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“It will be difficult to deny the probability that every particle of earth forming the bed from
which . . . old pasture land springs has passed through the intestines of earthworms.”

~ Charles Darwin
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Summary

It is also in developed countries, vermicomposting has evolved to transform organic waste into high-quality
vermicompost, which can be used as a biofertilizer or biopesticide at household and community levels and/or
in commercial farms. Nevertheless, the quality and effectiveness of vermicomposting depend on the nutrient
composition of the feedstock and the earthworm species used, both of which are highly site-specific. In
Ethiopia, unlike some other developing countries, there is limited information and experience with
vermicomposting under local conditions. There are also limited information on isolating and comparatively
testing the potential of native and exotic earthworm species using feedstocks that are readily available to
smallholder farmers. Furthermore, studies that focus on the characterization of vermicompost and its actual
effects on plant growth and soil function simultaneously are scanty. To fill these knowledge gaps, the objective
of this PhD thesis was to conduct a holistic assessment of the potential of native and exotic earthworm species
in decomposing locally available organic waste, as well as the impacts of vermicompost on nutrient availability,
soil quality, plant growth and disease suppression. To achieve this, we conducted mapping of the type and
quantity of locally available farm organic materials (chapter 2), optimized the composition of substrate and
earthworms growth conditions and assessed the quality of the vermicompost (Chapter 3) and evaluated the
potential of selected vermicomposts in nitrogen availability and soil biological quality under laboratory
conditions (Chapter 4) and disease suppressiveness and plant growth under invitro, greenhouse and field
conditions (Chapter 5). The results revealed that in Benishangul-Gumuz region, Ethiopia, the availability of
agricultural waste (animal manure and crop residues) for various uses, particularly for compost/vermicompost
production, depends on the type of major crops grown in the area, their quality characteristics, and seasonal
availability (Chapter 2). In the study districts, there is significant competition for the use of crop residues,
particularly sorghum, which faces high demand for household fuel consumption compared to residues of
maize, tef, soybean and others. This competition extends to other uses such as animal feed, mulching and
composting, especially for maize residue. The availability of crop residues and animal manure also fluctuates
seasonally, with farmers collecting most of the crop residues after the harvest season (December to February)
and experiencing a shortage of biomass during the dry season (March to May) (Chapter 2). To optimize
substrates for vermicompost production, it is crucial to collect data on the quantity, seasonal availability, and
chemical composition of organic materials available at the farm level. In this context, cow and donkey manure,
as well as residues from maize, soybeans, and bananas have been identified as available agricultural waste used
for composting/vermicomposting in smallholder farmers, taking into account their quantity, seasonal
availability and quality characteristics. Although many farmers had limited information about
vermicomposting, some smallholders have expressed willingness to produce and utilize vermicompost in their
fields (Chapter 2). By increasing the adoption of vermicomposting and reducing competition for agricultural
waste, smallholder farmers can effectively recycle nutrients back into soil and enhance soil health.

Mixed substrates from agricultural residues can have varying effects on earthworm growth and the quality of
vermicompost produced, depending largely on the quality characteristics of the residues used. Thus, it is critical
to have knowledge concerning the suitability of mixed substrates for vermicomposting before further
promoting the use of available organic waste. Therefore, a vermicomposting experiment was conducted to
screen mixed agricultural bi-products (crop residue and manure wastes) for their potential on native and exotic
earthworm growth and to produce high-quality vermicompost (Chapter 3). In Chapter 3 it was demonstrated
that the performance of native and exotic earthworms varied depending on the type of mixed agricultural
residue substrate used in vermicomposting. This finding suggests that farmers could benefit from considering
the suitability of the feedstock for vermicomposting to produce high-quality vermicompost and improve their
soil quality. Especially, high value vermicompost with increased nutrient concentrations and microbial activity
can be produced from cow manure mixed with soybean and banana residues using the native earthworm
species (E. eugeniae) followed by exotic, E. fetida. However, in this study, substrates containing donkey manure
performed poorly compared to substrates containing cow manure in terms of earthworm growth and



production of high-quality vermicompost. Further studies are necessary to test the suitability of donkey
manure, e.g., mixed with cow manure in equal proportions, as it is the second most commonly available manure
among smallholder farmers next to cow manure.

In Chapter 4, the influence of selected vermicomposts (VC2, VC3, VC10, VC11 and VC12), derived from different
substrates and earthworms: cow manure, maize and soybean residues using Eudrilus eugeniae (VC2); cow
manure, maize and soybean residues using Eisenia andrei (VC3); cow manure, soybean and banana residues
using Eudrilus eugeniae (VC10); cow manure, soybean and banana residues using Eisenia andrei (VC11); cow
manure, soybean and banana residues using Eisenia fetida (VC12) on nutrient availability and soil biological
properties was evaluated on Nitisols of Ethiopia in an incubation experiment. We found that amendment of
Nitisols using vermicomposts increased C mineralization, and the extent of this increase depended on the type
of vermicompost used. Specifically, vermicomposts such as VC10 and VC2 resulted in significantly higher
cumulative CO2 emission, which mineralized about 68 and 50% of the total added organic C, respectively,
compared to the non-amended. In contrast, VC3 resulted in the lowest C mineralization. The differences in C
mineralization between the vermicomposts could be attributed to the lesser humification and some labile
organic matter in VC10 and VC2 compared to the more stable C in VC3 and VC11 (with high humification
coefficient). In the second laboratory incubation, we assessed the dynamics of mineral N in Nitisols after
addition of vermicompost with different biochemical properties. Vermicompost amendments showed higher
N mineralization compared to unamended control. In particular, the highest net N release, expressed as a
percentage of total N added to the soil, was obtained in VC10 on day 10 of incubation, where about 75% of the
added N was mineralized. This could be due to the initially greater amount of available mineral N in this
particular vermicompost compared to the other vermicomposts tested. In addition, the quantitative effect of
vermicompost amendments on microbial activity can be illustrated by measurement of enzymatic activities
such as dehydrogenase and B-glucosidase and microbial biomass C, which almost invariably shows an increase
following vermicompost addition to Nitisols. Vermicomposts showed higher microbial activity as indicated by
the higher level of dehydrogenase content soon after application of the vermicompost compared to the non-
amended control. Overall, the study suggests that the initial composition of vermicompost can influence its
effect on nutrient availability and soil biological properties, which has important implications for the
maintenance of valuable nutrients and C sequestration.

Chapter 5 provides a detailed investigation on the impact of selected vermicomposts on plant growth (tomato)
and susceptibility to root-knot nematode (Meloidogyne incognita), evaluated under in vitro, greenhouse and
field experiments. The results demonstrate that VC10 and VC11 extracts had a greater impact on the mortality
of M. incognita juveniles compared to VC12. Similarly, in the greenhouse experiment, tomato plants grown in
VC10 applied at high rates of vermicompost (10 and 20 t ha) and inoculated with low and high nematode
densities showed lower root galls and nematode population than those grown in VC12 with the same rate of
vermicompost and nematode densities. Vermicomposts applied as solid amendment or extract have shown
different effect on suppression of root-knot nematode depending on their initial properties. The reduction in
nematode population after vermicompost application (especially for VC10) may be due to the antagonistic
microbes in vermicomposts that produce toxin compounds harmful to nematodes. Vermicomposts may also
contain large amount of N containing compounds, such as ammonia, which have been shown to have
nematicidal effect. In addition, vermicompost application was found to increase the growth and yield of hot
peppers and improve the chemical properties of the soil in the field experiment. In general, we could conclude,
vermicomposting/vermicompost is a promising alternative to chemical fertilizers and agrochemicals for
smallholder farmers, as it constitutes of beneficial nutrients and microorganisms that can enhance soil and
plant growth and health. This has a positive impact on livelihood security.

Chapter 6 presents the general discussion and summary and conclusions of the findings and shows future

research direction on the sustainable use of agricultural waste for vermicompost production among
smallholder farmers and suggests indicators for the next step to take from here.



Samenvatting

Het is ook in ontwikkelde landen dat vermicompostering ontwikkeld om organisch afval om te zetten in
vermicompost van hoge kwaliteit, dat gebruikt kan worden als een biofertilizer of biopesticide op huishoudelijk
en gemeenschapsniveau en/of in commerciéle boerderijen. De kwaliteit en effectiviteit van vermicompostering
zijn afhankelijk van de nutriénten samenstelling van de grondstof en de gebruikte regenwormsoort, die beide
zeer locatiespecifiek zijn. In tegenstelling tot sommige andere ontwikkelingslanden is er in Ethiopié weinig
informatie over en ervaring met vermicompostering onder lokale omstandigheden. Er is ook beperkte
informatie over het isoleren en vergelijkend testen van het potentieel van inheemse en exotische
regenwormsoorten met behulp van grondstoffen die gemakkelijk beschikbaar zijn voor kleine boeren.
Bovendien zijn er maar weinig studies die zich richten op de karakterisering van vermicompost en de werkelijke
effecten ervan op zowel de plantengroei als de bodemfunctie. Om deze hiaten in de kennis op te vullen, was
het doel van dit proefschrift om een holistische beoordeling uit te voeren van het potentieel van inheemse en
exotische regenwormsoorten in het afbreken van lokaal beschikbaar organisch afval, evenals de effecten van
vermicompost op de beschikbaarheid van voedingsstoffen, bodemkwaliteit, plantengroei en
ziekteonderdrukking. Om dit te bereiken brachten we het type en de hoeveelheid lokaal beschikbaar organisch
landbouwafval in kaart (hoofdstuk 2). We optimaliseerden de samenstelling van het substraat en de
groeiomstandigheden van de regenwormen en beoordeelden de kwaliteit van de vermicompost (hoofdstuk 3).
Daarnaast beoordeelden we de potentie van geselecteerde vermicompostsoorten op stikstofbeschikbaarheid
en bodembiologische kwaliteit onder laboratoriumomstandigheden (hoofdstuk 4) en ziekteonderdrukking en
plantengroei onder invitro-, kas- en veldomstandigheden (hoofdstuk 5). In de regio Benishangul-Gumuz,
Ethiopié, is de beschikbaarheid van landbouwafval (dierlijke mest en gewasresten) voor verschillende
toepassingen, met name voor de productie van compost/vermicompost, afhankelijk van het type belangrijke
gewassen dat in het gebied wordt verbouwd, hun kwaliteitskenmerken en seizoensgebonden beschikbaarheid
(hoofdstuk 2). In de bestudeerde districten is er een aanzienlijke concurrentie voor het gebruik van
gewasresten, met name sorghum, waar veel vraag naar is voor huishoudelijk brandstofverbruik in vergelijking
met residuen van mais, tef, soja en andere. Deze concurrentie strekt zich uit tot andere toepassingen zoals
diervoeder, mulching en compostering, vooral voor maisresidu. De beschikbaarheid van gewasresten en
dierlijke mest fluctueert ook per seizoen, waarbij boeren de meeste gewasresten verzamelen na het
oogstseizoen (september tot februari) en een tekort aan biomassa hebben tijdens het droge seizoen (maart tot
mei) (hoofdstuk 2). Om de substraten voor vermicompostproductie te optimaliseren, is het cruciaal om
gegevens te verzamelen over de hoeveelheid, seizoensgebonden beschikbaarheid en chemische samenstelling
van organisch materiaal dat beschikbaar is op boerderijniveau. In deze context zijn koeien- en ezelmest, evenals
resten van mais, sojabonen en bananen geidentificeerd als beschikbaar landbouwafval dat gebruikt wordt voor
compostering/vermicompostering bij kleinschalige boeren. Hoewel veel boeren beperkte informatie hadden
over vermicompostering, hebben sommige kleinschalige boeren zich bereid verklaard om vermicompost te
produceren en te gebruiken op hun akkers (hoofdstuk 2). Door meer vermicompostering toe te passen en de
concurrentie voor landbouwafval te verminderen, kunnen kleinschalige boeren effectief voedingsstoffen in de
bodem recyclen en de gezondheid van de bodem verbeteren.

Gemengde substraten van landbouwresiduen kunnen verschillende effecten hebben op de groei van
regenwormen en de kwaliteit van de geproduceerde vermicompost, grotendeels afhankelijk van de
kwaliteitskenmerken van de gebruikte residuen. Het is dus van cruciaal belang om kennis te hebben over de
geschiktheid van gemengde substraten voor vermicompostering voordat het gebruik van beschikbaar
organisch afval verder wordt gestimuleerd. Daarom werd een vermicomposteringsexperiment uitgevoerd om
een groot aantal gemengde landbouwafvalstromen te screenen op hun potentieel voor de groei van inheemse
en uitheemse regenwormen en om vermicompost van hoge kwaliteit te produceren (hoofdstuk 3). In
hoofdstuk 3 werd aangetoond dat de prestaties van inheemse en exotische regenwormen varieerden
afhankelijk van het type substraat van gemengde landbouwresten dat werd gebruikt voor vermicompostering.
Deze bevinding suggereert dat boeren er baat bij kunnen hebben om rekening te houden met de geschiktheid



van de grondstof voor vermicomposting om vermicompost van hoge kwaliteit te produceren en hun
bodemkwaliteit te verbeteren. Met name uit koemest gemengd met sojaboon- en bananenresten kan
hoogwaardige vermicompost met verhoogde nutriéntenconcentraties en microbiéle activiteit worden
geproduceerd met behulp van de inheemse regenwormsoort (E. eugeniae) gevolgd door E. fetida. In dit
onderzoek presteerden substraten met ezelinnenmest slechter dan substraten met koeienmest wat betreft
regenwormengroei en productie van vermicompost van hoge kwaliteit. Verdere studies zijn nodig om de
geschiktheid van ezelinnenmest te testen, bijvoorbeeld gemengd met koemest in gelijke verhoudingen,
aangezien het naast koemest de meest beschikbare mest is onder kleinschalige boeren.

In hoofdstuk 4 werd de invloed van geselecteerde vermicomposts (VC2, VC3, VC10, VC11 en VC12), afkomstig
van verschillende substraten en regenwormen, onderzocht: koemest-, mais- en sojaboonresten met behulp
van Eudrilus eugeniae (VC2); koemest-, mais- en sojaboonresten met behulp van Eisenia andrei (VC3); koemest-
, sojaboon- en bananenresten met behulp van Eudrilus eugeniae (VC10); koemest, soja- en bananenresten met
Eisenia andrei (VC11); koemest, soja- en bananenresten met Eisenia fetida (VC12) op de beschikbaarheid van
voedingsstoffen en bodembiologische eigenschappen werd geévalueerd op Nitisols van Ethiopié in een
incubatie-experiment. We ontdekten dat het vermicomposteren van Nitisols de C-mineralisatie verhoogde en
dat de mate van deze toename afhing van het gebruikte type vermicompost. Specifiek resulteerden
vermicomposts zoals VC10 en VC2 in een significant hogere cumulatieve CO2 emissie, die respectievelijk
ongeveer 68 en 50% van de totale toegevoegde organische C mineraliseerden, vergeleken met de niet-
gemodificeerde. De verschillen in C-mineralisatie tussen de vermicomposts kunnen toegeschreven worden aan
de mindere bevochtiging en wat labiel organisch materiaal in VC10 en VC2 in vergelijking met de stabielere C
in VC3 en VC11 (met hoge bevochtigingscoéfficiént). In de tweede laboratoriumincubatie beoordeelden we de
dynamiek van minerale N in Nitisols na toevoeging van vermicompost met verschillende biochemische
eigenschappen. Vermicomposttoevoegingen lieten een hogere N-mineralisatie zien vergeleken met de
ongewijzigde controle. In het bijzonder werd de hoogste netto N afgifte, uitgedrukt als percentage van de totale
N die aan de bodem was toegevoegd, verkregen in VC10 op dag 10 van de incubatie, waar ongeveer 75% van
de toegevoegde N gemineraliseerd werd. Dit zou het gevolg kunnen zijn van de aanvankelijk grotere
hoeveelheid beschikbare minerale N in deze vermicompost in vergelijking met de andere geteste
vermicomposts. Daarnaast kan het kwantitatieve effect van vermicomposttoevoegingen op de microbiéle
activiteit worden geillustreerd door het meten van enzymatische activiteiten zoals dehydrogenase en -
glucosidase en microbiéle biomassa C, die bijna altijd een toename laat zien na vermicomposttoevoeging aan
Nitisols. Vermicompost vertoonde een hogere microbiéle activiteit, zoals blijkt uit het hogere gehalte aan
dehydrogenase kort na het aanbrengen van de vermicompost in vergelijking met de niet-aangepaste controle.
Over het algemeen suggereert het onderzoek dat de initiéle samenstelling van vermicompost het effect op de
beschikbaarheid van voedingsstoffen en bodembiologische eigenschappen kan beinvioeden, wat belangrijke
implicaties heeft voor het behoud van waardevolle voedingsstoffen en C-sekwestratie.

Hoofdstuk 5 geeft een gedetailleerd onderzoek naar de invloed van geselecteerde vermicompostsoorten op
de plantengroei (tomaat) en de gevoeligheid voor wortelknobbelaaltjes (Meloidogyne incognita), geévalueerd
in in vitro-, kas- en veldexperimenten. De resultaten tonen aan dat VC10- en VCl1-extracten een grotere
invloed hadden op de sterfte van M. incognita-juvenielen dan VC12. Ook in het kasexperiment vertoonden
tomatenplanten die gekweekt waren in VC10 met een hoge dosis vermicompost (10 en 20 t ha?) en
geinoculeerd met lage en hoge aaltjesdichtheden minder wortelknobbels en een lagere aaltjespopulatie dan
tomatenplanten die gekweekt waren in VC12 met dezelfde hoeveelheid vermicompost en initiéle
aaltjesdichtheden. Vermicompost toegepast als vaste stof of extract heeft een verschillend effect laten zien op
de onderdrukking van wortelknobbelaaltjes, afhankelijk van hun initiéle eigenschappen. De reductie in
aaltjespopulatie na toepassing van vermicompost (vooral bij VC10) kan te wijten zijn aan de antagonistische
microben in vermicompost die toxineverbindingen produceren die schadelijk zijn voor aaltjes. Vermicompost
kan ook een grote hoeveelheid N-houdende verbindingen bevatten, zoals ammoniak, waarvan is aangetoond
dat ze een nematicide effect hebben. Bovendien bleek vermicomposttoepassing de groei en opbrengst van
hete pepers te verhogen en de chemische eigenschappen van de grond in het veldexperiment te verbeteren.



In het algemeen kunnen we concluderen dat vermicompostering/vermicompost een veelbelovend alternatief
is voor chemische meststoffen en landbouwchemicalién voor kleinschalige boeren omdat het nuttige
voedingsstoffen en micro-organismen bevat die de groei en gezondheid van de bodem en planten kunnen
verbeteren. Dit heeft een positief effect op de bestaanszekerheid.

Hoofdstuk 6 presenteert de algemene discussie en de samenvatting en conclusies van de bevindingen en geeft
de richting aan voor toekomstig onderzoek naar het duurzame gebruik van landbouwafval voor
vermicompostproductie bij kleine boeren en stelt indicatoren voor voor de volgende stap die vanaf hier

genomen moet worden.
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1.1. Ethiopian soil fertility depletion and restoration mechanisms

In addition to poor soil fertility (Bationo et al., 2006), African soils exhibit a variety of constraints that
contributed to land degradation and declining soil fertility (Place et al., 2003). As a result, agricultural
production in Sub-Saharan Africa is stagnant or only moderately increasing (Karltun et al., 2013). Among the
reasons for the low productivity are unsustainable land-management practices such as nutrient mining from
repeated cultivation resulted in low clay and organic carbon content and low external input of nutrients
(Karltun et al., 2013). Soil fertility, along with other production factors, is a key soil property that determines
agricultural productivity and food security, particularly in developing countries like Ethiopia (Haileslassie et al.,
2005, Kibret et al., 2023). The fertility status of Ethiopian soils shows considerable variation across agro-
ecologies, primarily due to climatic factors such as temperature and rainfall, as well as factors such as parent
material, topography, and management practices such as fertilizer use and soil-water conservation. However,
it is widely recognized that the overall fertility status of the country's soils is remarkably low. This is primarily
due to severe soil erosion, severe nutrient depletion, and limited use of external inputs, which together
contribute to the limited productivity of soils (Kibret et al., 2023). Ethiopian soils are highly depleted and
become acidic associated with the loss of organic matter which is one of the key soil level bottlenecks across a
wide coverage of the nation (Haileslassie et al., 2005; ATA, 2013; Getachew et al., 2017). Moreover, organic
matter depletion is of at its worst until recently in smallholder farmers and even productive lands are becoming
marginalized because of the improper land management system. This severe depletion of organic matter due
to the widespread use of crop biomass and manure by farmers as fuel and overall nutrient mining is estimated
to reduce Ethiopia’s agricultural GDP by 7% (Zeleke et al., 2010). Hence immediate actions are needed before
it is too late to restore the depleted organic matter in Ethiopian soils. Therefore, soil fertility management is of
paramount importance in Ethiopia. This can best be achieved through the implementation of closed-loop
nutrient management systems. In addition, the sustainability of crop production depends on sound soil fertility
management, which is supported by a wide range of technological approaches (Erkossa et al., 2022). Integrated
soil fertility management (ISFM) is a comprehensive strategy that combines a number of techniques (listed
below) with the overarching goal of improving the vitality of the entire soil ecosystem, leading to higher
agricultural yields (Vanlauwe et al., 2010; FAO, 2015). Among the restoration mechanisms:

= Integrated nutrient management: coordinated use of organic and inorganic nutrient sources to
optimize soil fertility and maintain crop yields (Agegnehu et al., 2016). Several studies conducted in
different agro-ecologies of Ethiopia and on different crops revealed that a combined application of
organic and inorganic fertilizers has significantly increased crop yield and economic profitability and
improved soil quality as compared with the sole application of either source (Erkossa et al., 2022).
Such findings emphasize the value of adopting a balanced fertilization strategy that capitalizes on the
strengths of both organic and inorganic fertilizers. This integrated approach takes advantage of the
complementary properties of these fertilizer sources by combining the organic matter content and
nutrient of organic fertilizers with the targeted nutrient supplementation provided by inorganic
fertilizers.

= Crop residue management/mulching: Retention of crop residues on fields to improve soil organic
matter content and nutrient availability.

=  Green manuring and cropping sequences: Incorporation of green manures and various cropping
sequences to enrich soil fertility and mitigate nutrient imbalances.

= Management of farmyard manure and other residues for soil amendments/composting and/or
vermicomposting: Efficient management of farmyard manure and other agricultural residues to
recycle nutrients and enhance soil structure through composting.

In Ethiopia where soils are already degraded (i.e., limited organic matter and organic nutrient pools) and
inherent soil fertility problem, the use of inorganic fertilizers alone has had limited success in improving soil
fertility. Long-term solutions through replenishment of organic matter are likely to be an essential component



of achieving sustainable soil fertility in these soils. Soil organic matter restoration using organic amendments
is one of the best practices in the sustainable cropping system (Snapp and Grandy, 2011; Lim et al., 2014).
Recent efforts have been concentrated more towards organic inputs that could help driving changes in soil
organic carbon and for improving nutrient supply, while sustained soil management and on-farm production.
Because of the high farm-level fertilizer prices, cash-constrained smallholder farmers in different parts of the
country also resorted to animal manure and other organic sources (Erkossa et al., 2022). There is a need to
increase the level of soil organic matter as one of the first management options through the efficient
decomposition of organic agricultural wastes as a potential resource to help maintain and improved soil health.
The efficient utilization of agricultural wastes using feasible composting methods should, therefore, be
considered as alternative sources to efficiently transform wastes and thereby use for soil amendment.
Recently, the increasing demand for sustainable agriculture is driving the use of organic fertilizers such as
vermicompost all over the world (Dominguez et al., 2010; Lazcano and Dominguez, 2011). Vermicomposting
has been arising as an innovative and low-cost eco-friendly biotechnology that utilizes in the conversion of
various organic wastes into valuable nutrient-rich vermicompost (Dominguez, 2004). Crop residues and animal
manure at the farm level can be easily converted into a nutrient-rich organic material (vermicompost) using
vermicomposting earthworms. Most importantly, vermicompost can be viable protection against major disease
and pest outbreaks due to having a diverse group of beneficial microorganisms, in addition to restoring soil
fertility (Parthasarathi et al., 2007; Lv et al., 2015). However, in Ethiopia, still, research has tended to focus on
boosting agricultural production and crop yield still gears on the physical and chemical properties of the soil
rather than biological characteristics, the ignored one. The existing information regarding the role of
vermicompost in enhancing soil's biochemical properties and promoting improved soil health is currently
lacking in detail. The significance of vermicompost's contribution to both soil and plant health remains
significantly underexplored and not well-documented.

1.2. Description of the study area

1.2.1. Location

Benishangul-Gumuz regional state is located in the western end of the country bounded by the Sudan in the
west, the Amhara Regional State in the north and northeast, Oromia Regional State in the east and southeast
and Gambela Regional State in the south. It is located between geographical coordinates of 9° 30'N to 11° 39'N
latitude and 34° 20'E to 36°30'E longitude (map of the area depicted in Chapter 2). The region has divided into
3 administrative zones, 2 special districts, 18 districts and 633 kebeles, constituting the regional land area of
about 50,000 square kilo meter. Among the districts within the Assosa Zone, our research (particularly survey
data collection) focus on three districts such as Assosa, Bambasi and Homosha.

1.2.2. Topography and land feature

The topography of the region under consideration exhibits a considerable range in terms of altitude, with
elevations spanning from 600 meters above sea level (masl) to the impressive peak of 2731 masl. The highest
point in this region is Belaya mountain, standing at 2731 masl, while the lowest elevation of 600 masl is situated
in the far western lowlands, adjacent to the Ethio-Sudan boundary. These elevation differences show a distinct
geographic trend that becomes apparent as one moves from east to west in the region.

1.2.3. Climate (rainfall and temperature)

Rainfall is uni-modal and occurs for 6 or 7 months of the year, usually between April and October. The mean
annual rainfall is about 1275 mm, most being received between May and September with the highest in July or
August. Rainfall occurrence is generally adequate both in amount and distribution in most parts of the region,
except in Kurmuk and surrounding districts (lowland areas). The region in general exhibits both mild and hot



temperatures. Lower temperature prevails on higher altitude areas (the eastern parts), whereas low altitude
areas, especially in the western part of the region tend to be hot. Minimum and maximum temperatures of
Assosa vary between 14 °C and 20 °C and 25 °C to 39 °C, respectively. The hottest season of the year is from
January to May, the peak months being March and April. The lowest night temperature has recorded in
December or January.

1.2.4. Major Soil Types

According to the "Land Use System and Soil Condition of Ethiopia" report published by the Ministry of
Agriculture (now referred to as the Ministry of Natural Resources), the Benishangul-Gumuz region is
characterized by several prominent soil types. These soil classifications include:

=  Dystric Nitisols
= Orthic Acrisols
= Chromic and Orthic Luvisols
= Calcaric and Eutric Fluvisols

Among these soil categories, the most important are the dystric nitisols, which are particularly abundant in the
Assosa zone. This geographical area includes three different districts: Assosa, Bambasi and Homosha. In
particular, dystric nitisols are found in this zone, and their characteristics are discussed in more detail below.

Dystric Nitisol: The most recent survey puts the extent of Nitisols to cover about one million hectares that
account for 31% of the agricultural lands in the Ethiopian highlands (Elias, 2016). The soils are particularly
extensive in the south-western and north-central highlands representing 64 and 25% of the agricultural
landmass, respectively (Fig. 1.1). This soil type is found in all districts of Assosa zone and in one district (Dibate)
of Metekel zone. This soil type occurs in high rainfall areas on flat to slopping terrains. It is dark reddish brown
to dark red in colour with deeply developed clay alleviation horizon of high structural stability. Nitisols are deep,
strongly weathered, well-drained tropical soils with a clayey subsurface horizon (FAO, 2001; Elias, 2017). The
texture of these soils is clay-to-clay loam, porous with high water holding capacity and have moderate organic
matter content and relatively easily weathering minerals.

33 36 39 42 45 48

16
=
16

14

Legend
- Nitisols

Swaps

12

1 Lakes
D Regional_Boundary

T
10

T T T T T T

33 36 39 42 45 48

Fig. 1.1. Nitisols mép of Ethiopia (Source: Elias, 2017).



The most unfavourable chemical property of the Nitisol is that some 80% of the profiles are strongly to very
strongly acidic (i.e., pH 4.5-5.5) resulting in increased phosphate fixation. This coupled with low levels of an
unbalanced fertilizer application results in generally low levels available phosphorus, sulphur, and
exchangeable potassium in certain cases. Therefore, liming and organic matter management to amend soil
acidity and well balanced fertilizer blend application that includes NPKS and Zn is crucially important for any
form of sustainable crop production on these soils (Elias, 2016).

As, these soils are commonly poor in available phosphorus and nitrogen contents as well as very low to low
content of soil organic matter (Regassa et al., 2023), by strategically integrating the above mentioned various
practices, Ethiopia can usher in a new era of improved soil fertility management that ensures sustainable crop
production and food security for the population. Among the many soil fertility restoration mechanisms
mentioned above, vermicomposting has recently emerged in Ethiopia as an advanced approach for valorization
of various wastes into a high-value soil improver, underscoring its importance in the country's quest for greater
agricultural sustainability. Vermicompost, transformed through the intricate processes of vermicomposting
(Dominguez et al., 2010), provides a number of benefits that contribute to improved soil health and crop
productivity (Sharma and Garg, 2019). The rich nutrient composition, improved soil structure, increased water
holding capacity and proliferation of beneficial microorganisms in vermicompost are characteristics that make
it a desirable resource for sustainable agriculture (Lim et al., 2014). On the other hand, the use of chemical
fertilizers over a long period of time can result in poor soil health, increased incidence of pests and diseases
and environmental pollution (Fazelian and Yousefzadi, 2022). Fortunately, vermicomposting is a simple method
that does not require sophisticated machinery, high capital investment and frequent monitoring (Lim et al.,
2016), making it accessible to resource-poor smallholder farmers. The importance of implementing sustainable
farming practices cannot be overstated, especially when it comes to conserving and efficiently utilizing natural
resources such as agricultural residues through effective recycling technologies like vermicomposting. Practical
application of vermicomposting needs more attention, as it can have a significant impact on sustainable
agriculture, which is essential for livelihood and food security. Vermicompost has long been recognized as a
beneficial practice in sustainable agriculture, contributing to plant growth, yield and the maintenance of soil
fertility. This focus on vermicompost's potential underscores its role not only in solving soil fertility problems,
but also in promoting the holistic well-being of agroecosystems and soil health management (Sharma and Grag,
2019).

1.3. Vermicomposting process and vermicompost

Vermicomposting is the biodegradation and stabilization of organic matter through the interaction of
earthworms, which feed on organic waste, and microbes (Benitez et al., 1999; Dominguez, 2004) (Fig. 1.2).
While microorganisms primarily drive the decomposition of organic matter, earthworms have a direct influence
on this process. They stimulate microbial populations through gut-associated processes such as ingestion and
fragmentation of organic matter (Aira et al., 2009; Gémez-Brandoén et al.,, 2011a) or indirectly influence
microbial populations by dispersing them on their casts (Aira and Dominguez, 2009; Gdmez-Brandén et al.,
2011b; Gomez-Branddn et al., 2021). These interactions highlight the close relationship between earthworms
and other biological components of the vermicomposting system, which ultimately affect microflora and
microfauna community structure (Dominguez et al., 2010). The gut microflora of the earthworm plays an
important role in the bioconversion process that leads to the stabilization of organic matter and changes in the
physical and biochemical properties of the resulting humus product, vermicompost (Yadav et al., 2013; Singh
et al., 2016). Vermicompost, castings of earthworms, is a nutrient-rich biofertilizer characterized by a low C:N
ratio, high porosity, and water-holding capacity (Lim et al., 2016) and serves as a soil amendment (Huang and
Xia, 2018). Overall, vermicomposting results into two useful products: earthworm biomass and the final
product vermicompost (Ndegwa and Thompson, 2000; Garg et al., 2005). At the end of this process, a nutrient



rich and microbial active humified vermicompost, along with a substantial biomass of earthworms (juveniles
and adults) can be harvested (Fig. 1.2).

Earthworm mucus (+)- stimulate Earthworms- break down and Eartworm casting activies (+)
micriobes and significantly accelerate fragment organic substrate (+) microbes disperse through
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Fig. 1.2. Overview of the action of earthworms and microbes during vermicomposting process. Earthworms, which feed on
both organic substrates and microbes, indirectly stimulate microbial biomass and activity through aeration and
fragmentation of OM, increasing the surface area available to stimulate microbes and thus influencing the composition and
structure of microbial communities in the process. (Earthworms’ positive (+) and negative (-) effects of on microbial biomass
and activity)

Vermicomposting induced a significant transformation in the composition of the microbial community present
in the waste materials, leading to a diversified and distinct microbial profile compared to the original
composition (Parthasarathi et al., 2007). Several factors, including sample type, feed substrate and earthworm
species, can affect the microbiome in the guts and casts of earthworms (Parthasarathi et al., 2007; Wonnapinij
et al., 2022). According to Parthasarathi et al. (2007), the gut and casts of earthworms such as Eudrilus
eugeniae, Lampito mauritii, Eisenia fetida, and Perionyx excavatus contained significantly elevated levels
amylolytic (Aspergillus sp., Fusarium sp., Mucor sp., Rhizopus sp. and Bacillus sp.), cellulolytic (Aspergillus sp.,
Fusarium sp., Bacillus sp. and Pseudomonas sp.), proteolytic (Aspergillus sp. and Bacillus sp.), phosphate
solubilizing (Micrococci, Pseudomonas sp., Bacillus sp., Aspergillus sp. and Fusarium sp.) and nitrifying
(Cladosporium sp., Alternaria sp., Aspergillus flavus, Klebsiella sp., Pseudomonas sp., Enterobacter sp. and
Bacillus sp.) microbes. Wonnapinij et al. (2022) also found different bacterial communities in the gut and cast
of earthworms. For instance, the genera Arthrobacter, Flavisobacter, and Xylanimicrobium were exclusively
identified in the guts, whereas Paenibacillus, Comamonas, and Cytophaga were solely found in the cast. This
variance in microbial populations within the earthworm gut can be attributed to their distinct nutritional
requirements and digestive capabilities (Parthasarathi et al., 2007). Huang et al. (2013) reported the prevalence
of dominant bacterial communities like Bacteroidetes and Actinomycetes, alongside the fungal group
Sordariomycetes, during vermicomposting of vegetable wastes. Notably, both thermophilic composting and
vermicomposting contribute to the stabilization of initial organic materials, yet they delineate different



trajectories in the structural succession of bacterial communities. For example. the phylum Acidobacteria was
exclusively prominent in vermicomposting, in contrast to composting (Lv et al., 2015). Similarly, Vivas et al.
(2009) found that vermicompost predominantly harboured bacterial communities of Actinobacteria and
Gammaproteobacteria, while conventional compost contained more Alphaproteobacteria and Bacteriodetes,
the bacterial phylogenetic groups often associated with non-cured compost. In conclusion, vermicomposting
prompts significant shifts in the microbial composition within waste materials, giving rise to distinct profiles
influenced by various factors. The type of earthworm, feed substrate, and the specific digestive processes
contribute to these variations, thereby shaping the intricate microbial ecosystems associated with this
composting technique.

Vermicomposting has emerged as an effective waste management strategy in recent years, primarily due to its
cost effectiveness and its ability to process large quantities of organic waste (Gémez-Branddn and Dominguez,
2014). Various types of organic waste, including municipal solid waste (Gheisari et al., 2010), domestic waste
(Suthar and Singh, 2008), industrial waste (Suthar, 2006) and agricultural residues (Getachew et al., 2018), have
been successfully managed through vermicomposting to produce high quality vermicompost enriched with
beneficial microorganisms. However, there is still limited knowledge regarding the influence of different mixed
substrates on the growth of different earthworm species and the quality of the resulting vermicompost. It is
crucial to understand the effects of both the earthworm species and feed substrate during vermicomposting
process. Earthworms play a direct role in organic matter decomposition through their feeding and burrowing
activities or indirectly by stimulating or by modifying the structure and activity of microbial communities
(Gémez-Branddn and Dominguez, 2014). The general procedure for vermicomposting process is shown in Fig.
1.3.

Earthworm activities

(Burrowing, ingestion,
digestion and assimilation)

Gut associated process (GAP) Excretion of worm casts
= Increase surface areathrough fragmentation Cast associated process (CAP)
= Modification of microbes and macrofauna profile 5 Increase humification
= Increasebiochemical activity (enzymes) = Releaseofinorganically bound nutrients
= Reduction in C:N ratio/organic matter degradation through action of organicacids

Vermicompost

Fig. 1.3. Outline for vermicomposting process

Earthworms influence the decomposition of organic matter during vermicomposting through various processes
that occur within their gut and cast. In the gut, earthworms contribute to decomposition by ingesting, digesting
and assimilating organic material and further decomposition occurs in the casts, which are the excretion of
earthworms (Gémez-Brandén and Dominguez, 2014). Thus, the entire vermicomposting process occurs in two



phases: the active phase or direct process (gut-associated process- GAP), where earthworms actively change
the physical, chemical, and biological properties of waste and the maturation phase or indirect process (cast-
associated process- CAP), where microbial activity transforms the wormcast into vermicompost (Sharma and
Garg, 2019). During the active phase, earthworms ingest the organic substrate and about 5 to 10% of the
ingested material is absorbed into their tissues to support their growth and metabolic function. The remaining
material is excreted as vermicast, which is a mixture of the ingested substrate, mucus secretions from the gut
wall and microbes. Following, vermicast is converted into high quality vermicompost by microbial activity
(Lavelle, 1988).

The nutrient composition of the final vermicompost is known to be influenced by the initial characteristics of
the feedstock (Suthar, 2007). However, in general, vermicompost exhibit higher biochemical property
compared to conventional compost derived from the same feedstocks (Arancon et al., 2005a; Lim et al., 2014).
This enhancement can be attributed to the increased microbial diversity within the gut of earthworms, which
promotes the production of humic acid substances and microbial activity. The large surface area available
within the earthworms’ digestive system facilitates microbial growth and reproduction (Dominguez, 2004).
Numerous studies have demonstrated that vermicompost has greater microbial activities (Davi et al., 2009;
Vivas et al., 2009; Parthasarathi et al., 2016) as well as higher nutrient concentrations (Arancon et al., 2005a;
Lim et al., 2014) compared to regular compost. However, the successful management of organic waste
resources using vermicomposting is primarily influenced by the specific earthworm species as well as the type
of feed substrate used. Various researchers have investigated the impact of different feed sources on the
growth and reproduction performance of different earthworms involved in vermicomposting (Suthar and
Singh, 2008; Gupta and Garg, 2008). Besides earthworm species and substrate used, there are other factors
that highly influence vermicomposting process.

1.4. Factors affecting vermicomposting process

Vermicomposting process is affected several factors including substrate material, various process conditions
such as pH, temperature, moisture, and earthworm species used (Garg and Gupta, 2009, Sharma and Garg,
2019). Each of these factors plays a crucial role in determining the quality of the final vermicompost prepared
from different mixtures of organic waste and in facilitating the growth of earthworms.

1.4.1. Temperature, moisture and other factors during vermicomposting

Epigeic earthworms demonstrate a relatively high tolerance for the environmental conditions of organic waste,
allowing for the utilization of simple, low management windrow or bed systems for waste processing
(Dominguez and Edwards, 2011). However, it has been established that these earthworms have specific limits
of tolerance to environmental parameters and optimal vermicomposting occurs within a relatively narrow
range of favourable chemical and environmental conditions (Dominguez and Edwards, 2011). Temperature and
moisture content are among the main factors that significantly influence the performance of vermicomposting
process. According to Yadav et al. (2022), achieving maximum productivity of vermicompost, along with optimal
earthworm growth and biomass, is possible under favourable temperature < 28°C, moisture content (60-80%)
and suitable aerobic condition. Earthworms exhibit complex responses to temperature variations (Edwards
and Arancon, 2006; Dominguez and Edwards, 2011), with temperature playing a crucial role in their growth
and reproduction. Edwards et al. (1998) found that earthworms kept at 15°C did not exhibit clitellum
development (an indicator of growth) throughout the 10 week study period. In contrast, earthworms kept at
20°C and above, up to 30°C, showed sufficient growth to develop clitellum and produce cocoons. Although
specific temperature requirements and tolerances may vary among earthworm species (Edwards et al., 1998;
Edwards and Arancon, 2006), based on observations by multiple researchers, the ideal temperature range
for most worm species falls between 20 and 25°C. Overall, several researchers have suggested optimal
temperature and moisture conditions for efficient vermicomposting process, as summarised in Table 1.1.



Table 1.1. Optimal moisture and temperature conditions during vermicomposting process

Earthworm species Moisture Temperature References
Perionyx excavatus - Between 20-30°C Edwards et al., 1998
Eisenia fetida and - Between 15-25°C Edwards and Arancon,
Eudrilus eugeniae 2006
Eisenia fetida and - Between 20-25°C Loehr et al., 1985
Eudrilus eugeniae
Between 80-85% (manually Between 20-25°C Dominguez, 2018
- by squeezing
- Between 50-90% - Dominguez and
Edwards, 2011
- Between 60—-80% - Sharma and Garg, 2019
- Between 60-80% <28°C Yadav et al., 2022

In addition to temperature and moisture considerations, vermicomposting earthworms showed high sensitivity
to ammonia and are unable to survive for extended periods in organic waste containing high concentration of
ammonia such as fresh poultry litter. Furthermore, earthworms perish in waste that contain excessive amounts
of inorganic salts, which result in high conductivity (Edwards and Arancon, 2006). However, organic waste with
elevated ammonia levels can become suitable for vermicomposting after the ammonia is effectively removed
through pre-composting (conventional composting) or when excessive ammonia and salts were washed out of
the waste (Edwards and Arancon, 2006; Dominguez and Edwards, 2011). Taking this into account, the
combination of composting and vermicomposting has been considered as an effective approach to achieving
stabilized substrates (Lazcano et al., 2008).

1.4.2. Feed substrate quality and stocking density of worms during vermicomposting

The degradation of materials during composting follows known biochemical processes similar to other natural
degradation processes. The substrates used are primarily biogenic in nature and are derived from biological
activities such as photosynthesis or the utilization of biomass by consumers. The spectrum of available
substrates is broadly categorized as plant, animal, or microbial origins. In particular, plant materials usually
make up the majority of these substrates, whereas animal tissues or microbial constituents, though present in
smaller proportions in mixtures, generally are the most nutrient-rich fractions (Insam and de Bertoldi, 2007).
During vermicomposting, the growth, maturation, cocoon production and reproductive potential of
earthworms are not solely influenced by environmental conditions but are also strongly affected by the quality
and availability of feed substrate (Suthar, 2007; Singh et al., 2011). The palatability of organic waste for
earthworms is directly linked to the chemical composition of the waste material, which in turn affects
earthworm growth, reproduction and compost production parameters. Several researchers have investigated
the potential of epigeic earthworm species such as Eisenia fetida (Garg et al., 2005), Eudrilus eugeniae
(Parthasarathi, 2007), Eudrilus eugeniae and Perionyx excavatus (Suthar, 2007) and Eisenia fetida and Eudrilus
eugeniae (Getachew et al., 2018), to stabilize various types of organic waste. It is important to understand the
variations in the suitability of organic materials to optimize vermicomposting systems, as not all organic
substrates are equally conducive to earthworm growth. Some materials favour rapid earthworm growth, while
others may not accelerate growth but instead lead to rapid earthworm biomass formation. Consequently,
researchers have established that the growth and reproductive performance of earthworms are directly
influenced by the quality of the feedstock. The nutritional quality of feed substrate influences not only the size
of earthworm populations but also affects their growth and reproduction rates (Aira et al., 2006).

The C:N ratio is the ratio of carbon-rich organic materials to nitrogen-rich organic materials in the composting
feedstock. It's a fundamental concept in composting (Xie et al., 2022), including vermicomposting (Rostami,
2011; Ravindran and Mnkeni, 2016; Lv et al., 2018), due to its direct relationship with microbial activities and



the decomposition of organic matter. The C:N ratio (nutrient balance of organic residues) and the availability
of nutrients (Pramanik et al., 2007), as well as lignin and polyphenol contents (Brown et al., 2000; Singh et al.,
2011), are important feedstock components that have a substantial impact on earthworm growth and the
quality of compost during vermicomposting. In a recent study, Dominguez (2018) suggested that epigeic
earthworms require a substrate with a relatively high moisture content. C:N ratio significantly influences
earthworm growth through its impact on moisture and temperature conditions of the substrate during
vermicomposting process. Materials with a low C:N ratio (high nitrogen) also tend to decompose faster. When
materials with high nitrogen content decompose, heat is generated as a byproduct. This can lead to elevated
temperatures within the vermicomposting substrate. While some level of heat is beneficial to earthworm
activity, excessively high temperatures can be detrimental. On the other hand, organic materials with a high
C:N ratio (low nitrogen) decompose more slowly and generate less heat. As a result, the substrate for
vermicomposting with a higher C:N ratio is likely to maintain a relatively cooler environment. Earthworms
thrive in a temperature range that is not too hot for them to work comfortably. Therefore, proper balance of
the C:N ratio is critical to creating an environment that promotes efficient vermicomposting and results in high
quality vermicompost. Ndegwa and Thompson (2000) observed a decrease in worm biomass with an increased
C:N ratio during the vermicomposting of biosolids with varying C:N ratios. In contrast, Aira et al. (2006) reported
that a low C:N ratio resulted in mature earthworms with a higher mean weight compared to a high C:N ratio,
which predominantly consisted of juvenile and hatchling earthworms. This suggests that earthworms in low
C:N ratio treatment allocated more energy towards growth than reproduction.

Furthermore, among the most important natural components that have a significant influence on the
decomposition of the substrate is the lignin content (Insam and de Bertoldi, 2007). The presence of lignin in a
substrate could have the potential to significantly influence the course of the vermicomposting process and its
overall effectiveness. Lignin, known for its resistance to degradation by most microorganisms, serves primarily
as a guardian of carbohydrates in the cell walls of wood. The degradation of lignin is a task performed by a
specialized group of fungi, white rot fungi, while various microorganisms effectively degrade and utilize wood-
derived carbohydrates (Zabel and Morrell, 2020). The lignin content of substrates could significantly impacts
the vermicomposting process by influencing decomposition rates, C:N ratio, nutrient availability, earthworm
activity and overall vermicompost quality. Successful vermicomposting involves managing the presence of
lignin-rich materials to ensure an optimal balance of decomposition and nutrient cycling.

In addition to the quality of the feedstock, the stocking density and feeding rate also play a significant role in
influencing earthworm growth and reproduction (Ndegwa and Thompson, 2000). Frederickson and Howell
(2003) highlighted the importance of both feeding density and the development and maintenance of
earthworm population density during vermiculture. Dominguez et al. (2001) demonstrated that the growth of
individual Eudrilus eugeniae earthworms increased at lower population densities, but the overall biomass
production of earthworms was highest at the highest population density. Similar findings were noted by
Edwards et al. (1998) and Dominguez et al. (2001), where a positive correlation between the mean maximum
earthworm weight and population density, while the mean maximum earthworm growth rate showed a
negative correlation with population density. Consequently, Ndegwa and Thompson (2000) investigated the
optimal stocking density and feeding rate for vermicomposting and recommended a stocking density of 1.60
kg worms m2 and a feeding rate of 1.25 kg feed kg worm™ day™. Furthermore, Dominguez and Edwards (1997)
found that a stocking density of 8 worms per 43.6 g of feed was suitable under laboratory conditions.

1.5. Nature of earthworms and their reproduction during vermicomposting
Earthworms possess several key systematic features. Firstly, they show bilateral symmetry and are externally

segmented, mirroring their corresponding internal segmentation (Edwards and Bohlen, 1996). As
invertebrates, they possess an external gland (clitellum), which produces an egg case (cocoon). Additionally,
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they possess a sensory lobe located in front of the mouth (prostomium) with the anus at the posterior end of
the animal body (Dominguez, 2004). Earthworms are also hermaphroditic, possessing both male and female
reproductive organs. They engage in the exchange of genetic material, specifically sperm, with a partner to
reproduce. The sperm is stored within the earthworm and utilized over time to fertilize eggs (Sharma et al.,
2009). Notably, each earthworm has separate testes and ovaries that functions simultaneously. When
earthworms are ready to reproduce, they attracted to each other through secretion of glandular substances.
They align themselves with their ventral parts in contact, and their heads pointing in opposite direction (see
Fig. 1.4). During the mating process, worms position themselves in opposite directions and exchange sperm.
The fertilization of eggs takes place at a later time (Sherman, 2003). Following mating, each individual involved
produces cocoons that contain a varying number of fertilized ova, usually ranging from 1-20. These cocoons
hatch after an incubation period that varies among different species earthworms. Under favourable conditions,
worms typically reach sexual maturity within a few weeks after emerging from their cocoons. A distinguishing
feature sexually mature worms is the presence of a swollen band, called clitellum, located near the middle of
their body. The production of cocoons begins around six weeks of age and continues till the end of six month
period. The incubation period of cocoon is roughly about 3-5 weeks, but in the case of temperate worms it
extends in a ranges between 3-30 weeks and in tropical worms 1-8 weeks (Sharma et al., 2009).

Cocoons

Fig. 1.4. Copulation of earthworms for reproduction (cross-fertilization) (Source: authors)

According to Reynolds (1994), the Oligochaeta class encompasses a diverse range of species, with as many as
7254 identified species. Among these, approximately half (3627 species) are terrestrial earthworms, and an
average of 68 new species are described each year. Ethiopia including south of the Sahara Desert of Africa are
the zoogeographical regions where the earthworm families (i.e., Eudrilidae, Microchaetidae and
Octochaetidae) are believed to have originated. Fragoso et al. (1997) have also reported the presence of
undiscovered species of earthworms in Africa and Southeast Asia, suggesting the need for further surveys in
these regions. In the context of tropical agro-ecosystems, particularly in Sub-Saharan Africa, there is a pressing
need to explore and utilized these earthworm species for organic matter decomposition under both field and
artificial (vermicomposting) condition. Earthworms play a crucial role in the breakdown of organic materials,
and their potential for enhancing soil fertility and nutrient cycling is significant across diverse habitats and
conditions.

Earthworms are typically classified into three classes, epigeic, anecic and endogeic, based on definite ecological
groups and have different effects on trophic functions (Fragoso et al., 1997; Brown et al., 2000; Dominguez,
2004) (Table 1.2). Understanding these ecological classifications helps in comprehending the diverse roles and
impacts of earthworms in ecosystems. Among the above mentioned earthworms, the most widely used
earthworm species for vermicomposting are Eisenia fetida, Eisenia 11ndrei, Perionyx excavates (tropical Asia)
and Eudrilus eugeniae (African night crawlers) in a wide range of substrates (Edwards et al., 1998; Dominguez,
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2004) owing to characteristics such as high reproduction rates, tolerance to a wide range of environmental
conditions, rapid bioconversion rate and ability to feed on a wide range of organic waste (Sharma and Garg,
2019). In addition, E. fetida has a wider temperature tolerance than E. eugeniae and P. excavates which allows
it to be cultured at temperatures ranging from 5 to 40°C (Sim and Wu, 2010). This adaptability makes E. fetida
a preferred choice for vermicomposting practices in various agroecological settings.

Table 1.2. The three broad ecological groups of earthworms (Devliegher, 1996)

Epigeic Endogeic Anecic

a. Habitat Litter layers, compost, Mineral soil Mineral soil
manure

b. Feeding Undecomposed organic (Decomposed) organic matter Surface litter feeding (at
matter in the soil night)

c. Burrowing Low to none (no muscles Horizontal, unstructured Extensive burrows

activity to do so) burrows (permanent)

d. Size Small Small to large Moderate to large

e. Reproduction  Fast Unknown Slow

f. Colour Pigmented (usually No pigmentation (white, grey, Dorsally pigmented (dark
reddish) greenish) coloured)

g. Example Eisenia fetida Allolobophora chlorotica Lumbricus terrestris

1.6. Microbial and nutrient dynamics during vermicomposting

Earthworms influence the biochemical composition of organic matter during vermicomposting due to their
feeding and burrowing activities and their metabolic behavior. The process begins with earthworm consuming
organic substrate through their mouth, which leads to the pharynx or throat (extending up to the 4" segment,
see Fig. 1.5).

Gizzard Clitellum

Crop
Foregut

Anus - for egestion of worm

Pharynx and casts (vermicompost)

Oesophagus

Prostomium (mouth)- for ingestion Intestine

of substrate and microbes (fungi,

e _

Fig. 1.5. Overview on the activity of earthworms on organic substrate decomposition and microbial activity during
vermicomposting process (Reproduced from Kiyasudeen et al., 2016).

The pharynx consists of a salivary gland composed of mucin and proteolytic enzymes, which serve to lubricate
food and aid in the digestion of proteins, respectively (Konig and Varma, 2006). After passing through the
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pharynx, the food progresses into esophagus (extending up to the 7t segment) and then enters the crop. The
crop temporarily stores and moistens the feed substrate. From the crop, the moistened feed then moves to
gizzard, a highly muscular organ responsible for actively grinding the food. The gizzard achieves physical
digestion or mastication through the contraction of its circular muscles. Subsequently, the food enters the
intestine, which spans most of the earthworm’s body (Edwards and Bohlen, 1996). The earthworm’s intestine
is a long and wide tube, extending from the 15" segment to the anus (Fig. 1.5).

1.6.1. Microbial activity during vermicomposting

Earthworm have a foregut that serves as a mechanical blender, altering the physical state of ingested organic
waste and increasing the surface area for the action of digestive enzymes. As the waste material passes through
the earthworm’s gut, it is transformed into egested material (worm cast). These worm casts provide a nutrient
rich substrate that stimulates the growth of detritus microbial communities, including bacteria, fungi,
actinomycetes, nematodes, microarthropods etc., due to enhanced availability of various forms of nutrients
(Brown and Doube, 2004). The newly formed earthworm casts attract numerous microbes from the external
environment, as well as those egested along with the casts. These microorganisms collectively play a vital role
in facilitating the transformation of organic waste into a safe and valuable organic amendment (vermicompost).
Within the earthworm’s intestine, a diverse range of microorganisms exists, and the passage through the
intestines aids in the removal of active stages of protozoans, less resistant fungal spores and hyphae, and
bacteria (Monroy et al., 2009). The foregut of earthworms contains bacteria that assist in the digestion of food
particles, while actinomycetes in the mid-gut exhibit antagonistic activity, helping to eliminate pathogens.
Fungi in the hindgut contribute to the binding of waste particles, forming castings (Kiyasudeen et al., 2016) (Fig.
1.5). Thus, earthworm activities include physical actions, such as feeding and digestion (crushing and mixing);
chemical actions through mucus and casting secretion for degradation; and biological actions as stimulators of
microbes, introducing biological disturbance (Kiyasudeen et al., 2016). Overall, the mutual action of
earthworms and microflora in their gut during the vermicomposting process leads to the production of
enzymes, which plays a central role in digestion, humification and change in physical and biochemical
characteristics of organic matter (Aira and Dominguez, 2011; Pathma and Sakthivel, 2012; Huang et al., 2018).

Numerous studies have demonstrated that earthworms have a direct impact on the microbial community and
the decomposition of organic matter through gut-associated processes (Dominguez, 2004; Gémez-Brandon
and Dominguez, 2014). However, there are some controversies regarding the effects of earthworms on
microbial biomass and activity, which may be attributed to differences in earthworm species employed or
variation in environmental conditions during vermicomposting. Parthasarathi et al. (2007) observed variations
in microbial populations within the guts of different earthworm species, suggesting that the nutritional
requirements and digestion abilities of worms influence the composition of the microbial community. Lv et al.
(2015) reported an increase in microbial activity in the final vermicompost, potentially be due to the availability
of abundant substrates for microbial metabolism. It appears that earthworm metabolism positively affects
microbial viability by promoting microbial growth and preventing senescence. Conversely, some authors have
reported a significant reduction in microbial population such as bacteria or fungi at the end of vermicomposting
(after earthworms left the process) (Aira et al., 2007a; Aira et al., 2007b; Castillo et al., 2013; Gdmez-Branddn
et al.,, 2013). These discrepancies in findings could be probably due to differences in the availability and
structure of bacterial and fungal communities, which can vary depending on the organic substrate type and
species of earthworm during vermicomposting.

Furthermore, various microorganisms (bacterial and fungal communities) use as a dietary, secondary food
source for earthworms. As organic matter pass through worm’s gut, there is a decrease in the total microbial
biomass and an increase in the proportion of active components in the egested cast (Zhang et al., 2000; Gémez-
Brandon et al.,, 2011). Several researchers have found that the earthworm gut resulted with a reduction in
microbial biomass while favouring the presence of metabolically active microbial population (Zhang et al., 2000;
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Gbémez-Branddn et al., 2011; Villar et al., 2017). On the other hand, many studies have investigated a significant
increase in abundance of microbial community and enzymatic activities during vermicomposting (Parthasarathi
et al., 2007; Srivastava et al., 2011; Dempsey et al., 2013; Ravindran et al., 2015; Singh et al., 2016). These
findings indicate a higher potential for mineralization and improved nutritional quality of the resulting
vermicompost. Overall, the interplay between earthworms and microbial communities during
vermicomposting is complex, and the outcomes could vary depending on factors such as earthworm species
and substrate type.

1.6.2. Nutrient enhancement during vermicomposting

During vermicomposting process, earthworms have a direct influence on microbial activity through grazing
(Aira et al., 2009; Monroy et al., 2009). Additionally, the microbial communities associated with freshly
deposited worm casts contribute to the further mineralization of nutrients, thereby increasing the overall
surface area available for decomposition (Dominguez et al., 2010). These activities result in an accelerated
turnover rate of organic matter and an increased productivity of microbial communities (Gdmez-Branddn and
Dominguez, 2014). Earthworms possess “nitrogen-fixing” and “decomposer microbes” in their gut, which are
excreted along with nutrients in their excreta (Singleton et al. 2003). This leads to a significant augmentation
of nitrogen and phosphorus levels during vermicomposting, facilitated by the excellent N-fixing and P-
solubilizing bacteria originating from earthworms’ gut (Hussain et al.,, 2016). The activity of these
microorganisms is enhanced as they consume nitrogenous compounds in the mucus present in the worm guts,
ultimately increasing their metabolic activity, which is later released via casting (Zhang et al., 2000). Huang and
Xia (2018) have further highlighted the role of earthworms in the bioconversion of organic waste into high-
value products through their gut digestion, burrowing, casting and mucus excretion. Earthworms actively
participated in the N cycle through worm cast egestion, mucus production and dead tissue decomposition. As
a result, nutrient cycling during vermicomposting could be increased through biological activity of earthworms,
such as release of metabolic products (casts, urine and mucus) as well as the stimulation of microbes that aid
in the stabilization of organic matter. Moreover, after organic residues pass through earthworm’s gut and
intestine, the resulting casts are enriched in humus, available P and other nutrients (Le Bayon and Binet, 2006).
This is due to the conversion of insoluble P into soluble forms with the help of P solubilizing microbes present
in earthworm gut, making it more readily available (Suthar and Singh, 2008; Padmavathiamma et al., 2008). To
sum up, the involvement of earthworms in vermicomposting significantly enhances nutrient levels through
their direct and indirect interactions with microbial communities. This process is facilitated by the release of
metabolic products, the stimulation of microbial activity and the conversion of insoluble nutrients into available
form.

1.7. Vermicompost a suitable amendment for plant growth and disease suppression

The utilization of earthworms in the conversion of biodegradable organic waste into nutrient rich compost
during vermicomposting plays a vital role in the improvement and maintenance of the physico-chemical
properties of the soil (Singh et al., 2016). Marinari et al. (2017) observed that the use of organic fertilizers led
to an improvement in soil physical and biological properties as well as maintenance of soil structure through
formation of macroaggregates. Organic treatments were found to stimulate soil biological activity, likely due
to the promotion of microbial growth by the added organic compounds. Consequently, incorporating
vermicompost amendments can have a significant impact on soil microbial activity and improve soil quality by
influencing its biological and biochemical properties, particularly in the sustainable rehabilitation of organic
matter depleted tropical soils under smallholder farms (Jouquet et al., 2010). According to Snapp and Grandy
(2011), any efforts aimed at improving soil health and function must begin with restoration of soil organic
matter, such as through the use of vermicompost, which is the primary factor influencing the physical, chemical
and biological characteristics of soil. The addition of vermicompost to soil provides various advantages to soil
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health, including improvements in soil fertility status and soil-plant interactions (Srivastava et al., 2011).
Similarly, Bhadauria et al. (2014) observed increase in soil conditions resulting from vermicompost application,
which can be attributed to its high nutrient content and the diversity of soil fauna it supports, especially in soils
that have been degraded due to poor land management practices. Vermicompost also considerably contributes
to the improvement of soil fertility and physical characteristics as well as increased nutrients uptake compared
to mineral fertilizer (Chaoui et al. 2003). Several studies have described the positive influence of vermicompost
application, whether applied alone (Atiyeh et al., 2001; Chaoui et al., 2003; Jouquet et al., 2010; Parthasarathi
et al., 2008) or in combination with inorganic fertilizers (Lazcano et al., 2012), on soil fertility and as a source of
large quantities of available nutrients. Therefore, vermicompost represents a promising nutrient source for
improving soil fertility and can significantly enhance nutrient use efficiency for crop growth when applied alone
or integrated with inorganic fertilizer.

1.7.1. Vermicompost amendment for healthy plant growth

The addition of vermicompost to soil has a profound impact on its physical, chemical and biological
characteristics, resulting in diverse advantages to soil function (Chaudhary et al., 2004; Srivastava et al., 2011;
Akhter et al., 2012). Earthworm casts, a by-product of vermicomposting, stimulates microbial growth, which is
an important component in maintenance of soil biochemical properties (Singh et al., 2016). Vermicompost
serves not only as a source of plant nutrients and organic matter but also promotes the proliferation of
microbial populations, enhancing their size, biodiversity and activity in the soil (Gomez-Brandén and
Dominguez, 2014). This positive influence on the microbial community contributes to improved soil structure,
nutrient turnover and overall soil properties (Lim et al., 2014). Vermicompost enhances the number and
biodiversity of active microbes during vermicomposting process (Pathma and Sakthivel, 2012; Huang et al.,
2014), and provides essential nutrients at the required rate for plant growth (Chaoui et al., 2003; Lazcano and
Dominguez, 2011). Furthermore, vermicompost comprises higher levels of soil enzymatic activity and greater
microbial populations compared to conventional (thermophilic) compost (Devi et al., 2009; Vivas et al., 2009;
Parthasarathi et al., 2016). These attractive physico-chemical and biological properties make vermicompost an
excellent material for greenhouse container plant growth media (Atiyeh et al., 2001; Warman and AnglLopez,
2010), organic fertilizer and biocontrol agent used as a soil amendment (Joshi et al., 2013; Joshi et al., 2014) in
various crop cultivation. Therefore, vermicompost application could function to restore the diversity and
biomass of soil microbial population which can greatly influence plant nutrient availability and healthy plant
growth. It is well established that vermicompost exerts a beneficial effect on plant growth and helps control
soil-borne pathogens is associated through altering the physicochemical and microbiological characteristics of
a soil (Sarma et al., 2010). Several studies have also investigated the significant effect of vermicompost
application on growth, yield and nutrient quality of various crop families such as pulses (Parthasarathi et al.,
2008; Manivannan et al., 2009), vegetable and fruits (Arancon et al., 2005a; Arancon et al., 2006;
Padmavathiamma et al., 2008; Chatterjee et al., 2014) and cereal crops (Lazcano et al., 2012; Joshi et al., 2013).
Vermicompost is an ideal organic input for promoting growth and yield of many plants (Joshi et al., 2014) due
to its enrichment of the soil with balanced plant nutrients, vitamins, enzymes and plant growth hormones
(Arancon et al., 2003). It creates a suitable rooting and safe medium for robust plant growth. Therefore,
implementing integrated soil management strategies that involve recycling agricultural residues for
vermicompost production is essential for restoring of organic matter in depleted soils of smallholder farms,
thereby improving soil quality and promoting plant growth.

1.7.2. Vermicompost amendment on suppression of plant-parasitic nematodes
Recent studies have highlighted the significant economic losses and threats posed by plant-parasitic nematodes

such as M. incognita and M. javanica, to agricultural crops worldwide (Godinho-Mendes et al.,, 2021),
particularly in smallholder farms in SSA (Seid et al., 2017). Agrochemicals like nematicides have been used to
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combat nematode disease. However, the use of chemical nematicides raises environmental concerns and
presents challenges due to their high costs and limited availability in developing countries (Dong and Zhang,
2006). As a result, there is a growing interest in finding environmentally friendly and non-agrochemical
practices to control plant-parasitic nematodes. Among these approaches, organic amendments like
vermicompost have been shown promise as biocontrol agents for suppressing nematode population by
improving the abundance of beneficial microorganisms, including free-living nematodes (Arancon et al., 2003;
Nahar et al., 2006). Rostami et al. (2014) demonstrated the potential of vermicompost in reducing nematode
population and eggs. Numerous studies provide evidence of the positive effect of vermicompost in suppressing
plant diseases (Arancon et al., 2007; Edwards et al., 2006; Yasir et al., 2009; Arancon et al., 2012). In addition
to using solid vermicompost as an amendment to inhibit plant parasitic nematode (Edwards et al., 2007; Nath
et al., 2011), vermicompost tea (extract) has been utilized alone (Mishra et al., 2017; Rao et al., 2017) or in
combination with solid vermicompost (Rostami et al., 2014; Yatoo et al., 2021). These studies highlight the
diverse applications of vermicompost in nematode control.
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Fig. 1.6. Outline on mechanisms of disease suppression by vermicompost (follows competition, antibiosis and hyper-
parasitism and also induction of system resistance). Vermicompost application increases microbial diversity which could be
antagonistic microbes and enhance competition for space and nutrients, generate and release toxic compounds
(nematicidal) either by killing pathogens directly or induce plant’s resistance system against pathogens in plant roots or
shoots (Developed from Gomez-Branddn and Dominguez, 2014).

The mode of action of the microbiome stimulated by vermicompost in controlling nematodes and soil-borne
diseases is a complex and multifaceted process and are not fully understood or remain speculative (Arancon et
al., 2003). Determining the exact suppression mechanisms, especially in composts and vermicomposts, can be
challenging due to the intricate structure of the microbial community (Gomez-Brandon et al., 2015). In general,
the biological mechanisms through which the microbiome interacts with these soil-borne diseases include: (a)
Parasitism: Beneficial microbes or microbial communities can engage in parasitism against pathogens,
essentially acting as predators that consume or disrupt the pathogen's lifecycle. (b) Production of metabolites,
toxins, and antibiotics: Certain microorganisms in vermicompost produce compounds that are toxic to
nematodes and pathogens. They may also secrete antibiotics or metabolites that inhibit the growth and activity
of these soil-borne pests. (c) Competition for nutrients/resources: Microbes in vermicompost compete with
nematodes and pathogens for essential nutrients and resources in the soil, limiting the growth and proliferation
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of these pests. (d) Activation of disease-resistant genes: Beneficial microbes may activate disease-resistant
genes in host plants, making them more resilient to nematodes and pathogens (Jayaraman et al., 2021), as
generally depicted in Figure 1.6.

The microbially mediated suppression mechanisms can be categorized into two: “general suppression” and
“specific suppression”. In general suppression, a wide range of microbes act as biocontrol agents, while in
specific suppression, only a narrow range of microbes facilitates pathogen suppression (Simsek-Ersahin, 2011;
Pathma and Sakthivel, 2012). Among these mechanisms, general suppression (defined by competition,
antibiosis, and hyper-parasitism) is more commonly observed following vermicompost amendment, as
vermicomposting greatly enhances the biodiversity of microorganisms such as competitors, inhibitors and
predators of disease (Edwards et al., 2004; Arancon et al., 2006; Gomez-Brandén and Dominguez, 2014).
Additionally, vermicompost may induce systemic plant resistance (Simsek-Ersahin, 2011). The disease
inhibition potential of vermicompost is mainly attributed to its diverse microflora, especially the increased
variety and number of antagonists enriched in vermicompost (Simsek-Ersahin, 2011). The microbiological
antagonism resulting from vermicompost has the potential to reduce PPN populations through competitive
interactions. Vermicompost can improve the microbial biomass and activity in the soil, leading to increased
competition for nutrients and energy, thus reducing the nutrient availability to pathogen (Simsek-Ersahin,
2011). Arancon et al. (2003) demonstrated that vermicompost-treated plots had lower nematode densities,
which could be due to predator-prey interactions among microbes. Vermicompost have also been shown to
suppress PPN through the secretion of antibiotics (antibiosis) or production of nematode trapping microbes or
toxic substances such as hydrogen sulphide, ammonia, and nitrites (Dong and Zhang, 2006; da Silva et al., 2018;
Yatoo et al., 2021). In addition, vermicompost has shown potential in suppressing nematodes through
hyperparasitism, by enriching the soil with beneficial microorganisms that antagonize nematodes and by
introducing nematode-trapping fungi (direct parasitism). By promoting microbial activity and stimulating the
growth of bacteria and fungi that exhibit antagonistic properties towards nematodes, vermicompost can
effectively combat PPN (Meyer et al., 2003).

Vermicompost often harbours a diverse microbial community particularly rich in beneficial microorganisms
such as bacteria, fungi, and actinomycetes (Singh et al., 2020). This diversity can be advantageous because
different microorganisms have unique mechanisms for combating nematodes and diseases. A diverse
microbiome can provide a broader spectrum of protection. Some of these microorganisms exhibit antagonistic
properties, which means they can actively inhibit the growth and activity of plant-pathogenic nematodes and
soil-borne pathogens. For instance: Certain bacteria and fungi present in vermicompost produce compounds
that are toxic to nematodes and pathogens or compete for essential resources, thereby restricting their growth.
Gomez-Brandon et al. (2015) demonstrated the potential of vermicompost in reducing the mycelial growth of
various pathogenic fungi such as Pythium ultimum, Rhizoctonia solani, Fusarium oxysporum f. sp. Yasir et al.
(2009) also identified chitinolytic bacteria and Streptomyces strains in vermicompost with strong antifungal
activity against several plant pathogenic fungi. Mu et al. (2017) isolated Bacillus subtilis M29, an antifungal
bacterial strain, from vermicompost. This bacterium produced volatile compounds that inhibited the growth of
Botrytis cinerea (Grey Mold). Tian et al. (2021) also investigated the effectiveness of vermicompost, biochar,
and their combination in reducing the occurrence of Fusarium root rot. The presence of beneficial
microorganisms in vermicompost can also directly attack and consume pathogens, preventing them from
infecting plant roots. For e.g., Przemieniecki et al. (2021) reported that vermicompost modified the nematode
community by reducing plant parasitic nematodes, and significantly increasing bacterial and fungivorous, as
well as predatory nematodes. In addition to these direct mechanisms, the presence of beneficial
microorganisms in vermicompost can indirectly enhance disease suppression in the soil. These microbes can
consume organic matter and nutrients, competing with nematodes and pathogens for these resources, which
can limit the population growth of these pests. Induce systemic resistance in plants, triggering a plant's immune
response and making it more resistant to nematodes and pathogens (Xiao et al., 2016). Vermicompost can
contribute to this suppressiveness by increasing the concentration of defense substances such as phenolics
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(Edwards et al., 2010) and flavonoids produced by plant roots (Xiao et al., 2016), suggesting the induction of
plant systemic resistance. Moreover, vermicompost can improve soil structure, making it less favourable for
parasitic nematodes. Enhanced soil structure promotes aeration and drainage, creating an environment less
conducive to nematode survival and movement. Additionally, vermicompost can provide essential nutrient
elements not found in inorganic fertilizers, which can enhance a plant's resistance to pests or make the plants
less palatable to these pests (Arancon et al., 2005b) and producing plant growth regulators such as gibberellins,
cytokinins and auxins (Arancon et al., 2003; Gomez-Branddn and Dominguez, 2014; Yatoo et al., 2021). Overall,
by promoting beneficial microorganisms, vermicompost stimulates the growth and development of plants both
directly (production of hormones and enzymes regulating growth) and indirectly (control of pathogens and
pests) (Przemieniecki et al., 2021). It's important to note that the specific mode of action may depend on factors
such as the type and diversity of microorganisms present in vermicompost, the crop species, and the types of
nematodes and pathogens in the soil. The effectiveness of vermicompost in disease and nematode control may
also be influenced by factors such as application rate, timing, and soil conditions. Ongoing research in this area
will continue to uncover the intricate interactions between the vermicompost microbiota and soil pests, leading
to more effective and sustainable agricultural practices. By effectively suppressing pathogens, vermicompost
not only contributes to sustainable agricultural practices but also offers an environmentally friendly and
economically viable solution for pathogen control.

1.8. Research questions, objectives and thesis outline

A large amount of decomposing agricultural waste available on farms could be a potential resource for
improving soil nutrients through vermicomposting. Unlike some other developing countries, there is very
limited information and experience with vermicomposting under local conditions in Ethiopia (Degefe et al.,
2016). Moreover, the beneficial properties of vermicompost combined with its physicochemical and
microbiological properties during vermicomposting of different substrates has not been investigated. Although
vermicomposting has many advantages, such as being a sustainable and affordable approach to managing
organic waste, there are still challenges to its widespread adoption (Sharma and Grag, 2019) especially in
Ethiopia condition. Fortunately, vermicomposting is a simple method that does not require sophisticated
machinery, high capital investment and frequent monitoring (Lim et al., 2016), making it accessible to resource-
poor smallholder farmers. The importance of implementing sustainable farming practices cannot be
overstated, especially when it comes to conserving and efficiently utilizing natural resources such as agricultural
residues through effective recycling technologies like vermicomposting. This thesis serves as a guide for
smallholder farmers looking to implement vermicomposting on their farms, using locally available feed sources.
Practical application of vermicomposting needs more attention, as it can have a significant impact on
sustainable agriculture, which is essential for livelihood and food security. Despite the significant importance
of vermicompost and a few fragmented reports highlighting its positive effects on the growth and yield of
various crops in Ethiopia, comprehensive information regarding the intricate physio-chemical and biological
transformations occurring during the vermicomposting process remains scarce.

Historically, vermicomposting earthworm (E. fetida) was first introduced to Ethiopia for its antibiotic and
insecticidal properties in plant and disease control at Ambo phytopathology research center, Ethiopian institute
of Agricultural Research (EIAR). Interestingly, the Ethiopian Institute of Agricultural Research (EIAR) officially
started research on vermicomposting in 2012 (FAO, 2015). During this initial phase of research, organic
materials from urban communities such as fruit peels, urban waste such as khat, and food scraps were used as
feedstock for vermicomposting (Getachew et al., 2018). Since then, there have been some reports of
demonstration projects to promote vermicomposting among smallholder farmers, particularly in the central
highlands of Ethiopia such as Ambo and Debre-Zeit, as well as in northern Ethiopia. For instance, a recent study
by Teka (2023) noted that farmer trials in Tigray (northern Ethiopia) demonstrated that the application of
vermicompost significantly enhanced soil fertility and effectively doubled crop productivity when compared to
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the use of farmyard manure and chemical fertilizers. In the central highlands, particularly west of Ambo, an
initiative (led by NGOs) known as the "Maruf Vermicomposting Initiative in Ethiopia" has been established
(FAO, 2021). The primary mission of this initiative is to empower participating farmers to improve the health
and fertility of their farms by incorporating vermicompost, primarily in the cultivation of cash crops, such as
potatoes. This approach aims to benefit both the farmers and their families through increased income and the
production of healthier products. Another commendable initiative is led by People in Need (PIN), focusing on
the Southern region of Ethiopia (PIN, 2023). This project provides selected farmers with training and practical
experience in vermicompost production, further promoting its adoption. Moreover, as per reports by Doldt
(2021), vermicompost is gaining recognition for its high content of organic carbon, N, P, K, Cu, Zn and Fe. This
recognition has spurred other research institutions to conduct further studies on its effects on crop yields, with
promising results, although these studies are still awaiting publication. The observed positive effects on crop
yields have led to widespread acceptance and adoption of vermicompost application among farmers.
Demonstrations in fields and regional exchange visits have played a crucial role in scaling up the technology in
various regions of Ethiopia. Additionally, the high demand for earthworms has created income opportunities
for farmers through the sale of surplus worms to peers or NGOs, with an estimated mean annual income of
ETB 4,000 per farmer (n=800). There are also a few reports highlighting the use of vermicomposting on recycling
of khat waste using E. fetida (Catha edulis) (Rameshwar and Argaw, 2016) as well as valorizing coffee husk,
enset, khat and vegetable waste using E. andrei (Degefe et al., 2012) as part of efforts to improve solid waste
management in Ethiopia. These reports underscore the potential of vermicomposting in addressing various
organic waste management challenges in the country, particularly when using exotic earthworm species.
However, there is a notable absence of reports on the use of native earthworms for vermicomposting,
suggesting an area for potential research and exploration.

Undoubtedly, vermicompost production through vermicomposting process has shown strong positive effects
on soil health and plant growth improvement, as indicated by several studies. Nevertheless, there are still gaps
in our understanding that require further investigation, particularly regarding the choice of available feedstocks
and earthworm species, and their overall impact on soil function and plant health. Previous studies have
predominantly focused on a single exotic species of earthworm (Eisenia fetida). There is scanty of information
currently available on isolating and testing the potential of native earthworm species. In his PhD thesis, Nigussie
(2017) also emphasized the need to evaluate native earthworms for their vermicomposting potential,
particularly in Ethiopia. The organic feed substrates tested in fragmented available studies in Ethiopia are
mainly consisted of municipal waste, which are not easily accessible to small-scale farmers. This limitation
highlights the necessity of exploring locally available agricultural organic materials that could be accessible to
smallholders in the region. Additionally, it's noteworthy that the previous few studies have primarily focused
on characterizing the vermicompost without testing its actual effect on plant growth and soil function. To
address these gaps, this thesis project aims to adopt a holistic approach and scientifically assess the potential
of both native and exotic earthworm species in degrading locally available organic materials. Furthermore,
evaluating the impacts of vermicomposts obtained on nutrient availability, soil quality and plant growth and
disease suppressiveness. The study takes a holistic approach that includes several phases to provide a
comprehensive understanding of the subject. It begins with the identification of available organic materials,
followed by the implementation of a vermicomposting experiment with selected organic materials. Then, the
impact of these selected vermicomposts on nutrient availability and soil microbiological properties is
investigated. Finally, the potential of vermicomposts in suppressing a plant-parasitic nematode, particularly M.
incognita, is investigated under invitro, greenhouse and field trials. This multi-faceted approach results in a
coherent and comprehensive presentation that allows for a thorough exploration of the topic. By expanding
the scope of the study beyond simply characterizing compost properties and exploring the broader benefits
related to soil quality and plant health, this study aims to shed light on the practicality and potential benefits
of integrating vermicompost into the agricultural practices of smallholder farmers in Ethiopia.
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The complexity of the experiments followed a methodological sequence that began with the collection of
survey data to the research followed a comprehensive path from detailed characterization of the materials and
the earthworms (native and exotic species), over mesocosm and controlled greenhouse experiments to a
complete field experiment. These developments are summarized in four different experimental chapters. In
these chapters, our approach was tailored to address the specific research questions outlined below:

= Ql: Does the different socio-economic characteristics influence the quantity, allocation, seasonal
availability and quality of organic materials used at farmers level? What about farmers perception
towards vermicomposting?

=  We expect the different socio-economic issues among farmers could have significant impact on the
quantity, utilization, time of availability and biochemical characteristics of agricultural wastes, with
the aim to provide a clear picture of the overall potential for vermicomposting in the region.
Moreover, we expect that farmers perception towards vermicompost production would differ among
household gender.

= Q2: Does the choice of feed substrate type and earthworm species (native and exotic) exert an
influence on the growth, reproduction of earthworms, and the resultant quality of the vermicompost
produced?

= Qur hypothesis postulates that the growth patterns of both native and exotic earthworms, as well as
the quality of the final vermicompost, will display variations linked to the specific composition of
substrates originating from diverse sources such as animal manure and crop residues utilized during
the vermicomposting process.

= Q3: Does the introduction of vermicompost amendments significantly influence nutrient availability
through carbon (C) and nitrogen (N) mineralization, and how might this subsequently impact the
biological properties of the soil?

= We hypothesized that the different types of vermicompost amendments would elicit distinct
enhancements in increase N availability, SOC stability and microbial activity and composition. We
expect that the vermicompost amendments would lead to elevate microbial and enzymatic activities,
alongside facilitating carbon (C) and nitrogen (N) mineralization, but depending on the type of
vermicompost applied. In contrast, unamended controls tend to exhibit limited microbial activity
owing to the absence of amendments. This insight underscores the anticipated contrasts between the
effects of vermicompost-amended soils and unamended controls.

=  Q4: Is there variability in the efficacy of the chosen vermicomposts, their application rates, and
nematode densities concerning the suppression of plant-parasitic nematodes (M. incognita) and the
facilitation of plant growth across various distinct experiments, encompassing invitro exposure trials,
greenhouse and field experiments?

= QOur hypothesis suggests that within the scope of specific experiments, such as invitro exposure trials,
greenhouse and field experiments, the selected vermicomposts, their respective application rates, and
the densities of nematodes could diverge in their ability to suppress M. incognita while simultaneously
promoting plant growth.

1.8.1. Objectives of the study
This study addresses integrated studies that include a comprehensive assessment of the potential of native and
exotic earthworm species for decomposing locally available organic materials during vermicomposting and this

will serve as a basis for sustainable soil improvement and promotion of plant growth and health in Benishangul
Gumuz, western Ethiopia. The specific objectives of this thesis project can be summarized as follows:
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(i)

(ii)

(iii)

(iv)

Assessing locally available agricultural materials that are accessible for small scale farmers and
their current use in the region (Benishangul Gumuz, Ethiopia) and farmers perception towards
vermicomposting (Chapter 2)

Evaluating the potential of native and exotic earthworm species on biotransformation of
agricultural feedstocks by assessing their growth conditions and composting efficiency as well as
characterizing the physical and biochemical properties of vermicomposts produced (Chapter 3)
Assessing the impact of selected vermicomposts on nutrient availability (C and N dynamics) and
biological soil quality under laboratory incubation experiment (Chapter 4)

Evaluating the potential of vermicomposts on plant growth and root-knot nematode (M.
incognita) suppression using tomato (under invitro and greenhouse condition) and using hot
pepper (under field condition) (Chapter 5). This thesis paper consists of six chapters: a general
introduction (Chapter 1), four research chapters (Chapter 2, 3, 4 and 5) and a general discussion
(Chapter 6). By addressing these research gaps, this study aims to contribute to our understanding
of vermicomposting and its potential applications in sustainable agriculture and waste
management.

1.8.2. Thesis organization

The PhD thesis is structured into three main sections, comprising six chapters as depicted in Figure 1.7. Among
these chapters, four are academic papers that have already been published (Chapter 2 and 3), are presently
under review for publication (Chapter 4), and are in the final stages of preparation for submission to the journal
"Agriculture, Ecosystems, and Environment" (Chapter 5). Chapter 1 offers insights into the issue of soil fertility
depletion in Ethiopia, along with strategies employed for soil fertility management to counteract this decline
(including vermicompost). This chapter primarily introduces the overarching concept of vermicomposting,
detailing its processes, mechanisms, and highlighting the importance of vermicompost application in terms of

nutrient release, soil quality improvement and disease suppression.

Introduction- Soil fertility depletion in Ethiopia and Assessment of the quantity, seasonal availability and
restoration mechanism- vermicomposting process and quality of agricultural wastes for vermicompost
vermicompost (Chapter-1) production and farmers perception towards

Review

vermicomposting (Chapter-2)
I

Vermicomposting potential of native and exotic Vermicomposting
earthworm species on degrading mixed agricultural experiment
waste (Chapter-3)

Survey

A4

Suppression potential of vermicompost amendments
against root-knot nematode (Meloidogyne incognita)
(Chapter-5)

Laboratory incubation Invitro, greenhouse and

experiments

field experiments

General discussion and conclusion including future
outlooks (Chapter-6)

Fig. 1.7. Illustration of thesis organization
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In Ethiopia, particularly in the western region, organic inputs such as crop residues and animal manure play
several roles in agricultural practices. However, the effective utilization of these resources to maintain soil
nutrient status and achieve high crop yields is currently limited. Despite the diverse quantity and quality of
residues used for various purposes, there is a lack of comprehensive information regarding the relative returns
to different uses. Therefore, the research outlined in Chapter 2 was aimed to address: (i) identify the socio-
economic characteristics that influence utilization of agricultural residues (ii) assess the quantity, quality and
seasonal availability of agricultural residues (animal manure and crop residues) and analyse their allocation at
the farm level. (iii) evaluate the constraints associated with the utilization of agricultural residues and
investigate farmers’ perception toward vermicompost production. After purposively selected the study districts
(Assosa, Bambasi, and Homosha), household heads were randomly selected for interviews. A total of 172
household-level interviews were conducted. In-depth interviews and focus group discussions were employed
to collect data. Furthermore, secondary data sources from village and district officers, as well as other related
institutions, were reviewed to gather necessary information on agricultural production. To compare the
nutrient and quality composition of animal manure and crop residues available at farm level, samples were
collected and analysed. The study also investigated the current allocation of agricultural residues for different
purposes (i.e., for fuel, mulch, animal feed, sale etc.). Farmers’ perception towards vermicompost production
were assessed using different attitudinal statements.

The relative benefit of selected agricultural residues (animal manure and crop residues) in terms of their
suitability for earthworm growth and reproduction was investigated. Exotic and native earthworm species were
used for vermicomposting experiment to assess their performance. The chemical and microbiological
properties of the final vermicompost at the end of the experiment were also analyzed (Chapter 3). In Chapter
4, the optimization of selected vermicomposts was described. This involved evaluating the potential of different
vermicomposts on C and N mineralization as well as their impact on enzymatic and microbial community
composition. Two independent incubation experiments were conducted with the first experiment focusing on
C mineralization over a period of 104 days, and the second examining N mineralization and microbial properties
for about 94 days. Finally, the potential of selected vermicomposts on suppression of root-knot nematode (M.
incognita) and growth performance and yield of tomato and hot pepper plants was investigated in Chapter 5
under invitro, greenhouse and field conditions. Under invitro, we used selected vermicompost extracts/teas
and directly applied on juveniles (J2) of M. incognita. Then the percentage of dead juveniles were estimated
after 24 and 72h of exposure time. To evaluate the effect of solid vermicompost on suppression of root-knot
nematode (M. incognita), we used three vermicomposts with different rates (0, 5, 10 and 20 t ha™!) and applied
to different nematode densities (null, low and high) in factorial experiment under greenhouse using tomato
plant. Finally, with the same sources of vermicompost and rates (0, 5, 10 and 20 t ha) as greenhouse
experiment and including other two treatments (farmers practice and recommended chemical fertilizer),
totally twelve treatment were used for field experiment using hot pepper plant. Growth and yield performance
of hot pepper, gall score and disease incidence were recorded under field condition to evaluate variation
among vermicompost amendments and other included treatments. Chapter 6 provides a comprehensive
overview of the collective discussions throughout the thesis. This section summarizes key findings related to
each of the research objectives that ultimately contribute to improving sustainable soil quality and overall crop
health in organic matter-depleted soils in western Ethiopia. These key findings are interwoven with
development perspectives for smallholder farming practices in Ethiopia.
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Abstract

The use of agricultural crop residues and animal manure for soil amendment is limited in most part of Ethiopia
because of high competition for the uses. However, due to low SOM content in most agricultural soils, there is
an urgent need for a sustainable management system of agricultural residues to replenish SOM.
Vermicomposting is superior among the most efficient recycling techniques for management of available
agricultural waste. The study aimed to investigate the type of crop residues and animal manure available,
determinants for their current use, quantity of residue left for composting and farmer’s perception of
vermicomposting in three districts of the Benishangul-Gumuz region. Farmers use the largest portion of cereal
residue such as sorghum as fuel and tef residue sold at the market and/or as stall-feeding. Legume residues
were consistently preferred for use as a composting material over cereal residue. The average amount of crop
residues available for composting was estimated in the range between 0.2 to 0.6 ton year™ farmer?, across
districts. While the quantity of cow manure used for compost production significantly differs between districts
and was estimated 1.7, 1.2, and 0.5 ton year farmer at Bambasi, Assosa, and Homosha districts, respectively.
Unlike other parts of Ethiopia, the mixed farmers in the study region well recognized the benefit of animal
manures and did not use them as a source of fuel. Residues were found with varying decomposition
characteristics that sorghum (10.08% and 1.65%) and tef (9.16% and 1.43%) residues had higher lignin and
polyphenol contents, respectively, than maize, soybean, banana, and haricot bean. In terms of their quantity
and quality composition, cow and donkey manures, as well as residues of soybean, banana, and maize, are the
major organic resources potential for utilization in the vermicomposting process in the region. Moreover, the
availability of potential organic residues at the farm level could encourage farmer’s motive to adopt
vermicompost production.
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2.1. Introduction

The decline of fertility in sub-Saharan Africa soils because of soil nutrient mining is a major cause of decreased
crop yields and per capita food production in smallholder farms (Sanchez et al., 1997; Stewart et al., 2020).
During the last 30 years, soil nutrient mining in SSA has aggravated consistently (Smaling et al., 1997) and in
Ethiopia, the average nutrient losses were estimated between 30-60 kg ha™* NPK per year (Henao and Baanante,
2006). Ethiopia has long been one of the Sub-Saharan African countries with the highest soil nutrient losses
from agricultural systems (Van Beek et al., 2016; Nguru et al., 2020). The current population pressure is causing
farmers to grow crop after crop resulting in further soil nutrient depletion (Sanchez, 2002; Henao and
Baanante, 2006). In addition to nutrient depletion, most Ethiopian soils are low in soil organic carbon (SOC),
less than 1.5% (ATA, 2013) aggravated by a very limited return of crop residues and animal manure to the soil
due to strong competition with uses for fuel, construction, and animal feed (Nigussie et al., 2015; Seglah et al.,
2019). Studies have shown that less than 10% of the crop residues and animal manures are returned to the soil
in mixed smallholder farmers in Ethiopia (Nigussie et al., 2015; Duncan et al., 2016) suggesting the need to
significantly increase the recycling of organic residues and closing the nutrient cycling loop.

Composting is a common practice by smallholder farmers in SSA that has been used to closing the nutrient
cycle and increase the SOM content. Among the composting techniques, vermicomposting is considered as
having a high potential for efficiently recycling agricultural organic materials such as crop residues and animal
manure in smallholder farms. Apart from the addition of stabilized organic C to soils, vermicompost application
can improve physical, chemical, and biological soil properties (Chaoui et al., 2003) including e.g., the production
of stable soil aggregates, and increasing nutrient availability to plants. Numerous scientific studies
demonstrated that the diverse soil microbial communities inhabiting vermicompost are the primary regulators
of soil carbon and nutrient recycling processes and provide multiple benefits for building soil health (Lazcano
et al.,, 2012). Examples include N: fixing and P solubilizing bacteria (Toyota and Kimura, 2000) and
microorganisms that control soil-borne plant pathogens (Pathma et al.,, 2019). Getachew et al. (2018)
evaluated some agricultural and industrial organic materials as feedstock for vermicomposting and suggested
vermicomposting as a sustainable method to mitigate the ongoing SOM depletion in the study region. However,
studies and publications regarding vermicomposting are very limited in Ethiopia except fewer initiative works
on vermicompost adoption among farmers.

Despite such benefits of vermicomposting, the technique is adopted by only a limited number of small holder
farmers in Ethiopia, particularly in the Western part of the country. Reasons for poor adoption include lack of
access to vermicomposting earthworms, lack of knowledge on the potential use of native earthworm species,
and the limited availability of organic materials. In order to increase the adoption of vermicomposting among
smallholder farmers, data on farmers perception, and the availability and the quality of feedstocks is needed.
Also, the chemical composition of candidate organic materials strongly determines the quality of the
vermicompost (Suthar, 2007) but little information on feedstock quality is available. In order to address these
issues, we set out to make a combined assessment of the quantity, utilization, time of availability and
biochemical characteristics of agricultural waste, and the socioeconomic issues, with the aim to provide a clear
picture of the overall potential for vermicomposting in the region. More specifically, this study aimed to assess

(i) the type and allocation of agricultural organic materials (animal manure and crop residues) used
at farm level
(ii) the quantity, quality and seasonal availability of agricultural waste (animal manure and crop

residues) with potential to be used for compost/vermicompost production

(iii) farmers’ perception towards vermicomposting
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2.2. Methodology
2.2.1. Study districts and their farming system

The study was conducted in the three districts (Assosa, Bambasi, and Homosha) that make up the Assosa zone
of the Benishangul Gumuz regional state, one of the eleven regional states of Ethiopia, located between 9°
30’N to 11° 39’N latitude and 34° 20’E to 36°30’E longitude. The region has an altitude of 580 to 2731 meters
above sea level (masl). These three districts were selected because of (i) a large number of mixed farms that
require soil fertility management due to inherent soil fertility problem (ii) few rolemodel farmers involved in
the production of organic fertilizers (compost and vermicompost), and (iii) lack of available information on
vermicomposting in the region as a whole. The farming systems in the region can be divided into two broad
categories: hoe based shifting cultivation mainly practiced by native people and oxen-based farming
predominantly used by the settlers. The former practice allows to maintain soil fertility and minimize soil loss,
whereas oxen based sedentary agriculture on newly cleared lands has resulted in severe soil degradation on
Dystric Nitisols that dominate large parts of the Assosa zone (Getachew et al., 2017). The regional average
fertilizer use is estimated to be a mere 7-10 kg ha compared to a national average fertilizer use of 37-40 kg
ha' (Teklu et al., 2022), demonstrating that agricultural inputs, particularly of fertilizer, are extremely low and
food production in the region remains subsistent. Unlike other Ethiopian regions, the region has a long rainy
season (June to November) during which most of the cereal crops that account for the total region’s annual
crop production is cultivated. The main annual crops grown in the studied districts include maize, sorghum,
soybean, haricot bean, noug and groundnut. Sorghum and maize are grown traditionally as staple food crops
whereas fruit crops (predominantly banana and mango) are a source of income for most farmers (AsARC, 2007,
unpublished).
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Fig. 2.1. Map of the study areas, (Assosa, Bambasi and Homosha districts), of Benishangul Gumuz region,
Ethiopia

2.2.2. Data collection
First, we conducted a preliminary survey to understand the farming system and major crops grown in the study

areas. We further discussed with agricultural officers and technical staff like DA’s. Having the basic information
in the study area, then conducted the main survey (interviewing farmer households). We used a multi-stage
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sampling technique. First, we purposively selected the three districts as a result of the above-mentioned
reasons. Second, we again purposively selected 18 villages (7, 6 and 5 from Assosa, Bambasi and Homosha
districts, respectively). Thirdly and finally, based on the population size we defined the sample size and 92, 51
and 29 households were randomly selected from Assosa, Bambasi and Homosha districts, respectively, for the
interview. A simple random sampling technique was used such that each unit in the population had an equal
probability of being included in the sample (Ayanladea et al., 2017). Each household head was randomly
selected from each village according to the population size of farmers and hence 172 household-level
interviews were conducted in 18 villages in 2019. From these 172 interviews, 53.5% (92), 29.6% (51), and 16.9%
(29) of the interviews were conducted at Assosa, Bambasi, and Homosha districts, respectively. Questionnaires
were used to collect data through in-depth interviews and focus group discussions. All necessary data related
to agricultural production were collected (Table 2.1) from different sources by reviewing secondary data
sources such as reports and documents from village and district officers and other related institutions. Data on
socioeconomics including farming and vermicompost production experience and on the utilization, estimated
quantity, quality and seasonal availability of crop residues and animal manure were recorded. Farmers were
asked about the amounts of crop residue and animal manure used for composting. However, the total biomass
and the fraction going to alternative uses were not estimated in this study. Estimation was based on the weight
of residue packed and tied with strings - the locally so-called "shekim" (corresponding to 10 (for men) to 20 kg
(for women)) and reported in kg year™. Farmers grow on mainly four types of crops, including sorghum, maize,
tef, soybean, and haricot bean (Fig. 2.2). However, we listed the total available crop residues and animal
manures available at the farm level and grouped them into 12 groups. After listing all available materials,
farmers also identified a list of residues and animal manures used only for composting purposes and these lists
were grouped into 12 groups.

2.2.3. Sample collection and chemical analyses of crop residue and animal manure

Different representative samples of crop residues (maize, sorghum and tef cereal residues, soybean and haricot
bean straw, banana plant residues) and animal manures (dried cow, donkey and goat dung) were collected
randomly for laboratory analysis from each district with villages (n=6). It was decided to collect from equal
number of villages from each district (each six). Then the six individual animal manure and crop residue sample
from each village were mixed and combined to create a bulk sample resulting in one composite sample per
organic material (crop residue and/or animal manure sample) per district. The samples were dried at 65°C for
48 hours and ground to pass a 2-mm sieve. Lignin content was determined by the acid detergent Fiber method
(Goering and van Soest, 1970). Extractable polyphenol was determined by the Folin-Denis method (Anderson
and Ingram, 1989). Total soil organic matter (SOM) was determined by loss-on-ignition at 360°C (Schulte and
Hopkins, 1996), while total N was analysed by micro-Kjeldahl digestion, followed by distillation and titration
(Nelson and Sommers, 1973). A wet di-acid digestion using conc. HNOs and conc. HCIO4 (mixed 9:4 v/v)
procedure was used for total P and K analyses (Motsara and Roy, 2008).

2.2.4. Data analyses

Categorical principal component analysis (CATPCA) using the optimal-scaling approach was used to identify
relationships between variables in the dataset containing nominal, ordinal, and numeric variables at different
levels (Dossa et al., 2011). The model summary included the eigenvalues of each dimension that measure how
much variance is accounted for by each dimension. Nonlinear relationships between variables can be modeled,
unlike standard principal components analysis that assumes linear relationships between numeric variables
(Nigussie et al., 2015). CATPCA was performed using IBM SPSS Statistics 26.0. Chi-square for categorical
variables was used to test for significant differences among the districts and household head (HH). Quality
parameters of crop residue and animal manure were analyzed by ANOVA using PROC GLM of SAS statistical
software version 9.40. Means were separated using the post hoc Tukey’s procedure.
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2.3. Results

2.3.1. Categorical principal component analyses (CATPCA)

Categorical principal component analyses use optimal scaling to generalize the principal component analysis

to accommodate variables of mixed measurement levels. CATPCA reduced the dimensionality of the data that

the original variables were reduced into a smaller set of components that represent most of the information

found in the original variables. The first and second dimensions accounted for 24.99 % and 20.34 %,

respectively, of the variance in the optimally scaled matrix of 27 items (Table 2.1). Cronbach’s alpha values

(0.885 and 0.849 for dimensions 1 and 2, respectively) were much larger than 0.50, suggesting high internal

consistency of the variables (Table 2.1).

Table 2.1. Component loadings of variables used for categorical component analysis (CATPCA) and their

description

Component Loadings

Description of variables used for categorical component
analysis (CATPCA) analyses

Dimension
1 2
District -0.158 -0.218 DistrictN (Assosa, Bambasi and Homosha)
Current family size of the household 0.153 -0.312  FSM (in number)
Education level of the household 0.330 -0.109 ELO (Less than elementary level, Elementary to less than high
school, high school, two years collage)
Household head 0.343 -0.294 HHN (Male and female)
Farmers experience in agriculture 0.270 -0.118 FEIAM (in years)
Responsible person for compost preparation 0.431 0.830 RPCPN (Husband, wife, children, whole family, other)
Number of most frequently grown crops -0.201 0.011  NMFGCM (in number)
Livestock manure used for 0.226 0.550 LMUFN (For fuel, composting, direct application, dispose as
waste, plastering)
Do you use organic materials for compost preparation only -0.443 -0.822 DUMFCN (Yes, no)
Name of composting material 0.313 0.652 NCMN (List of names)
Source of composting material 0.443 0.822 SCMN (Own, family, neighbour)
List of crop residues with good biomass 0.335 0.646 CRWGBN (List of names)
Type of animal manure 0.411 0.829 TAMN (List of names)
Seasonal availability of animal manure 0.318 0.743 SAAMN (Once a year, twice a year, throughout the year)
Farmers experience in agriculture (years) 0.338 0.548 FEAM(in years)
Information about vermicompost -0.516 0.102 IAVN (Yes, no)
Statements for farmers attitude on vermicompost
1. Vermicompost is a new technology -0.558 0.264 S1
2. Chemical inputs have negative effect on soil health 0.507 -0.121  S2
3. Vermicompost used to enhance SF and soil health 0.756 -0.309 S3
4. Support on vermicompost production is needed 0.612 -0.330 S4
5. Chemical fertilizer increases yield of crops -0.392 0.175 S5
6. Earthworms couldn’t degrade organic waste 0.493 -0.197 S6
7. Vermicomposting is easier (cost effective) to prepare than 0.729 -0.265 S7
conventional composting
8. Earthworms in the field are good for soil fertility 0.765 -0.319 S8
9. Compost yields are lower compared to chemical fertilizer -0.604 0.201 S9
10. Vermicompost increases nutritional quality of crops 0.702 -0.247 S10
11. Cost of labour in vermicompost preparation is less 0.721 -0.271 S11
12. 1 prefer vermicompost production than conventional 0.763 -0.307 S12
composting
Cronbach’s alpha 0.885 0.849
Total eigenvalue 6.749 5.492
Variance accounted (%) 24.99 20.34

N- nominal, ©- ordinal, M- metric (numeric)
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Variables that were related to the types and sources of organic materials (crop residues and animal manures)
used for composting and statements regarding farmers’ attitude on vermicompost were the dominant
variables. These variables resulted in a positive score value > 0.40 in one of the two components. However, the
variables such as District and HH had relatively low scores in both dimensions, implying that all variables with
a large positive score in both dimensions differ at the level of district and household head gender. Thus, all
variables regarding utilization, source, and quantity of agricultural crop residues and animal manure as well as
farmer’s perception towards vermicomposting were identified across districts and farmer’s household heads
(Table 2.2).

Table 2.2. Non-parametric estimates used to compare the distribution of categorical variables across district
and farmers household head using Chi-square test

Variable Coefficient for District Coefficient for Household head
Chi-Square Likelihood Ratio Chi-Square Likelihood Ratio

Educational level of the household head 1.30MNs 1.36MNs 22.86™ 28.62™"
List of crops residues with good biomass 82.69™" 84.20™" 39.49™ 41.26™"
Type of crop residue in the area 75.63™" 76.19™" 13.08™" 16.96"""
Responsible person for compost preparation 12.53Ns 12.78Ns 39.23" 50.22""
Name of composting materials 69.08™" 65.57""" 17.89Ns 24.65"
Source of composting materials 40.90™" 41.41™" 4.05Ns 6.45Ns
Animal manure utilization purpose 28.55"" 28.02""" 8.11" 8.31"
Type of animal manure for composting 52.46™" 45.,92™" 13.83™ 16.83""
Seasonal availability of animal manure 7.69Ns 6.88Ns 1.43Ns 2.33Ns
Information about vermicompost 10.40"" 10.59*" 6.80™" 6.94"
Farmers experience in agriculture 80.45Ns 89.13Ns 84.50™" 100.72™**
Farmers experience in vermicompost production 13.07" 18.03"" 9.47™" 10.43""
Quantity of composting materials
Quantity of cow manure 69.07°" 72.66™" 12.48Ns 16.82Ns
Quantity of donkey manure 4.93Ns 5.06Ns 4.95Ns 5.11Ns
Quantity of goat manure 7.05Ns 7.24Ns 6.07" 7.23"
Quantity of maize residue (Zea mays) 12,198 11.74Ns 8.44Ns 10.74Ns
Quantity of soybean residue (Glycine max L.) 11.35Ns 13.36Ns 12.19Ns 11.74Ns
Quantity of haricot bean (Phaseolus vulgaris L.) 3.00Ns 3.81Ns 3.00Ns 4.18Ns
Quantity of banana residue 3.93Ns 5.06Ns 0.87Ns 1.24Ns
Quantity of noug (Guizotia abyssinica) 0.75Ns 1.04Ns 2.25Ns 2.45Ns
Farmer’s attitudinal statements on vermicompost
Statement 1 7.42Ns 8.32Ns 47.53™" 47.36™"
Statement 2 49.22™" 50.22"" 43.97™" 48.72™"
Statement 3 14.51Ns 16.22* 21.47" 25.06™""
Statement 4 3.10Ns 3.61Ns 32.63™ 33.51™"
Statement 5 8.70Ns 8.80Ns 4.68Ns 5.70Ns
Statement 6 26.47"" 25.97" 6.47N 6.65NS
Statement 7 7.64Ns 8.66Ns 7.92N8 8.95Ns
Statement 8 13.06" 13.45" 22.54™ 23.99"
Statement 9 6.34Ns 7.77N 52.56™"" 54.63"""
Statement 10 9.55Ns 10.42Ns 8.96Ns 9.43Ns
Statement 11 14.48Ns 16.16" 15.53" 17.30™
Statement 12 10.36N 11.70N 25.35"" 28.45™

Chi-square was used to compare categorical variables; ***, ** and * denote significant differences at P< 0.001, P< 0.01 and
P< 0.05, respectively; NS = not significant at (P < 0.05)

2.3.2. Socioeconomic characteristics of farmers in the study areas

The age of farmers ranged between 20 and 70 years (average age of 42 year) and did not differ significantly in
the studied districts. Most farmers in the area were old male farmers, and a majority of them (about 70%) was
categorized under less than elementary level (llliterate). Fewer numbers of male-headed farmers (about 20%)
were educated at elementary school, while female household headed farmers had no opportunity for
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education (illiterate). Households headed by male farmers had a high number of children and the family size
was larger (average=7 and maximum=10) than that of households headed by female farmers, which had
divorced and/or widowed. The average land property of farmers differed highly significantly (P < 0.001) across
districts and was 2.50, 1.75, and 1.70 ha at Homosha, Assosa and Bambasi district, respectively. Male household
headed farmers had larger farmland area (average 2.25 ha) than the female household headed (average 1.75
ha).

2.3.3. Current utilization of crop residues and their respective allocation

The available crop residues in the area (Fig. 2.2) varied significantly (P < 0.001) between districts and farmer’s
household heads (Table 2.3). Sorghum, maize, and soybean residues were among the major group of crop
residues that were identified across districts and between female and male-headed farmers. The uses of crop
residues across the three districts did not differ significantly, hence percentage allocation of residues averaged
over districts is presented (Fig 2.3).

Animal manure mixed

Maize residue Teff residue . )
with crop residues

Fig. 2.2. Available agricultural waste (crop residue and animal manure) at farm level

Table 2.3. Availability of crop residues across districts and household heads

Number of farmers respond in the Number of farmers respond per
study district household
List of crop residues available Assosa Bambasi Homosha Female headed Male headed
Sorghum and maize - - 2 - 2
Sorghum, maize and soybean 34 2 6 27 17
Sorghum, maize, soybean and tef 8 - 3 8 2
Sorghum, maize, soybean and banana 4 1 - 1 3
Sorghum, maize, soybean and noug 1 1 - - 2
Sorghum, maize, soybean, noug and banana 1 1 - - 2
Maize, soybean and noug 6 2 - 1 7
Maize, soybean and haricot bean 2 6 3 4 7
Maize 1 2 4 1 6
Maize and soybean 32 33 3 11 57
Maize and groundnut - 1 2 1 2
Mazie and banana 3 1 6 2 8
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Five major allocations for crop residues were identified which depends on the type of crops grown in the area.
On average, 86% of sorghum residue will be allocated for household fuel, 13% is left in the field for mulching
purposes, and for stubble feeding by animals. Maize residues are used in proportions of 66% for making
compost, 25% for stubble feeding by animals, 5% for household fuel and 4% left in the field as mulch. Across
all villages, tef straw is used as a stall-feeding of animals (42%) or is sold on the market (58%). Legume residues,
such as soybean and haricot bean residues are used for making compost (80 and 84%), as stubble feeding by
animals (4 and 5%) or left in the field as mulch (10 and 11%, respectively) (Fig. 2.3).
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Fig. 2.3. Percentage allocation of crop residues averaged over farmers in the three districts

2.3.4. Use of animal manure in the study areas and their constraints

The use of animal manure differed significantly across the three districts (Table 2.2). Farmers collect manure
mainly for making compost and direct field application as manure or only for making compost (Fig. 2.4). Lack
of animal feed (grazing land) and livestock disease were identified as the most important of the five (direct or
indirect) constraints (Fig. 2.5) for livestock production and use of animal manure, in all districts. Lack of animal
feed (grazing land) and livestock disease are the major constraints that are affecting the use of animal manure
for farm production at Assosa and Homosha districts. In the case of Bambasi, respondent farmers pointed out
that beyond the issue of livestock disease, lack of transport to apply manure is the major constraint that may
be attributed to a relatively large number of cattle in this district.
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W Forfuel and compost
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Fig. 2.4. Use of animal manure for farm production across districts
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Fig. 2.5. Constraints directly or indirectly affect the use of animal manure in smallholder farmers across districts

2.3.5. Quantity and seasonal availability of organic materials for composting
From a list of groups for organic materials used for composting, farmers mostly use materials such as cow
manure, donkey manure, maize straw, soybean straw and banana residue for composting purpose among

those identified and listed in our study (Table 2.4).

Table 2.4. List of organic materials available for composting across districts

List of available organic materials for Number of farmers respond in the study
composting/vermicomposting district

Assosa Bambasi Homosha
Cow manure, maize, soybean and groundnut residues - 3 3
Cow manure, goat manure, maize and soybean residues 1 3 6
Donkey manure, goat manure, maize and soybean residues - 1 -
Donkey manure, maize and soybean residues 3 1 -
Cow manure, maize, soybean and haricot bean residues 4 4 -
Cow manure, maize, soybean and noug residues 3 3 -
Cow manure, maize, soybean and banana residues 6 3 2
Cow manure, maize and soybean residues 41 19 7
Cow manure and maize residues 3 1 7
Cow manure, goat manure and maize residues - - 1
Cow manure, donkey manure and maize residues - - 1
Cow manure, donkey manure, maize and soybean residues 31 13 2

Farmers collect manures from different animal categories. Most of the farmers prefer to use cow manure along
with donkey manure across the districts and household heads (Fig. 2.6). Except for cow manure, there was no
significant difference between districts in the quantity of crop residues used for composting (Table 2.2). The
amount of cow manure used for compost production was estimated to be 1.7, 1.2 and less than 0.5 ton year
farmer? at Bambasi, Assosa and Homosha respectively (Table 2.5). A few farmers from Homosha district also
responded that there is a competitive use of cow manure for different purposes especially as household fuel.
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W Donkey manure Beow
M Goat manure ]
[E cow and Donkey manure @ |
“ DCow and Goat manure [ ]
[ Donkey and Goat manure ura
[Jcow, Donkey and Goat manure WDankey and Goat manure

[ Cow, Donkey and Goat manure
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District Household head

Fig. 2.6. Type of animal manure used for composting across districts and farmer’s household heads

Table 2.5. Quantity of selected organic materials (ton year? farmer?) used for composting across districts.
(Values are means of three samples with standard deviation in parentheses).

Study district

Organic material Assosa Bambasi Homosha
Cow manure 1.26 (0.13) 1.73(0.14) 0.42 (0.05)
Donkey manure 0.84 (0.08) 0.90 (0.08) 0.50 (0.08)
Goat manure 0.20 (0.05) 0.50 (0.03) 0.33 (0.04)
Maize straw 0.77 (0.14) 0.80 (0.09) 0.56 (0.10)
Soybean straw 0.42 (0.06) 0.59 (0.07) 0.26 (0.03)
Haricot bean straw 0.28 (0.08) 0.33 (0.04) 0.20(0.02)
Banana residue 0.47 (0.05) 0.38 (0.03) 0.40 (0.03)

Seasonal availability of both crop residue and animal manure did not show significant variation between district
and HH. Animal manures and banana residues are available throughout the four seasons albeit in varying
proportions and hence can be used as composting material throughout the year. Most crop residues will be
available after the main cropping season (harvesting in “Tsedey” and “Bega” seasons) (Fig. 2.7).

Goat manure
Donkey manure
Cow manure
Banana residue
Haricot bean straw

Noug straw

Organic material

Groundnut straw
Soybean straw

Maize stover

L T T T T T

0 20 40 60 80 100

Proportion of avaialbility in season

@ September to November (Tsedey)
[ December to February (Bega)
@ March to April (Belg)

I June to August (Kiremt)

Fig. 2.7. The percentage availability of composting organic materials in different seasons
2.3.6. Farmers experience and attitudes towards use and production of vermicompost
The overall experience in agriculture significantly differed between male and female household headed farmers

within the study districts. Male-headed households had more years of experience in agriculture (between 11
to 40 years) than female-headed households (between 11 to 20 years) (Fig. 2.8). Further, farmer’s experience
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in vermicompost production significantly differed between districts, although the technology was introduced
only recently in the region. Few numbers of farmers in Assosa and Bambasi district had 1-2 years long
experience in vermicomposting, while most farmers in the study districts showed no experience.

Farmers
experience in
agriculture

[ Less than 10 years

W Between 11 to 20 years
W Between 21 to 30 years
[H Between 31 to 40 years
O Above 40 years

40

Number of farmers

Female Male

Household head

Fig. 2.8. Farmers experience in agriculture (in year) across farmer’s household head

Attitudinal statements towards vermicompost were built to assess farmer’s perception and each statement
consisted of five scores, from strongly disagree to strongly agree. Responses to most of the statements were
uniform across districts but differed significantly between male and female household headed farmers (Table
2.2). A high proportion of farmers expressed their agreement and disagreement with statement 1,
“Vermicompost is a new technology and hence difficult to get information about its production process” across
districts. The majority of a male household headed farmers were found disagreed and agreed, while female-
headed responded neither disagree nor agree with Statement 1. Most of the farmers at Assosa district also
found agreed and neither agreed nor disagreed with Statement 2, “Use of chemical inputs has a negative effect
on soil and plant health”. The same is true for farmers at Bamabsi district, while farmers at Homosha found
disagreed with Statement 2. Almost male-headed farmers agreed with Statement 2, while female-headed
farmers neither agreed nor disagreed. However, strongest agreement with Statement 3, “Vermicompost is
used to enhance soil fertility and maintains soil health” was found irrespective of districts. Agreement tended
to be stronger in a male household headed farmers, and there was a slightly greater degree of agreement in a
female household headed farmers. A larger percentage of farmers in the three districts agreed or strongly
agreed with Statement 4, “Governmental support to small and large-scale vermicompost production is
important”. A male household headed farmers found with strong agreement than a female household headed.
Surprisingly, farmers across districts and household heads found agreed with statement 5, “Use of chemical
fertilizer increases yield of crops”. Most of the farmers at Assosa district found disagreed with Statement 6,
“Earthworms could not have potential on degrading organic wastes”. However, farmers at Bambasi and
Homosha districts expressed neither agreed nor disagreed. Farmer's response was broadly similar in both
household heads; greater disagreement was expressed by the male household headed farmers. There was
more disagreement than agreement, overall, in districts and household heads on the statement. Comparison
of composting methods stated in Statement 7, “Vermicompost is easier than conventional compost to prepare”
attracted a high level of agreement from respondent farmers across districts and household heads. Overall, the
majority of the farmers responded strongly agreed with Statement 7. Although fewer farmers at Assosa district
found neither agreed nor disagreed with Statement 8, “Earthworms in the field are good for soil fertility
improvement”, majority of farmers in all of the three districts found agreed and strongly agreed. Besides, the
agreement was lower in a female household headed than a male household headed farmers, and almost half
percent of a female household headed farmers neither agreed nor disagreed with the statement. Statement 9,
“Compost yields are too low compared to chemical fertilizer” attracted a high level of disagreement across all
respondents in all districts, although the agreement was slightly higher at Bambasi district. Slightly less, but still
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considerable disagreement was expressed by female household headed respondents, but the greatest
proportion expressing strong disagreement was among male household headed respondents. The role of
vermicompost on Statement 10, “Use of vermicompost increases the nutritional quality of the crop” attracted
a high level of agreement across all respondents in all districts as well as household heads. The same is true for
Statement 11, “Cost of labour in vermicompost preparation is less” and Statement 12, “Cost of production can
be reduced in vermicompost and hence, | do prefer vermicompost production than conventional compost
production” which attracted a high level of agreement across districts and farmers household heads.

Overall, the majority of the farmers across districts asserted that vermicompost is a recent technology, used
to enhance soil fertility, nutritional quality of crops, easy to produce and requires less labour than conventional
composting. Indeed, it needs governmental support to scale-out production and promotion of vermicompost
in Ethiopia. However, farmers disagreed on earthworm’s potential on degrading organic waste, but on the
other hand they agreed that earthworms are good for soil fertility improvement. Farmers across districts and
household heads also agreed use of chemical fertilizer increases yield of crops. In contrast, farmers expressed
neither agreed nor disagreed on statements such as use of chemical inputs has a negative effect on soil and
crop yields using compost are lower than using chemical fertilizer.

2.3.7. Biochemical quality characteristics of agricultural organic materials at farm level

The quality and nutrient contents of agricultural crop residues and animal manures varied significantly (Table
2.3). There was a significant effect of residue type on carbon and NPK content. Cereal crops like sorghum had
30 and 64 % more carbon and C:N ratio, respectively than legume residue such as soybean (low C maybe due
to samples already decomposed or taken from soil contaminated field). Soybean straws had the highest total
N content (1.10%), followed by banana (0.71%) and haricot bean (0.70%) residues. There was a significant effect
of residue type on P and K content, with significantly lower concentration of total P and total K for sorghum
and maize residues than in the other residues. Sorghum and tef residues had higher lignin (10.08 and 9.16 %)
and polyphenol (1.65 and 1.43 %) contents, respectively than maize, banana and soybean residues. Unlike crop
residues, animal manure showed no significant difference in most of biochemical analyses including nutrient
(N, P and K) contents.

Table 2.3. ANOVA for quality and nutrient composition of different crop residues and animal manures

Crop residue C (%) N (%) C:N P (%) K (%) Lignin (%) Polyphenol Lignin:N  Polyphenol:N
(%)
Maize 42.83bc 0.65° 65.62b 0.061° 0.92b 6.53bc 1.262bc 10.052b 1.93b
Sorghum 48.517 0.52b 92.122 0.065° 1.020 10.082 1.652 19.11° 3.132
Tef 47.102b 0.58b 80.56°2 0.0872 0.86° 9.1620 1.43abc 15.862b 2.462b
Soybean 33.83d 1.102 31.00¢ 0.0972 1.442 6.27b¢ 1.05¢ 5.79¢ 0.95¢
Haricot bean 40.80¢ 0.70b 58.51b 0.0812 0.82° 8.13abc 1.552b 11.63bc 2.22b
Banana plant 39.56¢ 0.71b 55.52b 0.0972 1.372 5.52¢ 1.17bc 7.76¢ 1.64bc
LSD 5.54 0.21 14.36 0.0159 0.243 3.06 0.418 6.89 0.886
Significance 22.46™" 21.71" 52.84™" 22.83" 29.31™" 8.27" 7.47" 12.75™* 16.95""
CV (%) 4.64 10.57 7.92 6.85 8.01 14.18 10.89 20.76 15.18
Type of animal manure
Cow manure 18.91¢ 0.88 21.54b 0.154 1.53 19.78 1.75 22.60b 2.01°
Donkey manure 30.932 0.80 38.872 0.127 1.15 23.162 2.20 28.832 2.782
Goat manure 27.50° 0.83 33.082 0.121 1.54 19.83b 1.93 23.77° 2.33%
LSD 2.96 NS 7.88 NS NS 0.418 NS 3.74 0.749
Significance 110.6™" 6.20Ns 31.77" 1.41N 3.13Ns 12.02" 5.57Ns 19.89™ 6.78"
CV (%) 3.95 3.07 8.69 18.92 15.69 4.62 8.42 5.13 10.83

Mean values followed by different letters in a row show statistically significant difference using Tukey’s test (NS = P > 0.05;
*=P<0.05; ** =P <0.001; *** =P <0.0001)
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2.4. Discussion
2.4.1. Type of available crop residues and their respective allocation

There is strong competition for use of crop residues produced in the mixed crop-livestock systems in districts
of the Benishangul-Gumuz region and the availability of crop residue varies substantially from one farm to
another. Several studies have indicated the trade-offs that smallholder farmers face when having to allocate
their organic resources at the farm level for competing interests such as animal feed, fuel, mulch, as ingredients
for compost or sale (Berazneva, 2013; Tittonell et al., 2015; Valbuena et al., 2015). In our study, these trade-
offs depended on the type of crop. e.g., sorghum stover was mainly preferred as a fuel source for household
consumption over maize stover across sites. This is because of the fact that the stover of sorghum is hardy or
woody than other crop residues. There were more competitive uses for maize stover as compared to other
residues, e.g., tef straw is used as animal feed or is sold as a means of income generation. Sales of crop residues
were the main external service among farmer’s households and more common for cereal crops than for legume
residues in the studied districts. However, Akinola et al. (2016) reported that external service/output of crop
residues for sale was more important for legume crops than for cereal residues in the central highlands of
Ethiopia. The reason why more tef and sorghum than other cereals biomass is exported out of the system (sold
in the market and used as fuel, respectively) in the studied districts is because farmers believe that tef and
sorghum residues cannot be composted. Similar to our study, Jaleta et al. (2015) reported that sorghum straw
was mainly used for fuel and construction (fence). Legume residues are used as feedstock for making compost,
as livestock feed, and directly as a soil amendment (mulch). On the contrary, Middendorf et al. (2017) reported
in the central highlands of Ethiopia higher competition of legume residues for animal feed and cash generation
through selling than for making compost. This could be due to higher livestock resource with less cropping
system in the highlands of Ethiopia (Nigussie et al., 2015) and the need to replace the cost of chemical fertilizer
used for growing crops through the selling of residues. On the other hand, the use of crop residues as animal
feed in our study areas could be associated with the limited availability of fodder and shortage of grazing land
compared to other parts of Ethiopia. Our results also suggest that the existing competition in the uses of crop
residues as an essential resource for household activities should be considered for sustainable use as a soil
amendment. The overall observed variations in allocation of crop residues could be due to differences in farm
characteristics, farmers’ preferences, and demand for crop residue (Valbuena et al.,, 2015). Therefore,
alternative resource interventions are needed that encourage households to use other sources of fuel and
improved forage varieties as animal feed, so that residues could be returned to soil, directly or indirectly.

2.4.2. Quantity and seasonal availability of organic materials for composting/vermicomposting

Depending on the climatic conditions and soil type, the amount of crop residue produced at the farmer’s field
may vary from place to place and over time (Lule et al., 2012). As a result, biomass allocation patterns at the
farm level are likely to vary with the overall level of productivity and hence the availability of organic resources
(Duncan et al., 2016). Crop residues such as maize, soybean, haricot bean, and banana residues were locally
available for composting in most households. Place et al. (2003) also reported that the use of crop residues for
compost preparation is among the most promising organically based soil nutrient practices in SSA, including
Ethiopia. Results also revealed the quantity and types of crop residues that each household collects did not
differ significantly across the studied districts. Biomass availability was also varied seasonally, and some
farmers used to stock some organic residues for compost preparation. Most of the crop residues used for
composting will become available after harvest in the main cropping season, except banana residue that is
available year-round. Animal manure is also available at farmer’s fields throughout the year. Manure is likely
available for use by most households because even farmers who do not own animals have access to animal
manure from their families and/or neighbor farmers. In our study, the amount of animal manure used for
composting varied significantly across districts, with farmers in Homosha district being less likely to use animal
manure as compared to those in Bambasi and Assosa districts. This may be due to a considerable variation in
livestock resources at the household level (farmers at Bambasi owned more cattle). Because of a firm
understanding of the value of animal manure, the burning of animal manure for cooking is not a common

43



practice in the study areas. Surprisingly, this practice is unlikely with farmers in the central highlands of Ethiopia
who mainly use animal manure for household energy (Lupwayi et al., 2000; Nigussie et al., 2015; Negash et al.,
2017). Despite several constraints limiting animal manure application, almost all respondents used manure
mainly for composting/vermicomposting. Lalander et al. (2015) found that vermicomposting is an efficient
manure management practice in smallholder farms of Ghana. Overall, maize, soybean, and banana residues
are the three main contributors to crop residue biomass for composting /vermicomposting.

2.4.3. Quality of organic materials for composting/vermicomposting

During vermicomposting, microbes, along with earthworms, are the main drivers of the decomposition process
(Dominguez et al., 2019), and this process is highly influenced by the quality characteristics of the feedstock
(Suthar, 2010). Residues of various crops and manures have different properties and therefore, will have an
influence on nutrient mineralization and decomposition dynamics during vermicomposting. Pramanik et al.
(2007) reported that in addition to environmental factors, other factors such as C:N ratio (nutrient balance of
organic residues) and available nutrients have been shown to have a significant impact on earthworm growth
and quality of vermicompost. Manna et al. (2003) reported that earthworms prefer organic matter containing
little recalcitrant compounds such as lignin and cellulose. Soybean, banana and maize residues can therefore
be expected to have a positive influence on earthworm growth during vermicomposting due to their initial low
lignin and polyphenol contents. In addition, the type of animal manure could influence the growth performance
of earthworms during the vermicomposting process (Coulibaly et al., 2010). Thus, cow manure that contains
less content of polyphenols and lignin than donkey and goat manures could decompose more rapidly and
contribute to nutrient recycling. Garg et al. (2005) found donkey manure unsuitable (lower potential on cocoon
production and earthworm growth) than cow and sheep manures during vermicomposting. Furthermore,
research on selected animal manures combined with the available legume and cereal residues as a substrate
for vermicompost production would need for the future at farmers household level to scale out more this
recent technology.

2.4.4. Farmer’s attitude towards fertilizer use, production and use of vermicompost

Although most farmers had limited information and experience about vermicomposting, there were also
farmers who had some experience and mainly received information from neighbors, agricultural officials, and
some training from the research center (Assosa Agricultural Research Center), which was the first to introduce
worm composting technology in the region and has been contributing to the dissemination of earthworm
(especially E. fetida) for vermicomposting. Farmer’s access to mineral fertilizer in most developing countries
like Ethiopia is a primary concern due to the high cost of fertilizers (Middendorf et al., 2017). As a result, farmers
use low input farming systems and even those farmers who used to apply little chemical fertilizers depressed
in applying chemical fertilizer due to low yield response. This could be associated with poor SOM content of
soils in the area (Getachew et al., 2017). This likely led farmers to a significant shift toward the use of organic
fertilizers like vermicompost in combination with the little chemical fertilizer. Most of the respondent farmers
agreed that vermicompost improves soil fertility and health (as they observed some soil odors change after the
application of vermicompost). Overall, farmers were found to prefer organic amendments to improve soil
quality over the use of chemical fertilizers.

The majority of farmers in all of the three districts also strongly agreed that earthworms are useful for soil
fertility improvement, although most of them disagreed on the potential of earthworms to degrade organic
waste. This confirmed that farmers already understood the natural presence of earthworms as a good indicator
of soil fertility and soil health (Bertrand et al., 2015; Lavelle et al., 2006). Most of the farmers across districts
and household heads also agreed that vermicomposting is easier than conventional composting to prepare
because conventional composting is labor-intensive which need digging up the pit, regular watering, and
requires frequent turning and mixing of the material. Besides, farmers claim conventional composting cause
disease and external effects on farmer’s health due to high temperature (thermophilic) during preparation.
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Farmers from both Assosa and Bambasi districts had 1 to 2 years of experience in vermicomposting, which
indicated the motive of the farmers to restore soil fertility. Overall, farmers in the study districts expressed a
positive attitude towards vermicompost and they tend to accept producing and utilizing vermicompost
gradually in their farmlands. This indicates that the growing adoption of organic materials for vermicompost
production is already on track and could be scaled out and hence, this may encourage and motivate other
farmers to adopt vermicompost for the future. Farmers also suggested that the government should provide
and support through farmer’s participation in training and deliver initial production materials such as boxes
and earthworm; for encouraging vermicompost utilization to reclaim poor SOM in the region.

2.5. Conclusions

Available feedstocks at farm level for vermicomposting were identified, and their quantities and qualities were
examined from Benishangul-Gumuz region of Ethiopia. The estimated quantity of animal manures produced
varies considerably among the study districts and a larger accumulation of cattle manure was observed at
Bambasi district due to large cattle population while smaller manure production at Homosha district due to
small cattle herd size. Legume residues were consistently preferred by farmers for use as composting material
over cereal residues. The study clearly showed that in terms of quality and available biomass, crop residues
such as maize, soybean, and banana residues could be suitable and potential organic materials for further
vermicomposting research along with cow and donkey manures. A quantity ranging from 0.2 to 0.6 ton year™
farmer of residues including maize, soybean and banana independently as well as on average over districts.
Similarly, 1.2 ton year® farmer! cow manure could be recycle and use as a potential resource for
composting/vermicomposting. It is important to note that there is a likely continual increase in the use of
vermicompost around the smallholder farmers in the region. The results revealed that a significantly large
proportion of the respondents perceived vermicompost as a recent technology and gaining attention by
farmers, mainly because of farmer’s intention for organic fertilizers that could restore their soil fertility and
boost crop productivity. Farmers are predominantly very interested in the application and production of
vermicomposting technology. However, their ability to engage in vermicomposting depends largely on training
and support from NGO and government official initiatives, particularly in providing production materials such
as production boxes and earthworms.
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Abstract

Vermicomposting has recently been shown to be an efficient recycling technology that would improve the
quality of the final product by stimulating the microbial community. However, the efficacy of vermicomposting
process, as well as the microbial biomass and community structure during this bioconversion process, depend
on earthworm species and type of substrate ingested. Therefore, this study investigated the potential of native
(Eudrilus eugeniae ) and exotic (Eisenia fetida and Eisenia andrei) earthworms in Ethiopia on nutrient
transformation and microbial dynamics and enzymatic activity during vermicomposting of substrates from
mixed agricultural waste. Earthworm inoculation transformed the waste into a nutrient-rich humified
vermicompost with a significant reduction in pH, TOC and C:N ratios (twofold reduction compared to non-
composted substrates). An increase in worm growth and cocoon production were shown in substrates of cow
manure mixed with soybean and banana residues (CM+SB) after gut transit through Eudrilus eugeniae and
Eisenia fetida. Cow manure mixed with maize and soybean residues (CM+MS) were found suitable for Eisenia
andrei. The same substrate and earthworm species resulted in the highest nutrient concentrations (N, P, K, and
S) and higher Closs (up to 77% of the initial C) with lower N loss (< 9%) compared to non-composted substrates.
A considerable increase in microbial biomass, B-glucosidase and dehydrogenase activity (two times more than
control) was obtained in substrates of CM+SB using Eudrilus eugeniae. The PLFA analysis indicated that
earthworms increased Gram-positive and Gram-negative bacteria, actinomycetes, AMF, fungil8:1, and
protozoan population, while they reduced fungal community (fungil8:2 and fungil8:3) compared to
uninoculated control. In conclusion, vermicomposting earthworms could potentially valorize substrates from
agricultural waste into nutrient-rich and microbially improved vermicompost.
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3.1. Introduction

The application of organic amendments to improve soil fertility and increase crop yields is gaining importance
among smallholder farmers in sub-Saharan Africa, particularly in Ethiopia, due to the increasing lack of access
to chemical fertilizers for subsistence farmers (Vanlauwe et al., 2010; Stewart et al., 2020). Unlike the
agricultural intensification through high chemical inputs, which could result in loss of soil biodiversity (Postma-
Blaaum et al., 2010), organic amendments restore soil biodiversity and increase soil organic matter content.
Despite such advantages of organic amendments, it is not widely practised by subsistence farmers due to
limited availability of organic materials and lack of skills for transforming the organic materials into composts
and organic fertilizers (Gebrehana et al., 2022). Vermicomposting is a bio-oxidative composting process for
recycling various types of organic waste (Gomez-Branddn and Dominguez, 2014), which in general can be easily
adopted by farmers. It is largely the biological breakdown and stabilization of organic matter mediated by the
combined action of both earthworms feed on organic substrate and microbes (Dominguez, 2004; Suthar, 2008;
Singh et al., 2016) resulting in increased surface area that would stimulate rapid microbial growth and convert
locally available biowaste into high-quality vermicompost (Aira and Dominguez, 2009; Dominguez et al., 2010).

Various vermicomposting earthworms have been identified as potential candidates for organic waste
decomposition (Garg et al., 2005; Parthasarathi, 2007; Suthar, 2007a). Eisenia fetida and Eisenia andrei are
native to Europe and have been imported and human-introduced to various areas around the world, being the
most commonly used species for vermicomposting under a variety of environmental conditions (Perez-Losada
et al., 2005). Eudrilus eugeniae, on the other hand, is a native earthworm species widely distributed in the
tropics and subtropics (Suthar, 2007b). Studies have shown that exotic species (such as Eisenia fetida) were
more efficient than native Indian worms (Lempito mauritii) in vermicomposting of various waste streams
(Kaviraj and Sharma, 2003; Amit et al., 2014). On the other hand, native earthworms (Perionyx ceylanesis) were
found to significantly increase the microbial population of vermicompost compared to exotic worms (Eudrilus
eugeniae) during vermicomposting of coffee pulp in India (Raphael and Velmourougane, 2011). To date, no
study has evaluated the performance of exotic and native earthworms in converting locally available
agricultural waste into valuable vermicompost in Ethiopia. Our previous study on assessment of locally
available waste and farmers perception towards vermicomposting (Gebrehana et al., 2022) showed that a lack
of knowledge about the potential use of native earthworms is one of the main reasons for the poor adoption
of vermicomposting in Ethiopia. Thus, it is crucial to investigate whether native worms are more efficient than
exotic ones in bioconversion of locally available organic waste.

Several factors influence the survival and performance of earthworms in converting organic waste into
vermicompost. The primary factors that affect the performance and reproduction of earthworms are
temperature and moisture content (Dominguez, 2019) and the feedstock quality (Suthar, 2007a; Singh et al.,
2011). Different feed substrates have varying palatability and properties that can significantly influence
earthworm growth and reproductive potential (Martin and Eudoxie, 2018) and the production of high-quality
vermicompost (Davi and Khwairakpam, 2020; Sarker and Kashem, 2020). For example, feeding substrates with
higher N concentrations enhanced the earthworm reproduction compared to the feedstock with lower N
concentrations (Suthar and Ram 2008). The quality of the initial substrate and the type of earthworm species
also influence the composition of the microbial community in the final worm casts (Lores et al., 2006; Devi et
al.,, 2020; Goswami et al., 2021), and such a shift in microbial populations could strongly influence the
mineralization dynamics of C and N (Aira et al., 2006a; Aira and Dominguez, 2008; Aira et al., 2009). Therefore,
identifying the best performing earthworm species and the appropriate composition of feedstock that results
in high-quality vermicompost is crucial to increasing the adoption of vermicomposting by smallholder farmers
in Ethiopia.

Recently, we investigated the quantities, availability, and biochemical composition of locally available crop
residues and animal manures in the western part of Ethiopia, where vermicomposting is rarely practiced
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(Gebrehana et al., 2022). The study showed that farmers in the region have sufficient quantity of organic
materials which significantly vary in availability period and biochemical composition. Given that the growth and
reproduction rate of the earthworms and quality of the subsequent vermicompost depends on the substrate
quality, it is crucial to make the right substrate mix considering the availability of organic materials in the region.
It is also important to investigate the potential of native earthworm species in comparison to the exotic ones
on vermicomposting. We hypothesized that native earthworm species perform better than the exotic species
in terms of growth and reproduction with impacts on the quality of the vermicompost. We also hypothesized
that the earthworm’s performance and the quality of the vermicompost varies depending on the composition
of the locally available mixed feedstock. Introduction of vermicomposting technology to the region would help
the farmers to valorise the locally available agricultural waste into high-value biofertilizer rich in diverse
microbial communities and plant nutrients (Khwairakpam and Bhargava, 2009). To test these hypotheses, we
set up a vermicomposting experiment that lasted for 90 days during which we evaluated the vermicomposting
potential of a native (Eudrilus eugeniae) and two exotic (Eisenia fetida and Eisenia andrei) earthworms using
six different combinations of locally available agricultural waste.

3.2. Material and methods

3.2.1. Substrates used for vermicomposting and experimental design

The feedstocks were obtained from farmer’s homesteads and farmlands of the Assosa agricultural research
center. These different animal manures and crop residues were selected previously based on availability and
biochemical composition using farmer's household survey (Gebrehana et al., 2022). The native earthworm
(Eudrilus eugeniae) was found in and collected from various banana cultivation habitats in the study region.
Eisenia andrei is an exotic earthworm previously collected at the research center and identified as a
vermicomposting earthworm and Eisenia fetida, a common exotic earthworm (EW), was obtained from a
previously cultivated space (Fig. 3.1). The three crop residues (maize, banana and soybean) selected were
mixed first in pairs in equal proportions (50% w/w) (maize and soybean, maize and banana and soybean and
banana residues) (Table 3.1). The final substrate mix in each box was prepared by mixing the animal manure
(AM) with the mixture of crop residues (CR) at a ratio (mass based) of 2.3:1, that is 2.1 kg (dry weight) of cow
or donkey manure and 0.45 kg of each of the two mixed crop residues. A total of 72 vermicomposting units
were prepared with 24 different mixed substrates in triplicate (i.e., 2 AM * 3 CR * 4 EW *3 replicates) as follows.
Seventy-two rectangular plastic containers (length 50 cm, width 30 cm, and depth 20 cm) were filled with a
total weight of 3.0 kg (dry weight) of each mixed substrate prepared. After pre-composting for two-weeks
maintaining moisture, 200 non-clitellated earthworms of the respective species were added. All boxes were
kept in a dark vermicomposting room at room temperature (22 to 25°C). Moisture content for all treatment
boxes was maintained at approximately 70% w/v (fresh material to water) by spraying tap water. The
vermicomposting experiment was conducted as a factorial RCBD experiment in triplicate and lasted 90 days.

Table 3.1. Substrate composition of treatments in the study

Animal manure Crop residue Earthworm inoculation
Cow manure (CM) Maize and soybean (MS) Control (uninoculated, non-composted)
Donkey manure (DM) Maize and banana residues (MB) Eudrilus eugeniae (native worm)

Soybean and banana residues (SB) Eisenia andrei
Eisenia fetida
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Eisenia andrei

Fig. 3.1. Earthworm species used for vermicomposting experiment.
3.2.2. Earthworm growth data collection

Substrates in each box were examined at day 30, 60 and 90 days (end of the vermicomposting) to assess
earthworm reproductive status. To this end, in each box the earthworms and cocoons were hand-sorted by
systematically turning the substrate, and examined for clitellum development, and then counted and weighed
to determine the total number and weight of cocoons, clitellated earthworms, juvenile and adult earthworms
and total earthworm biomass. Then, all worms, hatchlings and cocoons were returned to their respective
containers along with the organic substrates (Yadav and Garg, 2011). The maximum individual growth rate (mg
worm day?) was also calculated (Gong et al., 2018) based on the earthworm biomass data obtained as follows

(Eq.1):

Earthworm growth rate = (Total earthworm biomass — Initial earthworm biomass)/
(Number of days X Initial number of earthworms inoculated) Eq.1

3.2.3. Chemical analysis for vermicompost samples

The chemical properties of vermicompost samples were determined at the end of the vermicomposting
experiment. The pH was determined using a water suspension of the vermicompost in the ratio of 1:10 (w/v)
using a pH meter. Total organic carbon content was determined using the chromic acid oxidation method
(Walkley-Black method), while total nitrogen was analysed using the Kjeldhal method after the sample
digestion with concentrated H2SO4. A wet di-acid digestion using conc. HNOz and conc. HCIO4 (mixed 9:4 v/v)
procedure was used to determine the total P, K and S (Motsara and Roy, 2008). Total P and S were analyzed
spectrophotometrically with molybdenum in sulphuric acid and turbidimetric (formation of BaSOa precipitate)
method, respectively, whereas total K was analyzed using a flame photometer.

3.2.4. Microbial biomass carbon and enzyme analyses

Microbial biomass C (MBC) was measured by fumigating the soil mixtures with chloroform for 24 h in the dark
and subsequent extraction with 0.5 MK2S04 (1:3 fresh soil to extraction solvent ratio). The C contents of the
fumigated and non-fumigated extracts were determined with a TOC analyzer (TOC-VCPN, Shimadzu
Corporation, Kyoto, Japan). MBC was estimated as the difference between the organic C extracted from the
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fumigated and that from the non-fumigated sample, multiplied by the K2SOs extract efficiency factor for
microbial C (Kec= 2.64) for vermicompost sample was assumed (Aira et al., 2006b; Gdmez-Branddn et al., 2021).
Dehydrogenase enzyme activity was measured by estimation of the rate of reduction of tri-phenyl-tetrazolium
chloride (TTC) (1.5%) to tri-phenyl-formazan (TPF). A 5 g of vermicompost sample from each treatment was
incubated at 37°C using TTC for 24 h in the dark and the amount of formazan formed was extracted with
methanol and then the color intensity of the filtrates was measured at 485 nm with a Hitachi 150-20
spectrophotometer. The activity of B-glucosidase was assessed by determination of the released p-nitrophenol,
after incubation of 1g vermicompost samples with p-nitrophenyl glucoside (0.025M) substrate for 1 h at 37 °C
and the liberated p-nitrophenol was measured with a Hitachi 150-20 spectrophotometer at 400nm (Alef and
Nannipieri, 1995).

3.2.5. PLFA and GC-MS analysis

Extracted phospholipid fatty acid (PLFA) and changes in microbial community structure were determined based
on microbial membrane PLFA using a procedure detailed by Moeskops et al. (2010). 1 g of freeze-dried
vermicompost sample was weighed into glass tubes and extracted with a mixture of 3.6 ml phosphate buffer
(P-Buffer) pH 7.0, 4 ml chloroform, and 8 ml methanol to extract total lipids. The extracted lipids were drained
from separatory funnels and dried under N2 gas. The dried lipids were further separated into three lipid classes
using Solid Phase Extraction (SPE) cartridges (Chromabond, Macherey—Nagel GmbH, Duren, Germany). Neutral
and glycolipids were discarded but phospholipids collected in methanol were kept for analysis. The PLFAs were
transformed into fatty acid methyl esters (FAMEs) by mild alkaline methanolysis. The FAMEs were dried under
N2 gas and later re-dissolved in hexane containing nonadecanoic acid methyl ester (C19:0) as an internal
standard FAME. Then, the extracted samples were quantitatively analyzed by gas chromatography mass
spectrometry (GC—MS) with a Thermo Focus GC coupled to a Thermo DSQ MS (Thermo Fisher Scientific Inc.,
Waltham, USA) in electron ionization mode. The sums of specific markers of PLFAs for selected microbial
community structures were used for calculation (Moeskops et al., 2010). PLFAs iC15:0, aC15:0, iC16:0, iC17:0,
and aC17:0 was representative for Gram-positive (G+) bacteria, and PLFAs C16:1w7c, C18:1w7c, and cyC17:0
for Gram-negative (G-) bacteria. PLFAs C15:0, C17:0, and cyC19:0 were considered as markers for general
bacteria, and PLFAs 10MeC16:0 and 10MeC18:0 as markers for actinomycetes, PLFAs C18:2w6,9¢c, C18:1w9c
(fungi18:1), C18:2w9,12 (fungil8:2) and C18:3w9,12,15 (fungil8:3) were considered as indicators of fungi
(Hardy et al., 2019), C16:1c11 as signature fatty acid for arbuscular mycorrhizal fungi (AMF) (Masunga et al.,
2016), and PLFAs C20:4w6,9,12,15c and C20:5w3,6,9,12,15c of protozoa (Sleutel et al., 2012; Hardy et al.,
2019). The ratio bacteria PLFA (Gram+ and Gram) to C18:2w9,12 suggested as an index of bacterial:fungal
biomass ratio were calculated by dividing the respective sums of the biomarker fatty acids.

3.2.6. Statistical analysis

Three-way ANOVA model was run for data on earthworm growth and biochemical characteristics of
vermicomposts using PROC GLM of SAS statistical software version 9.40. Assumptions of ANOVA such as
normality, homogeneity and independence of experimental error were tested before data analysis. All main
and the interaction effects between the three factors (type of animal manure, crop residue, and earthworm
species) were determined via F- tests and means were separated using Tukey’s procedure (P < 0.05). Mean
comparison for the three-way interaction effects (for each experimental period) were done using SAS PROC
MIXED procedure, which provided a more useful output for computing the Least Significant Difference (LSD).
The output provided the standard errors of a difference (SED) and the error degree of freedom (DF) to further
compute the LSD using the tabular t-value. Standardized fatty acid biomarker concentrations (nmol g*
vermicompost) were further analysed with principal component analysis (PCA) to assess whether the
combination of earthworm and feedstock are clustered in relation to the functional microbial groups using R
statistical software version 4.1.1.
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3.3. Results
3.3.1. Cocoon production and earthworm growth performance during vermicomposting

The factorial analysis of variance detected a significant (P < 0.001) three-way interaction (AM x CR x EW) on
earthworm growth and reproductive parameters such as cocoon production, number of clitellated worms, and
earthworm biomass and growth rate at day 30 (Fig. 3.2 a-d) (Table 3.2). E. fetida had the highest number of
cocoons in substrates of cow manure mixed with maize and soybean residues (CM +MS) (680 cocoons) as well
as in cow manure mixed with soybean and banana residues (CM +SB). The same is true for E. andrei fed on CM
+MS and CM +SB. However, E. eugeniae showed high cocoon production in both CM +SB and DM +SB
substrates. Likewise, the number of clitellated and biomass of earthworms were always larger at E. andrei and
E. fetida fed on CM +SB and CM +MS substrates than the respective vermireactors. Like the number of cocoons,
the lowest number of clitellated worms, biomass and growth rate were found in E. eugeniae fed on DM +MB
substrate.
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Table 3.2. Effect of the type of animal manure, crop residue and earthworm species on reproduction and growth of earthworms at different stages during vermicomposting

Treatment 30" days of experiment 60" days of experiment 90" days of experiment
Cocoon No. of No. of Total no. of Earthworm Earthworm Cocoon No. of No. of Total no. of Earthworm Earthworm Cocoon No. of No. of Total no. of Earthworm Earthworm
number Juvenile clitellated earthworms biomass growth rate (mg b ) il litellated earthworms biomass growth rate (mg number Juvenile clitellated earthworms biomass growth rate
and earthworms (g) worm™day™) and earthworms (g) worm™day™) and earthworms (g) (mg worm”
adult adult adult 'day?)
Type of animal manure (AM)
Cow manure 429.78° 57.48 232.93° 290.41° 125.32° 12.22° 234.37° 1710.89° 333.04° 2043.93° 329.08° 23.09° 153.30°  1351.19° 252.67° 1603.85° 260.91° 11.60°
Donkey manure 304.33° 56.44 189.96° 247.07° 103.34° 8.55° 147.11° 833.81° 277.30° 1111.11° 218.37° 13.86° 105.15° 499.93° 177.74° 677.67° 148.92° 5.38°
LSD (Tukey) 50.76 NS 23.87 25.44 9.99 1.66 22.46 155.95 13.86 159.64 17.85 1.48 18.08 143.98 24.54 140.05 16.73 0.92
Crop residues mixed (CR)
Maize with soybean residue (MS) 348.72%° 56.11 205.89%° 262.44% 109.67 9.71 188.89%° 1257.89° 302.67° 1560.56° 259.44° 17.28° 110.83° 843.28° 205.39 1048.67° 183.23° 7.29°
Maize with banana residue (MB) 337.67° 56.27 193.39° 249.67° 110.27 8.27 165.67° 997.33° 286.39° 1283.72° 269.61°° 18.13% 121.78° 796.89° 219.72 1016.61° 214.50° 9.02°
Soybean with banana residue (SB) 414.78° 58.50 235.06° 294.11° 122.46 11.74 217.67° 1561.83° 326.44° 1888.28° 292.13° 20.01° 155.06°  1136.50° 220.50 1357.00° 217.01° 9.16
LSD (Tukey) 74.93 NS 35.23 37.55 NS NS 33.16 230.20 20.47 235.64 26.35 2.19 26.69 212.52 NS 206.73 24.70 1.37
Earthworm species (EW)
Eudrilus eugeniae (native) 202.28° 63.00° 191.06 254.67 77.29° 6.14° 141.22° 952.06° 283.17° 1235.22° 204.17° 13.64° 94.22° 534.44° 173.22° 707.67° 127.41° 4.83°
Eisenia andrei 396.50° 57.66° 220.61 278.39 137.04° 13.02° 236.61° 1441.11° 331.17° 1772.28° 314.15° 21.27° 154.06°  1094.78° 248.89° 1343.67° 245.23° 10.35°
Eisenia fetida 502.39° 50.22° 222.67 273.17 128.66° 12.00° 194.39° 1423.89° 301.17° 1725.06° 302.86° 20.51° 139.39°  1147.44° 223.50° 1370.94° 242.10° 10.30°
LSD (Tukey) 74.93 74.93 NS NS 14.75 14.75 33.16 230.20 20.47 235.64 26.35 2.19 26.69 212.52 36.23 206.73 24.70 1.37
F test values
Animal manure (AM) 25.12""" 0.10M 13.32"" 11.93" 19.89"" 19.89""" 62.04™" 130.10™" 66.45™"" 140.43"" 158.17""" 158.20""" 2915 143.78"" 38.33"" 179.89"" 184.14™"" 184.35""
Crop residue (CR) 3.70" 0.22M 4.40 4.44° 2.72" 2.72" 737" 18.00"" 1157 19.7177 4.81 481 8.89"" 897" 0.66"° 9.88"" 6.93" 6.93"
Earthworm species (EW) 4930 5.19° 3.01M 1.32™ 57.44""" 27.22"" 24.82""° 1737 16.77°"" 19.03"" 62.98""" 43.77°" 16.30" 30.54"" 13.50"" 39.39"" 88.24"" 63.89""
AMXCR 6.22"" 0.01™ 471 3.947 9.78"" 9.78"" 9.117" 10.36™" 0.19™ 10.09”" 1229 12.307" 712" 6.917 0.91% 6.84" 8.19" 8.20"
AMXEW 9.97"" 0.13" 3.42° 2.80M 11.447" 11.43" 1.66" 8.44™ 6.42"" 867" 3.71° 3.71° 0.30™ 8.00" 0.06"° 8.43" 469" 4.70"
CRXEW 641" 0.37% 3.43 3.66° 10.407" 10.39" 435" 2.51" 1.98" 2.65" 9.36"" 9.36"" 3.74" 0.89™ 032" 0.92"° 3.12" 3.13
AMXCRXEW 3.04° 0.20™ 2.85 227" 3.99" 3.99” 477" 1.88" 480" 1.48" 2.20™ 2.21 1.32 0.96" 1.64" 0.78"° 2.08" 2.09™
Root MSE+ 91.96 11.95 43.25 46.08 18.10 3.01 40.70 282.53 25.12 289.21 32.34 2.69 32.76 260.84 44.46 253.72 30.32 1.68
CV(%) 25.05 20.97 20.45 17.15 15.83 29.05 21.33 22.20 8.23 18.33 11.81 14.58 25.35 28.18 20.66 22.24 14.79 19.81
Mean values followed by the same letter(s) in a column are not significantly different (P < 0.05) using Tukey’s test (NS =P > 0.05; * = P < 0.05; ** =P < 0.001; *** = P < 0.0001)
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Fig. 3.2. Interaction effect (three-way) of animal manure and crop residues on mean values (n=6) of (a) cocoon production
(LSD=152.29), (b) number of clitellated earthworms (LSD=71.61), (c) earthworm biomass (LSD=29.97) and (d) growth rate
(LSD=5.00) for each earthworm species on 30th days of vermicomposting. Coloured bars show means, while error bars show
means + SE.

On 60" days of the experiment, a significant (p < 0.001) three-way interaction was found between mixed substrates
and earthworm species only for the number of cocoons and clitellated worms (Fig. 3.3 a-b). The maximum mean
number of cocoons and clitellated worms were recorded by E. andrei in both CM+SB and CM+MS substrates, likewise
both E. fetida and E. eugeniae produced high number of cocoons and clitellated earthworms in CM+SB as well as
CM+MS substrate.
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Fig. 3.3. Interaction effect (three-way) of animal manure and crop residues on mean values (n=6) of cocoon production
(LSD=67.39) and number of clitellated earthworms (LSD=41.59) for each earthworm species on 60" days of vermicomposting.
Coloured bars show means, while error bars show means + SE.
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Unlike the 30" and 60" days, there was no significant three-way interaction between AM, CR and EW for all
earthworm growth and reproduction parameters at the end of the experiment (the 90™ day), but there were
significant two-way interactions (AM x CR, AM x EW, and CR x EW). Hence, the pattern of earthworm growth and
reproduction for selected two-way interaction (i.e. CR x EW) across the experimental periods (30, 60 and 90 days) is
shown in Figure 3.4. The CR x EW interaction was selected based on its consistent significance across the three
growth periods. There was a consistent pattern of influence on earthworm reproduction as affected by the
interaction between CRXEW except cocoon production (Fig. 3.4 a-d). The highest cocoon production was observed
after the 30 days of the experiment. Results also showed the peak of earthworm growth was observed at 60™" day
and followed by a decline until 90" day (end).

1200 - 5000 -

a) b)

1000
4000 A

800 -
3000 4

600 -
2000
400

Cocoon number box™

1000
200 -

Total number of earthworms box™

T

30 days 60 days 90 days 30 days 60 days 90 days

800 50
<) d)
40
600

30

400 20 4

Earthworm biomass (g)

200

Earthworm growth rate (mg worm™ day™ )

30 days 60 days 90 days 30 days 60 days 90 days
Experimental period

® - MB with E. fetida
—O— MB with E.andrei

v MB with E. eugeniae
—&— MS with E. fetida
—&— MS with E. andrei
—0O— MS with E. eugeniae
—4— SB with E. fetida
—O— SB with E. andrei
—a— SB with E. eugeniae

Fig. 3.4. The dynamics in cocoon and earthworm growth and production of the different earthworm species over time as affected
by the type of mixed crop residue. Coloured bars show means and bars are means + SE.

3.3.2. Chemical properties of vermicompost samples

After vermicomposting, nutrients concentration (total N, P, K, and S) were found increased, whereas total organic
carbon (TOC) and C:N ratio decreased markedly in earthworm inoculated vermireactors, compared to non-
composted control. Except pH and total K, the amount of TOC, C:N ratio, total N, P, and S concentration differ with
respect to substrates consumed for each employed earthworm species, resulting in significant three-way interaction
between factors (Table 3.3; Fig. 3.5a-d). Significantly the lowest TOC and C:N ratio using both E. eugeniae (17.76%
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and 13.90) and Eisenia fetida (16.30% and 14.08) were exhibited in substrates of CM+SB (Fig. 3.5a). Vermicompost
had significantly higher nutrients (N, P, Kand S) concentration than the initial feedstock materials. E. eugeniae (native
worm) fed on substrate of CM+SB had maximum N concentration (1.28%) followed by with the same substrate using
E. fetida (1.16%), whereas E. andrei had shown high N concentration in substrate of CM+MS (1.02%) (Fig. 3.5b).
Similarly, the highest total P and S concentration (13 and 3 times more than the initial concentration, respectively)
was found in vermicomposts (Fig. 3.5c and d).

Table 3.3. Chemical characteristics and microbial biomass and activity of vermicompost produced from various
mixed substrates employing native and exotic earthworm species

Chemical properties Microbial properties
Treatment pH ocC Total N C:N P K S B-glucosidase DHA (pg MBC
(%) (%) (%) (%) (%) (mgPNPg'dw  TPFgildw  (mgg?)
h?) d?)
Type of animal manure
(AM)
Cow manure 7.322 19.22° 0.9232 23.13° 0.852° 2.15° 0.2629? 105.862 1637.632 13.342
Donkey manure 7.15° 21.932 0.748° 30.192 0.569° 1.83° 0.1642° 80.77° 1071.13° 8.22°
LSD (Tukey) 0.057 0.527 0.039 1.58 0.053 0.212 0.0163 7.523 134.75 1.45
Crop residues mixed (CR)
Maize with soybean 7.24% 20.09° 0.8592 25.78° 0.656° 2.20° 0.2256° 99.742 1321.18%* 10.91
Maize with banana 7.18° 21.97° 0.743b 30.88° 0.618° 1.41° 0.1706° 88.18b 1265.19° 10.01
Soybean with banana 7.28* 19.67° 0.904° 23.32¢ 0.856° 2.36° 0.2446° 92.81% 1476.78° 11.42
LSD (Tukey) 0.084 0.776 0.058 2.328 0.0785 0.313 0.0239 11.08 198.52 NS
Earthworm species (EW)
Control (non-inoculated) 7.15° 25.542 0.648¢ 40.022 0.489¢ 1.78° 0.1333° 92.15 905.28° 10.06
Eudrilus eugeniae (native) 7.25% 18.62° 0.9412 21.03° 0.873? 2.41° 0.2464.2 97.63 1545.782 11.70
Eisenia andrei 7.24% 18.82° 0.840° 23.16° 0.693° 1.88° 0.2300.2 94.24 1543.352 10.97
Eisenia fetida 7.302 19.33% 0.913% 22.43° 0.787% 1.91° 0.2444.2 89.22 1423.122 10.41
LSD (Tukey) 0.106 0.986 0.074 2.95 14.75 0.398 0.0304 NS 252.25 NS
F test values
Animal manure (AM) 38.46™" 106.63""" 77.93"" 80.84""" 114.41" 8.83™ 149.05™" 44,95 71.44" 49.98™"
Crop residue (CR) 4.68" 29.06™" 23.26™ 32.16™ 31.03™ 30.49™ 30.09™ 3.30 3.57" 13.31%
Earthworm species (EW) 469" 160.56™" 4443 129.70"" 38.94™ 7.09™" 44.51™" 0.90Ms 20.69™ 0.99"s
AMxCR 5.84™ 1.16M 5.89" 1.00N 6.01"" 17.40™" 4.06" 4.43° 5.19" 4.40"
AMXEW 1.02Ns 6.82""" 10.04™" 572" 29.11™ 14.97" 15.03™" 0.53M 14.12™" 0.27Ns
CRXEW 14.16™" 2.54" 5.10""" 1.53Ns 5.32"" 6.98"" 3.01° 0.76M° 1.91N 1.70MN
AMXCRXEW 1.80M 9.67™ 3.94™ 3.69™ 4.16™ 1.49N 4.01" 0.30M 2.16" 0.56Ms
Root MSE+ 0.12 111 0.08 3.33 0.11 0.45 343.15 15.87 284.35 3.07
CV(%) 1.66 5.40 10.06 12.50 15.81 22.50 16.06 17.01 20.99 28.48

Mean values followed by the same letter(s) in a column are not significantly different at P < 0.05 using Tukey’s test (NS = P > 0.05;
* =P <0.05; ** =P <0.001; *** = P <0.0001)
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In addition, we also calculated carbon and nitrogen balance (C and N losses, Fig. 3.6a and b) to show how much
nutrient could be reserved or lost in relation to the initial composition of substrates (Table 3.4), however, no losses
recorded for other nutrients such as (P, K and S). Irrespective of substrate ingested, earthworm activities increased
total C loss in all vermireactors, however, significantly the highest C loss (77.3% of the initial C) observed in casts of
E. eugeniae fed on CM+SB substrates, followed by both E. andrei and E. fetida fed on CM+MS. The N loss in the final
vermicompost using earthworms reduced considerably as compared to substrates without earthworm, example the
accumulated N losses of the non-composted treatments accounted for up to 55% of the initial total N. Unlike C loss,
the lowest N loss were observed CM+SB substrate processed using E. eugeniae, followed by E. andrei and E. fetida
fed on CM+MS. Overall, the lowest total C loss with high N loss were observed in non-composted treatments.

Table 3.4. The average percentage of C (%) and N (%) in mixed substrates before vermicomposting

Mixed substrate Total C (%) Total N (%)

CM with MB 37.55%0.15 0.753+0.007
CM with MS 35.304£0.11 0.785+0.010
CM with SB 34.20%0.08 0.830+0.013
DM with MB 39.1040.16 0.720+0.011
DM with MS 37.3040.14 0.780+0.006
DM with SB 36.50£0.15 0.820+0.012
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3.3.3. Microbial biomass and enzymatic activity

Regardless of earthworm species, cow manure vermicompost had significantly higher activities of B-glucosidase,
dehydrogenase and MBC by 31, 53 and 62%, respectively, than donkey manure vermicompost (Table 3.3). The
CM+SB vermicompost significantly increased B-glucosidase activity and MBC by 57 and 64%, respectively, compared
to DM+SB compost. Dehydrogenase activity varied by three-way interaction between factors (Table 3.3). Inoculation
of E. eugeniae in substrates of CM +SB resulted in a significant twofold increase in dehydrogenase activity compared
the corresponding non-composted treatments (Fig. 3.7).
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Fig. 3.7. Interaction effect (three-way) of animal manure and crop residues on mean values (n=6) of on dehydrogenase activity
(LSD=466.80) of the final vermicompost produced from each earthworm species. Coloured bars show means, while error bars
show means * SE.

3.3.4. PLFA biomarkers of the microbial community
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The total concentration of PLFAs in the finished worm castings differed significantly (p < 0.05) between the type of
animal manure and mixed crop residues (Table 2), while earthworm species did not significantly affect the total PLFA
concentration. Substrate consisting of cow manure caused a greater abundance in individual PLFA biomarkers or
total PLFA concentration than the corresponding donkey manure. The presence of earthworms decreased the
abundance of PLFA biomarkers for Fungil8:2 (C18:2w9,12) and Fungil8:3 (C18:3w6,9,12), whereas uninoculated
had the highest concentration of these specific fungal biomarkers. The relative abundance of protozoan biomarkers
was significantly higher in the presence of earthworms relative to non-composted without earthworms (Table 3.5).

Table 3.5. Concentrations (nmol g! vermicompost, dw) of fatty acid biomarkers for microbial communities in
vermicomposts produced from different organic materials employing native and exotic earthworm species

Source of variation Total PLFA (nmol g-! Gram+ Gram- Fungi Fungi Fungi
vermicompost) bacteria bacteria Actinomycetes 18:2 18:1 18:3 AMF protozoa B: F (18:2)

Type of animal manure (AM)
Cow manure 1925.69° 322.01° 254.28° 73.572 87.46° 126.232 0.854 175.412 77.332 20.832
Donkey manure 1643.59° 252.820 213.87° 60.09° 146.812 104.13b 1.052 142.17° 52.79° 5.20°
LSD (Tukey) 272.07 57.12 38.39 10.86 37.45 12.44 NS 33.23 18.73 10.60
Crop residue (CR)
Maize with soybean residue 1951.79° 319.55 261.53 74.51 114.69 120.73 1.048 181.04 73.90 10.27
Maize with banana residue 1852.632 300.93 22891 64.79 135.84 116.15 0.937 161.75 66.09 8.36
Soybean with banana residue 1549.50° 241.75 211.78 61.19 100.89 108.67 0.874 133.58 55.19 20.42
LSD (Tukey) 400.81 NS NS NS NS NS NS NS NS NS
Earthworm species (EW)
Control (non-inoculated) 1806.71 270.82 245.36 62.28 217.10° 107.00 1.394° 147.28 48.41° 2.86
Eudrilus eugeniae (native) 1802.03 292.33 254.39 68.54 124.87° 109.19 0.845° 168.54 93.042 17.08
Eisenia andrei 1690.86 283.14 208.12 65.92 57.17° 115.71 0.797° 151.27 84.752 14.46
Eisenia fetida 1836.96 303.36 228.43 70.58 69.41° 128.83 0.776° 168.07 84.052 17.67
LSD (Tukey) NS NS NS NS 70.10 NS 0.389 NS 35.07 NS
F test values
Animal manure (AM) 4.35" 5.93" 4.48" 6.22 10.15™ 12.74" 3.64Ns 4.04" 6.93" 8.78"
Crop residue (CR) 3.20 2.73Ns 2.33N 2,17 1.19N 1.29Ns 0.97Ns 2.78Ns 1.36Ns 2.02Ns
Earthworm species (EW) 0.23Ns 0.24Ns 1.14Ns 0.44Ns 15307 2.52Ns 8.13"" 0.45Ns 5.80" 1.72Ns
AMXxCR 0.43Ns 0.41N 0.41N 0.12N 0.61N 0.16Ns 4.05" 1.01N 0.12N 2.21N
AMXEW 0.36Ns 0.23Ns 0.17Ns 0.54Ns 0.08Ns 1.45Ns 4.85™ 0.20Ns 1.18\s 1.06Ns
CRXEW 0.72Ns 0.45N8 1.04N8 0.54Ns 1.54N8 0.51Ns 1.12N8 1.09Ns 1.92N 1.47Ns
AMxCRXEW 0.24Ns 0.36N 0.21N 0.70Ns 0.54Ns 0.28Ns 0.93N 0.49Ns 0.65N 1.48Ns

Root MSE+ 574.10 120.53 81.02 22.93 79.02 26.26 0.439 70.13 39.53 22.37

CV(%) 32.16 41.93 34.61 34.31 67.46 22.80 46.07 44.16 60.76 71.82
Mean values followed by the same letter(s) in a column are not significantly different at P < 0.05 using Tukey’s test. AMF-

arbuscular mycorrhizal fungi, B: F (18:2)- bacteria to fungi (fungil18:2) ratio

A clear separation between the samples was found along the first component (PC1) accounted on average above
60%, and the second component (PC2) about 20% of the variance as a function of type of animal manure, crop
residues and earthworm species (Fig. 3.8a-d). The PCA for the type of animal manure (Fig. 3.8a) resulted in
overlapping of cow and donkey manure, however, most of the individual biomarkers were aligned with individual
scores of cow manure. On the other hand, PCA on crop residue showed that soybean with banana residue separated
by PC2 from the other two residues (Fig. 3.8b). Biomarkers of protozoa, fungi 18:1 and B:F ratio were aligned with
individual score of soybean with banana residue, while the fungal biomarkers (fungi 18:2 and fungi 18:3) were
aligned with maize with banana residue. PCA for each earthworm species excluding uninoculated control (Fig. 3.8c)
showed that most of the biomarkers of bacteria (Gram+ and Gram-), AMF, actinomycetes, fungil8:2 and total PLFA
were mainly aligned with E. eugeniae than the corresponding exotic earthworms (E. fetida and E. andrei). While
including the uninoculated control (Fig. 3.8d), PC2 separated all the three-earthworm species from the uninoculated
control. The fungal biomarkers (fungi 18:2 and fungi 18:3) were aligned with individual scores of the uninoculated
control.
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Fig. 3.8. Principal component analyses (PCA) biplot for PLFA biomarkers in vermicomposts and non-composted substrate samples
as affected by animal manure (a), crop residue (b), earthworm species (c) and earthworm species including non-inoculated control

(d)
3.4. Discussion

3.4.1. Earthworm reproduction and growth performance

Vermicomposting of different combinations of substrates (mixed crop residue with animal manure) significantly (p
< 0.05) affected the growth and reproduction of earthworm species employed. A clear difference among different
vermireactors was observed for cocoons production, number of juveniles and adults, and worm biomass and growth
rate as influenced by the preference of earthworms on the type of mixed agricultural waste. Particularly during the
first 30 days, the cocoon production seems to be higher in substrates with cow manure, a significant interaction
between AM, CR and EW found earthworm reproduction and growth were markedly greater in substrates of cow
manure than donkey manure (Fig 3.2a-d). Similarly, Garg et al. (2005) also reported lower cocoon production and
earthworm growth potential with donkey manure. This could be related to the initial lower biochemical quality of
donkey manure (higher lignin and polyphenol) (Gebrehana et al., 2022) likely affecting its palatability to earthworms
and thus suitability for vermicomposting. Type of substrate strongly influence earthworm growth and the exotic
earthworms (E. fetida and E. andrei) performed better than the native worm in substrates of CM+SB and CM+MS.
Interestingly, irrespective of animal manure, E. eugeniae (native worm) performed in substrates consisted of
soybean and banana residues (Fig. 3.2a-d) which could be due to the difference in earthworm species biology for
the favourable substrate. Regardless of earthworm species, the highest number of cocoons after 30 days in CM+SB
and CM+MS might be due to the high N content of soybean straw in the mixed substrates, given that feedstock N
content is an important factor influencing the cocoon production (Suthar, 2007c).
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After an increase in cocoon number (after 30 days), then a large worm biomass and growth (after 60 days), and later
a decline in growth were observed at the end of the experiment (90 days). Earthworm biomass and cocoon
production rate are an important factor to express earthworm’s fecundity (Suthar, 2007b; Coulibaly and Bi, 2010)
and to compare the growth rates of worms which could differ with the substrate. The maximum worm growth rate
and biomass in the 60" day might be due to the consumption of suitable substrates resulted in rapid hatchlings of
cocoons. However, the decrease in the number and biomass of worms in the later stages may be due to the
exhaustion of food with time. A consistent trend of decreasing cocoon and earthworm number and worm biomass
after the 60™" day in all feed substrates may be due to aging of the culture organic substrates (Suthar, 2007b;
Coulibaly and Bi, 2010).

3.4.2. C and nutrient contents and balances of vermicompost

The vermicomposting process caused a significant transformation in chemical composition of substrate materials
and resulted in humus-rich vermicompost (humified) than uninoculated control. The shift in pH towards neutrality
during vermicomposting might be due to the neutralization reaction between carboxylic and phenolic groups in
humic acids and ammonium ions (Garg and Gupta, 2011; Bhat et al., 2018). During vermicomposting, C is lost as CO>
through decomposition and the rapid stabilization of feedstocks results in subsequent decrease in the C:N and
nutrients (N, P, K and S) retention. The decrease in the C:N ratio could also be due to respiratory activities of
earthworms and associated microflora as well as simultaneous increases in the N concentration of the composts
(Khatua et al., 2018). However, the increased in the earthworm growth (especially after 60 days) as well as the final
chemical properties of vermicompost depends on the initial C:N ratio of substrates (Ndegwa and Thompson, 2000).

Vermicomposting earthworms significantly increased total C loss (especially in substrate of CM+SB using E. eugeniae
accounted for over 77% of initial C loss) compared to non-composted treatments (Fig. 3.6a). Next to direct
earthworm activity, the higher C loss after vermicomposting as compared to the composting without earthworms
could also be due to the stimulation of decomposing microbes by the earthworm casts (Sierra et al., 2013). Similar
to a lower OC and C:N ratio, E. eugeniae and E. fetida resulted in the maximum N content (1.28% N and 1.16% N,
respectively) in a substrate of CM+SB, while E. andrei (1.02% N) in CM+MS. Regardless of the earthworm species
used, N losses from the uninoculated substrates (especially substrates consisting of donkey manure) were the
highest, averaging up to 48% of the initial total N content, compared to N losses in vermicomposts. The lowest N
losses observed in substrate of CM+SB using E. eugeniae (9% loss) as well as in CM+MS using both E. fetida and E.
andrei (18 and 21% losses, respectively) (Fig. 6b) might be due to their highest total N content. Dominguez et al
(2010) as well as Gomez-Brandon et al. (2021) reported that the enhanced N concentration in the presence of
earthworms is mainly due to the direct excretion of excess N through their casts. Vermicomposting using
earthworms could therefore result with high total N concentration in vermicomposts with effective reduction of N
losses that are unlikely to occur in the uninoculated control. Earthworm activity through gut digestion and mucus
excretion (Huang and Xia, 2018) have been shown to enhance N mineralization of the OM and enriched the total N
content of vermicompost (Atiyeh et al., 2000; Aira and Dominguez, 2009). The N loss reported in the present study
(9%) during vermicomposting was less than a previous study on different composting conditions by Nigussie et al.
(2016). Dry matter losses are expected in vermicomposting because the feed substrates undergo microbial
decomposition processes that are enhanced by the presence of earthworms. However, no losses in vermicomposts
were observed for P, K and S which could be due to the fact that no leaching occurs. Thus, the increased P and K
concentrations in vermicomposts could be largely due to dry matter losses, as essentially the same mass of P, K and
S could be present in less dry matter. Therefore, vermicomposting allows farmers to reduce the volume and weight
of organic material that must be transported to their fields while maintaining equivalent nutrients (N, P, K and S)
value of the stabilized vermicompost.
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3.4.3. Microbial properties

Irrespective of earthworm species, CM+SB led to significantly higher microbial biomass and B-glucosidase compared
to the other mixed substrates. Earthworms could cause an increase in microbial biomass during the
vermicomposting process, while it could decrease due to the aging of vermicompost when earthworms have left the
organic substrate (Aira et al., 2007a; Aira et al., 2008). Reduction in MBC in inoculated vermireactors could be due
to rapid degradation of OM during the initial period or exhaustion of available C sources by inhabiting microbial
communities (Gusain and Suthar, 2020). Aira et al. (2009) also suggested that decrease in microbial biomass could
be attributed to the digestion of earthworms on selective microbes during vermicomposting. However, Lv et al.
(2015) found an increase in microbial activity in the final vermicompost which could be due to the availability of high
content of substrates for microbial metabolism. During vermicomposting, the activity of B-glucosidase can be an
indicator of the rapid loss of organic matter (Gusain and Suthar, 2020). This extracellular enzyme takes part in the
decomposition of lignocellulose and it plays a role in the carbon cycle by catalyzing the conversion of disaccharides
into glucose, which are subsequently used by soil microbes as a source of energy (Benitez et al., 1999; Moeskops,
2010). Villar et al. (2017) demonstrated the action of earthworms on B-glucosidase activity depends on the type of
substrate ingested. Our study also showed that earthworms could increase the activity of microbes as indicated by
their dehydrogenase activity. The highest dehydrogenase activity was obtained in CM+SB using E. eugeniae (Fig. 3.7),
which could be due to the high content of water-soluble C used for microbial growth (Gusain and Suthar, 2020) and
the aerobic pathways of the microflora in the earthworm gut. In agreement with previous reports by Lv et al. (2015)
that demonstrated higher microbial activity in the final vermicompost, our results on microbial activity were higher
in worm casts as evidenced by higher dehydrogenase.

The results of PCA indicated that the communities of the microflora differed between treatments applied. The nature
of feedstock and earthworm species used could greatly influence the community structure and the abundance of
the microbial population (Huang et al., 2013). Cow manure had increased the abundance of individual microbial
community better than donkey manure. This is consistent with previous studies that have shown the microbial
community found in the cast depended on the animal manure ingested by the earthworm (Aira et al., 2016). PCA
biplot analysis also separated soybean with banana residue from the other mixed residues mainly by biomarkers of
protozoa and fungil8:1 as well as B:F ratio (Fig. 3.8b), suggesting that the highest microbial community with soybean
and banana residues was dominated by bacteria, while maize and banana residue aligned with fungal community
(fungil8:2 and 18:3) showing the initial difference in C:N ratio between crop residues affected the microbial
composition. Despite the differences in microbial community between earthworm species, earthworms increased
the microbial community in a similar magnitude, particularly E. eugeniae had comparable effect on the abundance
of gram-positive and gram-negative bacteria, actinomycetes, AMF, fungil8:2 and total PLFA (Fig. 3.8c-d). Whereas
the uninoculated (non-composted) control separated from earthworms by fungal community (fungi 18:2 and 18:3).
This indicates the significant response earthworms on changing the composition of microbial community through
decreased the fungal community (fungi 18:2 and 18:3) in the final vermicomposts. Earthworm activity had an impact
on fungi and protozoa, as both are important for earthworm nutrition (Monroy et al., 2008; Gémez-Brandén et al.,
2011a; Bhat et al., 2018). These results are consistent with the general view that earthworms can selectively graze
fungal species that can be digested by earthworms (Aira et al., 2008) and support the findings of (Zhao et al., 2018)
who documented that earthworm promoted fungil8:1 and protozoan abundance. Dominguez et al. (2019) also
observed large changes in bacterial community composition in earthworm casts. The function and changes in
microbial community composition resulted from vermicomposting are evidence of the beneficial effects of
vermicompost as a soil amendment essential for plant growth and disease suppression, especially in areas subject
to improper agricultural practices such as Ethiopian agriculture.
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3.5. Conclusions

The vermicomposting potential of native and exotic earthworms is an alternative technology for bioconversion of
various agricultural waste and production of super valuable vermicompost with improved physicochemical and
microbiological properties. As feed substrate CM +SB and CM +MS (for E. fetida and E. andrei) as well as CM +SB (for
E. eugeniae) result in best palatability for effective earthworm growth and reproduction, offering adequate energy
to sustain large population and biomass during vermicomposting process. Mass loss caused by earthworm activity
resulted in production of nutrient-rich vermicompost and an increased nutrient content while reduced N loss than
non-composted. Furthermore, a considerable C loss, low C:N ratio with highest nutrient balance and greatest
microbial and enzymatic activity resulted using the earthworms employed. The PLFA assay also showed that
earthworms were able to enhance the physiological profiles of microbial communities through decreasing the fungal
populations (fungil8:2 and 18:3) and tend to increase biomarkers of gram-positive and gram-negative bacteria,
actinomycetes, fungil8:1 as well as protozoa compared to uninoculated control. The study showed the potential of
native and exotic earthworms in the optimization of a wider range of mixed substrates for vermiculture and
production of high-quality vermicompost at farm level.

66



References

Aira, M., Dominguez, J. (2008). Optimizing vermicomposting of animal waste: Effects of rate of manure application
on carbon loss and microbial stabilization. Journal of Environmental Management, 88, 1525-1529.

Aira, M., Dominguez, J. (2009). Microbial and nutrient stabilization of two animal manures after the transit through
the gut of the earthworm Eisenia fetida (Savigny, 1826). Journal of Hazardous Materials, 161, 1234-1238.

Aira, M., Monroy, F., Dominguez, J. (2006). C to N ratio strongly affects population structure of Eisenia fetida in
vermicomposting systems. European Journal of Soil Biology, 42, 127-131.

Aira, M., Monroy, F., Dominguez, J. (2006). Changes in microbial biomass and microbial activity of pig slurry after the
transit through the gut of the earthworm Eudrilus eugeniae (Kinberg, 1867). Biology and Fertility of Soils, 42,
371-376.

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
Total Environment, 385, 252—-261.

Aira, M., Monroy, F., Dominguez, J. (2009). Changes in bacterial numbers and microbial activity of pig slurry during
gut transit of epigeic and anecic earthworms. Journal of Hazardous Materials, 162, 1404-1407.

Aira, M., Olcina, J., Pérez-Losad, M., Dominguez, J. (2016). Characterization of the bacterial communities of casts
from Eisenia andrei fed with different substrates. Applied Soil Ecology, 98 103-111.

Aira, M., Sampedro, L., Monroy, F., Dominguez, J. (2008). Detritivorous earthworms directly modify the structure,
thus altering the functioning of a micro decomposer food web. Soil Biology and Biochemistry, 40, 2511-2516.

Alef, K., Nannipieri, P. (1995). Methods in Applied Soil Microbiology and Biochemistry. Academic Press, London.

Amit, K., Ajit, K., Arthanareeswari, M., Kamaraj, P. (2014). Vermicomposting of solid waste using local and exotic
earthworms: a comparative study. Chemical Science Transactions, 3, 646-651.

Atiyeh, M., Subler, S., Edwards, C.A., Bachman, G., Metzger, J.D., Shuster, W. (2000). Effects of vermicomposts and
composts on plant growth in horticultural container media and soil. Pedobiologia, 44, 579-590.

Bashir, I., War, A.F., Rafiq, I., Reshi, Z.A., Rashid, I., Shouche, Y.S. (2022). Phyllosphere microbiome: Diversity and
functions. Microbiology Research, 254, 126888.

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.

Bhat, S.A., Singh, J., Vig, A.P. (2018). Earthworms as Organic Waste Managers and Biofertilizer Producers. Waste
Biomass Valorization, 9, 1073—-1086.

Coulibaly, S.S., Bi, I.A. (2010). Influence of animal waste on growth and reproduction of the African earthworm
species Eudrilus eugeniae (Oligochaeta). European Journal of Soil Biology, 46, 225-229.

Davi, C., Khwairakpam, M. (2020). Bioconversion of Lantana camara by vermicomposting with two different
earthworm species in monoculture. Bioresource Technology, 296, 122308.

Dominguez, J. (2004). State-of-the art and new perspectives on vermicomposting research, in: C.A. Edwards, (Ed.),
Earthworm Ecology, CRC Press, Boca Raton. pp. 401-424.

Dominguez, J. Aira, M., Kolbe, A.R., Gomez-Brandon, M., Perez-Losada, M. (2019). Changes in the composition and
function of bacterial communities during vermicomposting may explain beneficial properties of
vermicompost. Scientific Reports 9, 9657.

Dominguez, J., Aira, M., Brandon, M.G. (2010). Vermicomposting: Earthworms Enhance the Work of Microbes, in: H.
Insam, I.F. Whittle, M. Goberna (Eds.), Microbes at Work from Waste to Resources, Springer-Verlag Berlin,
Heidelberg.

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

Garg, V.K.,, Gupta, R. (2011). Optimization of cow dung spiked pre-consumer processing vegetable waste for
vermicomposting using Eisenia fetida. Ecotoxicology and Environmental Safety, 74 19-24.

Gebrehana, Z.G., Gebremikael, M.T., Beyene, S., Wesemael, W.M.L., De Neve, S. (2022). Assessment of trade-offs,
guantity, and biochemical composition of organic materials and farmer's perception towards vermicompost
production in smallholder farms of Ethiopia. Journal of Material Cycles and Waste Management, 24, 540—
552.

67



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

Gomez-Branddn, M., Dominguez, J. (2014). Recycling of solid organic waste through vermicomposting: microbial
community changes throughout the process and use of vermicompost as a soil amendment. Critical Review
on Environmental Science and Technology, 44, 1289-1312.

Gomez-Brandon, M., Martinez-Cordeiro, H., Dominguez, J. (2021). Changes in the nutrient dynamics and
microbiological properties of grape marc in a continuous-feeding vermicomposting system. Waste
Management, 135, 1-10.

Gong, X, Caia, L., Lia, S., Chang, S.X., Suna, X, An, Z. (2018). Bamboo biochar amendment improves the growth and
reproduction of Eisenia fetida and the quality of green waste vermicompost. Ecotoxicology and
Environmental Safety, 156, 197-204.

Goswami, L., Gorai, P.S., Mandal, N.C. (2021). Chapter 5 Microbial fortification during vermicomposting: A brief
review, in: S. De Mandal, A.K. Passari (Eds.), Recent Advancement in Microbial Biotechnology, Agricultural
and Industrial Approach, 99-122.

Gusain, R., Suthar, S. (2020). Vermicomposting of duckweed (Spirodela polyrhiza) by employing Eisenia fetida:
Changes in nutrient contents, microbial enzyme activities and earthworm biodynamics. Bioresource
Technology, 311, 123585.

Hardy, B., Sleutel, S., Dufey, E., Cornelis, J-T. (2019). The long-term effect of biochar on soil microbial abundance,
activity and community structure is overwritten by land management. Frontiers in Environmental Science, 7,
110.

Huang, K., Li, F., Wei, Y., Chen, X., Fu X. (2013). Changes of bacterial and fungal community compositions during
vermicomposting of vegetable waste by Eisenia foetida. Bioresource Technology, 150, 235-241.

Huang, K., Xia, H. (2018). Role of earthworms' mucus in vermicomposting system: Biodegradation tests based on
humification and microbial activity. Science of Total Environment, 610—611, 703—708.

Kaviraj, Sharma S, (2003). Municipal solid waste management through vermicomposting employing exotic and local
species of earthworms. Bioresource Technology, 90, 169-173.

Khatua, C., Sengupta, S., Balla, V.K., Kundu, B., Chakraborti, A., Tripathi, S. (2018). Dynamics of organic matter
decomposition during vermicomposting of banana stem waste using Eisenia fetida. Waste Management, 79,
287-295.

Khwairakpam, M., Bhargava, R. (2009). Bioconversion of filter mud using vermicomposting employing two exotic
and one local earthworm species. Bioresource Technology, 100, 5846—-5852.

Lores, M., Gomez-Brandon, M., Perez-Diaz, D., Dominguez, J. (2006). Using FAME profiles for the characterization of
animal waste and vermicomposts. Soil Biology and Biochemistry, 38, 2993—2996.

Lv, B., Xing, M., Yang, J., Zhang, L. (2015). Pyrosequencing reveals bacterial community differences in composting
and vermicomposting on the stabilization of mixed sewage sludge and cattle dung. Applied Microbiology and
Biotechnology, 99, 10703-10712.

Martin, M., Eudoxie, G. (2018). Feedstock composition influences vermicomposting performance of Dichogaster
annae relative to Eudrilus eugeniae and Perionyx excavates. Environmental Science and Pollution Research,
25,17716-17725.

Masunga, R.H., Uzokwe, V.N., Mlaya, P.D., Odeh, I., Singh, A., Buchane, D., De Neve, S. (2016). Nitrogen
mineralization dynamics of different valuable organic amendments commonly used in agriculture. Applied
Soil Ecology, 101, 185-193.

Moeskops, B., Sukristiyonubowo, Buchan, D., Sleutel, S., Herawaty, L., Husen, E., Saraswati, R., Setyorini, D., De Neve,
S. (2010). Soil microbial communities and activities under intensive organic and conventional vegetable
farming in West Java, Indonesia. Applied Soil Ecology, 45, 112—-120.

Monroy, F., Aira, M., Dominguez, J. (2008). Changes in density of nematodes, protozoa and total coliforms after
transit through the gut of four epigeic earthworms (Oligochaeta). Applied Soil Ecology, 39 127-132.

Motsara, M.R., Roy, R.N. (2008). Guide to laboratory establishment for plant nutrient analysis'. Food and Agriculture
Organization of the United Nations (FAO) Fertilizer and plant nutrition bulletin-19, Rome, Italy.

Nigussie, A., Kuyper, T.W., Bruun, S., de Neergaard, A. (2016). Vermicomposting as a technology for reducing
nitrogen losses and greenhouse gas emissions from small-scale composting. Journal of Clean Production, 139,
429-439.

68



Parthasarathi, K. (2007). Life cycle of Lampito mauritii (Kinberg) in comparison with Eudrilus eugeniae (Kinberg)
cultured on different substrates. Journal of Environment and Biology, 28, 803-812.

Pérez-Losada, M., Eiroa, J., 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 sequences. Pedobiologia, 49, 17-324.

Postma-Blaauw, M.B. de Goede, R.G.M. Bloem, J. Faber, J.H. Brussaard, L. (2010). Soil biota community structure
and abundance under agricultural intensification and extensification. Ecology, 91, 460-473.

Raphael, K., Velmourougane, K. (2011). Chemical and microbiological changes during vermicomposting of coffee
pulp using exotic (Eudrilus eugeniae) and native earthworm (Perionyx ceylanesis) species. Biodegradation, 22,
497-507.

Sarker, M.H., Kashem, A. (2020). Earthworm species and their feeding substances have great role on the quantity
and quality of produced vermicompost. Organic Agriculture, 10, 437-448.

Sierra, J., Desfontaines, L., Faverial, J., Loranger-Merciris, G., Boval, M. (2013). Composting and vermicomposting of
cattle manure and green waste under tropical conditions: carbon and nutrient balances and end-product
quality. Soil Research, 51, 142-151.

Singh, R.P. Embrandiri, A., Ibrahima, M.H., Esab, N. (2011). Management of biomass residues generated from palm
oil mill: Vermicomposting a sustainable option. Resource Conservation and Recycle, 55, 423-434.

Singh, S., Singh, J., Vig, A.P. (2016). Earthworm as ecological engineers to change the physico-chemical properties of
soil: Soil vs vermicast. Ecological Engineering, 90, 1-5.

Sleutel, S., Bouckaert, L., Buchan, D., Van Loo, D., Cornelis, W.M., Sanga, H.G. (2012). Manipulation of the soil pore
and microbial community structure in soil mesocosm incubation studies. Soil Biology and Biochemistry, 45,
40-48.

Stewart, Z.P., Pierzynski, G.M., Middendorf, B.J., Prasad, P.V. (2020). Approaches to improve soil fertility in sub-
Saharan Africa. Journal of Experimental Botany, 71, 632—641.

Suthar, S. (2007). Influence of different food sources on growth and reproduction performance of composting
epigeics: Eudrilus eugeniae, Perionyx excavatus and Perionyx sansibaricus. Applied Ecology and Environmental
Research, 5, 79-92.

Suthar, S. (2007). Nutrient changes and biodynamics of epigeic earthworm Perionyx excavatus (Perrier) during
recycling of some agriculture waste. Bioresource Technology, 98, 1608—-1614.

Suthar, S. (2007). Vermicomposting potential of Perionyx sansibaricus (Perrier) in different waste materials.
Bioresource Technology, 98, 1231-1237.

Suthar, S. (2008). Bioconversion of post-harvest crop residues and cattle shed manure into value-added products
using earthworm Eudrilus eugeniae Kinberg. Ecological engineering, 32, 206—214.

Suthar, S., Ram, S. (2008). Does substrate quality affect earthworm growth and reproduction patterns in
vermicomposting systems? A study using three popular composting earthworms. International Journal of
Environmental Waste Management, 2, 584 — 600.

Vanlauwe, B., Bationo, A., Chianu, J., Giller, K.E., Merckx, R., Mokwunye, U., Ohiokpehai, O., Pypers, P., Tabo, R.,
Shepherd, K., Smaling, E., Woomer, P.L., Sanginga, N. (2010). Integrated soil fertility management:
Operational definition and consequences for implementation and dissemination. Outlook on Agric, 39, 17—
24,

Villar, 1., Alves, D., Mato, S. (2017). Product quality and microbial dynamics during vermicomposting and maturation
of compost from pig manure. Waste Management, 69, 498-507.

Yadav, A., Garg, V.K. (2011). Recycling of organic waste by employing Eisenia fetida. Bioresource Technology, 102,
2874-2880.

Zhao, C., Wang, Y., Wang, Y., Wu, F., Zhang, J., Cui, R., Wang, L., Mu, H. (2018). Insights into the role of earthworms
on the optimization of microbial community structure during vermicomposting of sewage sludge by PLFA
analysis. Waste Management, 79, 700-708.

69



This chapter is adopted from:

Gebrehana, Z.G., Gebremikael, M.T., Beyene, S., Sleutel, S., De Neve, S. (2023). Carbon and nitrogen mineralization

dynamics and soil biological properties on Nitisols of Ethiopia amended with selected vermicomposts. European
Journal of Soil Biology (Submitted and under review).

70



Abstract

Vermicomposting has become an efficient technology for valorization of a variety of organic waste into high quality
vermicompost. Nevertheless, the impact of different vermicomposts on Cand N mineralization, soil microbial activity
and community composition remains largely unknown, especially in Sub-Saharan Africa and Ethiopian soils. To
address this gap, we conducted two separate incubation experiments to investigate C and N mineralization (for 104
and 94 days of incubation, respectively) potential of five selected vermicomposts (VC) made from various organic
substrates and/or earthworm species. The cumulative amount of mineralized C at the end of incubation was
significantly highest in VC10 and VC2 (mineralized 68 and 50% of added C, respectively), while it was lowest in VC3
and unamended control. The effect of vermicompost on soil N availability and microbial properties greatly varied
depending on vermicompost type. VC10, made from cow manure mixed with soybean and banana residues using
Eudrilus eugeniae, had the highest net N release (32.4 ug N g soil, 75% of N added). Whereas the lowest net N
release was obtained in VC3, made from cow manure mixed with maize and soybean residues using Eisenia andrei.
All vermicomposts showed greater dehydrogenase (up to 34 pg TPF g soil at day 10), B-glucosidase activity and
microbial biomass C than unamended control. In addition, vermicompost increased the concentration of total PLFA,
B:F ratio and most individual biomarkers of bacterial and fungal communities compared to unamended control,
which had relatively high abundance of fungal population (Fungil8:2). Our results indicate vermicompost addition
can improve nutrient bioavailability, microbial biomass and activity, but this tends to vary between vermicomposts
due to differences in their origins.
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4.1. Introduction

The declining in soil organic matter (SOM) has been linked to low agricultural productivity and unsatisfactory crop
responses to chemical fertilizer use in many areas of Ethiopia (Solomon et al., 2002). This trend is often a result of
conventional farming practices such as the inappropriate use of soil amendments or their application at low rates,
coupled with improper agricultural management (van Beek et al., 2016). In response to the depletion of SOM and
its associated negative impacts on crop production and agricultural sustainability, smallholder farmers have
increasingly turned to organic fertilizers (Ghimire et al., 2017; Stewart et al., 2020). Lalander et al. (2015) reported
that vermicompost produced from agricultural residues has gained renewed attention as a profitable and
sustainable option, especially given decreasing access to synthetic fertilizers for subsistence farmers. In fact,
smallholder farmers in SSA, particularly Ethiopia, have recently begun to adopt the use of vermicompost as a soil
amendment (Gebrehana et al. 2022). This shift towards more sustainable farming practices holds the potential to
have positive impacts on both the environment and the livelihoods of smallholder farmers.

Attempts to address SOM and nutrient losses in a sustainable manner require careful optimization of organic
supplement use (Masunga et al., 2016). Vermicomposts are produced from varying available organic waste, and
their overall impact on soil quality needs to be evaluated to determine their effectiveness as a source of organic
matter for maintaining and improving agricultural soil quality. Numerous studies have demonstrated the positive
impact of vermicompost as a soil amendment for restoring soil quality (Tejada et al., 2010; Ngo et al., 2012). The
addition of vermicompost to soil not only serves as a source of organic matter and plant nutrients such as N and P
(Padmavathiamma et al., 2008), but can also improve microbial activity and composition (Srivastava et al., 2011,
Gomez-Brandén and Dominguez, 2014). The increased in microbial biomass and activity due to vermicompost
addition has significant implications for SOC mineralization and C sequestration as earthworm-processed cast
(vermicompost) has enhanced biochemical properties that could incorporate a proportion of microbial detritus into
the SOM and alter the SOM, mineral particles and microorganisms (Lemtiri et al., 2014). Therefore, the use of
vermicompost can ensure ecologically sustainable agriculture, maintain the balance of valuable nutrients, and
sequester C on nitisols, which are one of the predominant agricultural soils in Ethiopia. This, in turn, can reduce
smallholder farmers' dependence on chemical fertilizers (Adelabu et al., 2019). These Nitisols are prominent in
Assosa, western Ethiopia, as weathered soils that have limited soil organic matter and nutrient pools for growing
crops. A considerable number of studies have demonstrated the role of vermicompost in improving organic C pools
(Chaoui et al., 2003; Arancon et al., 2006; Tejada et al., 2009) and stimulating root growth, which facilitates nutrient
uptake, thereby promoting higher yields (Arancon et al., 2004). Previous studies have also shown the variability in N
mineralization i.e., higher mineral N content after application of different organic amendments compared to
unamended control (Tejada et al., 2009; Masunga et al., 2016). And estimating N mineralized from added organic
material is essential for determining the rate of N fertilizer application required to optimize crop yield and quality
(De Neve, 2017).

Although application of vermicompost has gained attention to replenish SOM and stimulate soil biological activity,
its potential varies depending on the type of vermicompost applied which should be influenced by the initial
composition of the substrate and earthworm species used in vermicompost production (Suthar, 2007). In our recent
study, we examined the suitability of various mixed substrates from agricultural waste, such as animal manure and
crop residues, for supporting growth and reproduction of various earthworm species and producing high-quality
vermicomposts. Our findings indicated that the initial composition of organic substrate ingested and the earthworm
species used had a significant impact on the final biochemical quality of vermicompost produced (Gebrehana et al.,
2023). Therefore, the present study aimed to evaluate the potential contribution of five selected vermicomposts,
chosen based on their total C and N concentration as well as C:N ratio, in enhancing soil biological properties and N
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availability (Gebrehana et al., 2023). Although some research has explored the benefits of vermicompost on soil
properties and crop productivity, there is a lack of comprehensive studies that compare different vermicomposts
and examine their effect on C and N mineralization and soil microbial activity and community composition. We set
up two laboratory incubation experiments using selected vermicomposts to evaluate their potential in increasing
soil quality, in Nitisols of Ethiopia. We hypothesized that the different types of vermicompost amendments would
increase N availability, SOC stability and microbial activity and composition in distinct ways. We based this hypothesis
on the fact that the quality of vermicompost depends largely on the mixed substrate used and earthworm species
employed during the vermicomposting process. As a result, we expected that the initial differences in quality among
the vermicomposts would translate into differential effects on soil properties and microbial communities. Moreover,
vermicomposts enhance microbial and enzymatic activity along with C and N mineralization, as compared to
unamended control where microbial activity is limited due to the absence of amendment.

4.2. Material and methods
4.2.1. Soil for incubation experiment

The soil for the experiment was collected from the surface layer (0-20 cm) from an agricultural field in Assosa area,
Ethiopia, located at 09°58’41.7” N, 034°38’09.5” E. Soil samples were collected from a field with recent cropping
history of sorghum, soybean and maize. The field has been under cultivation of maize, soybean and sorghum for the
past 20-30 years and zigzag sampling pattern was used to collect samples in the field. Then all the samples were
combined, and a composite sample was taken. Samples were then air dried, passed through a 2 mm sieve and stored
at room temperature. The soil was sandy clay loam in texture and had soil pHka of 4.6 (1:2.5 w/v), a bulk density of
1.28 gcm3, 0.14 % total N, 4.26 mgkg mineral N and 2.20% total C content.

4.2.2. Vermicompost sources used and experimental set up

After our previous vermicomposting experiment using varied mixed substrates and earthworm species, we selected
the five best vermicomposts (out of 18 total, not including organic substrates without earthworms) according to
their nutrient concentration, particularly N and C:N ratio (Gebrehana et al., 2023). These vermicomposts were all
produced using the same feedstock and earthworm species and subsamples were kept at 4°C for use in the
incubation experiment: VC2- made from cow manure mixed with maize and soybean residues using Eudrilus
eugeniae (native) earthworm, VC3- from cow manure mixed with maize and soybean residues using Eisenia andrei,
VC10- from cow manure mixed with soybean and banana residues using Eudrilus eugeniae, VC11- from cow manure
mixed with soybean and banana residues using Eisenia andrei and VC12- from cow manure mixed with soybean and
banana residues using Eisenia fetida. Visible organic residues were removed from the soil by hand picking before
sieving to 2mm. Then the bulk soil was moisturized using distilled water in two plastic boxes and the boxes were
covered with a single layer of gas permeable Parafilm® to avoid water evaporation and subsequently pre-incubated
at 25°C for ten days, to restore microbial activity. The pre-incubated soil was then mixed with each vermicompost
type and soil mesocosms were prepared for both C and N mineralization experiments as described below.

4.2.3. Carbon mineralization experiment

The soil mesocosms used in this study consisted of 230 g of air-dried soil that was thoroughly mixed with a
corresponding amount of vermicomposts in PVC tubes with d=7.0 cm and h=7.5 cm. The amount of vermicomposts
applied was based on a fixed target N application, equivalent to the amount of vermicompost needed to supply 110
kg N ha* and adjusted to 0.08 g N kg™ dry soil, taking into account the quantity of soil per tube. Each soil mesocosm
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was placed inside a glass jar (1 L) that was sealed airtight. C mineralization was monitored at 17 sampling moments,
namely atday 1, 2,3,4,5,7,9, 11, 13, 15, 18, 22, 27, 30 and after 30 incubation days the samples were measured
weekly for 104 days. Small vials containing 15 ml 1 M NaOH solution were placed in the jars to trap the CO: evolved
from vermicompost mixed with the soil. The jars were closed with air-tight seals and incubated at 25°C. The evolved
CO2 was captured in the vial containing NaOH through back titrating the excess NaOH with 0.2 M HCI after
precipitating the carbonates with BaClz (Sleutel et al., 2010). During and after titration, jars were left open for 3
hours to fully replenish the soil atmosphere with oxygen. The time that the jars were left open during measurements
was also considered to calculate the cumulative C mineralized. After subtracting the CO; evolved by the control soil,
the cumulative amount of net C mineralized expressed as a percentage of total organic C added was calculated at
each time (Eq. (1)):

) __ (Cmin amended — Cmin unamended)

i 0
Cmin, net (% Total added C

x 100 (1)

Cmin, net is the percentage of net cumulative CO2-C mineralized from vermicompost; Cmin amended is the
cumulative CO2-C mineralized in vermicompost amended soil; Cmin unamended is the mean CO2-C mineralized from
the control samples. The averages of the three values, at each sampling date, were used for calculating the C
mineralization curves. The cumulative amount of mineralized C (C(t) in ug CO2-C g soil) was plotted against time (t)
and a first order mineralization kinetic equation was fitted to the data as previously reported by De Neve et al. (2003)
using (Eq. (2)):

Cmin (t) = €O (1-e7 k) (2)

where Cmin (t): amount of organic C mineralized at time t, CO: amount of total potentially mineralizable C (ug g™%)
and k is the mineralization rate constant (day™). The contribution of vermicompost application to soil organic C
stocks was assessed by calculating the humification coefficient (h) (Gebremikael et al., 2020), (defined as the stable
fraction of organic C remaining in the soil one year after vermicompost application at a mean soil temperature of
25°C, which is a typical value for tropical soils) by fitting C mineralization data with a first-order kinetic model (Eq.
2). By fitting the first order kinetic model to the measured percentage of net cumulative C mineralized, we were
able to calculate the cumulative percentage of organic C during an incubation period of 150 days, which is equivalent
to one year under field conditions. The h-value is then considered as the difference (100 - % net cumulative C
mineralized by day 150. It is an estimate of the stable organic C in the vermicomposts and the contribution of the
vermicomposts to C sequestration.

4.2.4. Nitrogen mineralization experiment

The vermicomposts selected for this study (VC2, VC3, VC10, VC11 and VC12) were mixed with 212 g of dry soil in
proportions of 3.2, 2.8, 2.5, 2.7 and 2.9 g, respectively. The resulting mixture was then placed into PVC cores (d = 4.6
cm, h =10 cm). The rates of vermicomposts applied were equivalent to 110 kg N ha™, which is the recommended
amount of total N for growing hot pepper (Capsicum annuum L.) in Nitisols of Assosa, Ethiopia). The mixture was
then manually compacted to obtain a bulk density of 1.3 g cm™ (same as obtained at field condition). During the
incubation, the tubes were covered with pin-holed parafilm, which allowed air exchange but retarded moisture loss,
and then incubated at 25 °C for 94 days. Three replicates of each treatment were destructively sampled at 10 in the
first and then 21 days interval over a period of 94 days to determine soil mineral N, dehydrogenase and B-glucosidase
activities as well as microbial biomass carbon (MBC), while PLFA analyses at 10 and 73 days (taken as initial and last)
of incubation. The experimental design was thus a factorial design with two factors: (1) six types of vermicompost
amendment (0, VC2, VC3, VC10, VC11 and VC12) and (2) incubation time (10, 31, 52, 73 and 94 days of incubation).
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Mineral N (NHs* and NO3’) was measured in a continuous flow auto analyzer (Chem-lab 4, Skalar 223 Analytical,
Breda, The Netherlands), following the extraction of 30 g moist soil with 60 ml 1 M KCI (1:2 ratio) after shaking for 1
h. The net N release expressed as a percentage of the total N added from vermicompost sources on each sampling
date was calculated as the difference between total mineral N in the soils amended with vermicompost and
unamended control (Eq. (3)).

) __ (Nmin amended — Nmin unamended)

; 0
Nmin, net (% Total added N

x 100 (3)

Nmin, net is the percentage of mineral N released from the specific vermicompost source; Nmin amended and Nmin
unamended is the mineral N measured in samples treated with vermicompost and the control samples, respectively.
Zero-order kinetic equation was fitted to the total mineral N data to describe the N mineralization (Table 3) using

(Eq. (3))
Nmin (t) = Nmin, 0 + kt (3)

Where the intercept Nmino is the mineral N content in the soil amended with vermicompost at time t=0 and k is the
mineralization rate.

4.2.5. Microbial biomass C and enzymatic activities

The microbial biomass C (MBC) was measured by fumigating the soil mixtures with chloroform for 24 h in the dark
and subsequent extraction with 0.5 MK2SO4 (1:2 fresh soil to extraction solvent ratio). The C contents of the
fumigated and non-fumigated extracts were determined with a TOC analyser (TOC-VCPN, Shimadzu Corporation,
Kyoto, Japan). Microbial C was calculated as the difference in extractable C fraction of the fumigated and non-
fumigated, conversion factor 0.54 was used in the calculation (Yengwe et al., 2018). Dehydrogenase enzyme was
measured by reduction of tri-phenyl-tetrazolium chloride (TTC) (1.5%) which form a reddish tri-phenyl-formazan
(TPF). 5 g fresh soil sample from each treatment was incubated at 37°C using TTC for 24 h in the dark and the amount
of formazan formed was extracted with methanol; then the colour intensity of the filtrates was measured at 485 nm
using a Hitachi 150-20 spectrophotometer (Hitachi Ltd., Tokyo, Japan). B-glucosidase was measured by
determination of the released p-nitrophenol, after incubation of 1 g fresh soil with p-nitrophenyl glucoside (0.025M)
for 1 h at 37 °C and liberated p-nitrophenol (p-NP) was measured spectrophotometrically using a Hitachi 150-20
spectrophotometer (Hitachi Ltd., Tokyo, Japan) at 400 nm (Alef and Nannipieri, 1995).

4.2.6. Microbial community structure- PLFA analysis

Changes in the structure of the microbial community were determined using phospholipid fatty acid (PLFA)
extraction according to the procedure explained by Gebrehana et al. (2023). Total lipids were extracted from 1 g
freeze-dried soil and extracted with a mixture of 3.6 ml phosphate buffer (P-Buffer) pH 7.0, 4 ml chloroform, and 8
ml methanol to extract total lipids. The dried lipids were further separated into three lipid classes after which only
phospholipids were kept for further analysis and subsequently transformed into Fatty Acid Methyl Esters (FAMEs).
Individual FAMEs were identified and quantified by GC—MS on a Thermo Focus GC combined with a Thermo DSQ
quadrupole MS (Interscience BVBA, Louvain-la-Neuve, Belgium). The sums of specific markers of PLFAs for selected
microbial community structures were used for calculation (Moeskops et al., 2010). PLFAs iC15:0, aC15:0, iC16:0,
iC17:0, and aC17:0 was representative for Gram-positive (G+) bacteria, and PLFAs C16:1w7c, C18:1w7c, and cyC17:0
for Gram-negative (G-) bacteria. PLFAs C15:0, C17:0, and cyC19:0 were considered as markers for general bacteria,
and PLFAs 10MeC16:0 and 10MeC18:0 as markers for actinomycetes, PLFAs C18:2w6,9¢c, C18:1w9c (fungil8:1),
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C18:2w9,12 (fungil8:2) and C18:3w9,12,15 (fungil8:3) were considered as indicators of fungi (Hardy et al., 2019),
C16:1c11 as signature fatty acid for arbuscular mycorrhizal fungi (AMF) (Masunga et al., 2016), and PLFAs
C20:4w6,9,12,15c and C20:5w3,6,9,12,15c¢ of protozoa (Sleutel et al. 2012; Hardy et al., 2019). The ratio bacteria
PLFA (G+ and G-) to C18:2w9,12 suggested as an index of bacterial:fungal biomass ratio were calculated by dividing
the respective sums of the biomarker fatty acids.

4.2.7. Statistical analysis

A two-way analysis of variance model with two factors (type of vermicompost and incubation time) was run for each
parameter of the N incubation experiment using PROC GLM of SAS statistical software version 9.40. Whereas for C
mineralization experiment, one way ANOVA for the cumulative percentage of net C mineralized from the
vermicomposts was also analysed using SAS. Tukey's post-hoc multiple comparisons of means was applied for
ANOVA with p < 0.05. All statistical tests for the main effects (type of vermicompost and incubation time) and their
interaction were evaluated at the 95 % confidence level for N mineralization experiment. All values are mean and
standard deviation of three replicates. Principal component analysis (PCA) for fatty acid biomarker concentration
(nmol g'* soil) of amended and unamended soils was analysed using R statistical software version 4.1.1 to distinguish
the composition of microbial groups among treatments. For C mineralization, equation (1) was fitted to the
experimental cumulative C data by non-linear regression using IBM SPSS Statistics 21 (SPSS inc., Chicago, USA).

4.3. Results
4.3.1. Initial characteristics of vermicompost used

Table 4.1 shows that VC11 had significantly higher percentage of carbon compared to VC2, while the other
vermicomposts had statistically similar C percentages. VC10 had significantly higher concentration of total mineral
nitrogen than the other vermicomposts. Although VC2 and VC3 had the lowest percentage of nitrogen, all
vermicomposts except VC10 had similar C:N ratio. In our previous vermicomposting experiment, VC10 had higher
nutrient concentrations, particularly N and greater microbial activity, as that had been indicated by dehydrogenase
concentration, compared to the other vermicomposts (Gebrehana et al., 2023). Interestingly, VC10 also had a
significantly higher concentration of NOs-N compared to the other tested vermicomposts. During the
vermicomposting, high levels of ammoniacal nitrogen (NH4-N) are released and subsequently converted into nitrate
nitrogen (NO3-N) via the microbially-catalysed process, nitrification. This process is a sign of a stable vermicompost.
As NHas-N decreases and NOs-N increases, the NO3/NHa4" ratio increases, which is an indication of the maturity of the
vermicompost (Dominguez and Gdmez-Branddn, 2013).

Table 4.1. Some chemical properties of vermicompost used for incubation

Type of pH (KCl) C% N% C:N NH4-N NOs-N Total Application N C
vermicompost (DM) (DM) (mg kg?) (mg kg?) mineral N rate (t FW (kg ha'') (kg ha?)
(mg kg?) ha)
VC2 8.54b 35.64b 2.26¢ 15.762 0.640° 5.42b 6.06° 18.33 110 1734.3
VC3 8.602b 37.352b 2.35¢ 15.862 1.1962b 5.64b 6.84 18.33 110 1756.3
VC10 8.08¢ 38.43% 2.90° 13.260 1.3562b 374.952 376.312 13.75 110 1457.5
VC11 8.652 41.22° 2.65% 15.532 1.4502 8.78P 10.23b 16.66 110 1705.0
VC12 8.662 38.54ab 2.493bc 15.502 1.3432b 8.21P 9.55b 16.17 110 1709.8
LSD (Tukey) 0.101 4.347 0.286 0.674 0.801 31.17 30.75 - - -

Mean values followed by the same letter(s) in a column are not significantly different at P < 0.05 using Tukey’s test.
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4.3.2. C-mineralization from vermicompost amendments

The cumulative CO2 emissions from VC10 and VC2 vermicompost treatments were higher compared to the
unamended control and the other vermicompost treatments after 104 days of incubation (Table 4.2). There were
significant differences (P < 0.05) between the different vermicompost amendments on the amount of C mineralized
expressed as percentage of total organic C added, with the highest C mineralization in VC10 (68.2%), followed by
VC2 (50.4%) and VC12 (41.4% mineralized) (Fig. 4.1) while the smallest in VC3 and VC11. In line with this, the
humification coefficient (h) was highest for VC3 (0.74) and VC11 (0.67) vermicomposts (Table 4.2).
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Fig. 4.1. Cumulative CO,-C mineralized expressed as a percentage of total organic added to soil from each vermicompost after
104 days of incubation (Data points are means * SE (n=3))

Table 4.2. Parameters of the first order kinetic model fitted to the cumulative C mineralization data for unamended
and vermicompost amended soils (+ standard error, n = 3) during incubation period and humification coefficient (h).

Treatments Co(ung C g soil) K (day?) R? h
Control 197.97¢ 0.018° 0.980 -
Vo) 383.09° 0.024° 0.991 0.50
V(3 244.31° 0.020° 0.986 0.71
VC10 506.062 0.016" 0.993 0.36
VCi11 293.71%¢ 0.022% 0.990 0.65
VC12 381.44° 0.014¢ 0.992 0.61

LSD (Tukey) 113.43 0.003 - -

Co is the size of the readily mineralizable C pool, k is the mineralization rate constant and R? is coefficient of determination. Mean values followed
by the same letter(s) in a column are not significantly different at P < 0.05 using Tukey’s test. Values shown are means.

4.3.3. Microbial biomass C and Enzymatic activities

The two-way interaction between the type of vermicompost and the incubation time (VC x T) had a significant effect
(P < 0.05) on enzymatic activities, microbial biomass and N mineralization. Specifically, in the first 10 days of
incubation, vermicompost-amended soils had significantly higher dehydrogenase activity compared to the control
(Fig. 4.2a). However, there was a decreasing trend in dehydrogenase activity from day 10 to the end of incubation
for all vermicomposts. On the other hand, B-glucosidase activity and MBC were significantly increased in
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vermicompost amended soils, particularly in soils amended with VC10, VC11, VC12, compared to the unamended
control at 52 and 31 days of incubation, respectively. B-glucosidase activity increased from day 10 to 52 and then
decreased until the end of incubation. MBC showed a decreasing pattern after increasing in the first two consecutive
incubation periods (at day 10 and day 31) for all vermicomposts except VC12, which showed an increase in MBC by
the end of incubation. The results of the study demonstrated a significant increase in enzymatic activity and MBC
content in vermicompost amendments than unamended control (Table A4.1).
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Fig. 4.2. Dehydrogenase (ug TPF g1 dry soil 24h-1) (a), B-glucosidase (pg PNP g dry soil hrl) (b) and microbial biomass carbon (ug
C gt dry soil) (c) over incubation time on Nitisol with or without vermicompost amendment. Coloured lines show means, while
error bars are means * SE.

4.3.4. N-mineralization dynamics of vermicomposts

During the incubation period, NHs-N concentration decreased in all vermicompost-amended soils and in the
unamended control (Fig. 4.3a), while NO3-N and total mineralized N increased dynamics (Fig. 4.3). The NHs-N
concentration in control mesocosm was significantly higher than that in the vermicompost amendments (Fig. 4.3b).
However, the concentration of NOs-N was consistently higher in the vermicomposts than unamended control
throughout the experiment, and significantly higher after 31 to 73 days of incubation, especially with VC10. The
same was true for the total mineral N (NHa-N + NOs-N) (Fig. 4.3c). The net mineral N released, expressed as
percentage of total N added, was significantly different among the vermicomposts throughout the incubation period.
All the vermicomposts except VC10 resulted in a decrease in the percentage of net N release from the beginning
until day 52 of incubation, but then they drastically increased the net N release after 52 days (Fig. 4.4). Although
VC10 released 75 and 71% of net mineral N at 31 and 73 days of incubation, respectively, which was significantly
higher than the other vermicomposts, it showed a decrease in the percentage of net N release (45% of added N) by
the end of incubation (day 94). VC12 resulted in a significantly higher percentage of net N release, reaching 24.4 ug
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N g™ (57% of added N) by the end of the experiment compared the remaining vermicomposts (Table S1; Fig. 4.4).
Whereas VC3 and VC11 resulted in small percentage of net mineral N throughout the incubation, especially at day
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Fig. 4.3. N mineralization in Nitisols amended with different type of vermicomposts. NH4-N (a), NOs-N (b) and total amount of
mineral N (c) released in amended and unamended soils during 94-days of incubation experiment. Coloured lines show means,
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Fig. 4.4. Net N release expressed as a percentage of total N added from vermicompost sources during 94-days of incubation
experiment. Coloured lines show means, while error bars are means * SE.
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Table 4.3. Parameters of the zero-order for N mineralization in soils with or without vermicompost amendments
during a 94-day incubation

Vermicompost Mineralizationatt =0 Mineralization rate (k) (at R? Mineralization rate Mineralization rate (0.2 m
(intercept) (ug N g1 soil) 25 °C) (ug N g soil day?) (g N g1 soil yr?) depth) (kg hatyr?)

Control 60.35¢ 0.388° 0.80 142.2 369.7

VC2 76.56 0.365° 0.82 133.8 347.8

VC3 71.01° 0.4212 0.83 154.3 401.2

VC10 87.202 0.46072 0.76 132.0 343.2

VCi1 71.70° 0.4432 0.88 162.3 422.0

VC12 75.64 0.4222 0.96 154.6 402.0

LSD (Tukey) 8.52 0.044

Mean values followed by the same letter(s) in a column are not significantly different at P < 0.05 using Tukey’s test. Values shown are means.
4.3.4. Microbial community structure (PLFA) at day 10 and 73 of incubation

The results of the study, at day 10 and day 73 of incubation (Table 4.4), showed that the addition of vermicompost
had significant impact on the concentration of total PLFAs and PLFA biomarkers, with higher concentrations
observed in the vermicompost-amended soils compared to control. Specifically, on day 73 of incubation, the
concentration of bacterial PLFAs (G+ and G-) was significantly higher in VC10 and VC3 than unamended control, while
the concentration of the PLFA biomarker for saprophytic fungi, Fungil8:2, tended to be higher in the control
mesocosm. The bacterial:fungal ratio was also significantly affected by the addition of vermicompost, with VC10
having the highest B:F ratio at both sampling times, which was five times higher than that of unamended control.

Table 4.4. Concentration fatty acid (nmol PLFA g soil) of the microbial community composition in vermicompost
amended and unamended soils at day 10 and 73 of incubation

Treatment Total Gram+ Gram- Actinomycetes Fungi Fungi Fungi AMF protozoa B:F (18:2)
PLFA 18:2 18:1 18:3
Day 10
Control (unamended) 23.43b 7.73 3.44 2,710 0.143 0.803b¢ 0.010 0.553b 0.0133b 250.14¢
VvC2 25.652 6.91 3.68 2.67° 0.560 0.863b¢ 0.010 0.673% 0.0166" 356.14¢
VvC3 27.47% 8.33 3.95 3.41ab 0.013 0.933b 0.006 0.6962° 0.04007 1021.11%
VC10 27.912 7.75 3.62 3.102b 0.013 1.072b 0.010 0.730% 0.04007 1204.972
VCi11 30.56? 8.60 3.92 3.702 0.183 1.08ab 0.003 0.8362 0.02662b 559.90°
VC12 28.882 7.69 4.03 3.482b 0.160 1.122 0.013 0.7962 0.0166" 754.673b
LSD (Tukey) 4.38 NS NS 0.97 NS 0.212 NS 0.213 0.0215 608.8
Day 73
Control (unamended) 9.80b 2.96b 1.39° 1.11b 0.1262 0.240 0.014 0.166°¢ 0.0068¢ 104.994
VC2 12.612 4.0620 2.042 1.792 0.096° 0.472 0.005 0.5202 0.0252° 178.47<
VvC3 13.10° 4.262 1.982 1.642 0.007¢ 0.439 0.004 0.5002 0.03152 490.15b
VC10 13.342 4.362 1.952 1.802 0.006°¢ 0.500 0.004 0.5402 0.03872 619.092
VC11 13.372 3.9020 1.982 1.712 0.088° 0.431 0.012 0.394b 0.0261° 263.46°
VC12 13.412 3.872b 1.892 1.742 0.074° 0.507 0.008 0.374b 0.0088¢ 360.21¢
LSD (Tukey) 2.42 1.22 0.48 0.35 0.024 NS NS 0.122 0.0092 123.52

Notes: AMF = arbuscular mycorrhizal fungi, B:F(18:2)= Bacteria to fungi ratio. Mean values followed by the same letter(s) in a column are not
significantly different at P < 0.05 using Tukey’s test.

Furthermore, the results of the principal component analysis (PCA) on day 73 of incubation clearly discriminated
between the treatments (explained 66.3% of total variance), while on day 10, the treatments overlapped (explained
66.5% of total variance) (Fig. 4.5a and b). Regardless of PLFAs, PC2 separated all vermicompost additions from the
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control on day 73 of incubation (Fig. 4.5b). Total PLFA concentration and B:F ratios were greater in VC10, VC11 and
VC12 amendments than in control and VC2 amendment on day 73. Overall, the saprotrophic fungal biomarker
(Fungi18:2) at day 73 was aligned with individual scores of unamended controls, followed by VC2, VC11 and VC12,
while the biomarkers of bacteria, actinomycetes, AMF, protozoa and total PLFA were aligned with VC10 and VC12
as well as with VC11 and VC3. Vermicompost amendments maintained a greater B:F ratio than unamended control
in both incubation periods.
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Fig. 4.5. Principal component analysis of the vermicompost amended and unamended control based on PLFA biomarkers at day
10 (a) and day 73 (b) of the incubation.

4.4, Discussion

4.4.1. Impact of vermicompost on stable SOC

Our study revealed significant variations in the amount of C mineralized from different type of vermicomposts. The
high initial rates of decomposition observed in all vermicomposts, particularly VC10 and VC2, could be attributed to
the presence of readily available C from the easily decomposable C compounds; thereafter, the greater resistance
to decomposition of recalcitrant molecules such as lignin and non-hydrolysable lipids (Tambone et al. 2009).
Basically, vermicompost sources could have different levels of stability and greatly differ in their impact on soil N
and C dynamics due to the chemical composition of feedstock used to produce the vermicomposts (Tejada et al.
2009) and earthworm species or both (Sharma and Grag 2019). It has been reported that during vermicomposting,
metabolic activities such as the change in enzyme activity in the earthworm gut, probably caused by selective
microbial activity and availability of nutrient, influence the quality of vermicompost produced (Sharma and Grag
2019). Despite some attempts to investigate the benefits of vermicompost, there is still a lack of studies comparing
the impact of different vermicompost types on C and N mineralization following vermicompost amendment. We
found that VC10 and VC2 resulted in higher percentage of C evolved as CO; at the end of the incubation period,
accounting for about 68 and 50% of total organic carbon added, respectively. This may be a response to the more
readily available C produced by the easily decomposing compounds in these two vermicomposts compared to the
other vermicomposts. Despite the addition of the same amount of total organic C in VC3, VC11 and VC12, the
percentage of mineralized cumulative C was lowest in VC3, which was statistically similar to VC11 (Fig. 4.1). This may
suggest that the decomposable portion of the organic matter contained in these vermicomposts had been already
exhausted during the vermicomposting process, rendering them a stable organic material.
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The differences in net C mineralization between the tested vermicomposts could not be explained solely
by differences in their C:N ratios, as these were mostly comparable. However, VC10 stood out with a
significantly higher N content and lower C:N ratio compared to the other tested vermicomposts. Despite this, VC3
and VC11 did not show significant differences in net cumulative C mineralization, as both exhibited slower rates of
decomposition compared to the rest vermicomposts. On the other hand, the higher increase in C mineralization
observed in VC10 and VC2 at the end of the incubation period may be due to lesser humification and some labile
organic matter in these vermicomposts compared to the other vermicomposts. It’s worth noting that VC10 and VC2
were produced from different substrates but had passed through the gut of E. eugeniae, native earthworm. Thus,
the contribution of these two vermicomposts to C mineralization could thus be due to earthworm activity on
microbial community that may influence microbial biomass production for SOC accumulation gradually (Kallenbach
et al. 2015). Furthermore, VC3, VC11 and VC12 had the highest humification coefficient (h = 0.74, 0.67 and 0.64,
respectively, Table 4.2), indicating the presence of a more stable organic C fraction in these vermicomposts
compared to VC10 and VC2. This suggests their potential contribution to increasing SOC in the soil. These
vermicomposts with slightly lower mineralization rates could result in a greater quantity of humus (stabilized organic
matter) that makes them suitable for field applications. Thus, the increased C mineralization observed in VC10 may
be associated with an increase in microbial biomass and dehydrogenase activity (Fig. 4.2), or it could be due to a
mechanism such as destabilization or recycling of microbial necromass by living microbes, as recently explained by
Buckeridge et al. (2022). Overall, microbe-mediated valorization of different organic waste stimulated by
earthworms during vermicompost production could have an influence on stabilization and formation of SOM after
vermicompost addition.

4.4.2. Impact of vermicompost on N availability dynamics

In our study, NH4-N concentration in control mesocosm was significantly higher than vermicompost amendments.
This could be due to vermicomposts effect on acidic soil pH which could then affect the availability of NH4-N
concentration. Vermicompost addition have been shown to affect soil pH, however, the difference in pH depend on
the type of vermicompost used (Lazcano and Dominguez 2010). The difference in N availability between
vermicompost is primarily due to the highest proportion of initial mineral N, particularly NOs™ concentration in VC10.
Inoculation of E. eugeniae has been shown to improve N mineralization, resulting in a higher quality vermicompost
such as VC10 (Gebrehana et al. 2023). In our previous vermicomposting experiment, VC10 had notably higher
nutrient concentrations, particularly in terms of total N and showed greater microbial activity, as evidenced by
dehydrogenase concentration, compared to the other vermicomposts (Gebrehana et al. 2023). During the
vermicomposting, high levels of ammoniacal nitrogen (NH4-N) are released and subsequently converted into nitrate
nitrogen (NOs-N) via the microbially-catalysed process known as nitrification, which is accelerated by presence of
earthworms (Lv et al., 2019). As NHas-N decreases and NOs-N increases, the NO3/NH4* ratio increases, which is an
indication of the maturity of the vermicompost (Dominguez and Gémez-Brandén 2013). Studies have shown that
the final vermicompost is abundant in ammonia-oxidizing bacteria (AOB) members
of Nitrosomonas and Nitrosospira with ammonia-oxidizing archaea (AOA) (Huang et al. 2017). This presence of
nitrifying microorganisms is essential for nitrification process, which ultimately leads to an overall increase in
nitrogen concentration of vermicompost (Soobhany et al. 2015). The effectiveness of this process however depends
on both the suitable substrate used and the faecal activity of E. eugeniae gut enzymes (Soobhany et al. 2015;
Gebrehana et al. 2023).

Our study reveals that the initial mineral N concentration of vermicompost serves as a reliable indicator of the N
release. Specifically, VC10, in particular, demonstrated a notable and rapid increase in N release during the early

stage of the incubation period, indicating an active N release process. However, it is important to note that this N
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released does not persist over an extended period and actually decreased towards the end of incubation. Notably,
VC10 showed a significant proportion of total N being released as net mineral N immediately following its
application, which highlights its potential value as a fertilizer. VC12 had almost equal net N release to that of VC10
in the beginning and end of the incubation, indicating that it may also have good fertilizing value. Although we
applied 110 kg N ha’l, only a limited portion of the N might have become mineralized, as indicated by the decreased
net N release by VC10 at the end of incubation. The one-year analysis after vermicompost application as depicted in
Table 4.3 shows that vermicomposts that were not completely mineralized, such as VC3, VC11 and VC12, could
contribute to the long-term N availability, while VC10 and VC2 showed almost lower amount of mineralized N to
that of the control soil (Table 4.3). The zero order kinetic model indicates that vermicomposts that showed a slight
mineralization, such as VC3, VC11 and VC12, could contribute to the long-term N availability, while VC10 and VC2
showed almost lower amount of mineralized N to that of the control soil (Table 3). Therefore, vermicomposts, such
as VC10 and VC2, release their N rapidly and could be an excellent source of N for the initial cropping season.
However, they may have little impact on the soil’s organic matter content and a low residual effect on N supply. In
contrast, vermicomposts such as VC3 and VC11 could release little of their N but are expected to have a significant
impact on organic matter content and some residual effects on N supply for subsequent crops. Application time
should be adjusted according to the planting time and the N uptake pattern of hot paper to avoid N deficiency at
the time of peak N uptake. It is evident that the application of vermicomposts should be timed to coincide with
planting, while also considering the need for supplemental mineral N fertilizer to meet crop’s N demand. In
particular, vermicomposts like VC3 and VC11, which exhibit lower net N release, may not provide adequate N to
meet the N requirement of most crops. In such cases, additional N sources might be required to ensure optimal crop
growth. By combining vermicomposts with supplemental N fertilizer, farmers can effectively address the crop’s N
needs and support robust growth.

Concurrent measurement of C and N mineralization of vermicomposts could provide insight on their effect on soil
microbial activity and on soil organic matter maintenance. Despite the expected loss of labile C (respired) during
vermicomposting, certain vermicomposts like VC10 may still possess the potential for C sequestration, in addition
to their ability to increase agronomic productivity. Overall, vermicomposts such as VC3, VC11 and VC12 could be the
best amendments for C sequestration, while VC10 and VC2 showed notable potential for nutrient release (N), which
can be especially beneficial in low SOM soils among smallholders, although difference between vermicomposts was
significant.

4.4.3. Impact of vermicompost on microbial properties

The results of our study showed that vermicomposts stimulated microbial activity, with substantial increase in
enzymatic activities compared to unamended control. Specifically, B-glucosidase activity, which is an extracellular
enzyme that serves as an indicator of rapid organic matter loss during vermicomposting (Gusain and Suthar 2020),
was found to be higher vermicomposts than in the control. This increase in activity could be due to the extracellular
enzyme’s activity in the degradation of C, which is subsequently utilised by soil microbes (Moeskops et al. 2010).
Similarly, Saha et al. (2012) also found that vermicompost addition increased the activity of B-glucosidase enzyme.
Interestingly, the highest B-glucosidase activity was observed in VC10, which could be attributed to its initial
composition and earthworm species (E. eugeniae) used in the vermicomposting process. Dehydrogenase, on the
other hand, is an intracellular enzyme found in viable cells that are involved in the oxidation of the soil organic
matter. It is widely considered as a general indicator of soil biological quality (Moeskops et al. 2010). In our study,
we observed increased activity of this enzyme in response to the application of vermicomposts, especially VC12, VC3
and VC10, indicating their potential to enhance soil microbial activity. Furthermore, the significantly higher microbial
biomass C in VC10 and VC2 vermicompost treatments (Fig. 4.2c) suggests that microbes respond to the type of

83



organic material added in the short term, as shown by higher dehydrogenase activity in the first 10 days of
incubation. The higher MBC and dehydrogenase activity observed in vermicomposts than unamended control in our
study can be explained by the initial activation of the microbial enzymes and intracellular enzyme activity (i.e.
dehydrogenase) (Saha et al. 2012). The short-term increase in microbial biomass C following the application of
vermicompost into the soil has been reported previously (Lazcano et al. 2013). The positive correlation between B-
glucosidase activity, MBC and C mineralization at day 30, as observed in our study using vermicompost amendments
(correlation Fig. S1), further emphasizes the potential of vermicompost to improve soil microbial properties. The
increased enzymatic activities and MBC in the vermicompost treatments suggest that they could be effective in
enhancing soil quality through improved microbial activity.

Principal component analysis of the relative PLFA concentrations showed vermicomposts, particularly VC3 and VC10,
were differentiated from VC2 and unamended control, suggesting a shift in the specific microbial community profile
due to differences in vermicomposts quality. Surprisingly, our study found that the relative abundance of the fungal
biomarker, saprophytic fungi (Fungil8:2), was higher in VC2 and unamended control than the other vermicomposts.
In contrast, higher concentrations of individual biomarkers, especially G+ and G- bacteria and actinomycetes, and
greater B:F ratio were observed for VC3 and VC10 than in VC2 and unamended control. Our finding suggests that
differences in microbial community composition due to vermicompost quality could be explained by the increase in
bacteria and fungi population except the fungal biomarker (Fungil8:2). This is consistent with previous studies that
have reported a higher bacteria, while lower fungal population in vermicompost-amended soils as compared to
inorganic fertilizer (Lazcano et al. 2013). In addition, vermicomposts promoted the growth of bacteria, as indicated
by the high B:F ratio, suggesting that the added vermicomposts were used by soil microorganisms not only to
maintain but also to produce new biomass (Demoling et al. 2007). This may indicate a direct and rapid contribution
of microbial biomass formation (active and subsequent necromass) to SOM (Kallenbach et al. 2015) following the
addition of vermicompost although the specific mechanism in soil microbial activity and necromass accumulation
using vermicompost is not fully understood (Saha et al. 2012). Overall, our results show that application of
vermicomposts had a significant short-term impact on the soil microbial community, which was directly related to
the type of vermicompost applied.

4.5. Conclusions

Vermicompost Vermicompost improves soil C and N mineralization and has great potential to increase microbial
activity on Nitisols. The results showed that high quality vermicomposts with high total mineral N and low C:N ratio
could be associated with a significant release of mineral N. Hence, vermicomposts such as VC10, made from cow
manure mixed with soybean and banana residues using E. eugeniae (native earthworm) as well as VC12 using the
same feed substrate but using E. fetida can be used for increased N release and microbial activity. Regarding
application, vermicompost tested could be applied before planting on day 10 to match N release with plant uptake.
However, farmers would prefer to apply it at the time of planting with other chemical fertilizers. As such, more future
studies on harmonizing mineralization of nutrients (C and N) using different plants with different nutrient uptake
under field conditions are needed to better understand the effect of vermicomposts and confirm a sound conclusion.
Despite the differences in quality of vermicompoists, the soil microbial community appears to increase in all
vermicomposts than in unamended control. Therefore, application of vermicompost not only increased soil
microbial biomass but also stimulated microbial activity, thus altering the composition of the soil microbial
community as confirmed by PLFA profile; this contributes for improvement of soil quality and function. Our study
showed that vermicompost is an effective amendment to improve nutrient release and soil microbial community in
Ethiopian soils (Nitisols), which could reduce the need for chemical fertilizers. Therefore, promoting the use of
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vermicompost among smallholder farmers in Ethiopia could lead to significant improvements in soil quality and crop
yields.
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Appendix

Table A4.1. ANOVA on enzyme activity, microbial biomass and N-mineralization at different incubation time and in
different amendments (vermicompost)

Treatment Dehydrogenase (ug B-glucosidase (ug MBC NHas-N NOs-N Total mineral
TPF g* dw 24h™) PNP g* dw h) (mgCg") (ugg') (ugg') N(ugg?)
Incubation time (days)
10 30.93° 3.165¢ 172.64¢ 26.07° 44.13° 70.20¢
31 17.68¢ 3.032¢ 233.62° 8.13° 85.06° 93.19¢
52 20.49° 13.301° 144.75¢ 5.75% 92.17° 97.92b
73 20.13b¢ 11.911° 137.49¢ 2.78 102.36° 105.142
94 19.87% 9.366°¢ 203.47° 0.58¢ 105.642 106.222
LSD (Tukey) 2.63 1.088 24.31 3.96 7.44 4.39
Type amendment
Control (unamended) 19.55° 6.146°¢ 160.36° 14.80° 65.70°¢ 80.50°¢
V) 20.34° 7.709° 194.87° 7.13° 88.41° 95.54°
V(3 22.12% 8.168° 191.24° 8.38° 84.52° 92.90°
VC10 23.76° 9.788° 177.17%° 8.42° 97.50° 105.93°
VC11 21.5820 8.6632P 167.21%° 6.74° 87.99° 94.74b
VC12 23.57° 8.455° 179.522b 6.50° 91.11%* 97.61°
LSD (Tukey) 3.017 1.247 27.88 4.56 8.54 5.03
F test values
Incubation time (T) 62.03™ 311.37" 43.59™"  103.80"" 174.32™" 175.01""
Vermicompost (VC) 5.44™ 16.15™" 3.97" 8.16™" 27.69™ 46.41™"
TXVC 2.02" 1.77 2.69™ 2.39™ 1.62N8 2.19"
Root MSE+ 2.80 1.16 25.93 4.22 7.94 4.68
CV(%) 12.85 14.23 14.53 38.75 9.25 4.95

Mean values followed by the same letter(s) in a column are not significantly different at P < 0.05 using Tukey’s test (NS = P > 0.05;
*=P<0.05; ** =P <0.001; *** =P <0.0001)

Table A.4.2. Net total mineral nitrogen released in ug N g soil and/or as percentage (%) of total N added from
vermicompost during a 94- day incubation experiment

Vermicompost
amendment

Net mineral nitrogen released (ug N g soil)

Net mineral nitrogen released as percentage of

total N added (%)

VvC2
V(3
VC10
VC11
VC12

10 31 52 73 94 10 31 52 73 94
17.55 16.36 10.12 15.59 15.54 40.81 38.06 23.54 36.25 36.15
11.81 13.75 7.37 13.75 15.30 27.47 31.97 17.13 31.98 35.58
21.13 32.37 23.91 30.53 19.15 49.14 75.28 55.62 71.00 44.53
15.16 15.49 3.51 16.63 20.39 35.25 36.01 8.16 38.68 47.43
21.09 13.55 12.21 14.35 24.35 49.05 31.51 28.39 33.37 56.62
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Abstract

Root-knot nematode (Meloidogyne incognita) presents a serious threat to hot pepper and tomato, high-value crops
in tropical and subtropical regions, particularly in Ethiopia, causing substantial yield and quality losses.
Vermicompost, whether applied in solid form or as an extract, has emerged as a promising solution for controlling
root-knot nematode (RKN). Nevertheless, the effectiveness of vermicompost depends on the quality and type of
vermicompost, its application rate, and the community of parasitic nematodes in the soil. In this study, selected
vermicomposts were used at varying rates in invitro, greenhouse, and field experiments, to assess their potential to
suppress M. incognita and their effects on tomato and hot pepper growth and yield. Invitro experiments showed
that all vermicompost extracts exhibited toxicity to second-stage juvenile (J2) nematodes. This was particularly true
for VC10 and VC11, derived from cow manure mixed with soybean and banana residues using Eudrilus eugeniae and
Eisenia andrei earthworms, respectively, which showed higher efficacy by causing 55% and 78% mortality of J2 after
24 and 72 hours of exposure, respectively, compared to the control and VC12 (derived from cow manure mixed with
soybean and banana residues using Eisenia fetida). The interaction between vermicompost type, application rate
and nematode density significantly influenced tomato growth and nematode parameters in greenhouse experiment.
Application of VC10 and VC11 at high doses (10 and 20 t ha') and low nematode density (50 J2) led to increased
root fresh weight, reduced galls and nematode population in tomato roots. Conversely, VC12 at a high application
rate (20 t ha'!) and high nematode density (500 J2) resulted in an increase in root galls and nematode populations,
suggesting a preference for root-knot nematodes rather than the expected nematicidal effect. The study indicates
that suppressive effect of vermicompost on nematodes at low or high density varies depending on the type and
amount of vermicompost used. The field trial showed a significant improvement in the growth and yield of hot
peppers following vermicompost application when compared to the control, farmers practice and recommended
chemical fertilizer treatments. Among vermicomposts tested, VC10, applied at rates of 10 and 20 t ha'?, consistently
showed the best performance in terms of hot pepper marketable fruit yield, followed by VC11 and VC12, both at a
rate of 20 t ha. In addition, vermicompost amendments had increased soil chemical properties. Overall,
vermicomposts provide greater benefit compared to farmers practice and high-cost chemical fertilizers for soil
improvement, as well as enhancing tomato and hot pepper yields in nematode infested smallholder farms.
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5.1. Introduction

Root-knot nematode (RKN) poses a grave threat to crops worldwide (Rao et al., 2017) causing an estimated $100
billion damages annually (Khan et al., 2019). Root-knot nematode, Meloidogyne spp. is particularly notorious for its
economic destructiveness, making it a major concern for agricultural productivity (Jones et al., 2013; Zuhair et al.,
2022). Its prevalence is most prominent in tropical and subtropical regions (Ghareeb et al., 2022), where it inflicts
significant yield losses ranging from 25 to 100% in vegetable crops (Seid et al., 2015). In the context of Ethiopia, the
smallholder farms experience significant losses primarily due to the widespread presence of M. incognita, which is
the dominant species affecting vegetable production areas (Seid et al., 2019). Meloidogyne incognita invades the
roots of plants and feeds on their internal tissues after installing a permanent feeding site (giant cells), causing
damage to the root system and impairing the plant’s ability to absorb water and nutrients (Karssen et al., 2013).
Despite the increasing concern over the severe damage caused by RKN, the issue of nematode infestation is often
underestimated in Ethiopia. This is mainly attributed to the nature of the damage caused by nematodes and limited
awareness regarding effective management approaches (Meressa et al., 2014; Abebe et al., 2015).

Various management strategies have been explored to mitigate the impact of plant-parasitic nematodes, including
the use of chemical nematicides (Rao et al., 2017; Kaur et al., 2022). However, in light of the growing emphasis on
sustainable agricultural practices and concerns surrounding human health and environmental safety, there is an
increasing focus on biological control methods, particularly through the use of organic additives (Oka, 2010; Thoden
et al., 2011). One such organic additives is vermicompost (Arancon et al., 2002), which is a composting product
resulting from the accelerated bioconversion of organic waste through the mutual action of microbes and
earthworms (Dominguez et al. 2019). Vermicompost stands out due to its unique characteristics- it is
microbiologically active, nutrient-rich, and possess biological control properties (Lazcano and Dominguez, 2011).
These attributes contribute to its beneficial effects on soil and plant health, as well as its ability to suppress plant
diseases and pests (Pathma and Sakthivel, 2012; Dominguez et al., 2019). Studies have demonstrated the efficacy of
vermicompost in reducing parasite infestation in various horticultural crops such as tomato, bell pepper, grape,
strawberry, and carrot (Arancon et al., 2003; Simsek-Ersahin, 2011; Joshi et al., 2015; Rao et al., 2017). The
application of vermicompost can lead to an increase in the population of beneficial nematodes such as bacterial or
fungal predators, which in turn reduce or suppress the occurrence of economically important plant-parasitic
nematodes (Renco, 2013). Furthermore, vermicompost promotes the accumulation of root defences against root-
knot nematode by either accumulating defence compounds or modifying soil properties such as soil pH and microbial
activity as well as indole-acetic acid (IAA) (Xiao et al., 2016).

Recently, there has been a growing interest in utilizing vermicompost extract/tea as an effective method alongside
solid vermicompost for various agricultural applications (Tikoria et al., 2022). Vermicompost extract is a liquid
product obtained by soaking harvested vermicompost in water, which facilitates the extraction of soluble nutrients
and beneficial microbes (Arancon et al., 2012). Several studies have demonstrated the efficacy of vermicompost tea
in suppressing root-knot nematodes (Arancon et al., 2007; Edwards et al., 2007; Yatoo et al., 2021). Both solid
vermicompost and its liquid extract form are highly suitable (Sulaiman and Mohamad, 2020) and hold great potential
for crop production and suppression of M. incognita (Kaur et al., 2022). It is worth noting that vermicompost derived
from various sources may exhibit greater antagonistic activity against plant-parasitic nematodes. Despite the
significant damage caused by M. incognita, the available management options often remain overlooked. To the best
of our knowledge, there are currently no reports on the suppression of M. incognita using different vermicomposts,
specifically evaluating their effects on infected tomato and pepper plants under different experimental conditions
such as in vitro, greenhouse and field settings in Ethiopia. Thus, the objective of the present study was to evaluate
the potential of selected vermicomposts in suppressing M. incognita and enhancing plant growth across various
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specific experiments including in vitro exposure trial, greenhouse and field trials. Our hypothesis centered
on the notion that the selected vermicomposts, their respective application rates and nematode population
densities might exhibit varying degrees of effectiveness in both suppressing M. incognita and fostering plant growth.
By establishing a relationship between greenhouse and field treatments, we aimed to draw a sound
conclusion. Furthermore, in the exposure trial, vermicompost extracts were directly applied to nematode
populations to evaluate their effect on root-knot nematode mortality. Through this multifaceted investigation, we
aimed to offer a comprehensive understanding of the potential benefits and applications of vermicomposts in
managing M. incognita infestations and promoting healthier plant growth.

5.2. Material and methods

5.2.1. Vermicomposts used

The vermicomposts used in the present study were selected based on their biochemical composition from the
previous vermicomposting experiment (Gebrehana et al., 2023). These vermicomposts were prepared from different
organic residues and earthworm species including: VC10 produced from cow manure, soybean and banana residues
using Eudrilus eugeniae, VC11- cow manure, soybean and banana residues, Eisenia andrei and VC12- cow manure,
soybean and banana residues, Eisenia fetida. Vermicompost extract/tea was prepared from each vermicompost by
soaking 100 g vermicompost in 500 ml water (1:5 ratio), mixed using centrifuge and aerated. Each vermicompost
extract was filtered using kitchen strainer to separate solid from liquid prior to application.

5.2.2. Nematode inoculum for invitro and greenhouse

The eggs of M. incognita were extracted from infected tomato plants maintained under greenhouse conditions at
ILVO, Belgium. The inoculum was prepared in the nematology laboratory at ILVO from infected, heavily galled
tomato roots by cutting the roots into 2-cm long pieces and placing the sections on a Baermann pan (Hooper et al.,
2005). Freshly hatched second-stage juveniles (J2) were collected every 24 h, and the water in the dish was
replenished with fresh tap water. The J2 were removed from the roots for three consecutive days and stored at
room temperature until use. The population density of the released J2 was determined and used for both in vitro
and greenhouse experiments.

5.2.3. Invitro juvenile (J2) mortality test

Three ml of the cell-free culture filtrates of each vermicompost extract were placed in small glass dishes.
Approximately one hundred-second stage (J2) juveniles were transferred to the small glass dishes. The treatments
(extracts from VC10, VC11, and VC12, and the control) were evaluated for mortality with five replicates in a
completely randomized design. Using a stereomicroscope (Olympus), mortality of juveniles was recorded separately
after 24 and 72 hours of exposure. Immobile juveniles (paralyzed) were considered dead if they did not move when
pricked with a fine needle. Mortality (%) was determined by dividing the number of dead nematodes by the total
number of nematodes.

5.2.4. Greenhouse experiment

The purpose of this experiment was to determine if the addition of vermicompost (3) and vermicompost quantities
(4) to a potting soil mix would suppress root gall formation and populations of M. incognita inoculated at different
densities (3) on tomato plants. Thus, the greenhouse experiment consisted of 36 factorially combined treatments:
three types of vermicompost (VC10, VC11 and VC12), four vermicompost rates (0, 5, 10, and 20 t ha?) and three
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densities of M. incognita null (uninoculated), low (50 J2 per 100 cm? soil) or high (500 J2 per 100 cm? soil) and
triplicated. But we totally used 90 treatment pots because vermicompost application rate at 0 t ha! was the same
for all type of vermicomposts. The experimental soil was thoroughly mixed with the different vermicompost types
and placed in 1 L pots. Six-week-old tomato seedlings var. Marmande were planted in each pot and watered as
needed. One week after transplanting, tomato seedlings were inoculated by pouring low (50 J2 per 100 cm3 soil) and
high (500 J2 per 100 cm? soil) density of M. incognita around the root of tomato plant. The control treatment
consisted of plants treated similarly to the inoculated ones but without nematodes. Tomato plants were then
maintained in a greenhouse (16h light at 22-24°C, 8h dark at 18-20°C). After 2 months, individual plants were cut at
the soil level and the roots washed free of soil. The severity of root galls on tomato plants infected with M. incognita
was scored using a 0-5 rating scale according to Quesenberry et al. (1989), where 0 = no galls, 1 = 1-2 galls, 2 = 3—
10,3 =11-30,4 =31-100 and 5 > 100 galls per root system. The severity of nematode galls in the control treatments
was not scored because no galls developed in these roots. Nematodes were extracted from the soil and the roots.
The soil from each pot was thoroughly mixed and a subsample of 100 cm?® was taken. The roots were macerated
using a commercial waring blender to liberate the nematodes from the root tissue. Nematodes were extracted from
the soil and roots separately using the Hendrickx automated zonal centrifuge at ILVO, Merelbeke, Belgium
(Hendrickx, 1995). Nematodes were counted with the aid of a binocular microscope and counting were used to
estimate final nematode population densities in both, root and soil.

5.2.5. Field experiment- vermicompost/fertilizer application

The experiment was conducted after main cropping season on February, 2022 at Assosa area (Amba-14), western
Ethiopia on a farmer’s field using furrow irrigation. Assosa is the capital city of Benishangul Gumuz regional state in
western Ethiopia and lies on altitude of 1,480 m above sea level, and located at 09°58'41.7” N, 034°38’09.5” E
coordinates. According to the FAO/UNESCO soil classification, the major soil type at Assosa area is Nitisols, which
are well drained soils with a clayey subsurface horizon. The dominant soil types in this area are sandy clay loam and
clay loam that are poor to medium in organic matter and poor nutrients because of the long cropping history without
replenishment of nutrients (Getachew et al., 2017). The field experiment was conducted using hot pepper (Capsicum
annuum L.) plant seedlings grown at farmer’s nursery site. The selection of the field was based on preliminary soil
sampling, which revealed the presence of nematode infestation. It was known that both tomato and hot pepper
plants had been previously grown in this field, and nematode infestations were a known issue. The experimental
plots measured 2.4 m x 2.1 m and consisted of four rows with seven plants per row. Twelve treatments were set
with the same vermicompost and rate as in greenhouse, while recommended rate of fertilizers (RF) and farmers’
practice (FP) were used as treatments for the field trial (Table 1) using furrow irrigation. An unamended/fertilized
control, where nothing had been applied, was used for comparison. As a basal application, NPS (19% N, 38% P»0s
and 7% S) was applied at 100 kg ha to each plot. In the case of treatment 11 and 12 (as indicated in Table 1), urea
was used as the specific fertilizer.
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Table 5.1. Treatment for field experiment

Treatment Fertilizer source (rate) Equivalence amount of N applied (kg N ha?)
1 Control 0
2 VC10at5tha? ~60
3 VC10 at 10t hat 120
4 VC10 at 20t ha't 240
5 VCllat5tha? ~55
6 VC11at 10t ha' 110
7 VC11at20that 220
8 VC12 at5tha’l ~55
9 VC12 at 10 t ha 110
10 VC12 at 20t ha't 220
11 Farmers practice (FP) Urea (23 kg N ha?), cow manure (3t ha?, ~15 kg N ha)
12 Recommended fertilizer (RF) Urea (110 kg N ha)

The vermicompost was manually applied by broadcasting it in the row, while the chemical fertilizers were applied
near the plant roots. To optimize efficiency and minimize losses, the vermicompost and urea were applied in two
applications: half at the time of planting and the remaining half 30-40 days after planting. Uniform amounts of water,
following the irrigation practices of local farmers, were applied to all experimental plots. Additionally, a fungicide,
specifically mancozeb, was applied one week after planting to combat fungal wilting. Close supervision was
maintained throughout the crop growth period, ensuring the implementation of relevant field trial management
practices. The experiment was designed using a randomized complete block design (RCBD) with three replications.
Root gall scores were recorded in a similar manner to the greenhouse trial, and disease incidence (%) was assessed
by dividing the number of infected plants by the total number of plants in each plot. Agronomic data, such as plant
height, number of fruits (pods), fruit width and length, as well as marketable and non-marketable yields of hot
pepper, were recorded. Furthermore, post-harvest chemical analysis of soil samples from the field was conducted.

5.2.6. Soil chemical analyses

A few weeks prior to planting, soil samples were collected from the experimental site, focusing on the 0 to 20 cm
depth. To ensure representative sampling, the trial area was divided into three different homogenous units
measuring 20 m x 12 m. Within each unit, ten sampling points were randomly chosen. Before collecting the soil
samples, any surface organic litter was cleared. The soil samples were obtained using a soil auger at each sampling
point. The ten individual samples from each unit were thoroughly mixed and combined to create a bulk sample,
resulting in three composite samples in total. The pre-planting physicochemical characteristics of the trial soil is
indicated in Table 5.3. Determination of particle size distribution was carried out by the Bouyoucos hydrometer
method (Bouyoucos, 1962). Soil pH was measured in the 1:2.5 soil and water suspension using a pH meter. Walkley—
Black method was followed to determine organic carbon (OC) content of soil (Walkley and Black, 1934). Total N
content of the soils was determined through the procedures of the Micro-Kjeldahl method as described by Nelson
and Sommers, (1973). Available P was determined by the Bray Il method (Bray and Kurtz, 1945). Cation Exchange
Capacity (CEC) was determined by leaching the soil with 1IN ammonium acetate (pH 7) (Van Reeuwijk, 1993) and the
extracted available K was determined using flame photometer. Available S was determined by turbidimetric, barium
sulphate precipitation method (Getachew et al., 2017).
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5.2.7. Statistical Analysis

Three-way ANOVA model was run for factorial data of greenhouse experiment and carried out using PROC GLM of
SAS statistical software version 9.40 (SAS, 2004). Assumptions of ANOVA such as normality, homogeneity and
independence of experimental error were tested before data analysis. All main and the interaction effects between
the three factors (type of vermicompost, rate, and nematode density) were determined via F- tests and means were
separated using Tukey’s honestly significant difference (HSD) test at p < 0.05. Mean comparison for the three-way
interaction effects were done using SAS PROC MIXED procedure, whose output helps easily computing the LSD.
However, for field experiment, means were separated using the LSD procedure (p < 0.05) after computing ANOVA
using R.

5.3. Results

5.3.1. Invitro experiment

100 +

Juvenile (J2) mortality (%)

24 hr 72 hr
Time (hours)

Fig 5.1. Effect of extracts from different vermicomposts (1:5 dilution) on mortality (%) of juveniles (J2) of M. incognita at 24
(LSD=10.82) and 72 hr (LSD=9.65) time intervals. Letters (a-c) show a significant difference between different vermicompost
extracts. Coloured bars show means, while error bars show means + SE.

A significant reduction in number of second stage juveniles (J2) of M. incognita was observed after direct application
of the different vermicompost extracts. Vermicompost extracts behave antagonist to juveniles of the root-knot
nematode as evidenced by their higher mortality, where more than fifty percent were dead at 24hr and 78% after
72hr exposure, in both VC10 and VC11 as compared to the control (Fig. 5.1). Mortality was significantly higher in
both VC10 and VC11 extracts than in VC12 which increased J2 mortality by only 43 and 51% after 24 and 72hr
exposure, respectively. Overall, there was a gradual increase in mortality of juveniles of M. incognita with increasing
exposure time.

5.3.2. Greenhouse experiment

Root fresh weight, root gall score and nematode population in the soil sample were significantly (P < 0.05) affected
by the main effect of vermicompost type (amended and unamended control). The main effect of vermicompost rate
only affected root fresh weight. Nematode density significantly affected root gall score and total nematode
population in the root and soil samples. Factorial analysis of variance revealed a significant effect for the main factors
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and their two-way interaction on nematode parameters, with a significant (P < 0.05) three-way interaction among
the three factors (VC x VCR x ND) (Table 5.2).

Table 5.2. Effects of vermicompost type, rate applied and nematode density on root fresh weight, gall score as well
as root (M. incognita per root system) and soil nematode (M. incognita per 100 cm? soil) community under
greenhouse conditions.

Treatment Root fresh weight Gall score Total nematode population
(g) (1to5) Root (egg, J2) Sail (J2)
Type of vermicompost (VC)
Unamended (0) 7.50° 3.002 9012.32 633.332
Vermicompost-10 (VC10) 14.582 2.22¢ 4919.2b 128.89b
Vermicompost-11 (VC11) 14.782 2.37¢ 6779.6%° 111.11b
Vermicompost-12 (VC12) 14.542 2.70b 6871.4%0 197.78
LSD (Tukey) 3.32 0.272 2985.9 171.56
Vermicompost rate (VCR)
Control (0) 7.50¢ 3.00 9012.3 633.33
5thal 10.57b¢ 2.51 6569.4 104.44
10t hat 13.02b 2.33 6358.0 105.56
20t ha't 20.312 2.44 5642.8 227.78
LSD (Tukey) 3.32 NS NS NS
Nematode density (ND)
Uninoculated (null) 13.88 1.00¢ - -
Low (50J2) 12.62 2.69° 665.22b 115.00P
High (500 J2) 12.05 4.022 13126.0° 420.562
LSD (Tukey) NS 0.214 1596.2 91.71
F test values
Type of vermicompost (VC) 15.87""" 22.52"" 4.42" 29.10"™"
Rate of vermicompost (VCR) 32.06™ 1.61Ns 0.37Ns 2.41Ns
Nematode density (ND) 1.46Ns 570.5™"" 245.36™" 44.69™"
VC x VCR 4.60" 15.89""" 3.32° 2.02Ns
VC x ND 2.78" 9.83"" 3.37° 3.84"
VCR x ND 0.95Ns 0.59Ns 0.37Ns 2.11Ns
VCx VCR x ND 2.90"" 5.88""" 3.19" 1.92Ns
Root MSE+ 4.65 0.38 3375.06 193.92
CV(%) 36.20 14.80 48.94 72.41

Mean values followed by the same letter(s) in a column and a treatment type are not significantly different at P <
0.05 using Tukey’s test (NS =P >0.05; * =P < 0.05; ** = P < 0.001; *** = P <0.0001)
This highlights the interaction between type of vermicompost (VC) and its application rate (VCR) with varying

nematode densities (ND) significantly affected root fresh weight, gall score and total nematode population in roots.
However, the three-factor interaction was not significant for the juveniles (J2) in the final soil sample, while the two-
way interaction between vermicompost type and nematode density (VC x ND) showed significant effects on soil
nematode population (Table 5.2).

Vermicompost amendments resulted in higher root fresh weight than the control especially in plants not inoculated
and plants inoculated with low level of nematodes, whereas the highest root fresh weight was recorded at a high
VC12 dose (20 t ha!) with high nematode density. In contrast, the unamended but nematode inoculated control
showed lower root fresh weight. The highest root fresh weight was recorded when VC10 applied at high rate of 20 t
ha in non-inoculated plants (25.5 g) as well as at low nematode density (27.6 g), but like VC12 applied at 20 t ha!
to plants inoculated at high nematode density (27.4 g). However, in plants with high nematode density, VC12 applied
at low rates (5 and 10 t ha) caused a reduction in root weight that was at par with non-amended but inoculated
treatments (Fig. 5.2).
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Fig. 5.2. The interaction effect between type of vermicompost, rate applied and inoculated nematode density on root fresh weight
(g) (LSD=7.718) of tomato plant. The bars subscribed by the same letter(s) within a treatment combination are not significantly
different at P<0.05. Coloured bars show means, while error bars show means * SE.

Tomato plants grown in non-amended soil with inoculation of high nematode density had significantly the highest
root galls. VC12 applied at 20 t ha'! with high nematode density inoculation resulted in the highest tomato root gall,
but significantly at par with unamended soil at the same rate (Fig. 5.3). On the other hand, VC10 applied at 20 t
ha? with low nematode density had significantly fewer galls as compared to those treated with similar rate of
vermicompost but with high nematode density. In addition, VC10 applied at any rate (5, 10 or 20 t ha™?) in high
nematode density resulted with fewer root galls than those recorded by unamended but nematode inoculated
plants (Fig. 5.3). VC11 also showed a significant reduction in root gall at increased vermicompost application rates,
especially at 10 and 20 t ha. The total nematode population (egg and J2) per plant root system were significantly
decreased in low (50 J2) and high (500 J2) nematode density treatments as VC10 and VC11 were applied in high
doses (Fig. 5.4). However, application of VC12 at high doses significantly increased the nematode population per
root of tomato plant inoculated at high nematode density. VC10 at 10 and 20 t ha™ resulted in an average reduction
of 11 and 250% in nematode population per root at low and 38 and 135% at high nematode density, respectively,
compared to VC12 at doses of 10 and 20 t ha™* at low and high nematode densities.
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Fig. 5.3. The interaction effect between type of vermicompost, rate applied and inoculated nematode density on gall score (a) of
tomato roots (LSD=0.619). The bars subscribed by the same letter(s) within a treatment combination are not significantly different
at P<0.05. Root gall structure of selected treatments (b). Coloured bars show means, while error bars show means * SE.
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not significantly different at P<0.05. Coloured bars show means, while error bars show means + SE.

Analysis of the nematode community (second-stage juvenile, J2) in the final soil sample showed that unamended
soils at inoculation of high nematode density had significantly higher number of J2s than those inoculated at lower
density (Fig. 5.5). However, in vermicompost amended soils highly reduced root-knot nematodes were recorded,
with virtually no juvenile nematodes being recovered from the final soil samples, regardless of the type of
vermicompost used as amendment.
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Fig. 5.5. Effect of different types of vermicompost amendments on population of root knot nematode in soil inoculated at lower
and higher density (LSD=200.05). Coloured bars show means, while error bars show means + SE.

5.3.3. Soil and vermicompost properties for the field experiment

The nematode population estimated using repeated extraction before amendment of the field soil ranged from 15
to 30 (J2) per 100 cm? soil. The results obtained from soil analysis showed that the experimental field was slightly
acidic with the average organic carbon (OC) and total nitrogen (TN) contents of 2.32 and 0.162%, respectively. The
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OC and TN contents fall in the moderate range in accordance with the ratings suggested by Tekalign et al. (1991).
Whereas soil available P (Bray-Il) was less than 20 ppm and was low in accordance with Horneck et al. (2011).

Table 5.3. Characteristics of the soil and vermicomposts used for field experiment (Values are means of three
samples with standard deviation in parentheses).

Properties Soil VC10 VC11 VC12
Clay (%) 37 - - -

Silt (%) 24 - - -
Sand (%) 39 - - -
Texture class Clay loam - - -

pH (H20) 5.68 (0.08) 7.22 (0.06) 7.34 (0.04) 7.36 (0.04)
0C% (DM) 2.32(0.05) 35.08 (1.64) 37.03 (1.48) 35.24 (1.32)
TN% (DM) 0.162 (0.01) 1.21 (0.10) 1.14 (0.08) 1.11 (0.10)
Av. P (mg kg) 18.64 (1.14) - - -

Av. K (mg kg) 558.2 (87.2) - - -

CEC (cmol(+) kgt soil) 20.12 (1.26) - - -

Av. S (mg kgl) 4.78 (0.84) - - -

5.3.4. Effect of vermicompost on growth and yield of pepper under field condition

Vermicompost at different rates (5, 10, and 20 t ha?) had a significant effect (P < 0.05) on hot pepper (Capsicum
annuum L.) growth, number of fruits, and marketable yield under field condition (Table 5.4). Regardless of the
vermicomposts, hot pepper plants grown in soil amended with vermicompost (particularly in VC10 at 10 and 20 t ha-
1) had greater height and pod number with long and wide fruits than the stunted plants obtained from the control,
farmers practice, and recommended fertilizer treatments. In addition, in unamended plots, nematode caused
damage to hot pepper roots and reduced growth parameters. Vermicompost application reduced root gall counts
compared to plants grown in the control, farmers practice, and recommended fertilizer treatments, which had
disease incidence of 33.3, 38.0, and 30.9%, respectively. Hot pepper plants grown in soil treated with VC10 had
significantly more pods with the highest marketable yield (Fig. 5.6), especially when amended at 10 and 20 t ha*.
Even at a relatively low VC10 dose (5 t ha'l), the growth of pepper was high and marketable yields were significantly
increased by 77.8, 49.6 and 27.0%, respectively, over those plants grown in control, farmers practice and
recommended fertilizer treatments (Table 5.4, Fig. 5.7). On the other hand, hot pepper plants grown in treatments
such as farmers practice and recommended fertilizer were significantly shorter, had fewer pods, and marketable
yield which were similar to plants in the control. Although vermicompost application increased marketable yield,
nonmarketable fruit yields did not differ significantly between treatments.
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Table 5.4. Effect of different treatments (vermicomposts at different application rate as well as farmers practice and recommended fertilizer rate) on agronomic traits of hot

Pepper (Capsicum annuum L.) and soil chemical properties at the end of the field experiment

Treatment Plant No. Fruit Fruit length Marketable Non-marketable Disease Root pH 0C (%) TN (%) Available Available Available CEC (cmol(+)
height fruits width (cm) (cm) yield yield incidence (%) gall P K S kg soil)
(cm) plant* (tha™) (tha?) (mgkg?) (mgkg?) (mgkg?)
Control 51.28 19.3f 1.70¢ 7.50° 1.22¢ 0.363bcde 33.33% 2.67° 5.66f 2.15f 0.1433¢ 18.118 534.6¢ 4.99¢ 18.568
VC10 at5tha? 62.7% 26.6%¢ 2.09¢ 14.382 2.17¢ 0.313¢ 2.38¢f 1.33¢ 5.72de 2.55% 0.1690% 21.56% 584.6 9.27¢ 23.96¢%
VC10at 10t hat 69.32 36.3° 2.382 14.80° 2.93? 0.351cce 0.00f 0.67¢ 5.81° 2.60° 0.1730° 24.61% 991.32 14.552 27.632
VC10at 20t hat 69.12 40.32 2.70° 14.742 3.022 0.331¢% 0.00f 0.67¢ 5.862 2.61° 0.17332 25.792 978.0° 15.20° 27.41%
VC1l at5tha? 56.9% 24.0% 1.92¢ 7.50° 1.93d 0.4142b<d 9.52¢d 1.67° 5.71d 2.38¢ 0.1660° 20.16¢ 560.3¢ 6.72¢ 20.41f
VCllat10that 59.7¢« 29.6¢ 2.15b¢ 14.39° 2.31b¢ 0.4053bcde 7.14¢% 1.67° 5.78¢ 2.45%  0.1696% 21.65% 776.6° 10.07¢ 24.60¢
VCllat20that 62.3b¢ 37.0° 2.22° 14.622 2.33¢b¢ 0.406%d 7.14¢% 1.33b 5.81° 2.51b¢ 0.17332 22.68« 962.0° 11.63° 25.81¢
VC12 at5tha? 55.4¢f 24.3d% 1.87¢ 14.71° 1.71¢f 0.484° 14.29¢ 1.33¢ 5.70¢ 2.38¢ 0.1630¢° 19.35f 510.0¢ 6.744 20.98f
VC12 at 10 t hat 62.9b¢ 29.3¢ 2.14¢b¢ 7.50° 2.22¢ 0.4113cd 9.52¢ 1.33¢ 5.73¢ 2.43%  0.1666 21.52¢ 893.32 11.24° 23.33¢
VC12 at 20 t hat 64.4° 35.0° 2.08° 14.412 2.53° 0.365bcde 7.14¢% 1.33¢ 5.77¢ 2.49bcd 0.17332 23.41b¢ 1001.0° 11.63° 26.41%
Farmers practice (FP) 52.4f¢ 20.3f 1.73¢ 14.60° 1.45% 0.449%0 38.09° 2.67° 5.67f 2.11f 0.1576¢ 17.748 663.3b¢ 5.60° 18.738
Recom. fertilizer (RF) 52.1% 21.3¢f 1.76¢ 14.64° 1.71¢f 0.4342b¢ 30.95b 2.67° 5.66f 2.006  0.1563¢ 15.98" 522.0¢ 5.90d¢ 17.02h
LSD 3.34 3.18 0.1078 0.444 0.281 0.093 6.14 0.300 0.023 0.067 0.0053 1.615 114.0 1.024 1.023
F-value 30.50"" 42.98™" 41.30™" 58.51™" 32.50™ 2.50 40.08"" 14.02”  67.30"" 76.24™"  25.53™ 27.77"" 28.18"" 101.3™ 110.3""

Mean values followed by the same letter(s) in a column are not significantly different at P < 0.05 using Tukey’s test (NS = P > 0.05; * = P < 0.05; ** = P < 0.001; *** = P <0.0001)
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Fig. 5.6. Marketable yield (t ha'!) of pepper as affected by different vermicomposts applied with different rates compared
with farmers practice, recommended amount of fertilizer applied and control (LSD=0.028). Coloured bars show means, while
error bars show means + SE.

5.3.5. Effect of vermicompost effect on soil chemical properties after harvesting

Vermicompost application had significant effects (P < 0.001) on soil chemical properties (Table 5.4). Soils
amended with vermicompost had significantly higher pH, OC, TN, P, K, S and CEC values than the non-amended
soils and the soils in farmers practice and treated with recommended rate of fertilizer. Soil organic carbon, total
N, and CEC contents increased with increasing vermicompost doses, but no significant difference was found
between the vermicompost rates of 5, 10, and 20 t ha™!, especially for the VC10-amended soils for most of soil
properties. The highest OC content was found in VC10 application at the rate of 20 t ha™ (22% higher than the
control soil), followed by the same vermicompost with the application rates of 5 and 10 t ha™’. Total N content
also followed the same trend as OC. VC11 and VC12 treatments at the highest rate of 20 t ha™ also increased
the OC and total soil N contents, while the lowest contents were obtained in the control treatment and in soils
under farmers practice and treated with the recommended rate of fertilizer. The highest available P values were
observed in the highest rates (10 and 20 t ha™) of all applied vermicomposts and the same trend observed for
available K and S, while significantly the lowest available P, K and S contents were obtained from the control and
farmers practice and recommended fertilizer rate. Vermicompost treatments had also significant effects on CEC
of soil. The greatest increase was recorded in VC10 treatment at the rate of 20 t ha™(27.6 cmol(+) kg soil),
which significantly increased the CEC by 60% over the lowest CEC obtained in recommended rate fertilized soils
(17.0 cmol(+) kg? soil). Overall, an increase in soil nutrients availability were observed with increasing
vermicompost doses in amended treatments.
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Fig. 5.7. Field performance of hot pepper

5.4. Discussion

5.4.1. Suppression of root-knot nematode in roots using vermicompost under invitro and greenhouse
conditions

Results from the exposure experiment showed a significant reduction in second stage Juveniles (J2) of M.
incognita when exposed to various vermicompost extracts after 24 and 72hrs. These findings support the
hypothesis that vermicompost extracts possess direct suppressive or high antagonistic activity against M.
incognita. The observed effect on nematode mortality suggests that antagonistic microbes present in
vermicompost extract produce toxic compounds that are detrimental to PPN (Xiao et al., 2016; Kaur et al., 2022).
In addition, vermicompost contains a substantial amount of N-containing compounds such as ammonia, which
have been shown to have a nematicidal effect on PPN (Su et al., 2015). Recently, Tikoria et al. (2022) also
indicated that the mortality of juveniles increased with an increase in the concentration of vermicompost extract
and longer exposure durations. In our study, the increased mortality rate of M. incognita juveniles may be due
to an increase in the concentration used (1:5), although mortality increased with extended exposure duration.
Previous studies on compost extract for disease suppression have typically used compost to water ratio of 1:3 to
1:10 (Arancon et al., 2007; Radovich et al., 2011). Similar to our study, Rao et al. (2017) reported an increase in
mortality of M. incognita juveniles with vermicompost extract. The enhanced microbial community and
proliferation of beneficial bacteria during vermicomposting (Pathma and Sakthivel, 2012; Arancon et al., 2012)
likely contributed to the observed nematicidal activity. This is supported by the findings of Rostami et al. (2021),
who isolated antagonistic bacteria from liquid vermicompost that exhibited antagonistic against M. javanica
RKN.

The findings from invitro exposure experiment were validated by greenhouse assay results. Analysis of
nematode populations in relation to root weight across different treatments revealed that increasing doses of
vermicompost led to reduction in the rate of nematode population build-up, particularly in VC10 and VC11.
VC12, on the other hand, resulted in increased nematode population as well as gall score with increased
vermicompost rate at the high nematode density. Our study indicates vermicompost may have significant effects
on both the incidence and abundance of plant-parasitic nematodes as was also reported by (Lazcano and
Dominguez, 2011). Similarly, Tabarant et al. (2011) also reported suppression of plant-parasitic nematodes
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varied depending on nature of the amendments used. VC10 produced from substrate consisted of cow manure
mixed with soybean and banana residues using Eudrilus eugeniae, significantly reduced the population of J2
nematodes in tomato roots, and this suppression increased with high application rates. The notable suppression
observed with VC10 could be due to its initial higher total nitrogen concentration, which may release large
amounts of ammonia known to be toxic to nematodes (Oka, 2010). Similar reports by Nath et al. (2011) and
Rostami et al. (2014) indicated reductions in nematode populations, specifically M. incognita following
vermicompost application. This reduction could be attributed to the promotion of root defence against RKNs
through accumulation of defence compounds facilitated by vermicompost (Xiao et al., 2016). Although the
precise mechanisms underlying disease suppression are not yet fully understood, several studies have suggested
some possible mechanisms involved in nematode suppression (Oka, 2010; McSorley, 2011; Pathma and
Sakthivel, 2012; Rosskopf et al., 2020). Among these mechanisms, the mode of action vermicompost is assumed
to follow includes release of nematicidal compounds, such as ammonia, stimulation of antagonistic microbes,
and also increase plant vigour and tolerance to RKN (Simsek-Ersahin, 2011). It is likely that a combination of
these mechanisms, rather than a single one, contributes to nematode suppression in vermicompost amended
soils. Overall, our laboratory and greenhouse studies revealed that the application of VC10 and VC11 at high
rates (10 and 20 t ha!) showed promising results in mitigating M. incognita populations and could be beneficial
in alleviating the nematode damage in tomato plants.

5.4.2. Vermicompost amendment effects on soil quality and yield of hot pepper under field condition

Our filed experiment yielded valuable insights on the impact of vermicompost amendments on root-knot
nematode suppression and hot pepper yield. The results showed that the effectiveness of vermicompost varied
depending on the type and rate of application. Comparisons between plots treated with vermicompost,
inorganic fertilizer, farmers practice and control revealed significant improvements in various aspects. These
include plant height, number of pods per plant, and fruit size, all of which were higher in vermicompost treated
plots. One of the contributing factors to the observed growth increments could be due to the abundant N supply
and microbial biomass in vermicomposts. These components positively influenced plant growth in farmers’
fields, leading to notable reduction in root gall formation. This effect is likely attributed to the increase in
microbial biomass facilitated by the application of vermicompost. Previous studies by Arancon et al. (2002, 2003)
have also highlighted the ability of vermicompost to enhance microbial competition and suppressed plant
parasitic nematodes. Furthermore, the application of vermicompost has a potential to induce resistance in
pepper plant due to the presence of some antibiotics and actinomycetes in vermicomposts (Simsek-Ersahin,
2011). Additionally, Xiao et al. (2016) and Kaur et al. (2022) reported that suppressiveness of root-knot
nematode was enhanced through vermicompost amendment.

Vermicompost amendments applied at different rates not only improved growth and fruiting of hot pepper
plants, but also resulted in a significant increase in marketable yield of pepper. The highest marketable yields
were obtained in VC10 with high application rates of 10 and 20 t ha, which were more than 90% higher than
the yields obtained from the control, farmer practices, and recommended fertilizer treatments, for both rates
(Fig. 6). Several observations have confirmed a decrease in nematode population accompanied by an enhanced
plant growth and yield parameters with higher vermicompost doses (Rostami et al. 2014; Xiao et al. 2016). The
yield of hot pepper demonstrated a progressive increase with higher doses of vermicompost application,
although the magnitude of the increments varied depending on the type of vermicompost. Vermicompost is
known to harbour diverse microbial communities, and its application to the soil can stimulate microbial activity,
potentially exerting a direct influence on plant growth and yields. Nath et al. (2011) observed a decrease in
nematode population (M. incognita) and higher marketable fruit yield in plots enriched with vermicompost
compared to the control. Arancon et al. (2003) also reported improved growth and marketable fruit yields of
field-grown tomatoes, peppers, and strawberries with vermicompost amendments. The positive effects on plant
growth and fruit yields can be attributed, at least in part, to the substantial increase in soil microbial biomass
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following vermicompost application. This increase triggers the production of growth-regulating hormones such
as indole acetic acid, gibberellins and cytokinins, and humic acids (Edwards et al., 2004; Arancon et al., 2012).

In addition to its positive influence on healthy plant growth, the application of vermicompost also contributed
to the improvement of soil chemical properties. Our results revealed that vermicompost application resulted in
significant increases in soil pH, organic carbon, CEC, and nutrient availability. These improvements were
observed to increase with higher vermicompost application rates, surpassing farmer practices and
recommended rate of fertilizer. The increased pH levels indicate the neutralizing potential of vermicompost on
soil acidity, leading to enhanced availability of N and P in vermicompost amended soils compared to use of
chemical fertilizer and farmers’ practice. The observed increase in CEC and SOC contents highlight the capability
of vermicompost to enhance soils’ buffering capacity and ameliorate soil acidity in Nitisols. These changes in
chemical properties of amended soils suggest a significant impact of vermicompost on soil biological properties,
such as an increase in microbial biomass and activity (Lazcano and Dominguez, 2011). Tejada and Gonzalez
(2009) have similarly reported that vermicompost application increases nutrients, cation exchange capacity, and
improves soil water holding capacity. Therefore, the application of vermicompost in farmers’ fields holds the
potential to markedly improve soil quality by increasing soil microbial populations, all of which have positive
effects on plant growth and development (Arancon et al. 2003). The results of the present study suggest that
vermicompost application can be considered as a sustainable agricultural practice in smallholder farmers,
effectively reducing economic losses caused by M. incognita while simultaneously improving soil quality and
yield of tomato and hot pepper plants.

5.4.3. Marketable yield as influenced by nutrients supply from vermicompost

The improved marketable yield of pepper resulting from vermicompost amendments can be due to enhanced
bioavailability of nutrients (N, P, K and S) and increased soil pH. This increase in soil pH is particularly important
in the study area, where the soil is highly weathered and low pH that could affect P availability and pepper
growth. For both greenhouse and field experiments, we utilized the same rates of vermicompost, with primary
objective of suppressing PPN. Although the vermicompost amendments outperformed treatments such as
recommended rate of chemical fertilizer and farmers’ practice, the trends within treatments were not consistent
due to variation in type of vermicomposts and the applied rates. While the rates of vermicompost may seem
high compared to farmers practice (3 t ha cow manure + 23 kg N ha?), it should be noted that about % of the
recommended N (23 kg N ha) is also supplied by the chemical fertilizer in this treatment. This suggests that
vermicompost application might have stimulated other mechanisms that increase the efficiency of N uptake.
This effect was particularly observed in VC10, where pepper fruit yield significantly increased even at a lower
application rate (even at 5 t ha'l) compared to 20 t ha™l, suggesting a non-nutritional effect of vermicompost
such as stimulation of hormone production. The high response of hot pepper yield to the applied vermicomposts
(especially at high rates) indicates the potential of efficiently utilizing nitrogen supplied from vermicompost.
Agegnehu et al. (2016) reported that adequate availability of N crucial for optimal nitrogen uptake by plants,
and organic amendments, like vermicompost, can help maintain this availability. Interestingly, applying only half
the equivalent nitrogen from VC10 at 5 t ha™ (approximately 60 kg N ha™') was appear sufficient to sustain pepper
growth and yield than the N supplied from chemical fertilizer, as evidenced by the N levels in the soil after
harvest. Moreover, additional application of vermicompost above 10 t ha? (i.e. 20 t ha*) for VC10 and VC11 did
not result in significant increase in hot pepper yield, potentially due to decreased N use efficiency. Compared
with chemical fertilization, vermicompost application significantly increased marketable yield of hot pepper,
indicating vermicompost can provide essential micro- and macronutrient (such as K and S) in addition to N and
P, which could limit yield and agronomic benefits. This finding is supported by Kiyasudeen et al. (2015) and
Sharma and Garg (2019) who reported vermicompost is rich in micro- and macronutrients. Overall,
vermicompost appears to be a viable alternative to chemical fertilizers, as it not only enhances plant growth,
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but also improves soil quality (Jouquet et al., 2011). Therefore, vermicompost can serve as an effective nutrient
management strategy to optimize crop growth while concurrently protecting plants for pests and diseases.

5.5. Conclusions

Our study, comprising both invitro and greenhouse experiments demonstrates the beneficial effect of high
quality vermicompost (particularly VC10 and VC11) on suppression of root-knot nematode (M. incognita). It is
important to note that the effectiveness of vermicompost in nematode suppression varied as a function of
vermicompost used. Moreover, our field experiment also proved that vermicompost application in controlling
root-knot nematodes and significantly increasing the yield of hot pepper. In summary, our results highlight the
importance of considering the type and rate of vermicompost application when aiming to suppress RKN and
improve hot pepper yield. While the application rate of 10 t ha vermicompost resulted in increased pepper
yield in farmer’s field, no additional benefits were observed at higher application rate of 20 t ha'%, particularly
for VC10. This suggests that the interaction between vermicompost type and application rate can influence its
effectiveness in nematode suppression. In addition to nematode suppression and increased yield, vermicompost
had a positive impact on soil chemical properties, primarily related to microbial activity in vermicompost.
Overall, our findings clearly show the bioagent potential of vermicompost to suppress root-knot nematode
infestation, improve the marketable yield of hot pepper and soil chemical properties under field condition, even
at low dose (5 t ha') amendment.
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6.1. Introduction

According to projections, Ethiopia's population will exceed 200 million by 2050, almost double the current
population (UN DESAPD, 2019). Increasing agricultural productivity is one of the country's top priorities to feed
such a rapidly growing population. However, the agricultural sector, which employs more than 85% of Ethiopia's
population, faces several challenges, including the rapid decline in soil fertility (Zeleke et al., 2010) and crop
losses due to plant diseases and pests (Abebe et al., 2015). In addition, low soil fertility and productivity are
further exacerbated by nutrient removal from the entire crop, low soil organic matter, and limited fertilizer use
(Agegnehu and Amede, 2017; Seglah et al., 2019). As a result, agricultural production in Ethiopia, as well as in
sub-Saharan Africa in general, is stagnating or increasing only moderately (Karltun et al., 2013). Moreover,
Ethiopia, like other Sub-Saharan African countries, lags in the adequate application of chemical fertilizers and
pesticides to increase crop productivity (Lynd and Woods, 2011; Nigussie et al., 2015). Challenges related to soil
fertility and disease and pest control can be partially mitigated through the application of organic amendments,
which have been shown to maintain soil organic matter content and thus contribute to improved nutrient
utilization (Nigussie et al., 2015). However, organic agricultural resources such as crop residues and animal
manure are used primarily as energy sources, construction materials, and livestock feed due to strong
competition, which accelerates the depletion of nutrients and organic carbon in agricultural fields (Berazneva,
2013; Nigussie et al., 2015; Negash et al., 2017). There is an urgent need to search for readily available organic
resources and to enhance organic waste as high quality biofertilizers that improve soil fertility and disease
suppression through effective recycling technologies such as vermicomposting.

Vermicomposting is a process in which organic wastes are converted into high-quality vermicompost through
the activity of earthworms and microorganisms (Dominguez et al.,, 2019). It is also considered a suitable
technology for developing countries, especially at household and community levels, because it is a simple and
natural technology that does not require sophisticated machinery, high capital investment, and frequent process
monitoring (Lim et al., 2016). During vermicomposting, earthworms biochemically alter the decomposition
process by increasing the activity and population of bacteria and fungi and produce diverse microbial
communities (Huang et al., 2014). Hence, the biochemical properties of vermicompost are considered to be the
most important mechanisms for suppressing plant diseases and pests, such as root-knot nematode
(Meloidogyne incognita) (Xaio et al., 2016), which is a prevalent and widespread species causing severe losses
in vegetable crops in Ethiopia (Mekete et al., 2003; Abebe et al., 2015). To combat the various challenges facing
Ethiopian soils, such as nutrient and organic carbon depletion and soil acidity, the use of organic fertilizers,
especially vermicompost, is of paramount importance as it can be easily produced from locally available organic
resources and serves to improve soil and plant health.

Therefore, as described in chapter 2, this PhD thesis included a survey on 172 farmer households (in three
districts) with different representative agricultural residue samples collected at clustered villages. The aims of
this thesis were, first to assess the quantity, seasonal availability and quality of agricultural residues at farmers
household and assess farmers level of awareness towards vermicompost production (Chapter 2). Then selected
agricultural waste (animal manure and crop residues) were evaluated for their suitability and production of
quality vermicompost using different exotic and native earthworm species (vermicomposting experiment)
(Chapter 3). Finally, the potential of different vermicomposts was evaluated on nutrient availability and soil
quality using an incubation experiments (Chapter 4) and their influence on root-knot nematode suppression and
plant growth under invitro, greenhouse and field conditions (Chapter 5). Thus, the key hypotheses that
vermicomposting has significant value in valorizing waste and improving soil fertility and plant health were
confirmed by the research outputs. By conducting the above-mentioned experiments, the study aimed to
provide insights into the potential of benefits of different agricultural residues for vermicomposting, as well as
their impact on soil quality, nematode suppression and crop growth.
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6.2. Potential use of agricultural feedstocks for vermicompost production and constraints
behind

Initially, we defined the term “agricultural residues/feedstocks” as crop residues consisting of straw, plant stems
and leaves and animal manure, including cow, donkey and goat droppings. The dataset presents crucial
information on the quantity and availability and nutrient composition of these agricultural waste as a substrate
for vermicomposting. It is a crucial first step towards optimizing vermicompost production among smallholder
farmers by utilizing the resources at their disposal. In Chapter 2, we assessed some factors related to the
availability of locally sourced feedstocks for vermicomposting and the level of awareness among farmers. In the
districts of the Benishangul-Gumuz region, there is pliable competition for the use of crop residues generated
by mixed crop-livestock systems, and the quantity of available crop residues varies considerably from one farm
to another. The use of crop residues also varies based on the cropping system in the study areas and the main
crops grown in the region. Differences in agronomic management practices, such as the amount of fertilizer
applied, can lead to differences in vegetative growth and ultimately impact yield and the availability of crop
residues. It has been reported that the amount of agricultural residue available for biomass can vary depending
on seasonal variation (Gabisa and Gheewala, 2018). Similarly, our research has shown that the availability of
crop residues and animal manure in the area is also subject to seasonal variation. We found that smallholder
farmers tend to collect more biomass after harvesting season (September to February), whereas there is a
shortage of biomass after the dry season (March to May) (Chapter 2). However, it is still possible for smallholder
farmers to collect animal manure throughout the year, although the availability is lower during the dry season
due to shortage of animal feed. In particular, during the long rainy season (end of May to October), there is
usually sufficient feed available to support the production of animal manure. The seasonal variation in locally
available feedstocks in terms of quality composition and quantity is a significant factor to consider for the
production of vermicompost. Furthermore, these locally available feedstocks must be compatible with the
diverse production systems of smallholders and align with the main objective of recycling using
vermicomposting.

Smallholder farmers face competing interests for agricultural resources such as animal feed, fuel, mulch,
compost, or sales (Valbuena et al., 2015), which can lead to overutilization and damaging to the environment,
triggering a destructive cycle (FAO, 2017). Therefore, to increase the production of vermicompost, it is important
to improve the availability of locally available feedstocks. One effective approach is to tackle the limited use of
resources for vermicomposting by increasing the utilization of various agricultural residues. This can help reduce
competition among different uses of resources and enhance agricultural productivity. The region could have
potential for residues that could be collected and utilized to address the worsening SOM compared to the central
highlands of Ethiopia, which face the highest competitions for the use of crop residues and animal manure as
amendment. However, alternative resource interventions are still needed to encourage households to use other
fuel sources and improved forages as animal feed, so that the residues can be returned to the soil as value-
added products (Chapter 2). Intensification of crop and livestock production is another option for feeding
livestock and utilising crop residues, but it requires higher inputs such as the application of fertilisers and the
use of improved crop varieties, which could be another challenge in low input farming systems in Ethiopia
(Nigussie, 2017). Additionally, agricultural intensification may lead to an expansion of cultivated land, rather
than a reduction (FAO, 2017). Therefore, it is critical to improve current policies, infrastructure, markets and
financial institutions to enable sustainable intensification of crop and livestock production and potentially
reduce competition for agricultural waste. The FAO recommends some best practices, including supplementing
food production with bioenergy production as part of sustainable agricultural intensification. This involves
developing integrated food-energy systems that optimize land use, such as mixed food and energy crop systems.
By implementing such practices, it is possible to increase the availability of biomass for vermicomposting, while
also promoting sustainable agriculture and reducing competition for agricultural residues.
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This thesis aims to assess the availability of agricultural waste resources among smallholder farmers, as utilizing
these resources for vermicomposting has the potential to promote its adoption among local farmers. This, in
turn, can help improve the soil quality, food security and income of smallholder farmers. However, a lack of
awareness and knowledge regarding vermicomposting and the use of vermicompost remains a significant
obstacle to its widespread adoption. Despite the limited information available on vermicomposting, our
interviews with smallholder farmers revealed that many were willing to produce and utilize vermicompost on
their farmlands (Chapter 2). This highlights the potential for vermicompost to serve as an alternative source of
organic amendments and enhance crop production for smallholder farmers. However, comparing our results
with other studies has been challenging due to the lack of research on farmers' perceptions of utilizing organic
waste for vermicomposting in different countries. Our study considers the socioeconomic drivers that shape
farmers' perceptions and utilization of organic residues at the farm level to understand the factors influencing
their decision making. Overall, the utilization of organic materials for vermicomposting was found to be more
common among farmers with higher farm income, older age, male-headed households, larger household size,
and better access to information, while younger, female and poor farmers had limited access to information and
resources. Our study provides the importance of addressing these issues to accelerate the adoption of available
organic feedstocks for vermicompost production among smallholder farmers. To achieve this, there is a need
for widespread awareness initiatives on the benefits of vermicomposting for sustainable farming system,
engaging multiple sectors and considering a broad range of systemic and transformative options for smallholder
farmers. Additionally, governmental and non-governmental organizations and institutions should create an
enabling environment through monitoring and evaluation to ensure the effective implementation and
promotion of sustainable vermicompost production under smallholders. Last, but not least, while increasing
research in the field of vermicomposting is necessary, more attention should also be given to the practical
application of vermicomposting in agriculture. Specifically, it is crucial to investigate the suitability of substrates
from locally available feedstocks using different earthworm species for vermicomposting. This could greatly
benefit farmers in promoting sustainable vermicompost production, replacing chemical inputs and reducing
economic costs for farmers.

6.3. Why vermicomposting? And contribution of the study on recycling of agricultural waste
into value-added product (vermicompost) in smallholder farmers

6.3.1. Why vermicomposting?

Vermicomposting is an essential process that occurs naturally within the soil food web complex, playing a crucial
role in the food chain. It involves intricate interactions between microbes and soil fauna, particularly
earthworms, resulting in competition, mutualism, predation and facilitation. These interactions contribute to
the alteration of functional diversity and the rapid recycling of organic matter (Dominguez et al., 2010). Within
the vermicomposting food web, the primary consumers are microbes, primarily bacteria and fungi, responsible
for the degradation and mineralization of organic residues (Dominguez, 2004; Aira and Dominguez, 2009).
Secondary and higher-level consumers, such as earthworms, feed on these microbes and disperse them within
the organic matter, contributing to the vermicomposting process (Scheu and Schaefer, 1998; Dominguez and
Edwards, 2011). This unique combination of earthworms and microbes distinguishes vermicomposting from
thermophilic composting, making vermicompost a superior organic material utilized as both a biofertilizer with
higher macronutrients and micronutrients (Lim et al., 2015) and as bioagent with improved chemical and
microbiological quality compared to thermophilic compost (Cai et al., 2018; Nigussie et al., 2017).

Under field conditions, earthworms acting as eco-biological engineers are able to change the properties of soil
(Demetrio et al., 2019). The three ecological groups of earthworms (anecic, endogeic and epigeic) vary (Brown
et al., 2000), alter soil properties differently and feed on different materials in soil (Ferlian et al., 2014). Unlike
the two other earthworm categories, epigeic earthworms require a suitable organic food source because they
dwell exclusively on decomposing organic material. In addition, epigeic earthworms do not live in the ground
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due to their inability to burrow and tend to live on the soil surface (surface dwellers in loose litter or manure
piles) (Sherman, 2018). This allows researchers to feed and breed these species under optimal environmental
conditions to manage various organic waste under artificial conditions (worm farming), which is called
vermicomposting. Thus, through feeding suitable organic substrates these earthworms transform waste into a
stabilized and high-value product called vermicompost. In tropical soils where soil organic matter is severely
depleted, the above ecological groups of earthworms might not survive, and epigeic earthworms in particular
would not be expected to survive. Indeed, epigeic and anecic species do not appear to be as prevalent in
agricultural systems in tropical agroecosystems (Fragoso et al., 1997). Even these litter-feeding earthworms are
likely to be found in very low numbers in the tropics. We can assume that due to lack of existence of earthworms
in the field, earthworm activity isn't likely to occur after residues are incorporated directly into the soil.
Therefore, the question "Why don't we let earthworms feed/recycle the incorporated residues under field
conditions?" doesn't seem to apply in tropical soils, particularly Ethiopian Nitisols, which more likely need
exogenous materials to restore depleted SOM.

Some farmers have sought to improve soil fertility by incorporating crop residues, but they often report that the
slow rate of decomposition discourages them from pursuing this approach (Chapter 2). It is important to
recognize that residue incorporation alone may not be sufficient to improve soil fertility, as farmers often
incorporate only small amounts of residues with different quality characteristics. The composition of different
organic residues that enter the soil can have a significant impact on their fate and the transformation of carbon
in the soil. For instance, in addition to direct incorporation into the soil, residues can also be incorporated into
compost that is subsequently applied to the soil in fresh (mulched) or composted form. In the latter case
(composting), residues undergo decomposition (mineralization and transformation) that alters their properties
and also reduce the . Labile forms of carbon are mineralized during composting, resulting in more stable carbon
and a greater increase in soil organic matter per unit of carbon applied compared to plant material that is simply
mulched in the long-term (Lashermes et al. 2009).

Based on our study's rough estimation in the Assosa area, when averaged across farmers, it is possible to collect
approximately 800 kg ha* of cow manure, 450 kg ha™! of maize residues, and 250 kg ha™ of soybean residues.
Additionally, approximately 300 kg ha® of banana residues can be collected. If these organic materials are
effectively recycled using vermicomposting, with a mass reduction of about 50 to 55%, we can estimate the
production of approximately 700 kg ha (from CM + MS) and 550 kg ha! (from CM + SB) of vermicompost at
Assosa. In Bambasi, approximately 850 kg ha* and 550 kg ha? of vermicompost can be produced for mixed
substrates of cow manure, maize, and soybean residues (CM + MS), and cow manure, soybean, and banana
residues (CM + SB), respectively. Similarly in the Homosha district, an estimated 400 and 500 kg ha? of
vermicompost could potentially be produced, respectively from the two mixed substrates. The application of
these produced vermicomposts can significantly impact the increase in soil organic carbon (SOC) stock within
the study areas. Using the equation: SOC stock = H x BD x OC x 10 where, H is soil depth (cm); BD, bulk density
(g cm™3); OC, soil organic carbon concentration in bulk soil (g kg™), we can calculate the stock of soil organic
carbon (g m=2) in bulk soil in the area. Assuming the area soil has OC content about 1.5 to 2.0 %, bulk density of
~ 1.3 g cm at 20 cm soil depth (the depth at which farmers typically plough), the SOC in bulk soil would be
approximately 4000 kg m=2 or 40,000,000 kg ha™. For instance, if 750 kg ha™ of vermicompost produced (let
containing approximately 40% carbon in dry matter) is applied, it would add around 300 kg ha? of SOC,
potentially increasing the soil organic carbon stock by 0.0000075%. Similarly, if farmers aim to increase the soil
organic carbon stock in their soils by 0.0005%, the calculation would necessitate applying approximately 50 tons
ha™ of vermicompost. The availability of organic residues is indeed a critical factor in vermicompost production.
This shows the availability of organic residues is clearly a critical factor in the success of vermicompost
production and its potential impact on soil organic carbon content. It's important to recognize that in Ethiopia,
the availability of organic residues may fluctuate based on the region and season. Assessing the local availability
of suitable feedstock materials, which can encompass crop residues, animal manure and various other organic
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materials, is essential for vermicomposting. Overall, vermicompost production can be a realistic and
advantageous practice for enhancing soil quality and fertility among smallholder farmers. Nevertheless, its
feasibility hinges on various factors, including the availability of organic residues, the presence of earthworm
populations, and the ability to create optimal conditions for vermicomposting.

Fig. 6.1. Vermicomposting boxes made by farmers from locally available bamboo wood and plastic sheet and a farmer with
vermicomposting experience demonstrating the processed vermicompost (source: author)

To successfully implement vermicomposting in the study area, an initial step involves providing farmers with
comprehensive training on vermicomposting techniques. Following this, access to earthworms, which can be
either exotic or native species, is essential. These earthworms can be obtained from the research institute in
Ethiopia, such as the Assosa Agricultural Research Center, or from other farmers already practicing
vermicomposting. Furthermore, the active involvement of governmental bodies and non-governmental
organizations (NGOs) plays a critical role in initiating and supporting initiatives aimed at scaling up the adoption
of vermicomposting among farmers. Collaborative efforts can facilitate the dissemination of knowledge and
resources essential for the successful implementation of vermicomposting practices. In practice, farmers can
make their vermicomposting boxes from locally available materials such as bamboo wood and supplement them
with plastic sheeting to cover the openings (Fig. 6.1). By also using locally available organic materials such as cow
manure, maize, soybean, and banana residues, farmers can effectively recycle these resources through
vermicomposting, promoting sustainable agricultural practices and soil enrichment within their communities.
This thesis serves as an invaluable guide for small-scale farmers who want to implement vermicomposting on
their farms using locally available feed sources. It underscores the importance of practical training, collaboration,
and resourcefulness in promoting the adoption of environmentally friendly farming techniques that benefit both
the environment and the farming community.

6.3.2. Contribution of the study on sustainable recycling of agricultural residues in smallholder farmers

Currently, vermicomposting has gained more global attention than in the past few decades because of its
technical simplicity (easy to prepare) and effectiveness (Sharma and Garg, 2019). As indicated in Chapter 2, there
is a need to valorize the available agricultural waste through vermicomposting process. However, challenges
remain around on selection of best substrates and earthworm species to produce a nutrient-rich and microbially
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active vermicompost. In Chapter 3 we evaluated the suitability of substrates made from different feedstock
compositions during vermicomposting using earthworm species. This PhD study demonstrated that
vermicomposting of mixed substrates using different earthworm species is an effective way to valorize potential
residual biomass from agriculture in smallholder farms. Reproduction efficiencies and composting potentials
could be species-specific character, or it could be related to the quality of the substrate used during
vermicomposting (Suthar and Singh, 2008). Our hypothesis that the quality of the feeding substrate has a major
impact on the growth and reproduction rate of earthworms was confirmed, which is the first step towards
successful vermicomposting. More importantly, during vermicomposting, agricultural waste converted into a
value-added product (vermicompost) and massive earthworm biomass (Sharma and Grag, 2019). Earthworm
biomass at the end of the process can also be reused for the next bioconversion process, depending on the
nutritional quality of supplied substrate. Whereas, earthworm cast, vermicompost provides large particulate
surface areas that provide many microsites for microbial activities and strong retention of nutrients (Singh et al.,
2008). As a result, it is concentrated in nutrients such as phosphates, nitrates, exchangeable Ca and soluble K
(Orozco et al., 1996; Ndegwa and Thompson, 2001) and modified microbial activity (Gémez-Branddn and
Dominguez, 2014) and is highly regarded for plant production. Thus, the bioconversion of varying substrates
supplied to different earthworms found with change in physicochemical and microbiological properties of
vermicomposts produced.

Vermicomposting led to mass reduction and C loss and higher nutrient concentration (N, P, K and S) compared
to the initial feedstocks and non-composted material indicating its high fertilizer value. This varied among
different feedstocks and earthworm species used (Chapter 3). The process of vermicomposting might potentially
result in a higher overall loss of total carbon compared to thermophilic composting. However, it's important to
note that this discrepancy in C loss does not necessarily indicate that vermicomposting is ineffective in terms of
achieving significant C stabilization. Rather, this observation is made for the purpose of direct comparison
between the two methods. Vermicomposting and thermophilic composting are distinct processes with unique
characteristics and outcomes. The fact that vermicomposting might exhibit a different pattern of C loss could be
due to factors such as the involvement of earthworm activity and microbial processes. These differences in C
dynamics are influenced by various parameters, including temperature, moisture, microbial community, and
nutrient availability. Both vermicomposting and thermophilic composting contribute to organic matter
decomposition and nutrient cycling, albeit through varying mechanisms. While there may be variation in C loss,
it's crucial to consider the broader benefits of vermicomposting, such as the potential improvement of soil
structure, nutrient enrichment, and microbial activity. The choice between these methods depends on the
specific goals of composting and the desired outcomes in terms of nutrient content, microbial diversity, and
overall soil health.

Several studies reported that earthworms could accelerate the organic carbon decomposition and thus increase
the emission of CO2 from vermicomposting than thermophilic composting (Nigussie et al., 2016; Dume et al.,
2021). Whereas Haynes and Zhou (2016) reported that lower CO> emissions during vermicomposting than
composting. On the other hand, Lv et al. (2018) reported that no significance difference in CO, emission between
vermicomposting and the control treatment and suggested that it was increased firstly and then decreased,
indicating the stabilization of feed substrates by vermicomposting. The conflicting results might be ascribed to
the properties of substrates, especially the different trophic levels and compositions of organic carbon.
Earthworms decomposing organic matter; earthworms mixing the substrate and increasing the accessibility of
the materials for decomposers (e.g. Fungi, bacteria); and earthworm casts increasing the decomposition all
contributed to greater C loss after vermicomposting (Nigussie et al., 2016; Dume et al., 2021).

The results of this study indicate that vermicomposting generally promotes the decomposition of mixed organic
materials, which is often associated with higher carbon loss. However, it should be emphasized that it is entirely
possible to minimize carbon loss through careful selection of earthworm species and optimization of the organic
substrates used in the vermicomposting process. In fact, carbon loss can be effectively regulated by conscious
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choices, such as the selection of earthworm species and organic substrates with high C:N ratios. A study
conducted by Dume et al. (2021) showed that the addition of a mixing agent, such as pelleted wheat, reduced
CO2 emissions by about 60—70%. This highlights the potential to reduce carbon loss by incorporating materials
with a higher C:N ratio in the vermicomposting process. Lv et al. (2018) also reported that increasing C:N ratio
effectively reduced the GHG emission (CO2 and CH4) in vermicomposting. Organic materials with higher C:N
ratios naturally decompose more slowly, which can result in lower carbon losses in the form of carbon dioxide.
Therefore, selectively incorporating materials with a higher C:N ratio into the composting mix presents a
strategic approach to reducing overall carbon loss. Because, the ability to design composting practices to not
only efficiently decompose organic waste but also retain valuable carbon compounds is closely aligned with
sustainability goals. In fact, vermicomposting can still be highly effective in terms of C stabilization because the
Cthatis lost during the process is often transformed into a more stable, humified form within the vermicompost.
This humified C is less prone to rapid decomposition and can serve as a valuable source of organic matter in
soils, promoting long-term soil health and fertility. So, while there may be some initial C loss, vermicomposting
contributes to C stabilization in the broader context of soil improvement.

Thermophilic composting, especially in smallholder farming settings, can be more susceptible to N loss, primarily
due to leaching. The high temperatures generated during thermophilic composting can lead to increased
decomposition rates, potentially causing the loss of volatile N compounds through leaching. This not only
reduces the nutrient content of the final compost but can also have environmental implications. In contrast,
vermicomposting tends to retain N more effectively. The presence of earthworms and their interactions with
microorganisms can help retain N compounds in a more stable form, making them available for plant uptake
while reducing the risk of N leaching. In summary, both vermicomposting and thermophilic composting have
their advantages and disadvantages in terms of C and N dynamics. While vermicomposting may result in some
Closs, it contributes to C stabilization, and it is often more effective at retaining N, especially in settings where
N leaching is a concern. Each method has its place depending on the specific goals and conditions of composting,
and understanding these trade-offs is crucial for effective soil management. However, it's worth mentioning that
further research is needed to address the challenges associated with carbon loss during the vermicomposting
process comprehensively. This research can help refine and optimize vermicomposting techniques, making them
even more efficient and sustainable for soil enhancement and organic waste recycling.

Vermicompost has an appropriate amount of macro and micronutrients which was depending on the initial
substrate that was used (Pathma and Sakthivel, 2012; Werner and Cuevas, 1996). The decrease in organic carbon
during the vermicomposting process indicates complete decomposition of waste, maturity and mineralization
(Hait and Tare 2011). While the addition of nitrogen through mucus and nitrogen excretion during the process
reduces the C:N ratio (Lim et al., 2016), which in our case resulted in significant differences among the
vermicomposts produced (Chapter 3). The long-term benefits of organic material such as compost is also
intricately linked with minimizing nutrient loss during the process. The greater the microbial biomass in
vermicompost, compared to thermophilic compost (Lim et al., 2015), the slower the nutrient loss. This is
especially true as vermicomposting harbours reasonable fungal biomass such as AMF; and also, fungi are known
as nutrient accumulators that strongly maintain nutrients in organic form, preventing their loss from the
ecosystem (Molina et al., 1999). Vermicomposting could obviously be a desirable and efficient technology with
reduced transport costs accompanied by minimal N losses (restrict nutrient losses), but high nutrient
concentration compared to conventional composting (Velasco-Velasco et al., 2011; Nigussie, 2017). This PhD
study shows that selected high quality organic substrates ingested by earthworms have a positive impact on
nutrient stabilization and microbial activity during vermicomposting. Therefore, through vermicomposting,
farmers can reduce the weights of material to be applied based on equivalent nitrogen and fertilizer value of the
stabilized vermicompost.
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6.3.3. Vermicomposting vs. thermophilic composting for valorization of agricultural residues

Composting, the transformation of fresh organic matter, offers several significant benefits to farmers, typically
falling into three key categories. First, it helps overcome the phytotoxicity associated with fresh, non-stabilized
organic matter. Second, it reduces the presence of pathogens, including viruses, bacteria, fungi, and parasites,
which are detrimental to the microbiology of the composting process (essentially destroying these pathogens).
Third, the end product of composting, derived from recycling organic waste and biomass, is typically used as an
organic fertilizer or soil conditioner (Insam and de Bertoldi, 2007).

In our study area, farmers frequently express concerns about the direct application of farmyard manure to fields,
citing potential fungal infections during the growth stages of crops such as tomatoes and hot peppers.
Vermicomposting presents a viable solution to address this issue. While some studies have suggested that
vermicomposting may be less effective at pathogen elimination during the process compared to thermophilic
composting, which benefits from high temperatures for pathogen reduction, it's worth noting that earthworms
possess the ability to detoxify compounds during the bioconversion process. When organic substrates containing
pathogenic compounds, such as mycotoxins, pass through an earthworm's gut, they undergo a series of
enzymatic and microbial transformations that can reduce toxic forms to non-toxic forms (Pathma and Sakthivel,
2012; Bhat et al., 2018). Moreover, vermicompost promotes rich microbial diversity and activity, serving as a
habitat for a variety of antagonistic bacteria. This diversity aids in the suppression of diseases caused by soil-
borne phytopathogenic fungi, making it an effective biocontrol agent (Pathma and Sakthivel, 2012). Recent
research by Arora et al. (2021) has highlighted the potential for earthworm-microorganism interactions during
vermicomposting to reduce pathogens to safe levels. Phytotoxicity studies on vermicompost have also shown
that the resulting product has minimal adverse effects on seed germination (Ravindran and Mnkeni, 2016).
Additionally, the vermicomposting process is more straightforward and less labour-intensive compared to
thermophilic composting. The latter requires outdoor space (a rectangular pit) and frequent turning of the
compost (typically 4 to 5 times), which can lead to nutrient loss, especially nitrogen, due to leaching and
volatilization. In contrast, vermicomposting can be easily managed by farmers near their homesteads, often
utilizing a simple box setup. While it requires minimal turning, consistent monitoring and maintenance of
suitable moisture levels are necessary for successful vermicomposting. However, it's important to note that
vermicomposting, though less labour-intensive than thermophilic composting, does require regular follow-up to
ensure the proper temperature, pH, and moisture conditions are maintained (Singh et al., 2020). Taking into
consideration the practicality for Ethiopian farmers, it's crucial to recognize that water availability can
significantly vary across regions and seasons within Ethiopia. Farmers can employ locally available water sources
(for e.g. rainwater collection, river water) to maintain adequate moisture levels for vermicomposting, even in
cases where tap water is scarce or unavailable. This adaptability ensures that our approach remains practical
and well-suited to local conditions. Despite these considerations, vermicomposting remains a feasible option for
farmers, even those with limited access to organic materials can readily initiate vermicompost production.
Moreover, the end product of vermicomposting is a homogeneous, humified vermicompost that can be easily
applied during planting. This stands in contrast to the often variable and occasionally immature compost
produced through thermophilic composting (Ravindran and Mnkeni, 2016). Importantly, Arancon et al. (2005)
reported that vermicompost boasts much greater microbial biodiversity and activity than conventional
thermophilic compost. In summary, vermicomposting yields a finished product (vermicompost) with superior
nutritional content and biochemical properties compared to thermophilic composting (Lim et al., 2014)
attributed to the increased rate of mineralization and humification by earthworms (Bhat et al., 2018). However,
it's essential to acknowledge that there are contrasting viewpoints in the literature. For instance, Haynes and
Zhou (2016) reported that greater organic matter decomposition occurs during composting compared to
vermicomposting. This resulted in higher total N, extractable Mg, K, P, and mineral N content, along with a lower
C:N ratio in compost compared to vermicompost. These varying outcomes underscore the complexity of organic
matter transformation during different composting processes. Several factors, including the specific organic
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substrate being composted, environmental conditions and duration of the composting or vermicomposting
process, can influence the final product. Therefore, it is crucial to recognize that research findings can vary based
on these factors, emphasizing the need for comprehensive and context-specific studies when evaluating the
effects of composting methods on soil properties and nutrient content.

We regard vermicompost as a useful soil amendment that serves both as a nutrient-rich fertilizer and a soil
improver or conditioner. This dual role is particularly valuable for Ethiopian soils, including those in our research
area. Vermicompost, when applied to Ethiopian soils, offers several significant benefits. Firstly, it provides
readily available nutrients that are essential for plant growth, acting as an effective organic fertilizer. These
nutrients, such as N, P, K.and other micro nutrients are vital for plant development and can enhance crop yields,
making vermicompost a valuable addition to agricultural practices. Moreover, vermicompost plays a crucial role
in improving overall soil quality. It enriches the soil with organic matter, which enhances its structure and
moisture-retention capacity. This, in turn, promotes better root development, reduces soil erosion, and fosters
a healthier soil ecosystem. Additionally, vermicompost has the remarkable ability to neutralize soil pH, making
it especially beneficial in areas with highly acidic soils, a common occurrence in our study area. Therefore, this
thesis aims to underscore the profound advantages of integrating vermicompost into Ethiopian soils, illustrating
the prospects for sustainability and excellence. Emphasizing its dual role as both a nutrient-dense fertilizer and
a soil enhancer is essential, particularly in the context of its unique capacity to address the specific challenges
posed by soil conditions, notably soil acidity, within our research area. Therefore, it is essential to integrate
vermicomposting technology into smallholder farms to maintain sustainable agriculture, improve soil and crop
productivity and reduce the adverse environmental impact of chemical fertilizers. By using vermicompost, truly
sustainable agriculture can be achieved by conserving resources and the environment without compromising
human needs (Lazcano and Dominguez, 2011).

6.4. Impact of vermicompost application on nutrient bioavailability, microbial composition
and suppression of root-knot nematode

Advancing towards sustainable agriculture requires a deeper understanding of the impact of vermicompost on
maintaining agricultural soil health. Long-term use of inorganic fertilizers without organic supplements can
potentially damage soil properties, making the use of organic amendments increasingly popular in sustainable
crop production and soil nutrient management (Lim et al.,, 2015). Vermicompost application has
gained considerable attention in smallholders farms in Ethiopia due to its beneficial effect on highly OM
depleted soils of Ethiopia (Chapter 2). Vermicomposting plays an essential role in any sustainable agricultural
system, effectively recycling agro-industrial or agricultural waste and residues (Hussain and Abbasi 2018) and
returning organic matter to the soil ecosystem (Lazcano and Dominguez, 2011). Organic amendments have been
promoted as a replacement for chemical fertilizer to produce quality food and maintain soil health in many
developing countries, where the high cost of chemical fertilizer is a major challenge. However, there is still a
need for further research to fully understand the holistic impacts of vermicomposting and/or vermicompost on
soil and plant health. Vermicompost application can help to maintain soil health and fertility by improving
physical, chemical and biological properties (Lim et al., 2016). For the sustainable utilization of vermicompost to
restore SOM and nutrient losses, particularly in sub-Saharan Africa soils, careful optimization of the amendment
is required. Therefore, it is crucial to promote research in the field of vermicomposting to better understand the
impact of vermicompost on soil health and to develop effective strategies for sustainable soil management.

6.4.1. Impact on nutrient bioavailability and microbial properties
Vermicomposts could have different levels of stability and greatly different effects on soil N and C dynamics and

microbial community structure, due to the original substrate composition and earthworm species used in the
process (Chapter 3 and 4). In Chapter 4, we observed that while the vermicomposts generally had similar N
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release, the dynamics of N mineralization varied significantly among the different vermicomposts. Such variation
in vermicompost characteristics could inform farmers’ decisions on the optimal timing of N fertilization, which
typically coincides with planting time. Consequently, the use of vermicompost application can enhance nutrient
recovery efficiency and profitability for farmers. Our study also suggests that management practices such as
vermicompost application can greatly influence long-term soil productivity and sustainability by altering soil
conditions. Adding vermicompost to nutrient-poor soils in Ethiopia can help maintain adequate soil organic
matter content and promote the release of nutrients to plants.

In Chapter 4 of our research, we also observed a significant increase in soil enzyme activities following the
addition of vermicompost, compared to unamended control. A significant increase in microbial activity in soil at
day 10 (soon after vermicompost application) followed by increased N release at day 31 was observed. By
promoting biological activity and enhancing nutrient availability, vermicompost amendments can significantly
enhance the productive capacity of soils (Lazcano and Dominguez, 2011). Vermicompost application not only
helps on restoring soil fertility but also enhancing soil biodiversity by substantially improving microbial biomass
(Yatoo et al., 2021). Adding vermicompost to soils can increase aggregate stability, thus greatly improving soil
structure and fertility, which has favorable effects on microbial population (Lim et al., 2015). An increase in
microbial populations and activities are the major contributions of vermicompost to the field soils (Arancon et
al., 2006). In addition, significantly higher concentration of microbial community was observed in all
vermicompost amendments except VC2 and unamended control (Chapter 4). The impact of vermicompost on
microbial communities have significant implications for smallholder farmers. Microbial communities play a
crucial role in soil health, nutrient cycling, and plant growth. When smallholder farmers adopt vermicompost as
an organic fertilizer, it can positively influence microbial populations and their activities in the soil.
Vermicompost contains a diverse array of beneficial microorganisms, including bacteria (G- and G+), AMF,
actinomycetes, protozoa and other soil microbes (Chapter 4). These microorganisms can enhance soil fertility
by facilitating nutrient mineralization, increasing nutrient availability to plants, and improving soil structure. The
improved microbial communities resulting from vermicompost application can contribute to enhanced soil
health, increased crop productivity, and reduced dependency on external inputs. This, in turn, can have positive
socioeconomic impacts for smallholder farmers, including improved food security, increased income and
reduced environmental impact. It should stress that the above-mentioned results were an opportunity to fill the
knowledge gaps about vermicomposting and the impact of vermicompost amendment on soil function in
smallholder farmers. Therefore, this thesis emphasizes that the application of vermicompost should be adapted
to the specific type of vermicompost utilized. Such knowledge could help to develop more effective and
sustainable vermicomposting practices in the region, leading to the production of high-quality vermicomposts
and improved soil quality. Different types of vermicomposts exhibit variations in nutrient and microbial
composition. For example, vermicomposts derived from different substrates and earthworm species (Chapter
3) possess distinct nutrient profiles and microbial communities. Recognizing these differences is crucial as the
specific properties of vermicomposts influence their impact on soil quality and plant growth. Farmers and
researchers can make well-informed decisions regarding application rates, timing and integration with other soil
management practices by understanding the characteristics of different vermicomposts.

6.4.2. Impact on suppression of root-knot nematode and yield improvement

In Chapter 5 of our study, the in vitro and greenhouse experiments showed an insight to look into the impact of
different vermicomposts and their extracts on second-stage juveniles (J2) M. incognita nematode population.
Overall, it indicates clearly the beneficial effects of vermicompost for suppression of root-knot nematode (M.
incognita) and improve tomato and hot pepper growth and yield (Chapter 5). This is likely because
vermicompost provides nutrient availability and resistance to plants against infection (Xiao et al., 2016). Our
findings in Chapter 5 showed that vermicompost has a significant impact on disease-causing microorganisms
because it harbours diverse beneficial microorganisms. Earthworms are not only indirectly involved in
stimulation of microbial populations through fragmentation and ingestion of fresh organic matter but also
provide a suitable medium for microbial colonization, which alters biological activity during vermicomposting
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process (Dominguez et al., 2010; Gomez-Brandon and Dominguez, 2014). There is a growing body of literature
on the significant changes in nutrient dynamics and microbiome composition during vermicomposting, and how
this relates to plant disease suppression through vermicompost application (Lazcano and Dominguez, 2011).
What goes on in the earthworm'’s digestive system during vermicomposting is extremely detrimental to disease
causing microorganisms as it harbours diverse beneficial microbes. The positive impact of vermicompost on PPN
suppression may be attributed to the numerous functional groups of microbes competing with disease-causing
pathogens (Simsek-Ersahin, 2011), or the provision of substances that promote plant growth regulation
(Arancon et al., 2012) or defense (Xiao et al., 2016). Previous research has explored the use of both solid
vermicompost and vermicompost tea to suppress PPN and increase yield (Rostami et al., 2014; Yatoo et al.,
2021). Our study showed that vermicompost amendments such as VC10 and VC11 had positive effects on PPN
suppression, while VC12 had the highest nematode population in plant roots, resulting in significantly high root
gall score and low J2 mortality during the exposure experiment (Chapter 5). Although the three vermicomposts
were derived from the same feedstocks (cow manure mixed with soybean and banana residues), they were
obtained from different earthworm species during vermicomposting. Hence, difference in their potential for
nematode suppression could be attributed to the earthworm species involved in vermicompost production.

The growth performance of vermicompost-amended plants was better than that of plants in the control, those
managed with farmers’ practices and those treated with recommended fertilizer (Chapter 5). At the vegetative
stage, root gall scores were also higher in plots without vermicompost amendment than in those with
amendments, indicating that root knot nematode infection was reduced by the addition of vermicompost. The
addition of vermicompost increased the growth and yield of peppers regardless of the amount of organic
amendment applied (Chapter 5). This increase in plant growth could be due to biological effects, such as
increases in enzymatic activities and beneficial microbes (Arancon et al., 2003). In addition, vermicompost
contains the growth-promoting hormone auxins, cytokinins, and gibberellins, which are secreted by earthworms
(Arancon et al., 2012). These hormones allow for an increase in yield production without increased farmland
use. Although the depletion of organic matter depletion is a serious concern in acidic Nitisols of Ethiopia, the
application of vermicompost not only compensated this reduction, but also significantly increased bioavailability
of nutrients. Furthermore, the application of vermicompost surpassed chemical fertilizer and farmers practice
treatments in improving Nitisols, resulting in increased growth and yield of hot pepper. Vermicompost appears
to be a relevant alternative to chemical fertilizers because it leads to similar enhancements in plant growth while
also improving soil quality (Jouquet et al., 2011). The positive impact of vermicompost can be explained by its
ability to enhance marketable yield of pepper and improve soil chemical properties, such as the availability of
essential nutrients (N, P, K, and S) and soil pH (Chapter 5). This thesis highlights the significance of vermicompost
application in increasing soil fertility and promoting the overall sustainability of hot pepper production by
smallholder farmers. As mentioned in Chapter 2, despite the numerous benefits of vermicomposting, it remains
underutilized among smallholder farmers, particularly in developing countries such as Ethiopia. This could be
due to lack of awareness and education on the potential benefit of vermicompost. Therefore, there is a need to
promote the use of vermicompost, both in solid form and extract/tea form, as a sustainable soil improvement
strategy among smallholder farmers. Strategic implementation plans should be developed to encourage and
support small-scale vermicomposting practices using locally available agricultural waste. By harnessing the
power of vermicomposting and utilizing vermicompost, farmers can significantly enhance soil fertility and
maximize crop yields, particularly in low-input farming systems.

6.5. Conclusions

Although fuel, animal feed and soil amendment are the main competition for use of agricultural residues (animal
manure and crop residues) in smallholder farming systems, adequate amounts of biomass generated at the farm
level could still be a potential resource for restoring SOM and crop productivity if recycled through
vermicomposting process. Hence alternative technologies to develop integrated food-energy systems to meet
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the demands for animal feed, fuel and soil amendment are essential. Particularly, the conversion of agricultural
residues into value added product, vermicompost, using vermicomposting could be essential to transform into
sustainable agricultural productivity and food security in smallholders farming. Farmers motivation to adopt
vermicomposting in their farmland needs future intervention strategies of governmental institutions and policy
makers to promote the use of vermicompost production and enable farmers to effectively use the available
agricultural waste.

The quality of feed substrates made from agricultural waste varied in their suitability among native and exotic
earthworms’ growth and reproduction during vermicomposting process. In addition, the physicochemical and
microbiological properties of the final vermicompost product considerably depends on the chemical nature of
feedstock and earthworm species employed. Eudrilus eugeniae (native worm) and E. fetida performed well and
resulted with high-quality and microbially active vermicompost in substrate consisted of cow manure mixed with
soybean and banana residues, while E. andrei showed relatively high performance in cow manure mixed with
maize and soybean residues. Varied vermicompost sources differ in their potential for nutrient bioavailability
and suppression of plant-parasitic nematodes as well. However, the use of both native and exotic earthworms
appeared to have comparable potential for optimizing utilizing a wider range of mixed agricultural waste and
improving the microbiological properties of the final vermicompost. Vermicomposting is thus used to
biochemically stabilize and add significant value to agricultural waste, thereby enhancing soil fertility and plant
health. Therefore, the results obtained in this PhD thesis need further demonstration and scaling up activities
by government institutions.

Vermicompost is known to have significant impact on enhancing plant growth and disease suppressiveness.
However, it may not be able to entirely replace the use of chemical fertilizers in arable crop production.
Nevertheless, by incorporating vermicompost into farming practices, farmers can reduce the amounts of
chemical fertilizers required, which can help lower the carbon footprint and financial burden of modern
agriculture. Smallholder farmers, in particular, can benefit from using vermicompost, as it can help them achieve
better yields and healthier plants while promoting sustainable and environmentally friendly agriculture.

Future research directions and recommendations

The decline of soil organic matter in Ethiopian soils is a significant concern that highlights the need for
establishing long-term productivity and sustainability of soils. Vermicomposting/vermicompost, one of the most
recently recognized amendments, has been shown in this thesis to be particularly beneficial in highly depleted
soils of smallholder farms. However, long-term monitoring is essential to assess the soil’s ability to maintain
agricultural productivity and to develop soil biological models that can predict future productivity. Changes in
productivity due to vermicompost application also can serve as biological indicators in soil health. Therefore, it
is crucial to study the importance of characterizing feed substrates and selecting appropriate vermicomposts for
specific applications, such as soil amendment and as bioagent for suppressing plant diseases. Such an approach
can effectively improve overall soil health. Smallholder farmers could derive greater benefits from
vermicomposting using agricultural residues and selected earthworm species. Despite the various benefits
associated with vermicomposting or vermicompost, it is still not commercially very popular because of certain
technologic constraints and lack of awareness. Therefore, proper extension and training activities are required
to help smallholder farmers explore the full potential of vermicomposting. Through such efforts, farmers could
produce high-value nutrient rich vermicompost, reducing the need for synthetic fertilizers and pesticides. In
addition, to manage agricultural soils sustainably, it is essential to disseminate knowledge to farmers about their
soils and their behaviour in response to different management practices. Collaborative efforts that involve
researchers, smallholder farmers and agricultural institutions will be crucial in ensuring the future use of
vermicompost in sustainable agriculture. Such effort can help drive innovative new practices and knowledge
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about the actual impact of vermicomposts on soils and plants that should be transferred to smallholder farmers
through on-farm demonstrations, which have been warmly welcomed by farmers.

The vermicomposting experiment was conducted for a period of 90 days in reactors, which allowed us to provide
recommendations for small or medium-scale vermicomposting systems suitable for smallholder farmers. For
vermicomposting experiment, we used cow and donkey manure separately mixed with different crop residues.
However, we observed that substrates consisting of donkey manure were less suitable for earthworm growth
and reproduction and resulted in final vermicompost product with inferior biochemical composition compared
to cow manure. The overall results are important for promoting the use of vermicompost as a sustainable soil
amendment among smallholder farmers, which in turn can lead to improved soil fertility and increased crop
yields.

Based on the results of this thesis, we recommend the following research inputs to improve vermicompost
production in Ethiopia:

e A comprehensive assessment of the type and potential biomass of available agricultural organic
residues (animal manure and crop residues) from smallholder farmers across the country is necessary
to fully exploit the potential availability of agricultural waste for vermicompost production in Ethiopia.

e  Further studies should be conducted on the use of donkey manure as a substrate for vermicomposting.
As our study showed that substrates consisting of donkey manure performed poorly in earthworm
growth and production of nutrient rich vermicompost compared to cow manure, it may be beneficial
to explore the effect of mixing donkey manure with cow manure in different proportions to obtain high-
quality vermicompost. Since donkey manure is one of the most available organic resources in
smallholder farms next to cow manure in the region, understanding its potential for vermicomposting
is crucial.

e Additional research is needed to isolate and characterize nematicidal compounds from different
vermicomposts to fully utilize them as bioagent for root-knot nematode suppression in the future.

e Long term experiments on vermicomposting and vermicompost application in different crops are
essential for a comprehensive understanding of the long-term benefits, challenges and sustainability of
this practice.

e Collaborative efforts among governmental agricultural offices, agricultural research institutes and
smallholder farmers are necessary to promote and scaling up of vermicomposting practices. These
entities should take responsibility for demonstrating sustainable vermicompost production methods to
farmers and farmers should have opportunities to commercialize vermicomposting/vermicompost
production in their village through their farmers union or individually. This would allow them to
capitalize on the benefits of vermicomposting, reducing their reliance on synthetic fertilizers and
pesticides, while generating additional income. Policymakers should also prioritize the development of
sustainable soil fertility management by integrating vermicomposting into broader agricultural policies
and strategies to promote sustainable farming practices among smallholder farmers. For example,
provide trainings (workshops) and financial incentives or subsidies to encourage smallholder farmers
to adopt vermicomposting practices.
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This questionnaire is designed to facilitate the assessment of the current situation of organic waste
management system in smallholder farmers using vermicomposting. The information collected by this
questionnaire from rural areas of the region (BGRS) can be used to evaluate the status of organic agricultural
waste in smallholder farms of the region. To enable an accurate assessment, it is important that all
information requested in the questionnaire should be provided as completely and accurately as possible.

Please tick the answers that are relevant to you

PART I. Household Socio-economic and demographic characteristics

1. Age of the farmer: ............. years old

2. Gender: ............. years old

3. Current size of farmer’s household (Current number of people living in your housej): ................ persons

4. Educational level of the farmer:

Less than elementary level (/lliterate)
Elementary to less than high school
High school

Two years college

00000

University or above

5. Please could you tell me your marital status?

Single
Married

000

Divorced or widowed

6. Do you have any children?

C:) Yes
(:) No

7. Household size: Total number........ Number of children’s: ....... Household head:

C:) Male
(::) Female

8. Farmer’s experience in agriculture (years):

a) Farmer’s experience in farmingin general: ........ccocceevvvieeeecciver e, years
b) Farmer’s experience in preparing and using compost: ........c.ccceeeueee. years
9. Land tenor- Total land property of the farmer: .......cceeeeeerriiiecciirrreecccnnneee. ha'/Timad
a) Communal-Land area: ......ccccccocceeeeeciiee e e ha or Timad
b) Leaseholder- Land area: ......cccocvvvveeeeeeiecinreeeeeeeiecireeeeee e ha or Timad
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c) Owner (holds title deed) - Land area: ........cccccoveeeeeieeeeciieeecireeen, ha or Timad

10. Most frequently grown crops?

Type of crop

Average area of the
field

Farmer’s field distance from homestead

Near garden

Close fields

Mid-distance

Far field
(>5km)

Maize

Sorghum

Soybean

Tef

Rice

Haricot bean

* Timad/Kerit is a unit for measuring the land area, it is equal to 2500 m? (or 0.25 ha). Since this unit is better
known than hectare among Ethiopian farmers especially western Ethiopia. Timad/Kerit will be used in the
guestionnaire as area unit.
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PART Il. Soil fertility, manure and crop residue management

11. Do you use any soil fertility improvement technology?

a. Yes
b. No

If yes, which technologies do you use?

1. Inorganic fertilizer

2. Compost manure
3. Livestock manure
4. Agro forestry technologies
5. Integrated method
If no, why?

a. Soil already fertile
b. Don’t know any method
c. Expensive
d. Others (specify)

12. What do you think are the main factors, which can lead to the use of soil fertility improvement
technologies?

a. Ownership of land

b. Labor access

c. Capital access

d. Climatic and geographic changes

e. Use of agricultural inputs and outputs (compost and mineral fertilizers)
f. Changes in Agricultural policies

g. Others (specify)

13. At the moment, do you have any type of livestock?

a. Yes
b. No

If yes, list the animals as follows.

Animal (cattle) Number of animals
Cow
Donkey
Goat
Sheep
Ox

If others

Vs W INE

If no please specify the reasON: i et see e e e e s e s sena s e s e s e nnssssseenns
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14. What do you do with cow dung? (Please mark the appropriate space)

Use Quantity (Approximate) (kg/day or ton/year )

a) Use as fuel

b) Use directly on the land

c) Use on the land after decomposing

d) Sell

e) Dispose as waste

f) Plastering the walls and floors of home

g) If others

15. Do you use livestock manure for soil fertility improvement strategy?

a. Yes
b. No
If yes, how do you use livestock manure only?

1) Livestock manure alone

2) Integrate with other methods (specify)

15.1 Why did you choose to use the method described in 15?

16. Do you apply to the whole farm land?

a. Yes
b. No

If no, why?

17. Can you describe the changes in crop yield since you started using livestock manure?
1) Increased

2) No change

3) Declined

4) Can’t tell

18. What do you think are the major constraints of using livestock manure for farm production?

Constraint Score

5 4 3 2

Livestock disease

Biomass of manure

Lack of transport to apply in
the field
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19. What do you do with agricultural waste? (Please mark the appropriate space)

Use Quantity (Approximate) (Kg/day)

a) Use as fuel

b) dispose as waste

¢) Partially dispose and partially use as fuel
d) If others

20. If you use livestock manure with other crop residues (materials) for compost preparation, what materials

will you use to produce compost?

Material Source Quantity Time required to obtaine

ve W N e

21. What would motivate you the most to adopt compost preparation? (1-5)

Interest of farmer Score

Higher yield

Better plant quality

More environmentally
friendly (soil health)

Easier to handle

22. If crop yield has improved, by how much has yield increased?

Type of crop

Area applied with
manure

Previous
(Kg/ha)

yield | Current yield

Yield
(Kg/ha)

increase

Maize

Sorghum

Tef

Soybean

Rice

Others (specify)

23. If you don’t get compost producing materials, what will you do?
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24.a Could you list all possible crop residues (waste) that have a good biomass in your areas? (for all farmers)

Crop residue (Agricultural waste) Average quantity (kg)- dry basis**

o N(o|u|s|w (N

**Shehim is a unit for measuring the amount of residues, it is equal to 60 kg. Since this unit is better known than
kg among farmers shehim will be used in the questionnaire as biomass unit.
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24.b Could you list all possible crop residues (waste) that have a good biomass in your areas? (for composting

and non-composting farmers)

Crop residue (Agricultural

Seasonal availability

Estimated amount

waste) (quantity) dry basis
Through out the | Only half a Once a If other (kg/year)**
year year year
1.
2.
3.
4,
5.
6.
7.
8.

25. Could you list animal manures and their estimated amount used in your areas? (for composting and non-

composting farmers)- Let them prioritize the manure

Type of animal manure

Seasonal availability

Estimated amount (quantity)

dry basis (kg/year)**
Through out the | Only halfa Once a If other
year year year
Cow manure
Donkey
If other

26. Have you ever heard before about Vermicompost?

a. Yes
b. No

c. If yes, could you briefly specify where you heard from and what vermicompost mean for you?
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Part lll: Attitudinal interview towards vermicompost

Before asking the interviewee further questions, the interviewer(s) should clarify for them what is meant by

vermicompost as follows:

monitoring.

Vermicompost is a compost made from organic waste using earthworms. Earthworms feed on and ingest the
organic matter and excrete a nutrient rich organic fertilizer so called vermicompost. Vermicompost-the excreta
(casting) of earthworms has low C/N ratio, high porosity, water-holding capacity and available nutrients. Use of
vermicomposts as biofertilizer has been increasing recently due to its extraordinary nutrient status and enhanced
microbial activity. Vermicomposting is an eco-friendly, easy, economical and an efficient novel technology that
can be applied to utilize agricultural and other organic waste. Now a days, it has been considered as a suitable
technology for developing countries, especially at the household and community level as it is a simple and natural
technology that does not require sophisticated machinery, high capital investment, and frequent process

General attitudes towards vermicompost

Attitude statement

Strongly
disagree

disagree

Neither agree nor
disagree

Agree

Strongly
agree

Vermicompost is a new technology and
hence difficult to get information
about its production process

Use of chemical inputs has negative
effect on soil and plant health

Vermicompost is used to enhance soil
fertility and maintain soil health

Governmental support to small and
large scale vermicompost production
is important

Use of chemical fertilizer increases
yield of crops

Earthworms couldn’t have a potential
on degrading organic waste

Vermicompost is  easier than
conventional compost to prepare

Earthworms in the field are good for
soil fertility improvement

Compost yields are too low compared
to chemical fertilizer

Use of vermicompost increases
nutritional quality of the crop

Cost of labour in vermicompost
preparation is less

Cost of production can be reduced in
vermicompost because crop residuals
and manure can be recycled to nutrient
rich fertilizer and hence, | do prefer
vermicompost production than
conventional compost production
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