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SUMMARY

The intensive agricultural and industrial activities produce a large amount of organic wastes
which represent a serious environmental problem. Vermicomposting has been described as
a suitable technology for the valorisation and stabilization of different types of organic waste.
In this study was evaluated the feasibility of vermicomposting of horse manure (HM), apple
pomace (AP), wine pomace (WP), digestate (D) and kitchen waste (KW) in
a continuous-feeding system for 6 months. Five vermicomposters, one per each initial organic
waste (HM, AP, WP, D and KW) were set up. The experiment was conducted in triplicate.
Earthworms were inoculated in cow manure and fed every 2 weeks. Earthworm biomass and
number were monitored every 2 months and variations in chemical parameters and microbial
activities were evaluated as well.

The earthworm biomass was enhanced after 4 and 2 months in the case of HM and AP
treatments, respectively. The pH was generally alkaline in all types of treatments, except of HM
and D, in which was neutral. The EC ranged in values from 0.4 to 1.7 mS cm™. The
transformation of organic matter result in a decrease in the TOC content in HM and AP
treatments. On the contrary, total soluble C increased after 4 months in all vermicomposting
treatments, meanwhile, the enhancement in soluble N content was recorded only in the case of
KW. Increased values in N-NO3™ was found in AP, D and KW treatments, whereas HM and D
increased the content in N-NH4". However, the content in both inorganic N forms were reduced
in WP treatment. The assessment of dehydrogenase showed a low activity at the end of the
process indicating the stabilization of the organic matter contained in each initial material. On
the other hand, B-glucosidase activity was enhanced only in the case of WP vermicomposting
treatment. Phosphatase was increased during the vermicomposting of HM, and it was found to
be sensitive to changes in pH. Likewise, protease and o-diphenol oxidase showed higher
activity during the vermicomposting of HM and WP, respectively.

Generally, the initial chemical composition found in different types of organic wastes
determined its subsequent transformation, enzymatic activities as well as the chemical
composition of final product (vermicompost). However, the vermicomposting of HM and AP
in a continuous-feeding system were more efficient compared with other organic wastes.
Nevertheless, new set of experiments is need in order to evaluate more specific parameters
related to mortality of earthworms, toxicity of final vermicompost and its agronomical use.

Key words: earthworms, enzymatic activity, continuous-feeding vermicomposting system,

organic wastes, vermicompost.
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SOUHRN

Intenzivni zeméd¢€lské a pramyslové aktivity produkuji velké mnozstvi organickych
odpadt,, které predstavuji vazny environmentalni problém. Vhodnou technologii pro
zhodnocenti a stabilizaci riiznych druhti organickych odpadu se jevi vermikompostovani. V této
studii byla zhodnocena proveditelnost vermikompostovani koniského hnoje (KH), jable¢nych
vyliskii (JV), matoliny (M), digestatu (D) a kuchyiiského odpadu (KO) v kontinudlnim systému
krmeni po dobu Sesti mésict. Bylo zalozeno pét vermikompostérd, kazdy pro jednotlivy druh
organického odpadu (KH, JV, M, D a KO). Experiment byl proveden ve tiech opakovanich. Do
kravského hnoje byly naockovany zizaly, jez byly krmeny kazdé dva tydny. Kazdé dva mésice
byla monitorovana biomasa a pocet zizal spolu se zménami chemickych parametri
a mikrobidlnich aktivit.

V piipad¢ varianty KH se zvysila biomasa zizal po étyfech mésicich a u varianty JV po
dvou mésicich. Hodnota pH ve vSech variantidch byla obecné zésaditd, s vyjimkou KH a D,
ve kterych bylo pH neutrdlni. Elektrickd vodivost se pohybovala Vv rozmezi
od 0,4 do 1,7 mS cm™. Pfeména organické hmoty vedla k poklesu v obsahu celkového
organického uhliku ve variantdch KH a JV. Ve vSech variantdch doSlo naopak po ¢tyfech
meésicich ke zvyseni celkového rozpustného uhliku, zatimco narist obsahu rozpustného dusiku
byl zaznamenan jen v piipadé KO. Vyssi hodnoty N-NOz™ se vyskytovaly ve variantach JV, D
a KO, kdezto vyssi obsah N-NH4* ve variantach KH a D. Obsah obou anorganickych forem
dusiku byl zredukovan ve varianté¢ M. Stanovenim dehydrogenazy byla zjisténa slaba aktivita
na konci procesu, kterd poukazovala na stabilizaci organické hmoty obsazené v kazdém
vychozim materialu. Aktivita B-glukosidazy vykazovala zvyseni pouze v piipadé¢ varianty M.
U fosfatazy doslo ke zvySeni béhem vermikompostovani KH a bylo zjisténo, Ze je citliva ke
zménam pH. Béhem vermikompostovani KH prokazala vys$i aktivitu rovnéz protedza
a o-difenol oxidaza pii vermikompostovani M.

Obecné lze konstatovat, Ze pocatecni chemické sloZeni zjisténé v rlznych druzich
organického odpadu urcovalo jejich néaslednou pfeménu, enzymatické aktivity stejné tak jako
chemické slozeni vysledného produktu (vermikompostu). V porovnani s ostatnimi organickymi
odpady bylo v kontinualnim systému krmeni efektivnéjsi vermikompostovani KH a JV. Ke
zhodnoceni specifictéjSich parametrii souvisejicich s umrtnosti zizal, toxicitou vysledného
vermikompostu a jeho zeméd¢€lského vyuziti je nicméné nutna dalsi série experimentu.

Klicova slova: zizaly, enzymaticka aktivita, vermikompostovani s kontinualnim systémem

krmeni, organické odpady, vermikompost.
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1. INTRODUCTION

Waste production from agro-industrial and urban activities represents a serious worldwide
environmental problem. Million tons of organic wastes are generated every year in the
European Union (EU). The Czech Republic as a member of the EU produces large amount of
waste from agro-industrial practices. Some examples are those derived from traditional
extraction of wine and apple juices production which generate a waste usually known as
pomace. On the other hand, the production of biogas has become as one of the most important
resource of energy production in Czech Republic, but this activity also produce a large quantity
of a waste known as digestate. The excessive production of horse manure has largely used as
a soil fertilizer. However, it is necessary its previous stabilization since its direct application
causes detrimental impact on soil properties. Some urban activities generate a large amount of
kitchen waste which is being increasing during last years. The disposal of this residue in
landfills represents a serious environmental problem due to water contamination and methane
production. This huge quantity of wastes could be converted into a nutrient enriched bio-
fertilizer and used for agricultural purposes or land restoration.

One of the most promising techniques for valorisation of residues is a vermicomposting. It
is biological process involving the bio-stabilization of organic wastes by the joint action of
earthworms and microorganisms. There are different techniques to perform vermicompost by
a non-continuous and continuous feeding system. In the traditional non-continuous system
earthworms are inoculated to organic waste and the process is carried out until all the material
is transformed into the vermicompost. Meanwhile, the continuous feeding system differs
respect to traditional system in the partially transformation of the material by adding new fresh
feedstock to earthworms weekly. To this date many reports has analysed the feasibility of
vermicomposting by a non-continuous feeding system, but not many in a continuous feeding
system.

Enzyme activities have been used as indicators of the time course of organic matter in
vermicomposting systems. These activities have been widely used in non-continuous
vermicomposting systems. According to these statements we proposed as main objective of this
master thesis to study the feasibility of a continuous feeding vermicomposting system to
stabilize the organic matter in different kind of wastes (apple pomace, wine pomace, digestate,
horse manure and kitchen wastes). To achieve this objective we will evaluate the quality of
these wastes by the assessment of microbial enzymatic activities during the vermicomposting

process.

INTRODUCTION 1
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2. SCIENTIFIC HYPOTHESIS AND OBJECTIVES OF WORK

The objective of the work is the stabilization different organic wastes from agro-industrial
and urban activities in continuous-feeding vermicomposting systems by the assessment of
enzymatic microbial activities and other chemical parameters as suitable tools for monitoring

this processes.

The main hypotheses of the work are:

e The continuous-feeding vermicomposting system may be a suitable technology to
valorise different organic wastes from agro-industrial and urban activities.

e Changes on chemical variables such as pH, EC, total organic carbon (TOC), total
soluble carbon (C), total soluble nitrogen (N), and inorganic N forms (N-NO3™ and N-
NH4*) will be expected and will be different according to the type of organic waste
used and at different time of collection during the vermicomposting processes.

e The quantification of enzymatic activities may be considered as good, sensitive and
reliable bio-indicators of metabolic activity of microbial communities present in
organic wastes. Alterations on their activity during vermicomposting process will be
useful indicators of organic matter stabilization in each waste. Differences in the
microbial activity will be also expected according to the type of organic waste used and

at different time of collection during the vermicomposting processes

SCIENTIFIC HYPOTHESIS AND OBJECTIVES OF WORK
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3. LITERATURE OVERVIEW

3.1. Waste

The EU defines a waste as "any substance or object which the holder discards or intends or
is required to discard" according to the Waste Framework Directive (Commission, 2008).

In the Basel convention, wastes were defined as "substances or objects which are disposed
of or are intended to be disposed of or are required to be disposed of by the provisions of
national law" (UNEP, 2014).

The United Nations Statistics Division defines waste in Glossary of Environment Statistics
as "materials that are not prime products (that is, products produced for the market) for which
the generator has no further use in terms of his/her own purposes of production, transformation
or consumption, and of which he/she wants to dispose. Wastes may be generated during the
extraction of raw materials, the processing of raw materials into intermediate and final products,
the consumption of final products, and other human activities. Residuals recycled or reused at
the place of generation are excluded" (United Nations, 1997). The economic value use of wastes
usually is relatively low. It is not produced for any particular use or it cannot be use anymore
for original reason it was created. The material can contain hazardous and/or pollutants
substances originated from production process. The management of the wastes can represent a
serious risk for the environment due to the complexity and problematic of their disposal. In
general the wastes can be classified as: agricultural, forestry, industrial and urban residues
(GOV UK, 2012). In this bibliographic overview, we will focus on agro-industrial and urban

wastes.

3.1.1. Agro-industrial waste

Agro-industrial waste is mainly produced from processing of agricultural or animal
products. Those derived from agricultural activities include material such as straw, stem, stalk,
leaves, husk, shell, peel, lint, pulp, seeds/stones, stubble from fruits, legumes or cereals (rice,
wheat, corn, sorghum, barley...), bagasses generated from sugarcane or sweet sorghum milling,
spent coffee grounds, brewer’s spent grains, winery and juices production, and many others
(Vandamme, 2009).

Their composition varies widely, thus they can be divided primarily by moisture content on
dry and wet wastes. Dry wastes or residues can be consider those which derived from fields

activities and seed crops production such as rice, beans, wheat, corn; fruit and nut crops

LITERATURE OVERVIEW 3
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production like apples, grapes, lemons; vegetable crops production like tomatoes, cucumbers,
melons and nursery crops production, in this case, there are many species of flowers and indoor
plants i.e. orchids but also fruit trees. The waste generates mainly derived from their elaboration
and preparation for market sales and/or during prunnings. Contrary, the wet wastes or residues
are those which contains animal slurry, farmyard manure and grass silage (Nigam et al., 2009).

The production of agro-industrial wastes represents a serious environmental problem which
management causes economically problems to companies. These wastes are generated in a large
quantity throughout the year, in total accounting for over 250 million tonnes. The safe disposal
and /or re-use of them has become in a high-cost and long-time consuming process for
companies. The inappropriate waste management leads to pollution of soil, water, air and loss
of valuable compounds and materials (Panesar et al., 2015). The residues are usually rich in
compounds such as sugars, fibres, proteins, and minerals, which are compounds of industrial
interest. Especially processes of fermentation can convert these wastes into a widely variety of
valuable chemical products, including biofuels (bioethanol) and organic solvents such butanol.
Nevertheless, some of these organic wastes due to its high content in organic matter are suitable
to be transformed by the joint action of earthworms and microorganism in a process known as
vermicomposting in order to obtain product with an agronomical value (organic amendments)
(Nigam et al., 2009).

For the experiment, different types of agro-industrial wastes were chosen, such as horse

manure, apple pomace, wine pomace and digestate. They are briefly described below.

3.1.1.1. Horse manure

The animal manure is an organic material consists of faeces, bedding and food remains
which are removed from animal stalls. The composition of manure depends on many factors
such as food composition, type of stabling, material of bedding, animal species and its age. The
maturity of the manure depends on the duration and quality conditions during its storage. The
storage quality can be also influenced by the amount of organic substances and nutrients,
especially nitrogen contained in animal manure. The highest intensity of decomposition is
greatly stimulated by air contact during the storage process, but sometimes, it can cause a great
loss of organic substances present in the manure between 50 — 60 %. Likewise, the content in
N can be decreased during maturation processes in a range of 30 — 40 % (Vangk et al., 2012).

In the case of horse manure, it is generated up to 25 kg of wet waste per day (faeces and
urine), since the horse usually defecate between 4 - 13 times per day , especially in those cases

in which horses are kept in stall because the bedding material is up to 10 kg per day

LITERATURE OVERVIEW 4
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(Westendorf and Krogmann, 2004). Therefore, the main predominant component in the
composition of horse manure is bedding (Monch-Tegeder et al., 2014). On the other hand, horse
manure is characterized to be a solid material and it mainly composed by 60% and 40% of
solids and liquids, respectively (Wheeler and Zajaczkowski, 2002). In addition, it has been
described that horse manure is rich in nutrients such as nitrogen (0.65%), phosphorus (0.13%)
and potassium (0.52%), and it also contains a high amount in organic matter (20%) (Vangk et
al., 2012). Therefore, the chemical composition of horse manure determines its suitable
application as organic fertilizer. However, if horse manure is applied in higher doses can have
a detrimental impact on soil reducing the availability of nutrients and water to be taken up by
plants (Westendorf and Krogmann, 2004).

3.1.1.2. Apple pomace

The solid waste generated from apple juice production is usually known as apple pomace.
Most of the apple production which not have suitable characteristic for human consumption is
usually used for juice production, cider, pulp and jelly. The pomace represents approximately
30 % of the original fruit and it is a mixture of core, seed, peel, calyx, stem and soft tissue. The
composition can vary according to the type of apple and its processing but in general, the major
part is represented by water, carbohydrates such as glucose, fructose and sucrose, minerals,
vitamins, some polyphenols compounds and low content of protein (Vendruscolo et al., 2008).
Apple pomace is often used to produce pectin because wet residues from apples contains up to
15 % of pectin on the dry weight basis (Endref3, 2000). It has been described that the presence
of pectin at this concentration has higher gelling properties compared with pectin from citrus
(Schieber et al., 2003).

In last years, the growing demand for the consumption of healthy products, like fresh juices
has generated a large amount of pomace which disposal represent a problem, primarily due to
tendency to microbial spoilage reducing its further use. Moreover, apple pomace contains
a 80 % of moisture, approximately, which determinate high-cost processes for its drying,
storage and shipment (Robinson and Nigam, 2003). Nevertheless, apple pomace provides a
good source of digestible fibre, and thus is commonly used as a feed for livestock
(Mamma et al., 2009).

3.1.1.3. Wine pomace

Wine pomace is a solid residue derived from wine production, wine juice, raisins and jams.

The major part of grapes production, around 80 %, approximately, is used for wine production.

LITERATURE OVERVIEW 5
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The wine pomace is mainly composed by 50% skins, 25% seeds and 25% stalks and it is a
lignocellulose residue composed by different polymers at different proportion as follow:
cellulose (50 %), hemicellulose (35 %) and lignin (15 %). However, in its chemicals
composition can be found other compounds such as alcohols, acids, aldehydes, esters, pectins,
polyphenols, mineral substances and sugars (Ruberto et al., 2008).

The main problem associated to wine production is the generation of large amount of waste
during the harvest period (August - October), in which 10 million of grape pomace tons,
approximately, are produced in a few weeks during the harvest (Bustamante et al., 2008).

Wine pomace is normally prepared as a feed for livestock, but due to its low content in
nutrient up to 30 % from total amount of food, it cannot be used for ruminants. In addition, a
great range of products with a high industrial value are obtained from grape pomace such as
ethanol, tartrates, citric acid, grape seed oil, hydrocolloids, and dietary fibre (Schieber et al.,
2001).

3.1.1.4. Digestate

The biogas production is an emergency renewable energy source. The biogas production is
being increasing during last decade by the implementation of plant production (Yadvikaa et al.,
2004). This process is carried out by the anaerobically transformation of organic matter to
produce biogas (methane and carbon dioxide) and a residue commonly known as digestate
which can be used as a fertilizer (Lukehurst et al., 2010). The properties of digestate are
influenced by the anaerobic process and also by the substrate used for the process
(Koblenz et al., 2015). The waste of anaerobic digestion (digestate) has high content in organic
matter and nutrients such as nitrogen which gives digestate a great agronomic value as a
fertiliser.

However, it has been identified some pathogenic microorganism in the chemical
composition of digestate as consequence of inappropriate thermophilic conditions which
represent a serious risk (Bustamante et al., 2012). Moreover, digestate can contain phytotoxic
volatile fatty acids and heavy metals (Zhu et al., 2014). The presence of pathogenic
microorganism and/or toxic compounds after anaerobic digestion determinate a previous
process of stabilization of this waste before of its application with agronomical purposes. The
most suitable method is to separate the solid from liquid fraction and subsequently the solid
fraction will be composted. The content of dry matter in solid fraction commonly is between
25 - 35 % (Holm-Nielsen et al., 2009).

LITERATURE OVERVIEW 6
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3.1.2. Urban solid waste

Urban solid waste is usually generated from human, commercial, municipal activities, small
industries, public areas waste water treatment plants (see Table 1) (Zhou et al., 2015). The
physico-chemical characteristics of urban waste are modified by lifestyle, cultural, traditional
conditions, economical status, literacy rates, dietary habits, climate and geographic location
(Singhaetal., 2011). Generally, urban solid waste contains recyclables materials such as paper,
plastic, glass, and metals; toxic substances like paints, pesticides, used batteries; and
compostable organic matter such as rest of fruit and vegetable skins and pulps
(Singha et al., 2011).

Nowadays, the high increase in the amount of urban waste produced is directly proportional
to the population growth, thus the techniques available to manage these wastes , such as
landfilling, thermal conversions (incineration, pyrolysis, gasification), bio-chemical
conversions (composting, vermicomposting, anaerobic digestion) and chemical conversions
(trans-esterification and other processes to convert plant and vegetable oils to biodiesel) are
increasing in a proportional ratio (Singh et al., 2011). Currently, most of the urban wastes are
disposed in landfills and/or open dumps, especially in the developed countries. The landfilling
requires a huge portion of land mass and usually has a negative impact on the environment. In
addition, the presence of toxic substances and heavy metals in this urban waste limits its further
re-use and/or disposal. On the other hand, urban wastes have high content in organic matter and
significant amount of recyclable plant nutrients. Therefore they can be applied to soil, but only
with a previous stabilization in order to eliminate the toxic substances. Vermicomposting may
be suitable for processing of urban wastes as well as a good option for the waste management
(Singha et al., 2011).

For our work, kitchen waste was chosen as a representative of urban wastes. Detailed

information can be found bellow.

LITERATURE OVERVIEW 7
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Locations and activities in which wastes are Types of waste

generated
Residential Apartments, single-family and multi-family Food wastes, rubbish, paper
esidentia homes waste, ashes, special wastes
. Restaurants, markets, office buildings, hotels, Food v_vgstes, rubbish, ashes,
Commercial, . . demolition and construction
T shopping malls, schools, print shops, auto .
institutional ; . wastes, special wastes,
repair shops, prisons
hazardous wastes
. Parks, streets, alleys, vacant lots, playgrounds,  Street sweepings, roadside litter,
Public areas . - ;
beaches, highways, recreational areas rubbish, etc.
Treatment Water, sewage and industrial waste water Treatment olant sludaes
plant sizes treatment processes P g

Table 1 General classification of urban solid waste, Singha et al. (2011).

3.1.2.1. Kitchen waste

Kitchen waste is an organic waste mainly generates from urban activities. Food is usually
discarded because it has expired date, spoiled, oversupplied and/or due to individual eating
habits (FAO, 2013). The composition of kitchen waste can significantly vary according to
different eating habits and feedstock used. Generally, it consists of carbohydrate polymers
(starch, cellulose, and hemicellulose), lignin, other organics compound such as proteins, lipids,
and acids and a small inorganic portion know as ashes. The main characteristic is its high
content in water, up to 80 %, as previously has been reported by Zhang et al. (2014). Due to its
high moisture, kitchen waste can be easily degraded. In addition, the kitchen waste is known to
contain hazardous persistent pollutants such as heavy metals which are detrimental for the
sustainability of the ecosystems (Pattnaik and Reddy, 2011).

Traditionally kitchen waste is managed by environmentally and non-eco-friendly
techniques such as landfilling and incineration. Decomposition of kitchen waste on landfills
produces a high emission of methane and carbon dioxide, which has a negative impact on the
environment increasing the climate change. In addition, during the degradation also leachates
are generated, which may be toxic as previously has been shown by Wang et al. (1997). The
disposal by incineration is a high-cost technique as consequence of high moisture content and
discharge of harmful gas and toxic ashes (Lee et al., 2004). The stabilization of kitchen waste
using aerobic composting systems represent a suitable technique for transformation of organic

matter and reduce the heavy metals contained in kitchen waste (Zhang et al., 2014).
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3.2. Vermicomposting

Vermicomposting is defined as a bioxidative process in which epigenic species of
earthworms interacts with microorganisms and other fauna within decomposer community
accelerating the stabilization of organic matter and greatly modifying its physical and
biochemical properties to convert into a valuable material, vermicompost, which can be used
as a soil organic amendment (Edwards, 2011). Vermicomposting is reported to be a low-cost
technology and its end product is characterized by high level of microorganisms, enzymes and
humus-like substances with low C:N ratio (Fernandez-Gomez et al., 2012). The biochemical
decomposition of the organic matter during vermicomposting process is primary accomplished
by microorganisms, but earthworms are crucial drivers of the process since they may affect the
microbial decomposer activity by grazing directly on microorganisms. Moreover, the presence
of earthworms increases highly the surface area available for microbial attack after the
comminution of organic matter by earthworms (Gomez-Brandon et al., 2011). All these
activities enhance the turnover rate and the productivity of microbial communities, thereby
increasing the rate of decomposition. Vermicompost, the end product of vermicomposting, is
characterized by its high content in nutrients such as NH4*, NOs", P, K, Ca, and Mg as well as
plant growth hormones and regulators. This effect is as consequence of higher rates of
mineralization which occurs during vermicomposting process in the organic matter rich in
earthworms cast. Moreover, vermicompost present higher porosity and holding water capacity
as consequence of the material finely divided which determinate the easily availability of
nutrients to be taken up by plants. In recent years, vermicomposting has progress considerably
due to the large amount of wastes generated by different activities. It was reported a huge variety
of residues susceptible to be vermicomposted such as sewage sludge, paper industry waste,
urban residues, food and animal waste as well as horticultural waste from plants (Dominguez
and Gémez-Brandon, 2012).
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3.3. Earthworms

3.3.1. Body structure

Earthworms are macroscopic clitellate oligochaete annelids that live in soil (Gajalakshmi
and Abbasi, 2004). They are segmented worms, bilaterally symmetrical, with an external gland
commonly known as clitellum for producing the egg case - cocoon (see Fig. 1). The clitellum
secretes the fibrous cocoon and the clitellar gland cells produce a nutritive albuminous fluid
that fills the cocoon. The clitellum and its position can differ widely among different species
(Dominguez and Edwards, 2011a).

On every segment, except of the first segment, earthworms have bristles - setae - which are
used to anchor parts of the animal body during the movement and allow earthworms to fix in
the burrows when they are attacked by a predator. The body wall consist of a thin outer cuticle,
epidermis, it prevents to loss water from earthworm body (Edwards and Bohlen, 1996). Goblet
cells are located in this layer, which produce mucus that covers earthworm body. Under
epidermis, layer of nervous tissue including great amount of sensory cells can be found, the
cells are responsible for stimuli such as heat, touch and light. The epidermis and nervous tissue
are connected by basal membrane. In addition, inside of the membrane are two muscle layer:
the first is circular and the second longitudinal. Finally, a layer of coelomic epithelial cells
known as - peritoneum - divides the body wall from the body cavity (Nancarrow and Taylor,
1998).

Moreover, earthworms do not have lungs (except of some aquatic species), they bring the
oxygen to their body by dissolving through the body surface, the moisture is kept by cover from
mucus (Nancarrow and Taylor, 1998).

Earthworms are hermaphrodites animals and reproduction normally occurs through
copulation and cross-fertilization, flowing which each of the mated individuals produces
cocoons which containing 1-20 fertilized ova. The resistant cocoons are usually deposited near
the soil surface and hatch after incubation period according to environmental conditions. Under
favourable conditions earthworms will reach sexual maturity within several weeks after

emergence (Gajalakshmi and Abbasi, 2004; Dominguez and Edwards, 2011a).
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HEAD SEGMENT

CLITELLUM

ANUS

Fig. 1 Structure of earthworm body, available online from: http://g3animals.wikispaces.com/Worm%20Facts

3.3.2. Classification

Earthworms are invertebrates which belong to the phylum of Annelida and class
Oligochaeta (Gajalakshmi and Abbasi, 2004). Earthworms represent the major animal biomass
in most terrestrial ecosystems (Dominguez and Gémez-Brandon, 2012). In fact, more than
8,300 species have been described and classified on the basis of their feeding and burrowing
strategies into three categories: epigeic, endogeic and anecic (Pizl, 2002; Dominguez and
Gomez-Brandon, 2012). Epigeic species, litter dwellers and transformers, live in organic
horizon and ingest primarily fresh organic substrate. Endogeic species live (soil feeders) in the
upper layer of soil, feed on high amounts of the mineral soil and create horizontal burrows.
Finally, anecic species (burrowers) live in greater depth, ingest medium amounts of soil and

built vertical burrows (Dominguez and Gémez-Brandon, 2012).

3.3.3. Species suitable for vermicomposting

The main characteristic for selecting suitable earthworms for vermicomposting process are
based on their ability to colonize organic wastes, high rates of consumption, digestion and
assimilation of organic matter, short life-cycles, resistance to a wide range of environmental
factors, high-reproductive rates and endurance and tolerance of handling (Gajalakshmi and
Abbasi, 2004). Epigeic species has been described to show potential for vermicomposting. It
has been only found few earthworms species which display all these characteristics and only
five have been extensively used in vermicomposting such as: Eisenia andrei, Eisenia fetida,
Dendrobaena veneta, and in a lesser extend Perionyx excavatus, Eudrilus eugeniae
(Dominguez and Edwards, 2011a).

E. andrei and E. fetida species are common earthworms used for vermicomposting because
they are ubiquitous with a worldwide distribution and colonize organic substrates, their life

cycles are short, they have a wide temperature and moisture tolerance range and they can be
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readily handled. E. fetida corresponds to the tripped or banded morph with the area round the
intersegmental groove having no pigmentation and appearing pale or yellow, thereby its
common name of “tiger”. Meanwhile, E. andrei the common "red" worm corresponds to the
uniformly reddish morph. Apart from their differences in pigmentation, the two species are
morphologically similar and requirements the same. However, E. andrei shows higher growth
rate and reproduction compared with E. fetida. The similarities found between E. andrei and E.
fetida have provoked that their taxonomical classification is still unresolved, and moreover in
much of the current literature both species are termed indiscriminately as E. andrei or E. fetida.
Nevertheless, studies performed by Dominguez et al. (2005), Pérez-Losada et al. (2005) have
confirmed that both species are two different phylogenetic species (Dominguez and Edwards,
2011b).

The optimal range of temperature and moisture for both species is 25°C and 85 %,
respectively. The viability of the cocoons and viable individuals produced by E. andrei and E.
fetida is up to 82 % and 3.8 %, respectively. Earthworm life cycles are comprised from 45 to
51 days (from cocoon to adult earthworm) and the length of their life is maximally 5 years, but

under natural conditions may be short (Dominguez and Edwards, 2011a).
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3.4. Vermicomposting food web

During the vermicomposting process a large number of microorganisms and invertebrates
can be found as results of the recycling of organic matter and release of nutrients, thus
vermicomposting systems sustain a complex microbial and invertebrate food web. The
decomposers microorganisms like bacteria and fungi interact with the soil fauna in the
vermicomposting by interactions which include competition, predation and mutualism
(Sampedro and Dominguez, 2008). The most numerous and diverse member of this food web
are microorganisms, especially bacteria, fungi and ciliates. However there also abundant
protozoa and many invertebrates of varying sizes, including nematodes, micro-arthropods and
large populations of earthworms (Sampedro and Dominguez, 2008). Microorganisms are the
primary consumers of the vermicomposting food web, which are able to degrade and transform
the organic material. Soil invertebrates are considered as the secondary consumers including
earthworms, which exist with microorganism feeding on and dispersing them throughout the
organic matter. The organic material passes through the gizzard of the earthworm it is finely
ground prior to digestion. The enzymatic extracellular activity of the endo-symbiotic microbes
degrades the material. These enzymes are able to degrade cellulose and phenolic compounds,
thus increasing the degradation of the ingested material which is released from earthworm’s
body in form of casts. During the degradation of organic wastes increase the burrowing and
tunnelling activities by earthworms which contribute to aerate the substrate and enable water
nutrients, and thus, stimulate the activity of microorganisms. After earthworm dies, new food
is available to be degraded by decomposers microorganisms. Earthworms are crucial drivers in
vermicomposting system due to accelerate the decomposition processes, but it is unknown how
they obtain their input energy whether from decaying organic matter or microorganisms, micro-
fauna or from combination of all. Earthworms are able to use a huge range of substrate for
feeding to grazing and moreover, they have the ability to shift between living and non-living

carbon sources (Dominguez, 2011).
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3.5. The progress of vermicomposting process

In general the vermicomposting process can involve two main phases: (i) an active phase in
which earthworms are transforming and modifying the organic substrate, thereby changing the
state and microbial composition of the initial material (Lores et al., 2006); and (ii) a maturation
phase which is characterized by the displacement of earthworms towards to the layer of fresh
material (undigested material), in which microorganisms take over the decomposition of
processed substrate by earthworms. The duration of maturation phase is not fixed, and it is
usually determined by the species and density of earthworms as well as the portion in which
the residue is applied (Dominguez and Gémez-Brandon, 2012).

In the active phase, the impact of earthworms on the decomposition of the organic matter during
the vermicomposting process is mainly due to gut associated processes (GAPs) such as
ingestion, digestion and assimilation of the organic matter and microorganisms in the
earthworms gut, and then casting (Fig. 2). Specific microbial communities respond diversely
to the gut environment, and selective effects on the presence and abundance of microorganisms
during the passage of organic material through the gut of these earthworm species have been
observed (Monroy et al., 2009). For instance, some microorganisms can be digested in the
intestinal tract; some can be remained unaffected, whereas others can be activated during the
passage through the intestinal tract. Such selective effects on microorganisms as a result of gut
transit can modify the decomposition pathways during the vermicomposting process. It may be
due to modifications in the composition of microbial communities involved in the
decomposition processes, as microorganisms from gut which are released with the faecal
material and then continue the decomposition of egested organic matter. Consequently,
earthworm cats contain different microorganisms in comparison with those presented in initial
material (Dominguez and Edwards, 2011b). It is well-known that the inoculum of these
microorganism communities in fresh organic matter promotes alterations similar to those
detected when earthworms are present modifying microbial community levels of activity and
altering the functional diversity of microbial populations in vermicomposting process
(Dominguez and Gémez-Brandon, 2012). GAPs contain all changes that microorganisms and
organic matter undergo when passing through earthworm intestinal tract, such as modification
of the microbial diversity and activity, modification of the microfaunal populations,
homogenization, the intrinsic processes of digestion, assimilation, production of mucus and
excretory substances such as sugars, urea, and NH4", which are readily available nutrients

sources for microorganisms (Dominguez and Edwards, 2011D).
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Casts are the result and final product of GAPs. With production of casts is GAPs completed

and casts undergo cast-associated processes (CAPs). CAPs are more related with ageing of
process, modification of excreted material, the impact of earthworms are primarily indirect and
associated with previous GAPs (Dominguez and Edwards, 2011b). During the maturation
process vermicompost is expected to reach its optimum represented promoting of plant growth
and suppression of plant diseases. Currently, there is not enough knowledge to determine when

the vermicompost achieves optimum and how it can be determined (Dominguez, 2011).

GAPs: Gut- associated processes
CAPs: Cast- associated processes

al
CAPs :

N\

GAPs

\
/

Organic matter

Fig. 2  Earthworms influence the degradation of organic matter within vermicomposting process through
ingestion, digestion and casting - gut associated processes. Cast associated processes are related with ageing
processes (Dominguez and Gémez-Brandon, 2012), available online: http://www.intechopen.com/books/biomass-

now-cultivation-and-utilization/animal-manures-recycling-and-management-technologies
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3.6. Microbial communities during vermicomposting

Microorganisms are the main agents of biochemical decomposition, whereby earthworms
are involved in the indirect stimulation of microbial populations through organic matter
fragmentation increasing the surface area available for microorganism. Earthworms also
modify the microbial populations through digestion, stimulation, and dispersion in cast.
Therefore, it is necessary to establish the effects of earthworms on microorganism, because
whether the earthworms stimulate or depress the microbiota, or modify the structure and
function of microbial communities, they can have different effects on the rates and form of
organic matter decomposition. The first studies performed on analysis of microbial
communities in vermicompost have observed an enhancement in the microbial biomass
immediately after the waste pass through the earthworm intestinal tract. However, it was found
a decrease in the microbial biomass present in the earthworm cats (Dominguez, 2011). The
activity of epigeic earthworm drastically reduces the viable microbial biomass during the
vermicomposting process, and this reduction is proportionally higher for fungi than for bacteria,
possibly because earthworms may use fungi for food selectively. Likewise, the presence of
earthworms not only affects to the microbial biomass since the microbial structure and diversity
can be seriously altered. According to studies performed by Lores et al. (2006) the initial
composition of microbial communities present in the organic waste can be modified by the
earthworm action during vermicomposting process, but it can be associated to autochthonous
microbial communities in the organic waste and it depend on the earthworm specie used for
vermicomposting. Definitely, earthworm activity helps microbial communities use the
available energy more efficiently and plays a key role in shaping the structure of the microbial

communities in organic wastes during vermicomposting processes (Dominguez, 2011).
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3.7. Factors influencing vermicomposting process

Epigeic earthworms are tolerant to wide range of environmental factors, but they also have
specific requirements on the basis of, moisture and temperature range. If the conditions are
optimal, earthworms are able to decompose satisfactory the organic waste and reproduce
rapidly. On the contrary, if the conditions are non-well-appropriate, earthworms usually migrate
to those parts of the organic waste in which the conditions are more suitable, and even they can
die, in this case vermicomposting process is carried out very slowly (Dominguez and Edwards,

2011a). The factors are summarized in Table 2.

3.7.1. Temperature

Temperature represents one of the most important parameters for the life of earthworms,
because influences their reproduction, growth and metabolism. Most of the earthworm species
have a range of temperature between 10-35°C. According to a study performed by Edwards
(1998) the optimal range of temperature for E. fetida was observed at 25°C. However, if this
range reach values up to 35°C, the metabolic activity decrease and the earthworm death can
occur (Munroe, 2007). Under extreme temperature conditions, earthworms are moved to
deeper layers and a hibernation process is started. Lower ranges of temperature between
4 — 10 °C reduces feeding and reproduction activities. During colder seasons such as autumn or
winter, they can acclimate but they cannot survive for a long period of time under freezing
range of temperature (Dominguez and Edwards, 2011a). The maintenance of a constant range
of temperature during vermicomposting system play a key role for successful process. It can be
archieved by adding thin layer of fresh material on the surface, thus the material does not

overheating (Garg and Gupta, 2009).

3.7.2. Moisture

Moisture content is the second most important characteristic for survival of earthworms.
The most rapid growth of E. fetida and E. andrei was reported in range between 80 - 90% of
water content in organic wastes (Edwads, 1988). The moisture content depends on many factors
such as vermicomposting system used, waste physical condition and porosity. Higher moisture
conditions in organic waste can become in an anaerobic situation responsible of unpleasant
smells. Meanwhile, lower content in water can produce the earthworm death. To create optimal
conditions of moisture a periodic sprinkling of water is need during the vermicomposting

process (Garg and Gupta, 2009).

LITERATURE OVERVIEW 17



\YWALY) Prague, 2015

3.7.3. Aeration

Earthworms are highly sensitive to low oxygen conditions, in fact it has been observed that
anaerobic conditions by high level of water content or fatty substances can endanger the life of
earthworms. The regularly aeration by manually mixing and turning of the organic waste
contribute to create better oxygen conditions (Garg and Gupta, 2009; Dominguez and Edwards,
2011a).

3.7.4. pH

The optimal range of pH for earthworms is found between 7.5 — 8, but in some cases they
are able to survive in ranges of pH between 5 — 9 (Edwards, 1998). The range of pH can
considerably change during vermicomposting process; at the beginning is lower due to
production of CO2 and organic acids, but during the process, these values increase as

consequence of proteins decomposition and NH4" production (Garg and Gupta, 2009).

3.7.5. C:N ratio

The C:N ratio influences the decomposition of organic waste during the vermicomposting
process. The optimal range for C:N ratio is found between 25 - 30 which determinate the easily
stabilization of organic matter according to Pramanik et al. (2007). However, excessive content
in nitrogen can produce the loss of N as consequence of volatilization processes by the quickly
decomposition of the organic waste. Meanwhile, higher C concentration reduces the microbial
activity quickly (Edwards et al., 2011). Organic wastes with a C:N ratio higher than 40:1
indicate slowly processes of organic matter decomposition, thus an extra-exogenous N source
need to be added. The ratio C:N change during vermicomposting process since loss of C in the
form of CO; are expected as consequence of metabolism of microorganism and earthworms

which determinate an enhancement in C:N ratio (Garg and Gupta, 2009).

3.7.6. Initial feed material

The organic waste used for vermicomposting may have some specific requirements. In the
first place, the physical characteristics are important in order to favour the movement of
earthworms as well as supplies Oz in the material. Therefore, organic wastes with high porosity
are optimal material to be vermicomposted. Moreover, it is necessary to avoid excessive
compaction of substrate and maintain an equilibrate balance between the surface area and

volume. The organic waste with poor structure or high water content (i.e. sludge, food waste)
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may be mixed with bulking agents (i.e. wood chips, dry manure) to enhance porosity and
provide favourable conditions of moisture (Garg and Gupta, 2009). On the second place, the
composition of organic wastes influences significantly the quality of the end product,
vermicompost. The initial material may contains toxic or non-degradable substances (i.e. glass,
metal, plastic, detergents) which represents a risk for earthworms, especially whether the
purpose of the vermicomposting is the production of soil organic amendments for agricultural
purposes (Garg and Gupta, 2009). In the third place, earthworms are not able to tolerate high
levels of salts or NH4" in organic wastes. The optimal range in NH4* and salts is up to 1 mg.g™*
and 0.5%, respectively. The high levels in salts can be reduced by adding water and/or by a pre-

composting process (Dominguez and Edwards, 2011a).

3.7.7. Light

Earthworms are photo-sensible; the light is detected through photoreceptor cells distributed
on their surface (Gajalakshmi and Abbasi, 2004). One hour of exposure to ultraviolet rays from
sunlight cause paralysis and after few hours can be lethal. The worm breathes through its skin
and if the skin is dryness can produce the earthworm death (Singh and Singh, 2014).

3.7.8. Predators, parasites and pathogens

Many species of mammals and birds are responsible of earthworms predation as well as
other fauna such as ants, centipedes, carabid and staphylinid bettles and their larvae. Internal
parasites, represented by Protozoa (the most common genus belong to Gregarina), Nematoda,
Rotatoria and Platyhelminthes genera are able to infest the earthworms body. Some Bacterial
species such as Spirochaeta sp., Bacillus sp. and fungal pathogens have been described as

potential pathogens of earthworms (Dominguez and Edwards, 2011a).

Parameters of substrate Values
C:N ratio 25:11t030:1
Initial particle size 10-20 mm
Moisture content 80% - 90%

Oxygen aerobic conditions
Temperature 15°C - 25°C
pH 5-9

Ammonia content <0.5mg.g*

Salt content <0.5%

Table 2 Optimal parameters for vermicomposting processes. Adapted from Dominguez and Edwards (2011b).
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3.8. Different types of vermicomposting systems

Singh and Singh (2014) have defined two basic systems of vermicomposting the basic
small-scale and large-scale system (see Fig. 4) which can be performed in bins or in compost
pile. Usually the large-scale system requires high amount of wastes and it is mainly used for

commercial purposes. The structure is described in Fig. 3.

TYPES OF
VERMICOMPOSTING

SMALL SCALE LARGE SCALE
B [ . . |
Bin Windrow Flow through Bed
composting system system composting
- v

1
‘ . | Continuous '
Non- Continuous

. . feeding -
continuous feeding - .
. : horizontal
feeding vertical flow flow

SR A S—

Fig. 3 Diagram showing the division of different types of vermicomposting systems, Singh and Singh (2014).

3.8.1. The small-scale system

The small scale vermicomposting systems are suitable for households and offices, since it
usually takes place in bins. There are various types of bins commercially available which are
made up of wood, plastic or metal (Hanc¢ a Pliva, 2013b). The size of bin depends on the amount
of material to be vermicomposted, number of earthworms and area of the storage (Singh and
Singh, 2014). The bins used usually have holes on the wall sides for better air circulation and
also at the bottom of the bins for leachate draining. The small scale bins are divided into three
categories: non-continuous, continuous vertical flow and continuous horizontal flow (Fulekar,
2013)

(1) Non-continuous feeding system is carried out in non-divided bins. The bedding is
added on the bin bottom and earthworms are inoculated. On the layer of bedding is
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(ii)

(iii)

added feedstock and the earthworms start to decompose both materials. This system
Is often used due to its small size and easily maintenance. However, the problem
lies in the removing of final vermicompost since the entire volume have to be
emptied (Fulekar, 2013).

Continuous-feeding in vertical flow system is performed on series of trays stacked
up vertically. In the last tray situated in the bottom of vermicomposters, the bedding
is placed and earthworms are inoculated, then the organic waste is added. When the
bottom tray is full, new fresh organic waste is added to the tray situated above.
Earthworms decompose the substrate in the bottom tray and then move towards to
the above tray. The final product is easier to collect using this system, since the
bottom tray should be relatively free of earthworms at the end of the
vermicomposting process (Fulekar, 2013).

Continuous-feeding in horizontal flow system is performed using containers
similar to in a non-continuous system. The bins are placed horizontally and divided
in two parts, which are separated often with gauge screen of chicken wire. At the
beginning of the process only one part is filled with bedding and organic waste
whereas the second part is filled up immediately after the first is full of
vermicompost. The vermicompost will be collected from the first tray after the
earthworm movement to the new fresh material contained in the second tray
(Fulekar, 2013).

3.8.2. The large-scale system

The basic process of vermicomposting in a large-scale is the same as in small-scale.

However, in the large-scale system is used for processing of a large amount of organic waste

and the vermicompost produced are mostly used for industrial purposes. This technology is

widely used in Canada, Italy, Japan, the United States of America, Malaysia and the Philippines.

There are three main methods of the large-scale system which are classified as: windrow

system, flow through system and beds composting (Singh and Singh, 2014).

(i)

Windrow system use linear long piles on the ground containing organic material.
They can be open or under cover which consist in a bedding material for earthworms
and organic matter to prevent the predation of earthworms. Even though the
windrow has no physical borders, the earthworms do not leave from piles due to

large amount of organic material available. The fresh organic matter is added from
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the front side of pile and the back side when the decomposition process finish can
be removed (Singh and Singh, 2014).

(i) Flow through system is performed using huge vermireactors. The organic material
Is added from the top of this vermireactors and when the organic waste is stabilized,
the vermicompost is collected from the bottom of the vermireactor (Han¢ a Pliva,
2013b). The name "flow through™ means that earthworms are never disturbed in
their beds. The waste comes from the top, flow through the reactor and after
degradation of organic matter, it falls down on the ground (Munroe, 2007).

The flow through reactor was designed by Dr. Clive Edwards in the 1980s and it
was reported that the vermireactor surface must be around 93 m? to be able to

process between 2 - 3 tonnes per day of organic waste (Munroe, 2007).

(ili)  Beds composting can be conducted in many different ways. The first type is usually
known as top-fed bed in which the organic waste is placed in a safe area surrounded
by four walls with floor. However, this bed composting can be performed in stacked

bin in order to reduce the place need for vermicomposting. It commonly contains

mixed material with earthworms added (Singh and Singh, 2014).

Fig. 4 The small-scale system (A) versus the large-scale system (B). (A) continuous-feeding in vertical flow
system vermicomposter, similar type was used for the experiment; (B) flow through system vermireactor.
Available online: (A) http://wormcompostingbin.net/gusanito-worm-wrangler-review/;

(B) https://sonomavalleywormfarm.wordpress.com/2013/01/28/a-great-start-for-the-new-year/
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3.9. Characteristics of vermicompost

Vermicompost is a value-added product generated from the biological degradation of
organic matter by interactions between earthworms and microorganisms. Earthworms ingest
organic material passing through their gizzard in which the material is fragmented into finer
particles. The microorganisms living in organic matter are a source of nourishment for
earthworms. This process leads the acceleration of microbiological degradation of the organic
matter and thus the microbial population increase. In addition, vermicomposting modifies
chemical and physical structure of the initial material resulting in the enhancement of the
humification process in which the non-stable organic material is oxidized and stabilized
(Arancon et al., 2011).

However, there are many factors affecting considerable the quality of the end product. The
most important factors for vermicompost characterization are: earthworm specie used,
processing time, type of initial feedstock, type of vermicomposting system used, pre-processing

of vermicompost (leaching, pre-composting) or amendments application (Edwards et al., 2011).

3.9.1. Physical characteristics

Vermicompost is characterized by dark colour, homogeneity, increased surface area, strong
capacity of adsorption and nutrients retention (Arancon et al., 2011). In the high-quality
vermicompost, the organic matter content may be between 20 - 50 % compared with inert
materials in which this amount is less than 1 % of the total weight. The size of the particles
present in vermicompost is less than 0.2 mm due to the grinding of organic material in the
earthworm gut. Other important factor is the humidity of vermicompost, although the
recommended water content during vermicomposting process must be in a range between
80 - 90%, the final moisture content can widely vary depending physical characteristic of
organic waste. However, a level in humidity can represent a problem because the management
of vermicompost is more expensive. Contrary, if the content in water is relatively low in the
vermicompost, it can seriously reduce its properties for conferring plant disease resistance. In

general the optimal range is accepted to be between 30 - 50% (Edwards et al., 2011).

3.9.2. Chemical characteristics

The vermicompost acidity has great importance for plant growth and fertility. The final pH
value depends on the type of organic waste used for producing vermicompost. The optimal pH

range for vermicompost produced from pig manure and sheep manures is of 5.3 — 8.6,
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respectively. In any case, it has been described cases in which a pH range of 6 — 7 in
vermicomposts favours the plant growth (Edwards et al., 2011).

The content in nutrients is other important chemical variable in vermicompost. (Arancon et
al., 2011) It has been observed that vermicompost made up from manure waste has a great
amount of mineral such as NOs’, soluble form of P, N, Ca and Mg elements compared with
commercial fertilizers since they are easily uptake by plants (see Table 3). The content in total
organic carbon (TOC) in vermicompost is associated to the organic matter present in the waste
and thus it can be used as a good indicator of the degree of stabilization during vermicomposting
process (Pramanik et al., 2007). Likewise, the total nitrogen found in vermicompost can vary
between 0.1 - 4% (Atiyeh et al., 2002). The C:N ratio can provides information about stability
of the organic matter. The optimal range for C:N ratio is stablished in a range of 20 - 22. The
concentration in NOs™ must be relatively high respect to NH4* in vermicompost. Optimal NOs
content is in range of 100-200 mg™ whereas NHa4™ levels should not be higher than 300 mg™
(Edwards et al., 2011). The total P, K, Ca, Mg, S and B should be specified whether the nutrient
value in vermicompost is important (see Table 3). However, some vermicompost produced
from urban waste, paper waste, animal manures can contain heavy metal such as lead, mercury,
cadmium, chromium and zinc, which can has an adverse effect on the environment (Morgan,
2011)

Plant growth Vermicompost from

medium pig manure
?rﬁpndh%zt/';’r:%’ 1.35 11.76
pH 5.90 5.30
Organic C (%) 31.78 27.38
Total N (%) 0.43 2.36
P (%) 0.15 4.50
K (%) 1.59 0.40
Ca (%) 1.03 8.60
Fe (%) 2.58 0.80
Mg (%) 3.52 0.50
Cu (ng/g) 34.09 378.8
Mn (ng/g) 526.04 1170.0
Zn (ng/g) 115.26 824.7
B (ng/g) 41.85 45.3

Table 3 Chemical characteristics of vermicompost from pig manure in comparison with soilless plant growth
medium (MM360), Atiyeh et al. (2002).
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3.9.3. Biological characteristics

The biological characteristics present in vermicomposts have been described to be higher
compared with soil amendment (Edwards et al., 2011). Vermicompost contains large number
of bacteria, actinobacterial and fungi. In addition it possesses plant growth hormones such as
auxin, gibberellin, cytokines and plant growth regulators as fulvic and humic acids. According
to Eastmen et al. (2001) there is evidence that some human pathogens can be reduced during
vermicomposting process.

On the other hand, enzymatic activities can be considered as another biological
characteristic of vermicompost (Fernandez-Gomez et al., 2012). Their activity is positively
influenced by earthworms. Enzymes are associated to microbial activity, soil fertility plant
growth, and plant disease resistance. The determination of their activity could indicate the

overall microbial activity of the vermicompost (Edwards et al., 2011).

LITERATURE OVERVIEW 25



\YWALY) Prague, 2015

3.10. Monitoring of vermicomposting process

The effectiveness of a vermicomposting process is crucial for the stabilization of organic
wastes and it is intimately conditioned to the optimal growth and development of earthworms.
The monitoring of changes in parameters during vermicomposting process is highly needed and
it has been described in previous studies performed on the recycle of different organic wastes
(Garg and Gupta, 2009; Fernandez-Gémez et al., 2010a; Hanc and Chadimova, 2014).
Chemical parameters such as pH, content in TOC, N, NOz™ and NH4" and microbial activities
can be considered as good, reliable and sensitive indicators for monitoring the organic matter

stabilization in the vermicomposting process.

3.10.1. Chemical parameters

During the vermicomposting processes many chemical parameters such as temperature,
humidity, aeration and pH must be monitored since earthworms require optimal values on these
variables for their growth and development and thus, the organic waste will be processes and
stabilized in a short period of time (Pramanik et al., 2007).

At the beginning of vermicomposting process, pH value is lower due to production of CO>
and organic acids during the decomposition of organic matter leading the formation of NH4",
which increase the pH of the system. The effect of organic acids and NH4" regulates the
vermicompost pH and as results these shifts run towards the neutrality (Pramanik et al., 2007).

TOC and inorganic N forms (NOs  and NH4") play an essential role for cell synthesis,
growth and metabolism in all living organisms. To ensure a proper nutrition for earthworms
during vermicomposting, the presence of C and N must be in the substrate in an optimal range.
It is also necessary for the optimal earthworm digestion. Likewise, it has been described that
the C:N ratio for the optimal organic matter stabilization is 25:1 (Ndegwaa and Thompson,
2000).

The optimal humidity in the organic waste is usually constant during the vermicomposting
process, but sometimes the application of water is need depending physical structure of organic
waste as well as its ability for retaining water (Edwards and Bohlen, 1996). The temperature is
highly important since the metabolic activities of earthworm communities depend on this
variable. Therefore, temperature must be in specifics ranges according to the specie of
earthworm used. Even though earthworms are highly photo-sensitive, therefore
vermicomposting process has to be conducted in darkness conditions in order to avoid an

earthworm paralysed under light exposure (Gershuny, 2011).
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3.10.2. Microbial activities

Enzyme activities have been used widely as an index of soil fertility or ecosystem status
because they are involved in the biological transformations of native and foreign compounds in
soils (Tate, 2000). Several enzymatic activities have been measured to describe organic matter
decomposition in two microbial-driven processes, composting and vermicomposting processes
in a large and small scale (Benitez et al., 2002; 2005). Vermicomposting involves the
bio-oxidation and stabilization of organic matter through the joint action of earthworms and
microorganisms.

Microbial activity is achieved through the action of the enzymes that are responsible for the
hydrolysis of complex macromolecules that constitute the organic wastes. As a consequence of
this activity, simple water-soluble compounds which support microbial growth are released
favoring the continuity of the process. Moreover, the extent to which this enzymatic activities
are produced gives information on the rate of decomposition of organic matter and, therefore,
on the product stability (Mondini et al., 2004). The complete transformation of organic matter
during the vermicomposting process requires the joint action of many different enzymes as
consequence of the high complexity organic wastes. The analysis of some of the most
significant enzymes provides information for a good estimation of the events that take place

through the vermicomposting process:

(i) Dehydrogenases are intracellular enzymes which is commonly used as good
bioindicator of microbial activity on account of its role on the oxidative
phosphorylation process, and therefore in the respiratory metabolism of
microorganism (Delgado et al., 2004). The increase of dehydrogenase activity
during the vermicomposting process indicates an enhancement on microbial
biomass. Meanwhile, a decrease in the activity of dehydrogenase may be associated
to a low content in the easily organic matter, thus dehydrogenase activity is directly
depending the substrate available (Garg et al., 2008)

(i) B-Glucosidases are involved in the carbon cycle through the hydrolysis of
glucosides, which can be found in decomposing plant residues. Consequently,
B-glucosidase is associated with the carbon cycles and organic matter breakdown,
thus during vermicomposting process shows the bioavailability of different carbon
sources (Garcia et al., 1995).

(ili)  Phosphatases are an enzyme implicate in phosphorus cycles, catalysing hydrolysis
of esters and anhydrides of phosphoric acid to different inorganic forms which can
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be metabolized by plants (Gupta et al., 2014). The active phosphatase has two basic
forms: alkaline and acid (Bakshi and VVarma, 2010). These enzymes are responsible
of the release of inorganic phosphorous compounds through organic substances
during the vermicomposting processes. In this sense, this enzyme is a good indicator
of the mineralization rates of organophosphorus compounds during and/or after
a vermicomposting process (Gupta et al., 2014).

(iv)  Proteases are enzymes are involved in the hydrolysis of the proteins and during
vermicomposting processes are good indicator of mineralization of nitrogen organic
compounds (Bakshi and Varma, 2010).

(v) O-diphenol oxidases participate in the oxidation of phenolic compounds into
quinones. These enzymes are directly involved in humus substances formation and
thus, they are implicated in the humification process. The o-diphenol oxidase may
be reliable indicators of the organic matter stabilization during vermicomposting
processes (Ke et al., 2010).

Most of these enzymatic activities have been previously monitored in a wide range of
organic wastes during vermicomposting processes (Benitez et al., 2005; Pramanik et al., 2007,
Fernandez-Goémez et al., 2012). In general, it is well-known that enzymatic activities increase
during the first stages of organic waste transformation in vermicomposting systems.
Subsequently their activity decrease according to the biodegradation of the waste till values
significantly reduced compared with initials. Thus, the vermicomposts produced may have
lower activity compared with the fresh organic wastes. On the other hand, the microbial activity
analysed in the stabilized material (vermicompost) can be used as indicator of the metabolic

functionality of the microbial communities presents in the organic wastes (Vivas et al., 2009).
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4. MATERIALS AND METHODS

4.1. Organic waste collection

The vermicomposting processes were performed using the initial organic waste from horse
manure (HM), apple pomace (AP), wine pomace (WP), digestate (D) and kitchen waste (KW).
HM was collected from horse farm placed in town near to Prague (Kladno, Czech Republic),
which contained a mixture of solid and liquid horse faeces and bedding. AP was provided by
the company Severofrukt (Terezin, Czech Republic, 50° 30’ N, 14° 9' E). This waste was mainly
obtained from apple juice production. WP was originated from Winery Company located in the
South Moravia (Czech Republic). The waste was composted mainly by rest of pulp and stones
of grapes after wine production. D was obtained from the biogas plant from an agricultural
cooperative (Krasna Hora nad Vltavou, Czech Republic). The composition of D was
approximately 50% manure slurry, 40% corn silage and 10% haylage. KW was collected from
employees of faculty of Agrobiology Food and Natural Resources from the Czech University
of Life Sciences (Prague, Czech Republic). Chemical characteristic were analysed in each

organic waste used and are provided in the Table 4.

Initial organic waste pH EC (mS cm?) TOC (%) Niot (%0)
HM 7.83 1.36 40 2.7
AP 3.85 1.26 40 2.5
WP 3.73 3.21 42 2.1
D 8.54 3.51 36 2.2
KW - - - -

Table 4  The chemical composition of initial organic waste used for vermicomposting process. Electrical

conductivity (EC), total organic carbon (TOC), total nitrogen (Nior).

4.2. Earthworms collection

Non-cllitelated earthworms (E. andrei) were obtained from the company Jakub Filip located
in Luzice u Hodonina (Czech Republic). The earthworms provided by this company were

contained in cow manure (CM).
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4.3. Experimental design

The experiment was conducted in a special treated room from the research station of Faculty
of Agrobiology, Food and Natural Resources located in Cerveny Ujezd (Prague, Czech
Republic). The vermicomposting process was carried out in darkness, at room temperature
(22 °C) with a relative humidity 80% and aeration every 12 hours for 15 min.

The vermicomposters used in this experiment were type VermiHut Worm Bin. Fifteen
vermicomposters were set up, three per each organic waste tested (HM, AP, WP, D, KW).
Vermicomposters were composed of five trapezoidal trays (0.4 x 0.4 x 0.18 m) with perforated
bottom (for allowing movement of earthworms from one tray to another). Only two trays from
the top of the vermicomposters were selected for performing vermicomposting process. The
last three trays placed on the bottom were already filled with composted material, which have
not been used for our analysis. In the first tray, 5 L of organic waste above mentioned was
added and subsequently, the earthworms were placed in the second tray. The earthworms were
obtained from 20 L from the original cow manure substrate. The cow manure was applied in
order to provide appropriate habitat for worms and reduce their initial shock due to the
environmental changes as previously was observed by Hanc and Chadimova (2014). For each
treatment, 1 L of cow manure with earthworms was collected from the stock (20 L) and was
placed in the second tray. The earthworm number and biomass were also determined in 1 L of
substrate in which the earthworm number was 167 with a total biomass of 7.1 g. Each treatment
was conducted in triplicate.

The earthworms were fed every two weeks by adding 5 L of new fresh material. Samples
were collected after 0, 2, 4 and 6 months and were kept at 4 °C for chemicals and enzymatic
assays. Earthworms were picked by hand, counted, weighed and removed in each time of
collection. Due to the low degradation and homogenization in the KW treatment was not

possible not analyse all parameters at initial time.
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4.4. Chemical analysis

The pH and electrical conductivity (EC) of in each treatment were measured by pH meter
(CRISON micro pH) in 1 g of material diluted with 10 ml of distilled water, in aratio 1:10 (w:v).
Total organic carbon (TOC) was determined using the dichromate oxidation by Mingorance
et al. (2007). 0.2 g of sample was mixed with 3 mL 0.16 M K>Cr,07, 6 mL H2SOsand 11 mL
distilled water. The mixture was incubated for 24 h and the Cr®* resulting from organic C
oxidation were determined using spectrophotometry at 590 nm. The g of TOC was calculated
using a calibration curve of saccharose (0-10 mg mL™?). For determination of total soluble
carbon (C) and nitrogen (N), 1 g of sample was mixed with 10 mL CaCl and was shaking for
two hours at room temperature. 60 ml of supernatant was centrifuged at 3000 rpm. The
SKALAR SANPLUS SYSTEM ® (Skalar, Netherlands) was used for the quantification of total
soluble C and N. The assessment of C was performed as follows: samples were acidified with
0.5 M H>SOs solution and subsequently bubbled with N gas. Then, it was added a reagent
persulfate/ tetra borate and the solution flowed through an UV digestion coil, which caused
oxidation from organic carbon (Corg) to carbon dioxide (CO2). The amount of CO2 was
measured by infra-red detection. The determination of N was carried out by mixing sample with
a borax buffer and then with potassium persulphate solution. The solution run through the
UV digestion and NO3™ were reduced to NO2". The NO> were assessed by the Griess reaction
and measured spectrophotometrically at 540 nm. For the analysis of NOs™ and NH4* samples
were mixed with 0.01 M CacCl; solution in ratio 1:10 (w:v). The solution was shaked for 2 hours
at room temperature. 60 mL of supernatant were centrifuged at 3000 rpm. The determination
was realized on the automated SKALAR SANPLUS SYSTEM ® (Skalar, Netherlands). The
NOs™ quantification was done by the Cd reduction method. This reaction consists in the
reduction of NO3z™ to NO2™ by bringing into granulated Cu/Cd column. Then, the NO2™ was
diazoted with sulphanilamida and coupled with a — naphthylethylenediamine dihydrochloride.
This reaction was measured at 540 nm spectrophotometrically. NH4* was chlorinated to
monochloramine, which reacted with salicylate to aminosalicylate. The green complexes were

formed after its oxidation and it was measured at 660 nm.
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4.5. Enzymatic activity analysis

Hydrolytic (B—glucosidase, phosphatase, and protease) and redox enzymatic activities
(dehydrogenase, and o-diphenol oxidase) were measurement in triplicate and quantify
spectrophotometrically.

The determination of dehydrogenase (EC 1.1) activity was assayed as previously has been
described by Camifa et al. (1998). 1 g of sample was placed into test tube and mixed with
1.5mL of 1 M Tris buffer (pH 7.6) and 2 mL of 0.5% iodotetrazolium violet (INT). The reaction
was incubated for 1 h at 40 °C. The iodonitrotetrazolium formazan INTF produced was
extracted by adding 10 mL of mixture 1:1 (v:v) ethanol:dimethylformamide and the absorbance
was measured at 490 nm spectrophotometrically. p-—glucosidase (EC 3.2.1.21) and
phosphatase (EC 3.1.3.1) activity were determined using the methods described by Eivazi
and Tabatabai (1977; 1988), respectively. 0.5 g and 0.2 g of samples were mixed with
0.5 mL of 0.05 M p-nitrophenyl-D-glucopyranoside and 0.115 M p-nitrophenyl-phosphate for
B-glucosidase and phosphatase, respectively in 0.1 M Maleate buffer pH 6. Samples were
incubated at 37°C for 2 h in darkness. The quantification of p-nitrophenol originated was
measured by adding 1 mL 05 M CaCl, and 4 mL 05 M NaOH at 400 nm
spectrophotometrically. The concentrations were extrapolated using a standard curve of
p-nitrophenol (0-50 pg mL™). Protease (EC 3.4.2.21-24) activity was measured following the
method described by Ladd and Butler (1972). 1 g of sample was mixed with 5 mL of 0.05 M
Tris-HCI buffer (pH 8.1) and 5 mL of 2% casein. Samples were shaking and incubated for
2 h at 50°C. Then, the reaction was stopped by adding 5 mL of 15 % TCA. The extract was
mixed with 7.5 mL a mixture of 0.06 M Na OH, 5 % Na;COs, 0.5 % CuSOs x 5H;0, 1
% potassium sodium tartrate, and 5 mL of 33 % Folin-Ciocalteu reagent. The colour was
quantified at 700 nm spectrophotometrically and the concentrations were extrapolated using a
standard curve of L-Tyrosine (0-25 mg mL™?). The determination of o-diphenol oxidase
activity (EC 1.10.3.1.) was done following the method described by Perucci et al. (2000). 1 g
of sample was incubated with 2 mL of 0.1 M phosphatase buffer (pH 6.5), 1.5 mL of 0.2 M
proline and 0.2 M pyrocatechol for 10 min at 30°C. The reaction was stopped by adding 5 mL
of ethanol and all samples were cooled in freezer for 10 min. Then, the suspension was filtrated

and absorbance was measured at 525 nm. It was used as standard pyrocatechol (0-70 pg mL™2).
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4.6. Statistical analysis

All data presented are the mean of three replicates. The data analysis was performed using
software SPSS® Windows Version 17.0 (Chicago, Illinois, USA). One-way ANOVA was used
to analyse statistically significant differences in each treatment at different time of collections
and between different treatments in each time of collection. Both analyses were measured in
each parameter of the vermicomposted material with mean separation based on Tukey's test.

Statistical analysis were carried out on confidence level >95% (P < 0.05).
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5. RESULTS

5.1. Earthworm biomass

5.1.1. Biomass

Changes on earthworm biomass were monitored during the vermicomposting process in
each treatment at different time of collection (2, 4, and 6 months) and significant variations
were related to initial values of earthworm biomass added for performing vermicomposting
process (Fig. 5). In the case of HM vermicomposting treatment, it was observed an
enhancement in the earthworm biomass at 2, 4 and 6 months, but the maximum biomass was
recorded after 4 months. Similarly, AP samples increased the earthworm biomass during
vermicomposting processes, but the maximum was reached at 2 months. WP and D increased
the earthworm biomass at all times of collection except to after 2 months (Fig. 5). On the other
hand, in the case of KW vermicomposting sample was the enhancement in the earthworm
biomass was only observed after 6 months of vermicomposting (Fig. 5).

Differences in earthworm biomass according to type of organic waste used for
vermicomposting were also found (Fig. 5). After 2 months, the earthworm biomass was higher
in AP vermicomposting treatment respect to HM, WP, D and KW. However, HM
vermicomposting treatment showed maximum values in earthworm biomass after 4 months
respect to all vermicomposting treatments, whereas KW vermicomposting treatment reduced
greatly the earthworm biomass compared with AP, WP and D vermicomposting treatments.
Finally, the earthworm biomass increased significantly in KW after 6 months respect to HM,
AP, WP, and D vermicomposting treatments (Fig. 5).
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Fig. 5 Earthworm biomass during the vermicomposting process of organic wastes. Data with the same letter are
not significantly different between vermicomposting treatments in each time of collection (P < 0.05). Asterisks
indicate significant differences in each treatment respect initial earthworm biomass at different time of collection.

Bars represent standards errors.
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5.1.2. Earthworm mortality and reproduction

Earthworms were counted in each time of collection (2, 4, and 6 months) by hand in order
to evaluate the mortality and reproduction during the vermicomposting process. The significant
differences observed in each treatment at all times of collection were related to the initial
earthworm number added for performing vermicomposting (Fig. 6). In the case of HM
vermicomposting sample, it was only observed an enhancement in the earthworm number at
4 months, and this parameter was significantly reduced after 6 months. Contrary, AP
vermicomposting treatment showed a greatly increase in the earthworm number at 2 and
6 months, whereas after 4 months no significant differences were observed respect to the initial
time. However, WP vermicomposting sample did not modify the earthworm number at
2 months, and even it was found a decline in this parameter after 4 and 6 months. D samples
reduced dramatically the earthworm number at 4 and 6 months, whereas in the case of KW
vermicomposting sample it was observed only after 8 months.

Changes in the earthworm number between different vermicomposting treatments in each
time of collection were also found (Fig. 6). Thus, AP vermicomposting sample showed higher
values in the earthworm number respect to HM, D and KW vermicomposting treatments after
2 months. Meanwhile, it was found an enhancement in the earthworm number present in HM
vermicomposting sample respect to others vermicomposting treatments after 4 months. The
earthworm number was significantly higher in AP compared with WP, D and KW
vermicomposting samples. Meanwhile, D showed a decline in the earthworm number respect
to KW vermicomposting treatments whereas no differences were found between WP and KW
vermicomposting samples (Fig. 6). After 6 months, AP was found to increase the earthworm
number respect to other vermicomposting treatments, whereas HM and KW showed significant
enhancement compared with WP and D vermicomposting treatments. The earthworm number

in D was slightly reduced respect to WP vermicomposting treatment (Fig. 6).
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Fig. 6 Earthworm number during the vermicomposting process of organic wastes. Data with the same letter are

not significantly different between vermicomposting treatments in each time of collection (P < 0.05). Asterisks

indicate significant differences in each treatment respect initial earthworm number at different time of collection.
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5.2. Chemical parameters

5.2.1. pH

The Table 5 shows changes in pH values during the vermicomposting process. HM
vermicomposting sample revealed a significant decrease after 2, 4 and 6 months respect to
initial time. Meanwhile, in AP and WP vermicomposting treatment were found an enhancement
in the pH values after 2, 4 and 6 months. Likewise, D vermicomposting sample also showed a
decrease after 2, 4 and 6 months. On the other hand, it was observed and enhancement in the
pH values in KW vermicomposting sample after 6 months respect to initial time.

The pH values quantified in HM, AP, WP, D and KW vermicomposting treatments showed
differences among themselves after 0, 2, 4 and 6 months (Table 5). The pH in AP and WP was
lower respect to HM, AP and D vermicomposting treatments at initial time. Likewise, HM
showed a reduction in the pH value respect to D vermicomposting treatments (Table 5). KW
vermicomposting treatment showed the highest pH value at 2 and 4 months. Meanwhile,
significant differences in this parameter were found in the order WP>HM>AP>D (Table 5).
Similar trend was observed after 4 months of vermicomposting process, but in this case the
significant differences between vermicomposting treatments were found in the order
WP>AP>HM>D. On the other hand, WP showed maximum values in pH respect to other
vermicomposting treatments after 6 months, whereas the lowest pH was observed in HM
vermicomposting treatment. The pH in AP and D were significantly reduced respect to KW
vermicomposting treatment (Table 5).

Time pH
(months) HM AP WP D KW
0 7.8+£0.04° 3.9+0.04° 3.8+0.02°¢ 85+0.04¢ -
2 73+0.04°*  7.0+0.05%*% 79+0.03°* 6.5+0.02°* 8.6+0.01°2
4 69+0.029* 72+0.04°* 81+£002°* 64+002¢* 8.6+0.032
6 7.1+£0.019* 80+0.01°* 92+0.032* 81+0.03°* 89+0.04%*

Table5 The pH values measured during vermicomposting process in different types of organic wastes. All values
are the mean and standard error of three replicates. Data with the same letter are not significantly different between
vermicomposting treatments in each time of collection (P < 0.05). Asterisks indicate significant differences in each
treatment respect to initial time (2 months in the case of KW) at different time of collection. Bars represent

standards errors.
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5.2.2. Electrical conductivity (EC)

The changes in EC during vermicomposting process are shown in the Table 6. The EC
values in HM, AP, WP, and D vermicomposting treatments decreased significantly after
2, 4 and 6 months respect to initial time. Meanwhile, it was observed a significant decrease in
the EC values in KW vermicomposting treatment at 4 months, whereas a slight enhancement
was detected after 6 months (Table 6).

Significant differences in the EC values were found between HM, AP, WP, D and KW
vermicomposting treatments at different time of collection (Table 6). The EC analysed in WP
and D samples was higher respect to HM and AP vermicomposting treatments at initial time
(Table 6). Likewise, D showed the highest values in EC at 2 months whereas significant
differences in this parameter between vermicomposting treatments were found in this order
KW>HM>WP>AP. Similar trend was observed at 4 months (Table 6). Finally, the EC values
in D and KW were highly increased compared to HM, AP and WP vermicomposting treatments
after 6 months. AP showed the lowest values in EC, whereas in the case of HM, this parameter

was significantly enhanced respect to WP vermicomposting treatment. (Table 6).

Time EC (mS cm?)
(months) HM AP WP D KW
0 1.3+£0.05° 1.3+0.13° 3.2+0.07°2 3.5+0.03% -
2 1.0+0c* 04+001¢* 0.8+0.039% 20+0.032* 1.6+£0.03°
4 1.0+0.01¢* 04+£001¢* 074+0.019*% 1.8+0.01%* 12+0.03°*
6 1.1+£0.02°* 04+09* 1.0+£0.03°¢* 1.6+£0032* 1.7+0022%*

Table 6 EC measured during vermicomposting process in different types of organic wastes. All values are the
mean and standard error of three replicates. Data with the same letter are not significantly different between
vermicomposting treatments in each time of collection (P < 0.05). Asterisks indicate significant differences in each
treatment respect to initial time (2 months in the case of KW) at different time of collection. Bars represent

standards errors.
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5.2.3. Total organic carbon (TOC)

The quantification of the TOC content in all vermicomposting treatments (HM, AP, WP, D
and KW) during the vermicomposting process revealed that HM and AP vermicomposting
treatments decreased the content this parameter after 2, 4 and 6 months respect to the initial
time. Meanwhile, WP and D increased the TOC at 6 months. No changes were detected in KW
vermicomposting treatment at all times of collection (Table 7).

Significant differences in the TOC content between HM, AP, WP, D, and KW
vermicomposting treatments at each times of collection were found (Table 7). The content in
TOC was higher in HM and WP samples respect to AP and D at initial time. (Table 7). After
2 month, the TOC content in WP vermicomposting treatment was greatly increased compared
with AP, but no significant changes were observed respect to other vermicomposting
treatments. WP increased significantly the TOC content respect to other vermicomposting
treatments after 4 months, whereas no changes were detected between HM, AP, D and KW
vermicomposting treatments (Table 7). At 6 months, WP showed the highest values in TOC
content respect to other treatments, whereas in this case AP was found the lowest TOC content.
D increased significantly this parameter respect to HM and KW vermicomposting treatments
(Table 7).

Time TOC (g kg?)
(months) HM AP WP D KW
0 400+1.12% 400+0.03P 421+1.57% 3594+0.99° -
2 35.6+2.76%* 31.0+2.18°* 395+023% 339+124% 363+1.20%
4 33.2+0.51°* 340+£397°* 42.1+0.82% 329+083° 353+0.54°
6 351+009¢* 31.5+1.889*% 4524+0.182* 402+1.44°* 355+0.76¢

Table 7 TOC measured during vermicomposting process in different types of organic wastes. All values are the
mean and standard error of three replicates. Data with the same letter are not significantly different between
vermicomposting treatments in each time of collection (P < 0.05). Asterisks indicate significant differences in each
treatment respect to initial time (2 months in the case of KW) at different time of collection. Bars represent

standards errors.
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5.2.4. Total soluble C

The changes in the total soluble C content in each vermicomposting treatment at different
time of collection during vermicomposting process are shown in Table 8. The total soluble
C content in HM, AP, WP, and KW samples was significantly enhanced after 4 and 6 months
respect to initial time. Meanwhile, D samples increased the content in total soluble C at all times
of collection (Table 8).

Significant differences were found in the total soluble C between vermicomposting
treatments in each time of collection (Table 8). The content in total soluble C analysed at initial
time was greatly increased in HM respect to AP, WP, and D vermicomposting treatments
(Table 8). Likewise, HM vermicomposting sample enhanced significantly the total soluble
C content respect to AP, WP, D and KW vermicomposting treatments after 2 months (Table
8). However, WP showed the lowest total soluble C content, whereas no significant differences
were observed between AP, D and KW vermicomposting treatments. The quantification of total
soluble C in AP revealed an increase in this parameter respect to WP, D and KW
vermicomposting treatments at 4 months, but no differences were detected compared with HM.
No significant differences were observed between HM and D vermicomposting samples, but
this parameter in HM and D was higher compared with WP and KW vermicomposting
treatments. Meanwhile, WP showed an enhancement in the total soluble C content respect to
KW vermicomposting treatment (Table 8). The total soluble C quantified at 6 months of
vermicomposting process revealed that HM and WP increased these values significantly respect
to others vermicomposting treatments, whereas no significant differences were detected
between AP, D and KW (Table 8).

Time C (g kg?h)
(months) HM AP WP D KW
0 2.00+£0.074% 1.77+£0.039° 1.74+0.022° 1.74+0.021° -
2 2.02+0.0252 1.85+0.044° 1.70+£0.020¢ 1.88+0.032°* 1.83+0.027°
4 2.92+0.024®* 299+0.0372* 2.66+0.025°* 2.85+0.028°* 243 +0.0429*
6 2.46+0.0552* 2.10+0.015°* 242+0.0592* 2.16+0.031°* 2.18+0.037°*

Table 8 Total soluble C content measured during vermicomposting process in different types of organic wastes.
All values are the mean and standard error of three replicates. Data with the same letter are not significantly
different between vermicomposting treatments in each time of collection (P < 0.05). Asterisks indicate significant
differences in each treatment respect to initial time (2 months in the case of KW) at different time of collection.

Bars represent standards errors.
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5.2.5. Total soluble N

The changes in total soluble N content in each vermicomposting treatment at different time
of collection during vermicomposting process are shown in the Table 9. The content in total
soluble N determined in HM and AP vermicomposting treatments was significantly decreased
at 2 and 4 months respect to initial time, but no differences were found after 6 months. Contrary,
WP vermicomposting treatment did not show any differences in total soluble N content at all
time of collection. However, a high increase in this parameter was observed in D
vermicomposting treatment after 2 and 4 months, whereas no changes were detected at
6 months. In the case of KW, it was only observed an enhancement after 6 months (Table 9).

Significant differences in the total soluble N between vermicomposting treatments in each
time of collection during the vermicomposting process were found (Table 9). Total soluble N
quantified in D increased significantly respect to HM, AP and WP vermicomposting treatments
at initial time. Meanwhile, HM showed higher values respect to AP and WP vermicomposting
treatments (Table 9). Likewise, it was observed that the highest values in total soluble N were
found in D respect to other vermicomposting treatments after 2 months, whereas in AP, WP
and KW vermicomposting treatments showed a reduction in this parameter respect to HM
(Table 9). Similarly, the quantification of total soluble N revealed that D had maximum values
respect to others vermicomposting treatments at 4 months. In this case, AP showed negatively
differences in this parameter compared with HM, WP and KW vermicomposting treatments,
whereas the N content observed in WP and KW vermicomposting treatments was significantly
reduced respect to HM (Table 9). Finally, D showed higher values in total soluble N respect to
other vermicomposting treatments at 6 months. HM increased this parameters significantly
compared with AP, WP and KW vermicomposting treatments, whereas in the case of AP and

WP were reduced respect to KW vermicomposting treatment (Table 9).

Time N (g kg?)
(months) HM AP WP D KW
0 0.87+0.015° 0.34+0.036° 0.37+0.003° 1.26 £0.0512 -
2 0.71£0.004°* 024+0.006°* 0.33+0.032°¢ 1.89+0.122%* 0.39+0.012°¢
4 0.78+0.006°* 0.19+0.0049* 0.41+0.007¢ 1.79+0.0402* 0.33+0.030°
6 0.82+0.032° 026+0.019¢ 0.36+0.024¢ 1.46+£0.022% 0.68+0.035¢*

Table 9 Total soluble N measured content during vermicomposting process in different types of organic wastes.
All values are the mean and standard error of three replicates. Data with the same letter are not significantly
different between treatments in each time of collection (P < 0.05). Asterisks indicate significant differences in each
vermicomposting treatment respect to initial time (2 months in the case of KW) at different time of collection.

Bars represent standards errors.
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5.2.6. N-NOs content

The significant differences in the N-NOs™ content during vermicomposting process were
found in all vermicomposting treatments at different time of collection (Table 10). Statistically
significant changes were detected in HM after 2 and 6 months compare to initial time. In the
case of AP and KW vermicomposting treatments, it was found higher N-NOgz™ content after
6 months, whereas it was observed an enhancement in the N-NOs content in WP
vermicomposting sample at 2 months, and after 2 and 4 months in the case of D
vermicomposting treatment (Table 10).

The quantification of N-NOs™ content in all vermicomposting treatments at initial time
revealed that D increased this parameter respect to HM, AP, and WP, whereas in AP and WP
vermicomposting treatments was significant reduced compared with HM (Table 10). Similarly,
D vermicomposting treatment showed an increase in N-NOz™ content after 2, 4 and 6 months
respect to others treatments. Likewise, AP, WP, and KW were not significantly different among
themselves, but these vermicomposting treatments showed a decrease in the N-NOs™ content
respect to HM after 2 and 4 months. Meanwhile, it was found no differences in the N-NOs
content between HM and KW vermicomposting treatments at 6 months, but it was found an
increase in this parameters respect to AP and WP. No significant differences were detected
between AP and WP vermicomposting treatments after 6 months (Table 10).

Time N-NOs (g kg?)
(months) HM AP WP D KW
0 0.68+0.024° 0.02+0.005° 0.06+0.011°¢ 1.11£0.043 2 -
2 0.49+0.014°* 0.04+0.005° 0.15£0.025°* 1.67+0.1232* 0.03+0.001°
4 0.60 +£0.005° 0.02+0.005¢ 0.06+0.015¢ 1.51+0.058%* 0.06=0.007 ¢
6 0.55+£0.045°* 0.05+0.003¢* 0.04+0.001 ¢ 1.19+£0.027% 0.48+0.034°*

Table 10 N-NOgs content measured during vermicomposting process in different types of organic wastes. All
values are the mean and standard error of three replicates. Data with the same letter are not significantly different
between vermicomposting treatments in each time of collection (P < 0.05). Asterisks indicate significant
differences in each treatment respect to initial time (2 months in the case of KW) at different time of collection.

Bars represent standards errors.
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5.2.7. N-NH4* content

The quantification of N-NH4" content in each vermicomposting treatment (HM, AP, WP,
D and KW) at all time of collection revealed significant differences during vermicomposting
process (Table 11). N-NH4* content in HM and D vermicomposting treatments enhanced at
4 and 6 months, whereas in AP vermicomposting sample decreased considerably after 2, 4 and
6 months respect to initial time. Likewise, N-NH4" content in WP vermicomposting treatment
was significantly decreased at 2 and 6 months whereas in the case of KW vermicomposting
treatment was only detected an enhancement in this parameter after 6 months.

Significant differences were found between different vermicomposting treatments in each
time of collection (Table 11). Thus, N-NH4* content quantified in WP was higher compared
with HM, AP and D vermicomposting treatments at initial time. Likewise, an enhancement was
detected in AP respect to HM and D vermicomposting treatments (Table 11). KW was
significantly different respect to other vermicomposting treatments at 2 months, whereas no
changes were detected between HM, AP, WP and D vermicomposting treatments (Table 11).
Similarly, WP showed an enhancement in this parameter respect to others vermicomposting
treatments at 4 months, but it was not also found differences between HM, AP, D and KW
vermicomposting treatments (Table 11). Meanwhile, no significant changes were detected in
N-NH4" content between vermicomposting treatments after 6 months (Table 11).

Time N-NH.* (g kg?)

(months) HM AP WP D KW
0 0.12+0.008° 0.27+0.029°  0.34+0.006%  0.11 +0.001 ¢ -
2 0.11+£0.003® 0.11+0.020°* 0.12+0.029°*  0.09+0.010® 0.26+0.0172
4 0.15+0.007°* 0.15+0.010°* 0.36+0.020% 0.15+0.011°* 0.21+0.027°
6 0.16+0.0082* 0.17+0.0022* 0.17+0.0092* 0.16+0.0052* 0.15+0.0042*

Table 11  N-NH4* content measured during vermicomposting process in different types of organic wastes. All
values are the mean and standard error of three replicates. Data with the same letter are not significantly different
between vermicomposting treatments in each time of collection. Asterisks indicate significant differences in each
treatment respect to initial time (2 months in the case of KW) at different time of collection. Bars represent

standards errors.
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5.3. Enzymes activities

5.3.1. Dehydrogenase

Significant changes were found in the dehydrogenase activity in each treatment at different
time of collection during the vermicomposting process (Fig. 7). HM vermicomposting
treatment showed a slight increase in the dehydrogenase activity at 2 months respect to initial
time of collection. Meanwhile, after 4 months no differences were found. However, the
dehydrogenase activity was dramatically reduced reaching values up to 0 ug INTF g htat
6 months. On the other hand, dehydrogenase activity in AP was drastically reduced at
4 and 6 months respect to initial time, whereas in the case of WP and D vermicomposting
treatments, it was observed at 2, 4 and 6 months. In the case of KW vermicomposting treatment
the dehydrogenase activity quantification showed a progressive reduction respect to initial time
at 4 and 6 months (Fig. 7).

The quantification of dehydrogenase activity between different vermicomposting
treatments in each time of collection revealed significant differences (Fig. 7). AP increased the
dehydrogenase activity respect to HM, WP and D vermicomposting treatments at the initial
time. Meanwhile, the activity in WP was significantly higher respect to HM, but not compared
to D and no differences were observed between HM and D vermicomposting treatments
(Fig. 7). After 2 month, the dehydrogenase activity reached values strongly higher in KW
respect to HM, AP, WP and D vermicomposting treatments. The activity found in AP only
showed differences compared with D vermicomposting treatment. No significant differences
were found in the dehydrogenase activity between HM, AP and WP vermicomposting
treatments (Fig. 7). On the other hand, the quantification of the dehydrogenase activity did not
show any significant difference between vermicomposting treatments after 4 month, except in
the case of KW, in which it was greatly enhanced (Fig. 7). Finally, only the dehydrogenase
activity in WP and KW showed an increase compared to HM, AP and D vermicomposting
treatments at 6 months, whereas no changes were detected between HM, AP and D

vermicomposting treatments (Fig. 7).
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Fig. 7 Dehydrogenase activity during vermicomposting process in different types of organic wastes. Data with
the same letter are not significantly different between treatments in each time of collection (P < 0.05). Asterisks
indicate significant differences in each vermicomposting treatment respect to initial time (2 months in the case of

KW) at different time of collection. Bars represent standards errors.
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5.3.2. B-Glucosidase

The quantification of P-glucosidase activity revealed significant changes in each
vermicomposting treatment at different time of collection during the vermicomposting process
(Fig. 8). In the case of HM vermicomposting treatment, it was found a decrease after 2 and
4 months in the B-glucosidase activity respect to initial time. Meanwhile, AP did not show any
modification in the p-glucosidase activity at all time of collection. However, WP
vermicomposting treatment increased B-glucosidase activity at 2 and 4 months respect to initial
time, whereas no significant changes were found after 6 months. In the case of D and KW
vermicomposting treatments, the quantification of B-glucosidase did not reveal any significant
change during the vermicomposting process (Fig. 8).

Significant changes were detected in the P-glucosidase activity between different
vermicomposting treatments at all time of collection (Fig. 8). At initial time, HM and WP
showed a higher activity compared with AP and D vermicomposting treatments. However, no
significant changes were observed after 2 months, except in the case of WP in which the activity
was found significantly increased compared to HM, AP, D and KW vermicomposting
treatments (Fig. 8). Likewise, at 4 months WP showed an enhancement in the B-glucosidase
activity compared with HM, AP, D and KW vermicomposting treatments. However, in HM this
activity was greatly increased respect to AP, D and KW vermicomposting treatments, whereas
no significant differences were found between AP, D and KW vermicomposting treatments
(Fig. 8). In the last sampling time (6 months), the higher B-glucosidase activity was found in
HM vermicomposting treatment. Meanwhile, WP was significantly different respect to D
vermicomposting treatment. No changes in the B-glucosidase activity were detected between
AP, D and KW vermicomposting treatments (Fig. 8).
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Fig. 8 B-Glucosidase activity during vermicomposting process in different types of organic wastes. Data with
the same letter are not significantly different between treatments in each time of collection (P < 0.05). Asterisks
indicate significant differences in each vermicomposting treatment respect to initial time (2 months in the case of
KW) at different time of collection. Bars represent standards errors.

RESULTS 48



2 Prague, 2015

5.3.3. Phosphatase

Changes in the phosphatase activity were found in each vermicomposting treatment at
different time of collection during the vermicompost process (Fig. 9). This activity was
significantly increased in HM after 4 and 6 months respect to initial time, meanwhile in AP and
WP vermicomposting treatments was not found any significant change at all time of collection.
However, in D and KW vermicomposting treatments the phosphatase activity increased
significantly in the last time of collection (6 months) (Fig. 9).

The phosphatase activity quantified in HM, AP, WP, D and KW vermicomposting
treatments did not show any statistical difference among themselves at initial time (Fig. 9).
However, a significant increase was observed in AP and WP after 2 months respect to HM, D
and KW vermicomposting treatments (Fig. 9). Likewise, after 4 months the phosphatase
activity showed an enhancement in HM, AP and WP compared with D and KW
vermicomposting treatments (Fig. 9). Finally, the phosphatase activity was strongly increased
after 6 months in HM respect to AP, WP, D and KW vermicomposting treatments. Contrary,
the lowest activity was found in WP, whereas AP and KW showed a great enhancement of
phosphatase activity respect to D and no differences were observed between AP and KW

vermicomposting treatments (Fig. 9).
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Fig. 9 Phosphatase activity during vermicomposting process in different types of organic wastes. Data with the
same letter are not significantly different between treatments in each time of collection (P < 0.05). Asterisks
indicate significant differences in each treatment respect to initial time (2 months in the case of KW) at different

time of collection. Bars represent standards errors.
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5.3.4. Protease

The protease activity quantified in all vermicomposting treatments (HM, AP, WP, D, and
KW) revealed changes at different time of collection during the vermicomposting process
(Fig. 10). HM were significantly reduced after 2 months of vermicomposting, whereas an
enhancement in this activity was found after 6 months. Meanwhile, protease activity observed
in AP vermicomposting treatment did not change at any time of collection. In the case of WP,
it was observed the increase in the protease activity at 2 and, on the contrary a decrease in
activity at 6 months respect to the initial time. The quantification of protease activity in D
showed a reduction after 6 months, whereas after 4 and 6 months it was observed an
enhancement in KW vermicomposting samples (Fig. 10).

Significant differences were found between vermicomposting treatments in each time of
collection (Fig. 10). The guantification of the protease activity revealed that the higher activity
was detected in D compared with HM, AP and WP vermicomposting treatments at initial time.
Likewise, it was observed a great enhance in the protease activity in HM and WP
vermicomposting treatments respect to AP, but no significant differences were found between
HM and WP vermicomposting treatments (Fig. 10). Protease activity reached higher values in
WP and D vermicomposting samples at 2 months, whereas KW vermicomposting treatment
showed the lowest value for this activity. The protease activity observed in HM
vermicomposting sample was higher compared with AP vermicomposting treatment (Fig. 10).
After 4 months of vermicomposting, the highest protease activity was detected in HM and D
vermicomposting samples, whereas no significant changes were detected in the protease
activity in AP, WP and KW vermicomposting treatments (Fig.10). It was found that HM
vermicomposting samples showed higher values in the protease activity respect to all
vermicomposting treatments at 6 months. The lowest activity was found in WP
vermicomposting sample, whereas it was observed similar values in the protease activity in D
and KW vermicomposting treatments which were significantly different respect to AP

vermicomposting sample (Fig.10).

RESULTS 51



((&A L] Prague, 2015

160

EEE HM
AP
120 1 . WP

*
a *
a
by s a . —
b b [ . . KW
80 - b
1 ¢«
40 | |+|

AL UL

0 2 4 6

Q

ho
+ o
o
o
Bo

Protease (ug tirosine g*h™)
|
|

Time of collection (months)

Fig. 10 Protease activity during vermicomposting process in different types of organic wastes. Data with the
same letter are not significantly different between vermicomposting treatments in each time of collection (P <
0.05). Asterisks indicate significant differences in each treatment respect to initial time (2 months in the case of

KW) at different time of collection. Bars represent standards errors.
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5.3.5. O-diphenol oxidase

Changes in the o-diphenol oxidase activity were found in each vermicomposting treatments
at different time of collection during the vermicomposting process (Fig. 11). The activity
detected in HM and AP vermicomposting samples were only increased after 2 months respect
to initial time. Contrary, an increase in this activity was found in WP vermicomposting sample
after 6 months. Meanwhile, in the case of D vermicomposting treatment, it was observed a
decrease after 4 months, but this activity was significantly enhanced after 6months respect to
initial time. No significant changes were found in the o-diphenol oxidase activity in KW
vermicomposting sample at all time of collection (Fig. 11).

The o-diphenol oxidase activity analysed in D vermicomposting sample were highly
increased compare with AP and WP vermicomposting treatments at initial time, but not respect
to HM. However, this activity showed similar values to those found in AP and WP
vermicomposting treatments (Fig. 11). On the other hand, it was not found significant changes
in the o-diphenol oxidase activity after 2 and 4 months between vermicomposting samples
(Fig. 11). Nevertheless, a significant increase in this activity was detected in WP
vermicomposting sample compared with HM, AP, D and KW at 6 months. AP
vermicomposting sample was negatively different compared with KW, whereas no differences
were observed between HM, D and KW vermicomposting treatments. (Fig. 11).
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Fig. 11 O-diphenol oxidase activity during vermicomposting process in different types of organic wastes. Data
with the same letter are not significantly different between vermicomposting treatments in each time of collection
(P < 0.05). Asterisks indicate significant differences in each treatment respect to initial time (2 months in the case

of KW) at different time of collection. Bars represent standards errors.
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6. DISCUSSION

6.1. Earthworm development

In this experiment was observed that the application of fresh organic waste every two weeks
provoked the maximum values in earthworm biomass in HM, WP and D vermicomposting
treatments after 4 months. This result is in agreement with previous finding observed by Garg,
et al. (2005), Nogales et al. (2005), Hanc and Vasak (2015). However, different trend in our
experiment was observed in the case of AP and KW vermicomposting treatments, in which, the
maximum were reached after 2 and 6 months, respectively. In a study performed by Hanc and
Chadimova (2014) was found an enhancement in earthworm biomass after 4 months but in
a non-continuous vermicomposting system. This result suggests that the conditions for
earthworm growing are more optimal under a continuous feeding system compared with a non-
continuous feeding system. In the case of KW vermicomposting treatment, the low earthworm
biomass observed after 2 and 4 months of the process could be explained by high pH 8.6
detected in this waste. Higher values in the pH has been observed to have a negative influence
on earthworm growing as previously was reported by Fernandez-Gomez et al. (2010a).
Earthworm number reached maximum values in HM vermicomposting treatment after 4
months indicating that at this time was found the optimal conditions for earthworm
development. Similarly, earthworm number showed maximum values in AP vermicomposting
treatments at 2 and 6 months following the same trend found in earthworm biomass. This result
suggests that the chemical changes induced during vermicomposting process at this time of
collection favouring the earthworm growth. However, some contradictory results in the
earthworm number were found in WP, D and KW vermicomposting treatments since this
parameter was dramatically reduced, especially after 6 months. This finding may be associated
with changes in some chemical parameter such as pH, EC and NH4" content, which has been
found lethal for earthworms (Edwads, 1988). The increase in NH4" content can be connected
with higher ratio of organic waste mineralization at the end of vermicomposting process. It is
important to highlight, that under alkaline pH, the NH4" can be converted to NH3 increasing its
toxicity (Fernandez-Gomez et al., 2010a). Nevertheless, a further study analysing specific
parameter of earthworm growth and reproduction is need in order to unravel in which way
changes in the chemical composition of vermicomposting samples can interfere in the

earthworm development during the vermicomposting of these organic wastes (WP, D and KW).
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6.2. Chemical parameters during vermicomposting

The pH value, as has been previously mentioned, is connected with processes of organic
matter transformation. In general, the pH found in all organic waste tested was alkaline, but it
was observed differences according to the organic waste and time of collection were found
during the vermicomposting process. Thus, the minimum values in this parameter were detected
in AP and WP at initial time, probably due to the presence of many phenolic compounds in
their chemical composition. Generally, HM and D showed a decline in the pH value during the
vermicomposting process, whereas AP, WP and KW treatment increased this parameter.
Changes in the pH values during vermicomposting may be associated to the mineralisation of
nitrogen and phosphorus into nitrites/nitrates and orthophosphates as well as to the
bioconversion of the organic material into intermediate species of organic acids, as previously
was reported by Garg et al. (2006) However, the enhancement in the pH values at the end of
the vermicomposting process was observed in all types of organic wastes and it was probably
associated to the formation of NH4* as the results of the proteins mineralization at the end of
vermicomposting process (Pramanik et al., 2007). These results are in line with previous
findings in which the pH value increased up to 10.4 after 210 days of tomato fruit waste
vermicomposting in a continuous-feeding vermicomposting system (Fernandez-Gomez et al.,
2010a).

The EC reflects the releasing of free ions and minerals that are generated through the
ingestion and excretion processes by the earthworms during the decomposition of organic
substances in a vermicomposting process (Garg et al., 2006). In our experiment, an
enhancement in the EC parameter was only observed in the case of KW vermicomposting
treatment. A similar finding has been observed during the vermicomposting of tomato fruit
wastes in a continuous feeding system in which were observed values up to 4.4 mS cm
(Fernandez-Gomez et al., 2010a). However, in the case of HM, AP, WP, and D
vermicomposting treatments were observed a reduction in the EC values at the end of the
vermicomposting process. The content in organic salts is also very crucial for the survival of
earthworms but levels lower than 0.5 % are considered acceptable for vermicomposting systems
(Edwads, 1988; Dominguez and Edwards, 2011a). Moreover, in these vermicomposting
treatments were found the maximum levels in earthworm biomass and number showing that
probably EC values between 0.4 — 1.7 mS cm™ may be optimal for earthworm development.

Epigeic earthworms are known to accelerate the rate of organic matter decomposition

during vermicomposting, thereby leading important losses of TOC throughout this
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biotransformation process (Garg et al., 2006; Dominguez et al., 2010). In our study a decline in
the TOC content was observed in HM and AP vermicomposting treatments after 2 months.
Similar result was found during vermicomposting of vegetable greenhouses residues
(Fernandez-Gomez et al., 2010b). However, WP and D vermicomposting treatments increased
the content in TOC at the end of process, and KW treatment did not modify this parameter. This
result can be explained by the fact that new fresh material was added during continuous-feeding
vermicomposting. Also, this result is in line with previous finding found by Fernandez-Gémez
et al. (2010a). It was also determined the total soluble C in order to analyse differences in
some soluble organic compounds. Soluble acids C are one of the most readily biologically
active parameters able to define the stability of vermicompost since it represents the easily
metabolized organic matter (Campitelli and Ceppi, 2008). In our study, the quantification of
total soluble C in all types of vermicomposting treatments was highly increased after 4 and
6 months, which suggests that probably during the process of organic matter transformation are
being produced some organic C compounds such as acid fulvic and/or humic which could be
involved in organic matter stabilization. Similar results has been previously observed by Li et
al. (2011) and Romero et al. (2007) in different types of organic wastes. However, in this
experiment it is need to perform a deeply study for the assessment of changes in fulvic and
humic acids production during vermicomposting process.

Earthworms have a great impact on N transformations in organic wastes, moreover, their
activity enriches the N levels of vermicompost through addition of mucus and secretion into
the material (Atiyeh et al., 2000; Yadav and Garg, 2009). At the end of vermicomposting
process, total soluble N did not considerable change in all types of organic waste, except in the
case of KW vermicomposting treatment in which an enhancement was found. In general the
final content of N in vermicomposting is dependent on initial nitrogen present in the waste and
the extent of decomposition. Earthworm activity enriches the N profile of vermicompost
through microbial mediated nitrogen transformation, through addition of mucus and
nitrogenous wastes secreted by earthworms. Changes in pH may be an important factor in N
retention as N2 is lost as volatile ammonia at high pH values (Khwairakpam and Bhargava,
2009). Nevertheless, during the vermicomposting process of HM and AP was observed
a decline in total soluble N. In this two treatments were found higher earthworm biomass and
number which suggest this reduction in N content may be associated to processes of
transformation conducted by the earthworm and microbial activity. Meanwhile, in the case of

D treatment was found an enhancement, probably caused by the release of excretory products,
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mucus and enzymes by earthworms which can contribute an increase the level in N (Yadav and
Garg, 2009).

Vermicompost mainly present higher content in N-NOs™ than N-NH4* (Edwards et al.,
2011). In our study, HM, D, and KW vermicomposting treatments was found higher values in
N-NOs" respect to N-NH4", whereas AP and WP treatments followed the opposite trend. The
content in N-NOs was increased in AP and KW vermicomposting treatments probably due to
an enhancement in the nitrification process as consequence of earthworm decomposition after
6 months. Meanwhile, the decrease found in this parameter in the case of HM and D
vermicomposting treatments may be associated to denitrification process and/or immobilization
of N in microbial biomass (Atiyeh et al., 2000). The overall highest values in N-NO3™ content
found in D vermicomposting treatment respect to other treatments may be related to higher
levels in N, especially in NH4*, found in the initial composition of this organic waste (Tambone
et al., 2015). In the case of N-NH,", it was found that HM and D vermicomposting treatments
showed higher values in this parameter at the end of the process probably as consequence of
a higher mineralization of N organic. A study conducted in a continuous-feeding
vermicomposting system reported an increase in NH4" content after 210 days in tomato-fruit
waste (Fernandez-Gomez et al., 2010a). Meanwhile, lower values in N-NH4" content can be
related to higher pH values found in AP, WP and KW vermicomposting treatments at the end

of the process which could contribute to a loss of NH4* by volatilization.
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6.3. Enzymatic activities during vermicomposting

Some enzymatic activities are correlated with overall microbial activity, soil fertility, plant
growth and plant disease resistance (Edwards et al., 2011). During vermicomposting,
earthworms selectively enhance some enzymatic activities (Pramanik et al., 2007). In this study
it was evaluated the activity of dehydrogenase, B-glucosidase, phosphatase, protease and
o-diphenol oxidase. The quantification of these enzymatic activities may be one of the key
analyses for determining the overall microbial activity in vermicompost (Edwards et al., 2011).

Dehydrogenase is considered an indicator of overall microbial activity because it occurs
intracellularly in all living microbial cells and is involved in microbial respiratory process
(Masciandaro et al., 200). In our experiment, all tested organic wastes showed higher values in
dehydrogenase activity at initial time. However, this activity was continuously decreased at 4
and 6 months of vermicomposting, reaching values up to 8.1 - 0.3 ug INTF g*h™at the end of
the vermicomposting process. Similarly, Fernandez-Gomez et al. (2010a) detected the highest
activity in tomato-fruit wastes after 120 days which decline after 210 days in a
continuous-feeding vermicomposting system. These results suggest that the dehydrogenase
activity may be responsible of higher values found in total soluble C, which could be related to
the formation of soluble C substances during the last stages of vermicomposting process. On
the other hand, it was found a positively relation between the earthworm biomass and the
dehydrogenase activity, and it was demonstrated that fresh earthworm castings released into the
vermicompost substrate have higher microbial activity and viable cell numbers (Parhasarathi
and Ranganathan, 1999). Thus, the dehydrogenase activity could be good indicator of microbial
activity enhanced by earthworms. The extremely lowest values in the dehydrogenase activity
detected after 6 months of vermicomposting process may indicate the organic matter
stabilization in each organic wasted used and as consequence a decrease in the microbial
activity.

B-Glucosidase catalyses the hydrolysis of cellobiose and other disaccharides and play a key
role in the decomposition of organic C compounds (Benitez et al., 1999). Levels of this activity
are determined by presence of readily metabolizable substrates (Vargas-Garcia et al., 2010).
In our study, it was found differences in the B-glucosidase according to organic waste tested.
Generally, it was observed a reduction in the activity of this enzyme in HM vermicomposting
treatment during the vermicomposting process (2 and 4 months), but at the last stage it was
recovered. This finding can be related to a decrease in available organic substrates as previously
has been shown by (Benitez et al., 1999). In the case of AP, D, and KW vermicomposting
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treatments any change was observed in the activity of this enzyme. Levels of this activity are
determined by the presence of readily metabolizable substrates. Thus, during the
vermicomposting of these organic wastes the presence of such compounds may be relatively
low. Nevertheless, the high content in soluble organic compounds were observed in these
treatments may be due to the positively relation found between dehydrogenase and total soluble
C. This finding suggests that probably the dehydrogenase could be involved in the processes of
degradation of organic matter, instead of B-glucosidase, as previously has been observed by
Benitez et al. (2005). On the other hand, WP vermicomposting treatment increased the
B-glucosidase activity, but at the end of the vermicomposting it was found a decline. This
finding could suggest that the enhancement in the f-glucosidases activity may be probably
attributed to high content in carbohydrates and sugars contained in winery wastes. In addition,
B-glucosidase could be presumably also associated to the high earthworm biomass found in this
treatment. It was observed higher carbohydrase activities in earthworms casts grown in organic
wastes, as previously was reported by Parhasarathi and Ranganathan (1999). Therefore,
B-glucosidase activity, which is easy and inexpensive to analyze, appears to be useful to monitor
the earthworm population while avoiding the laborious earthworm biomass determination
(Fernandez-Gomez et al., 2010a).

Phosphatase catalyses the hydrolysis of organic phosphorus compounds to an inorganic
phosphate form, which can be taken up by plants (Vargas-Garcia et al., 2010). The phosphatase
activity was higher in HM vermicomposting treatments at 4 and 6 months, and only after
6 months in the case of D and KW. Similar results were found in vermicomposting of tomato-
fruit waste in a continuous feeding system (Fernandez-Gémez et al., 2010a). This result could
suggest the presence of residual amounts of organic-phosphate compounds, which may act as
inductor of phosphatase activity. On the other hand, WP vermicomposting treatment showed a
reduction in this activity after 6 months. In this case, it was found that WP vermicomposting
treatment showed higher values in pH compared with other treatments after 6 months. In a
previous study performed by Fernandez-Goémez et al. (2010a) it was observed a decline in the
phosphatase activity at higher pH levels close up to 9, which is not considerably an optimal pH
for this enzyme (4.5 — 6). In this case, the quantification of phosphatase activity may not be a
good indicator of quality in organic wastes derived from winery industry. In the case of AP
vermicomposting treatment no changes were detected in the phosphatase activity during
vermicomposting process. This result suggests that probably during the transit of materials
through the earthworm gut during the vermicomposting of AP produced the higher degradation

organophosphorus compounds as previously has been observed by Garg et al. (2012).
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Protease activity is closely related to the N cycle and catalyses the hydrolysis of pectidics
bound in proteins. It is considered to be good indicator of organic matter decomposition
(Gupta et al., 2014). In our study, the protease activity was decreased at 2 months, but after 4
months it was found a slight enhancement in HM vermicomposting treatment. In this case, the
protease activity could be involved in the hydrolysis of N organic compounds which may
determine the enhancement found in the N-NH4" content after 6 months. AP vermicomposting
treatment did not alter the protease activity during the vermicomposting process. However, in
WP vermicomposting treatment the activity increased at 2 months, but it was observed a
progressive decline along the vermicomposting process. This finding may be associated with
the low content in N-NH4" observed at this time of collection which could indicate that N-NH4"
after the hydrolysis of organic compound must be transform into N-NOz™ by mineralization. In
the case of D vermicomposting treatment was showed a reduction in protease activity after
6 months. Protease was reported as a very good indicator of the level of maturity of a substrate,
thus the significant decrease at the last stage of vermicomposting may indicate high degree of
decomposition (Aira et al., 2007). However, KW vermicomposting treatment increased the
protease activity after 4 and 6 months. In this case, it was found a negative relation between the
content in N-NH4* and N-NOz which may suggest that probably a nitrification processes is
involved in the transformation of N-NH4" to N-NO3z™ Moreover, it has been observed that the
earthworms death could release peptides stimulating protease activity which could potentially
influence the protease patterns (Fernandez-Gomez et al., 2010a)

The o-diphenol oxidase catalyses the oxidation of a phenolic compound and is directly
involved in the humus substances formation. Therefore this enzymatic activity is implicated in
the humification process (Perucci et al.,, 2000; Benitez et al., 2004). HM and AP
vermicomposting treatments increased in o-diphenol oxidase activity at 2 months but a
progressive decline was detected at the end of the vermicomposting process. As mention above,
this enzyme participate in humification process and hence, higher levels of activity could reflect
an increase in humification of these types of vermicompost at this time. Other trend was
observed in the case of WP and D in which the o-diphenol oxidase activity increased at the last
stage of vermicomposting. This was probably due to presence of phenolic compounds in
organic waste which could increase the activity of this enzyme activity. Grapes and wine
contain high amounts of phenolic compounds, mainly flavonoids. Likewise, residues of wine
production are also characterised by high contents of phenolic compounds due to an incomplete
extraction during wine production (Rockenbach et al., 2011). Similarly, Levén et al. (2006)

reported that the phenol content in D is mainly dependent on the feedstock composition in the
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anaerobic digestion process. KW vermicomposting treatment did not show significant changes
in this activity during the process. However, KW is mainly composed by fruits, vegetables and
beverages which are rich in phenolic compounds, thus the stimulation in the o-diphenol oxidase
activity could be expected (Balasundram et al., 2006). In addition, the decline in the earthworm
numbers after 6 months in these organic wastes could also cause an increase in o-diphenol
oxidase activity. According to Castillo et al. (2013) E. fetida has the capability to bio-
accumulate high amounts of harmful chemicals (including phenol) in their tissues and either
biodegraded or biotransformed by o-diphenol oxidase enzymes, which are involved in the
formation of melanin, a key compound in cellular pathogen defence. This finding could affect
the activity of this enzyme during the vermicomposting process. On the other hand, the passage
of organic compounds through the earthworm gut may influence process of phenolic
compounds stabilization by the stimulation of the microbial activity in castings (Castillo et al.,
2013).
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7. CONCLUSION

e The vermicomposting of organic wastes such as HM and AP in a continuous-feeding
system favoured the growth and development of earthworm whereas in the case of WP,
D and KW were seriously affected.

e The continuous-feeding system favoured optimal changes in pH value only for HM and
D, whereas in the rest of the vermicomposting treatments (AP, WP and KW) was
relatively high.

e The EC values were positively influenced by vermicomposting in a continuous- feeding
system in all types of organic wastes.

e The transformation of organic matter presented was highly favoured during the
vermicomposting of HM and AP in a continuous-feeding system compared with WP, D
and KW. Moreover, it was found that this system of vermicomposting stimulated the
enhancement in the total soluble C in all vermicomposting treatment.

e Total soluble N was positively affected during the vermicomposting of KW in a
continuous-feeding system. Inorganic N forms were favoured in HM, D and KW
treatments, whereas in AP and WP vermicomposting treatments nitrification processes
were predominant.

e The dehydrogenase activity showed to be good and sensitive indicator of organic matter
stabilization in all tested organic wastes, especially in the in the case of AP and KW.

e B-Glucosidase activity was not an useful microbial activity indicator in all organic
wastes tested except in the case of WP.

e Phosphatase activity showed a high sensibility to high pH in the tested material,
therefore it was not confirmed to be precise detector for monitoring vermicomposting
process in organic wastes such as WP.

e In a continuous-feeding system, the protease activity indicated the stabilization of
different organic wastes such as WP, D and KW, but not in the case of HM and AP.

e The o-diphenol oxidase activity can be considered a good indicator for monitoring
vermicomposting processes of organic wastes rich in phenolic compounds since in our
study it was found that this activity was influenced in materials such as AP, D and WP

which have a high content in phenolic compound.

CONCLUSION 63



O

Prague, 2015

8. LIST OF ABBREVIATIONS

AP

C

CAPs
CM

C:N
CO2
Corg

D

E. andrei
E. fetida
EC

EU

Fig.
GAPs
HM
INT
INTF
KW

NH4*
N-NHs*
N-NOs
NO2
NOs
Ntot

sp.
TOC
YA

W:Vv

WP

apple pomace

total soluble carbon
cast-associated processes
COW manure
carbon-to-nitrogen ratio
carbon dioxide

organic carbon

digestate

Eisenia andrei

Eisenia fetida

electrical conductivity
European Union

figure

gut associated processes
horse manure
iodotetrazolium violet
iodonitrotetrazolium formazan
kitchen waste

total soluble nitrogen
ammonium

ammonium nitrogen
nitrate nitrogen

nitrite

nitrate

total nitrogen

species

total organic carbon
volume to volume
weight to wolume

wine pomace

LIST OF ABBREVIATIONS

64



\YWALY) Prague, 2015

9. LIST OF TABLES

Table 1 General classification of urban solid waste, Singha et al. (2011).........cccoevevviiennenn. 8

Table 2 Optimal parameters for vermicomposting processes. Adapted from Dominguez and
EAWArdS (20110). ....eeieieciee e e et ne e 19

Table 3  Chemical characteristics of vermicompost from pig manure in comparison with
soilless plant growth medium (MM360), Atiyeh et al. (2002). .......cccooveviveveniienieiee e 24

Table4 The chemical composition of initial organic waste used for vermicomposting process.

Electrical conductivity (EC), total organic carbon (TOC), total nitrogen (Ntot). .....cccccervervenen. 29

Table5 The pH values measured during vermicomposting process in different types of organic
wastes. All values are the mean and standard error of three replicates. Data with the same letter
are not significantly different between vermicomposting treatments in each time of collection
(P < 0.05). Asterisks indicate significant differences in each treatment respect to initial time (2

months in the case of KW) at different time of collection. Bars represent standards errors. .38

Table 6 EC measured during vermicomposting process in different types of organic wastes.
All values are the mean and standard error of three replicates. Data with the same letter are not
significantly different between vermicomposting treatments in each time of collection (P <
0.05). Asterisks indicate significant differences in each treatment respect to initial time (2

months in the case of KW) at different time of collection. Bars represent standards errors. .39

Table 7 TOC measured during vermicomposting process in different types of organic wastes.
All values are the mean and standard error of three replicates. Data with the same letter are not
significantly different between vermicomposting treatments in each time of collection (P <
0.05). Asterisks indicate significant differences in each treatment respect to initial time (2

months in the case of KW) at different time of collection. Bars represent standards errors. .40

Table 8 Total soluble C content measured during vermicomposting process in different types
of organic wastes. All values are the mean and standard error of three replicates. Data with the
same letter are not significantly different between vermicomposting treatments in each time of

collection (P < 0.05). Asterisks indicate significant differences in each treatment respect to

LIST OF TABLES 65



ALY Prague, 2015

initial time (2 months in the case of KW) at different time of collection. Bars represent

STANAAIAS BITOTS. ..o 41

Table 9 Total soluble N measured content during vermicomposting process in different types
of organic wastes. All values are the mean and standard error of three replicates. Data with the
same letter are not significantly different between treatments in each time of collection (P <
0.05). Asterisks indicate significant differences in each vermicomposting treatment respect to
initial time (2 months in the case of KW) at different time of collection. Bars represent

STANAIAS BITOTS. ..o 42

Table 10 N-NOs™ content measured during vermicomposting process in different types of
organic wastes. All values are the mean and standard error of three replicates. Data with the
same letter are not significantly different between vermicomposting treatments in each time of
collection (P < 0.05). Asterisks indicate significant differences in each treatment respect to
initial time (2 months in the case of KW) at different time of collection. Bars represent

STANAAIAS BITOTS. ..o 43

Table 11  N-NH4" content measured during vermicomposting process in different types of
organic wastes. All values are the mean and standard error of three replicates. Data with the
same letter are not significantly different between vermicomposting treatments in each time of
collection. Asterisks indicate significant differences in each treatment respect to initial time (2

months in the case of KW) at different time of collection. Bars represent standards errors. .44

LIST OF TABLES 66



\YWALY) Prague, 2015

10. LIST OF FIGURES

Fig.1  Structure of earthworm body, available online from:

http://g3animals.wikispaces.com/\Worm20FaCtS..........coerereriiiiieieese e 11

Fig. 2  Earthworms influence the degradation of organic matter within vermicomposting
process through ingestion, digestion and casting - gut associated processes. Cast associated
processes are related with ageing processes (Dominguez and Gémez-Brandon, 2012), available
online:  http://www.intechopen.com/books/biomass-now-cultivation-and-utilization/animal-

manures-recycling-and-management-teChNOIOGIES .........c.oovviieiiiin i 15

Fig. 3 Diagram showing the division of different types of vermicomposting systems, Singh
AN SINGN (2014). ...ttt bbb 20

Fig. 4 The small-scale system (A) versus the large-scale system (B). (A) continuous-feeding
in vertical flow system vermicomposter, similar type was used for the experiment; (B) flow
through system vermireactor. Available online: (A) http://wormcompostingbin.net/gusanito-
worm-wrangler-review/; (B)

https://sonomavalleywormfarm.wordpress.com/2013/01/28/a-great-start-for-the-new-year/..22

Fig. 5 Earthworm biomass during the vermicomposting process of organic wastes. Data with
the same letter are not significantly different between vermicomposting treatments in each time
of collection (P < 0.05). Asterisks indicate significant differences in each treatment respect
initial earthworm biomass at different time of collection. Bars represent standards errors. ..35

Fig. 6 Earthworm number during the vermicomposting process of organic wastes. Data with
the same letter are not significantly different between vermicomposting treatments in each time
of collection (P < 0.05). Asterisks indicate significant differences in each treatment respect

initial earthworm number at different time of collection. Bars represent standards errors. ...37

Fig. 7 Dehydrogenase activity during vermicomposting process in different types of organic
wastes. Data with the same letter are not significantly different between treatments in each time
of collection (P < 0.05). Asterisks indicate significant differences in each vermicomposting
treatment respect to initial time (2 months in the case of KW) at different time of collection.

Bars repreSent StANAAITS BITOIS. .....cc.oiiieiiieii ettt 46

LIST OF FIGURES 67



\YWALY) Prague, 2015

Fig. 8 PB-Glucosidase activity during vermicomposting process in different types of organic
wastes. Data with the same letter are not significantly different between treatments in each time
of collection (P < 0.05). Asterisks indicate significant differences in each vermicomposting
treatment respect to initial time (2 months in the case of KW) at different time of collection.

Bars represent StANGAITS BITOIS. ......c.oiviiiiiiiiiee et 48

Fig. 9 Phosphatase activity during vermicomposting process in different types of organic
wastes. Data with the same letter are not significantly different between treatments in each time
of collection (P < 0.05). Asterisks indicate significant differences in each treatment respect to
initial time (2 months in the case of KW) at different time of collection. Bars represent

STANUAITS BITOIS. et ettt ettt e oo ettt e e e e e e e et e eeeeeeee e e aeeeeeeeeeesae e aeeeeaeeeeeanaeens 50

Fig. 10 Protease activity during vermicomposting process in different types of organic wastes.
Data with the same letter are not significantly different between vermicomposting treatments
in each time of collection (P < 0.05). Asterisks indicate significant differences in each treatment
respect to initial time (2 months in the case of KW) at different time of collection. Bars

rEPreSENt STANAAITUS BITOFS. .....iiviiieeiecie et ste et e et e e e s e e e sresbeesbaeaesreesraeneesneenneens 52

Fig. 11  O-diphenol oxidase activity during vermicomposting process in different types of
organic wastes. Data with the same letter are not significantly different between
vermicomposting treatments in each time of collection (P < 0.05). Asterisks indicate significant
differences in each treatment respect to initial time (2 months in the case of KW) at different

time of collection. Bars represent Standards errors. .........coceoereierieieienese e 54

LIST OF FIGURES 68



\YWALY) Prague, 2015

11. BIBLIOGRAPHY

Abbasi, S. A., Nayeem-Shah, M., Abbasi, T. 2015. Vermicomposting of phytomass: limitations of
the past approaches and the emerging directions. Journal of Cleaner Production. 1-12.

Aira , M., Monroy, F., Dominguez, J. 2007. Earthworms strongly modify microbial biomass and
activity triggering enzymatic activities during vermicomposting independently of the

application rates of pig slurry. Science of The Total Environment. 385(1-3). 252—-261.

Aira, M., Dominguez, J. 2008. Optimizing Vermicomposting of Animal Wastes: Effects of Dose of
Manure Application on Carbon Loss and Microbial Stabilization. Journal of Environmental
Management. 88(4). 1525-1529.

Arancon, N., Edwards, C. A., Webster, K. A., Buckerfield, J. C. 2011. The Potential of
Vermicompost as Plant Growth Media for Greenhouse Crop Production. In: Edwards, C. A.,
Arancon, N. Q., Sherman, R. (ed.). Vermiculture Technology: Earthworms, Organic Wastes,
and Environmental Management. CRC Press. Boca Raton. p. 103-126. ISBN: 978-1-4398-
0987-7.

Atiyeh, R. M., Arancon, N. Q., Edwards, C. A., Metzger, J. D. 2002. The influence of earthworm-
processed pig manure on the growth and productivity of marigolds. Bioresource Technology.
81. 103-108.

Atiyeh, R. M., Dominguez, J., Subler, S., Edwards, C. A. 2000. Changes in biochemical properties
of cow manure during processing by earthworms (Eisenia andrei, Bouché) and the effects on
seedling growth. Pedobiologia. 44. 709-724.

Bakshi, M., Varma, A. 2010. Soil Enzyme: The State-of-Art. In: Shukla, G. C., Varma, A. (ed.).
Soil Enzymology. Springer Science & Business Media. New York. p. 1-25. ISBN: 978-3-642-
14225-3.

Balasundram, N., Sundram, K., Samman, S., 2006. Phenolic compounds in plants and agri-
industrial by-products: Antioxidant activity, occurrence, and potential uses. Food Chemistry.
99(1). 191-203.

Benitez, E., Melgar, R., Nogales, R. 2004. Estimating soil resilience to a toxic organic waste by
measuring enzyme activities. Soil Biology and Biochemistry. 36(10). 1615-1623.

BIBLIOGRAPHY 69



\YWALY) Prague, 2015

Benitez, E., Nogales, R., Elvira, C., Masciandaro, G., Ceccanti, B. 1999. Enzyme activities as
indicators of the stabilization of sewage sludges composting with Eisenia foetida. Bioresource
Technology. 67. 297-303.

Benitez, E., Sainz, H., Melgar, R., Nogales, R. 2002. Vermicomposting of a lignocellulosic waste

from olive oil industry: a pilot scale study. Waste Management and Research. 20. 134-142,

Benitez, E., Sainz, H., Nogales, R. 2005. Hydrolytic enzyme activities of extracted humic
substances during vermicomposting of a lignocellulosic olive waste. Bioresouce Technology.
7. 785-790.

Bustamante, M. A., Alburquerque, J. A., Restrepo, A. P., de la Fuente, C., Paredes, C., Moral, R.,
Bernal, M. P. 2012. Co-composting of the solid fraction of anaerobic digestates, to obtain

added-value materials for use in agriculture. Biomass and Bioenergy. 43. 26-35.

Bustamante, M. A., Moral, R., Paredes, C., Pérez-Espinosa, A., Moreno-Caselles, J., Pérez-Murcia,
M. D. 2008. Agrochemical characterisation of the solid by-products and residues from the
winery and distillery industry. Waste management. 2(28). 372—380.

Camifia, F., Trasar-Cepeda, C., Gil-Sotres, F., Leiros, C. 1998. Measurement of dehydrogenase

activity in acid soils rich in organic matter. Soil Biology and Biochemistry. 30(8-9). 1005-1011.

Campitelli, P., Ceppi, S. 2008. Chemical, physical and biological compost and vermicompost
characterization: A chemometric study. Chemometrics and Intelligent Laboratory Systems.
64-71.

Castillo, J. M., Romero, E., Nogales, R. 2013. Dynamics of microbial communities related to
biochemical parameters during vermicomposting and maturation of agroindustrial

lignocellulose wastes. Bioresource Technology. 146. 354-354.

Das, S. K., Varma, A. 2010. Role of Enzymes in Maintaining Soil Health. In: Shukla, G.; Varma,
A. (ed.). Soil Enzymology. Springer Science & Business Media. p. 25-42. ISBN: 978-3-642-
14224-6.

Delgado, A., Solera del Rio, R., Sales, D., Garcia-Morales, J. L. 2004. Study of the composting
process of municipal solid waste and sewage sludge: stability and maturity. In: Bernal, M. P.,
Moral, R., Clement, R. (ed.). Proceedings of the 11th Conference of the FAO on Recycling of
Agricultural, Municipal and Industrial Residues in Agriculture (RAMIRAN). Murcia. p. 257-
260. ISBN: 84-689 -0828-2.

BIBLIOGRAPHY 70



\YWALY) Prague, 2015

Dominguez, J. 2011. The Microbiology of Vermicomposting. In: Edwards, C. A., Arancon, N. Q.,
Sherman, R. (ed.). Vermiculture Technology : Eartworms, Organic Wastes, and Environmental
Management. CRC Press. Boca Raton. p. 53-66. ISBN: 978-1-4398-0987-7.

Dominguez, J., Aira, M., Gémez-Brandon, M. 2010. Vermicomposting: erthworms enhance the
work of microbes. In: Insam, H., Franke-Whittle, 1., Goberna, M. (ed.). Microbes at Work: from
Wastes to Resources. Springer-Verlag. Berlin Heidelberg. p. 93-114. ISBN: 978-3-642-
04043-6.

Dominguez, J., Edwards, C. A. 2011a. Biology and Ecology of Earthworm Species Used for
Vermicomposting. In: Edwards, C. A., Arancon, N. Q., Sherman, R. (ed.). Vermiculture
Technology : Earthworms, Organic Wastes, and Environmetal Management. CRC Press. Boca
Raton. p. 27-40. ISBN: 978-1-4398-0987-7.

Dominguez, J., Edwards, C. A. 2011b. Relationship between Composting and VVermicomposting.
In: Edwards, C. A., Arancon, N. Q., Sherman, R. (ed.). Vermiculture Technology: Earthworms,
Organic Wastes, and Environmental Management. CRC Press. Boca Raton. p. 11-25. ISBN:
978-1-4398-0987-7.

Dominguez, J., Ferreiro, A., Velando, A. 2005. Are Eisenia fetida (Savigny, 1826) and Eisenia
andrei Bouché, 1972 (Oligochaeta, Lumbricidae) different biological species?. Pedobiologia.
49. 81-87.

Dominguez, J., Gomez-Brandon, M. 2012. Vermicomposting : Composting with Earthworms to
Recycle Organic Wastes. In: Kumar, S., Bharti, A. (ed.). Management of Organic Waste.
InTech. p. 29-47. ISBN: 978-953-307-925-7.

Eastmen, B. R., Kane, P.N., Edwards, C. A., Trytek, L., Gunadi, B., Stermer, A. L., Mobley, J. R.
2001. The effectiveness of vermiculture in human pathogen reduction for USEPA Biosolids
Stabilization. Compost Science & Utilization. 9(1). 38-49.

Edwads, C. A. 1988. Breakdown of animal, vegetable and industrial organic wastes by earthworms.
In: Edwards, C. A., Neuhauser, E. F. (ed.). Earthworms in Waste and Environmental
Management. SPB Academic Publishing. The Hague. p. 21-31. ISBN: 978-905-103-017-4.

Edwards, C. A. 1998. The Use of Earthworms in the Breakdown and Management of Organic
Wastes. In: Edwards, C. A. (ed.). Earthworm Ecology. St. Lucie Press. Boca Raton. p. 327-354.
ISBN: 0-8493-1819-X.

BIBLIOGRAPHY 71



\YWALY) Prague, 2015

Edwards, C. A. 2011. Introduction, History, and Potential of Vermicomposting Technology. In:
Edwards, C. A., Arancon, N. Q., Sherman, R. (ed.). Vermiculture Technology: Earthworms,
Organic Wastes, and Environmental Management. CRC Press. Boca Raton. p. 1-10. ISBN: 978-
1-4398-0987-7.

Edwards, C. A., Bohlen, P. J. 1996. Biology and Ecology of earthworms. Champmen and Hall.
London. p. 426. ISBN: 0-412-56160-3.

Edwards, C. A., Subler, S., Arancon, N. 2011. Quality Criteria for Vermicompost. In: Edwards, C.
A., Arancon, N. Q., Sherman, R. (ed.). Vermiculture Technology: Earthworms, Organic
Wastes, and Environmental Management. CRC Press. Boca Raton. p. 287-301. ISBN: 978-1-
4398-0987-7.

Eivazi, F., Tabatabai, M. A. 1977. Phosphatases in soils. Soil Biology and Biochemistry. 9(3).
167-172.

Eivazi, F., Tabatabai, M. A. 1988. Glucosidases and galactosidases in soils. Soil Biology and
Biochemistry. 20(5). 601-606.

Endre3, H. U. 2000. High quality resulting from production integrated environment protection-
PIUS. Fruit Processing. 10. 273-276.

European Commission. 2008. Directive 2008/98/EC of the European Parliament and of the Council
of 19 November 2008 on waste. Official Journal of the European Union L. 312(13). 22-11.

Food Wastage Footprint: Impacts on Natural Resources: Summary Report [online]. FAO. 2013.
[accessed 13. 3. 2015]. Available at <http://www.fao.org/docrep/018/i3347e/i3347e.pdf>.

Fernandez-Gomez, M. J., Nogales, R., Insam, H., Romero, E., Goberna, M. 2010a. Continuous-
feeding vermicomposting as a recycling management method to revalue tomato-fruit wastes
from greenhouse crops. Waste Management. 30. 2461-2468.

Fernandez-Gomez, M. J., Romero, E., Cifuentes, C., Nogales, R. 2012. Hydrolases Activities of
Extracted Humic Substances During Vermicomposting of Damaged Tomatoes Wastes Using a
Continuous Feeding System. In: Trasar-Cepeda, C., Hernandez, T., Garcia, C., Rad, C.,
Gonzales-Carcedo, S. (ed.). Soil Enzymology in the Recycling of Organic Wastes and
Environmental Restoration. Springer Verlag. Berlin. p. 299-309. ISBN: 978-3-642-21161-4.

Fernandez-Gomez, M. J., Romero, E., Nogales, R. 2010b. Feasibility of vermicomposting for

vegetable greenhouse waste recycling. Bioresource Technology. 101. 9654-9660.

BIBLIOGRAPHY 72



\YWALY) Prague, 2015

Fulekar, M. H. 2013. Environmental Biotechnology. CRC Press. Boca Raton. p. 620. ISBN: 978-
1-4398-4667-4.

Gajalakshmi, S., Abbasi, S. A. 2004. Earthworms and vermicomposting. Indian Journal of
Biotechnology. 3. 486-494.

Garcia, C., Ceccanti, B., Masciandaro, G., Hernandez, T. 1995. Phosphatase and B-glucosidase

activities in humic sumbstances from animal wastes. Bioresource Technology. 53. 79-89.

Garg, P., Gupta, A., Satya, S. 2006. Vermicomposting of different types of waste using Eisenia
foetida: A comparative study. Bioresource Technology. 97. 391-395.

Garg, V. K., Chand, S., Chhillar, A., Yadav, A. 2005. Growth and reproduction of Eisenia foetida
in various animal wastes during vermicomposting. Applied Ecology and Environmental
Research. 3(2). 51-59.

Garg, V. K., Gupta, R. 2009. Vermicomposting of Agro-Industrial Processing Waste. In: Nigam, P.
S. N., Pandey, A. (ed.). Biotechnology for Agro-Indrustrial Residues Utilization : Utilization
of Agro-Residues. Springer Science & Business Media. p. 431-456. ISBN: 978-1-4020-9941-0.

Garg, V. K., Gupta, R., Yadav, A. 2008. Potential of Vermicomposting technology in Solid Waste
Management. In: Pandey, A., Fernandes, M., Larroche, Ch. (ed.). Current Developments in
Solid-state Fermentation. Springer Science & Business Media. New York. p. 528. ISBN: 978-
0-387-75212-9

Garg, V. K., Suthar, S., Yadav, A. 2012. Management of food industry waste employing

vermicomposting technology. Bioresource Technology. 126. 437—-443.

Gershuny, G. 2011. Compost, Vermicompost and Compost Tea: feeding the soil on the organic
farm. Chelsea Green Publishing Company. USA. p. 104. ISBN: 978-1-60358-347-3.

Goémez-Brandon, M., Aira, M., Lores, M., Dominguez, J. 2011. Changes in microbial community
structure and function during vermicomposting of pig slurry. Bioresource Technology. 102(5).
4171-4178.

Goémez-Brandon, M., Lores, M., Dominguez, J. 2013. Changes in chemical and microbiological
properties of rabbit manure in a continuous-feeding vermicomposting system. Bioresource
Technology. 128. 310-316.

GOV UK. Guidance on the legal definition of waste and its application [online]. The Department
for Environment, Food and Rural Affairs (Defra) in conjunction with the Welsh Assembly

BIBLIOGRAPHY 73



\YWALY) Prague, 2015

Government, the Department of the Environment in Northern Ireland, the Environment Agency
and the Northern Ireland Environment Agency. 2012. [accessed 12. 3. 2015]. Available at
<https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/69590/pb138
13-waste-legal-def-guide.pdf>.

Gupta, M., Shikha, Srivastava, P. K., Tewari, S. K. 2014. Quality evaluation of vermicompost at
various phases on farm waste composting and during storage. Advances in Bioresearch. 5(1).
56-63.

Hanc, A., Chadimova, Z. 2014. Nutrient recovery from apple pomace waste by vermicomposting
technology. Bioresource Technology. 168. 240-244.

Hanc, A., Pliva, P. 2013a. Vermicomposting technology as a tool for nutrient recovery from kitchen

bio-waste. Journal of Material Cycles and Waste Management. 15(4). 431-439.

Hané, A., Pliva, P. 2013b. Vermikompostovani bioodpadii (certifikovana metodika). Ceska
zem&délska univerzita v Praze. Praha. 35 s. ISBN: 978-80-213-2422-0.

Hanc, A., Vasak, F. 2015. Processing separated digestate by vermicomposting technology using
earthworms of the genus Eisenia. International Journal of Environmental Science and
Technology. 12(4). 1183-1190.

Holm-Nielsen, J. B., Al Seadi, T., Oleskowicz-Popiel, P. 2009. The future of anaerobic digestion
and biogas utilization. Bioresource Technology. 100(22). 5478-5484.

Hong, S. W., Lee, J. S., Chung, K. S. 2011. Effect of enzyme producting microorganisms on the
biomass of epigeic eartworms (eisenia fetida) in vermicompost. Bioresource Technology. 102.
6344-6347.

Ke, G.-R,, Lai, C.-M,, Liu, Y.-Y. & Yang, S.-S. 2010. Inoculation of food waste with the thermo-
tolerant lipolytic actinomycete Thermoactinomyces vulgaris A31 and maturity evaluation of
the compost. Bioresource Technology. 101(19). 7424-7431.

Khwairakpam, M., Bhargava, R. 2009. Vermitechnology for sewage sludge recycling. Journal of
Hazardous Materials. 161(2-3). 948-954.

Koblenz, B., Tischer, S., Riicknagel, J., Christen, O. 2015. Influence of biogas digestate on density,
biomass and community composition of earthworms. Industrial Crops and Products. 66.
206-209.

BIBLIOGRAPHY 74



\YWALY) Prague, 2015

Ladd, J. N., Butler, J. H. A. 1972. Short-term assays of soil proteolytic enzyme activities using
proteins and dipeptide derivatives as substrates. Soil Biology and Biochemistry. 4(1). 19-30.

Lazcano, C., Gomez-Brandon, M., Domingez, J. 2008. Comparison of the effectiveness of
composting and vermicomposting for the biological stabilization of cattle manure.
Chemosphere. 72(7). 1013-1019.

Lee, J. J., Park, R. D., Kim, Y. W., Shim, J. H., Chae, D. H., Rim, Sohn, B. K., Kimc, T. H., Kim,
K. Y. 2004. Effect of food waste compost on microbial population, soil enzyme activity and
lettuce growth. Bioresource Technology. 93(1). 21-28.

Levén, L., Nyberg, K., Korkea-Aho, L., Schniirer, A. 2006. Phenols in anaerobic digestion
processes and inhibition of ammonia oxidising bacteria (AOB) in soil. Science of the Total
Environment. 229-238.

Li, X., Xing, M., Huang, Z. 2011. Compositional and functional features of humic acid-like
fractions from vermicomposting of sewage sludge and cow dung. Journal of Hazardous
Materials. 185(2-3). 740-748.

Lores, M., Gomez-Brandon, M., Pérez-Diaz, D., Dominguez, J. 2006. Using FAME profiles for the
characterization of animal wastes and vermicomposts. Soil Biology & Biochemistry. 38.
2993-2996.

Lukehurst, C. T., Frost, P., Al Seadi, T. Utilisation of digestate from biogas plants as biofertiliser
[online]. IEA Bioenergy. 2010. [accessed 13. 3. 2015]. Available at

<http://www.iea-biogas.net/files/daten-redaktion/download/publi-
task37/Digestate_Brochure_Revised 12-2010.pdf>.

Mamma, D., Topakas, E., Vafiadi, C., Christakopoulos, P. 2009. Biotechnological Potential of Fruit
Processing Industry Residues. In: Nigam, P. S. N., Pandey, A. (ed.). Biotechnology for Agro-
Industrial Residues Utilisation. Springer Science & Business Media. p. 273-291. ISBN: 978-1-
4020-9941-0.

Masciandaro, G., Ceccanti, B., Ronchi, V., Bauer, C. 200. Kinetic parameters of dehydrogenase in
the assessment of the response of soil to vermicompost and inorganic fertilisers. Biology and
Fertility of Soils. 32. 479-483.

Mingorance, M. D., Barahona, E., Fernandez-Galvez, J. 2007. Guidelines for improving organic

carbon recovery by the wet oxidation method. Chemosphere. 68(3). 409-413.

BIBLIOGRAPHY 75



\YWALY) Prague, 2015

Monch-Tegeder, M., Lemmer, A., Oechsner, H. 2014. Enhancement of methane production with
horse manure supplement and pretreatment in a full-scale biogas process. Energy. 73. 523-530.

Mondini, C., Fornasier, F., Sinicco, T. 2004. Enzymatic activity as a parameter for the
characterization of the composting processes. Soil Biology and Biochemistry. 36(10).
1587-1594.

Monroy, F., Aira, M., Dominguez, J. 2009. Reduction of total coliform numbers during
vermicomposting is caused by short-term direct effects of earthworms on microorganisms and
depends on the dose of application of pig slurry. Science of the Total Environment. 407(20).
5411-5416.

Morgan, A. J. 2011. Heavy Metals, Earthworms, and Vermicompost. In: Edwards, C. A., Arancon,
N. Q., Sherman, R. (ed.). Vermiculture Technology: Earthworms, Organic Wastes, and
Environmental Management. CRC Press. Boca Raton. p. 263-287. ISBN: 978-1-4398-0987-7.

Munroe, G. Manual of On-Farm Vermicomposting and Vermiculture [online]. Organic Agriculture
Centre of Canada.  2007. [accessed 13. 3. 2015]. Available at

<http://oacc.info/docs/vermiculture_farmersmanual_gm.pdf>.

Nagavallemma, K. P., Wani, S. P., Lacroix, S., Padmaja, V. V., Vineela, C., Rao, M. B., Sahrawat,
K. L. Vermicomposting : Recycling Wastes into Valuable Organic Fertiliser [online]. Global
Theme on Agroecosystems Report no. 8. 2004. [accessed 15. 3. 2015]. Awvailable at
<http://www.mtnforum.org/sites/default/files/publication/files/6305.pdf>.

Nancarrow, L., Taylor, J. H. 1998. The Worm Book: The Complete Guide to Gardening and
Composting with Worms. The Speed Press. New York. p. 160. ISBN: 978-0-89815-994-3.

Nannipieri, P., E. Kandeler, E. & Ruggiero, P. 2002. Enzyme activities and microbiological and
biochemical processes in soil. In: Burns, R. B., Dick, R. P. (ed.). Enzymes in the Environment:
Activity, Ecology, and Applications. CRC Press. New York. p. 1-33. ISBN: 0-8247-0614-5.

Ndegwaa, P. M., Thompson, S. A. 2000. Effects of C-to-N ratio on vermicomposting of biosolids.
Bioresource Technology. 75(1). 7-12.

Nigam, P., Gupta, N., Anthwal, A. 2009. Pre-treatment of Agro-Industrial Residues. In: Nigam, P.
S. N., Pandey, A. (ed.). Biotechnology for Agro-Industrial Residues Utilisation. Springer
Science & Business Media. p. 13-16. ISBN: 978-1-4020-9941-0.

BIBLIOGRAPHY 76



\YWALY) Prague, 2015

Nogales, R., Cifuentes, C., Benitez, E. 2005. Vermicomposting of winery wastes: a loboratory
study. Journal of Environmental Science and Health, Part B: Pesticides, Food Contaminants,
and Agricultural Wastes. 40(4). 659-673.

Pandey, A., Soccol, C. R., Larroche, C. 2008. Introduction. In: Pandey, A., Fernandes, M.,
Larroche, Ch. (ed.). Current Developments in Solid-state Fermentation. Springer Science &
Business Media. New York. p. 3-12. ISBN 978-0-387-75213-6.

Panesar, R., Kaur, S., Panesar, P. S. 2015. Production of microbial pigments utilizing agro-industrial
waste: a review. Current Opinion in Food Science. 1. 70-76.

Parhasarathi, K., Ranganathan, L. S. 1999. Longevity of microbial and enzyme activity and their

influence on NPK content in pressmud vermicasts. European Journal of Soil Science. 107-113.

Pattnaik, S., Reddy, M. V. 2011. Heavy metals remediation from urban wastes using three species
of earthworm (Eudrilus eugeniae, Eisenia fetida and Perionyx excavatus). Journal of

Environmental Chemistry and Ecotoxicology. 3(14). 345-356.

Pérez-Losada, M., Eiroa, M., Mato, S., Dominguez, J. 2005. Phylogenetic species delimitation of
the earthworms Eisenia fetida (Savigny, 1826) and Eisenia andrei Bouché, 1972 (Oligochaeta,

Lumbricidae) based on mitochondrial and nuclear DNA genes. Pedobiologia. 49. 317-324.

Perucci, P., Casucci, C., Dumontet, S. 2000. An improved method to evaluate the o-diphenol

oxidase activity of soil. Soil Biology & Biochemistry. 32. 1927-1933.

Pizl, V. 2002. Zizaly Ceské republiky. Uherské Hradisté: Sbornik ptirodovédeckého klubu v
Uherském Hradisti. Uherské Hradisté. 154 s. ISBN: 80-86485-04-8.

Pramanik, P., Ghosh, G. K., Ghosal, P. K., Banik, P. 2007. Changes in organic - C, N, P and K and
enzyme activities in vermicompost of biodegradable organic wastes under liming and microbial

inoculants. Bioresource Technology. 98. 2485-2494.

Robinson, T., Nigam, P. 2003. Bioreactor design for protein enrichment of agricultural residues by

solid state fermentation. Biochemical Engineering Journal. 13. 197-203.

Rockenbach, I. 1., Rodrigues, E., Gonzaga, L. V., Caliari, V., Genovese, M. ., Gongalves, A. E. D.
S. S., Fett, R. 2011. Phenolic compounds content and antioxidant activity in pomace from
selected red grapes (Vitis vinifera L. and Vitis labrusca L.) widely produced in Brazil. Food
Chemistry. 127(1). 174-179.

BIBLIOGRAPHY 77



\YWALY) Prague, 2015

Romero, E. Plaza, C., Senesi, N., Nogales, R., Polo, A. 2007. Humic acid-like fractions in raw and
vermicomposted winery and distillery wastes. Geoderma. 139. 397—406.

Ruberto, G., Renda, A., Amico, V., Tringali, C. 2008. Volatile components of grape pomaces from

different cultivars of Sicilian Vitis vinifera L. Bioresource Technology. 2(99). 260-268.

Sampedro, L., Dominguez, J. 2008. Stable isotope natural abundances (613C and 815N) of the
earthworm Eisenia fetida and other soil fauna living in two different vermicomposting

environments. Applied Soil Ecology. 38(2). 91-99.

Schieber, A., Hilt, P., Streker, P., EndreB, H. U., Rentschler, C., Carle, R. 2003. A new process for
the combined recovery of pectin and phenolic compounds from apple pomace. Innovative Food

Science & Emerging Technologies. 4. 99-107.

Schieber, A., Stintzing, F. C., Carle, R. 2001. By-products of plant food processing as a source of
functional compounds — recent developments. Trends in Food Science & Technology. 12.
401-413.

Singha, R. P. Singh, P., Araujo, A. S., Ibrahim, M. H., Sulaiman, O. 2011. Management of urban
solid waste: Vermicomposting a sustainable option. Resources, Conservation and Recycling.
55. 719-729.

Singh, M. K., Singh, P. 2014. Handbook on Vermicomposting : Requirements, Methods,
Advantages and Applications. Anchor Academic Publishing. Hamburg. p. 144. ISBN: 978-3-
95489-276-1.

Singh, R. P., Tyagi, V. V., Allen, T., Ibrahim, M. H., Kothari, R. 2011. An overview for exploring
the possibilities of energy generation from municipal solid waste (MSW) in Indian scenario.
Renewable and Sustainable Energy Reviews. 15(9). 4797-4808.

Tambone, F., Terruzzi, L., Scaglia, B., Adani, F. 2015. Composting of the solid fraction of digestate
derived from pig slurry: Biological processes and compost properties. Waste Management. 35.
55-61.

Tate, R. L. 2000. Soil Microbiology. John Wiley. New York. p. 536. ISBN: 978-0-471-31791-3.

UNEP, 2014. The Basel Convention on the Control of Transboundary Movements of Hazardous
Waste and their Disposal [online]. Geneva. United Nations. [accessed 16. 3. 2015]. Available
at <http://www.basel.int/Portals/4/Basel%20Convention/docs/text/BaselConventionText-
e.pdf>.

BIBLIOGRAPHY 78



ALY Prague, 2015

United Nations, 1997. Glossary of Environment Statistics, Stusies in Methods [online]. Department
for Economic and Social Information and Policy Analysis. New York. [accessed 14. 3. 2015].

Available at <http://unstats.un.org/unsd/publication/SeriesF/SeriesF_67E.pdf.>.

Vandamme, E. J. 2009. Agro-Industrial Residue Utilization for Industrial Biotechnology Products.
In: Nigam, P. S. N., Pandey, A. (ed.). Biotechnology for Agro-Industrial Residues Utilisation.
Springer Science & Business Media. p. 3-13. ISBN: 978-1-4020-9941-0.

Vanék, V., Balik, J., Cemy, J., Pavlik, M., Pavlikova, D., Tlusto$, P., Valtera, J. 2012.
Vyziva zahradnich rostlin. Academia. Praha. 568 s. ISBN: 978-80-200-2147-2.

Vargas-Garcia, M. C., Suarez-Estrella, F., Lopez, M. J., Moreno, J. 2010. Microbial population
dynamics and enzyme activities in composting processes with different starting material. Waste
Management. 30. 771-778.

Vendruscolo, F. Albuquergue, P. M., Streit, F., Esposito, E., Ninow, J. L. 2008. Apple Pomace: A
Versatile Substrate for Biotechnological Applications. Biotechnol. 28. 1-12.

Vivas, A., Moreno, B., Garcia-Rodriguez, S., Benitez, E. 2009. Assessing the impact of composting
on bacterial community size and structure, and microbial functional diveristy of an olive-mill

waste. Bioresource Technology. 100. 1319-26.

Wang, Y.-S., Odle, W., Eleazer, W. E., Barlaz, M. A. 1997. Methane Potential of Food Waste and
Anaerobic Toxicity of Leachate Produced During Food Waste Decomposition. Waste
Management & Research. 15(2). 149-167.

Westendorf, M., Krogmann, U. 2004. Horses  and Manure [online].
September 2013 [accessed 13. 3. 2015].
Available at <http://njaes.rutgers.edu/pubs/fs036/horses-and-manure.asp>.

Wheeler, E., Zajaczkowski, S. 2002. Horse Stable Manure Management [online]. PennState.
Pennsylvania. [accessed 10. 3. 2015].

Available at <http://www.wayneswcd.org/Equine%20Ed/12stallmanure.pdf>.

Yadav, A., Garg, V. K. 2009. Feasibility of nutrient recovery from industrial sludge by
vermicomposting technology. Journal of Hazardous Materials. 168(1). 262-268.

Yadvikaa, Sreekrishnan, T. R., Kohli, S., Rana, V. 2004. Enhancement of biogas production from

solid substrates using different techniques - a review. Bioresource Technology. 95(1). 1-10.

BIBLIOGRAPHY 79



\PAY) Prague, 2015

Zhang, C., Su, H., Baeyens, J., Tan, T. 2014. Reviewing the anaerobic digestion of food waste for

biogas production. Renewable and Sustainable Energy Reviews. 38. 383-392.

Zhou, H., Long, Y., Meng, A., Li, Q., Zhang, Y. 2015. Classification of municipal solid waste

components for thermal conversion in waste-to-energy research. Fuel. 145. 151-157.

Zhu, N.-M, Guo, X. J. 2014. Sequential extraction of anaerobic digestate sludge for the
determination of partitioning of heavy metals. Ecotoxicology and Environmental Safety.
102(1). 18-24.

BIBLIOGRAPHY 80



