestate, SD
solid fraction of digestate, CM
compost) (n03)

Mean values denoted by the
same letter do not differ signifi-
cantly according to the Tukey
test (P<0.05)

BC microbial biomass C, BN mi-
crobial biomass N

*P<0.05, ***P<0.001

Treatment Day BC BN CO2–C CO2–C/BC

mg kg−1 mg kg−1 mg kg−1 day−1 mg Cg−1 BC day−1

S 7 429d 53d 8.0e 19ef

56 428d 23ef 5.7f 5.7g

CS 7 662b 78c 23.0bc 35cd

56 523c 28ef 8.5e 8.5fg

D 7 466cd 64cd 21.0bc 46b

56 519c 32e 8.5e 8.5fg

LD 7 475cd 72c 20.0c 42bc

56 448cd 13f 8.6e 8.6ef

SD 7 696b 101b 81.0a 116a

56 890a 153a 26.0b 26d

CM 7 622b 63cd 13.0d 21e

56 669b 26ef 8.9e 8.9g

ANOVA

Treatment *** *** *** ***

Time * *** *** ***

Treatment x time *** *** *** ***

LD

Time (days)

0 7 14 21 28 35 42 49 56

pH

CMSDCSS

9.0
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Fig. 3 Soil pH evolution during the incubation experiment (mean
value±standard deviation; where absent, bars fall within symbols) in
the control (S) and amended soils (CS cattle slurry, D digestate, LD
liquid fraction of digestate, SD solid fraction of digestate, CM com-
post) (n02)
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evaluated, accounting for 9.9 kg NO3–NMg−1 while SD only
provides 2.1 kg NO3–N Mg−1. In the liquid materials, the
fertiliser value was interestingly greater in the anaerobically
digested slurry than in the untransformed waste (4.1, 4.9 and
5.0 kg NO3–N m−3 in CS, LD and D, respectively).

Microbial and physico-chemical properties

As expected, the addition of easily available OM with CS
led to rapid increases in the microbial BC and BN concen-
trations in soil with respect to the S treatment, showing the
highest concentrations at day 7 (Table 3). Nevertheless,
mineralisation of the most labile OM throughout the incu-
bation resulted in non-statistically significant differences
between CS, D, LD and S after 56 days of incubation
(Table 3), suggesting that microbial biomass of the amended
soils tended to return to its initial equilibrium.

Both solid materials (CM and SD) provoked a similar
increase as CS in BC and BN concentrations compared to the
control soil after 7 days of incubation (Table 3), remaining
almost constant in CM-treated soils during the experiment.
However, in SD BC concentrations drastically increased in
the long term (56 days), and this treatment also showed the
highest respiration rate (CO2–C) both at day 7 and 56
(Table 3). These findings are in agreement with the high
immobilisation of N found in the soil receiving SD, suggest-
ing an important effect on growth, composition and activity
of soil microflora supported by the high metabolic quotient
(CO2–C/BC) of this treatment (Anderson and Domsch 1990;
Barajas-Aceves 2005; Clemente et al. 2007; Table 3).
Inorganic-N immobilisation in SD-amended soils is also
supported by a significant increase in BN concentrations in
the soil treated with SD compared to the rest of the treatments
at both sampling times. This is in good agreement with a
previous study conducted by de la Fuente et al. (2010), who
recorded an important inorganic-N immobilisation with a

concomitant increase of BN concentrations in a pig slurry-
treated soil after 56 days of incubation.

Soil pH increased immediately after CS, D and LD addition
to soil (Fig. 3), but it rapidly decreased as a consequence of
nitrification processes, showing similar pH values (around
8.3) to that found in S (8.4) at day 56. Compost provoked a
slight decrease on soil pH with respect to S throughout the
incubation experiment, whereas SD increased soil pH com-
pared to S (Fig. 3). Frequently, optimal soil pH for crop
production is within the interval 5.5–8.0, which suggests that
the suitability of SD for agricultural purposes could be limited.
With the exception of SD, all treatments led to an increase in
soil EC values at the end of the experiment, following the
sequence (dS m−1): CM (0.64)>LD (0.45)≈D (0.42)>CS
(0.37)>control (0.30)≈SD (0.29). This fact was provoked
by the relative high EC of some organic materials and the
lack of leaching. Even though the observed soil EC values do
not have a restriction for agriculture use of these materials,
their application must be controlled to avoid an excessive salt
accumulation in soil.

Precipitation and fixation of P in the soil due to the
alkalinity caused in soils amended with SD could partially
explain the great decrease of the available-P concentration
found over time (Table 4). Plant available-P reduction by
microbial immobilisation cannot be discounted in the SD
treatment, as microorganisms require P for their growth and
activity (Wu et al. 2007). Contrastingly, the lower pH of the
soil amended with CM could explain the higher concentra-
tion of available P in these soils than in the rest of the
treatments at all sampling times (Table 4). This is in good
agreement with Preusch et al. (2002), who reported similar
water-extractable P concentrations in soils amended with
composted poultry litter and fresh litter.

To evaluate the P-fertiliser potential of the amendments,
the concentration of available P in the soils after 56 days
was expressed as kilograms of P2O5 per dry megagram (for
CM and SD) or cubic meter (for CS, D and LD). The three

Table 4 Concentrations of available P (mg P kg−1 of soil) in the control soil (S) and in the soils amended with cattle slurry (CS), digestate (D),
liquid fraction of digestate (LD), solid fraction of digestate (SD) and compost (CM), after 0, 7 and 56 days of incubation (n02)

Day Treatment

S CS D LD SD CM ANOVA

0 56Ae 65Ad 72Ac 77Ac 111Ab 125Aa ***

7 47Be 59Bd 69Ac 75Ac 84Bb 112Ba ***

56 47Bd 56Bc 61Bb 62Bb 64Cb 105Ba ***

ANOVA ** *** *** *** *** ***

The uppercase letters show the statistical comparison for the different samplings in each treatment, while the lowercase letters show the statistical
comparison for the same sampling in the different treatments. Mean values denoted by the same letter do not differ significantly according to the
Tukey test (P<0.05)

**P<0.01, ***P<0.001
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liquid amendments showed similar results (3.2, 3.4 and
3.7 kg P2O5 m−3 for CS, D and LD, respectively), while
CM potential (12.1 kg P2O5 Mg−1) was clearly higher than
that of SD (7.3 kg P2O5 Mg−1), mirroring the results
obtained for N-fertiliser potential.

Conclusions

Our study showed that direct application of digestate pro-
duced little benefits in the short term due to the rapid
mineralisation of the organic matter added with this materi-
al. Therefore, the present study suggests that solid–liquid
separation of co-digested cattle slurry followed by compost-
ing of the solid fraction and soil application of the liquid
phase is the most suitable strategy based on agricultural
purposes. In this context, the advantages of composting
the solid fraction of a digestate are the microbial stability
and sanitisation, as well as the easier handling and possible
distribution of the material. Compost provided the greatest
P and N fertiliser potential as it did not produce any immo-
bilisation of these nutrients and net N-mineralisation occurred.
This is of great interest regarding its use in agriculture with
respect to the rest of the materials tested, as it allows calcula-
tion of the application rate needed to supply the appropriate
amount of N and P to the soil according to the crop require-
ment. These results can help to establish the most suitable
agronomic use and to detect potential negative impacts of the
application to soil of organic materials coming from anaerobic
digestion processes.
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