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The world’s population continues to rise, with a medium-variant forecast predicting
that by 2050, the global population will have surpassed 10 billion people [1]. As a result,
it is clear that there is a need for increased food production order to meet the world’s
expanding population as well as to meet the Sustainable Development Goals, i.e., zero
Hunger, which was defined by the United Nations in 2015 [2]. Since agriculture is the
primary source of food [3], improving crop yields is a top concern. Agriculture productivity
has mostly been improved via the use of fertilizers in recent decades, and global demand
for nitrogen, phosphate, and potassium for fertilizer usage is predicted to grow by nearly
10% from 2016 to 2022 [4]. The growing need for fertilizers raises major concerns, which are
mostly about their production and the environmental impacts related to their production
and use. Among the most used synthetic fertilizers, N and P are frequently obtained
from nonrenewable resources that use high-cost methods [5,6], and the environmental
concerns associated with their usage are well documented (e.g., eutrophication, gaseous
emissions) [7]. Biobased fertilizers (BBFs) have improved the sustainability of agriculture
by reducing the use of non-renewable resources and the impact of agriculture on the
environment [8]. Agro-industrial and animal husbandry waste might provide a sustainable
supply of BBFs, which would be low-cost and ecologically beneficial. Different technologies
for recovering nutrients from organic waste are available; however, they are not widely
used. The primary obstacles to nutrient recovery from agro-industrial and animal waste
include unfavorable waste stream features (e.g., the presence of organic contaminants),
technical obstacles (i.e., obtaining sanitized products), and a lack of information about the
quality and efficacy of BBFs.

In this context, the aim of this Special Issue of Agronomy, “New Advances on Nutrients
Recovery from Agro-Industrial and Livestock Wastes for Sustainable Farming”, was to
advance knowledge on (i) the analysis of agro-industrial and livestock waste streams and
potential for nutrient recovery and supply, (ii) technologies for nutrient recovery, (iii) quality
of biobased fertilizers, (iv) laboratory and field assessment of biobased fertilizers, and
(v) future challenges in nutrient recovery.

Five research articles have been published in this Special Issue. These research papers
cover a wide variety of research areas that are related to nutrient recovery from animal and
agro-industrial wastes, including process optimization and improvement, the effects of BBFs
on soil fertility and plant growth, and comparison of different organic farming processes.

Process optimization is crucial to ensuring the production of high-value BBFs, and
this aspect was investigated in one of the papers published in this Special Issue [9]. In this
study, it was highlighted that the evolution of the compost process and compost quality
was strongly related to the content of a soluble form of nitrogen (i.e., water-extractable N,
WEN) in the composting mixtures. This observation was used to propose new parameters
(i.e., WEN, TOC/WEN) to optimize the composting process.

An improved vermicomposting system was proposed to treat dairy wastewater, rice,
straw, and cow manure and to recover nutrients [10]. The results of this study showed that
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this can represent a feasible method for the simultaneous disposal of organic wastes, especially
in poor countries, because it incurs lower costs and has a lower impact on the environment.

The effects of compost and compost-tea (CT) applications on soil fertility, plant growth,
and the environment were evaluated in two research articles [11,12]. Dairy manure compost
and food waste compost showed different effects on soil microbial community composition,
but in both cases, the results suggested that recycled waste composts contribute to biologi-
cally based nitrogen cycling and can increase tree growth, especially within the first year
after application [11]. CT application induced plant growth and defense in pepper plants
against Phytophthora capsici and Rhizoctonia solani because of its relevant soluble nutrient
content and microbiota richness, which provided a novel point for plant nutrition and
protection in horticultural crops [12].

Finally, the results of a comparison between different BBF applications on soil in
organic farming showed that the addition of organic matter improved crop yields regardless
of its source [13].

This Special Issue of Agronomy, “New Advances on Nutrients Recovery from Agro-
Industrial and Livestock Wastes for Sustainable Farming”, contains different papers presenting
new results concerning different aspects of nutrient recovery and utilization from agro-
industrial and animal waste. These research papers cover a variety of biological processes that
are related to nutrient recovery (i.e., composting, vermicomposting), including the evaluation
of the effects of BBF applications on soil systems, plant growth, and the environment.

The Academic Editors of this Special Issue (Dr. Mirko Cucina and Dr. Luca Regni)
hope that this collection of research articles will stimulate research in the field of nutrient
recovery from organic waste, not only to improve knowledge but also for applications in
sustainable farming.

Author Contributions: Conceptualization, M.C. and L.R.; writing—original draft preparation, M.C.;
writing—review and editing, L.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
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BBFs Biobased fertilizers
CT Compost-tea
N Nitrogen
TOC Total Organic Carbon
WEN Water-extractable Nitrogen
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Abstract: The correct development of the composting process is essential to obtain a product of high
value from organic wastes. Nowadays, some composting mixture parameters (i.e., air-filled porosity,
moisture and the C/N ratio) are used to optimize the composting process, but their suitability
is still debated because the literature reports contrasting results. This paper aimed to find other
parameters that control the correct development of composting. The relationship between these and
the compost quality was then verified. Twelve different composting mixtures were prepared using
different organic wastes and bulking agents and were aerobically treated in a 300 L composter. The
physico-chemical and chemical parameters of initial mixtures were analyzed, with particular regard
to the total and water-extractable forms of organic C and N and their ratios and correlated with the
temperature measured during composting. A positive correlation between temperature parameters
during the active phase and soluble forms of N in the initial mixtures was found. A high total organic
C to soluble N ratio in the composting mixtures was correlated with the low quality of the compost
produced. Based on the results, a minimum content of WEN (water-extractable N) (0.4% w/w) or
a TOC/WEN (total organic C/WEN) ratio in the range of 40–80 was recommended to ensure the
correct development of the process and to produce compost of high quality.

Keywords: biological treatments; biomass; nutrients recovery; recycle; waste treatment

1. Introduction

Municipal, agro-industrial and livestock activities generate large volumes of organic
wastes, whose management can produce adverse effects on the environment (soil, water
and atmosphere pollution). Composting represents a suitable and environmentally friendly
disposal strategy for organic waste management. Composting aerobically degrades organic
wastes to compost and two main by-products, heat and carbon dioxide [1,2]. Compost-
ing is a self-heating process that proceeds through three main steps: (1) The mesophilic
phase (25–40 ◦C), (2) the thermophilic phase (55–65 ◦C) and (3) the curing phase. During
composting, labile organic matter is mineralized and complex recalcitrant materials tend
to concentrate, increasing the organic matter stabilization in the compost [3]. Compost is
a nutrient-rich organic amendment able to provide N, P, K and organic matter to the soil,
also contributing to soil C sequestration [2,4].

Composting has several advantages, such as (1) sanification from pathogens and weed
seeds, (2) volume and odor reduction, (3) microbial stabilization, (4) disposal cost reduction
and (5) the production of organic fertilizer (compost) with an economical added value,
that can be used to replace chemical fertilizers when characterized by high-quality [5,6].
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Conversely, gas emissions, large area requirements and net energy consumption were
reported to be the main disadvantages of composting [6–8].

The correct development of composting throughout its active and curing phase is
essential to obtain high-quality compost. During the active phase, the temperature of the
biomass is one of the most significant parameters for evaluating process effectiveness,
as it depends on the aerobic nature of the process. In addition, compost sanitation and
biodegradation rates rely on temperature changes during composting, and Cáceres et al.
introduced the degree-hour concept to composting to optimize the exposure of feedstock
to high and intermediate temperatures throughout the entire process [9]. An effective
composting process also allows for a high degree of stabilization and maturity [10]. Stability
refers to the degree of organic matter decomposition, whereas maturity refers to the removal
of phytotoxic compounds from the composting feedstock. Compost stability and maturity
can be assessed using different parameters, as reviewed by Bernal et al. [5]. Stability can be
evaluated by using respirometric methods or by studying organic matter transformations
during composting. Maturity can be assessed using physical, chemical (C/N ratio, pH,
electrical conductivity, humification indices) or biological (phytotoxicity) criteria [5].

Different organic materials (e.g., agricultural and agro-industry by-products, livestock
wastes, sewage sludge, organic fraction of the municipal solid wastes) can be treated
through composting and they are generally mixed with bulking materials to ensure the
optimal conditions for microbial growth and process development [4]. Mixture preparation
is essential for balancing moisture, pH and the C/N ratio for adequate aeration and
microbial growth [11]. Although mixture formulation is commonly carried out to adjust the
C/N ratio and moisture in their ideal range (20–25 and 40–60%, respectively), other physical
parameters (e.g., porosity, filled air space) are important in composting mixtures [12–14]. In
addition, composting may be performed at low or high C/N ratios (<20 and >30) as total C
and total N may include recalcitrant fractions depending on the chemical characterization
of organic material [1], e.g., fiber content [15]. Puyuelo et al. demonstrated that the
biodegradable C/N ratio was significantly different from the C/N ratio in several organic
wastes, and pointed out that the C/N ratio used to optimize biological treatments should be
defined in biodegradable terms [16]. This is in accordance with Trémier et al. who affirmed
that mixture formulation must consider the biodegradability of wastes rather than other
parameters [14]. As a consequence, it is often reported in the literature that composting
mixtures characterized by the optimal C/N ratio did not show correct process development,
resulting in a low-temperature profile and/or low-quality composts [11,17,18].

Since biochemical transformations of organic matter during composting occur in the
aqueous phase, mixture formulation based on water-extractable C and N, and their ratio,
appear to be appropriate. As demonstrated by Said-Pullicino et al., the water-soluble
organic matter is the most accessible fraction of organic matter for the microorganisms [19],
and this can be useful for monitoring the behavior of the composting process. Nevertheless,
there are no studies focused on the relationship between these two parameters (water-
extractable C and water-extractable N) and the evolution of the process. In this context, the
present study aimed to assess chemical parameters related to C and N for the formulation
of composting mixtures. The selected parameters were related to both the development of
composting and to the quality (stabilization and maturity) of the produced compost.

2. Materials and Methods

2.1. Organic Materials

Table 1 shows the organic materials used in the present study and their main chemical
characteristics. The composting experiments were performed in order to reuse different
organic putrescible materials as the organic fraction of the municipal solid waste, pig
slurry, sewage sludge and olive mill wastes. Even digestates, derived from different anaer-
obic trials, were used as substrates for the composting process (anaerobically digested,
AFB1-contaminated chopped corn and anaerobically digested pharmaceutical wastewater).
All these organic putrescible materials were co-composted with bulking agents, in order

6



Agronomy 2021, 11, 2090

to establish the recipe structure of starting mixtures, exposed particle surface area and
porosity [14] for ensuring the optimal development of composting, and hence the quality
of the final compost. In this study, the bulking agents were wood chips, (WC, particle
size < 20 mm), broadleaf tree pruning (BLTP), conifer tree pruning (CTP) and chopped-tree
pruning (particle size < 50 mm). The use of tree pruning at different particle sizes was con-
sidered for balancing the surface area for microbial biodegradation and, hence, to optimize
the porosity [5]. Cereal straw (CS) was added as an absorbent agent, when appropriate.

Table 1. Main characteristics of raw materials and bulking agents used in the composting experiments.

Type Acronym Description Moisture (%) TOC (%) TKN (%) pH
Bulk

Density
(kg L−1)

Raw
wastes

OFMSW Organic fraction of the municipal solid wastes 69.7 ± 0.2 22.2 ± 0.1 1.3 ± 0.1 3.2 ± 0.0 0.8 ± 0.1
PS Pig slurry 93.4 ± 0.6 40.2 ± 0.3 3.7 ± 0.2 7.3 ± 0.1 1.0 ± 0.0
CC AFB1 contaminated chopped corn 14.0 ± 0.1 37.5 ± 0.0 1.5 ± 0.1 6.1 ± 0.1 0.4 ± 0.1

AD-CC Anaerobically digested AFB1 contaminated
chopped corn 93.8 ± 0.1 21.8 ± 0.1 6.3 ± 0.3 7.5 ± 0.0 0.9 ± 0.1

OMW Olive mill wastes 65.1 ± 1.2 39.9 ± 0.5 0.9 ± 0.2 5.9 ± 0.0 0.8 ± 0.1
SS Sewage sludge 89.9 ± 0.3 18.7 ± 0.6 3.8 ± 0.1 8.0 ± 0.1 0.8 ± 0.1

AD-PW Anaerobically digested pharmaceutical
wastewater 96.2 ± 0.2 41.4 ± 0.2 9.4 ± 0.4 7.4 ± 0.2 0.9 ± 0.0

CS Cereal straw 14.2 ± 0.0 43.2 ± 0.2 0.7 ± 0.0 6.7 ± 0.0 0.1 ± 0.0

Bulking
agents

WC Wood chips 57.2 ± 0.9 42.1 ± 0.2 0.6 ± 0.1 6.8 ± 0.1 0.4 ± 0.1
BLTP Broadleaf tree pruning 6.1 ± 0.0 34.4 ± 0.0 0.8 ± 0.1 5.7 ± 0.1 0.2 ± 0.0

C-BLTP Chopped broadleaf tree pruning 6.9 ± 0.0 33.9 ± 0.5 1.0 ± 0.2 6.1 ± 0.0 0.2 ± 0.0
CTP Conifer tree pruning 26.5 ± 0.5 39.6 ± 0.5 0.6 ± 0.1 6.8 ± 0.0 0.3 ± 0.1

C-CTP Chopped conifer tree pruning 24.8 ± 0.3 38.7 ± 0.7 0.7 ± 0.1 6.8 ± 0.1 0.3 ± 0.0

Mean value ± SEM, n = 3; TOC: Total organic C; TKN: Total Kjeldahl N, AFB1: Aflatoxin B1. Data are expressed on dry basis.

Raw materials and bulking and/or absorbent agents were collected in the area of
Perugia (Umbria Region, Central Italy). Pig slurry, olive mill wastes and cereal straw
were obtained from local farmers, whereas organic fractions of municipal solid wastes
and sewage sludge were obtained from local companies that collect and treat wastes or
wastewater, respectively. Digestates were obtained from pilot anaerobic digesters treating
aflatoxin B1 (AFB1)-contaminated corn or pharmaceutical wastewaters. Bulking and
absorbent materials were collected from a local plant nursery.

Representative samples of all organic materials were collected and portioned in two
fractions. The first one was stored at 4 ◦C before the beginning of the experiments, while the
second one was dried, crushed, sieved (<0.5 mm) and mixed for analytical determinations.

2.2. Composting Experiments

Twelve different composting mixtures were studied in this work to assess new pa-
rameters suitable for mixture formulation and composting optimization. The parameters
chosen were used to explain both the progress of composting and the quality of the final
compost. The five mixtures were those described in Cucina et al. [20], Cucina et al. [3] and
Tacconi et al. [21], and different compositions were included to ensure that the studied
parameters described in the following paragraphs could be suitable for a broad type of
mixtures. Bulking and/or absorbent agents were mixed with raw materials to maximize
the amount of organic waste treated and to adjust the physical properties (bulk density,
air-filled porosity and moisture content), avoid water leaching and ensure optimal air
circulation. The C/N ratio in the mixtures was not adjusted to the optimal values, since it
was one of the parameters selected to be evaluated for its relationship with composting
development and final compost quality. Based on these considerations, mixtures were pre-
pared according to the proportions (fresh weight basis) reported in Table 2. Mixtures were
placed in experimental plastic composters (0.6 m × 0.6 m × 0.8 m = 0.288 m3) at outdoor
conditions. All the experiments were performed through static composting, and passive
aeration was maintained thanks to the porosity of the mixture itself. The temperature was
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measured once a day (same time of the day) in the center of the pile using temperature
probes (Stainless Steel Temperature Probe, Vernier, Beaverton, OR, USA).

Table 2. Mixture compositions.

Mixture Composition (% w/w)

1 a 43% OFMSW + 43% WC + 14% CC
2 a 40% PS + 40% WC + 12% CC + 8% CS
3 42% AD-CC + 54% WC + 4% CS
4 55% PS + 45% BLTP
5 55% PS + 45% CTP
6 55% PS + 45% C-BLTP
7 55% PS + 45% C-CTP
8 80% OMW + 20% C-BLTP
9 80% OMW + 20% C-CTP
10 b 70% SS + 30% WC
11 b 45% SS + 45% WC + 10% CS
12 c 50% AD-PW + 40% WC + 10% CS

a [21]; b [3]; c [20]. OFMSW: Organic fraction of the municipal solid wastes, CC: AFB1-contaminated chopped
corn, PS: Pig slurry, AD-CC: Anaerobically digested AFB1-contaminated chopped corn, OMW: Olive mill wastes,
SS: Sewage sludge, AD-PW: Anaerobically digested pharmaceutical wastewater, CS: Cereal straw, WC: Wood
chips, BLTP: Broadleaf tree pruning, CTP: Conifer tree pruning, C-BLTP: Chopped broadleaf tree pruning, C-CTP:
Chopped conifer tree pruning.

The intensity of the composting process in the active phase was evaluated by calculat-
ing the time that the mixture temperature was higher than 55 ◦C (h > 55 ◦C) and the cumu-
lative degree hours (DH), as described by Cáceres et al. [9]. The active phase of composting
was considered completed when a stable temperature was reached (about 30 days). At the
end of the active phase, the mixtures were sieved to 20 mm, placed in open boxes without
aeration and mixed once a week for 60 days (curing phase). Representative samples of the
initial mixtures and mature compost were collected and portioned in two fractions: The
first one was stored at 4 ◦C for the determination of water-extractable C and N, while the
second one was dried, crushed, sieved (<0.5 mm) and mixed for analytical determinations.

2.3. Analytical Methods

Moisture was determined on fresh samples by drying at 105 ◦C to constant weight.
Total organic carbon (TOC), total Kjeldahl-N (TKN) and ammonium–N were analyzed
according to standard methods [22]. pH and electrical conductivity were analyzed after
water extraction of fresh samples (solid to water ratio of 1:10 w/w) using a glass elec-
trode (pH-Meter Basic 20+, Crison Instruments, Barcelona, Spain) and a conductivity cell
(Ec-Meter Basic 30+, Crison Instruments, Barcelona, Spain), respectively. Bulk density
was determined following standard procedures [23], and air-filled porosity (AFP) was
calculated from the wet bulk density as suggested by Alburquerque et al. [24]. Organic
matter (OM) loss was calculated as described by Gigliotti et al. [25]. Humic-like substances
were extracted and purified as described by Ciavatta et al. [26] and C quantification in
the extracts was carried out using high-temperature combustion (805 ◦C, Pt catalyzed)
followed by CO2 infrared detection (Analyzer multi N/C 2100S, Analytic Jena, Überlingen,
Germany). A germination assay employing cress seeds was used for the determination of
potential phytotoxicity in mature compost [20].

Water-extractable organic C (WEOC) and N (WEN) were extracted from fresh samples
(solid to water ratio 1:10 w/w) on a horizontal shaker for 24 h at room temperature. The sus-
pensions were then centrifuged at 8000 rpm for 12 min and filtered (0.45 µm). Extracts were
analyzed for organic C and N content using Pt-catalyzed, high-temperature combustion
(805 ◦C) followed by infrared detection of CO2 and chemiluminescence detection of NO.
Water-extractable organic N (WEON) was determined by taking the difference between
WEN and ammonium-N.
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2.4. Statistics

Results are the arithmetic mean of three replicates, and the standard error of the mean
(SEM) was reported along with the average value (Microsoft Excel Software). Bivariate
correlation tests (Pearson’s linear correlation coefficient) were used to study the associations
between composting development and compost quality and the selected parameters of
the mixtures (Microsoft Excel Software) (significance of p < 0.01 and p < 0.05, n = 12).
Data passed the requisite tests for running a linear regression (plot of the data reveals a
linear relationship, residuals are statistically independent, residuals are homoscedastic and
residuals are unbiased).

3. Results and Discussion

3.1. Organic Materials Characteristics and Temperature Parameters

In the present work, the main characteristics of all raw materials used in the study
(Table 1) were related to the correct development of the active phase of composting.

The correct physical structure of composting mixtures permits the oxygen availability
for microorganisms and is essential for mineralization phenomena, and the oxygen avail-
ability mostly depends on the bulk density and moisture of the starting mixture [14,27].
Concerning the bulk density, the lowest values were observed, as expected, for the ligno-
cellulosic materials (WC, BLTP, CTP, CS), and the chopped tree pruning did not increase
this parameter. Among the bulking agents, the WC and the CTP were characterized by the
highest values of the C/N ratio (70.2 and 66.0, respectively) and were used in the trials in a
range from 20 to 58% w/w. In a study carried out by Barrena et al. [12], it was observed
that the raw pruning wastes are also characterized by a high C/N ratio (42 and 52), and
the semi-composted pruning resulted in a similar C/N ratio. All the raw wastes studied
in the present work were characterized by a lower C/N ratio than the lignocellulosic
materials, and this was particularly true for both digestate and sewage sludge, which
showed values < 5. It is important to know the C/N ratio because it represents an indicator
of nutritional balance for microbial activity [5]. In this case, the use of a large amount of
pig slurry, anaerobic digestate and sewage sludge can result in a C/N ratio lower than
25–35, which is considered the optimal value for the initial mixture, causing an excess of N
per degradable C [5]. Moreover, it is important to consider the optimal value of moisture
(50–65%), because water content along with the bulk density can affect the aeration and
microbial O2 supply [14]. Even in this case, the pig slurry, anaerobic digestate and sewage
sludge were the organic materials that showed the highest values of moisture (>90%). This
suggests that the adequate selection of bulking agents for both objectives is important to
increase the degradable C and improve the physical characteristics of the starting mixtures.

To evaluate the effect of using different raw materials and bulking agents on the
evolution of the composting process, temperature parameters were assessed (Figure 1,
Table 3). The highest temperatures values (>55 ◦C) were observed in the mixtures where
wood chips were used as a bulking agent (mixtures 1, 2, 3, 10, 11 and 12), and when cereal
straw was added as absorbent material (mixtures 2, 3, 11 and 12). These mixtures were
also characterized by the highest cumulative DH, suggesting the correct development and
intensity of the composting processes, especially when about 40% of wood chips were
used. During the active phase of composting, a temperature of 52–60 ◦C is considered the
most favorable, during which mesophilic and thermophilic microorganisms firstly degrade
sugars, amino acids and proteins (the mesophilic phase), and afterwards, fats, cellulose,
hemicellulose and lignin (the thermophilic phase) [5,28].
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Figure 1. Temperature profiles during the active phase of composting. Horizontal line indicates 55 ◦C (1–2: [21]; 10–11: [3];
12: [3]).

Table 3. Temperature parameters during composting.

Mixture T Max h > 55 ◦C Cumulative DH

1 72 312 36,048
2 74 336 38,160
3 56 96 28,855
4 37 0 15,288
5 36 0 16,128
6 30 0 14,400
7 40 0 15,936
8 12 0 7704
9 12 0 7536
10 41 0 19,586
11 67 96 23,614
12 64 72 26,369

T max: Maximum temperature reached in the active phase; h > 55 ◦C: Time when the mixture temperature was
higher than 55 ◦C; Cumulative DH: Cumulative degree hours in the active phase.

The other mixtures (from 4 to 9) were prepared with the conifer and broadleaf tree
pruning, before and after being chopped, to investigate the effect of different particle sizes
on the composting process. In all these mixtures, temperature values >55 ◦C were not
achieved, and this was particularly evident in mixtures 8 and 9 where the olive mill wastes
were treated with both types of chipped tree pruning. The high amount of olive mill wastes
used in the mixtures resulted in an unbalanced C/N ratio with an excess of C. With this
regard, Gigliotti et al. observed a low degradation of organic matter during the composting
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of husks, probably due to the presence of relatively stable compounds (lipids, polyphenols
and pectin) [25]. Conversely, when the pig slurry was co-composted with the tree pruning,
the mixture achieved a higher temperature with respect to the olive mill wastes, with an
average maximum value of 36 ◦C, probably due to the chemical composition of pig slurry,
as discussed in the following paragraphs.

3.2. Physico-Chemical Parameters of the Mixtures and Temperature Evolution

The mixtures were analyzed for their main physico-chemical characteristics and results
are reported in Table 4. Statistical analysis showed that no significant linear relationship ex-
isted between the physico-chemical parameters analyzed and the temperature parameters
reported in Table 3.

Table 4. Physico-chemical characteristics of the mixtures.

Mixture Moisture (%) Volatile Solids (%) pH EC (dS m−1) AFP (%)

1 a 67 ± 1 73.5 ± 0.1 3.3 ± 0.0 3.3 ± 0.1 53.7
2 a 55 ± 1 65.2 ± 0.0 7.3 ± 0.1 1.3 ± 0.1 53.7
3 57 ± 0 86.3 ± 0.0 6.8 ± 0.1 2.5 ± 0.2 44.7
4 57 ± 0 71.0 ± 0.3 8.4 ± 0.1 0.7 ± 0.0 70.8
5 62 ± 0 79.5 ± 0.8 8.3 ± 0.1 0.7 ± 0.0 67.2
6 70 ± 2 72.4 ± 0.7 8.3 ± 0.2 0.8 ± 0.1 56.4
7 64 ± 1 76.8 ± 0.3 8.2 ± 0.1 0.9 ± 0.0 60.9
8 60 ± 1 86.9 ± 0.4 5.9 ± 0.0 2.4 ± 0.2 34.8
9 60 ± 1 89.1 ± 1.2 6.1 ± 0.0 2.1 ± 0.1 46.5
10 b 68 ± 1 77.6 ± 0.8 8.2 ± 0.0 2.1 ± 0.1 47.4
11 b 62 ± 0 82.1 ± 0.2 7.9 ± 0.1 1.2 ± 0.1 56.4
12 c 65 ± 0 69.1 ± 0.3 8.2 ± 0.1 1.5 ± 0.0 51.9

a [21]; b [3]; c [20]; Mean value ± SEM, n = 3; EC: Electrical conductivity, AFP: Air-filled porosity. Data are
expressed on dry basis except for pH and EC.

The moisture values ranged from a minimum of 55 to a maximum of 68% in the
mixtures where pig slurry (mixture 2) and sewage sludge were processed (mixture 10),
respectively, values close to the optimal range (50–65%). This difference was attributed to a
large amount of sewage sludge (70%) treated in mixture 10, and also probably to the lack
of absorbent materials used, such as the cereal straw. The increase in temperature is related
to a variety of factors (e.g., the percentage of porosity, as described by AFP). AFP should be
in the range of 35–50% to ensure optimal air circulation [24]. Although mixture 2 showed
a slightly higher value of AFP with respect to the optimal range, the correct temperature
evolution was evidently not influenced (Table 3, Figure 1). These results suggest that the
behavior of the active phase is not strictly dependent on the moisture and porosity of the
mixture, especially if both parameters are close to the optimal values. Concerning the
volatile solids, the lowest value was observed for mixture 2, suggesting that this parameter
did not affect the temperature behavior during the thermophilic phase. This evidence can
be supported by the results obtained for mixtures 8 and 9 that, although showing a high
content of volatile solids, did not exceed the ambient temperature during the active phase.
The analysis of the degradable fraction of organic matter, in terms of C and N content,
might be a more suitable parameter to predict the behavior of the thermophilic phase. In a
similar experiment in which husks were composted, Gigliotti et al. observed the correct
behavior of the active phase to be associated with the biodegradation of labile organic
compounds of organic matter, i.e., the water-soluble organic matter [25]. This fraction
is easily available for microorganisms and measured in terms of WEOC and was then
proposed as a good indicator of the evolution of the process [15,19,25]. This aspect is of
particular relevance especially for choosing the bulking agents, which besides having the
role of optimizing the physical structure of the mixture, in addition, they should also have
a high concentration of low degradable fiber. In this study, the use of tree pruning did not
improve the structure of mixtures, as observed by the highest AFP values when these were
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not chopped and co-composted with pig slurry (mixtures 4 and 5). The attempt to use
the chopped tree pruning was useful to decrease the AFP in pig slurry mixtures (mixtures
6 and 7), but the effect of reducing the particle size was more evident when olive mill
wastes were treated (mixtures 8 and 9). Hence, it can be stated that the use of chopped tree
pruning improves aeration, which represents a key factor for composting [5]. Even if the
physical structure was optimized, mixtures 6, 7, 8 and 9 did not achieve the optimal values
of temperatures for the active phase of composting. This suggests, once again, that bulk
density and AFP are not the only parameters that affect the increase in temperature, but
rather the chemical composition of the bulking agents also plays an important role.

With regards to the pH (Table 4), the values ranged from 3.3. to 8.4 (for mixtures 1 and 4,
respectively) and these values seem to be outside the optimal range (6.5 to 8.0) for the initial
stage of composting, even if a larger pH range may be allowed for ensuring the correct evo-
lution of the process [4], as also demonstrated by our data (Figure 1, Table 4). The results
of EC on the starting mixtures showed values in a range of 0.7–3.3 (for mixtures 5 and 1,
respectively). By observing the EC results and the temperature profile (Figure 1) of both
mixtures 5 and 1, it is possible to also suggest that this parameter did not affect the temper-
ature evolution. It can be useful to quantify the level of soluble salts (EC determination) in
order to evaluate possible phytotoxic effects on seed germination or activity of roots using
the compost in the agronomic substrates [29].

3.3. Total and Soluble C and N and Temperature Evolution

As previously discussed, physico-chemical parameters of the mixtures were not
significantly related to the correct progress of composting. Therefore, other parameters
of the mixtures were assessed in this work and related to the temperature profiles during
composting. Results of the determination of total organic C (TOC), total Kjeldahl N (TKN),
ammonium-N, water-extractable organic C (WEOC), water-extractable N (WEN), water-
extractable organic N (WEON) and their ratios were reported in Table 5.

Both TOC and TKN varied in large ranges (from 26.1 to 44.1% and from 0.7 to 2.1%
for TOC and TKN, respectively). The large variability of these two parameters was mainly
related to the use of different organic wastes. For instance, mixtures 8 and 9 showed
the largest amount of TOC and the lowest amount of TKN, and it was mainly related to
the large use of olive mill waste in the mixtures, which is known to be rich in organic C
and poor in N [30]. Mixture 10, which was mainly composed of sewage sludge (Table 1),
showed the lowest TOC and the highest TKN within the tested mixtures, values similar to
the composting mixture analyzed in Şevik et al. [31]. Due to the large variability of TOC
and TKN, the C/N ratio of the studied mixtures also varied from a minimum value of
14.1 (mixture 10) to a maximum value of 61.7 (mixture 8), and only two mixtures (6 and 7)
showed a C/N ratio within the range recommended by Reyes-Torres et al. (25–30) [32].

Ammonium-N content in the mixtures varied according to their composition, and it
was higher in the mixtures containing the organic fraction of municipal solid wastes and
pig slurry with respect to the mixtures containing olive mill wastes and sewage sludge.
Indeed, these last two organic wastes are usually characterized by a low concentration of
ammonium-N [33]. Consequently, the TOC/ammonium-N ratio ranged from a maximum
value of 882 (mixture 9) to a minimum value of 167 (mixture 1).
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Table 5. Total organic C, total Kjeldahl N, ammonium-N, water-extractable C, N and organic N and their ratios in the mixtures.

Mixtures

Parameters 1 2 3 4 5 6 7 8 9 10 11 12

TOC (%) 33.4 ± 0.1 26.1 ± 0.1 40.5 ± 0.2 28.4 ± 0.1 31.8 ± 0.0 34.2 ± 0.0 35.9 ± 0.2 43.2 ± 0.4 44.1 ± 0.3 29.6 ± 0.6 31.2 ± 0.2 36.3 ± 0.0
TKN (%) 1.7 ± 0.1 1.2 ± 0.1 1.0 ± 0.1 1.6 ± 0.1 1.6 ± 0.0 1.3 ± 0.1 1.3 ± 0.1 0.7 ± 0.1 1.0 ± 0.2 2.1 ± 0.2 1.7 ± 0.2 1.6 ± 0.1

TOC/TKN 19.6 21.7 40.5 17.7 19.9 26.3 27.6 61.7 44.1 14.1 18.4 22.7
Amm-N (%) 0.20 ± 0.02 0.12 ± 0.01 0.10 ± 0.01 0.11 ± 0.01 0.13 ± 0.01 0.10 ± 0.00 0.12 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.10 ± 0.02 0.06 ± 0.01 0.11 ± 0.02

TOC/Amm-N 167 217.5 405 258.2 244.6 342 299.2 864 882 296 520 330
WEOC (%) 4.00 ± 0.01 3.18 ± 0.05 4.20 ± 0.12 1.15 ± 0.05 1.24 ± 0.06 1.15 ± 0.05 1.20 ± 0.06 10.67 ± 0.24 9.36 ± 0.18 2.18 ± 0.10 2.38 ± 0.13 3.54 ± 0.04

WEOC/TKN 2.35 2.65 4.2 0.72 0.78 0.88 0.92 15.24 9.36 1.04 1.4 2.21
WEOC/Amm-N 20 26.5 42 10.5 9.5 11.5 10 213.4 187.2 21.8 39.7 32.2

WEN (%) 0.50 ± 0.04 0.43 ± 0.03 1.00 ± 0.06 0.17 ± 0.01 0.18 ± 0.01 0.18 ± 0.02 0.17 ± 0.00 0.09 ± 0.02 0.08 ± 0.01 0.25 ± 0.02 0.40 ± 0.04 0.52 ± 0.00
WEON (%) 0.30 ± 0.01 0.31 ± 0.01 0.90 ± 0.01 0.06 ± 0.00 0.05 ± 0.00 0.08 ± 0.01 0.05 ± 0.00 0.04 ± 0.01 0.03 ± 0.00 0.15 ± 0.02 0.34 ± 0.01 0.41 ± 0.02
TOC/WEN 66.8 60.7 40.5 167.1 176.7 190 211.2 480 551.3 118.4 78 69.8

WEOC/WEN 8 7.4 4.2 6.8 6.9 6.4 7.1 118.6 117 8.7 5.9 6.8
TOC/WEON 111.3 84.2 45 473.3 636 427.5 718 1080 1470 197.3 91.8 88.5

WEOC/WEON 13.3 10.3 4.7 19.2 24.8 14.4 24 266.8 312 14.5 7.0 8.6

Mean value ± SEM, n = 3; TOC: Total organic C, TKN: Total Kjeldahl N, Amm-N: Ammonium-N, WEOC: Water-extractable organic C, WEN: Water-extractable N, WEON: Water-extractable organic N. Data are
expressed on dry basis.
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WEOC and WEN were determined on mixtures’ samples to evaluate the relationship
between the soluble forms of these two elements and the evolution of composting. WEOC
showed large variability between the mixtures analyzed, mainly depending on their com-
position. The highest values were detected for mixtures 8 and 9 (10.7 and 9.4%, respectively)
and this was expected since olive mill wastes are usually rich in soluble organic matter.
For instance, Gianico et al. reported that 87% of the chemical oxygen demand of olive
milling residues was represented by soluble molecules [34]. Mixtures containing olive
mill wastes (8 and 9) were characterized by the highest WEOC/TKN (15.2 and 9.4) and
WEOC/ammonium-N (213 and 187) ratios due to their high content of soluble organic
matter and low content of N. The largest amounts of WEN were detected in the mixtures
containing anaerobically digested organic wastes (mixture 3 and 12). This was expected
since it is well known that during anaerobic digestion, organic N is mineralized [35], lead-
ing to the formation of ammonium-N, which increases the amount of water-extractable N.
With regard to WEON, mixtures 4, 5, 6, 7, 8 and 9 showed a content of WEON ten times
lower than the other mixtures, and this was mainly related to the fact that even if most of
the mixtures were characterized by an acceptable level of TKN (mixtures 4 to 7), it was
present mainly in non-soluble forms. When the ratios between the analyzed parameters
were determined (TOC/WEN, WEOC/WEN, TOC/WEON and WEOC/WEON), it was
interesting to observe that the highest values of these parameters were always presented
by mixtures 8 and 9 (olive mill waste mixtures). This was a consequence of the large
amount of organic matter (both in total and soluble forms) and the low amount of N in the
olive mill wastes. Similarly, mixtures 4, 5, 6 and 7 (pig slurry mixtures) also showed high
values of TOC/WEN and TOC/WEON ratios (ranging from 167 and 211 and from 428 to
718, respectively).

The relationship between mixtures’ chemical parameters shown in Table 5 and the
correct development of composting in terms of temperature (Figure 1, Table 3) was then
evaluated, and the results are reported in Table 6. Although the parameter h > 55 ◦C
did not show significant correlations with the analyzed parameters, the maximum tem-
perature and cumulative DH were found to be significantly correlated with some of
the above-described parameters. The strongest and significant correlations were found
between temperature parameters and WEN, WEON, TOC/WEN, TOC/ammonium-N,
TOC/WEON, WEOC/WEN and WEOC/WEON ratios. Interestingly, WEN and WEON
showed a positive correlation with the correct development of the active phase of com-
posting, meaning that the presence of soluble N form positively affects the composting.
Conversely, TKN was not significantly correlated with the temperature parameters. This is
in accordance with Puyuelo et al. and Trémier et al. who reported that, more so than the
total amount of N, it is the soluble forms of the element that should be taken into consider-
ation to optimize composting [14,16]. This is because soluble N compounds (i.e., amino
acids, small peptides and ammonium-N) are easily available forms of N that microor-
ganisms can use for their metabolism and growth [36,37]. With respect to TOC/WEN,
TOC/ammonium-N, TOC/WEON, WEOC/WEN and WEOC/WEON ratios and their
relationship with temperature parameters during the active phase of composting, the corre-
lation found in the present work was negative. This means that an elevated ratio between
organic C (both in its total and soluble forms) and water-soluble N forms negatively affect
the development of composting. This allows one to affirm that soluble N represents the
limiting factor for the correct development of composting, with particular regard to the
active phase. The TOC/TKN ratio, which is the most-used parameter for the formulation
of a composting mixture, does not take into account the fact that C and N may be present
in the organic wastes in recalcitrant forms that cannot be quickly degraded and mineral-
ized by composting microorganisms. For instance, mixtures 4 to 7 in this work showed
values of TOC/TKN compatible with composting, taking into account commonly used
values [10,32]. Nevertheless, none of these mixtures reached 55 ◦C during the active phase
of composting and the cumulative DH was significantly lower than the other mixtures.
This can be attributable to the fact that the main components of these mixtures (pig slurry
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and tree pruning) are characterized by low contents of easily degradable forms of C and
N [38]. The mixtures that showed the worst temperature parameters during the active
phase of composting (mixture 8 and 9) were characterized by high values of TOC/WEN,
WEOC/WEN, TOC/WEON and WEOC/WEON, suggesting that the presence of a large
amount of organic matter, even in soluble forms, is not a sufficient parameter to predict the
correct evolution of temperature.

Table 6. Linear regression between chemical parameters of the mixtures and temperature evolution during the active phase
of composting.

T Max (y) h > 55 ◦C (y) Cumulative DH (y)

x m q R2 r m q R2 r m q R2 r

TOC −2.1080 117.93 0.3124 n.s. −7.8552 347.46 0.1351 n.s. −853.54 50299 0.2379 n.s.
TKN 24.3370 11.01 0.1919 n.s. 18.7950 49.68 0.0036 n.s. 7560 10217 0.0860 n.s.

TOC/TKN −0.9250 70.85 0.3588 0.5990 * −2.1832 136.84 0.0623 n.s. −336.34 30174 0.2204 n.s.
Amm-N 297.18 14.12 0.3152 n.s. 1694.8 −100.54 0.3193 n.s. 155288 4626 0.3998 0.6323 *

TOC/Amm-N −0.0596 69.03 0.4314 0.6568 * −0.2070 159.25 0.1623 n.s. −26.81 31584 0.4060 0.6372 *
WEOC −3.1730 56.78 0.2173 n.s. −1.4462 81.33 0.0014 n.s. −1044.3 24653 0.1093 n.s.

WEOC/TKN −2.7408 54.62 0.3159 n.s. −3.9539 89.75 0.0205 n.s. −978.41 24207 0.1870 n.s.
WEOC/Amm-N −0.1926 55.10 0.3945 0.6281 * −0.4063 97.13 0.0547 n.s. −75.89 24750 0.2845 n.s.

WEN 54.7250 26.06 0.4417 0.6646 * 205.60 4.55 0.1942 n.s. 27274 11324 0.5095 0.7138 **
WEON 50.6530 32.75 0.3551 0.5959 * 175.39 33.32 0.1326 n.s. 25059 14704 0.4036 0.6353 *

TOC/WEN −0.1101 64.87 0.7358 0.8578 ** −0.3418 137.45 0.2209 n.s. −47.13 29276 0.6263 0.7914 **
TOC/WEON −0.0404 62.94 0.7465 0.8640 ** −0.1367 136.48 0.2667 n.s. −17.58 28580 0.6577 0.8110 **
WEOC/WEN −0.2100 54.31 0.5068 0.7119 ** −0.7904 95.75 0.0785 n.s. −141.06 24327 0.3729 0.6107 *

WEOC/WEON −0.1467 53.78 0.5403 0.7351 ** −0.3477 96.60 0.0945 n.s. −58.98 24298 0.4054 0.6367 *

n.s.: Not significant, *: Significant at p < 0.05, ** significant at p < 0.01, n = 12; T max: Maximum temperature during the active phase,
DH: Degree hours, TOC: Total organic C, TKN: Total Kjeldahl N, Amm-N: Ammonium-N, WEOC: Water-extractable organic C, WEN:
Water-extractable N, WEON: Water-extractable organic N.

Based on the results reported in Tables 5 and 6, an attempt to propose the optimal
values of chemical parameters to optimize the active phase of composting was carried out.
Nevertheless, it should be highlighted that these are only preliminary results that need
experimental confirmation. If the WEN is considered, its concentration should be higher
than 0.4% (w/w) in order to ensure an optimal amount of easily available N. Indeed, in the
present work, all the mixtures that showed the correct development of the active phase were
characterized by a WEN concentration higher than 0.4% (w/w). Within the ratios studied,
TOC/WEN and TOC/WEON appeared to be the most promising parameters that should
be taken into consideration during the preparation of composting mixtures, since they were
found to correlate significantly with the correct development of the process. With regard
to the results reported in the present work, the TOC/WEN ratio should range between
40 and 80 to achieve high temperatures and cumulative DH, whereas the TOC/WEON
ratio should range between 40 and 120. The proposed values should ensure a balanced
ratio between C and N amounts and their availability, allowing for the quick growth of
microorganisms and correct behavior of composting.

3.4. Mixture Characteristics and Their Effect on Compost Quality

The main characteristics of the compost produced from the 12 mixtures studied and the
limit values for quality compost production established by Italian legislation are reported
in Table 7.

TOC and TKN concentrations in the composts studied varied depending on the initial
composition of the mixtures. The highest amount of TOC was found in the compost
produced from olive mill wastes (mixtures 8 and 9), whereas the highest amount of TKN
was found in the compost produced from sewage sludge and anaerobically digested
pharmaceutical wastewater (mixtures 10, 11 and 12).

OM-loss values higher than 30–40% are usually considered an index of a correctly
developed composting process [39,40]. In the present work, only five composts showed
optimal values of OM-loss (composts from mixtures 1, 2, 3, 11 and 12), whereas compost
from mixture 10 showed a value near to the limit (30.9%). In the other composts (4, 5, 6,
7, 8 and 9), OM-loss ranged from 5.8 to 18.2%, demonstrating that the lack of an increase
in temperature in the active phase compromised the whole composting process, also
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negatively affecting the decrease in moisture. Indeed, most of the composts produced from
mixtures that did not undergo a proper increase in temperature during the active phase
(composts from mixtures 4, 6, 8, 9 and 10) showed high moisture values (above 50% w/w).
Conversely, when an adequate temperature profile was achieved during composting,
heating caused a significant decrease in moisture, as expected at the end of composting [41].

The pH of composts showed values expected at the end of composting. Indeed,
compost usually shows a sub-alkaline pH due to the mineralization of volatile fatty acids
and the release of ammonium-N after proteins’ hydrolysis [1,2]. Soluble salts’ content
(estimated from the electrical conductivity, EC) in the composts varied in relation to the
composition of the initial mixtures and ranged from 0.6 dS m−1 to 4.6 dS m−1 (composts
obtained from mixtures 9 and 10, respectively).

The compost maturity was evaluated by the determination of the content of humic
and fulvic acids (HA + FA), as well as the germination index (GI). Only compost produced
by the mixtures containing olive mill wastes (mixtures 8 and 9) showed low values of
HA + FA and GI (6.8 and 6.3% of HA + FA, 58.7 and 54.3% of GI). Considering that these
were the two mixtures showing the worst temperature profiles, these results confirmed
that a proper active phase of composting is also essential for the correct behavior of the
curing phase. Indeed, the maturation of compost mainly occurs during the curing phase,
when the phytotoxic compounds are mineralized and the organic matter is stabilized [42].

The comparison of the results of compost characterization with the Italian limits for
quality compost production showed that five of the seven composts produced by mixtures
that did not show a proper temperature profile in the active phase did not comply with
the legal requirements for compost commercialization (compost from mixtures 4, 6, 8, 9
and 10) [43]. Whereas composts from mixtures 4, 6 and 10 showed excessive moisture,
composts from mixtures 8 and 9 (olive mill waste mixtures) did not comply with four
parameters (maximum C/N and moisture, minimum content of HA + FA and minimum
GI value). Considering these results, ensuring the correct development of the active phase
of composting appears mandatory to obtain a high quality of the compost produced.
Given that composting is an energy-consuming process, the importance of optimizing the
composition of initial mixtures is clear, as is using appropriate calculation tools such as the
one described in Calisti et al. [44]. If composting mixtures are not well optimized, the final
compost might not comply with legal limits and should then be disposed of by incineration
or landfilling, causing environmental and economic issues [45,46].

The possible relationship between the new parameters proposed to optimize compost-
ing mixtures (WEN, WEON, TOC/WEN, TOC/WEON, WEOC/WEN and WEOC/WEON)
and the main physico-chemical characteristic of composts was investigated by correlation
analysis and the results are reported in Table 8.

Interestingly, the parameters of initial mixtures that were correlated with the tem-
perature parameters in the active phase of composting were also correlated to most of
the selected physico-chemical characteristics of composts. Obviously, TOC and C/N
of composts were positively correlated to TOC/WEN, TOC/WEON, WEOC/WEN and
WEOC/WEON ratios, and the EC of compost was positively correlated to WEN and
WEON in the mixtures. This latter correlation was expected since soluble N compounds
(i.e., ammonium-N) increase the electrical conductivity of the water-compost extract. In
this context, it must be taken into account that an excessive WEN or WEON concentration
in the initial mixture can result in high EC in the composts, with potential phytotoxic
effects [47].
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Table 7. Main characteristics of the compost produced from the mixtures studied and limit values for quality compost production [43].

Mixtures

Parameters 1 a 2 a 3 4 5 6 7 8 9 10 b 11 b 12 c Limit Value
d

TOC (%) 20.2 ± 0.8 21.7 ± 0.2 21.6 ± 0.2 25.4 ± 0.1 24.8 ± 0.0 23.7 ± 0.1 25.2 ± 0.0 36.2 ± 0.0 36.2 ± 0.5 30.7 ± 0.6 23.2 ± 0.3 30.4 ± 0.2 20 (min)
TKN (%) 2.2 ± 0.1 2.1 ± 0.1 1.0 ± 0.2 1.4 ± 0.1 1.3 ± 0.1 1.2 ± 0.2 1.3 ± 0.1 1.2 ± 0.0 1.3 ± 0.0 3.2 ± 0.2 2.5 ± 0.2 2.7 ± 0.2 -

TOC/TKN 9.2 10.3 21.6 18.1 19.1 19.8 19.4 30.2 27.8 9.6 9.3 11.3 25
OM-loss (%) 62.1 ± 0.3 80.2 ± 0.8 66.0 ± 0.4 17.0 ± 0.1 17.5 ± 0.0 18.2 ± 0.2 17.9 ± 0.1 6.2 ± 0.6 5.8 ± 0.5 30.9 ± 0.4 63.1 ± 1.3 38.8 ± 1.0 -
Moisture (%) 36.9 ± 0.2 31.5 ± 0.6 44.9 ± 0.5 53.7 ± 0.6 42.8 ± 0.8 55.9 ± 0.5 48.1 ± 0.0 59.2 ± 0.4 63.6 ± 0.7 63.0 ± 0.6 48.3 ± 0.4 48.1 ± 0.3 50

pH 7.3 ± 0.1 7.2 ± 0.0 7.9 ± 0.0 8.0 ± 0.1 7.8 ± 0.1 8.0 ± 0.1 7.9 ± 0.0 7.0 ± 0.0 7.2 ± 0.0 7.9 ± 0.0 8.3 ± 0.2 8.4 ± 0.1 6–8.5
EC (dS m−1) 2.3 ± 0.0 2.1 ± 0.0 3.7 ± 0.2 1.4 ± 0.2 1.4 ± 0.1 1.5 ± 0.1 1.4 ± 0.2 0.8 ± 0.1 0.6 ± 0.0 4.6 ± 0.0 1.9 ± 0.2 3.5 ± 0.2 -
HA + FA (%) 8.4 ± 0.1 9.3 ± 0.1 11.4 ± 0.2 7.7 ± 0.2 8.3 ± 0.1 8.2 ± 0.2 8.4 ± 0.2 6.8 ± 0.1 6.3 ± 0.0 8.3 ± 0.1 11.7 ± 0.1 12.1 ± 0.1 7 (min)

GI (%) 112.9 ± 1.4 103.6 ± 0.8 100.6 ± 2.0 72.9 ± 2.3 69.3 ± 1.6 70.8 ± 1.0 69.4 ± 0.5 58.7 ± 0.8 54.3 ± 1.0 78.3 ± 1.4 92.3 ± 2.3 83.7 ± 0.2 60 (min)
a [21]; b [3]; c [20]; d [43]; Mean value ± SEM, n = 3; TOC: Total organic C, TKN: Total Kjeldahl N, OM: Organic matter, EC: Electrical conductivity, HA + FA: Humic and fulvic acids, GI: Germination index. Data
are expressed on dry basis except for pH and EC.

Table 8. Pearson’s correlation coefficients between selected parameters of the mixtures and composts studied.

Mixture Compost

WEN WEON TOC/WEN TOC/WEON WEOC/WEN WEOC/WEON TOC TKN C/N OM-loss Moisture pH EC HA + FA GI

M
ix

tu
re

WEN 1
WEON 0.9880 ** 1
TOC/WEN −0.6910 * −0.6199 * 1
TOC/WEON −0.6798 * −0.6798 * 0.9725 ** 1
WEOC/WEN n.s. n.s. 0.9344 ** 0.8438 ** 1
WEOC/WEON n.s. n.s. 0.9538 ** 0.8820 ** 0.9940 ** 1

C
o

m
p

o
st

TOC n.s. n.s. 0.7624 ** 0.6919 * 0.7904 ** 0.7884 ** 1
TKN n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1
C/N n.s. n.s. 0.8397 ** 0.8379 ** 0.7524 ** 0.7647 ** 0.5830 * −0.8119 ** 1
OM-loss 0.7599 ** 0.7243 ** −0.7374 ** −0.7863 ** n.s. n.s. −0.6904 * n.s. −0.6836 * 1
Moisture n.s. n.s. n.s. n.s. n.s. n.s. 0.5823 * n.s. 0.5777 * n.s. 1
pH n.s. n.s. n.s. n.s. −0.6650 * −0.6507 * n.s. n.s. n.s. n.s. n.s. 1
EC 0.7798 ** 0.7643 ** −0.7161 ** −0.7575 ** n.s. n.s. n.s. 0.6419 * −0.5848 * n.s. n.s. n.s 1
HA + FA 0.7351 ** 0.7450 ** −0.7222 ** −0.7501 ** −0.5927 * −0.6198 * n.s. n.s. n.s. 0.6774 * n.s. 0.6722 * 0.5898 * 1
GI 0.7626 ** 0.6892 * −0.7984 ** −0.8320 ** −0.6105 * −0.6418 * −0.7870 ** n.s. −0.7343 ** 0.9476 ** n.s. n.s. n.s. 0.6065 * 1

n.s.: not significant, *: significant at p < 0.05, **: significant at p < 0.01, n = 12. TOC: total organic C, TKN: total Kjeldahl N, WEOC: water extractable organic C, WEN: water extractable N, WEON: water extractable
organic N, OM: organic matter, EC: electrical conductivity, HA + FA: humic and fulvic acids, GI: germination index.
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OM-loss was positively correlated with WEN and WEON, demonstrating that soluble
N compounds are essential to sustain microbial metabolism and, thus, composting effective-
ness. Conversely, OM loss was negatively correlated with TOC/WEN and TOC/WEON
ratios, confirming that high values of these ratios cannot ensure a balanced substrate for
microbial growth during composting.

Moreover, the parameters commonly used to evaluate the maturity were correlated
with the new parameters proposed to optimize composting mixtures. Both HA + FA
and GI were positively correlated with WEN and WEON, and negatively correlated with
TOC/WEN, TOC/WEON, WEOC/WEN and WEOC/WEON ratios. Considering these
results, the parameters proposed to optimize composting mixtures also appear suitable to
ensure the production of good-quality composts, in terms of hygenization, stabilization
and maturation.

4. Conclusions

The present work aimed to assess new parameters for composting in order to better
explain the process and to optimize it, in terms of correct temperature evolution and
high-quality compost. Although physico-chemical (i.e., moisture, air-filled porosity) and
chemical (i.e., TOC/TKN) parameters were commonly used to optimize composting mix-
tures, they did not ensure the correct development of the aerobic process. Conversely,
a significant positive correlation was found between temperature evolution during the
active phase of composting and soluble forms of N (WEN and WEON) in the starting
mixtures, demonstrating that the easily available N compounds play a key role in the
correct development of composting. On the contrary, high TOC/WEN, TOC/WEON,
WEOC/WEN and WEOC/WEON ratios resulted in a low temperature and poor quality of
the final compost.

Based on these results, it was suggested that the study of soluble forms of C and N
may help to predict the mineralization rate during the active phase and the correct increase
in temperature. In particular, WEN and the TOC/WEN ratio might be useful parameters
to evaluate the aptitude of a starting mixture to be composted. Nevertheless, future
research is needed to confirm the results reported in this work, by studying mixtures with
fixed values of moisture, AFP, volatile solids, pH and C/N, in order to better understand
the role of WEN and TOC/WEN ratio parameters in the degradation of organic matter
during composting.
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Abstract: Composting is an effective strategy to process agricultural and urban waste into forms
that may be beneficial to crops. The objectives of this orchard field study were to characterize how
a dairy manure compost and a food waste compost influenced: (1) soil nitrogen and carbon pools,
(2) bacterial and nematode soil food webs and (3) tree growth and leaf N. The effects of composts were
compared with fertilized and unfertilized control plots over two years in a newly planted almond
orchard. Both dairy manure compost and food waste compost increased soil organic matter pools,
as well as soil nitrate and ammonium at certain time points. Both composts also distinctly altered
bacterial communities after application, specifically those groups with carbon degrading potential,
and increased populations of bacterial feeding nematodes, although in different timeframes. Unique
correlations were observed between nematode and bacterial groups within compost treatments that
were not present in controls. Food waste compost increased trunk diameters compared to controls
and had greater relative abundance of herbivorous root tip feeding nematodes. Results suggest
that recycled waste composts contribute to biologically based nitrogen cycling and can increase tree
growth, mainly within the first year after application.

Keywords: organic waste; manure; nematode community; 16S; bacterial community

1. Introduction

Soil health has been defined as “the capacity of the soil to function as a vital living
ecosystem that supports plants, animals, and humans” [1]. It is determined by interactions
between microbial communities, soil physical and chemical factors, and management deci-
sions [2], encompassing biological attributes such as biodiversity, food web structure and
ecosystem functioning [3]. Increasing soil organic carbon (SOC) serves as the foundation
for building healthy soils [4]. As an important indicator of soil quality, SOC enhances crop
productivity by improving water holding capacity, aggregation, nutrient transformation
and microbial biomass [5]. While intensive agriculture depletes SOC, land management
practices that lead to increases in SOC reverse this trend, enhancing productivity and
environmental quality [6].

Composting can transform agricultural and municipal waste into a valuable soil
amendment which increases SOC [7,8], while at the same time increasing soil nutrients and
yields [9,10]. Both dairy manure [11] and food waste [12,13] have negative environmental
effects, and composting offers one solution to recycle these wastes. For example, dairy
manure compost applied at a rate of 105 Mg DM ha−1 increased SOC by 73% and supported
corn yields similar to that of inorganic fertilizer [14]. In wheat, both municipal organic
waste compost [9] and dairy manure compost [15] increased soil nutrient pools and yield.
Recycled waste composts can increase SOC in almond production [16] and are applied by
growers with the goals of increasing tree nutrition and beneficial soil biology [17].
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Applying composts can increase microbial populations [18,19] and microbial diver-
sity [20], which has sometimes been associated with increased nutrient use efficiency [21].
However, other studies have found slightly negative [22] or neutral [23] effects of compost
on microbial diversity and activity. Terms such as high and low in this case are relative,
though, since the minimum amount of biodiversity necessary to maintain plant health is
often unknown [24]. Often it is not the raw number of species that is important, but rather
the functions certain species perform [25], which in soil, includes organic matter decompo-
sition and cycling nutrients [26]. Since many microbes do not grow well in the laboratory,
their identity is only known through DNA sequencing, and directly linking natural popu-
lations to function requires a combination of genomic and culture-based approaches [27].
Although recent technological advances (such as lower costs of high throughput molecular
sequencing) show promise, scientific understanding of how microbial diversity influences
ecosystem functioning in agro ecosystems is still in its early stages [25,28].

Differences in microbial communities are reflected in bacterial and fungal-feeding ne-
matodes, which respond rapidly to the abundance of their prey [29] and channel resources
derived from bacterial and fungal decomposition [30]. For example, fungal-feeding ne-
matodes proliferate with more processed resources [29,31,32], while increases in bacterial-
feeders have been found with more readily decomposable resources such as compost
feedstocks [31] and cover crops [33]. Nematodes have been proposed as particularly good
indicators of soil health [34,35] because of their ubiquitous presence in soils, diverse num-
ber of functions that they provide, and their rapid response to changes in management.
Previous studies have found that applying composted agricultural waste increased overall
nematode biomass, as well as the abundance of bacterial-feeders [36], fungal-feeders and
omnivores/predators [37]. However, one study has [38] observed no effect of composted
waste on nematode communities.

To optimize outcomes for plant and soil health, greater understanding is needed about
how management practices affect interrelationships between SOC, nutrient cycling and
soil food webs [39]. The current study examined the effects of applying two recycled
waste composts (incorporating either dairy manure or municipal food waste) in an almond
orchard, comparing them to either a fertilized (N+) or unfertilized (N−) control over
two years. The objectives were: (1) To determine the effects of composts on SOC and
nitrogen (N) pools, (2) To characterize how composts influenced bacterial and nematode
communities and their interrelationships, and (3) To determine if composts resulted in
differences in plant growth and leaf nutrient content. We hypothesized that both composts
would increase SOC and soil nutrient pools, with cascading effects on food webs and
plant productivity. Expanding knowledge about the biological regulators of organic matter
and nutrient dynamics could facilitate future management of food webs for increased soil
fertility, which is particularly important in organic farming systems [39].

2. Materials and Methods

2.1. Orchard Establishment and Experimental Design

To characterize how soil communities responded to compost addition, an almond
orchard was planted in March 2016 at the Armstrong Plant Pathology Research Station,
University of California Davis, Davis, CA, USA. The soil was mapped as a Yolo silty clay
loam [40] and contained 0.97% C and 0.1% N with a pH of 7.8. The experiment compared
the effects of two commercially available composts. The first, termed food waste compost
(FWC), incorporated municipal food scraps, yard clippings and agricultural waste. It had a
C:N of 14 and was composed of 49.8% organic matter and 25% organic carbon with 1.8% N.
The second compost included waste streams classified as agricultural, green waste and
dairy manure, and will be referred to as dairy manure compost (DMC). This compost
had a C:N of 10.8, and was composed of 28.5% organic matter and 14% organic carbon
with 1.3% N.

The experiment had four main treatments: FWC, DMC, nitrogen fertilizer (N+)
and a control without any organic or inorganic amendments (N−). All treatments were
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planted with container nursery stock of ‘Nonpareil’ almonds on ‘Krymsky 86’ rootstock
on a 2.7 * 4.9 m spacing. Each experimental unit consisted of two trees separated from
other treatments by one pollinizer buffer tree (either the almond cultivar, ‘Monterey’, on
‘Krymsky 86’ rootstock or ‘Wood colony’ on ‘Krymsky 86’). There were six replicates of
each treatment applied in a randomized complete block design, treating tree row as the
block, so that within each of the six tree rows, each treatment was replicated once. Almond
plantings were watered for approximately 20 h each week by drip irrigation, with each tree
having two 7.6 L h−1 emitters.

Both composts were applied pre-planting with a front loader and spread evenly with
shovels. Composts were applied at a rate of 112.09 metric tons dry weight ha−1 to an 8 m2

area comprising the berms of two tree rows. This rate was chosen to approximate the
estimated N needed by the trees in their first year; assuming that only 10% of the total
N from the compost mineralized [41], so that each tree received a total of 0.08 kg N.
For the N fertilizer treatment, urea ammonium nitrate (UAN-32) was applied in year
one at a rate of 88.7 mL N per tree or 91.9 kg N ha−1, spread out into six applications
of 14.8 mL ( 1

2 oz) tree−1. Applications occurred three times in June, twice in July and
once in October of 2016. In 2017, the total applied N in fertilizer treatments increased to
177.4 mL N tree−1, as recommended [42] with applications occurring three times in May
and three times in June. Fertilizer was applied by injection into the irrigation lines, and
separate lines were used for fertilizer, compost and control trees so that all treatments
received equal amounts of water.

2.2. Soil Sampling and Plant Measurements

Soil was sampled with two 6.3 cm diameter cores at a depth of 0–25.4 cm, 30 cm
from the trunk of each tree and composited for each plot replicate. Sampling occurred
three times each year in May, July and October. Fresh soil samples were analyzed for
mineral N contents using 2 M KCl extraction of 40 g soil followed by colorimetric deter-
mination of nitrate (NO3

−) and ammonium (NH4
+) contents [43]. After soil was dried

at 60 ◦C, and sieved to 2 mm, soil particle sizes were determined by laser diffraction on
a Beckman-Coulter LS-230 Particle Size Analyzer [44]. Finely ground soil was analyzed
for total N (%) and C (%) on a Europe Hydra 20/20 isotope ratio mass spectrometer at
the University of California Davis Stable Isotope Facility. Labile soil carbon, represented
as permanganate oxidizable carbon (POXC) was measured in October of each year on
finely ground soil following Culman et al. [45]. Briefly, triplicate samples of 2.5 g soil were
oxidised with 0.02 mol L−1 KMnO4 with 2 min shaking followed by 10 min incubation
and non-reduced Mn7+ quantified by colorimetry.

Indicators of tree productivity included trunk diameter and leaf N. Trunk diameters
were measured with a caliper at the beginning and end of each year, in May and October,
two feet above the soil. Leaves were collected for N analysis three times each year in May,
July and October. For each of the two trees in each plot, five young, fully mature leaves
were collected so that 10 leaves were collected for each experimental replicate. Leaves were
dried at 60 ◦C for one week, finely ground, and total N (%) and C (%) determined on a
Europe Hydra 20/20 isotope ratio mass spectrometer at the University of California Davis
Stable Isotope Facility.

2.3. Nematode Communities

Nematodes were extracted from 200 mL of field moist soil using a sieving and decant-
ing technique followed by sugar centrifugation [46]. The total number of nematodes in
each sample was counted and the first 200 encountered on a slide were identified. Most
nematodes were identified to the genus level [47], although some were only identified
to the family level, such as those in the families Qudsianematidae and Tylenchidae, as
genera within these groups are difficult to distinguish. The abundance of nematode groups
identified were used to calculate indices of ecosystem functioning. For example, the
Enrichment Index (EI) indicates the activity of primary detrital consumers. [48], while
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the Channel Index provides information on whether decomposition is proceeding more
through bacterial or fungal channels, and the Structure index increases with food web com-
plexity [48]. Nematode metabolic footprints were also calculated to provide an estimate of
the contribution of different functional guilds of nematodes to functions related to carbon
and nutrient cycling based on their size-dependent metabolic activity [30]. Calculations
of indices and metabolic footprints were completed using the online platform, NINJA:
‘Nematode INdicator Joint Analysis’ [49].

2.4. Phylogenetic and Taxonomic Analysis of Prokaryotic Communities

Soils for molecular analysis (which were only collected in July and October of each
year) were transported to the laboratory on ice and immediately stored at −80 ◦C until
DNA extraction. Total DNA was extracted from 0.25 g of soil per sample using the
DNeasy PowerLyzer PowerSoil kit (Qiagen, Inc., Germantown, MD, USA) following the
manufacturer’s protocol. Gel electrophoresis was used to assess quality of DNA after each
extraction. Yields were assessed with a Qubit 3 fluorometer (ThermoFisher, Waltham, MA,
USA) and extractions producing >15.0 ng µL−1 DNA were used to construct 16S rRNA
gene libraries.

Libraries were prepared using a standard 16S rRNA primer pair: 515-F (GTGCCAG-
CMGCCGCGGTAA) and 806-R (GGACTACHVGGGTWTCTAAT) targeting the gene’s
V4 hypervariable region ([50]). PCR was performed in duplicate using Phusion Hot Start
II High-Fidelity PCR Master Mix (Thermo Scientific Inc., Waltham, MA). Reactions were
conducted using a modified form of the manufacturer’s protocol, with 1 µL DNA template
(15 ng µL−1), 1 µL of each primer (10 µMol), 10 µL master mix, and 7 µL water to reach
a final volume of 20 µL reaction−1. Negative controls were used in each batch of PCRs,
substituting 1 µL DNA template with 1 µL water and a unique reverse barcode to remove
contaminating DNA following sequencing analysis. All reactions were conducted using
the C1000 Touch Thermo Cycler from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). PCR
cycles included a 30 s initial denaturation at 98 ◦C, followed by 27 cycles of denaturation
at 98 ◦C for 10 s, annealing at 50 ◦C for 30 s, extension at 72 ◦C for 15 s, and a 7 min final
extension at 72 ◦C before being held at 4 ◦C. Following PCR, a 3 µL aliquot of each reaction
was assessed on an agarose gel to ensure specific and successful amplification. Duplicate
reactions were then mixed and assessed for concentration using the Qubit 3 fluorometer
(ThermoFisher, Waltham, MA, USA). Next, 100 ng of each successful reaction was pooled
and purified using the QIAGEN’s QIAquick PCR Purification Kit (Qiagen, Inc., German-
town, MD, USA) according to the manufacturer’s protocol. Completed libraries were
then sequenced on the MiSeq PE250 system at the UC Davis DNA Technologies Core and
processed using the Dada2 platform using conventional methods recently described [51].

Diversity was quantified using both taxonomic- and phylogenetic-based methods.
Taxonomic alpha diversity was measured as exact sequence variants (ESV) [52] and taxo-
nomic group richness and equitability (Shannon diversity) within individual communities.
Taxonomic dissimilarity of different communities was measured as the Bray-Curtis distance
among samples based on ESV and taxonomic group membership [53]. Bacterial soil func-
tions were inferred from taxonomy using FAPROTAX [54] which uses established literature
on cultured strains to synthesize a putative functional profile for the total community.

2.5. Statistics

The statistical program R v4.0.3 (R Core Team, 2021) was used to assess the effects of
compost on soil, bacteria, nematode and plant variables. Treatment effects were analyzed
using analysis of variance (ANOVA), with means separated by Tukey’s honestly significant
difference (HSD) tests. Assumptions of homogeneity of variance and normality were
assessed by Levene’s and Shapiro–Wilk tests, respectively, and data were either log or
square root transformed as needed. In cases where assumptions could not be met even
with transformation, differences between treatments were assessed by non-parametric
Kruskal-Wallace tests followed by a post-hoc Dunn’s test. To measure changes in trunk
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diameter, which was taken for both trees in a plot, mixed effects analysis was performed
using the R package lme4 [55] with treatment as a fixed effect and plot as a random
effect. Relationships between trunk diameter and soil properties were examined for each
timepoint using Pearson’s correlations. Since nematode and bacterial abundance was
often non-normally distributed, Spearman’s rank correlations were used to determine the
relationships between genera within each treatment.

For the Domains Bacteria and Archaea, the above analyses focused on the 20 most
abundant taxa in the dataset. This assessment was verified using rank abundance curves
where genera abundance was greatly diminished beyond the most represented taxa. All
797 genera were included, though, for non-metric multidimensional scaling (NMDS) analy-
ses, which compared community composition between treatments. NMDS was conducted
using the metaMDS function in the vegan package of R [56] and plotted using ggplot2 [57].
The vegan package was also used to calculate diversity indices (Shannon diversity, evenness
and richness).

3. Results

3.1. Soil Variables

Compost treatments had higher total mineral soil N than controls throughout most
of the experiment, but only influenced labile N pools within the first year (Table 1). Im-
mediately after compost application in May of year one, FWC treated plots had higher
NH4

+-N than controls (p < 0.01) and a similar trend was observed for DMC (p = 0.06).
Soon after it was applied through the irrigation system, fertilizer treatments had more than
3 times higher NO3

−-N and NH4
+-N than controls in July (Table 1, p = 0.01). By October,

though, the effects of the fertilizer had dissipated and DMC had increased NH4
+-N and

NO3
−-N to more than two times higher than controls or fertilizer treatments (p < 0.05).

In the second year, the only effects seen in labile N pools were that fertilizer dramatically
increased NO3

−-N compared to all other treatments soon after application in July (Table 1).
Composts application increased SOC measured at multiple timepoints (Table 1), often

increasing total soil C by at least 50% (p < 0.05). Similar trends were seen in the more
labile C pool, POXC. In year one, POXC levels were more than twice as high for FWC and
DMC compared to controls (p < 0.01). Both composts also showed elevated POXC levels
compared to fertilizer treatments (p < 0.01). By the end of the experiment, in October of year
two, FWC and DMC continued to have higher POXC than either N− controls or fertilizer
treatments (p < 0.01). Particle size analysis showed that soil had an average of 37.6% sand,
58.1% silt and 4.33% clay. In contrast to the trend for POXC, the percent clay content for
FWC (3.77 ± 0.29) and DMC (3.60 ± 0.20) was lower than either controls (4.89 ± 0.18) or
fertilizer treatments (p < 0.05; 5.06 ± 0.33).
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Table 1. Average soil properties ± standard error of measurement (SEM) from an almond orchard receiving different organic amendments. Letters denote statistical differences of p < 0.05
determined by either post hoc Tukey’s honestly significant difference (HSD) test or Dunn’s test, for non-normally distributed data. DMC = Dairy manure compost, FWC = Food waste
compost, N+ = nitrogen fertilizer, N− = unamended control. POXC = permanganate oxidizable carbon.

NH4
+ N

(µg/g)
NO3

− N
(µg/g)

%N %C
POXC
(mg/kg)

May 2016

DMC 6.49 ± 1.93 abd 40.52 ± 3.85 0.12 ± 0.01 1.25 ± 0.2
FWC 10.45 ± 1.51 d 39 ± 4.41 0.14 ± 0.03 1.57 ± 0.4
N+ 1.31 ± 0.36 ac 37.19 ± 6.07 0.16 ± 0.02 1.69 ± 0.27
N− 1.79 ± 0.63 a 37.22 ± 10.5 0.11 ± 0.01 1.1 ± 0.12

July 2016

DMC 2.86 ± 0.39 ab 15.28 ± 3.15 ab 0.17 ± 0.02 a 1.64 ± 0.17 a
FWC 2.97 ± 0.53 ab 4.87 ± 2.38 a 0.18 ± 0.03 a 2.08 ± 0.45 a
N+ 8.04 ± 2.5 b 22.19 ± 1.34 b 0.1 ± 0 b 0.94 ± 0.02 b
N− 2.09 ± 0.25 a 6.45 ± 2.45 a 0.1 ± 0.01 b 0.99 ± 0.05 b

October
2016

DMC 2.69 ± 0.39 b 39.38 ± 11.87 a 0.19 ± 0.02 a 1.7 ± 0.17 a 700.63 ± 43.96 b
FWC 1.52 ± 0.64 ac 24.93 ± 6.34 ac 0.21 ± 0.03 a 2.17 ± 0.33 a 855.34 ± 104.51 b
N+ 0.58 ± 0.06 a 5.28 ± 0.73 b 0.11 ± 0.01 b 1.05 ± 0.1 b 263.45 ± 33.42 a
N− 0.73 ± 0.23 a 12.55 ± 5.59 bc 0.1 ± 0 b 0.97 ± 0.03 b 291.77 ± 33.15 a

May 2017

DMC 0.48 ± 0.23 3.98 ± 1.06 0.17 ± 0.03 a 1.56 ± 0.25 ac
FWC 0.75 ± 0.26 3.55 ± 1.48 0.35 ± 0.07 a 3.9 ± 0.8 a
N+ 0.26 ± 0.12 1.88 ± 0.54 0.1 ± 0 b 0.96 ± 0.03 bc
N− 0.2 ± 0.1 2.68 ± 0.41 0.1 ± 0 b 0.9 ± 0.02 bc

July 2017

DMC 1.18 ± 0.54 3.38 ± 1.78 a 0.18 ± 0.02 a 1.72 ± 0.22 a
FWC 0.46 ± 0.4 4.71 ± 2.76 a 0.17 ± 0.03 a 1.82 ± 0.33 a
N+ 12.23 ± 7.94 43.4 ± 12.77 b 0.11 ± 0 b 0.96 ± 0.04 b
N− 0.26 ± 0.17 3 ± 3.44 a 0.1 ± 0 b 0.93 ± 0.03 b

October
2017

DMC 0.76 ± 0.32 4.74 ± 2.35 0.15 ± 0 a 1.32 ± 0.05 a 551.01 ± 43.71 b
FWC 0.49 ± 0.14 3 ± 1.25 0.14 ± 0.01 a 1.35 ± 0.11 a 600.92 ± 61.12 b
N+ 1.03 ± 0.7 2.92 ± 0.97 0.11 ± 0.01 b 0.99 ± 0.08 b 377.45 ± 17.88 a
N− 0.27 ± 0.24 2.81 ± 0.64 0.1 ± 0 b 0.9 ± 0.02 b 281.56 ± 45.21 a
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3.2. Bacterial and Archaeal Communities

Sequencing identified 797 bacterial and archaeal genera, whose community compo-
sition differed between treatments over time (Figure 1). Across all treatments, bacterial
species richness (determined by exact sequence variants) and Shannon diversity generally
decreased in year two compared to year one (Table 2, p < 0.01). While treatments did
not influence species richness, both composts increased species evenness compared to
fertilizer and control treatments (p < 0.05, Table 2) at certain time points. In July of year two,
fertilizer treatments decreased Shannon diversity compared to DMC and FWC (p < 0.05).
Non-metric multidimensional scaling analysis showed that in July and October of year one,
FWC and DMC treatments hosted communities that were distinct, both from each other,
and from the control and fertilizer treatments (Figure 1). These differences had largely
disappeared by year two, but DMC again clustered slightly apart from other treatments
by the end of the experiment. Differential abundance analysis showed that several taxa
responded negatively to compost application (Tables S1 and S2) including Rubrobacter,
Pseudarthrobacter and Solirubacter. Adding FWC increased the abundance of Lysinibacillus
compared to either controls (p < 0.01) or nitrogen treatments (p < 0.01) in July of year one.
Both composts increased Steroidobacter compared to nitrogen treatments in October of year
two (p < 0.01).

 

Figure 1. Non-metric multidimensional scaling analysis (NMDS) of 797 bacterial and archaeal
genera isolated from almond orchard soil in two years following compost amendment appli-
cation. DMC = Dairy manure compost, FWC= Food waste compost, N+ = nitrogen fertilizer,
N− unamended control.
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Table 2. Average bacterial and archaeal species richness, evenness and Shannon Diversity
indices ± standard error of measurement (SEM) from an almond orchard receiving different or-
ganic amendments. Letters denote statistical differences of p < 0.05 determined by either post hoc
Tukey’s honestly significant difference (HSD) test or Dunn’s test, for non-normally distributed
data. DMC = Dairy manure compost, FWC = Food waste compost, N+ = nitrogen fertilizer,
N− = unamended control. Categories with 0 values indicate SEM under 0.01.

Richness Evenness Shannon Diversity

July 2016
DMC 1071.00 ± 64.64 0.87 ± 0.01 6.07 ± 0.08
FWC 1067.33 ± 25.81 0.88 ± 0.00 6.14 ± 0.03
N+ 998.00 ± 82.25 0.87 ± 0.01 5.96 ± 0.11
N− 1011.00 ± 68.66 0.87 ± 0.00 5.99 ± 0.05

October 2016

DMC 944.67 ± 38.31 0.88 ± 0.00 a 6.06 ± 0.05
FWC 881.33 ± 61.41 0.89 ± 0.00 a 5.99 ± 0.07
N+ 1009.33 ± 25.92 0.87 ± 0.00 b 6.01 ± 0.03
N− 1044.00 ± 52.56 0.87 ± 0.00 b 6.02 ± 0.06

July 2017

DMC 781.33 ± 65.28 0.89 ± 0.01 a 5.94 ± 0.08 a
FWC 789.67 ± 55.18 0.90 ± 0.00 a 5.97 ± 0.05 a
N+ 659.67 ± 55.71 0.87 ± 0.00 b 5.65 ± 0.08 b
N− 779.00 ± 45.29 0.87 ± 0.00 b 5.79 ± 0.05 ab

October 2017

DMC 798.17 ± 38.12 0.89 ± 0.00 a 5.94 ± 0.04
FWC 716.00 ± 68.84 0.88 ± 0.00 ab 5.77 ± 0.10
N+ 739.00 ± 66.23 0.87 ± 0.00 b 5.71 ± 0.09
N− 772.50 ± 53.37 0.86 ± 0.01 b 5.72 ± 0.08

When bacteria and archaea were separated into groups indicative of function, compost
application showed a higher relative abundance of those with carbon degrading potential
(Figure 2). Both organic treatments increased the relative abundance of bacteria with
xylanolytic potential compared to control and fertilizer treatments in July and October of
year one (p < 0.01). For bacteria with cellulolytic potential, only DMC caused increases,
which were three times higher than N− controls in July of year one (p < 0.01) and 49 times
higher than controls in October (p < 0.01). Effects were less pronounced in the second year,
although FWC continued to have slightly higher xylanolytic potential than controls in July
(p < 0.01) and October (p = 0.05) and DMC had higher cellulolytic potential than controls
(p < 0.01). Some differences were also observed between the two sources of compost. FWC
had higher abundance of bacteria with xylanolytic potential than DMC in October of year
one (p = 0.02), but DMC had higher abundances of bacteria with cellulolytic potential
(p < 0.01), a trend which continued into both timepoints of the second year (p = 0.02;
p < 0.01).
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−

Figure 2. The relative abundance of bacteria with presumptive cellulolytic and xylanolytic potential from almond orchard
soil in two years following compost amendment application. N = nitrogen fertilizer, C = control, DMC = Dairy manure
compost, FWC = food waste compost. Letters denote statistical differences of p < 0.05 determined by either post hoc Tukey’s
honestly significant difference (HSD) test.

3.3. Nematode Communities

Over the two years of the experiment, 15 groups of nematodes were identified
(Tables 3 and 4) including bacterial feeders, fungal feeders, plant root feeders, omnivores,
and predators. Nematodes were very abundant, with an average of 1975.6 ± 108.5 individ-
uals 200 mL−1 soil and 1.3 ± 0.1 mg estimated biomass. While some nematodes, such as
Panagrolaimus and Aphelenchoides, were common throughout the experiment, others, such
as the bacterial feeder, Prismatolaimus, were not detected in any samples until the fall of
year one. After the initial disturbance of planting, the complexity of the nematode food
web increased over time, with higher levels of the Structure Index (p < 0.01, F = 13.6), and
Structure metabolic footprint (p = 0.02, F = 6.3) in the second year (data not shown).

Different groups of bacterial feeding nematodes responded to compost treatments
over time (Table 3). FWC treated plots had greater relative abundances of Cephalobus
compared to control or N plots (p < 0.01) after composts were incorporated in May of year
one. DMC similarly increased Cephalobus compared to N treatments (p = 0.02), although
these effects were observed before fertilizer treatments had been applied (Table 3). By
the end of year one in October, Prismatolaimus made up a larger portion of the nematode
community in DMC compared to N treatments (p = 0.03) although the abundance of these
nematodes was generally low (under 6%). In May of year two, the total relative abundance
of bacterial feeding nematodes was greater in DMC treatments (Table 4) compared to
N+ treatments (p < 0.01).

In contrast to the effect seen for bacterial feeders, composts decreased the relative
abundance of certain fungal feeding nematodes (Table 4). In spring of year two, both
DMC and FWC treatments depressed the relative abundance of Aphelenchus compared
to control and N treatments (p < 0.05). This contributed to lower abundance of fungal
feeders, overall, in compost treatments compared to N or control treatments (p < 0.04).
DMC continued to depress Aphelenchus abundance into the summer of year two compared
to N treatments (p = 0.04, Table 5). However, no effects were seen on other nematode indi-
cators such as the Channel index or nematode Fungal metabolic footprint (data not shown).
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Table 3. The average relative abundance of individual nematode groups in year one from an almond orchard receiving
different organic amendments. Letters denote statistical differences of p < 0.05 determined by Tukey’s honestly sig-
nificant difference (HSD) test. DMC = Dairy manure compost, FWC = Food waste compost, N+ = nitrogen fertilizer,
and N− = unamended control. For trophic groupings of nematodes bact. = bacterial feeders, fung. = fungal feeders,
omn. = omnivores, pred. = predators, and herb. = root herbivores. Categories with 0 values indicate relative abundances
under 0.01 (1%).

May 2016

Nematode taxa DMC FWC N+ N−

Panagrolaimus bact. 0.40 0.48 0.36 0.39
Mesorhabditis bact. 0.12 0.09 0.05 0.08
Cephalobus bact. 0.06 ab 0.10 b 0.01 c 0.02 a
Acrobeloides bact. 0.07 0.00 0.08 0.07
Acrobeles bact. 0.00 0.00 0.00 0.00
Prismatolaimus bact. 0.01 0.00 0.02 0.00
Aphelenchoides fung. 0.12 0.15 0.16 0.17
Aphelenchus fung. 0.09 0.06 0.12 0.09
Discolaimus pred. 0.00 0.00 0.00 0.00
Qudsianematidae omn. 0.01 0.00 0.04 0.02
Mesodorylaimus omn. 0.00 0.00 0.00 0.00
Tylenchidae herb. 0.11 0.09 0.14 0.15
Pratylenchus herb. 0.02 0.01 0.02 0.00
Total bacterial feeders 0.65 0.68 0.52 0.57
Total fungal feeders 0.21 0.22 0.28 0.26
Total herbivores 0.13 0.10 0.16 0.15
Total omnivores 0.01 0.00 0.04 0.02

July 2016

Nematode taxa DMC FWC N+ N−

Panagrolaimus bact. 0.09 0.14 0.12 0.15
Mesorhabditis bact. 0.22 0.19 0.18 0.23
Acrobeloides bact. 0.10 0.10 0.11 0.10
Acrobeles bact. 0.01 0.01 0.00 0.00
Prismatolaimus bact. 0.00 0.00 0.00 0.00
Aphelenchoides fung. 0.22 0.19 0.18 0.18
Aphelenchus fung. 0.12 0.11 0.10 0.14
Discolaimus pred. 0.00 0.00 0.00 0.00
Qudsianematidae omn. 0.01 0.01 0.02 0.02
Mesodorylaimus omn. 0.01 0.00 0.00 0.00
Tylenchidae herb. 0.19 0.22 0.22 0.17
Pratylenchus herb. 0.03 ab 0.03 ab 0.07 b 0.00 a
Total bacterial feeders 0.48 0.43 0.40 0.43
Total fungal feeders 0.28 0.30 0.29 0.37
Total herbivores 0.22 0.25 0.29 0.17
Total omnivores 0.02 0.01 0.02 0.02

October 2016

Nematode tax DMC FWC N+ N−

Panagrolaimus bact. 0.10 0.11 0.14 0.11
Mesorhabditis bact. 0.11 0.09 0.11 0.09
Acrobeloides bact. 0.07 0.09 0.08 0.08
Acrobeles bact. 0.09 0.02 0.00 0.00
Prismatolaimus bact. 0.05 a 0.04 ab 0.01 b 0.04 ab
Aphelenchoides fung. 0.10 0.12 0.10 0.13
Aphelenchus fung. 0.07 0.07 0.10 0.07
Discolaimus pred. 0.00 0.00 0.01 0.00
Qudsianematidae omn. 0.00 0.00 0.00 0.00
Mesodorylaimus omn. 0.03 0.02 0.03 0.04
Tylenchidae herb. 0.37 0.44 0.40 0.42
Pratylenchus herb. 0.01 0.01 0.03 0.02
Total bacterial feeders 0.41 0.34 0.34 0.32
Total fungal feeders 0.17 0.19 0.20 0.19
Total herbivores 0.38 0.45 0.43 0.44
Total omnivores 0.03 0.02 0.03 0.04
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Table 4. The average relative abundance of individual nematode groups in year two from an almond orchard receiving
different organic amendments. Letters denote statistical differences of p < 0.05 determined by post hoc Tukey’s honestly
significant difference (HSD) test. DMC = Dairy manure compost, FWC = Food waste compost, N+ = nitrogen fertilizer,
and N− = unamended control. For trophic groupings of nematodes bact. = bacterial feeders, fung. = fungal feeders,
pred. = predators, omn. = omnivores, and herb. = root herbivores. Categories with 0 values indicate relative abundances
under 0.01 (1%).

May 2017

Nematode taxa DMC FWC N+ N−

Panagrolaimus bact. 0.01 0.00 0.01 0.01
Mesorhabditis bact. 0.01 0.02 0.02 0.01
Cephalobus bact. 0.00 0.00 0.00 0.01
Eucephalobus bact. 0.00 0.00 0.00 0
Acrobeloides bact. 0.22 0.16 0.11 0.2
Acrobeles bact. 0.00 0.03 0.00 0
Prismatolaimus bact. 0.23 0.18 0.14 0.16
Aphelenchoides fung. 0.12 0.12 0.09 0.11
Aphelenchus fung. 0.07 b 0.07 b 0.20 a 0.2 a
Discolaimus pred. 0.00 0.00 0.01 0.00
Qudsianematidae omn. 0.03 0.05 0.11 0.08
Dorylaimus omn. 0.00 0.01 0.01 0.01
Tylenchidae herb. 0.29 0.33 0.28 0.2
Meloidogyne herb. 0.01 0.03 0.01 0.00
Total bacterial feeders 0.48 a 0.38 ab 0.28 b 0.39 ab
Total fungal feeders 0.19 b 0.19 b 0.30 a 0.31 a
Total herbivores 0.16 ab 0.19 b 0.15 ab 0.1 a
Total omnivores 0.03 0.06 0.12 0.09

July 2017

Nematode taxa DMC FWC N+ N−

Panagrolaimus bact. 0.02 0.01 0.06 0.06
Mesorhabditis bact. 0.01 0.01 0.01 0.01
Eucephalobus bact. 0.01 0.00 0.02 0.01
Acrobeloides bact. 0.25 0.13 0.19 0.17
Prismatolaimus bact. 0.09 0.13 0.03 0.10
Aphelenchoides bact. 0.01 0.01 0.03 0.03
Aphelenchus fung. 0.13 a 0.16 ab 0.30 b 0.29 ab
Qudsianematidae omn. 0.01 0.02 0.01 0.02
Dorylaimus omn. 0.01 0.02 0.01 0.03
Tylenchidae herb. 0.46 ab 0.49 b 0.33 ab 0.27 a
Total bacterial feeders 0.38 0.29 0.31 0.34
Total fungal feeders 0.13 b 0.18 ab 0.33 c 0.32 a
Total herbivores 0.23 ab 0.25 b 0.17 ab 0.14 a
Total omnivores 0.02 0.04 0.03 0.05

October 2017

Nematode taxa DMC FWC N+ N−

Panagrolaimus bact. 0.14 0.15 0.09 0.13
Mesorhabditis bact. 0.09 0.10 0.11 0.06
Cephalobus bact. 0.17 0.14 0.18 0.15
Prismatolaimus bact. 0.08 0.11 0.06 0.15
Aphelenchoides fung. 0.16 0.15 0.15 0.22
Aphelenchus fung. 0.00 0.01 0.01 0.01
Microdorylaimus omn. 0.01 0.01 0.02 0.00
Tylenchidae herb. 0.34 0.33 0.31 0.25
Paratylenchus herb. 0.00 0.00 0.00 0.01
Tylenchorhynchus herb. 0.00 0.00 0.01 0.01
Pratylenchus herb. 0.00 0.01 0.05 0.01
Total bacterial feeders 0.48 0.49 0.44 0.49
Total fungal feeders 0.16 0.16 0.16 0.23
Total herbivores 0.17 0.18 0.22 0.15
Total omnivores 0.01 0.01 0.02 0.00
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Table 5. Average leaf nutrients, trunk diameter and growth ± standard error of measurement (SEM) from an al-
mond orchard receiving different organic amendments. Letters denote statistical differences of p < 0.05 determined
by either post hoc Tukey’s honestly significant difference (HSD) test or Dunn’s test, for non-normally distributed data.
DMC = Dairy manure compost, FWC = Food waste compost, N+ = nitrogen fertilizer, N− = unamended control.

% N % C Trunk Diameter (mm) Diameter Increase (mm)

May 2016

DMC 3.14 ± 0.09 44.16 ± 0.20 9.40 ± 0.46
FWC 3.11 ± 0.15 43.85 ± 0.61 9.70 ± 0.22
N+ 2.97 ± 0.17 44.29 ± 0.13 10.22 ± 0.23
N− 3.09 ± 0.03 44.02 ± 0.14 10.16 ± 0.26

July 2016

DMC 2.92 ± 0.15 43.85 ± 0.23
FWC 3.08 ± 0.21 43.80 ± 0.17
N+ 3.07 ± 0.13 43.97 ± 0.18
N− 2.82 ± 0.13 43.62 ± 0.17

October 2016

DMC 3.22 ± 0.06 ab 45.22 ± 0.47 23.69 ± 0.41 14.30 ± 0.57 ab
FWC 3.24 ± 0.14 ab 44.98 ± 0.38 25.34 ± 1.19 15.64 ± 1.15 a
N+ 3.46 ± 0.19 a 45.11 ± 0.21 22.61 ± 0.68 12.39 ± 0.70 ab
N− 2.86 ± 0.10 b 44.14 ± 0.16 21.48 ± 1.05 11.32 ± 0.88 b

May 2017

DMC 2.66 ± 0.09 46.07 ± 0.17
FWC 2.51 ± 0.08 45.54 ± 0.27
N+ 2.47 ± 0.05 45.23 ± 0.48
N− 2.58 ± 0.08 46.00 ± 0.36

July 2017

DMC 2.33 ± 0.07 b 45.96 ± 0.26
FWC 2.19 ± 0.05 b 45.76 ± 0.42
N+ 2.84 ± 0.06 a 45.41 ± 0.27
N− 2.11 ± 0.08 b 45.28 ± 0.27

October 2017

DMC 47.05 ± 2.10 37.65 ± 1.98
FWC 48.56 ± 2.22 38.86 ± 2.29
N+ 48.27 ± 3.48 38.05 ± 3.53
N− 42.68 ± 2.01 32.52 ± 2.02
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Herbivorous nematodes increased with both N and FWC treatments compared to
controls, although these effects occurred in different timeframes (Tables 3 and 4). In July
of year one, recently fertilized plots had a higher relative abundance of the plant parasitic
nematode, Pratylenchus, than controls (Table 3; p < 0.01). However, compost treatments did
not influence herbivorous nematodes until the following spring (Table 4), after which the
relative abundance of herbivores was higher in FWC treatments compared to controls in
both May (p = 0.03) and July (p = 0.03) of year two. This was particularly apparent for root
tip feeding nematodes in the family Tylenchidae, which were more abundance with FWC
than controls (p = 0.03).

3.4. Relationships between Microbes and Nematodes

When the relationship between bacterial and nematode groups were examined, some
groups showed consistent trends across all treatments, while others showed relation-
ships that were more treatment specific (Figure 3). For example, in all treatment cat-
egories, the bacterial genera Bacillus was positively associated with bacterial feeding
nematodes such as Panagrolaimus, Rhabditis and Cephalobus, as well as the fungal feeder,
Aphelenchoides (p < 0.05), but was negatively associated with the bacterial feeder, Acro-
beloides (p < 0.05). In some cases, the addition of compost caused new relationships to
become apparent (Figure 3). For example, Lysinbacillus showed a positive correlation with
Panagrolaimus in FWC (rs = 0.41, p < 0.05) and DMC treatments (rs = 0.47, p < 0.05) but
had no relationship to this nematode genus in N− control (rs = 0.10) or N+ treatments
(rs = 0.11). Other positive correlations between microbes and nematodes unique to the
compost treatments included MND1 and Acrobeloides, as well as MND1, Bryobacter and
Psychroglaciecola positively associating with Primatolaimus, which was also associated with
the archaea Candidatus Nitrososphaera (p < 0.05).

3.5. Plant Measurements

Almond trees increased in trunk diameter each year (Table 5, p < 0.01). However,
slight differences in growth between the treatments were only observed in the first year
(Table 5), with FWC treatments increasing trunk diameter by an average of 4.3 mm more
than N− controls (p = 0.02). Increased growth in year one was positively associated with
soil factors such as soil N (p = 0.02, R = 0.45) and POXC (p < 0.01, R = 0.57). Fertilizer
increased leaf N contents compared to controls in October of year one (p = 0.01, Table 5).
In July of year two, Fertilizer again increased leaf N compared to controls as well as FWC
and DMC treatments (p < 0.01). The leaf N content of DMC treatments in July was also
slightly higher than N− controls (p = 0.08). Leaf samples for October 2017 molded and
were therefore not able to be analyzed. By the end of the experiment, cumulative growth
for all trees was similar between treatments.
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Figure 3. Heat map of Spearman rank correlation coefficients between nematode and bacterial and archaeal genera collected from almond orchard soil in 2016 and 2017 where treatments 
Figure 3. Heat map of Spearman rank correlation coefficients between nematode and bacterial and archaeal genera collected from almond orchard soil in 2016 and 2017 where treatments
applied were either DMC = Dairy manure compost, FWC = Food waste compost, N+ = nitrogen fertilizer, or N− = unamended control. Only those relationships statistically significant at
the p < 0.05 level are shown. Darker colors indicated stronger correlations, with blue indicating positive correlations and red negative.
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4. Discussion

In this study, compost influenced microbial and nematode communities as well as soil
organic matter, nutrient pools and plant growth. Compost released N in plant available
forms within the first year, but in contrast to fertilizer, it did not increase leaf N concen-
trations, perhaps because the timing of release was asynchronous with plant needs [10].
Compared to N− controls, soil NO3

− and NH4
+ concentrations were only elevated with

composts immediately after application and in the fall of year one, while fertilizer showed
more consistent effects each year during the period it was applied in May–July. These
results are partially in line with others who have found that composted waste products
can increase orchard tree growth and that while slight increases in leaf nutrient content are
possible, they are not as great as that seen with fertilizer [58–60]. The observed increase
in tree growth with FWC compared to controls may have been due to increased root
production, since higher populations of root feeding nematodes were also present in these
treatments. Both composts altered soil properties, increasing SOC pools and reducing clay
content, which could have made it physically easier for roots to penetrate the soil, how-
ever; effects on growth were only seen with FWC. Compared to DMC, FWC had a higher
total N content, as well as higher organic matter content, which may have contributed to
differences in tree growth.

In tandem with its plant and soil effects, compost influenced microbial communities
within the first year of application. NMDS results showed that both composts temporarily
shifted bacteria and archaea into separate, distinct communities from fertilized or un-
amended controls. In apples, composted poultry litter and yard waste has also been found
to result in distinct bacterial communities [60]. Similar to Sharaf et al. [60], both composts
in our study caused slightly higher Shannon diversity indices than fertilizer in year two,
although this could be due to fertilizer suppressing microbes rather than compost elevating
them [61]. While composts did not increase or decrease bacterial species richness compared
to untreated controls, they did increase species evenness. Similar increases in bacterial
evenness have been found with long term applications of manure and increased bacterial
evenness has been shown to improve N cycling under stressful conditions, likely since
many similar species are abundant enough to perform the same function [62].

Compost application especially increased those groups associated with carbon process-
ing. Bacteria with presumptive cellulolytic and xylanolytic potential were more abundant
with composts than fertilizer or untreated controls in the first year, suggesting that these
groups were contributing to the observed community shifts. When the composts were
compared to each other, FWC had higher abundance of bacteria with xylanolytic potential,
while DMC had a higher abundance of bacteria with cellulolytic potential, perhaps due
to differences in compost feedstocks. In another study [60], yard waste compost similarly
increased bacterial groups implicated in generalized carbon cycling. Several of the specific
taxa that increased with compost in this study are known to be associated with cycling
nutrients. For example, Steroidobacter has been found to increase with organic amendment
addition in soils with low initial SOC [63] and may be involved in nitrogen cycling under
these conditions since it can only accept nitrates from a narrow range of compounds [64].
Species of Lysinibacillus have also been found to promote plant growth and enhance nu-
trient cycling [65–67]. Although they were not an explicit focus of this study, no known
human pathogens were detected, which is a serious concerns for growers considering
applying compost in almond orchards [17], however to confirm food safety, more targeted
molecular approaches would likely be necessary.

Compost affected bacterial-feeding nematodes most strongly in the spring after ap-
plication, with DMC increasing their relative abundance compared to untreated controls
as well as fertilizer treatments. Since the rate of N mineralization from composts is likely
to be slower than other organic amendments, with little N available in the first year, ap-
plications before the winter are sometimes recommended so that nutrients are available
the following spring [68,69]. Although microbial communities were not measured at this
time point, increased mineralization of nutrients from the compost may have stimulated
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bacterial growth, which could have provided food for the nematodes. Supporting this
hypothesis is the observation that DMC plots had larger pools of NH4

+-N the previous fall,
although no differences in labile N were seen in spring of year two. Other studies have also
observed increases in bacterial feeding nematodes with organic amendments, although
effects vary with amendment composition [59,70]. It is surprising, though, that unlike
microbial communities, compost did not induce large shifts in the species composition of
nematodes. Herren et al. [38] also did not find changes in nematode community structure
with compost addition, and suggested that recent tillage may disturbed the nematode
community. Prior to planting with almonds, the field (which had been fallow for several
years), was tilled, a practice known to decrease nematode community structure and alter
the way soil food webs interact with organic amendments [71,72].

Relationships between nematode and bacterial/archaeal genera varied between treat-
ments, suggesting that compost alters trophic dynamics between both groups. For example,
the bacteria Lysinbacillus, had higher relative abundance with FWC than either N+ or N− controls.
In correlations, Lysinbacillus was also associated with the bacterial feeding nematode, Pana-
grolaimus, but this relationship was only apparent within the compost treatments. It is
known that bacteria can influence nematode survival and reproduction [73,74] and that
nematodes can also alter microbial communities through their grazing [75,76], decreasing
microbial biomass, but also increasing microbial activity [75]. Such predation can influence
plant nutrient update [77,78], which may have contributed to the increased tree growth
seen with the FWC treatment. Others have found that interactions between microbes
and microbial feeding nematodes can vary with organic amendment application [70] as
well as with their physical location in soil pores [79,80], so it is possible that by altering
the composition of microaggregates in the soil, organic amendments influenced potential
predator prey relationships. Since bacterial abundance was not directly quantified in this
study, however; it is difficult to ascertain which of these mechanisms was the cause of the
observed relationships.

5. Conclusions

In the current study, the two recycled waste composts increased SOC, but showed
different effects on soil nitrogen pools and food webs. While DMC increased NH4

+-N and
NO3

−-N late in the first year and stimulated the activity of bacterial feeding nematodes,
FWC was associated with more rapid increases in tree growth and populations of root
feeding nematodes, as well as greater relative abundance of the bacteria, Lysinbacillus.
Relationships between nematode and bacterial/archaeal genera varied between treatments,
suggesting that compost can alter trophic interactions in the soil food web under field
conditions, in contrast to previous studies that have usually used microcosms [75–77].
Compost applications influenced the soil food web, N cycling and tree growth mostly in
the first year. In the second year, fertilizer showed greater effects than other treatments on
tree growth and leaf N. Results suggest that while compost can contribute to biologically
based nitrogen cycling and stimulate soil food webs, additional N inputs are likely needed
to plant growth requirements.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11091745/s1, Table S1: Differences in bacterial and archaeal (Candidatus Ni-
trososphaera) taxa between treatments compared to untreated controls based on ANOVA com-
parisons of relative abundance. Table S2: Differences in bacterial and archaeal (Candidatus Ni-
trososphaera) taxa between other treatments compared to the fertilizer treatment, based on ANOVA
comparisons of relative abundance.
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Abstract: Organic farmers usually do not have the opportunity to address the actual symptoms of
deficiency through the foliar application of synthetic fertilization, therefore, the main treatment is
realized by green manure crop cultivation and application of organic fertilizers. The aim of this
long-term experiment was to compare two different production systems with and without livestock
in terms of organic farming, and a control variant with no fertilization was also included (treatment 1).
The production system without animal husbandry was based on solely the application of renewable
external resources (compost or digestate) (treatment 2) and the same fertilization with the addition of
auxiliary substances (AS) (treatment 3). The production system with animal husbandry included
utilization of fertilizers produced on the farm (fermented urine or manure) using solely farm fertilizers
(treatment 4) and in addition with AS (treatment 5). Each treatment had three replications. This work
describes the average yields from four experimental years and five experimental localities. Winter
wheat, potatoes, winter wheat spelt and legume-cereal mix with corn were used and examined as
model crops during the first four years of this long-term research. The highest average yield of winter
wheat grain and potato tubers during the first two years of the experiment were obtained after the
treatments 2 (7.1 t/ha grain, 33.9 t/ha tubers) and 3 (7.0 t/ha grain, 34.1 t/ha tubers). The several
times higher nitrogen content in applied digestate and compost in comparison with fermented urine
and manure was probably the reason for such results. On the contrary, the results obtained from
the third (spelt) and fourth (LCM and corn) experimental years favored treatment 4 (5.5 t/ha grain,
4.6 cereal unit/ha) and 5 (5.4 t/ha grain, 4.7 cereal unit/ha) from the long-term point of view. After
four experimental years, the presented results supported the application of farm fertilizers as a
preferable option. The treatments with additional application of AS did not provide a higher yield,
therefore, such an application seems unnecessary.

Keywords: organic fertilization; wheat; potatoes; legume-cereal mix; corn; yield

1. Introduction

The origins of organic farming date back to the first half of the 20th century, although
the first law describing organic farming was not published until 1985 in Austria. Organic
farming is a precisely defined type of farming with increased emphasis on the environment
and its individual components. The main objectives of organic farming are to maintain
and improve soil fertility and to utilize as many closed nutrients cycles as possible. The
protection of the natural sources in organic farming is possible by prohibiting of mineral
nitrogen fertilizers, chemical pesticides, etc. [1]. Organic farmers should minimize the use
of non-renewable resources and fossil energy, while preserving biodiversity, natural ecosys-
tems and animal welfare. These measures should ensure sustainable farming. However,
the emphasis on animal husbandry is significantly lower in comparison with the past in
the Czech Republic, although there has been a partial increase in recent years, especially in
cattle breeding [2]. The decrease recorded in animal production can be explained by high
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acquisition costs of modern equipment suited for today’s high standard (stables, milking
parlors). Another important reason is the low interest of people working with animals, or
in agriculture in general (additional costs for possible robotization). Unfortunately, it is
also necessary to mention the low purchase prices of products from animal production
competing with cheaper imports, usually with lower quality. Therefore, farmers are looking
for another way to earn money. This situation has resulted in narrow crop rotation of
economic crops (wheat, barley, oilseed rape, corn) with a declining percentage of improving
and fodder crops. Another possibility of economic boost was the construction of biogas
stations (more than 500 hundred in CZ, [3]), which resulted in the increase in silage corn
production. Corn, with other fodder crops, is used in biogas production instead of animal
husbandry. Therefore, the content of quality organic matter in our soils is decreasing, as the
4.5–5 t/ha of organic matter undergoes mineralization during the year. The organic matter
in the soil is necessary for optimal soil structure, water-holding capacity, perquisition of
humus and nutrient supply. As the numbers of livestock is decreasing, the organic matter
is delivered to the soil from biogas stations (digestate) or from compost, as society begins
to have higher demands in terms of the sorting and recovery of waste. Therefore, farming
without the animal husbandry seems like a possible direction for sustainable farming and
it should be examined in comparison with classic organic fertilized produced on farms,
especially in conditions of organic farming.

The content of soil nutrients in the Czech Republic is decreasing, especially due to the
production export (harvest of main products) and nutrient losses (nutrients leaching or
volatilization). On top of that, the basics of a balanced principle are often not respected, as
the fertilization with essential macronutrient such as P, K, S are omitted, probably because
of the high price of fertilizers. This leads to depleted soil and decreases in crop yields.
Fertile soil with an optimal supply of nutrients is, however, necessary for reaching optimal
yields [4]. The supply of nutrients in the soil, the content and the quality of organic matter
and humus before sowing should be the point of emphasis for organic farmers since it is
usually not possible to perform fertilization with mineral fertilizers (especially nitrogen)
during vegetation as in conventional agriculture. The balance of n (and other nutrients) in
conditions of organic farming is possible to influence by the inclusion of nitrogen-fixing
and green manure crops to the crop rotation and by application of organic fertilizers, for
example manure, slurry or fermented urine in systems with animal husbandry, compost
and digestate in systems without livestock [5]. The correct proportion of crops in the crop
ration is enhanced with application of any organic fertilizers are necessary for optimal
yield in term of organic farming [6].

A significant amount of short- to medium-term observations were performed to
evaluate organic farming. A common issue of these observations was usually only a
one-sided focus, for example on soil fertility, crop yield or plant protection. One of the
first long-term complex experiments was established by The Research Institute of Organic
Agriculture in Switzerland [7,8]. A similar field experiment was founded in the Czech
Republic in 2014 by the Central Institute for Supervising and Testing in Agriculture as
a result of the situation with animal husbandry listed before. The aim of this long-term
experiment is to observe the effect of different systems of production in conditions of
organic farming to the soil fertility, plant protection, yield of crops and quality of products.
The aforementioned experiment includes seven crops in crop rotation with the idea to repeat
the crop rotation at least three times and it was established on five different experimental
stations. The presented article is a part of this complex experiment and it describes the
average crop yields from the first four experimental years. The aim of this work is to
compare two different systems of organic farming—farming based on animal husbandry
and farming based on renewable resources without livestock. The basic hypothesis was to
confirm that addition of organic matter regardless of the source will increase the crop yields.
Another hypothesis worked with the idea, that the application of farm fertilizers results
in a higher yield in comparison with renewable external resources. Treatments examined
in the experiment also include auxiliary substances as the possible method of influencing
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yield. Therefore, the last hypothesis for this work was to confirm that the crop yield after
this additional application is going to be higher in comparison with the respective variant
without this fertilization.

2. Materials and Methods

2.1. Experimental Localities

The experiment was founded as a long-term small-plot field observation using RCBD.
The experiment was established on five different experimental stations, therefore in differ-
ent climate-soil conditions. The main characteristics of each locality are described in Table 1.
The presented research started early in 2014 with soil analysis of each experimental location
(Table 2). The samples of soil were manually collected by soil sampler from the profile
0–30 cm. The macronutrients content was determined according to the Mehlich III [9]. The
content of Nmin (mineral nitrogen) was determined as a sum of nitrate n (ion-selective
electrode—ISE method) and ammonium n (Indolphenol spectrophotometry). After the soil
samples were collected, the experimental localities at each station were left as fallow until
Autumn. This period serves as a protection against weed. The soil samples were collected
from the soil profile 0–30 cm each experimental year after the harvest of model crops to
evaluate the content of mineral nitrogen.

Table 1. The description of main climate-soil conditions in the experimental localities.

Experimental Area

Characteristics

Meters Above
Sea Level

Main Crop
Soil

Groups
Soil

Texture
Avg. Precipitation

(mm)
Avg. Temperature

(◦C)

Věrovany 207 sugar beet Chernozems clay 502 8.7
Čáslav 260 555 8.9

Jaroměřice nad
Rokytnou

425 cereals
Haplic
luvisols

clay
loam

481 8.0

Horažd’ovice 475 potatoes Cambisols sandy loam 585 7.8
Lípa 505 594 7.5

Table 2. The soil content of macronutrients before sowing (October of 2014).

Experimental Area
Content (mg/kg)

P K Ca Mg NO3
– NH4

+ Nmin

Věrovany 106 215 3184 136 35.3 0.4 35.7

Čáslav 66 172 3082 160 9.3 0.2 9.5

Jaroměřice nad
Rokytnou

90 200 3017 211 8.6 0.5 9.1

Horažd’ovice 79 143 1711 151 17.6 6.4 24.0

Lípa 69 77 2261 112 12.8 0.8 13.6

2.2. Methodology of the Experiment

The main goal of the presented experiment was to compare the production systems
with and without animal husbandry based on the application of different organic fertil-
izers. There were five different treatments included in the experiment: 1. Unfertilized,
2. Renewable external sources, 3. Renewable external sources + Auxiliary substances (AS),
4. Farm fertilizers and 5. Farm fertilizers + AS. Each treatment was established in three
repetitions. Green manure (GM) crops (Pisum sativum var. arvense, Phacelia tanacetifolia) are
also included in the crop rotation. Fertilization during the experimental years is described
in Tables 3–5. The doses of farm fertilizers (manure and fermented urine) correspond to
their production on a farm with a stock density of 0.8 livestock unit per hectare. Doses of re-
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newable fertilizers (compost and digestate) were adjusted to the same level. The harvested
area of each plot was 10 m2, and respective fertilization was always performed on the
50 m2 area (protective plot and border-line). The crop rotation examined in the presented
study included winter wheat–potatoes–winter wheat spelt–legume-cereal mix/silage corn.

Table 3. Fertilization of winter wheat (2014–2015).

Variant
Fertilization

(Dose and Date)
Auxiliary substances 1

(Dose and Date)

1. Unfertilized

2. Renewable external sources
Digestate—14 t/ha

April of 2015
3. Renewable external sources + AS 5 l/ha May (2x)

4. Farm fertilizers
Fermented urine—14 t/ha

5. Farm fertilizers + AS 5 l/ha May (2x)
1 AS: Mg (MgO)—min 4.0%; K (K2O)—min 1.0%; Z—0.2%; Mn—0.1%; Cu—0.05%; B—0.04%; Fe—0.04%; Mo—0.001% + Ascophyllum nodosum.

Table 4. Fertilization of potatoes (2016).

Variant
Fertilization

(Dose and Date)

AS 1

(Dose and
Date)

1. Unfertilized

2. Green manure + renewable
external sources Compost—

27 t/ha
August of

2015

Digestate—14 t/ha

April of
2016

3. Green manure + renewable
external sources + AS

5 L/ha
May (2×)

4. Green manure + farm
fertilizers Manure—

27 t/ha
Fermented urine—14 t/ha

5. Green manure + farm
fertilizers + AS

5 L/ha
May (2×)

1 AS: Mg (MgO)—min 4.0%; K (K2O)—min 1.0%; Z—0.2%; Mn—0.1%; Cu—0.05%; B—0.04%; Fe—0.04%; M—0.001%.

Table 5. Fertilization of legume-cereal mix and silage corn (2018).

Variant
Fertilization

(Dose and Date)
AS 1

(Dose and Date)

1. Unfertilized

2. Green manure + renewable
external sources

Compost—27 t/ha

August of
2017

3. Green manure + renewable
external sources + AS

0.5 L/ha
June

4. Green manure + farm
fertilizers

Manure—27 t/ha
Fermented

urine—14 t/ha
May of

20185. Green manure + farm
fertilizers + AS

0.5 L/ha June

1 AS: Mg (MgO)—min 4.0%; K (K2O)—min 1.0%; Z—0.2%; Mn—0.1%; Cu—0.05%; B—0.04%; Fe—0.04%; M—0.001%.

The winter wheat (Triticum aestivum, cultivar Bohemia) was selected as a first model
crop. The sowing of winter wheat was performed in the October of 2014 in the standard
sowing rate of 200 kg per hectare. Table 3 describes the organic fertilization during the first
experimental year. The two applications of auxiliary substance on leaves were carried out
in May. AS was based on mix of natural water-soluble oligopeptide, amino acids, Mg, K,
microelements, and extract of seaweed Ascophyllum nodosum. The harvest of wheat was
carried out at the turn of July and August of 2015. The focal occurrence of weeds was
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eliminated by the mechanical weeder or by hand (Galium aparine). The sporadic occurrence
of Oulema melanopus and Puccinia striiformis was observed without any protection realized.
The harvest of spelt was performed by the classic plot harvester.

Potatoes (Solanum tuberosum, cultivar Adéla) were cultivated as a followed crop during
the second experimental year. The experimental area was fertilized with compost and
manure during the August of 2015, after the harvest of winter wheat. The organic fertilizers
were incorporated to the soil by stubble cultivator. This operation was followed by sowing
of green manure crop (Pisum sativum var. arvense). Green manure crop provided an
average yield of 2.6 t/ha in dry matter. The cultivated biomass was mulched during the
November of 2015, the soil was then prepared by ploughing. The application of organic
fertilizers and auxiliary substances during this experimental year is described in Table 4.
The spring fertilization of potatoes with organic fertilizers (digestate, fermented urine)
was performed early in April of 2016 and it was shortly followed by potatoes planting
(3000 kg/ha). The AS was applied on leaves in two separate doses during the May of 2016.
The occurrence of Leptinotarsa decemlineata and Phytophthora infestans was observed during
vegetation. The plant protection was realized by the application of allowed products in
organic farming (active substance Spinosad and copper oxychloride).

Auxiliary substance applied in the second year was based on mix of natural water-
soluble oligopeptide, amino acids, Mg, K, and microelements. The two-phase harvest of
potato tubers (mechanically removed from ground and gathered by hands) was carried out
in September 2016.

Spelt (Triticum spelta L., cultivar Alkor) was chosen as a subsequent crop in the crop
rotation after the harvest of potatoes. Sowing of winter wheat spelt was carried out in
October 2016 at the standard sowing rate of 200 kg/ha. The organic fertilization of spelt
was omitted in this year with the idea to mimic the practices of classic crop production.
Therefore, crop rotation with an improving organically fertilized forecrop (potatoes) is
usually allowed to omit application of organic fertilizers in the following year (spelt).
Another argument to skip the fertilization during this year was a higher habitus and lower
resistance level of winter wheat spelt to lodging. The auxiliary substance (bacteria fertilizer
for improving non-symbiotic nitrogen fixation) was applied to the soil on variants 3 and 5
before sowing of spelt in the dose of 10 L/ha. Weed control was realized two times during
the vegetation by mechanical weeder. The occurrence of Oulema gallaeciana and Blumeria
graminis f. sp. tritici was observed during the vegetation. The plant protection was realized
by application of sulphur-based fungicide in combination with orange-oil based insecticide.
The harvest of spelt was carried out in July of 2017 by classis plot harvester.

The spelt straw with the organic fertilizers were incorporated to the soil by ploughing
in August 2017. Phacelia tanacetifolia was chosen as a GM crop and it was sown immediately
after the organic fertilization (Table 5). The mulching and ploughing were performed in
November 2017. The average yield of Phacelia tanacetifolia was 3.0 t/ha in dry matter. Crop
rotation in the fourth experimental year was divided to meet the specific requirements of
the compared production systems. Farming based on animal husbandry has to ensure a
sufficient supply of feed, therefore, silage corn (Zea mays, cultivar KXB7342) was chosen as
a model crop on variants 4 and 5 based on farm fertilizers. Corn was sown at the beginning
of April (55 kg/ha) and it was also fertilized by the fermented urine approximately a month
after sowing. The legume-cereal mix of spring barley (Hordeum vulgare, cultivar Azit) and
field pea (Pisum sativum, cultivar Eso) harvested for grain was chosen as a model crop for
variants 2 and 3 based on farming without animal husbandry. These variants were not
fertilized by digestate in spring, because the utilization of digestate by a cultivated mixture
would be poor (fertilization by digestate was performed in the next year and fertilization by
fermented urine was omitted). The legume-cereal mix was sown at the beginning of April
(250 kg/ha 1:1). The application of AS (bacteria fertilizer for improving non-symbiotic
nitrogen fixation) was performed in June. The weed control was realized by mechanical
weeder in the legume-cereal mix and by hand weeder on corn. The plant protection of
legume-cereal mix (Blumeria graminis) was realized by the application of sulphur-based
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fungicide, the protection of corn (Ostrinia Nubilalis) was realized by Trichogramma. The
mixture of barley and pea was harvested at the start of August 2018 by a plot harvester with
the additional separation of grain, and silage corn was harvested approximately 14 days
later by plot harvester. The yields of legume-cereal mix and corn have been recalculated
into the cereal units per hectare for better comparison (cereal unit of field pea = 1 t/h of
grain × 1.20; cereal unit of barley = 1 t/ha of grain × 1; cereal unit of silage corn = 1 t/ha
of fresh silage × 0.15).

The average content of nitrogen in the applied organic fertilizers during the experi-
mental years is described in Table 6. Every fertilizer was delivered to each experimental
area from the same source, except for cattle manure, which was produced individually at
each experimental area. The source of digestate, compost and fermented manure differs
each year, as it was difficult to obtain organic fertilizers with similar quality.

Table 6. The average n content in applied organic fertilizers during the experiment.

Date Fertilizer Content of n (%)

April of 2015—fertilization of winter wheat Digestate 0.75
Fermented urine 0.05

August of 2015—fertilization after harvest
of wheat

Compost 1.30
Manure 0.67

April of 2016—spring fertilization of potatoes Digestate 1.37
Fermented urine 0.06

August in 2017—fertilization after harvest of spelt Compost 1.47
Manure 0.69

May of 2018—fertilization of corn Fermented urine 0.07%

2.3. Statistical Data Analysis

Statistical evaluation of the monitored parameters was performed by the Statistica
12 CZ program [10]. A two-way analysis of variance (ANOVA, variant of fertilization,
experimental locality) and follow-up tests according to Fisher (the LSD test) were conducted.
The average crop yield recalculated to cereal unit per hectare over 4 experimental year was
analyzed by three-way ANOVA (year, variants of fertilization, locality). The results were
expressed as the mean ± standard deviation (SD).

3. Results and Discussion

3.1. First Experimental Year—Winter Wheat

The average grain yield of winter wheat observed after the first experimental year is
described in Figure 1. Every treatment provided higher yield compared with the control
variant with no fertilization. The highest grain yield (7.1 t/ha) was provided after the
sole fertilization with renewable external resources (i.e., digestate). The average grain
yield detected on unfertilized control (6.4 t/ha) was lower by almost 11%. Figure 1 also
describes the statistical differences between examined variants of fertilization. It is evident
from this figure that there were differences between the three main examined treatments—
unfertilized, renewable resources and farm fertilizers (both without additional AS). The
nitrogen content in farm fertilizers (fermented urine) was significantly lower compared
with fertilization based on application of renewable external resources (digestate), as shown
in Table 6. This could be possibly the reason for lower yields obtained after the application
of farm fertilizers, which is also supported by the content of mineral nitrogen in the soil
after winter wheat harvest (Figure 2). It is evident from Figure 2 that the average content
of nitrogen in the soil after the harvest was lower (5.18 mg/kg) in the production system
based on farm fertilizers in comparison with renewable external resources (6.92 mg/kg).
Also, the supply of nutrients (P, K, Ca, Mg) in the soil before the start of the experiment was
quite good at each experimental station (Table 2). In addition, the examined fertilization
was performed only one time at this point, as this was only the start of the experiment.
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Therefore, the differences between examined variants in terms of crop yield were relatively
low. A more significant difference in crop yield was expected later in the experiment due
to the repeating fertilization, additional cultivation of green manure crops and probably
decreased content of soil nutrients. The increase of grain yield after different organic
fertilization is also described for example by Šimon et al. [11], and the positive effect of
digestate application on wheat is also mentioned by Abubaker et al. [12].
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Figure 1. Grain yield of winter wheat (observed treatments, 2015). Error bars represent the standard error (SE). Different
letters mean statistical difference (p ≤ 0.5).
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Figure 2. Content of mineral nitrogen in the soil after the harvest of winter wheat (observed treatments, 2015).

The average grain yield of winter wheat in CZ was 6.4 t/ha in the experimental year
of 2015 [13]. Each treatment with organic fertilization provided higher yield in comparison
with the national average, as described in Figure 1. It necessary to point out that this
result is obtained from organic farming, i.e., without application of mineral nitrogen.
Therefore, such a result only confirms the importance of organic fertilization to the soil.
Rieux et al. [14] are for example also suggesting the utilization of manure for cultivation
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of cereals as a possible interesting alternative without economic losses to the mineral
nitrogen fertilization.

3.2. Second Experimental Year—Potato Tubers

The average yields of potato tubers and the statistical differences between variants of
fertilization are described in Figure 3.
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Figure 3. Potato tubers yield (observed treatments, 2016). Error bars represent the standard error (SE). Different letters
mean statistical difference (p ≤ 0.5).

The results are very similar to the result in the first year of the experiment, although
the differences between obtained yield were higher. Almost identical yields of tuber
were detected on variants based on same production system (with and without animal
husbandry). The application of additional auxiliary substances did not provide significantly
different yield, which corresponds with the result from previous year with winter wheat.
The highest average yield of potato tubers was observed after utilization of renewable
external resources (compost + digestate) enhanced with incorporation of green manure
crop. The obtained yield (34.1 t/ha) was higher by 38% (9.4 t/ha) compared to the control
variant without fertilization and by 9% (3.1 t/ha) in comparison with incorporation of farm
fertilizers (manure + fermented urine) enhanced with green manure crop.

The fertilization with manure and, respectively, compost on the soil were carried out in
August 2015, and application of fermented urine, respectively digestate was performed in
April 2016. Manure was independently produced at each area with a moderate difference
in the content of nitrogen (Table 6), while compost was distributed to each area from the
same external source. The compost applied in this year of the experiment was characteristic
with a very narrow ratio of C/N (9:1). For example, the threshold for commonly used
compost described by Loecke et al. [15] should not be lower than 20:1, as a lesser ratio
could lead to quick mineralization of organic matter. Therefore, such a low ratio of carbon
to nitrogen probably caused a rapid decomposition and nutrient release from compost,
as is for example also indicated by Gale et al. [16]. This could be one of the reasons for a
higher yield of tubers detected after the treatment with renewable external resources and,
therefore, without animal husbandry. For example, Larney et al. [17] and Miller et al. [18]
are also recommending fertilization with compost as a preferable option compared to the
application of manure, mostly because of the higher content of concentrated nutrients
and lower content of carbon, water, and also a lower possibility of nitrogen loss through
volatilization. Digestate, respectively fermented urine, were distributed to each area from
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other external sources as well. Fermented urine characteristically has average content of
n of about 0.23% [19]. The content of nitrogen in this fertilizer is heavily dependent on
the dilution with water, so it can be very variable. In addition, the majority of nitrogen
contained in this fertilizer can be characterized as an easily soluble with the highest part
in the ammonia n form. However, fermented urine applied as fertilizer before potato
planting was evaluated as very poor, as the content of nitrogen was only up to 0.06%.
Mahimairaja et al. [20] also describe the possible problem with volatilization, e.g., losses of
ammonia nitrogen after application of fermented urine. Digestate is also characteristic as
a fertilizer with a higher content of mineral nitrogen [21] with a majority in ammonium
form [22] and with as much 10 times lower C/N ratio in comparison with farmyard ma-
nure [23]. Unfortunately, the digestate applied in this experimental year was characteristic
with very high content of nitrogen (1.37%). This could probably be the second reason for
achieving a higher yield of potato tuber after treatment without animal husbandry (renew-
able external resources) in comparison with farm fertilizers. An increase in yield of tubers
after the incorporation of digestate or compost as an organic fertilizer was also detected
in the research performed by Smatanová [24]. The comparable yields of tubers were also
detected in three-year experiment with potatoes based on a comparison of digestate and
classic mineral fertilization with UREA [25].

Figure 4 presents the content of mineral nitrogen in the soil after the harvest of potato
tubers. It is evident from this figure, that the average content of nitrogen is higher after
utilization of farm fertilizers (6.47 mg/kg). This situation supports the previous claim
that farming without animal husbandry (application of digestate and compost) positively
influenced the crop yield, however, farm fertilizers for crop production are more suitable
from the long-term point of view, which was proved next experimental year with the
winter wheat spelt without organic fertilization.
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Figure 4. Content of mineral nitrogen in the soil after the harvest of potato tubers (observed treatments, 2016).

The nationwide average yield of potato tubers has reached about 29.4 t/ha in year
2016 [26]. In our research, only the unfertilized control variant provided lower yield.
Nevertheless, the average yield of potato tubers detected from this experiment could be
again evaluated as very suitable in terms of organic farming as the nationwide average yield
of potatoes produced only by organic farmers in the Czech Republic was circa 15 t/ha [2].
El-Sayed et al. [27] or Plaza et al. [28] are recommending organic cultivation of potato
tubers as a suitable alternative option in comparison with conventional production without
significant reduction of average yield.
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3.3. Third Experimental Year—Spelt

The average grain yield of winter wheat spelt and the statistical differences between
variants of fertilization are described in Figure 5. Again, the lowest yield of grain (4.6 t/ha)
was detected on the control variant without fertilization. By contrast, the highest yield
(5.5 t/ha) was provided by fertilization with a farm fertilizer enhanced with a green manure
crop. Such result is in contrast in previous experimental years (highest yield of crop after
fertilization with renewable resources), which is an interesting development. The highest
yield of winter wheat and potatoes detected after the treatment without animal husbandry
(renewable external resources) in experimental years 2015–2016 were presumably caused
by higher nitrogen content in applied fertilizers (compost, digestate) and narrow C/N ratio.
As mentioned in the methodology of the experiment, spelt was not organically fertilized,
therefore, the plants were only able to uptake the nutrients from the soil and from the rest
of the organic fertilizers applied in previous experimental years. Our result indicates that
production systems with animal husbandry, e.g., farm fertilizers (manure, fermented urine),
could possibly provide more nutrients to the plants in the following years after application
compared to the production systems without livestock, e.g., renewable external resources
(compost, digestate). This hypothesis is also confirmed by the content of mineral nitrogen
in the soil after the harvest of winter wheat (Figure 6). The average n content in system with
farm fertilizers was 4.07 mg/kg, which represents an increase by 0.59 mg/kg in comparison
with production systems without animal husbandry (3.48 mg/kg). Comparable result
in terms of crop yield was described by several authors [14,16,29,30]. These authors are
promoting the fertilization with manure as a preferable option in comparison with compost
application. However, it is also possible to find the results describing the application
of compost as a more suitable option [17,18,31]. The application of additional auxiliary
substances did not provide any significant change in grain yield.
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The average grain yield of winter wheat spelt produced only by organic farming
was about 2.7 t/ha in Czech Republic [2,32]. However, the average grain yield of winter
wheat spelt detected in this experimental year was about 5.3 t/ha. A result with such a
difference could be possibly influenced by crop rotation that improves forecrop two times
fertilized by organic fertilizers (potatoes in 2016) and it is again a very good argument
for performing any type of organic fertilization and rotating crops. The spelt is also
characteristic with possible lodging during vegetation. However, no lodging of plants was
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observed during the experimental year, which also contributed to the minimum of grain
loss during harvest. The spelt also managed to resist disease and pest pressure, which also
reduced the possible losses.
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Figure 6. Content of mineral nitrogen in the soil after the harvest of spelt (observed treatments, 2017).

3.4. Fourth Experimental Year—Legume-Cereal Mix and Silage Corn

The average yields of silage corn and legume-cereal mix harvested for grain and their
statistical differences are described in the Figure 7. Yields have been recalculated to the
cereal units for better comparison. It is evident from these results that the highest yield was
provided by the production system with animal husbandry, therefore application of farm
fertilizers (manure and fermented urine). There are several possible explanations for this
result. Firstly, as this was the fourth experimental year, these results can simply indicate that
agriculture based on animal husbandry and therefore application of farm fertilizers could
be more suitable in the long-run in terms of slower decomposition and more balanced
release of nutrients in comparison with quickly available nutrients (especially n) from
fertilizers based on renewable external resources. This result is partially supported by two
experimental years described by Alburquarque et al. [23], Their results also show that the
application of digestate is very beneficial only in the short-term. However, the long-term
positive effect of manure fertilization was not proved, as this experiment was performed
in horticulture (two crops in one year). Secondly, variants based on farm fertilizers was
fertilized two times in this experimental year in comparison with only one application for
variants based on renewable external resources (Table 5). This difference in fertilization is
caused by different crop rotation and it is explained in the methodology. The final factor
to consider is the different crop yield obtained from cultivating of legume-cereal mix and
average yield of silage corn (Figure 7). As mentioned before, these yields were recalculated
in the cereal units according to corresponding coefficients, but higher average yield of corn
in fresh silage (31.5 t/ha) was simply higher in comparison with average grain yield of
legume cereal mix (2.2 t/ha of barley + 0.4 t/ha of field pea). An increase in yield of corn
or sunflower after organic fertilization is described, for example, by Ahmad et Jabeen [33],
Somasundaram et al. [34] or Lehrsch et Kincaid [35]. The yield of spring barley and field
pea was also reduced by more pests and diseases in comparison with silage corn.

The content of mineral nitrogen after the harvest is described in Figure 8. The average
contents of nitrogen are very similar for both production systems, which may be possibly
caused by the difference in crop rotation, as silage corn uptake much more nitrogen to
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produce adequate biomass in comparison with legume-cereal mix characteristic with lower
crop yield.
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Figure 7. Average yield of legume-cereal mix and silage corn recalculated to the cereal units per hectare (observed treatments,
2018). Error bars represent the standard error (SE). Different letters mean statistical difference (p ≤ 0.5).
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Figure 8. Content of mineral nitrogen after the harvest of legume-cereal mix and corn (observed treatments, 2018).

3.5. Average Yield over Four Experimental Years—Summary

The average yields of crop grain expressed in cereal units per hectare and their
statistical differences are described in Figure 9. The highest average yield (6.2 cereal unit
per hectare) over four experimental years was observed on the variant with sole application
of farm fertilizers. This variant of fertilization provided 24% higher yield compared to the
unfertilized control. On a four-year average, both treatments with farm fertilizers achieved
slightly higher crop yield compared with both treatments based on production system
without animal husbandry. The application of compost and digestate proved to have a
short-term positive effect, especially thanks to the significant difference in nitrogen content
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in applied digestate and fermented urine. Nitrogen rich digestate in combination with
compost characteristic with narrow C/N ratio were probably the reason for higher and
statistically different yields obtained from first two years of the experiment. Digestate is also
a characteristic of an organic fertilizer, but the quality of organic matter, however, is poor as
the labile organic matter is used during the fermentation process. This results in narrowing
the C/N ratio and high content of organic matter with problematic decomposition [36,37].
By contrast, the crop yield detected in the third and fourth experimental years was in
favour for application of farm fertilizers. A possible explanation could be gradual release
of nutrients from farm fertilizers (manure and fermented urine) in comparison with quickly
available nutrients (especially nitrogen) from renewable external resources (nitrogen rich
digestate and compost with narrow C/N ratio). Another possible explanation could
be the difference in crop rotation and fertilization in the fourth experimental year, as
mentioned before.
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Figure 9. Average crop yield over four experimental years recalculated to the cereal units per hectare units (observed
treatments). Error bars represent the standard error (SE). Different letters mean statistical difference. Cereal unit of winter
wheat = 1 t/ha of winter wheat grain × 1; cereal unit of potatoes = 1 t/ha of potato tubers × 0.25; cereal unit of winter wheat
spelt = 1 t/ha of spelt grain × 1; cereal unit of field pea = 1 t/h of field pea grain × 1.20; cereal unit of spring barley = 1 t/ha
of barley grain × 1; cereal unit of silage corn = 1 t/ha of fresh silage × 0.15.

Overall, the average yield achieved during the examined period of the experiment
was very high, in some cases even higher in comparison with conventional agriculture.
Such results are very promising, and they are only supporting the importance of organic
fertilization for maintaining and improving soil fertility, therefore improving possible crop
yields. However, it is necessary to point out that the results were obtained from a small
plot field experiment with a harvesting area of 10 m2. The average yield from this area (in
kg) was then recalculated to represent the standard agriculture unit of 1 ton per hectare. In
common practice, the harvesting area (whole field) is much bigger, which opens a lot of
possibilities for biotic and abiotic factors to reduce the crop yield, such as higher occurrence
of pest, diseases or weed, higher heterogeneity of the cultivated field, drought and more. It
is relatively easier to maintain the small experimental area in comparison with common
practice and, therefore, the obtained yield may be influenced by this factor. On the top of
that, the cultivated crops were not really damaged by diseases and fungi, probably because
of very hot and drought periods during vegetation. The occurrence of insect and weeds
were higher, but insects were dealt with the application of allowed products, and weed was
removed mechanically or by hand. Before the start of the experiment with organic farming,
the examined areas were used for conventional experiments, therefore with intensive
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agriculture. Overall, the nutrient supply and climate-soil conditions can be evaluated as a
very good, which is also a possible explanation for high yields. Another hypothesis behind
very high crop yield could be the organic fertilization itself, as the dosage and quality of
organic matter in common practice is problematic in our country. Organic fertilization
is usually performed mostly by incorporation of straw or green manure crop only. The
utilization of digestate has also been rising in recent years, mostly near biogas stations.
However, farm fertilizers or compost are being used rather locally, the dosage per hectare
can be lower, as the farmers have to distribute their organic fertilizers to more fields.

The application of additional auxiliary substances, therefore fertilizers allowed in
organic farming, proved to have statistically insignificant influence on the crop yield
in comparison with the same variants without AS. The achieved yield of crop in most
of the experimental years was even lower in comparison with same variant without
AS, however, the differences were insignificant. Similar results are described by or De
Olivera et al. [38]. There is a hypothesis formulated by Holečková [39] that positive
results of similar experiments based on application of AS, sometimes referred also as
“bioeffectors”, are often published only from pot experiments with fully or semi controlled
conditions. Several authors [40–42] illustrate a positive effect of similar AS examined
in controlled conditions. The inconclusive effect observed in field experiments through
the four experimental years could be possibly affected by a much greater competitive
relationship between the AS and climate soil conditions in the field in the comparison with
pot experiments.

Figure 10 describes the average crop yield detected on five experimental localities over
four experimental years. The average yield was recalculated and expressed to the cereal
units per hectare. The result corresponds with Tables 1 and 2 respectively (climate-soil
and nutrients characteristic of each experimental station). The order in the aforementioned
tables is from most optimal to least suitable conditions and it corresponds almost perfectly
with the order of each locality in terms of crop yield provided during the experimental
period. It is evident, that the average crop yield is decreasing in correlation with increased
altitude. The experimental localities Věrovany and Čáslav are also characteristic with the
Chernozems soil group with the soil texture clay, which is often considered as the most
fertile soil. On the contrary, Horažd’ovice and Lípa can be described as a Cambisols soil
group with sandy loam texture.
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Figure 10. Average crop yield over four experimental years recalculated to the cereal units per hectare (observed experi-
mental localities). Error bars represent the standard error (SE). Different letters mean statistical difference (p ≤ 0.5).
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4. Conclusions

The average crop yields examined over four experimental years indicate the increase
in yield of crops after organic fertilization regardless of the production system (with or
without animal husbandry) compared to the control variant without fertilization. This
result confirms the basic hypothesis given before the start of the experiment, that the
addition of organic matter regardless of its source is going to improve the crop yields.

The highest average yields of winter wheat and potato tubers observed after the first
and second years of the experiment were provided by the production system without
animal husbandry (renewable resources = compost, digestate). The content of quickly
available n was higher in these fertilizers compared to the fertilizers with the origin on
farms with animal husbandry (manure, fermented urine). Therefore, the observed result
is related to the hypothesis, that compost could possibly provide more nutrients to the
crops during the first year after application. The average yields observed from the third
experimental year with winter wheat spelt was highest in the variant based on farming with
animal husbandry, therefore through application of manure or fermented urine. On the
contrary, such a result supports the hypothesis that manure in comparison with compost
can provide more nutrients to the plants for longer period after fertilization. The result
acquired from the last experimental year after recalculating different crop yields (spring
barley + field pea and corn) to the cereal units per hectare are also in favour of a production
system with animal husbandry. The average crop yields over four experimental years
suggest the application of farm fertilizers as the preferable option from the long-term point
of view. This was also confirmed by the content of mineral nitrogen in the soil after each
experimental year.

Auxiliary substances, fertilizers allowed in organic farming, could possibly enhance
the crop yield in organic farming. However, our result obtained over four years did
not show statistically differences in average yields of crops observed after addition of
auxiliary substance in comparison with the identic variants of fertilization without auxiliary
substances. On the contrary, the achieved yield on these variants was insignificantly lower.
This result contrasts with the original hypothesis, that the additional fertilization in organic
farming is going to result in a higher crop yield.
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Abstract: Dairy cattle farming produces large amounts of wastewater and it causes environmental
pollution and eutrophication of rivers, but the nutrients in the waste could be recycled. Here, an
improved vermicomposting system was applied to dairy farm wastewater, and wastewater with a
nitrogen content of 100 mg/L and 200mg/L tested with different combinations of organic substrates
such as cow manure and rice straw in rural solid waste. Results showed that earthworms could
continuously grow, wastewater (N 100mg/L) mixed with rice straw corresponding to the most
significant gained weight for Eisenia fetida earthworms (2.38 to 9.12-fold), and the earthworms’ weight
was positively correlated with the C/N ratio, organic matter content, and pH. Compared to the
initial state, the system significantly changed physicochemical parameters in nutrients, such as
the percentages of total nitrogen, phosphorous, and potassium, which were found to increase in
vermicomposting while organic matter content, C/N ratio, and cellulose declined as a function of the
vermicomposting period, and the final vermicompost was better for the absorption of plants. These
results suggest that continuous wastewater addition improved the effective transformation of organic
waste to allow valorizing a broad range of organic residues, and avoid the risk of environmental
pollution in dairy cattle farming.

Keywords: wastewater; rice straw; cow manure; Eisenia fetida; biological parameters; vermicompost-
ing; waste management; germination; microbial community

1. Introduction

Eutrophication of lakes and rivers is becoming a more serious problem that threatens
the safety of human drinking water. Livestock farming constitutes a large proportion
of the agricultural non-point source pollutants that cause eutrophication, and China’s
first pollution-source census demonstrates that dairy cattle farming may be the largest
contributor to the problem. Specifically, dairy cattle farming produces 2.2 times more
pollutants than non-dairy cattle farming and 15.5 times more than swine farming [1]. The
increasing demand for milk from growing human populations requires an innovative
solution to mitigate the impact of dairy cattle farms on their surrounding environments.

Backyard breeders and farmers often discard waste directly into surrounding envi-
ronment, and the current procedures of large-scale operations are costly and somewhat
inefficient at removing the organic compounds that contribute to eutrophication. Large-
scale livestock farms commonly use anaerobic digestion or aerobic digestion reactors [2].
Up-flow anaerobic sludge blanket (UASB) reactors are routinely used in centralized sewage
collection and treatment [3,4], but anaerobic digestion does not remove nitrogen or phos-
phorus from wastewater. The remaining biogas slurry and residue caused by this secondary
pollution is anaerobic, and then inaccessible as crop fertilizer [5]. Activated sludge systems
are typically used for aerobic digestion [6,7], but are associated with the production of large
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amounts of sludge that also needs to be treated. The remaining sludge does not precip-
itate well due to its high moisture content. Moreover, it has a propensity to expand and
float. The use of these two centralized digestion systems has high input costs, high energy
consumption, and there are other more actually technical skills for smaller operations.

Using earthworms to treat solid organic waste (i.e., vermicomposting) provides a
cheaper and easier alternative to other waste treatment methods [8]. In vermicomposting,
worms digest and transform organic waste, also producing a compost to be used in crops
for fertilization. Indeed the earthworm metabolic activity during this process enhances
the level of nutrients in the transformed wastes [9]. Finally, vermicomposting creates
more available nutrients per weight than the original organic substrate before earthworm
action, converting organic wastes into excellent bio-fertilizers with abundant humic-like
compounds and diverse probiotics that are helpful for agricultural use [10]. Therefore,
vermicomposting can facilitate plant growth [11], and unlike pure animal manure, it is an
excellent substrate for growing seedlings. Vermicomposting applications correspond to
the improvement of conventional composting by adding earthworms to provide a better
organic waste stabilization process [12]. Compared to conventional compost, vermicom-
posting contains higher levels of soluble nutrients and higher quality organic matter [13]. It
is a bio-oxidative process in which earthworms and microbes, along with other degradable
communities, interact and accelerate the decomposition process of organic waste [14].

Vermicomposting is being utilized within commercially available on-site waste treat-
ment systems; however, there are few reported studies that have examined this medium
for the purpose of wastewater treatment [15].

The objective of this study on the improved vermicomposting system was to examine
the effects of high nitrogen and carbon contents in the waste liquid from dairy farm wastew-
ater on vermicomposting. The original contributions of this study are that there was a clear
difference in evaporation rates of the materials with and without earthworms, and less
moisture in the manure added earthworms than in the manure with no earthworms [16].
According to the characteristics of high nitrogen content and high carbon content in the
waste liquid of dairy farm wastewater, the continuous addition of wastewater to support
the loss of water and maintain the humidity of the system to facilitate the earthworm activ-
ities in vermicomposting, in keeping with the sustainable environmental requirements of
earthworms’ growth. The metabolism of earthworms transforms the nutrients of wastew-
ater, cow dung, and straw into earthworm and earthworm manure with high economic
value, achieving the goal of resource utilization and zero release of rural organic wastes. In
addition, no after-treatment by-products are generated by achieving the aim of minimizing
pollution. Nitrogen loss caused by high temperature composting and air pollution caused
by incineration of agricultural organic wastes can be avoided, and this process will not
produce after treatment by-products, to achieve the purpose of eliminating pollution.

2. Materials and Methods

2.1. Dairy Farm Waste Collection and Worm Rearing

Rice straw and cow manure were collected from a dairy farm in Yanqing county of
Beijing in China; we selected the rice straw harvested in current autumn and fresh manure
and wastewater. Young earthworms (Eisenia fetida, (Savigny, 1826)) were mass-reared
on fresh cow manure in the Institute of Environment and Sustainable Development in
Agriculture, Chinese Academy of Agricultural Sciences (CAAS). Fresh cow manure was
homogenized and shade-dried in the lab for 2 weeks. Rice straw was cut off to a length of
about 1.2 cm. Dairy farm wastewater was diluted with aseptic water and compounded to
total nitrogen 100 mg/L and 200 mg/L (pH 7.70). Plastic circular containers with 4 holes
in the bottoms were used as vermireactors (13.0 cm × 9.0 cm × 10.0 cm) and the bottoms
were sealed with insect netting (mesh size 5 mm).

60



Agronomy 2021, 11, 833

2.2. Vermicomposting Experimental Set-Up

Two dairy farm waste materials (wastewater and cow manure) and rice straw were
used in the experiment. Combinations of three rates of cow manure in rice straw (0, 20 or
40% called M0, M20, and M40 respectively) with two levels of nitrogen content in wastewater
(total nitrogen of 100 or 200 mg/L called N1 and N2 respectively) corresponding to six
treatments were tested (namely M0N1, M20N1, M40N1, M0N2, M20N2, and M40N2). Each
treatment was tested in triplicate, resulting in a total of 126 containers. Twenty non-clitella
worms (~275 mg) were selected from the stock rearing and added to each container on
the 2nd day. Dairy farm wastewater was added to the system every 3 days to supply the
needed amount to avoid desiccation. To measure the digested volume of the wastewater,
we measured the added and outflow wastewater from the containers. The moisture content
was maintained at 60–80% throughout the vermicomposting period. The containers were
kept at 20 ◦C in the lab. The tests were conducted for 60 days. No rice straw or cow manure
was added during this vermicomposting period.

2.3. The Biological Parameters of Earthworms

Over the 60 days of the vermicomposting process, earthworm abundance and biomass
were measured every 10 days. Worms were separated by hand, counted, and weighed
manually (live weight). Before weighing, worms were washed in distilled water and
dried on filter paper. Worms were quickly weighed and returned to their containers to
prevent desiccation.

2.4. Physicochemical Parameter Analysis of the Vermicomposting Process and Germination tests

Organic matter (OM), total Kjeldahl nitrogen (TKN), total phosphorus (TP), total
potassium (TK), cellulose, pH, and C/N ratio were measured in the initial and the final
mixtures [17–19]. The pH was determined in a 1:10 (w/v) aqueous solution (deionized wa-
ter) with a digital pH meter (Mettler Toledo). The seed germination index was determined
at the initial and final points of the improved vermicomposting system using previously
described methods [20,21].

2.5. Microbial Diversity Analysis

2.5.1. Sample Collection

R0 and R60 were the same treatments as M0N2 at 0 and 60 days, respectively, while
CK0 and CK60 were the same treatments as M0N2 at 0 and 60 days, respectively, but without
earthworms (Table 1).

Table 1. Consumption of wastewater parameters in the improved vermicomposting system until
60th day.

Parameter a
Treatments

M0N1 M0N2 M20N1 M40N1 M20N2 M40N2

Volume (mL) b 980a 980a 895b 895b 770c 770c
Total nitrogen (mg) c 98d 196a 89.5e 89.5e 144c 154b

a For each parameter (see text for details), differences among treatments were determined by Tukey’s test.
Different letters in arrow are significant at p < 0.05 (Tukey’s test). b The total volume of the added wastewater into
the improved vermicomposting system because that the dairy farm wastewater was added to the system every
3 days to supply the needed amount to avoid desiccation. c The total nitrogen of the added wastewater into the
improved vermicomposting system.

2.5.2. DNA Extraction and PCR Amplification

Genomic DNA was extracted from solid samples using the E.Z.N.A. Stool DNA Kit
(Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions. The
quality of the extracted DNA was checked by 1% agarose gel electrophoresis and spectropho-
tometry (optical density at a 260 nm/280 nm ratio). All extracted DNA samples were stored at
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−20 ◦C for further analysis. The V3–V4 hypervariable regions of the 16S rRNA gene were sub-
jected to high-throughput sequencing by Beijing All we gene Tech (Beijing, China) using the
Illumina MiSeq PE300 sequencing platform (Illumina, CA, USA). The V3–V4 region of the bac-
teria 16S rRNA gene were amplified with forward 336F (5′-GTACTCCTACGGGAGGCAGCA-
3′) and reverse 806R (5′-GTGGACTACHVGGGTWTCTAAT-3′) universal primers. These
primers contain an 8-nucleotide long barcode sequence that is unique to each sample.
PCR (Polymerase Chain Reaction) was performed as follows: 95 ◦C for 5 min, 28 cycles
at 95 ◦C for 45 s, 50 ◦C for 50 s, and 72 ◦C for 45 s, with a final extension of 72 ◦C for
10 min. PCR reactions were performed in triplicate with 25-µL mixtures containing 2.5 µL
of 10 × Pyrobest buffer, 2 µL of 2.5 mM dNTPs, 1 µL of each primer (10 µM), 0.4 U of
Pyrobest DNA polymerase (TaKaRa), and 15 ng of template DNA. The amplicon mixture
was applied to the MiSeq Genome Sequencer (Illumina, San Diego, CA, USA).

2.5.3. Illumina MiSeq Sequencing

Amplicons were extracted from 2% agarose gels and purified using the Axy Prep
DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to the
manufacturer’s instructions and quantified using Quanti Fluor™-ST (Promega, Fitchburg,
WI, USA). Purified amplicons were pooled in equimolar concentrations and paired-end
sequenced (2 × 300) on an Illumina MiSeq platform according to standard protocols.

2.5.4. Processing of Sequencing Data

The extraction of high-quality sequences was first performed with the QIIME package
(v1.2.1; Quantitative Insights Into Microbial Ecology; J Gregory caporaso, University of Col-
orado, Boulder, CO, USA). Raw sequences were selected based on sequence length, quality,
primer, and tag. The raw sequences were selected, and the low-quality sequences were
removed based on the following criteria: (i) raw reads were shorter than 110 nucleotides;
(ii) 300-bp reads were truncated at any site receiving an average quality score <20 over a
50-bp sliding window (the truncated reads that were shorter than 50 bp were discarded);
(iii) exact barcode matching, 2 nucleotide mismatches in primer matching (reads contain-
ing ambiguous characters were removed); and (iv) only sequences that overlapped more
than 10 bp were assembled according to their overlap sequence (reads that could not be
assembled were discarded).

The unique sequence set was classified into operational taxonomic units (OTUs) under
the threshold of 97% identity using UCLUST. Chimeric sequences were identified and
removed using Usearch (v8.0.1623). The taxonomy of each 16S rRNA gene sequence was
analyzed by UCLUST against the Silva119 16S rRNA database using a confidence threshold
of 90%.

2.6. Statistical Analysis

All of the reported data were the means of three replicates. One-way analysis of
variance (ANOVA) was used to detect significant differences among treatments. Inde-
pendent Tukey’s tests were also performed to evaluate the distribution of the data sets.
Statistical analyses were performed using the SPSS statistical package (Version 13.0; SPSS
Inc., Chicago, IL, USA). Unless otherwise indicated, p < 0.05 was selected to indicate
statistical significance.

3. Results and Discussion

3.1. Consumption of Dairy Farm Wastewater during Vermicomposting

After the preliminary experiment, the total nitrogen concentration of the dairy farm
wastewater was set at 100 and 200 mg/L. These two concentrations are higher than the
standard for pollutant discharge issued by the national livestock breeding industry. In our
study, the amount of wastewater input was closed to the amount of water evaporated by
the system. The amount of wastewater consumed in the M0N1 and M0N2 was the largest
(Table 1). In these treatments, all of the fillers were straw and explained this result. The
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crushed stalks were short and rod-shaped, with gaps between them, making it easier for
the moisture to drain. Therefore, more wastewater was needed to maintain the system’s
humidity. In the mixture of other groups that contained cow manure, the latter was crushed
into powder, the crevices between pieces of straw were filled, and the water was more
easily retained. The rate of water loss was relatively low, the system moisturizing effect
was better, and liquid waste did not need to be added as frequently.

In each 100 g improved vermicomposting system, the volume of dairy farm wastew-
ater consumed by M0N1 and M0N2 was similar. M0N2 consumed 196 mg of TKN and
M0N1 consumed 98 mg. In terms of total nitrogen consumption, M0N2 was a more suitable
treatment system for dairy farm wastewater. This study provides information on how
the nutrient components of wastewater affect the ability of earthworms to grow, thereby
absorbing and transforming organic waste into high-value earthworms and earthworm
manure. Vermicomposting using these methods discharge no wastewater, achieving the
goal of zero pollutants.

3.2. Earthworm Weight Changes during Vermicomposting

After 10 days, the average weights of all earthworms, except for the M0N2 conditions,
increased (Figure 1). After 20 days, all treatments had continued positive effect on the
average earthworm growing. InM20N1, M40N1, M20N2, and M40N2 containing cow manure,
significant higher weight gain were observed when compared to earthworms in M0N1
and M0N2, which had only rice straw. After 30 days, the earthworm’s average weight in
M20N1, M40N1, M20N2, and M40N2 declined, while the ones in M0N1 and M0N2 increased.
At day 60, the change in the latter was significantly higher than the ones in M20N1, M40N1,
M20N2, and M40N2. The average weight change of M0N1 was 2.4 times that of M20N1, and
9.1 times that of M40N1. The average weight change of M0N2 was 2.1 times that of M20N2
and 1.7 times that of M40N2 (Table 1).
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Figure 1. Evolution of Eisenia fetida weight according to different proposed diets (in g per worm on 60 day durations).

Earthworms utilize nutrients from different sources to supply their growth needs [22].
The weight change of earthworms was significantly correlated with the C/N ratio.

Dairy wastewater continually supplemented nitrogen, reducing the C/N ratio of all
treatments gradually. The M0N1 and M0N2 conditions became more and more suitable
for earthworm growth as this supplementation process continued. High nitrogen can
exceed the tolerance limit of earthworms, resulting in slow growth or death [23]. Indeed,
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at day 20 of the experiment, because of the large amounts of nitrogen in cow manure of
M20N1, M40N1, M20N2, and M40N2, the additional dairy wastewater added nitrogen into
the mixture, resulting in the increasing nitrogen content, and high nitrogen is toxic to
earthworms, so the weight of earthworms began to decrease.

3.3. The Response of Physicochemical Parameters during the Vermicomposting Period

After 60 days, the black color and uniformly disintegrated structure of the mixtures
indicated the presence of worm activity [24]. TKN, TP, and TK increased in all of the tests
under different treatments after the vermicomposting (Figure 2). The difference between
various mixtures was statistically significant (ANOVA, p < 0.05) at the end of the process.
Traditionally, TKN, TP, TK, organic matter content, and the C/N ratio are considered
indicators of decomposition and compost quality [25]. Then, the treatments inoculated
with earthworms were more decomposed, and the fillers after vermicomposting were more
preferable for bio-organic fertilizer manufacturing [26].

˂

Figure 2. Total Kjeldahl nitrogen (TKN)%, total phosphorus (TP)%, and total potassium (TK)% in different treatments on
days 0 and 60 of the experiment. (N-0:TKN% at 0 day; N-60:TKN% at 60 day; TP-0:TP% at 0 day; TP-60:TP% at 60 day;
TK-0:TK% at 0 day; TK-60:TK% at 60 day). Compared the difference values of TKN-60 to TKN-0, TP-60 to TP-0, TK-60 to
TK-0 in different treatments, the different letters of a, b, c, d were marked on the bar to indicate the significantly different
which were determined by Tukey’s test (p < 0.05).

In the test, there was a 51.1% increase in TKN for M0N1, a 75.5% increase for M20N1,
and a 69.9% increase for M40N1 compared to the initial level. There was a 54.8% increase
in TKN forM0N2, a 73.7% increase for M20N2, and a 71.4% increase for M40N2 compared
to the initial level (Figure 2). The rate of increase in TKN was higher than 50%, and the
mixtures with 20% of cow manure had the highest TKN content. The TKN of 20% cow
manure and 40% manure were 1.7% to 1.9% at the 60th day, which were higher than TKN of
only-cow manure which was about 1.6% at the 60th day (with Eisenia fetida, no wastewater),
the TKN of only-straw were 1.3% and 1.4%. TKN of treatments ranged between 1.4% and
1.9% at 60th day, and values were similar to those already reported. The TKN content
ranging from 1.2% to 1.7% for vermicompost of paper cattle manure, mill sludge, and dairy
sludge were reported [27]. Vermicompost of bilsolids mixed with paper mulch contained
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1.7% [28]. But whereas the range reported by values ranging between 1.9% to 3.7% for
different types of waste [29]. It indicated that the improved vermicomposting system also
had a great impact on nitrogen transformations in the manure, by enhancing nitrogen
mineralization, so that mineral nitrogen was retained.

The same trend was observed for TP and TK (Figure 2). There was a 76.4% increase
in TP for M0N1, a 107.1% increase for M20N1, and a 115.3% increase for M40N1. There
was a 73.1% increase in TP for M0N2, a 89.1% increase for M20N2, and a 111.3% increase
for M40N2. Then, the largest increases in TP which group with 40% cow manure were
observed in M40N1 and M40N2 (ANOVA, p < 0.05), the lowest increases in TP which group
with rice straw-only were observed in M0N1 and M0N2 (ANOVA, p < 0.05). There was a
30.0% increase in TK for M0N1, a 43.8% increase for M20N1, and a 29.9% increase for M40N1.
There was a 19.5% increase in TK for M0N2, a 66.4% increase for M20N2, and a 52.5%
increase for M40N2. Therefore, the M20N1 and M20N2 treatments, which contained 20%
cow manure, showed the largest increase in TK concentration. Overall, the treatments with
earthworms had more nutrients after vermicomposting. During the present investigation,
the TP concentration varied from 1.1% to 2.6% and the TK concentration varied from 18.8%
to 25.2% at the 60th day, in comparison with recommended standards the TP and TK were
found higher in all the samples [30].

Organic matter content decreased in all treatments after vermicomposting (Figure 3A),
the difference among mixtures was statistically significant (ANOVA, p < 0.05). In compari-
son to the initial values, there were 5.3%, 19.4%, and 22.1% decreases for M0N1, M20N1,
and M40N1, respectively, and 8.8%, 15.3%, and 21.6% decreases for M0N2, M20N2, and
M40N2. The organic matter content varied from 51.3% to 64.4% at the 60th day, which were
higher than 45% in the National Organic Fertilizers Standard [31]. The reduction in the
organic matter content could be attributed to the rapid decomposition and consumption of
the organic materials by earthworms and microorganisms present in their guts [32].

In our experiment, the initial C/N ratio of M0N1 and M0N2 with only rice straw was
significantly higher than that in M20N1, M40N1, M20N2, and M40N2, which also contained
cow manure (Figure 3). The C/N ratio significantly decreased among the different mixtures
at the end of the experiments (Figure 3B). Decreases of 37.5%, 54.4%, and 54.4% in C/N
were observed in M0N1, M20N1, and M40N1, and decreases of around 41.4%, 51.2%, and
54.4% in M0N2, M20N2, and M40N2. After 60 days, the C/N ratios of M0N1 and M0N2
were 26.9 and 25.0, the C/N ratios of M20N1 and M20N2 were 17.3 and 19.1, and the C/N
ratios of M40N1 and M40N2 were 15.5 and 15.6. Overall the C/N ratios of biosolids in
our improved vermicomposting system after treatment were positively correlated with
those before. The C/N ratios of the rice straw-only treatment groups were all above 25,
in keeping with reports in the literature indicating that a C/N ratio of 25 resulted in the
highest and the best fertilizer value of the product [33]. The results of this study revealed
that rice straw-only treatments can be used continuously for long time periods and are
more capable of eliminating pollutants from dairy farm wastewater.

At the end of the experiment, the cellulose contents of M0N1 and M0N2 had decreased
by 42.1% and 38.3%, respectively, those of M20N1 and M20N2 had decreased by 31.0% and
23.7% respectively, and those of M40N1 and M40N2 had decreased by 15.5% and 26.6%
respectively (Figure 3C). This is concordant with the observation that the largest decrease
in cellulose content was in the straw-only treatment. Comparing the results of different
concentrations of wastewater in the same treatment, cellulose degraded faster in 100 mg/L
(TKN) than in 200 mg/L (TKN). This may be because the addition of mild nitrogen which
has a lower and mild concentration of nitrogen is more conducive to the metabolism and
growth of earthworms, thereby promoting the degradation of cellulose.

The initial pH values of M0N1 and M0N2, M20N1 and M20N2, and M40N1 and M40N2
were 8.1, 8.6, and 8.9, respectively. At the end of the experiment, the pH values of M0N1 and
M0N2 were 9.0and 9.0, those of M20N1 and M20N2 were 9.1 and 8.9, and those of M40N1
and M40N2 were 9.0 and 9.0, respectively (Figure 3D). The pH of all the treated matrix was
about 9.0, and the activity of earthworms changed the pH of the mixture. Vermicomposting
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can change the pH of different sources of substances through the decomposition of organic
matter into inorganic matter [34]. The pH of the vermicomposting process is also strongly
correlated with ammonia volatilization [35]. In this study, the continuous supplement of
dairy farm wastewater increased the nitrogen content of the improved vermicomposting
system, and then the ammonia content due to gaseous losses was replenished. Therefore,
the differences in pH resulting from the addition of wastewater were significant over the
period of the experiment.

 

Figure 3. Cont.
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Figure 3. Changes in the physicochemical properties of the different treatments at 0 and 60 days.
Comparing the difference values of orgnic matter of 60 day to 0 day (A), C/N ratio of 60 day to 0 day
(B), cellulose of 60 day to 0 day (C), pH value of 60 day to 0 day (D) in different treatments; different
letters in arrows are significant at p < 0.05 (Tukey’s test).

3.4. Phytotoxicity Test

Immature compost products may have toxic effects on seed germination and seedling
growth. We used the germination index to measure the physiological toxicity and maturity
of earthworm composting products. Intuitively, when the seed germination coefficient
is greater than 50%, the composting is considered to have reached maturity [36]. In the
study (Table 2), the germination index of the six tests were all higher than 60%, which
demonstrated the improved vermicomposting system form could increase plant produc-
tivity. The germination index of M0N1 and M0N2 were 81% and 81%, respectively, which
were significantly higher than those of other treatments. The germination index of M20N1
and M40N1 were 75% and 70%, respectively, and those of M20N2 and M40N2 were 71.86%
and 68.66%, respectively. The germination index of these four tests was lower than those of
the M0N1 and M0N2. The M0N1 and M0N2 groups, which showed the highest germination
index, may provide more root growth and better promote the safety of plants [37].
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Table 2. Biological parameters of weight changes of earthworms and germination index.

Parameter a Treatments

M0N1 M0N2 M20N1 M40N1 M20N2 M40N2

Weight changes of per
worm (g) b 0.16 ± 0.02a 0.11 ± 0.02ab 0.06 ± 0.02c 0.02 ± 0.003d 0.05 ± 0.05bc 0.06 ± 0.03bc

Germination index (%) 81.07 ± 1.35a 81.13 ± 4.95a 75.64 ± 7.74a 70.16 ± 5.63a 71.86 ± 4.20a 68.66 ± 8. 97a
a For each parameter (see text for details), differences among treatments were determined by Tukey’s test. Different letters in arrow are
significant at p < 0.05 (Tukey’s test). b Weight changes of per worm between day 0 and the 60th day.

3.5. Correlation of Biological and Chemical Indexes

According to the detrended correspondence analysis, the length of the gradient of
the first axis was 0.961, indicating that redundancy analysis (RDA) could better explain
the relationship between the weight changes of per earthworm and germination index for
environment factors compared with canonical correlation analysis. The ordination diagram
based on RDA was presented (Figure 4). Similar trends were seen with the M0N1 and M0N2,
which were highly positively correlated with earthworm weight change, germination index,
C/N ratio, organic matter, and pH value, but negatively correlated with TKN, TP, TK, and
cellulose, which correlated positively with M20N1, M40N1, M20N2, and M40N2. In this
study, earthworm weight change was positively correlated with germination index, and
the relative seed germination recorded a higher range of earthworm weight gain [38]. The
C/N ratio, organic matter, and pH of the mixture had significant effects on the earthworms’
growth. The combination of pH value and organic matter had a significant effect on the
mixture germination index.

Figure 4. Redundancy analysis of the D_value of the weight of worms and germination rate to the
environmental factors in the improved vermicomposting system (after 60 days).

3.6. Composition of the Microbial Community

The relative abundance of bacteria taxonomic groups were presented (Figure 5). Thirty
bacteria phyla were identified. At the phylum level, in all groups, at day 0, the dominant
phyla were Proteobacteria, Bacteroidetes, Actinobacteria, and Firmicutes, which accounted for
99.8% of all bacteria. Proteobacteria was the most abundant phylum in all groups, followed
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by Bacteroidetes in groups R0 and CK0, indicating that when earthworms were not added,
the bacteria in the mixture were mainly Proteobacteria and Bacteroidetes.

Figure 5. Composition of the bacterial communities at the phylum level. R0a, R0b, and R0c: samples of the rice straw
inoculated with earthworms, R60a, R60b, and R60c: samples of the rice straw inoculated with earthworms after 60 days.
CK0a, CK0b, and CK0c: samples of the rice straw without earthworms. CK60a, CK60b, and CK60c samples of the rice straw
without earthworms after 60 days.

In groups CK and R, at day 60, the dominant phylum in the groups with earthworms
were Proteobacteria and Bacteroidetes, the same as in the groups without earthworms, al-
though the relative abundance of Proteobacteria decreased in both treatments, while the
abundance of Bacteroidetes, Actinobacteria, Firmicutes, and Verrucomicrobia increased. The
latter phyla have also been reported to dominate in compost studies without earthworms,
which are generally involved in the degradation of organic waste [39]. Proteobacteria and
Actinobacteria are lignin-degrading bacteria [40] while Bacteroidetes are thought to degrade
cellulose and chitin [41]. Firmicutes produce celluloses, lipases, proteases, and other ex-
tracellular enzymes that degrade lignin, cellulose, sugars, and amino acids [42]. Finally,
Verrucomicrobia is mainly found in lakes, drinking water, and other natural freshwater
environments [43].

Original composting and vermicomposting modified the original microbial communi-
ties of the waste in diverse ways. The differences in microbiota patterns can be attributed
to the physicochemical composition of the wastes and the interaction of the earthworms
in the microbial communities [44]. Representative bacteria of mature compost (Actinobac-
teria) were more abundant in vermicomposting, and Bacteroidetes were more abundant
in compost [45]. This resulted in the greater similarity of the microbial community struc-
ture between the products of natural placement and maturation via vermicomposting.
This indicates that the microbial community composition was affected by the presence of
earthworms and by the continuous addition of waste liquid.

4. Conclusions

In summary, the study presented here permits us to develop an improved vermicom-
posting system, in order to have efficient recycling of wastewater and reuse dairy wastewa-
ter, rice straw, and cow manure simultaneously. We demonstrated that earthworms could
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alter the biochemistry of dairy wastewater and other solid waste and accelerate the stabiliza-
tion, maturity, and microbial community composition of organic waste. The C/N ratio had
the highest effects on earthworm growth, and the increase of earthworm weight promoted
the mineralization of solid waste; also, the percentages of total nitrogen, phosphorous,
and potassium increased, while organic matter content, C/N ratio, and cellulose declined
as a function of the vermicomposting period. For future experiments, we could proceed
with the response of electrical conductivity and heavy metals during the vermicomposting
period, and the effect of other agricultural organic wastes. This is a feasible method for
the simultaneous disposal of organic wastes, especially in poor countries, because it incurs
lower costs and has a lower impact on the environment. Our laboratory-scale experiment
processing cow manure with earthworms might not fully duplicate large-scale commercial
conditions, but provides valuable insights into the process and the changes brought about
by earthworm activity.
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Abstract: Compost teas (CTs) are organic solutions that constitute an interesting option for sustainable
agriculture. Those that come from garden waste have been applied in vitro and in vivo on pepper
plants to determine its suppressive effect against both Phytophthora capsici and Rhizoctonia solani. The
studied CT showed relevant content in NO3

−, K2O, humic acids, and microorganisms such as aerobic
bacteria, N-fixing bacteria, and actinobacteria, which play a role in plant growth and resistance.
This rich abundance of microbiota in the CT induced a reduction in the relative growth rate of both
P. capsici and R. solani (31.7% and 38.0%, respectively) in in vitro assays compared to control. In
addition, CT-irrigated plants displayed increased growth parameters and showed the first open
flower one week before those treatments without CTs, which suggests that its application advanced
the crop cycle. Concerning pathogen infection, damage caused by both pathogens became more
apparent with a one-week inoculation compared to a four-week inoculation, which may indicate that
a microbiological and chemical balance had been reached to cope with biotic stresses. Based on these
results, we conclude that CT application induces plant growth and defense in pepper plants against
P. capsici and R. solani because of its relevant soluble nutrient content and microbiota richness, which
provides a novel point for plant nutrition and protection in horticultural crops.

Keywords: Capsicum annuun L.; compost tea; bio-stimulant; plant nutrients; biocontrol; pathogens

1. Introduction

Large amounts of bio-waste produced every year and should be managed and val-
orized to provide a well-humified material employable in agriculture. Therefore, recycling
organic waste as organic fertilizer is a relevant strategy for sustainable crop production.
The application of these fertilizers to the soil could be applied as compost, green manure,
farm yard manure, or cereal residues. Some of this biowaste-biosolids, pruning residues,
green waste, sewage sludge-displayed good results when properly composted. [1]. This
material is obtained through composting, a controlled bioxidative process that requires
proper humidity, aeration, and heterogeneous solid organic substrates [2]. Moreover, taking
into account the high variability of the parameters that characterize the different composts
(pH, electrical conductivity, C-to-N ratio and nutrient content), it is necessary to know their
physicochemical and biological properties when applying them to soil or substrate [3].
Nevertheless, compost is a source of macro- and micronutrients not only for plants but also
for the microorganisms that support soil health by serving as a quick and easily available
source of carbon [4].

Compost from green waste seems to present a lower risk of toxicity than do organic
ones, which contain different compounds or microorganisms such as heavy metals, pol-
lutants, viruses, or fecal coliforms [3,5]. In addition, several authors have shown the
stimulant and suppressive effect of different compost applications in many cropping
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systems against several pathogens such as Fusarium oxysporum, Verticillium dahliae, and
Rhizoctonia solani [6,7].

Moreover, compost teas (CTs) are organic liquid products that come from the mixture
of mature compost with tap water in 1:5 or 1:10 (v/v) ratios for a specific period of incuba-
tion [8,9]. Several factors affect CT quality, such as the compost type, compost-to-water
ratio, and aeration, which altogether modulate the development of beneficial microorgan-
isms [10–12]. Furthermore, CTs are composed of soluble nutrients, and useful compounds
and microorganisms (bacteria, actinomycetes, filamentous fungi, oomycetes, and yeasts)
that have a synergic effect on suppressing disease and promoting plant growth [13–15]. Sol-
uble nutrients, plant-growth regulators, and humic acids have been previously described
as mediators in plant disease suppression [16,17]. Nevertheless, several authors have noted
that among the most abundant microorganisms in these extracts are plant-growth promot-
ing rhizobacteria (PGPR), which influence plant growth through different mechanisms
(e.g., nitrogen fixation, nutrient solubilization, growth hormones release, and enzymes)
that produce a better nutrient availability [18]. These mechanisms seem to be involved
in plant-induced resistance, making plants able to cope with subsequent stresses [19]. In
short, CTs from green waste seem to display the best suppressive effects against a wide
range of different plant disease pathogens [20]. For this reason, the employment of these
extracts as a potential eco-friendly alternative to fertilizers and synthetic fungicides has
been rising in recent years due to their beneficial effects on crops [20–22], but further
research is still required.

Pepper (Capsicum annuum L.) is an important horticultural crop worldwide for its nutri-
tional and medicinal value, and has an annual production of more than 38,000,000 tons [23,24].
The pepper fruit is widely consumed for its richness in vitamins, minerals, and nutrients,
as well as in phytochemicals like carotenoids, capsaicinoids, flavonoids, ascorbic acid,
and tocopherols [25]. Moreover, pepper production could be compromised by different
soilborne pathogens such as Phytophthora capsici and Rhizoctonia solani. P. capsici, one of
the most economically destructive soil-borne pathogens, causes root rot and foliar, stem
and fruit blight of the pepper plant [26]. Moreover, the fungus R. solani can also produce
seed decay, pre- and post-emergence damping-off, wire stem, leaf decay, root rot, and
hypocotyl or taproot with necrotic spots on the pepper [27,28]. The trend towards increas-
ingly organic agriculture has resulted in the need to find new enviro-friendly compounds
to control plant diseases. In this context, we hypothesized that the application of a nutrient-
and microbial-rich CT obtained from green waste mature compost would improve plant
growth and mediate plant defenses. Thus, the main objective of this work was to deter-
mine the bio-stimulant and suppressive effect of the extract against P. capsici and R. solani
soil-borne pathogens.

2. Materials and Methods

2.1. Compost Tea Preparation

The compost tea (CT) came from the composting of green and pruning wastes carried
out in a garden center located in Salamanca (Spain) (40◦57′23′′ N; 5◦41′8′′ W, 775 m a.s.l.).
This process was performed in aerated piles of 15 × 2 × 2 m for 180 days. Piles were
turned twice per week for eight weeks and once a week during the rest of the bio-oxidative
process. Moreover, the moisture of the piles was controlled once a week. The mature
compost was obtained under ambient conditions in March. Then, compost was mixed with
tap water in a ratio of 1:5 (v/v) in polyethylene non-degradable 1000 L containers at room
temperature for a brewing period lasting five days. Water had been previously aerated for
8 h to reduce the number of chlorines. This mixture was aerated for five hours every day
with a pump. Then, it was filtered with a double-layered cheesecloth, and the aerated CT
was stored in a dark container until use.

74



Agronomy 2021, 11, 781

2.2. Chemical and Microbiological Properties of the Compost Tea

The chemical properties of 9 CT samples were directly analyzed. The pH, electrical con-
ductivity (EC) and C-to-N ratio were determined as described by Morales-Corts et al. [29].
Furthermore, assimilable nutrient contents (NO3

−, PO4
3−, K2O, SO4

2−, Ca2+ and Mg2+)
were analyzed with the nutrient analysis photometer HANNA HI 83225. Finally, humic
acids were determined following the alkali-acid method described by Pant et al. [17].

Microbial analysis of the CT was estimated using the serial dilution spread plate
method. To determine the microbial population, different selective culture media and CT
dilutions were used for microorganism isolation: nutrient agar and 10−3 dilution for total
aerobic bacteria, Ashby medium, and 10−2 dilution for N-fixing bacteria, ISP-2 medium and
10−1 dilution for actinobacteria and modified potato dextrose agar medium but no dilution
for total fungi and Trichoderma ssp. quantification [30–33]. Then, plates were inoculated
by depositing on the agar surface 0.1 mL of the CT dilution, which was spread on the
media surface with sterile glass beads. Moreover, non-inoculated plates were included
as a negative control. Petri dishes were incubated in the dark at 28 ◦C for 3 to 15 days,
depending on the medium. After this time, colony-forming units (CFU) were counted to
estimate the cultivable microorganism’s population. This experiment was conducted using
five replications.

2.3. In Vitro Assays

An initial in vitro test was performed to determine the suppressive effect of the CT
against the pathogens R. solani and P. capsici. The relative growth of both pathogens was
measured in Petri dishes of 90 mm in diameter, prepared with sterilized PDA at 60 ◦C
with the CT added after sterilization. Once the medium solidified, a 5-mm diameter PDA
plug of R. solani or P. capsici was inserted into the center of the Petri plates. The CT-to-PDA
relation was 1:10. Furthermore, controls of each strain were included in sterilized water
and a PDA medium to assess their growth in the absence of the CT. The growth diameter of
the pathogens (mm) was assessed at seven days after inoculation. In the end, the RGR was
calculated (relative growth rate of the pathogen in comparison to the growth of the colony
without the CT) [34]. The essay was carried out including five replications per treatment.
Petri dishes were maintained in the dark at 24 ◦C for 7 days. This experiment was repeated
three times. The P. capsici strain proceeded from a selection of Neiker (Basque Center of
Agricultural Research) and Rhizoctonia solani strain from the pathogen collection of the
Regional Center for Pest and Diseases Diagnosis, Junta de Castilla y León.

2.4. In Vivo Assays

For in vivo assays, on May 3, pepper seeds (Capsicum annuum cv. Morrón de Con-
serva 4) were germinated in a sterile substrate formed by vermiculite. When the plants
had four leaves (30 days after sowing), they were transferred to 15 × 12 × 15 cm pots
containing a sterile mix of blond peat (50%), sandy, acid pH, and nutrient-poor soil (37.5%,
from Ledesma-Salamanca) and vermiculite (12.5%) as a very nutritive-deficient substrate.
The main characteristics of the substrate were: pH 6, 70 mg L−1 N, 71 mg L−1 P2O5,
150 mg L−1 K2O, 35% of organic matter, 0.6 dS m−1 EC.

The experiment was carried out in a greenhouse under the following conditions:
temperature 24 ◦C day, 18 ◦C night and 80% relative humidity. Ten different treatments
were considered depending on the CT supply (40 mL was supplied weekly and individually
by irrigation), pathogen inoculation, and inoculation time: T1 (CT), T2 (CT + R. solani
inoculation one week after transplanting), T3 (CT + P. capsici inoculation one week after
transplanting), T4 (Control plants inoculated with R. solani one week after transplanting),
T5 (Control plants inoculated with P. capsici one week after transplanting), T6 (CT + R. solani
inoculation four weeks after transplanting), T7 (CT + P. capsici inoculation four weeks after
transplanting), T8 (Control plants inoculated with R. solani four weeks after transplanting),
T9 (Control plants inoculated with P. capsici four weeks after transplanting) and T10
(Control plants without infection) (Figure 1). For pathogen inoculation, the rice grain
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method was carried out [35]. Six inoculated rice seeds were placed per pot. Moreover,
to determine the effect of CT application, the following plant growth and production
parameters were determined: stem diameter measured with a digital caliper, chlorophyll
content with a chlorophyll meter Minolta SPAD-502 (both were measured at mid-cycle), dry
weight of the root system, and an aerial part (before being weighed, the plants were dried
in a P-Selecta-210 oven at 65 ◦C for 48 h), flowering date, fruit weight, and amount of fruit
per plant. The total dry biomass produced per plant was calculated as the sum of the dry
fruit, root, and aerial parts. Weights were determined by using a precise balance Sartorius
BL150S. Furthermore, the pathogen incidence was also determined following a specific
symptom scale (1–5). The experimental design was a randomized complete-block design
with eight plants per treatment. This essay was carried out twice during 2017 and 2018.

 

−

− −

Figure 1. Summary of treatments.

2.5. Statistical Analyses

Statistical analyses were carried out by one-way analysis of variance in Statgraph-
ics Centurion XVIII software (Statistical Graphics Corp., Rockville, MD, USA). Results
were presented as means with standard errors, and for comparison the Tukey’s Honest
Significant Difference (HSD) test with a 95% confidence interval (p < 0.05) was used.

3. Results

3.1. Compost Tea Properties

The studied characteristics (pH, EC, C-to-N ratio, assimilable macro and micronutri-
ents, and humic acids) are shown in Table 1. Highlighted are the high NO3

− and K2O
concentrations (2240.4 and 2851.2 ppm, respectively) and the low C-to-N ratio of the extract,
as well as the relevant humic acids amount

Table 1. Chemical characteristics of the studied CT. Results are indicated as mean ± standard deviation.

pH
EC

(dS/m)
C/N

NO3
−

(ppm)
P2O5

(ppm)
K2O

(ppm)
SO4

2−

(ppm)
Ca2+

(ppm)
Mg2+

(ppm)
Humic Acids

(mg/L)

7.16 ± 0.15 1.2 ± 0.14 7.1 ± 0.2 2240.4 ± 225 61.4 ± 25 2851.2 ± 188 43 ± 20 280 ± 17 20 ± 14 198 ± 31

Concerning the microbiological analysis of the CT, the most abundant group of
microorganisms was total aerobic bacteria followed by the N-fixing bacteria and acti-
nobacteria (Figure 2). Moreover, Trichoderma spp. and fungi were found between 2.7 and
8.7 × 102 cfu/mL, respectively.
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Figure 2. Microbial populations in green waste compost tea.

3.2. Compost Tea Effect in In Vitro Assays against Rhizoctonia solani and Phytophthora capsici

To study in vitro growth of the plant pathogens R. solani and P. capsici in response to
application of the CT, the relative growth rate of each pathogen was calculated. According
to this parameter, the relative growth rates of both R. solani and P. capsici pathogens were
38% and 31.7%, respectively, in comparison to the control treatment (Figure 3 and Table 2).

Figure 3. Effect of CT on the relative growth rate of R. solani and P. capsici in comparison to control treatment.

Table 2. Relative growth rate of R. solani and P. capsici in CT treatment. Results are indicated as
mean ± standard deviation.

Pathogen RGR (%)

Rhizoctonia solani 38.0 ± 4.2
Phytophthora capsici 31.7 ± 4.6

3.3. Compost Tea Effect in In Vivo Assays against Rhizoctonia solani and Phytophthora capsici

As shown in Table 3, the treatments with compost tea (T1, T2, T3, T6 and T7) advanced
the flowering date of pepper plants. CT treatment (T1) also produced an increase in the
diameter of the stem in comparison to the control (T10). Likewise, the measurement of this
parameter also indicated significant differences in T6 and T7 (CT + R. solani or P. capsici
inoculation four weeks after transplanting) compared to T10. On the other hand, although
there were no significant differences, those treatments inoculated with R. solani and P. capsici
one week after transplanting (T4 and T5) showed lower means than the control did for
diameter and chlorophyll content parameters.
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Table 3. Plant growth parameters of pepper plants grown under the different treatments.

Treatments
Days to Flowering

(after Transplanting)
Plant Height

(cm)
Stem Diameter

(mm)
Chlorophyll Content

(SPAD Units)

T1 40.1 a 31.2 abc 8.97 a 37.6 a
T2 39.2 a 33.0 ab 7.72 bc 40.9 a
T3 39.7 a 31.0 abc 9.10 a 38.7 a
T4 48.6 b 26.5 c 7.80 bc 37.1 a
T5 49.0 b 30.0 bc 7.65 c 39.4 a
T6 40.1 a 30.7 abc 9.22 a 39.2 a
T7 41.0 a 36.2 a 8.92 a 38.5 a
T8 48.2 b 33.5 ab 8.60 ab 41.6 a
T9 48.7 b 33.2 ab 8.40 abc 38.6 a

T10 49.2 b 29.7 bc 7.92 bc 39.8 a
Distinct letters in the same column indicate statistically significant differences among treatments as determined
by Tukey’s honest significant difference (HSD) (p < 0.05).

To examine whether the observed changes in growth were related to the CT application
and R. solani and P. capsici diseases, the total amount of fruits, plant dry weight, and
pathogen incidence were measured (Table 4). Plants irrigated with the CT (T1) displayed
the best results in the total weight of pepper fruit, being two times higher than those of T10.
Moreover, CT-treated and -inoculated treatments (T2, T3, T7, and T8) slightly improved the
aerial biomass parameters compared to the control (without significant differences). Plants
inoculated with R. solani or P. capsici one week after transplanting (T4 and T5) showed a
reduction in shoot and root dry weight, while plants of T5 also presented a decrease in
total fruit weight.

Table 4. Fruit production, plant dry weight and R. solani and P. capsici incidence on pepper plants under CT application.

Treatments
Total Fruit
Number

Total Fruit
Weight (g)

Mean of Fruit
Weight (g)

Root Dry
Weight (g)

Shoot Dry
Weight (g)

Pathogen
Incidence

T1 5 322.19 64.44 a 8.71 ab 5.25 b 0
T2 6 219.25 36.54 bc 7.82 b 5.59 b 0
T3 6 249.58 41.60 b 8.94 ab 6.07 ab 0
T4 4 171.21 42.80 b 4.33 c 4.01 c 2
T5 7 154.44 22.06 d 3.70 cd 3.55 c 3
T6 4 182.07 45.52 b 11.60 a 5.98 ab 0
T7 5 228.38 45.68 b 10.59 a 6.42 a 0
T8 7 209.38 29.91 c 6.51 bc 4.98 b 1
T9 4 147.13 36.78 bc 4.98 c 4.55 bc 2
T10 6 162.23 27.04 c 8.66 ab 4.95 b 0

Distinct letters in the same column indicate statistically significant differences among treatments as determined by Tukey’s honest significant difference
(HSD) (p < 0.05).

Concerning pathogen incidence, it should be pointed out that collapse only occurred in
one plant of the T5 treatment. Furthermore, most of the treatment plants showed different
symptoms such as black roots, narrow neck, and a thin stem (grade 3 attack severity) and
those plants of T4 displayed a grade 2 pathogen attack. Moreover, T8 and T9 (R.solani and
P.capsici inoculated 4 weeks after transplanting) generated less damage than inoculations
a week after transplanting (T4 and T5) considering the damage severity of grade 1 and
2, respectively. In addition, it should be noted that there were significant differences
among the inoculated P. capsici plants one week after transplanting under CT and control
conditions (T3 and T5, respectively). Furthermore, there were no differences between
CT-treated and inoculated with R. solani plants one week after transplanting (T2) and those

78



Agronomy 2021, 11, 781

treated and inoculated four weeks after transplanting (T6), while there were significant
differences between T2 and T4.

The total dry biomass produced per plant and treatment are shown in Figure 4.
Treatments with the CT (T1, T2, T3, T6, and T7) increased the total biomass of plants.
This effect was significant when CT (T1) and control without CT application (T10), were
compared. The CT application produced an 36% increase in biomass over control. Plants
inoculated with P. capsici one week after transplanting (T5) displayed a 50% reduction in
biomass production with respect to those inoculated and treated with the CT (T3).

 

Figure 4. Total dry biomass produced per pepper plant and treatment. T1: CT (compost tea); T2 and T3: CT + pathogen
inoculated one week after transplanting; T4 and T5: pathogen inoculated one week after transplanting; T6 and T7:
CT + pathogen inoculated four weeks after transplanting; T8 and T9: pathogen inoculated four weeks after transplanting;
T10: control.

4. Discussion

The present work showed that green waste CT not only promotes plant development,
but also protects plants when exposed to R. solani and P. capsici pathogens at different times
from transplanting.

In this study, a CT coming from green waste was tested. First, the chemical properties
of this extract were studied, and the results showed that not only did the CT dose play a
relevant role in plant growth and plant resistance, but it also improved soil quality [36,37].
The pH and EC were significantly lower than those obtained by other authors [9,38]. The
result of the C-to-N ratio showed a reduction with respect to the original compost (11.4) [29],
which indicated a low C amount in relation to the N extracted in the CT. This low ratio
points to the extract’s high stability and conservation. Nutrient analyses revealed that
nitrogen (N) and potassium (K) were well presented in this CT, making teas an interesting
source of fertilizer for crop application. Furthermore, high K concentration could also be
beneficial for plant resistance against both R. solani and P. capsici infections, since Amt-
mann et al. [39] wrote that K application tends to reduce fungal diseases. In addition,
the high content of humic acids (10.3% of dry matter) could explain the positive effect
of the obtained CT on plant growth promotion and resistance. Besides, the application
of humic acids enhances phenolic and flavonoid accumulation and improves yields in
Cichorium intybus plants [40]. Several authors have linked humic substances as compounds
having an auxin-like activity that induces nitrate metabolism for plant growth [41,42]. In
addition, Morales-Corts et al. [9] explained that the growth effect of CT could be not only
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explained by humic acid content, but also by nutrient concentration, phytohormones, and
the presence of beneficial microorganisms. Therefore, the microbiota in a CT also play
a fundamental role in the ability of these extracts to suppress plant diseases or promote
growth [13]. Bacterial communities (total aerobic bacteria and N-fixing bacteria) were
the predominant microorganisms in this aerated CT. These results follow Kim et al. [43],
who observed similar population densities of culturable bacteria in the mixture of ori-
ental medicinal herb compost and vermicompost tea during incubation. Furthermore,
Li et al. [44] showed analogous results in microbial populations in maize straw CT, having
the most total bacteria microbial populations, followed by actinomycetes and total fungi. It
is clear that microbial communities found in a CT can be indirectly responsible for growth
improvement with respect to the control because of their implication for the availability of
nutrients as previously suggested by Hamid et al. [19], especially due to K+ content in the
studied CT.

Concerning the inhibitory effect of the CT on the studied fungal pathogens, in vitro
assay results showed that the application of CT to PDA (1:10) significantly decreased the
growth rate of R. solani and P. capsici in comparison with the control treatment. According
to these results, Dionne et al. [45] showed that the CT significantly reduced the growth
of the mycelium of R. solani. This reduction seems to be related to the high microbiota
population, since in our experiment the sterilized CT did not show this direct suppres-
sive effect (data not shown). Hence, CT-enriched media displayed a large number of
microorganisms that could directly repress fungi growth. In addition to this statement,
several authors have previously written that microbial populations are required to deter-
mine the suppressive effect of the CT [36,46]. Moreover, the CT contains different species
of the genera Trichoderma, Penicillium, Aspergillus, Bacillus, Enterobacter, Rhizobacteria or
Pseudomonas spp., among others, which could have the ability to control pathogens and
stimulate plant growth [47–50].

The effect of a CT on plant growth and resistance against P. capsici and R. solani was
tested. The plants grown under CT treatment (T1) displayed the best results in biomass
and in the total and average weight of fruit. These results are in concordance with those
indicated by Ros et al. [51], who pointed that the foliar application of CT increases the
yield and quality of baby spinach plants. This could be explained by the contribution
of nutrient content, humic acids, and microbial population in growth promotion [52]. In
addition to this statement, Reeve et al. [53] indicated that the nutrient content in a CT could
supplement or substitute for other types of fertilizers.

Moreover, it should be pointed out that the CT application carried out in this trial
does not provide all the necessary nutrients for the pepper crop, since the control plants
showed nutritional deficiencies from the middle of the cycle. Therefore, a supplementary
fertilization is required to cover the nutritional requirements of pepper plants to get a high
yield. Therefore, the combination of mineral and organic components should be considered
to reduce the chemical resources application. In relation to this statement, several authors
tested the combination compost or mineral solubilizing microorganism with fertilizers as a
good solution to increase the availability of nutrients [54–56].

It is relevant to the point that the first flower of the CT-treated plants (T1, T2, T3, T6,
and T7) started opening one week before those without CT treatment (Table 3), which
indicates that application of the CT advanced the crop cycle. Similar results were observed
in potato plants treated with garden waste CT [57]. Furthermore, pepper plants inoculated
with P. capsici one week after transplanting (T5) showed a reduction in fruit weight as
well as in stem and root dry weight compared to the control treatment. These plants also
displayed a higher grade of pathogen incidence (black roots, narrow neck, thin stem, leaf
decay and very pronounced chlorosis). In addition, plants treated with CT and inoculated
with P. capsici (T3 and T7) showed a reduction in pathogen incidence. They increased
growth parameters (total fruit weight, average fruit weight, dry weight of the root, and
aerial part and total biomass). This fact may be due to the microbial populations of CT since
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Ezziyyani et al. [58] previously revealed that both Trichoderma harzianum and actinobacteria
effectively reduce the attack of Phytophthora capsici.

Moreover, regarding the disease produced by R. solani, plants inoculated with this
pathogen one week after transplanting (T4) displayed grade 2 pathogen incidence and a
reduction in root and stem weight relative to the control. Interestingly, as for P. capsici,
plants presented less pathogen damage when inoculated with R. solani four weeks after
transplanting (T8) with respect to those inoculated one week after transplanting (T4). This
point led us to conclude that CT application had a suppressive effect on the attack of R. solani
as shown in in vitro cultures. Moreover, several authors previously studied the effect of
different CTs on R. solani control in different plant species [59,60]. In this line, Morales-
Corts et al. [9] confirmed the effect of green waste CT on the control of this pathogen in
potato plants. This fact is directly related to the presence of Trichoderma spp., among other
microbial antagonists and parasitic or antibiotic-producer microorganisms [46,61], and to
indirect mechanisms inducing systemic resistance in plants [19]. In this sense, the addition
of PGPR may enhance auxin production in the rhizosphere which is linked to developing
stress tolerance in plants. Consequently, the addition of CT could minimize stress in the
pepper plants caused by pathogens, especially when the application is carried out before
an attack.

Altogether, indications are that this CT could be considered as a green alternative
to supplement, or substitute for, other types of fertilizers and pesticides. Since pepper is
one of the most important human food crops, management strategies using CT obtained
from green waste (following the Sustainable Development Goals of the United Nations
to achieve a better and more sustainable future [62]) could be relevant in integrated and
sustainable agriculture.

5. Conclusions

This study confirmed the positive effect of CT application (based on green waste) on
total biomass and pepper fruit production and for its direct implication for the control of
pathogen development by causing a reduction of both P. capsici and R. solani in in vitro and
in vivo essays. The studied extract presented relevant content in NO3

−, K2O, humic acids,
and microorganisms, which seem to play a synergic role in plant growth and protection.
Microbiota in the CT induced a reduction in the relative growth rate of both P. capsici
and R. solani (31.7% and 38.0%, respectively) in in vitro assays compared to the control.
Moreover, the effect on pathogen control was significant in P. capsici early attacks in the
in vivo assays. The CT application produced a 36% increase in biomass with respect to the
control, and plants treated with the CT started flowering one week before those that were
not treated, thus indicating that the application of the CT advanced the crop cycle. Despite
its bio-stimulant action on plant growth, CT application in this trial did not provide all the
necessary nutrients for the pepper crop. Therefore, supplementary fertilization is required
to cover the nutritional requirements to obtain a high yield. Further studies should be
conducted under field conditions and combined with other fertilizers.
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