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The application of organic amendments to agricultural soil provides organic matter

and valuable nutrients, improves soil structure, increases its water holding capacity

and stimulates soil microbial communities. However, when using organic amendments

of animal and/or anthropogenic origin, the risk of contamination with organic and/or

inorganic compounds, as well as the risk of dissemination of potential human pathogens

and antibiotic resistance genes, must be taken into account. Here, we characterized

seven amendments used in organic farming, in order to evaluate the agro-environmental

consequences of their utilization. Amendments (vermicompost, bokashi, municipal

solid waste, compost in pellet form, composted cow manure from intensive farms,

composted cow manure from organic farms, composted sheep manure from organic

farms) were sampled for the determination of (i) the presence of chemical (metals,

aromatics, halogenated hydrocarbons, pesticides, phthalates, and total petroleum

hydrocarbons) and biological (Escherichia coli, Salmonella, relative abundance of the

integrase intl1 gene) contaminants; and (ii) their quality, in terms of physicochemical

(moisture, organic matter, nutrients, C/N ratio) and microbial (potentially mineralizable

nitrogen, microbial biomass carbon, bacterial and fungal abundance by real-time

PCR, community-level physiological profiles through Biolog EcoPlatesTM) properties.

Regarding metal concentrations, the only amendments that met the Spanish legal

requirements for “Class A” fertilizers were composted intensive and organic cow manure.

Zinc was the most limiting metal for the use of these amendments. None of the

amendments showed high concentrations of organic contaminants. Bokashi was the

only amendment in which Salmonella was detected. Besides, bokashi showed a high

abundance of the integrase intl1 gene associated with class 1 integrons. Composted

organic sheep manure showed the highest content of organic matter, total nitrogen, and

extractable humic acids. Composted intensive cow manure showed highest values of

microbial activity (potentially mineralizable N) and biomass (microbial biomass C, total

bacteria). Owing to its low content of potentially health-threatening contaminants and its

highest quality, as reflected by the Amendment Quality Index, composted intensive cow

manure was concluded to be the most suitable amendment for agricultural use.
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INTRODUCTION

Many agricultural soils have a low organic matter (OM)
content and are thus more susceptible to erosion, desertification
and climate change (Diacono and Montemurro, 2011). The
application of organic amendments to agricultural soil can be a
suitable option to reverse these negative effects. Besides, organic
amendments can (i) improve soil structure and aggregation,
(ii) enhance water holding capacity (Bulluck et al., 2002), (iii)
increase soil OM and nutrient content (Park et al., 2011), (iv)
control soil erosion and degradation (Ros et al., 2003), and (v)
stimulate soil microbial activity and plant growth (Garcia et al.,
1994; Pascual et al., 1997; Van-Camp et al., 2004).

The application of composted organic amendments has
numerous advantages, compared to non-composted ones
(Fernández et al., 2008). Besides, composting is considered
a suitable waste management strategy, along with anaerobic
digestion (Alvarenga et al., 2017). The production of organic
wastes is increasing worldwide and then, nowadays, farmers
have more access to composted amendments from different
origins. Furthermore, the use of on-farm compost has increased
in recent years, thus replacing commercial compost (Pane et al.,
2015). Therefore, the use of organic compost represents both
an appropriate waste management strategy and an interesting
agricultural practice (Pérez-Piqueres et al., 2006), in compliance
with the “end-of-waste” policy in Europe (Saveyn and Eder,
2014).

However, when using organic amendments of animal and/or
anthropogenic origin, the risk of contamination with inorganic
and/or organic compounds, as well as the risk of dissemination of
potential human pathogens and antibiotic resistance genes, must
be taken into account. In recent years, emerging contaminants
(e.g., pesticides and their metabolites, pharmaceuticals, personal
and house care products, food additives, industrial products
and wastes, nanomaterials) have become a matter of much
concern (Gomes et al., 2017). For example, the dissemination of
antibiotic resistance genes, which can occur via the application of
manure- and sewage sludge-derived amendments to agricultural
soil (Martínez-Carballo et al., 2007; Udikovic-Kolic et al., 2014),
is currently a matter of much concern due to the risk of transfer
of antibiotic resistance genes to human pathogens (Marshall and
Levy, 2011).

Physicochemical characteristics of the organic amendments
are often determined in order to assess their suitability for
agricultural use: organic carbon, total and organic nitrogen, C/N
relationship, P2O5, K2O, humic substances, etc. (Decree Law No.
999, 2017). It is much less common to determine parameters
related to the microbial activity, biomass and diversity of the
organic amendments. Microbial activity is an essential factor
for the successful operation of composting processes. It is then
necessary to study microbial parameters in order to effectively
control the composting process (Beffa et al., 1996), as well as to
evaluate the final quality of the compost obtained.

Farmers, particularly those involved in organic agriculture,
need appropriate organic amendments which, apart from
meeting the current legal requirements, had been exhaustively
characterized in terms of both benefits and risks. The selection of

amendments for this study (Table 1) emerged from a deliberation
process carried out by a local farmers’ association, which
identified locally abundant sources of organic amendments
(urban or animal origin, commercial or not) suitable for their
use in agriculture. In consequence, the aim of this study was to:
(i) carry out an in depth-characterization of seven composted
organic amendments, (ii) propose a methodology to select the
most suitable amendments, and (iii) to deepen the knowledge of
the potential benefits and risks associated with the application of
composted organic amendments.

MATERIALS AND METHODS

Amendments
Seven composted organic amendments, collected in the
provinces of Araba, Gipuzkoa, and Navarre (northern Spain),
were studied: vermicompost (VC), bokashi (BK), municipal
solid waste (MSW), compost in pellet form (P), composted
cow manure from intensive farms (ICM), composted cow
manure from organic farms (OCM), and composted sheep
manure from organic farms (OSM). The elaboration process of
each amendment is described in Table 1. Three representative
replicates of each amendment were sampled and stored at 4◦C
until analysis.

Presence of Contaminants
For the determination of the concentration of chemical
contaminants in the studied amendments, the TerrAttesT R©

analytic package from Eurofins Scientific was used. This
analytical package includes 185 contaminants (metals,
aromatics, halogenated hydrocarbons, pesticides, phthalates,
total petroleum hydrocarbons) determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES), large
volume injection-mass spectrometry (LVI-FC-MS) and gas
chromatography with flame ionization detector (GC-FID).

Regarding biological contaminants, the presence (most
probable number: MPN) of Escherichia coli was quantified
following ISO 7251 (2005). The presence of Salmonella was
determined following UNE-EN-ISO 6579 (2003).

DNA extraction was carried out from 0.25 g of amendment
(three replicates per amendment) using PowerSoilTM DNA
Isolation Kit (MO BIO Laboratories, Carlsbad CA), following
the manufacturer’s instructions. Prior to DNA extraction,
samples were washed with 20mM K2PO4 to remove
extracellular DNA (Kowalchuk et al., 2002). DNA extracts
were stored at −20◦C. Real-time PCR was carried out to
determine the relative abundance of the class 1 integron-
integrase intl1 gene. The sequence-specific primers were
intl1-F (GCCTTGATGTTACCCGAGAG) and intl1-R
(GATCGGTCGAATGCGTGT), following Barraud et al.
(2010). Each 25 µl reaction contained 2.5 µl of template, 12.5
µl of SYBR Premix Ex Taq (Takara), 2.5 µl of each primer at a
concentration of 10µM, 1.25 µl bovine serum albumin (40mg
ml−1), 0.5 µl of ROX dye and 3.25 µl of sterile Milli-Q water.
Each sample was measured in triplicate. PCR conditions were
as follows: 95◦C for 15 s; 94◦C for 30 s, 60◦C for 30 s, 72◦C for
1min (40 cycles); and 95◦C for 15 s, 60◦C for 1min, 95◦C for
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TABLE 1 | Amendment origin, composition, composting time, and frequency of turning over.

Amendment Origin Composition Composting

time

Turning over

Vermicompost (VC) Hazieko (Aizarnazabal,

Gipuzkoa)

50%: manure of different origins (cow, swine,

sheep, horse) and animal guts;

50%: straw and dry grass

5.5–7.5 months Twice

Bokashi (BK) Ximaur Pila Association

(Lasarte-Oria,

Gipuzkoa)

Sheep manure, clay soil, rice husks, coal,

pulverized rock, molasses, yeast, and straw

3–4 weeks Every 12 h (first 3 days);

then, every 2 days

Municipal solid waste (MSW) Epele Composting

Plant (Bergara,

Gipuzkoa)

Organic waste and pruning remains 10 weeks 4–5 times (first 4 weeks)

Compost in pellet form (P) FERT-IB (Andosilla,

Navarre)

Vegetable and animal raw materials >12 months

Composted intensive cow

manure (ICM)

A-I Abereak S.L

(Ondategi, Araba)

60% intensive cow manure; 40% straw 6–8 months Twice

Composted organic sheep

manure (OSM)

Telleri Zahar farm

(Hernani, Gipuzkoa)

40% organic sheep manure; 60% straw 5–6 months Twice

Composted organic cow manure

(OCM)

Sarobe farm (Anoeta,

Gipuzkoa)

60% organic cow manure; 40% straw 6–8 months Twice

30 s for the melting curve, with a final extension of 60◦C for 15 s.
The relative abundance of intl1 gene was expressed in terms of
relative abundance with respect to the structural 16S rRNA gene
abundance (see below quantification of the 16S rRNA gene).

Amendment Quality
The following physicochemical parameters were measured in the
studied amendments: organic matter (UNE-EN 130392, 2012),
modified Kjeldahl nitrogen (UNE-EN 13654-1, 2002b), water
soluble nutrients (P2O5, K2O, CaO, and MgO; UNE-EN 13652,
2002a), and humic substances (Decree LawNo. 1110/1991, 1991).

Concerning microbial parameters, potentially mineralizable
nitrogen (PMN), an indicator of microbial activity, was
determined following Powers (1980). Microbial biomass
carbon (MBC) was measured using the fumigation extraction
method (Vance et al., 1987). Real-time PCR measurements
were performed to determine the abundance of 16S rRNA
(Ba519F/Ba907R primers) and 18S rRNA (Fung5F/FF390R
primers) gene fragments for total bacteria and fungi, respectively
(Lueders et al., 2004a,b). Reaction mixtures and PCR conditions
are described in Epelde et al. (2014). Standards were made from
plasmids containing the target sequence (Dhanasekaran et al.,
2010).

Community-level physiological profiles (CLPPs) of cultivable
heterotrophic bacteria were analyzed with Biolog EcoPlatesTM

(Insam, 1997) according to Epelde et al. (2008). Average well
color development (AWCD) was calculated as the mean of every
well’s absorbance value at each reading time. The highest growth
rate was observed at 48 h of incubation. At this time point, we
calculated the Shannon’s diversity index (H’), Simpson’s diversity
index (D), Shannon’s evenness (E) and species richness (S). For
these calculations, the number of utilized substrates (i.e., the
number of substrates with an absorbance value >0.25) was used
as proxy for species richness, and absorbance values at each well
as equivalent to species abundance. The maximum slope and

the area under the absorbance curve were measured following a
trapezoidal approximation (Guckert et al., 1996).

Data Analysis
An Amendment Quality Index (AQI) was calculated from the
values of OM, total N, P2O5, K2O, CaO, MgO, extractable humic
acids, PMN, MBC, abundance of 16S and 18S rRNA genes,
and area under the curve from Biolog EcoPlatesTM. For each
parameter, the percentage of the maximum value found for that
specific parameter in the whole set of samples was used for the
calculation of the AQI:

AQI =
6

AQPi∗100
Max AQPi

n
(1)

where AQPi is the value of each parameter, Max AQPi is the
maximum value for each parameter, and n is the number of
parameters.

One-way analysis of variance (ANOVA) was conducted to
look for statistical differences among the values of all the
parameters measured here. Duncan Multiple Range Test post-
hoc method was used for multiple comparisons at a 5%
significance level. These analyses were conducted in R Core Team
(v.3.4.0.).

The relationships between the quality parameters determined
here in all the amendments were studied by means of a principal
component analysis (PCA), using Canoco 5 (Ter Braak and
Smilauer, 2012).

RESULTS

Presence of Contaminants
In relation to metal concentrations (Table 2), bokashi showed
significantly highest values of 6 out of the 14 metals measured
here: arsenic (As), barium (Ba; together with MSW), chromium
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(Cr), cobalt (Co), nickel (Ni), and vanadium (V). The compost
in pellet form, instead, had the highest values of copper (Cu;
together with VC and OSM), mercury (Hg; together with P),
tin (Sn), and zinc (Zn; together with all the other amendments,
except for OCM). Municipal solid waste showed the highest
concentration of cadmium (Cd; together with VC), mercury (Hg;
together with P), and lead (Pb). Lastly, composted intensive cow
manure showed the highest concentration of molybdenum (Mo).
On the other hand, composted organic cow manure showed
significantly lowest values of 12 out of the 14 metals measured
here, while composted intensive cow manure and composted
organic sheep manure showed the lowest concentrations of 9 out
of the 14 metals.

According to Spanish Law No.506/2013, only two
amendments, i.e., composted intensive cow manure and
composted organic cow manure, met the requirements for “Class
A” fertilizers. The rest of the amendments fitted in “Class B”
fertilizers, due to the high concentrations of Zn (VC, MSW, P,
OSM), Ni (BK), and Pb (MSW).

The concentrations of organic contaminants present
in the amendments are shown in Supplementary Table 1.
Bokashi showed significantly highest concentrations of
some phenols. Regarding polycyclic aromatic hydrocarbons
(PAHs), all amendments, apart from composted organic
cow manure, showed highest values in one or another PAH
fraction. Composted organic sheep manure showed the
highest concentration of monochlorobenzene. In relation to
chlorophenols, bokashi andmunicipal solid waste had the highest
concentrations of 2,4,6-trichlorophenol and pentachlorophenol,
respectively. Municipal solid waste also showed the highest
concentration of some polychlorinated biphenyls. Regarding
total petroleum hydrocarbons (TPHs), municipal solid waste,
compost in pellet form and composted organic sheep manure
showed highest values in two or three TPH fractions. Finally,

bokashi and compost in pellet form showed the highest
concentration of biphenyl and dibenzofuran, respectively.

In respect to the analyses performed here to quantify the
presence of E. coli, the Spanish Decree Law No. 506, 2013
indicates that MPN values must be lower than 1,000 MPN g−1.
Regarding the presence of Salmonella spp., it is compulsory
(Decree LawNo. 506/2013, 2013) not to detect its presence in 25 g
of the sample. Highest values of MPN for E. coli were detected
in composted organic sheep manure, followed by vermicompost,
bokashi and composted organic cow manure (Table 3). The
abundance of E. coli was below the quantification limit for
municipal solid waste, compost in pellet form, and composted
intensive cow manure. None of the amendments exceeded the
legal requirement for E. coli. Instead, one of the replicates of

TABLE 3 | Presence of pathogens in the amendments.

E. coli

(MPN g−1)

Salmonella spp.

(presence or absence)

VC 47 ± 26a Absence

BK 30 ± 12ab Presence

MSW < 3b Absence

P < 3b Absence

ICM < 3b Absence

OSM 53 ± 36a Absence

OCM 18 ± 22ab Absence

Limit* <1000 Absence

Mean values (n = 3) and standard errors. Different letters indicate significant differences

(p < 0.05) according to Duncan Multiple Range Test. VC, vermicompost; BK, bokashi;

MSW, municipal solid waste; P, compost in pellet form; ICM, composted intensive

cow manure; OSM, composted organic sheep manure; OCM, composted organic cow

manure. *Spanish legal limits for pathogen content in amendments (Decree Law No.

506/2013, on fertilizer products).

TABLE 2 | Metal concentrations (mg kg−1) in amendments.

VC BK MSW P ICM OSM OCM Limit* Class A/B/C

As 3.4 ± 0.3d 6.9 ± 0.5a 5.0 ± 0.3b 4.1 ± 0.2c 3.0 ± 0.0d 3.0 ± 0.0d 3.0 ± 0.0d

Ba 54.3 ± 0.6d 95.7 ± 4.0a 86.3 ± 11.2ab 82.7 ± 8.3bc 74.7 ± 4.9c 74.7 ± 2.5c 31.7 ± 2.3e

Be 1.0 ± 0.0a 1.0 ± 0.0a 1.0 ± 0.0a 1.0 ± 0.0a 1.0 ± 0.0a 1.0 ± 0.0a 1.4 ± 0.7a

Cd 0.34 ± 0.01ab 0.30 ± 0.00c 0.37 ± 0.04a 0.31 ± 0.02bc 0.30 ± 0.00c 0.30 ± 0.00c 0.30 ± 0.00c 0.7/2/3

Cr 17.3 ± 2.3c 23.0 ± 1.0a 14.0 ± 1.0d 19.7 ± 1.2b 5.2 ± 0.1ef 3.6 ± 0.1f 6.7 ± 1.6ef 70/250/300

Co 3.6 ± 0.2bc 10.7 ± 0.6a 4.8 ± 2.1b 2.7 ± 0.1c 2.2 ± 0.2c 2.0 ± 0.0c 2.1 ± 0.1c

Cu 57.3 ± 1.5ab 22.0 ± 2.0c 50.3 ± 10.4b 62.7 ± 1.2a 29.3 ± 2.1c 54.0 ± 8.5ab 12.0 ± 1.0d 70/300/400

Hg 0.05 ± 0.00b 0.05 ± 0.00b 0.07 ± 0.01a 0.07 ± 0.01a 0.05 ± 0.00b 0.05 ± 0.00b 0.05 ± 0.00b 0.4/1.5/2.5

Pb 24.0 ± 4.4b 11.7 ± 0.6b 57.3 ± 29.4a 20.0 ± 7.0b 7.3 ± 0.3b 10.1 ± 3.5b 5.5 ± 0.8b 45/150/200

Mo 1.6 ± 0.1cd 1.0 ± 0.0d 2.0 ± 0.4bc 2.5 ± 0.2b 4.2 ± 1.0a 1.8 ± 0.1bc 1.7 ± 0.1cd

Ni 12.7 ± 2.1c 26.7 ± 1.5a 10.3 ± 0.6d 15.0 ± 1.7b 6.1 ± 0.5e 4.5 ± 0.4e 5.3 ± 1.2e 25/90/100

Sn 5.0 ± 0.0b 5.0 ± 0.0b 5.0 ± 0.0b 7.8 ± 3.7a 5.0 ± 0.0b 5.0 ± 0.0b 5.0 ± 0.0b

V 11.0 ± 0.0b 41.0 ± 3.6a 8.9 ± 0.9bc 11.0 ± 0.0b 5.9 ± 0.6de 4.4 ± 0.4e 8.1 ± 1.5cd

Zn 286.7 ± 5.8ab 75.3 ± 0.6ab 313.3 ± 240.9ab 350.0 ± 303.2a 113.3 ± 5.8ab 223.3 ± 40.4ab 59.7 ± 3.2b 200/500/1000

Mean values (n = 3) and standard errors. Different letters indicate significant differences (p < 0.05) according to Duncan Multiple Range Test. VC, vermicompost; BK, bokashi; MSW,

municipal solid waste; P, compost in pellet form; ICM, composted intensive cow manure; OSM, composted organic sheep manure; OCM, composted organic cow manure. *Spanish

legal limits for metal concentrations in amendments (Decree Law No. 506, 2013, on fertilizer products).
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bokashi was positive for Salmonella spp. (Table 3), exceeding
the legal limit. The Salmonella serotype found in our bokashi
amendment did not correspond to Enteritidis, Typhimurium,
Hadar, Infantis, or Virchow (the serovars most often monitored
in Europe).

Finally, the quantification of the class 1 integron-integrase
intl1 gene abundance showed highest values in bokashi and
compost in pellet form, followed by composted intensive cow
manure and composted organic sheep manure (Figure 1).
Vermicompost, municipal solid waste, and composted organic
cow manure showed the lowest abundances of intl1 gene.

Amendment Quality
Table 4 shows the results of the physicochemical properties
measured here. Bokashi showed the highest clay percentage,
and the compost in pellet form the lowest. Composted organic
sheep manure showed the highest moisture content (an average
of 77.6%), while bokashi had the lowest. All the amendments
but bokashi, municipal solid waste and compost in pellet form
surpassed the maximum limit (40% moisture) established by
Spanish Decree Law No. 999, 2017.

Composted organic sheep manure had the highest content
of OM (an average of 70.7%) and total N, while bokashi had

FIGURE 1 | Relative abundance of the intl1 gene. Bars represent mean values (n = 3) and error bars represent standard errors. Bars labeled with different letters are

significantly different (p < 0.05) according to Duncan Multiple Range Test. VC, vermicompost; BK, bokashi; MSW, municipal solid waste; P, compost in pellet form;

ICM, composted intensive cow manure; OSM, composted organic sheep manure; OCM, composted organic cow manure.

TABLE 4 | Physicochemical properties of the amendments.

VC BK MSW P ICM OSM OCM

Clay (%) 8.5 ± 2.1d 23.0 ± 2.6a 5.3 ± 2.2d 6.5 ± 1.1d 13.1 ± 4.4bc 15.7 ± 2.2b 8.8 ± 2.6cd

Moisture (%) 43.9 ± 0.2d 15.6 ± 0.6f 31.1 ± 0.6e 31.1 ± 0.7e 68.9 ± 2.3b 77.6 ± 0.3a 65.9 ± 2.5c

Organic matter (%) 54.8 ± 0.3b 16.9 ± 0.6e 54.6 ± 1.9b 32.7 ± 0.3d 55.9 ± 2.2b 70.7 ± 0.9a 47.9 ± 0.9c

Total nitrogen (%) 2.8 ± 0.0b 0.62 ± 0.0e 2.6 ± 0.0b 1.8 ± 0.3d 2.8 ± 0.1b 3.6 ± 0.1a 2.0 ± 0.0c

Extractable humic acids (%) 17.5 ± 2.5b 8.4 ± 1.1d 22.7 ± 1.8a 17.3 ± 0.4b 15.6 ± 2.9bc 22.9 ± 2.6a 13.3 ± 0.4c

Humic acids (%) 11.5 ± 4.0bc 5.7 ± 1.2d 15.4 ± 4.1ab 9.6 ± 0.3cd 8.9 ± 2.2cd 16.7 ± 0.9a 6.6 ± 0.8d

Fulvic acids (%) 5.9 ± 1.6a 2.7 ± 0.9b 7.4 ± 2.4a 7.8 ± 0.6a 6.7 ± 0.8a 6.3 ± 1.9a 6.7 ± 1.1a

C/N 9.8 ± 0.1c 13.7 ± 0.6a 10.3 ± 0.6c 8.4 ± 0.1d 9.8 ± 0.3c 9.8 ± 0.3c 12.0 ± 0.0b

P2O5 (%) 1.1 ± 0.1b 0.26 ± 0.0f 0.85 ± 0.1c 1.3 ± 0.2a 0.47 ± 0.0d 0.40 ± 0.0de 0.34 ± 0.0ef

K2O (%) 0.25 ± 0.0f 1.1 ± 0.0c 1.0 ± 0.0c 1.3 ± 0.1b 1.6 ± 0.2a 0.64 ± 0.0e 0.83 ± 0.1d

CaO (%) 5.2 ± 0.4c 5.1 ± 0.3c 7.3 ± 0.7b 10.0 ± 1.2a 4.2 ± 0.5cd 3.5 ± 0.2d 10.3 ± 0.2a

MgO (%) 0.30 ± 0.0f 1.0 ± 0.0a 0.41 ± 0.0de 0.45 ± 0.0d 0.88 ± 0.1b 0.65 ± 0.1c 0.38 ± 0.0e

Mean values (n=3) and standard errors. Different letters indicate significant differences (p < 0.05) according to Duncan Multiple Range Test. VC, vermicompost; BK, bokashi; MSW,

municipal solid waste; P, compost in pellet form; ICM, composted intensive cow manure; OSM, composted organic sheep manure; OCM, composted organic cow manure.
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the lowest. According to Spanish Decree Law No. 999, 2017,
this type of amendments must have an OM content higher than
35% (30% for vermicomposts); thus, bokashi and compost in
pellet form did not fulfill this requirement. Composted organic
sheep manure, together with municipal solid waste, had the
highest content of extractable humic acids. The highest C/N
ratio was found in bokashi (13.7) and the lowest in compost

in pellet form (8.4). In any case, all C/N values were below
the maximum limit (C/N = 20) established by Decree Law No.
999, 2017. Finally, compost in pellet form showed the highest
content of phosphorus and calcium (the latter together with
composted organic cowmanure), while composted intensive cow
manure and bokashi had the highest content of potassium and
magnesium, respectively.

FIGURE 2 | Potentially mineralizable nitrogen (PMN). Bars represent mean values (n = 3) and error bars represent standard errors. Bars labeled with different letters

are significantly different (p < 0.05) according to Duncan Multiple Range Test. VC, vermicompost; BK, bokashi; MSW, municipal solid waste; P, compost in pellet form;

ICM, composted intensive cow manure; OSM, composted organic sheep manure; OCM, composted organic cow manure.

FIGURE 3 | Microbial biomass carbon (MBC). Bars represent mean values (n = 3) and error bars represent standard errors. Bars labeled with different letters are

significantly different (p < 0.05) according to Duncan Multiple Range Test. VC, vermicompost; BK, bokashi; MSW, municipal solid waste; P, compost in pellet form;

ICM, composted intensive cow manure; OSM, composted organic sheep manure; OCM, composted organic cow manure.
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Regarding microbial properties, composted intensive cow
manure had significantly highest values of PMN (an average of
774mg N-NH4 kg−1) (Figure 2) By contrast, the lowest PMN
values were found in vermicompost, together with municipal
solid waste, compost in pellet form, composted organic sheep
manure and composted organic cow manure.

In respect to microbial biomass, composted intensive cow
manure showed the highest value of MBC (an average of
12,476mg C kg−1) (Figure 3), followed by composted organic
sheep and cow manure. Instead, vermicompost showed the
lowest MBC value (<2,000mg C kg−1), together with compost in

TABLE 5 | Total bacterial and fungal gene abundance, and fungi-to-bacteria

ratios.

18S rRNA abundance

(108 copies kg−1 DW)

16S rRNA abundance

(1013 copies kg−1 DW)

F:B ratio (10−5)

VC 24.6 ± 8.6c 20.4 ± 11.5ab 1.5 ± 0.8c

BK 224 ± 63a 18.3 ± 6.9ab 12.7 ± 1.9a

MSW 94.4 ± 9.4b 20.3 ± 6.8ab 5.0 ± 1.7b

P 0.86 ± 0.72c 9.2 ± 2.7b 0.008 ± 0.007c

ICM 12.8 ± 2.5c 30.2 ± 6.7a 0.040 ± 0.004c

OSM 35.5 ± 61.4bc 6.5 ± 9.2b 2.1 ± 3.6bc

OCM 24.1 ± 31.2c 9.0 ± 10.5b 2.2 ± 1.9bc

Mean values (n= 3) and standard errors. Different letters indicate significant differences (p

< 0.05) according to Duncan Multiple Range Test. VC, vermicompost; BK, bokashi; MSW,

municipal solid waste; P, compost in pellet form; ICM, composted intensive cow manure;

OSM, composted organic sheep manure; OCM, composted organic cow manure.

pellet form. Bokashi showed the highest fungal gene abundance
(Table 5). Composted intensive cow manure showed the highest
bacterial gene abundance, together with vermicompost, bokashi
and municipal solid waste. Finally, bokashi showed the highest
F:B (fungi:bacteria) ratio.

Figure 4 shows the AWCD curves obtained with Biolog
EcoPlatesTM. As reflected by the value of the area under the curve,
vermicompost showed the highest overall microbial growth
for the different C substrates (Table 6). Instead, composted
organic sheep manure had the highest Shannon’s diversity,
Simpson’s diversity and species richness, closely followed
by vermicompost and composted organic cow manure. On

the other hand, the lowest values obtained in these CLPPs
(H′, D, S, maximum slope and area under the curve; the
last two, together with composted intensive cow manure)
corresponded to municipal solid waste and compost in pellet
form.

The PCA performed from all the amendment quality
parameters distributed the amendments in several groups
(Figure 5). Composted organic sheep manure samples appeared

associated with Biolog EcoPlatesTM parameters (except for
Shannon’s evenness), while vermicompost appeared more related

to the content of OM and total N toward the positive region
of PC1 (which accounted for 31% of the variance). Along the
positive region of PC2 (which accounted for 24% of the variance),
bokashi samples showed high values of magnesium, C/N ratio
and 18S rRNA gene abundance, and low values of fulvic acids.
Instead, toward the negative region of PC2, municipal solid waste
and compost in pellet form showed high contents of calcium.

FIGURE 4 | Average well color development (AWCD) curves from Biolog EcoplatesTM. Simbols at different time points represent mean values (n = 3) and error bars

represent standard errors. VC, vermicompost; BK, bokashi; MSW, municipal solid waste; P, compost in pellet form; ICM, composted intensive cow manure; OSM,

composted organic sheep manure; OCM, composted organic cow manure.
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TABLE 6 | Diversity indexes, maximum slope and area under the curve from Biolog EcoPlatesTM.

Shannon’s

diversity

Simpson’s

diversity

Shannon’s

evenness

Richness Maximum

slope

(100AU h−1)

Area under the

curve

(AU h)

VC 4.06 ± 0.16ab 0.93 ± 0.01ab 0.96 ± 0.01b 20.3 ± 1.2a 2.03 ± 0.21a 145.7 ± 12.5a

BK 2.98 ± 0.13c 0.87 ± 0.01bc 0.98 ± 0.01ab 12.0 ± 2.7c 1.48 ± 0.13b 117.7 ± 10.0b

MSW 2.22 ± 0.56d 0.77 ± 0.09d 0.99 ± 0.01a 7.3 ± 2.1d 1.16 ± 0.07c 90.7 ± 3.0c

P 2.55 ± 0.51cd 0.82 ± 0.06cd 0.98 ± 0.01ab 8.0 ± 1.7d 1.35 ± 0.08bc 97.1 ± 5.3c

ICM 3.60 ± 0.33b 0.91 ± 0.02ab 0.97 ± 0.00ab 15.3 ± 1.2b 1.29 ± 0.21bc 91.8 ± 2.4c

OSM 4.42 ± 0.05a 0.95 ± 0.00a 0.98 ± 0.00ab 23.0 ± 2.0a 2.07 ± 0.11a 122.7 ± 2.7b

OCM 4.14 ± 0.07ab 0.94 ± 0.00ab 0.98 ± 0.00ab 19.7 ± 1.5a 1.87 ± 0.21a 123.2 ± 6.5b

Mean values (n=3) and standard errors. Different letters indicate significant differences (p < 0.05) according to Duncan Multiple Range Test. AU, absorbance unit; VC, vermicompost;

BK, bokashi; MSW, municipal solid waste; P, compost in pellet form; ICM, composted intensive cow manure; OSM, composted organic sheep manure; OCM, composted organic cow

manure.

Finally, composted intensive cow manure showed
significantly higher values of the AQI, compared to the
other amendments (Figure 6).

DISCUSSION

Presence of Contaminants
The application of composted organic amendments to
agricultural soil can enhance soil quality and fertility (Scotti
et al., 2015). However, organic amendments represent a potential
source of contaminants (e.g., heavy metals, organic compounds,
human pathogens, mobile genetic elements, antibiotic resistance
genes, etc.) and, hence, a potential risk for the environment and
food security, since those contaminants can be distributed in
the soil ecosystem and then become available for plant uptake
(Smith, 2009).

Regarding metal concentrations, the only two amendments
that met the Spanish legislation were composted intensive and
organic cowmanure. Zinc was the most limiting metal for the use
of the studied amendments. Alvarenga et al. (2017) emphasized
the risk of metal accumulation in soil and plants when organic
amendments are regularly applied to agricultural land.

Compost quality standards differ considerably across
European Member States (Cesaro et al., 2015). Unfortunately,
there are no legal limits for organic and emerging (compounds
previously unknown or undetected; the term includes a large
variety of products such as pharmaceuticals, veterinary products,
pesticides, nanomaterials, etc.) contaminants (Petrie et al., 2015).
In this respect, highest abundance values for the intl1 gene,
related to class 1 integrons, were found in compost in pellet
form and bokashi. The presence of this mobile genetic element
has been reported to be closely associated with the emergence
and spread of antibiotic resistance genes in soil (Binh et al.,
2008). The intl1 gene was proposed as a proxy for anthropogenic
contamination, due to its relationship with antibiotic resistance
genes, disinfectants and heavy metals (Gillings et al., 2015).
According to Sun et al. (2016), anaerobic digestion generally
reduces integron abundance, eliminating the aerobic hosts of
such integrons.

FIGURE 5 | Principal component analysis obtained from all the amendment

quality parameters. 16S, 16S rRNA gene copy abundance; 18S, 18S rRNA

gene copy abundance; EHA, extractable humic acids; FA, fulvic acid; HA,

humic acid; MBC, microbial biomass carbon; OM, organic matter; N, total

nitrogen; PMN, potentially mineralizable nitrogen; H, Shannon’s diversity; D,

Simpson’s diversity; E, Shannon’s evenness; S, richness; VC, vermicompost;

BK, bokashi; MSW, municipal solid waste; P, compost in pellet form; ICM,

composted intensive cow manure; OSM, composted organic sheep manure;

OCM, composted organic cow manure.

Bokashi was the only amendment in which Salmonella was
detected. The term bokashi refers to an anaerobic fermentation
process that allows the generation of an amendment in just
2–3 weeks. Then, our bokashi amendment should be further
hygienized by other means, in order to kill Salmonella strains.

Amendment Quality
Most of the amendments surpassed the maximum legal limit of
40% moisture content. This criterion is mainly intended to ease
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FIGURE 6 | Amendment Quality Index (AQI). Bars represent mean values (n = 3) and error bars represent standard errors. Bars labeled with different letters are

significantly different (p < 0.05) according to Duncan Multiple Range Test. VC, vermicompost; BK, bokashi; MSW, municipal solid waste; P, compost in pellet form;

ICM, intensive cow manure; OSM, organic sheep manure; OCM, organic cow manure.

the spreading of the amendment. In any event, non-composted or
immature compost amendments are known to present potential
adverse effects on crops (e.g., inhibition of seed germination,
weed problems, etc.; García et al., 1992).

The OM content of bokashi and compost in pellet form
was too low for them to be considered organic amendments
by the Spanish legislation. Instead, composted organic sheep
manure showed the highest content of OM, total nitrogen and
extractable humic acids. Extractable humic acids, which include
humic and fulvic acids, improve soil fertility, permeability,
aeration and aggregation when applied to soil (Salman et al.,
2005). Extractable humic acids and C/N ratios are normally
measured to determine the stability and maturity of composted
amendments: in this respect, maturity is related with plant-
growth potential and phytotoxicity, while stability is associated
with the microbial activity of the amendment (Iannottil et al.,
1993).

Microbial parameters which reflect the activity, biomass
and diversity of microbial communities can provide useful
information regarding (i) the properties of organic amendments,
and (ii) the impact of contaminants and agricultural practices on
soil quality (Epelde et al., 2010; Mijangos et al., 2010; Muñoz-
Leoz et al., 2012; Pardo et al., 2014). Highest values of microbial
activity (PMN) and biomass (MBC, 16S rRNA gene abundance)
were found in composted intensive cow manure, suggesting
that, when applied to agricultural soil, this amendment could
stimulate soil microbial processes, such as, for instance, nutrient
cycling. Ginting et al. (2003) reported that, 4 years after the last
application, compost andmanure application resulted in 20–40%
higher soil MBC and 42–74% higher PMN, compared with the
synthetic N fertilizer treatment.

Regarding the abundance of fungi and bacteria, bokashi
showed the highest fungi-to-bacteria ratio. In general, fungi have
longer lives than bacteria (Rousk and Bååth, 2007), and may
be distinctive of mature and stable amendments. This seems
to be contradictory with the faster elaboration time of bokashi,
in comparison with the other amendments studied here. In
any case, we could speculate that the anaerobic fermentation
process carried out to obtain bokashi might have favored fungal
communities, compared to the composting process used with the
other amendments.

In relation with CLPPs, Biolog EcoPlatesTM contain 31 carbon
sources to measure the potential of the cultivable fraction of
the heterotrophic bacterial community to metabolize them.
Although vermicompost showed low values of microbial activity
and biomass, it did show the highest values of area under
the curve. This might be related to the presence of a more
diverse bacterial community in vermicompost, capable of using
a higher number of C sources, as a result of the higher variety of
ingredients used during its production.

Finally, apart from the origin and nature of the ingredients,
the composting process itself is a key determinant for the
physicochemical and biological properties of the organic
amendments. In fact, there is much interest in the temporal
variability of the characteristics of the organic amendments
during composting. In this respect, it is very important to
perform analyses along the composting process in order to assess
the maturity and stability of the amendment. In a recent study
of the succession of bacterial community function during cow
manure composting,Wang et al. (in Press) found that the AWCD
of carboxylic acids and amino acids in Biolog EcoPlatesTM

displayed a steady downtrend along the composting process. In
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a similar way, a significant change in bacterial DGGE pattern
was detected during garbage composting (Takaku et al., 2006).
Gomez et al. (2006) found higher values of AWCD, richness
and H′ diversity from Biolog EcoPlatesTM in soil amended with
household solid waste compost, horse, and rabbit manure, and
chicken manure, compared to unamended soil. An in-depth
study of the effects of the application of amendments on soil
quality and crop performance is certainly essential to determine
their suitability.

CONCLUDING REMARKS

Recommendations for the use of composted organic
amendments must be based on the benefits and risks related to
their characteristics. When assessing the suitability of this type
of amendments for agricultural use, we propose that the first
criterion must be the possibility of their containing potentially
human health and environment-threatening contaminants.
Both composted cow manures (from intensive and organic
farms) were chosen according to this criterion. Secondly,
the amendment with the highest value of the AQI should be
considered. The AQI value could be further optimized by
assigning numerical values to weigh the importance of each
quality parameter and giving more value to key parameters
such as macronutrient levels. Here, the highest AQI value
corresponded to composted intensive cow manure. However, for
organic agriculture, composted organic cow manure could be
selected as the most suitable amendment.

Regulatory standards on the quality of organic amendments
for agricultural use must be improved. At the moment, despite
increasing awarenes of their well-known key role in nutrient
cycling and mineralization, microbial properties are not
considered, on a routine basis, when analysing amendment
quality (except for some potential human pathogens, such

as, for instance, E. coli and Salmonella spp.). Besides, only
measurements of heavy metal concentrations are usually
required, without paying attention to many organic and
emergent contaminants, due to, among other reasons, cost
restrictions. There is a strong demand for reliable and
simple diagnostic markers (a minimum set of variables)
that integrate the most relevant information regarding
the benefits and risks associated with the use of organic
amendments in agriculture. In this sense, the abundance
of the intergrase intl1 gene appears a suitable biological
diagnostic marker. Much efforts are still needed in this
regard.
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