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Abstract 

The addition of waste organic matter (WOM) treatments into agroecosystem soils may improve crop 

growth, alleviate negative soil properties resulting from intensive farming and provide an effective 

waste management solution. WOM addition within agroecosystems may also assist the establishment 

of sustainable earthworm populations, which can enhance WOM decomposition and nutrient cycling 

through their burrowing and feeding behaviour. Previous research has indicated the positive effects 

of WOM additions on earthworm population development, however there is uncertainty towards the 

effects of WOM properties (application type, particle size and decomposition rate) on the utilisation 

by earthworm populations within these systems. The aim of this thesis was to investigate how 

earthworm populations utilise WOM and determine how this impacts decomposition, soil organic 

matter formation and nutrient cycling in no-till agroecosystems. Initial field surveys determined that 

WOM additions increased earthworm density and species richness compared with standard practice 

fertiliser, where increased anecic densities were determined. Laboratory-based research indicated the 

effects of 7 common WOM applications on the growth and reproduction of 4 common species of 

earthworm (Lumbricus terrestris, Aporrectodea longa, Aporrectodea caliginosa and Allolobophora 

chlorotica), where horse manure, wheat straw residues and anaerobic digestate (dry fraction) were 

effective treatments. WOM incorporation experiments of adult A. longa, A. caliginosa and L. terrestris 

populations determined that L. terrestris had the highest rate of incorporation, where WOM was 

utilised at an increased soil depth. Presence of L. terrestris middens in the field increased the density 

of epigeic populations, indicating a facilitation of L. terrestris on epigeic populations in 

agroecosystems. Increased WOM incorporation by earthworm populations had no effect on the soil 

macro- and micronutrient concentration in the short-term, however evidence suggested a higher 

available nutrient concentration was contained within L. terrestris casts. Behavioural investigations 

explored the selection and utilisation of cereal residue by L. terrestris. Observations indicated a 

specific resource utilisation based upon particle size, where larger fragments of straw were used for 

midden construction and smaller fragments were utilised within the burrow. This highlighted that 

potential increased decomposition and incorporation of WOM by L. terrestris under homogenous 

milled particle size may compromise their midden-burrow complex and cause a population reduction. 

The impact of L. terrestris population density on the burial and incorporation of surface applied cereal 

straw over a period of harvest to spring sowing indicated a significant effect of high density on the 

rate of incorporation. This thesis demonstrates the advantages of a high L. terrestris population 

density in no till agroecosystems and how altering application methods of WOM can impact effects 

on soil functioning. 
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Glossary of Terms 
 

Term Definition 

Aestivation A state of animal dormancy, similar to hibernation, which takes place in the summer months. 

When an earthworm enters aestivation it becomes inactive and lowers its metabolic rate, 

often as a response to increased temperature or arid conditions. 

Anecic Deep burrowing earthworms, which develop near-vertical burrows connected to the soil 

surface. They predominantly feed on surface organic matter, but also ingest large quantities 

of soil which they redistribute in the soil profile. 

Bioturbation The reworking of soils and sediments by animals and plants. In earthworm ecology, 

bioturbation activities include burrowing, ingestion and casting. 

Diapause A period of suspended development when placed under adverse environmental conditions. 

Earthworms enter diapause by curling up in a knot within a mucus lined cavity to retain 

moisture until conditions improve.  

Detritivore An animal which feeds on dead organic material, such as leaf litter. 

Drilosphere Soil that has been influenced by earthworm secretion, burrowing and casting. 

Endogeic Earthworms which develop horizontally orientated burrows, often shallow in depth. These 

earthworms feed on a mixture of inorganic soil and deposited organic matter and produce 

casts both on the soil surface and within the subsurface layer. 

Epigeic Earthworms which inhabit and feed on the leaf litter, comminuting organic matter into smaller 

particle sizes. 

Geophagus Organisms which feed on soil. 

Hibernation A state of animal dormancy which takes place in the winter months. During this time 

earthworms become inactive and curl up in a knot within a small mucus lined cavity within 

their burrow until temperature conditions improve. 

Midden A collection of organic and inorganic materials, plus castings, around the surface of a burrow 

entrance. 

Nutrient Cycling The movement and exchange of organic and inorganic matter back into the production of 

matter, which passively and mechanically alters the soil environment. 

Waste Organic 

Matter 

Biodegradable material that consists of organic matter. Examples include anaerobic digestate, 

municipal solid waste and crop residues. 
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1. INTRODUCTION 

1.1. General Introduction 

Over the last century, agricultural intensification has increased to meet the provisioning ecosystem 

service demands of a growing global human population, currently exceeding 9 billion people. This has 

created challenges for soil ecosystem services, where arable management practices such as inorganic 

fertilisation, deep ploughing and mono-cropping have degraded soil health. An increase in agricultural 

intensification has caused a global population decline in soil biodiversity (FAO, 2019b), where the 

complexity of soil food webs and mean soil fauna biomass has been reduced (Tsiafouli et al, 2015).  A 

degradation in soil health is considered one of the biggest threats to human population survival, where 

modelled estimations of global soil erosion have suggested that one third of conventionally managed 

top soil (< 30 cm depth) could have less than 200 years of harvests left if current practices remain 

(Evans et al, 2020). To ameliorate these threats, sustainable arable management practices have been 

adopted, with reduced tillage management and the utilisation of organic fertilisation being common 

methods used. 

Although there are many positive impacts of reduced/no-tillage and organic fertilization on soil health, 

the transition from conventional farming methods to more sustainable practice poses a number of 

challenges (Soane et al, 2012), such as soil compaction, weed control and a reduction in yield. A key 

soil faunal group which may mitigate some of the negative impacts of no-till farming are earthworms, 

where their physical, biological and chemical interactions in soil increase supporting services such as 

soil formation and nutrient cycling (Blouin et al, 2013). The increased abundance and biodiversity of 

certain earthworm species under sustainable arable management practices is well documented, 

where reduced tillage can increase abundances of anecic populations and organic matter applications 

can sustain population growth (Bertrand et al, 2015a). However, accurate quantification of the effects 

of earthworm interactions with waste organic additions on soil processes is still to be fully determined, 

where the difference in the application type, method and particle size can influence earthworm 

utilisation of organic matter (Lowe and Butt, 2003; Leroy et al, 2007, 2008; Butt, 2011; Le Couteulx et 

al, 2015). Earthworm species inter- and intra-specific interactions in soil and their burrowing 

behaviour (Bouché, 1977) can also have significant effects on organic matter decomposition and 

movement within a soil profile.  

A range of waste organic matter types can be used as amendments or soil conditioners to improve 

crop growth, including animal manures, anaerobic digestate, cereal and legume residues and 

composted green waste. Differences in the effects of these waste organic matter applications on the 

growth rate and fecundity of earthworm populations have been reported, where the effects of C:N 
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ratio, particle size, lignin content and carbohydrate concentration can be limiting factors (Satchell, 

1967; Löfs-Holmin, 1983; Boström and Löfs-Holmin, 1986; Moody et al, 1995; Curry and Schmidt, 

2007; Blouin et al, 2013). Although the effects of positive interactions between earthworm 

populations and waste organic matter is acknowledged, the utilisation of organic matter differs 

between earthworm populations and few studies have intrinsically investigated the effects of waste 

organic matter types on the utilisation by earthworm species. Based on the positive effects of 

earthworm populations on nutrient mineralization (van Groenigen et al, 2019) and crop growth (van 

Groenigen et al, 2014), further information on the responses of earthworm populations to organic 

matter applications could be utilised as a bio-indicator for sustainable land management. This thesis 

investigates the effects of earthworm species interactions with waste organic matter applications on 

the decomposition and bioturbation within a soil profile. The information gained within this thesis 

could be utilised to inform land managers of the effects of waste organic matter types on earthworm 

populations. 

 

1.2. Problem Statement 

 

The addition of waste organic matter is an effective way of improving soil quality of no-till 

agroecosystems, subsequently benefitting crop growth and reducing negative effects of conventional 

farming management. It has been indicated that the increased bioturbation effects caused by 

earthworm interactions with waste organic matter in no-till agroecosystems can increase 

decomposition, however, there is currently little knowledge regarding the effects of different wastes 

on earthworm population dynamics and responses waste addition in no-till sites, nor the influence of 

application type on the rate of bioturbation and earthworm population development. Addressing 

these knowledge gaps will enable more informed future waste organic matter applications in no-till 

agroecosystems; providing more effective crop growth, a reduction in soil erosion and soil ecosystem 

service provision in no-till agroecosystems. 
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1.3. Research Aims 

 

Based on the gaps in the literature defined in Chapter 2, the overall aims of this research project 

were: 

• To investigate the utilisation of waste organic matter by earthworms in agroecosystems. 

• To determine the use of cereal straw residues, with a focus on Lumbricus terrestris.  

These aims are addressed by specific objectives, which are provided at the outset of each 

experimental Chapter. 

 

1.4. Thesis Structure 

 

This first Chapter positions this research project within the wider scope of sustainable agricultural 

management and soil ecology and provides the main aims of the thesis. Chapter two is a review of the 

relevant background and literature to this thesis, concluding with a summary of the research gaps 

identified during the review process. The methodological considerations adopted within the research 

project are presented in chapter three. Chapters four to eight fully describe the experimental work 

conducted to address the research aims presented in Chapter one. Finally, chapter nine provides a 

critical discussion of the assimilated findings from all experiments, in the context of the thesis 

objectives and the wider field in which this research exists. This final Chapter also presents the 

conclusions of this thesis, highlights the contributions to knowledge and provides recommendations 

for future research. 
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2. LITERATURE REVIEW 

2.1. Introduction 

This chapter provides an overview and discussion of the literature relevant to the scope of the thesis. 

The concept of ecosystem services is described within the context of soils and agroecosystems, 

followed by a discussion of the role of earthworms as ecosystem engineers, with an overview of their 

ecology. Agroecosystem management practices are introduced, where the environmental impacts of 

conventional farming are discussed, followed by a review of sustainable management practices, the 

current challenges faced and how earthworms are impacted upon in these systems. Utilisation of 

waste organic matter in agroecosystems is then discussed, with reference to the effect of increased 

applications on soil ecosystem services. The interactions between earthworm species and waste 

organic matter applications used in agriculture are then described, including the role that earthworms 

may play in increasing soil organic matter concentration and nutrient cycling within no-till 

agroecosystems. This chapter concludes with a summary of the main gaps identified in the literature, 

as relevant to the scope of this thesis. 
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2.2. ECOSYSTEM SERVICES AND EARTHWORMS AS ECOSYSTEM ENGINEERS 

2.2.1.  Soil and agricultural ecosystem services 

Ecosystem services have been defined as the benefits to humankind and all other species by the 

provision of ecosystems (Millennium Ecosystem Assessment, 2005). To identify economic values of 

ecosystem services, they have been categorised into four categories: Provisioning services are those 

that provide material goods such as food, fuel, water and medicine; Regulating services relate to 

ecosystem processes such as climate regulation and flood regulation; Cultural services are the 

educational, recreational an aesthetic values provided to humans; and Supporting services are the key 

processes which support biodiversity and ecosystems, such as nutrient cycling and soil formation 

(Millennium Ecosystem Assessment, 2005; Figure 2.1.). Although soil ecosystem functions are well 

defined (Figure 2.2.), the value and quantification of some supporting ecosystem services, such as 

biodiversity and soil formation are still to be determined and implemented into management targets 

(Schmidt et al, 2011; Blouin et al, 2013; Bertrand et al, 2015a).  To reach management objectives set 

by the Sustainable Development Goals, (UN, 2015) there is a need to identify the relationships 

between ecological entities and ecosystem functions or services and develop techniques for their 

manipulation and utilisation in sustainable agricultural practices (Bertrand et al, 2015a). 

The focus of agricultural ecosystem services is provisioning, where food, medicine and fuel supply are 

vital for human survival. Production increases in crops and livestock, to meet a growing global 

demand, has negatively impacted regulating and supporting ecosystem services, which has caused a 

decline in soil health. This is a threat to future food security, where soil degradation, declining water 

quality and a reduction in soil biodiversity can all reduce future yields (Godfray et al, 2010). It is 

currently estimated that 12 million hectares of agricultural land are annually lost to soil degradation 

(Rickson et. al, 2015). To ensure food production continues to meet demands of a growing population, 

further work is required by agroecosystem managers to protect regulating and supporting services to 

reduce the negative soil impacts caused by intensive farming. Numerous soil security measures have 

been introduced to develop a framework to support global environmental sustainability, where the 

inter-connected measures include: Capability, Condition, Capital, Connectivity and Codification 

(McBratney et al, 2014). Capability is the measurement of soil to determine its functions (CEC, 2006); 

Condition is a measurement of soil quality based on the current use; Capital is the economic value of 

the soil based on its natural stocks (Constanza et al, 1997); Connectivity is the relationship between 

society with soil, where improved connections between land managers and soil science awareness 

could improve soil protection; and Codification is producing effective policy to support soil security 

measures. The implementation of soil security measures is a major focus of the UN, where one of the 
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17 defined Sustainable Development Goal targets (UN, 2015) is reducing world hunger whilst 

protecting agricultural ecosystems. 

 

Figure 2.1. Ecosystem services, as defined by the Millennium Ecosystem Assessment (MEA, 2005). 

 

 

Figure 2.2. Schematic diagram of soil functions developed by the FAO (2015).  
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It is becoming increasingly recognised by ecologists that the biological diversity of soil is an important 

factor in the regulation of ecosystem processes, where soil fauna has a key role (Bardgett, 2005; Blouin 

et al, 2013; Creamer et al, 2016). The provision of soil functions and supporting ecosystem services 

which are vital for processes, such as soil formation and nutrient cycling, are often based on the 

functional outputs of biological soil processes (Millennium Ecosystem Assessment, 2005; Bardgett et 

al, 2011; Pulleman et al, 2012). Ecosystem services are delivered by different functions of the soil 

system (Figure 2.3), where specific functional groups of soil biota influence specific ecosystem 

processes (Wall et al, 2012). Agricultural services depend on all four aggregate ecosystem functions, 

so therefore depend on a network of soil biota to operate successfully. To target specific areas of the 

soil ecosystem, managers could focus on particular ecological entities which have high functional 

importance, known as “Ecosystem Engineers” (Jones et al, 1994; Lavelle et al, 1997; Wall et al, 2012; 

Blouin et al, 2013; Bertrand et al, 2015a). In the soil, the main ecosystem engineers are earthworms, 

termites and ants (Wall et al, 2012). Biotic interactions of keystone soil biota, such as earthworms, 

could provide future indicators of healthy soil and be implemented into adaptive management cycles 

for soil ecosystem services (Birgé et al, 2016). The monitoring of soil fauna as a biological indicator of 

ecosystem function has been assessed across Europe, where it was recommended that earthworms 

could be used as a bio indicator, alongside functional genes and bait lamina tests (Griffiths et al, 2016). 

However, currently there is no agreed framework between policymakers towards the biological 

assessment of soils in agroecosystems. 
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Figure 2.3. Relationships between activities of the soil biological community and a range of ecosystem 

goods and services that society might expect from agricultural soils. OM = organic matter; SOM = soil 

organic matter. Modified from Kibblewhite et al (2008). 

 

2.2.2. Earthworms as ecosystem engineers 

Earthworms are recognised as ‘Ecosystem Engineers’ by ecologists (Blouin et al, 2013), where they 

play a number of crucial roles in soil development (Edwards and Bohlen, 1996). An ecosystem engineer 

is classified as an organism which modifies its environment by changing the distribution of materials 

or energy by non-trophic interactions with abiotic and biotic components of its respective ecosystem 

(Jones et al, 1997). The physical, biological and chemical interactions of earthworm populations 

influence soil formation and nutrient cycling (Eisenhauer et al, 2010). Soil formation and nutrient 

cycling are classified as supporting services (Millennium Ecosystem Assessment, 2005) and are vital 

for the stability of ecosystem processes because they affect plant growth, soil drainage and aeration 

(Blouin et al, 2013). Through bioturbation (reworking of soils), earthworms influence soil physical 

properties such as nutrient cycling and soil fertility. Earthworms enhance bioturbation through 

burrowing activities, castings and mixing leaf litter and organic matter through the soil (Eisenhauer et 

al, 2010).  
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There are many positive effects of earthworm populations on agricultural ecosystem services, 

particularly in no-till agroecosystems (Bertrand et al, 2015a). Plant and vegetation health are largely 

affected by the physical, chemical and biological parameters in soil (Edwards, 2004; Edwards and 

Bohlen, 1996; Blouin et al, 2013). Key processes which support soil quality are nutrient cycling and soil 

formation, both of which are influenced by earthworms (Blouin et al, 2013). Utilisation of earthworm 

populations in cropping systems differs dependent upon the requirements of the ecosystem and the 

resources required (Figure 2.4), where earthworms can be used as a crop management resource (e.g. 

vermicomposting or earthworm inoculation) or arable management techniques can be altered to 

benefit earthworm populations and utilise their functioning properties (e.g. reduced tillage practices). 

Large scale meta-analysis of the effects of earthworm populations on soil ecosystem processes have 

widely indicated the positive influences of increased abundance and species diversity on plant 

production and soil fertility (van Groenigen et al, 2014; Bertrand et al, 2015a; van Groenigen et al, 

2019). A review of the effects of earthworm populations in sustainable agroecosystems is discussed 

in section 2.5. 

 

 

 

 

Figure 2.4. Diagram distinguishing the approaches used to increase earthworm beneficial effects on 

crops. Figure sourced from Bertrand et al, (2015a); adapted from Blouin et al, (2013). 
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2.2.3.  Earthworm ecology 

Earthworms have been a focus of scientific investigation for centuries, where the impact of earthworm 

populations on organic matter decomposition was first discovered by Charles Darwin (1881). 

Earthworms are soil organisms belonging to the phylum Annelida, (class Clitellata, subclass 

Oligochaeta) and are found in most soil ecosystems globally, except for climatic extremes such as 

deserts and polar regions (Edwards, 2004). Globally, earthworm abundance ranges from 1-50 

individuals m-² (20.59 individuals m-² ± 24.84 SD; Phillips et al, 2019), where there is an increased 

species richness and abundance at mid latitudes (Figure 2.5.). Earthworm behaviour, species richness 

and fecundity are affected by a number of factors including resource availability, temperature, soil 

water saturation, organic matter content, pH, land use and rate of predation (Edwards and Bohlen, 

1996; Butt et al, 2003; Edwards, 2004; Curry, 2004; Curry and Schmidt, 2007; Blouin et al, 2013). In 

temperate regions, earthworms are dominated by Lumbricid species (Lavelle et al, 1999; Edwards, 

2004), where activity is seasonal, with most occurring in Spring and Autumn (Edwards, 2004). 

Earthworms can adapt their behaviour to survive extreme temperatures and weather conditions often 

experienced in summer and winter periods, such as aestivation in mucus-lined cells to survive drought 

conditions (Edwards, 2004). 

 

 

 

Figure 2.5. Global distribution of earthworm populations. A = Site locations and number; B = Number 

of species found; C = Earthworm abundance; D = Distribution of biomass. Figure sourced from Phillips 

et al (2019). 
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Earthworm species can be separated into three ecological groupings: anecic, epigeic and endogeic 

(Bouché, 1977). Each category expresses specific burrowing and feeding behaviour (Edwards, 2004); 

this difference in behaviour within the soil ecosystem could cause unique contributions to ecosystem 

services (Blouin et al, 2013). Epigeic earthworms (e.g. Lumbricus castanaeus and Lumbricus rubellus) 

dwell and feed in the leaf litter above the soil surface, enhancing the decomposition of fresh organic 

matter; Endogeic earthworms (e.g. Aporrectodea caliginosa and Alollobophora chlorotica) are 

geophagus and make temporary horizontal burrows in the soil which are often shallow below the soil 

surface; and anecic species (e.g. Lumbricus terrestris and Aporrectodea longa) create vertical burrows 

connected to the soil surface, which can be inhabited for long periods of time (Edwards and Bohlen, 

1996). Anecic earthworms feed on organic matter, however they also ingest large amounts of 

inorganic soil and vertically redistribute this through the soil profile, creating a drilosphere micro-

environment. With growing research into earthworm behaviour, it has been identified that some 

species express behaviours of two ecological groupings, e.g. L. terrestris has been identified as epi-

anecic (Hoeffner et al, 2018; 2019). Following a re-visitation of Bouché’s ecological triangle, the 

behaviours of earthworm species have been quantified to determine how their behaviour fits within 

these ecological groupings (Botinelli et al, 2020a; Figure 2.6.). Although this research is in its early 

stages, further evidence of earthworm species behaviour, particularly in under-represented groups, 

will inform ecologists and land managers of the effects of earthworm behaviour on soil ecosystem 

processes and organic matter incorporation.  
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Figure 2.6. Adaptation of a ternary plot of earthworm ecological groupings defined by the three main 

categories (anecic, endogeic, epigeic) and sub-cateogries (Epi-endogeic, Epi-anecic, Epi-endo-anecic, 

Endo-anecic). Seven zones were defined to assign each species to one ecological category, some 

typical species of each category are listed. Developed by Botinelli et al, (2020a), based on the initial 

ecological groupings compiled by Bouché (1977). 

 

The different burrowing activities and cast production of these groups influences a number of soil 

processes, such as an increase in water infiltration and soil water holding capacity (Bouché and al 

Addan, 1996; Hallam and Hodson, 2020), organic matter incorporation (Bohlen et al, 1996), and soil 

pore structure (Joquet et al, 2008); all of which could have a beneficial influence on vegetation health 

(van Groenigen et al, 2014) and soil fertility (Blouin et al, 2013; van Groenigen et al, 2019). Added to 
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the effects of earthworm behavioural networks on organic matter cycling in soil ecosystems (Bouché, 

1977), studies of intra- and inter-specific earthworm relationships have recognized that there are 

limiting factors on the positive effects of earthworms on soil health, such as the density of earthworms 

in soil (Eriksen-Hamel and Whalen, 2007a), food supply (Curry and Schmidt, 2007), particle size (Lowe 

and Butt, 2003), climate (Nordström and Rundgren, 1974; Singh et al, 2020) and vegetation (Lee, 

1985). Controlled experiments into single and paired species of earthworms indicated some positive 

inter-specific interactions, however competition between anecics was also noted (Butt et al, 1998) 

and reflected in field conditions (Edwards and Lofty, 1982). More research is required to enhance 

knowledge on the behavioural relationships between earthworm species and the impact of 

earthworm populations on soil properties and plant health. 
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2.3. SUSTAINABLE AGROECOSYSTEMS 

2.3.1.  Introduction  

Intensification of conventional arable systems through improved management and biotechnology has 

increased global production by 150% over the last century (MEA, 2005). However, food insecurity still 

exists in the world, where a growing global population (expected to reach 9.8 billion by 2050) has 

placed increasing demands on food production (UN, 2017). Agricultural land populates 11% (1.5 billion 

Ha) of the world’s terrestrial ecosystems and is a key provisioning service to maintain human life (FAO, 

2019a). Alongside fossil fuel generation, global warming has increased, due to increased CO2 emissions 

caused by the heavy machinery used during ploughing, which is currently estimated at 25% of global 

greenhouse gas emissions (Smith et al, 2014; Bennetzen et al, 2016). To reduce the effect of 

agricultural production on the rate of greenhouse gas emissions, sustainable agricultural 

intensification will be a key driver in the future of food production, with the aim of enhancing yields 

and reducing the environmental impact simultaneously (Parry and Hawesford, 2010; UN, 2015). 

However, agroecosystems differ across spatio-temporal scales and a number of environmental (e.g. 

soil type, climate) and socio-economic factors (e.g. farmer income, governmental policy) influence 

management decisions. Integrated management planning, which considers the economic effects of 

regulating and supporting ecosystem services, may increase agricultural sustainability. However, the 

development of legislative framework is complex due to trade-offs between interlinking ecosystem 

factors (Smith et al, 2013). The development of supporting services within agroecosystems may be 

crucial in the future to mitigate soil erosion losses, where increased soil biota activity within soil may 

enhance organic matter decomposition and restore soil health (Blouin et al, 2013; Bertrand et al, 

2015a).  This section will indicate the damages caused by conventional farming and define sustainable 

management methods. The future challenges of sustainable agricultural management will then be 

discussed and how the effects of earthworm species on soil properties may impact agroecosystems. 

 

2.3.2.  Environmental impacts of conventional farming 

 

There are four key management methods of intensive conventional farming which have a significant 

impact on the global decline in soil health: tillage, fertiliser usage, pesticide and herbicide applications 

and mono-cropping. This section will discuss these management systems and the negative effects they 

have on soil properties.  
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2.3.2.1. Tillage 

 

Tillage (the mechanical over-turning of soil) is conducted in conventional farming to create a uniform 

aggregate size soil structure and to improve soil porosity, which enhances seed germination and root 

growth (Blevins and Frye, 1993; Kraska, 2012). There are different types of tillage management, 

varying by depth of plough. Mouldboard ploughing is the most common form of tillage, where the top 

layer (30 cm) of soil is overturned. A significant problem affecting global agricultural ecosystems is an 

increase in soil erosion, caused by regular ploughing. After ploughing, the soil is loose and often left 

fallow, therefore under exposure to wind and heavy rain, the soil erodes. Soil erosion leads to a 

reduction in available nutrients for crop uptake and alters the soil structure, which reduces crop yields 

(Biot and Liu, 1995; Broadman et al, 2009). It is widely accepted that an increase in ploughing events 

decreases macro and micro fauna populations in agroecosystems, in particular larger soil faunal 

species such as earthworms (Gerard and Hay, 1979; Chan, 2001; Crittenden et al, 2014; Briones and 

Schmidt, 2017). Tillage events reduce earthworm populations by physical destruction, habitat 

destruction and increasing exposure to predation. Earthworms are ecosystem engineers and have 

significant impacts on supporting services such as soil formation and nutrient cycling (Blouin et al, 

2013), therefore their destruction will enhance the soil degradation effects caused by increased 

erosion. 

A common negative effect of the heavy tillage machinery used in mouldboard ploughing is soil 

compaction. Soil compaction is where an element of stress causes an increase in density and a 

reduction in soil porosity. An increase in soil density can cause a reduction in the absorption of water, 

potentially resulting in an increased surface runoff, flooding risk and further erosion (Alaoui et al, 

2018). A reduction in soil permeability can negatively impact nutrient availability to plants (Shah et al, 

2017) and increase the risk of convective flow during heavy rainfall (Berisso et al, 2012), increasing the 

risk of fertiliser loss. The use of heavy machinery in conventional agriculture also has a significant cost 

to global warming, accounting for 25% of global greenhouse gas emissions (MEA, 2005). The impact 

of heavy machinery on CO2 emissions differs dependent upon the bulk density of the soil, where a 

higher bulk density soil type such as clays will use more energy to plough (Koeller, 1989). Alongside 

protecting soil health, there is a need to reduce or alter ploughing management to mitigate the losses 

of CO2 into the atmosphere to reduce the impact of climate change and global warming. 
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2.3.2.2. Fertiliser Usage 

 

Inorganic fertilisers are added to increase the nutrient availability of macronutrients such as nitrogen, 

phosphorus and potassium to crops in areas where these nutrients are limiting. Common fertilisers 

used by farmers include ammonium nitrate, urea and potassium sulphate. Inorganic fertiliser 

applications on agroecosystems were initially developed to enhance yields and subsidize nutrient 

losses, creating a green revolution in the 1960 and 70s. Although current EU regulations ban a number 

of substances to be used in agricultural farming to protect human health and the soil ecosystem 

(Fertilisers Regulation, 2003), consistent poor application management has created a number of 

environmental problems, such as eutrophication of nearby aquatic environments and increased global 

N2O emissions (Schlerbak et al, 2014). Over application of inorganic N is a significant problem in arable 

farming and cumulative applications of inorganic fertiliser can decrease soil pH (Fox and Hoffman, 

1981; Moffatt, 1998) which can impact nutrient availability to crops (Bardgett, 2005). Leaching of 

nitrates into surface and groundwater systems is more prevalent in applications of over 100 N kg/Ha 

and following heavy rainfall events (Bergström and Brink, 1986). Applications of fertiliser post-

ploughing often increases the rate of leaching, as increased soil aeration alongside increased rainfall 

experienced during sowing seasons can increase fertiliser transport through soil. Also, if soil is 

compacted from heavy machinery use, surface applied fertiliser will erode away. It has been suggested 

that N leaching increases at a higher rate under inorganic N additions than applications of manure and 

composted manure (Fan et al, 2017). Effects of climate change have increased the complexity of 

fertiliser application, where timely applications are required to prevent fertiliser runoff following 

increased rainfall events (Lavalle et al, 2009; Trnka et al, 2011; Gramig et al, 2017). 

More recently, it has been indicated that increased applications of inorganic fertilisers have negatively 

impacted soil fauna species and plant pollinators, where there are toxic effects (Edwards and Bohlen, 

1996; Godfray et al, 2014). A reduction in pollinators such as bees and butterflies could negatively 

affect key regulating ecosystem services and reduce crop fertility (Godfray et al, 2014). Applications 

of inorganic fertiliser can alter microbial community composition, by increasing bacterial biomass (de 

Vries et al, 2006; Chen et al, 2016). A reduction in soil fauna and alteration of the microbial community 

composition could reduce the rate of soil formation and nutrient cycling, which could further increase 

the rate of decline of supporting services in soil ecosystems. Applications of organic fertilisation may 

mitigate the biodiversity and species density loss of soil organisms (Lazcarno et al, 2013; Bertrand et 

al, 2015a), however whether this could replicate the nutrient availability of inorganic fertiliser 

applications is uncertain. 
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Farmers in the UK are required to make fertilisation management plans, which aims to reduce the 

impact to the environment and to ensure that nutrients depleted by crop cycles are restored to 

support future yields. This has reduced the rate of fertiliser over-application by targeting fertilisation 

to crop nutrient requirements. For example, the concentration of fertiliser added to agroecosystems 

can be assessed via crop root depth, where crops that have lower root depths, such as sugar beet, 

required increased fertilisation to improve nutrient availability, and crops with higher root depths 

(such as wheat) less fertilisation is needed (Williams et al, 2013). Future challenges for farmers and 

policymakers will be the balance of reducing the negative environmental impact of fertiliser use whilst 

ensuring crop nutrient requirements are met whilst adapting to climate change conditions (Tubiello 

et al, 2007; Macholdt and Honermeier, 2017). Current global projections of N fertilisation 

requirements suggests that demand will increase by 1.5% over the period of 2015-2020 (FAO, 2017). 

2.3.2.3. Pesticide Usage 

 

Pesticides are applied in agroecosystem management to maximise crop yields. Pesticides used in 

agriculture are categorized into different groups: insecticides, herbicides and fungicides. Insecticides 

kill target organisms that feed on crops, reducing crop destruction. Herbicides kill target weeds which 

compete for the same nutrients as crops, maximising the available nutrients in the soil for crop growth. 

Fungicides prevent the growth of fungi and development of fungi spores, which reduces crop damage 

such as mildew growth on barley crops.  Pesticides can be chemically inorganic (e.g. copper sulfate) 

or organic (e.g. neonicotinoids). Initially, synthetic pesticide applications were developed to target 

specific pests without negatively impacting other soil organisms and plants (Düring and Hummel, 

1997). However, recent research has indicated that over increased rates of application, toxic effects 

on non-target organisms have occurred (Duah-Yetumi and Johnson, 1986; Thiour-Mauprivez et al, 

2019). Repeated applications of herbicides, such as glyphosate, have decreased the rate of 

reproduction and growth of soil fauna such as earthworms (Gaupp-Berghausen et al, 2015). Soil micro 

and macrofauna are vital for ecosystem regulation (Millennium Ecosystem Assessment, 2005; Zhang 

et al, 2017; Kardol et al, 2016); the limiting of these organisms through pesticide applications could 

have negative impacts on soil fertility. This indicates that although pesticide application may not be 

harmful to human health, the pesticide applied can reduce populations of other organisms, which are 

beneficial to the soil ecosystem. 

Pesticides are applied to crops via different methods, they can be sprayed on the aboveground plant 

(contact pesticides) or onto the seeds before sowing (systemic pesticides). There are different impacts 

on invertebrates dependent upon application method. Applications of pesticides via plant contact may 

have a lower impact on soil invertebrates. Investigations of the insecticide fipronil indicated no effect 
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of contact application on arthropod community structure, where community development was 

influenced by field climatic and environmental conditions (Maute et al, 2017). However, 

neonicotinoids, systemic insecticides that are sprayed on seeds, have a negative effect on 

invertebrates. Neonicotinoids were developed to kill invertebrates without causing bioaccumulation 

to higher organisms. There are 5 types historically applied, clothiamidin, imidacloprid, thiameoxam, 

acetamiprid and thiadoprid. Due to high risk to bee populations, Clothiamidin, imidacloprid, and 

thiameoxam have now been banned by the EU (EU485/2013). Research tends to focus on the negative 

impact of neonicotinoid applications on a reduction in pollinator population density, which negatively 

impacts plant fertility (Godfray et al, 2014; Godfray et al, 2015). However, the damage of 

neonicotinoids on belowground soil fauna has recently been discovered (Atwood et al, 2018).  

Applications of insecticides such as imidacloprid (neonicotinioid) reduced earthworm burrowing 

activity, where A. caliginosa’s activity reduced after 0.2 mg mg kg¯¹ applications, a low dosage 

(Dittbrenner et al, 2011). A reduction in belowground invertebrate populations such as earthworms 

could have negative impacts on crop growth (Bertrand et al, 2015a). Further investigations on the 

effects of synthetic pesticide applications on belowground soil fauna and the impact on crop growth 

is required. 

2.3.2.4. Mono-cropping 

 

Large scale conventional cropping systems intensively farm the same monocultures of crops, where 

crops have the same nutrient requirements between seasons, making agricultural management 

decisions, such as fertilisation, simpler. Plant homogenisation within conventional agroecosystems 

can negatively impact soil properties by depleting soil nutrients and reducing the density of soil macro- 

and microorganisms (Li et al, 2007; Wang et al, 2014; Wang et al, 2015). The repetition of one cultivar 

of a crop species can increase disease spread, where it has been determined that an increased 

concentration of crop-specific soil pathogens are populated within monocultures, compared with crop 

rotations (Bullock, 1992), due to increased risk of carryover (Bockus and Shroyer, 1998). This could be 

caused by a homogenization of bacterial communities experienced in monoculture environments 

(Figuerola et al, 2015). Wheat monocropping can increase plant exposure to pests such as parasitic 

nematodes (Zatόn et al, 2017). Monocropping is a significant threat to future food security, where the 

increase of disease could reduce yields. 

Alongside increased risk of disease spread, monocultures have negative impacts on soil physical 

properties, where increased levels of soil compaction from repetitive wheel loading can reduce soil 

hydraulic activity (Götze et al, 2016). A change in soil properties caused by monocropping has caused 

gradual yield reductions. Under the comparison of agroecosystems, wheat monocultures yielded 
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significantly less C and N than wheat grown on previously pastured land (Magarida et al, 2010). In no-

till farming, maize monoculture with direct drilling yielded 17-27% less than no-till with crop rotations 

applied (Księżak et al, 2018). Increased nutrient losses from repetitive crop monocropping could be 

mitigated by organic matter applications within these systems (Cai et al, 2017).  

 

2.3.3. Sustainable management methods in agroecosystems 

 

The negative impacts of intensive conventional farming systems (defined in Section 2.3.2) has 

increased the development and implementation of sustainable management methods. To reduce the 

environmental impact of conventional farming (defined in Section 2.3.2.), key initiatives have been 

outlined by international governments to regulate agricultural production whilst protecting the 

environment and future human health (Global Sustainable Development Goals; UN, 2015). The 

integration of organic matter addition, cover cropping, reduced tillage and renewable energy 

generation has encouraged a synergistic approach to farming with lower environmental footprint. 

Integrated management systems which assess soil health and nutrient status are conducted by 

farmers to encourage specific crop selection and maintain yields without reducing soil fertility. It is 

widely accepted that integrated management of nutrients from organic matter application, cover 

cropping and crop rotations can increase C sequestration and maintain soil fertility (Fortuna et al, 

2003). The future of agroecosystems depends on increased development of this approach and the 

implementation of soil fauna testing alongside nutrient condition (Piron et al, 2017). This section will 

define some of the sustainable agricultural techniques used in replacement or alongside conventional 

methods and indicate how they encourage crop growth whilst sustaining or improving soil properties. 

2.3.3.1. Reduced Tillage Management 

 

Across Europe, tillage reduction (conservation tillage) or elimination (no-till farming) has been 

adopted. There are a number of different types of conservation tillage farming methods: no-tillage, 

mulch tillage, strip tillage, ridge till and non-inversion tillage. The impacts of reducing tillage depth and 

rotation on soil properties has been demonstrated in a number of research studies. Compared with 

mouldboard ploughing, non-inversion tillage (NIT) increased soil aggregate stability and soil water 

retention in both conventional and organic farming systems (Morris et al, 2010; Crittenden et al, 2015) 

without compromising crop yield. A reduction in tillage can increase soil macrofauna biodiversity and 

abundance, which are vital organisms for ecosystem processes within cropping systems (Blouin et al, 

2013; Bertrand et al, 2015a). Reduced tillage soils have a pronounced vertical orientation of 
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macroporosity, which enhances the penetration of roots and water (Soane et al, 2012; Palm et al, 

2014). The positive effect of reduced tillage on increased earthworm populations could have caused 

this increase in hydraulic activity (Andriuzzi et al, 2015a), where an increase in vertical burrow 

presence from a resurgence of anecic species could regulate water flow (Pelosi et al, 2017). This thesis 

will investigate anecic earthworm behaviour within no-till systems and the effects on soil properties. 

It has been calculated that if no-till farming is adopted on 40% of the EU farmed area, the reduction 

of fuel emissions alone could reduce CO2 emissions by 4.2 Mty-1 and increase the rate of carbon 

sequestration within soil (Tebrügge, 2003). The amount of carbon stored in soil is important for the 

balance of carbon in the environment (Lal, 2007), where there is a need to increase carbon 

sequestration in soils to reduce global warming. Yang et al, (2008) found that the concentration of soil 

organic carbon (SOC) in no-till soils exceeded that of ploughing, particularly at the upper soil profile 

depths (0-30 cm). The increase in SOC content can improve yields for autumn sown cereals, which are 

more profitable for farmers. Added to a lower fuel consumption, omitting autumn ploughing can 

reduce nitrate losses, lowering the need for fertiliser and increasing nutrient availability to crops 

(Hansen et al, 2010). These three economic advantages of no-till has increased the conversion to no-

till farming by European farmers (Derpsch et al, 2009; Soane et al, 2012).  

2.3.3.2. Waste organic matter addition 

 

Waste organic matter (WOM) addition can provide many benefits to the biological, chemical and 

physical soil processes, enhancing soil quality encouraging crop growth. WOM is added within both 

conventional and no-till arable systems to increase the soil organic matter (SOM) content lost under 

intensive farming, which improves yields (Griffiths et al, 2010). In organic arable systems, addition of 

WOM is a key source of nutrients for crop growth, where the application type and rate of 

decomposition have significant effects on the nutrient mineralization and nitrogen availability for 

crops (Karami et al, 2012; Menšík et al, 2018). Findings from a research project by Hu et al, (2015) 

determined that by applying sequential amounts of crop residue, the derived mineral N in soil 

increased by 32.9%. A recent meta-analysis on the impacts of crop residue application on the N cycle 

indicated that soil, crop and microbial N concentration increased by 10.7 %, 20.8 % and 34.9 % 

respectively, where the impacts of increased N by crop residue application was suggested to be 

cumulative (Wang et al, 2018). In addition to nitrate, WOM addition can increase available macro and 

micronutrient concentration, increasing plant growth (Wood et al, 2018). Combining no-tillage with 

WOM addition can alter the distribution of soil nutrients, causing stratification. Stratification is the 

layering of nutrients within soil depths. This can increase nutrient availability at the soil surface, 

enhancing seed germination (Peigné et al, 2007). In an 84 year old study, it was indicated that in the 
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upper layers of soil under crop residue the micronutrient concentration was highest under farmyard 

manure applications for extractable Mn, B and Zn compared with wheat plots with inorganic nitrogen 

applied. Over time, the overall nutrient concentration of the experimental fields decreased compared 

to the control, however the addition of WOM with fertiliser mitigated cultivation losses (Shiwakoti et 

al, 2019). The increase in nutrients from organic matter additions can regulate soil nutrient status. 

In addition to the regulation of nutrient mineralization, applications of WOM within agroecosystems 

can provide to soil structural properties and soil organic carbon (SOC) storage. The transition from 

conventional management with no organic matter addition to no-tillage farming with larger scale 

WOM addition can have significant benefits, where surface applications of organic matter can regulate 

soil moisture content and reduce erosion (Shaver et al, 2002) and increase SOC content (Pulleman et 

al, 2000) and carbon storage, where macroaggregate concentration is increased (Annabi et al, 2015; 

Singh et al, 2015). An increase in the SOC content improves soil fertility, which can increase crop 

productivity (Tiessen et al, 1994). Increased carbon sequestration in the formation of SOC through 

decomposition of crop residues can also reduce greenhouse gas emissions and lowering the carbon 

footprint agroecosystems (Liu, 2011; Brankatsch and Finkbeiner, 2017). The addition of organic matter 

such as farmyard manure in conventional arable systems can increase the SOC pool by 4.3 Mg ha¯¹ 

(Brar et al, 2015). This indicates that the utilisation of farm waste in agroecosystem management could 

have a great impact on the mitigation of greenhouse gas emissions whilst improving crop yields. 

WOM applications can increase the population size and biodiversity of macro- and microorganisms in 

soil, by increased supply of a food source and habitat provision for soil fauna (Curry and Schmidt, 

2007), and arthropods (Gill, 2011), whilst increasing bacterial richness (Kavamura et al, 2018). Soil 

biota stimulate organic matter decomposition, which can enhance the rate of nutrient mineralization 

in soil, vital for crop growth (Bertrand et al, 2015a). The application of organic matter and organic 

matter type used is different across farms. There is a wide range of WOM types used within farming, 

where applications can be untreated, such as animal manures or crop residues, and treated, such as 

anaerobic digestate or composted green waste. Application method can differ between farms, where 

organic matter can be surface applied, injected or mixed. There is a significant effect of organic matter 

type and its application method on the selection and utilisation by earthworms (Pulleman et al, 2005). 

This thesis will assess the effects of organic matter type on the rate of selection and utilisation by 

selected earthworm species. Differences between organic matter types and their impact on soil 

properties will be discussed in Section 2.4.    
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2.3.3.3. Cover Cropping 

 

Cover cropping is the application of crops to cover the soil in between growing seasons. There are a 

number of benefits to soil provided by cover cropping. Cover cropping can reduce the impacts of soil 

erosion between growing seasons by providing an organic layer, which compacts the soil surface and 

absorbing moisture from heavy rainfall events (De Baets et al, 2011; Basche et al, 2016). Cover crops 

can reduce fertiliser loss by minimising leaching and runoff effects and providing future nutrients 

within their biomass (Poudel et al, 2001; Couëdel et al, 2018). The implementation of cover cropping 

added with non-inversion tillage can increase the net nitrogen gain in soil of 1.7 g N m¯² yr¯¹, which 

reduces fertilisation requirements (Walmsley et al, 2018). When used with organic matter 

amendments, wheat-clover rotations can significantly increase organic %N in the soil (Sanchez et al, 

2001). Selected cover crops can act as natural pesticides and herbicides and are grown in-situ with 

crops during the growing season, supressing plant diseases in subsequent crops and improving yields 

(Duval et al, 2016; Monteiro et al, 2012). Brassicaceae cover crops have been found to act as 

biofumigants for a number of soil-borne pests such as plant parasitic nematodes and soil insects, 

reducing the need for synthetic pesticide use (Zasada and Ferris, 2004; Vig et al, 2009; Brown et al, 

1994; Brown and Morra, 1997). The projected reduction in soil erosion and pesticide use provided by 

cover crops, alongside a regulation of soil nutrients, could significantly reduce farming costs, whilst 

improving the environment. 

There are a wide number of cover crops used such as rye, oat, rape and mustard. Implementation of 

cover crops generally has a positive effect on soil biodiversity and species density, where cover crop 

applications increased fungal and bacterial populations, earthworms and arbuscular mycorrhizal fungi 

(AMF) populations in soil (Reddell and Spain, 1991; Zarea et al, 2009; Lehman et al, 2012; Brennan et 

al, 2017). AMF have mutualistic benefits with plants, providing roots with water, nutrients and 

protection of pathogens (Berruti et al, 2016). Introducing cover cropping into a conventional system 

may mitigate soil biodiversity losses, however considerations into the cover crop type and its effects 

on soil properties are required before implementation. The cover crop type, frequency of application 

and effects on soil moisture can have significant impacts on soil biological activity (Roarty et al, 2017; 

Stroud et al, 2017; Martínez-García et al, 2018; Euteneuer et al, 2020). Impacts on earthworm 

populations could cause indirect effects on the rate of organic matter decomposition and nutrient 

mineralization, effecting future growing seasons. Further analysis of the effects of organic matter 

decomposition is required to quantify how these effects may impact the decomposition and transport 

of nutrients within soil. 
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2.3.3.4. Energy Generation 

 

Farming generates significant amounts of organic waste per season, which requires energy 

investments for farmers. One method in offsetting these energy costs and utilising bio-waste is by 

energy generation. Many farms in Europe generate their own energy through anaerobic digestion 

(Searle and Malins, 2013). Anaerobic digestion is the decomposition of organic wastes (animal 

manures mixed with crop residues) by micro-organisms in the absence of oxygen. During this process, 

methane biogas is emitted, which can be used to generate fuel (Figure 2.7.). The energy output of 

anaerobic digestate differs depending on the inputs, where mixtures of animal manure, organic 

municipal waste and crop residues can be added. 

 

 

Figure 2.7. The process of anaerobic digestion (A) and its two by-products: biogas (B) and anaerobic 

digestate (C). [A adapted from Nkoa, (2013); B and C are images from Riverford Organic farms.] 

 

Added to increased energy output, anaerobic digestion produces a nutrient rich by-product (anaerobic 

digestate; Figure 2.7.), which can be reapplied to soil as a fertiliser. To be reapplied on UK agricultural 

soils, digestate must be PAS 110 verified, which regulates the nutrients going into soil and protects 

human health.  Reapplication of anaerobic digestate on farm reduces the cost of fertilisation and 

regulates soil nutrient status by re-inputting the losses from harvest. Replacing manure additions with 

anaerobic digestate may enhance the response of soils to drought conditions by regulating soil 
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moisture conditions (Smith et al, 2019). The reapplication of an organic layer can also enhance the 

physical and biological properties of soil, where it can regulate soil moisture and increase N 

mineralization within soil (Colombani et al, 2017). Digestate can be in a solid or a liquid form, 

dependent upon digester inputs. The differences in consistency and nutrient quality of digester 

outputs ëld have an effect on organic matter utilisation by soil organisms. The effects of anaerobic 

digestate on earthworm populations is to be determined, but high metal content of some applications 

could have a toxic effect (Nkoa, 2013; Peng et al, 2020). This research will explore the effects of 

anaerobic digestate on earthworm species diversity and growth alongside other organic matter 

applications. 

 

2.3.4. Sustainable management challenges 

 

There are numerous challenges faced by agricultural managers when adapting conventional farming 

practices to include more sustainable methodological approaches (discussed in Section 2.3.3.). 

Maintaining high yields during the transition of conventional practices to sustainable practices under 

challenging effects of climate change will be a significant challenge for farmers in future and a multi-

faceted approach must be applied. This section discusses the limitations faced by sustainable 

management methods and how these challenges are currently being addressed. 

2.3.4.1. Reduced yields 

 

The transition from traditional mouldboard ploughing practices to reduced or no-tillage methods can 

cause a significant reduction in yield (Alakukku et al, 2009; Riley et al, 2008), e.g. a 9.8% reduction was 

calculated from Swedish farms (Arvidsson et al, 2014). Soil type and moisture content are significant 

factors in determining the success of no-till, where compacted clays with high moisture content 

negatively impact crop yields (Alakukku et al, 2009). Soils in the UK with poor drainage and a weak 

structure can lead to nitrate losses and lower yields under no till compared with ploughing (Cannell et 

al, 1978; Soane et al, 2012; Daryanto et al, 2017). Added to soil type, the success of no-till practices is 

limited by crop type. For some crops, such as winter wheat, yields are increased (Schlegel et al, 2018), 

yet for root vegetables such as potatoes and sugar beet, yields are less successful (Koch et al, 2008). 

This has limited the adoption of no-tillage or reduced tillage practices in the UK, where the majority 

of NT is under wheat and rape cultivations in SE England (Townsend et al, 2016). Increasing limitations 

on herbicide use set by the EU Water Directive and growing weed resistance to herbicides causes 

further challenges in sustaining crop yields (Davies and Finney, 2002). No-tillage can increase the 
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number of seeds returned to the soil surface, encouraging a faster weed germination and reduces 

weed dormancy caused by ploughing (Christian and Ball, 1994). The negative responses of crop yields 

to no-tillage practices could result in a high short-term economic cost for farmers adapting from 

conventional systems, which could discourage farmers from changing their management systems.  

Long-term adoption of no-tillage practices can cause the stratification of nutrients within soil. This can 

provide some benefits, where a high nutrient availability at the soil surface can enhance seed 

germination and crop establishment (Peigné et al, 2018).  However, the stratification of nutrients 

under no-till can cause a reduction in soil pH (e.g. no-till pH = 6.25; ploughed fields pH = 6.48; Ekeberg 

and Riley, 1997), impacting nutrient availability. Without an added cost of liming, a reduction in pH 

can decrease the NPK availability for plants, reducing yield. The element most affected by the 

stratification under no-till soils is P, due to its lack of chemical mobility within soil (Wright et al, 2007). 

Radford and Cowie (2011) found that the combination of no-till farming with chemical fertilisation can 

increase crop yields by 29-74% when compared with, disk tillage and conventional farming methods. 

However, following a fully sustainable management approach, a reduction in chemical fertilisation use 

is preferred. Comparisons of the effects of tillage farming and no-tillage on soil properties have often 

been conducted over a short period of time (<3 years). A review of no-tillage farming over a period of 

175 years indicated similar yields when compared with mouldboard ploughing systems (Christian and 

Ball, 1994). It is considered that there may be a transitional period when converting between tillage 

and no tillage systems (Riley et al, 1994) where after 3 years the soil conditions in no-till improve.  

Increased earthworm populations under no-till systems may mitigate the effects of ploughing, 

particularly in soils high in anecic species due to their bioturbation effects (Briones and Schmidt, 2017). 

This research project will investigate the effects of L. terrestris populations on the bioturbation of 

organic matter within no-tillage soils. 

2.3.4.2. Soil compaction 

 

No-till farming can increase the rate of soil compaction, which can cause, such as reduced infiltration, 

surface runoff and poor seed germination. Effects of compaction on soil properties differs between 

soil type, where it is most common in clay soils, where soil porosity and water flow is already low 

(Turtola et al, 2007). Sandy soils are also susceptible to compaction under no till, recorded in Danish 

fields (Soane et al, 2012). Soil compaction can occur at different depths, influencing different stages 

of crop growth. In the lower depths of a profile (30 cm) can limit root growth and seed germination, 

decreasing yields. Long term effects of soil compaction can result in a residual compaction layer 

(Peigné et al, 2018; Allison, 2015). Under the conversion of conventional farming to no-till, the residual 

plough pan may be present in the soil for greater than 5 years (Capowiez et al, 2009) where lifecycle 
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assessment has indicated that compaction in the sub soil layers (25-40 cm and > 40 cm depth) is not 

easily reversible (Stoessel et al, 2018). However, recent long-term field investigations have outlined 

that negative effects of soil compaction reduce temporally and benefits to soil physical properties 

outweigh initial compaction effects (Blanco-Canqui and Rius, 2018).  

In the UK, there is a negative water deficit and often heavy periods of rainfall. This added to soils with 

poor drainage (clay soils with no ploughing applied) can cause anaerobiosis in soils, reducing microbial 

activity (Soane et al, 2012). In this particular system, limited periods of tillage maybe accepted to 

alleviate potential compaction. Climatic effects of soil compaction are different between regions 

(Berisso et al, 2012), where large amounts of rainfall in Scandinavian soils are impacted differently to 

Mediterranean soils with long arid regions. The impact of climate change can increase phosphate 

erosion in clay soils, where warmer climate conditions can increase the availability of surface P and 

increase runoff during heavy rainfall events. The increased nutrient stratification seen in no-till soils 

could increase the risk of dissolved reactive phosphate run off (Soane et al, 2012). This indicates that 

a spatio-temporal management approach is required when applying sustainable methods. 

The physical effects of soil compaction can reduce biotic activity, particularly in macrofauna and plant 

roots, whilst increasing anaerobic microbial activity (Whalley et al, 1995; Beylich et al, 2010). Anoxic 

environments in soil can increase N2O emissions during gas transport (Berisso et al, 2012), increasing 

greenhouse gas emissions. Although greenhouse gas emissions are lower in no-tillage due to the 

reduced usage of heavy machinery, in some instances there are still negative impacts caused by no-

tillage farming. N2O emissions are influenced by soil wetness, compaction, climate and type of 

fertilization (Soane et al, 2012). If the soil type is not suitable for no-tillage management, in some 

instances this can cause poor drainage, which increases soil moisture and compaction, leading to 

increased N2O emissions (Regina and Aklukkuku, 2010). Stimulating biological activity through the 

addition of organic matter may reduce anoxic effects within soils through increasing soil aeration 

(Capowiez et al, 2009).  

2.3.4.3. Pest management 

Sustainable management practices do not apply synthetic pesticides and herbicides to soil and use 

alternative methods such as crop rotations, biological control and cover cropping. Although these 

methods provide significant benefits to soil ecosystem services (defined in Section 2.3.2.3.), 

developing a sustainable system is complex, where often several pest management challenges arise 

simultaneously. 
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Figure 2.8. Major pathways for reducing the impact of pests and diseases via the introduction of plant 

species diversity in agroecosystems. Figure sourced from Ratnadass et al, (2012). 

A reduction in tillage can cause an increase in weed growth, which can limit yields by competing with 

plants. An introduction of cover crops to these systems can supress weed growth and provide other 

benefits such as retaining soil nutrients and storing soil moisture (see Section 2.3.3.3.). The benefits 

of cover crops to reducing weeds is limited by crop type and application timing (Mirsky et al, 2011), 

where in wheat rotations, applications of red clover can significantly reduce downey borne 

infestations in winter wheat without a reduction in yield, whereas in spring yield there was a 

significant yield reduction (17%; Andersson, 2016). Crop rotations may have a greater impact on the 

weed flora through reducing resistance (Blackshaw et al, 2007; Bohan et al, 2011). 

No-tillage farming can also increase the number of pests within soil, where mechanical disturbance 

(alongside herbicide application) in conventional systems can significantly reduce many aboveground 

pests, such as molluscs. Ecologically based strategies for removing common pests such as molluscs 

include biological control, where living organisms such as the parasitic nematode Phasmarhabditis 

hermaphrodita are purchased and applied to soil to feed on molluscs, reducing the population size 

and damage to crops (Kozlowski et al, 2014).  Practical application of biological controls is not always 

effective, where they are temperature sensitive and have a low shelf life (Speiser and Kistler, 2002). 
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Applications of alternative plant flora (e.g. cover crops) along with the main crop may reduce damage 

to crops by providing an alternative food source to pests (Cook et al, 1997). Increasing plant 

diversification within cropping systems may also reduce pests through increasing natural enemy 

populations (Douglas and Tooker, 2012; Schipanski et al, 2014). However, crop residues from 

alternative plant flora may provide a better habitat for pests (Vernavà et al, 2012), therefore accurate 

plant selection in multiple cropping systems is essential to manage pests effectively. 

Continued development of integrated pest and weed management based on cropping systems at a 

regional scale will increase soil resilience (Dainese et al, 2017), enhancing crop yields sustainably. 

Further modelling of cropping systems under the agroecological methods described above may 

develop accurate forecasting of weed and pest suppression. 

2.3.4.4. Organic Matter Addition 

 

Although there are many benefits to soil quality and yield from the addition of organic matter, there 

are also some potential problems that need consideration. Organic matter types have significantly 

different chemical properties, which e.g. impact the rate of nitrogen mineralization within soil (Iritani 

and Arnold, 1960; Abbasi and Khaliq, 2016; Bhogal et al, 2016). The decomposition rate of organic 

matter differs between its chemical (e.g. C:N ratio) (Wang et al, 2017a) and physical (e.g. particle size) 

composition (Rinkes et al, 2014), soil type and temperature (Conant et al, 2011); accurate assessment 

of organic matter properties and environmental conditions before application is essential. The method 

of organic matter application can also cause practical issues. Surface application can create crusting, 

which can increase runoff and erosion of nutrients during heavy rain fall (Armand et al, 2009). In North 

West European soils, an issue with crop residue application can occur in the drilling of new crops when 

residues are already applied (Soane et al, 2012). Drilling is negatively impacted by increased surface 

residue, stubble height, root presence and the amount of solar radiation reaching new seedlings, 

which can cause a reduction in the rate of crop germination and development (Mikkola et al, 2005). 

In monoculture systems with no-till, the application of crop residues can cause a carryover of 

pathogens such as leaf spot and root diseases (Duczek et al, 1999; Wolfarth et al, 2011). However, the 

impact of increased carbon and nitrogen concentration from organic matter often outweighs these 

factors. 

 

Even though anaerobic digestion is considered a sustainable management system for farms, often 

farming systems are not fully optimized to maximise the environmental benefits. For example, 

pastoral farmers must often purchase or transport agricultural waste over large distances, which 

increases CO2 emissions. Pierie et al, (2017) have suggested that improving the cooperation between 
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neighbouring farms can minimise transport costs by sharing waste resources. Added to this, 

renewable energy developments have increased the rate of cash crop farming. This limits space for 

food generation, which threatens food security, particularly in large scale systems (Auer et al, 2016). 

Although further development is required to improve the sustainability of the system, anaerobic 

digestion may form a significant part of farm management in the future, particularly in OECDs (Nayal 

et al, 2016). The effects of organic matter utilisation within agroecosystems on soil ecosystem services 

are discussed in Section 2.4. 

 

2.3.5. Earthworms in agroecosystems 

 

The effects of sustainable agricultural practices have a positive impact on earthworm populations (Ball 

et al, 1999; Blouin et al, 2013; Moos et al, 2016). Due to the impact of earthworms on supporting 

ecosystem services (defined in Section 2.2), an increase in earthworm populations following a 

transition from conventional farming practices may mitigate the negative outcomes on soil properties, 

such as soil erosion, where rate of soil loss outweighs soil formation by a ratio of 17:1 (Troeh and 

Thomson, 1993). This section discusses earthworm populations in agroecosystems, referring to the 

effect of management type on population dynamics and the resulting impacts on soil ecosystem 

services.  

2.3.5.1. Tillage 

 

The usage of tillage in agroecosystems has a negative impact on earthworms, where mechanical 

disturbance can increase mortality rate and increase their exposure to predators (Briones and 

Schmidt, 2017). A field experiment analysing the impact of low (20 cm) and high (35 cm) depth 

mechanical loosening and power harrow cultivation on earthworm populations indicated that at both 

depths mechanical loosening (which involves the overturning of soil) reduced the abundance and 

biomass of earthworms (Lees et al, 2016). Earthworms can survive conventional farming methods, 

however the species richness within conventional systems is different to no-tillage, where 

predominantly small endogeic species can survive within these conditions (Crittenden et al, 2015). A 

lack of an organic layer and a destruction of the soil habitat has negative consequences for anecic 

species, which are larger in biomass and feed on the soil surface (Blouin et al, 2013). The functional 

differences between endogeic and anecic species could impact the rate of organic matter 

decomposition and transport through soil. This research project will assess the organic matter 
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utilisation by anecic and endogeic earthworm populations. Further information on earthworm 

utilisation of organic matter is discussed in Section 2.5.  

Some of the challenges faced following conversion from conventional to no-tillage farming could be 

mitigated by the projected increase in earthworm population density and species biodiversity. Two 

notable physical interactions of earthworms which positively impact soil are increased water 

infiltration and soil aeration (Andriuzzi et al, 2015a). An 8 year field study by Pelosi et al (2009), 

indicated that increased populations of earthworms present in no-till farming caused a higher 

hydraulic conductivity compared with mouldboard ploughing. Positive effects of earthworm 

populations on the mitigation of soil compaction was experimented by Capowiez et al, (2012). 

Earthworms were assessed under compacted soil (under wheel tracks) and non-compacted soil (above 

wheel tracks) over a period of two years following a compaction event. The increased bulk density 

within compacted soil resulted in lower earthworm biomass and abundance, which agreed with Lees 

et al (2016). However, earthworm populations regenerated quickly after the compaction event, where 

at three months post compaction there were no significant differences in earthworm biomass and 

abundance between compacted and uncompact zones. The recovery of soil functional properties 

caused by earthworm behaviour (water infiltration and macroporosity) was slower and there were no 

observed effects until 18 months later. Therefore, potential remediation of soil by earthworm 

populations under the conversion of arable tilled soils to no-tillage management may occur over a 

longer time.  

Soil compaction under no-till systems may limit the potential of earthworms to remediate soil. A long-

term experiment was conducted by Schlüter et al, (2018) to determine whether the expected 

increased earthworm and soil fauna abundance in reduced tillage systems mitigated the effects of 

mouldboard ploughing. Results from this experiment indicated that there were no differences in the 

soil structure or porosity between tillage systems in the lower soil pan structure (28-38 cm) after 25 

years and a more compacted surface structure in the upper soil layer (13-23 cm) in reduced tillage 

systems. This indicated that the expected effects of increased bioturbation by earthworm species did 

not imitate the effects of ploughing. Similar effects of soil compaction on earthworm populations were 

observed in a compaction field experiment conducted by Peigné et al, (2009). There were a number 

of suggested reasons why the earthworm populations did not improve long term soil conditions. Low 

abundances of anecic earthworms, such as L. terrestris, were present. Anecic populations have 

different effects on bioturbation and the removal of organic matter compared with endogeic species, 

which do not make permanent burrows (Bouché, 1977). Within these experiments, the climatic and 

soil conditions of the field site was not favourable for anecic species, with frequent dry periods and 

low penetrability of the upper soil layer. Thirdly, it could be that earthworm population development 
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after tillage management takes longer to mediate soils than 25 years. This could be enhanced by 

earthworm inoculation, a technique developed in the regeneration of restored soils (Butt et al, 1997). 

Although no tillage can increase earthworm populations, which can increase WOM decomposition 

and reduce nutrient stratification effects through bioturbation (Milleret et al, 2009; Bityutskii et al, 

2016), specific impacts on crop growth is undetermined and requires further research.  

2.3.5.2. Organic matter 

 

In conventional agricultural systems, nutrient supply is maintained through the addition of inorganic 

fertiliser. Often, there is no surface organic matter applied. Applications of organic waste such as 

animal manures, crop residues, composted green waste and anaerobic digestate are added for a 

number of reasons dependent upon their properties (Peltre et al, 2017), where they can increase soil 

nutrient inputs, soil organic matter concentration and maintain soil moisture (Wang et al, 2018; 

Menšík et al, 2018). The impact of biodynamic production systems under organic matter applications 

has increased earthworm abundances (Pfiffner and Mäder, 1997) when compared with conventional 

and organic systems. Applications of organic waste can predominantly benefit earthworm populations 

as they are a food source, regulate soil moisture and provide a habitat (Edwards and Bohlen, 1996; 

Curry and Byrne, 1997; Curry and Schmidt, 2007; Stroud et al, 2016a). However, the method of organic 

matter application (surface applied or mixed) can impact earthworm population dynamics, due to 

species-specific feeding behaviour and inter- and intra-specific relationships (Bouché, 1977; Edwards 

and Bohlen, 1996). Laboratory experiments have indicated that the particle size of organic matter 

applications influence earthworm feeding and growth (Boström and Löfs-Holmin 1986; Boyle, 1990; 

Lowe and Butt, 2003; Sizmur et al, 2017), where maximum particle size ingested is relative to body 

mass (Piearce, 1978). Surface applied organic matter generally benefits anecic and epigeic earthworm 

populations and is detrimental to endogeic earthworm populations, whereas incorporated organic 

matter benefits endogeic populations (Lowe and Butt, 2002). Therefore, the application of crop 

residues can significantly affect organic matter transport through a soil profile and its decomposition. 

Alongside the method of organic matter application, the type of organic matter can influence 

earthworm selection. A long-term field experiment conducted by Ashworth et al, (2017) indicated that 

earthworms have a preference of bio-covers in the field, where poultry litter was preferred, and are 

influenced by crop sequences, where cotton decreased earthworm species by 55-68%. Therefore, in 

order to utilise specific earthworm populations and their impacts on soil physical properties, organic 

matter application type and application method needs to be carefully managed. More details on 

organic matter amendments and earthworm interactions are explained in Section 2.4. 
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In turn, increased populations of earthworms can have positive impacts on the degradation of organic 

matter and mineralization of nutrients in soil. The increase of N mineralization by earthworm 

populations can have a critical role in plant production, where earthworms can increase crop yields 

by 25% and aboveground biomass by 23% (van Groenigen et al, 2014). Earthworm casting has positive 

impacts on soil properties, such as an increased aggregate stability (Botinelli et al, 2010a, 15, 20b), 

available nutrient content (Ros et al, 2017) and SOC storage (Sheehy et al, 2019). Combining reduced 

tillage farming with organic matter application can increase the rate of nutrient mineralisation and 

hydraulic activity in soils by stabilised earthworm and plant root channels (Vogeler et al, 2009). 

Although it is concluded in most of research investigations that high concentrations of earthworms 

within soil have positive effects on soil properties, earthworms also can be considered as a dis-service 

to agricultural ecosystems. Like many organisms, earthworms produce emissions of CO2 and N2O, 

which accumulates in their gut, which contributes to global warming effects (Horn et al, 2003). It is 

predicted that earthworm populations can increase CO2 and N2O by 33% and 42% respectively 

(Lubbers et al, 2013); increased earthworm populations in reduced tillage systems could increase 

climate change effects.  Alongside the accumulation in the gut, habitats within earthworm casts and 

drilosphere promotes N2O production (Majeed et al, 2013).  Earthworms can ingest and transport 

seeds in the soil (Grant, 1983; Kirchberger et al, 2015), which can increase the spread of weeds, which 

compete with crop yields (Smith et al, 2005). Findings indicated that earthworms have a preference 

of seeds, which is particle size limiting. The trade-off between the impact on earthworms on 

ecosystem service and dis-service was investigated by Wu et al, (2015) where the impact of two 

earthworm species (Eisenia fetida and Metaphire guillemi) on the N2O production and crop growth of 

fields applied with mulched and incorporated organic residues was investigated. Findings indicated 

that, while both species increased N2O emissions (19-25%), this was outperformed by the increase in 

crop productivity (18-47%) by earthworm activity. This investigation analysed two factors of 

ecosystem services; further research is required to increase understanding of ecosystem service trade-

offs of soil macrofauna.  

2.3.5.3. Cover Cropping 

 

The implementation of cover cropping has a significant impact on earthworm population biodiversity 

and abundance, which increases supporting services. Cover crops form an increased coverage of 

organic matter, which provides an extra food source for earthworm populations when land would 

normally be fallow. It is predicted that an increased food diversity aboveground encourages an 

increased diversity in belowground fauna (Wardle, 1995). In a research study comparing earthworm 

populations in wheat-clover rotations compared with conventional wheat monocropping, total 
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earthworm biomass increased by 101 gm¯² and earthworm abundance increased by 354 individuals 

m¯² (Schmidt et al, 2001). The earthworm biodiversity was similar to that found in pasture grasslands. 

Earthworm abundance and biomass is influenced by cover crop type, where Reeleeder et al. (2006) 

indicated that the presence of rye cover crops increased A. turgida populations. However, it was also 

highlighted that the impact of cover crop additions on earthworm populations was superseded by the 

impact of poor-quality soils. Therefore, other environmental factors may displace the benefits 

provided by cover cropping.  

Food preference within cover cropping has been reported in several studies. Findings by Valckx et al, 

(2011) highlighted a food preference of cover crop by L. terrestris, where ryegrass residues where 

preferred. This correlated with a higher C:N ratio of ryegrass, which disagreed with other studies 

referring to organic matter content with a low C:N ratio preferred by earthworms (Bohlen et al, 1997; 

Curry and Schmidt, 2007; Blouin et al, 2013). However, the impact of particle size and glucosinolate 

concentration of the cover crops and earthworm preference was not studied. Field investigations into 

cover crop preference by Roarty et al, (2017), highlighted an overall higher earthworm population 

abundance in fields with cover crops, where pea cover crop had the highest abundance (221 ± 55 ind. 

m¯²). In this experiment there was preferences of pea, oat and rye cover crops with lower earthworm 

abundances under brassicacea species. There was no correlation between cover crop biomass and 

earthworm abundance, indicating a possible cover crop preference. Also, species diversity altered 

dependent upon cover crop, where rye increased A. rosea and oat increased A. chlorotica populations. 

This change in earthworm biodiversity could impact soil functioning and nutrient mineralisation in 

soils. Further research into food selection of organic matter sources by earthworm species is required 

to understand the impact on soil properties in agroecosystems.  
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2.4. UTILISATION OF WASTE ORGANIC MATTER IN SUSTAINABLE AGROECOSYSTEMS. 

2.4.1.  Organic waste applications in sustainable agroecosystems 

 

There are a number of benefits from the utilisation of waste organic matter within agroecosystems. 

Organic waste is a material that is biodegradable originating from a plant or animal. It is degraded 

through soil mineral changes and aerobic and anaerobic digestion processes by macro and micro soil 

organisms. Some examples of organic matter applied in agroecosystems are: crop residues, anaerobic 

digestate, animal manure, cow slurry, composted green waste. Organic wastes differ in their nutrient 

properties (Zikeli et al, 2017); it is important that the nutrient requirements of the crop and nutrient 

deficiencies in the soil are considered when choosing the application type.  WOM can be applied in 

addition to or in replacement of inorganic fertiliser, where applications could reduce negative 

environmental impacts of inorganic fertilizer pollution (discussed in Section 2.3.5.2). Utilising on farm 

waste could significantly reduce farmer costs in fertilisation and waste disposal. Addition of organic 

matter can increase soil organic matter (SOM) content, regulate soil moisture, increase soil fauna 

activity and stimulate microbial activity (Médiène et al, 2011). Waste organic matter applied on farms 

differs between agroecosystem, where the waste organic matter can have significant impacts on soil 

properties. This Section defines selected waste organic matter types used within no-till 

agroecosystems and their impacts on soil properties.  

2.4.1.1. Manure 

 

Animal manure applications can increase soil properties beneficial to crop growth, such as SOM 

content, N mineralisation, soil porosity and water holding capacity, whilst decreasing bulk density and 

surface crusting (Marinari et al, 2000; van Kessell et al, 2000; Maillard and Angers, 2014; Kidd et al, 

2017). However, there is variability between the quality of manure provided within and between 

pastoral species (Omara et al, 2017) and cattle diet can influence slurry nutrient outputs (Paschold et 

al, 2007). Liquid and solid manure treatments also have differing effects on soil properties and the 

application method, where liquid manure is often injected and manure incorporated. Solid manure 

treatments increase the SOM content and rate of macroaggregate formation, whereas liquid 

treatments have a more timely effect on nutrient release (Webb et al, 2014). Manure is high in nitrate 

and application rates in Europe are limited to 170 kg ha¯¹ yr¯¹ (EU, 2019). In areas where nitrate is not 

the limiting nutrient in soil, manure may be replaced with another fertiliser.   

Compared with other treatments, cattle manure was determined to be a better treatment than 

sewage sludge and control soil (with NPK fertilisation), where manure provided higher thermal 

stability, lignin content and bacterial amino-sugars (Peltre et al, 2017). This resulted in accumulations 
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of different C compounds within organic waste types, which was altered by decomposition and 

microbiological activity. Cow manure applications can increase the yield of wheat-maize rotations and 

water use efficiency compared with straw and biogas slurry (Zhen et al, 2019), where nitrogen was 

increased in the upper soil layer (0 - 20cm). The responses of crops to manure applications is limited 

by crop nutrient requirements and soil type. A comparative study between the effects of liquid swine 

manure (LSM), liquid dairy manure (LDM) and solid poultry manure (SPM) on corn and wheat cropping 

systems indicated that yields were more responsive under sandy loam soil than silty clays and had an 

increased effect on yields within wheat systems, where LSM was the most effective fertiliser (Samson 

et al, 2019). Future applications should assess the soil type and crop nutrient requirements before 

application. 

There are negative properties of manure application which need to be considered. Increasing use of 

antibiotics within pastoral agriculture could be transmitted into soil and food pathways, a risk to 

human health and soil functioning (Campagnolo et al, 2002; Aga et al, 2016). The use of manure over 

treated waste (composted manure or anaerobic digestate) has also been contested, where treated 

waste can enhance macroaggregate stability and prevent P losses common in swine manure (Grande 

et al, 2005; Wortmann and Shapiro, 2007). Treated manures can also reduce the risk of antibiotic 

leaching into soil (Urra et al, 2019). The ratio of available N:P in swine manure can often be limiting 

for crop requirements, resulting in P losses (Sims et al, 1998). Long-term field investigations of the 

effect of FYM, inorganic fertiliser and control applications indicated the positive effects of FYM on 

nitrogen concentration and SOM content, but did not result in increased yields over time (Liang et al, 

2011). A mixed fertilisation management may be more effective, using FYM as a soil conditioner.  

2.4.1.2. Anaerobic digestate 

 

Anaerobic digestate is a soil conditioner resulting from the process of anaerobic digestion (as 

discussed in Section 2.3.3.4). Digestate applications utilise on-farm waste and recycle organic matter 

back into the agroecosystem, replenishing N concentration and regulating SOM concentration (Möller 

and Muller, 2012). There are two types of anaerobic digestate waste: a dry and a liquid fraction. Both 

are used as soil conditioners, where the dry fraction increases SOM and stimulates soil microbial 

activity and the liquid fraction enhances nutrient concentration and soil moisture (Möller and Muller, 

2012; Nkoa, 2013). Liquid anaerobic digestate can be injected into the soil to reduce ammonia 

emissions (Webb et al, 2004; Nicholson et al, 2018), stimulate the bacterial decomposer community 

(Walsh et al, 2012b) and reduce odours (Riva et al, 2016; Orzi et al, 2018). Dry anaerobic digestate is 

often applied incorporated into the upper soil layer. Alongside the difference in state of matter, 
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anaerobic digestate quality differs depending on its inputs, which is normally a ratio of animal manure 

and crop waste.  

Anaerobic digestate produced from municipal solid waste (MSW) inputs is utilised and processed 

differently dependent upon several factors, such as governmental regulations, the biogas method 

used and the waste produced. The inputs determine whether it can be applied to agricultural land and 

used as a soil conditioner and meets BSI PAS 110 regulations (WRAP, 2016). The limit value for 

digestate VFAs (Volatile Fatty Acids) in the UK is 0.43 g COD g VS¯¹ (BSI, 2010). The differences between 

source segregated domestic food waste, organic municipal solid waste and waste activated sludge 

with vegetable waste was analysed by Tampio et al (2016). Findings indicated that although MSW 

digestates provided a 5-30% increase in ryegrass yields, there was significant differences in the 

nutrient availability of treatments, where mixtures of waste activated sludge with vegetable waste 

increased metal loading. By meeting the nitrogen requirements for the crop (170 kg TKN ha¯¹ yr¯¹), 

waste activated sludge also supplied 626.5 mg kg¯¹ TS Cu and 1.9 mg kg¯¹ TS Hg, above legislative levels 

(BSI, 2010).  Optimization of MSW inputs into a digester to meet BSI PAS 110 requirements could 

enhance the use of digestates within agroecosystems. 

Applications of anaerobic digestate can increase yields compared with other fertilisation treatments 

(Walsh et al, 2012a), where the rate of N mineralization is influenced by inputs, application time and 

temperature (Øvsthus et al, 2017; de Notaris et al, 2019). The rate at which anaerobic digestate is 

more successful than raw manure differs between experiments, where some suggestion that 

anaerobic digestate increases available plant nitrogen compared to aerobic digestion (Singh, 2015) 

and some have no effects on yield (Loria and Sawyer, 2005; Chiyoka et al, 2014). Both outcomes 

suggest that anaerobic digestate is a useful soil fertiliser. The elimination of pathogens in manures is 

more rapid and effective under anaerobic digestion compared with the traditional practice of manure 

storage (Costa et al, 2017). Anaerobic digestate of green manures (the biomass of cover crops) is more 

effective than fresh application, but N mineralization is variable dependent upon silage conditions 

(Liebman et al, 2011; de Notaris et al, 2019). 

The focus of anaerobic digestion is often on the energy valorisation and how to increase energy profits 

(De Vries et al, 2012; Styles et al, 2015; Burg et al, 2018; Parmar and Ross, 2019). The difference in 

digester inputs can have significant effects on the digestate and its effect as a soil conditioner, where 

increased crop residue inputs can increase plant available nutrients, yet manure can inhibit P 

availability (Möller and Muller, 2012). Market valuation of anaerobic digestate as a fertiliser may 

increase the economic focus of anaerobic digestion towards developing a fertiliser that is more 

targeted to improving crop production and soil health alongside energy outputs. The UK provides 
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guidance on good management practice for digestate use in agriculture (WRAP, 2016), however 

current research highlights increased optimization of anaerobic digestion management is required to 

balance financial biogas production outputs with anaerobic digestate quality to maximise the positive 

impacts on soil properties (Vaneeckhaute et al, 2016; Logan and Visvanathan, 2019).  

2.4.1.3. Crop residues 

 

The application of crop residues to arable soils is considered to mitigate global climate change, by 

sequestering SOC, reducing nutrient leaching and inorganic fertiliser usage, which results in the 

offsetting of CO2 emissions and improvement of soil quality (Singh and Singh, 1994; Downing, 1993; 

Moran et al, 2005; Lal, 2008; Lavalle et al, 2009). Residue applications have differing impacts on soil 

properties dependent upon their decomposition rate, where legumes degrade more quickly 

compared with corn or wheat, due to higher C:N ratios and higher lignin and polysaccharide content 

(Johnson et al, 2004; Hoyle and Murphy, 2011; Zhao et al, 2016). Another significant factor influencing 

the rate of residue decomposition is microbial activity and community composition, which is 

influenced by crop residue quality (Bending et al, 2002; Hoyle and Murphy, 2011) and application 

depth (van den Bossche et al, 2009; Turner et al, 2017). Keeping crop stubble intact in addition to 

residue application enhances the amount of C available to microorganisms in the rhizosphere, further 

stimulating microbial activity and enhancing SOM decomposition (Kätterer et al, 2011; Finzi et al, 

2015; Adamczyk et al, 2019).  

The method of crop residue application has specific impacts on the rate of decomposition, which may 

influence the mineralization of nutrients for crops and the timing of nutrient release. For example, 

wheat residues that are mixed in the soil profile decompose at a faster rate than when surface applied, 

which could be due to increased fungal activity on the soil surface (Holland and Coleman, 1987) and 

increased microbial activity when incorporated (Hoyle and Murphy, 2011, Turner et al, 2017). The 

increased exposure to UV radiation under surface applications of crop residues enhances 

phytodegradation, which can cause changes in litter chemistry, such as a reduction in hemicellulose 

(Lin and King, 2014). The impact of crop residue degradation into SOM is influenced by crop rotation 

complexity and farm management history, where increased crop rotations can increase the rate of 

decomposition by 0.2-8.3% compared with a monocropping management system (McDaniel et al, 

2014). Crop rotation complexity can increase soil organism biodiversity, which has a positive effect on 

SOM formation, pollination and pest regulation (Isbell et al, 2017; Barnes et al, 2020). This has been 

reflected in grassland systems where an increase in plant species increased microbial biomass and 

function (Eisenhauer et al, 2010), which could enhance organic matter degradation. An increase in the 
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number of crops grown in a rotation system and improved application methods could enhance the 

rate of organic matter degradation and in turn increase the rate of N mineralization.  

Crop residue applications can have negative impacts on soil properties. For example, surface 

applications of residue mulches increased waterlogging under wetter climates, which reduced maize 

yields (Rusinamhodzi et al, 2011). Crop residues as a sole application does not always increase crop 

yields but improves soil conditions to encourage crop growth. Comparisons with anaerobic digestate 

and cow manure indicated that cow manure increased yields and C:N concentrations at a faster rate 

than residue application and standard practice fertiliser (Zhen et al, 2014). This results in crop residues 

being utilised for other resources, such as animal bedding and bioethanol production. Removal of crop 

residues removes nutrients from the soil system and causes a 12-19% reduction in SOM content 

(Warren Raffa et al, 2015). In sustainable systems where residues are removed, nutrients and SOM 

are replenished with other organic amendments such as manure (Blanco-Canqui and Lal, 2009). 

Applications of straw residues mixed with other organic amendments (such as manure) could utilise 

the positive attributes of both applications on soil properties and regulate nutrient mineralization 

(Blanco-Canqui and Lal, 2009; Soane et al, 2012; Bertrand et al, 2015a).  

Crop residue applications can increase soil biodiversity, where surface applications can provide 

habitats for a number of fauna species. In comparison with other agroecosystems, arthropod 

communities were higher in no-tillage cereal farms with residue applications, where there were 

significant differences in community diversity between crop type (Menta et al, 2020). Crop residues 

can provide a habitat for epigeic earthworms, which enhance the decomposition of WOM (Pang et al, 

2012; Bertrand et al, 2015a). Interactions between soil fauna such as earthworms and their movement 

throughout soil may be an important process in enhancing degradation of slow decomposing organic 

matter (Blouin et al, 2013) and reducing fungal pathogens (Wolfarth et al, 2016). This research project 

will investigate the utilisation of crop residues by earthworm populations in no-till agroecosystems. 

2.4.1.4. Composted Green Waste 

 

Composted Green Waste (CGW) is any organic (biological) waste that has been composted, normally 

consisting of a mixture of garden waste and domestic and industrial kitchen waste. CGW is applied in 

land reclamation projects to improve degraded soil, where it provides a source of SOM and nutrients 

to encourage plant growth and ecosystem regeneration (Foot et al, 2003; Nason et al, 2007; Ashwood 

et al 2017a). Within agroecosystems, strict regulations limit whether it can be applied to protect 

human health (BSI, 2010). Trials of CGW addition to agroecosystems have had differing results. 
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Alongside organic components of municipal waste, CGW can also consist of farm waste, which can 

then be reapplied on-farm in a similar method to anaerobic digestate. CGW with manures and crop 

residues can reduce N losses and increase crop yields over a longer term (more than one cropping 

season) compared with inorganic fertiliser (Petrik and Mustavić, 2015; Pinto et al, 2017), encouraging 

long-term sustainable intensification of agriculture. There is no evidence to suggest that CGW addition 

can increase soil available nutrient concentration to the same rate as inorganic mineral fertiliser, 

however it has been suggested that CGW addition can improve plant uptake of the nutrients, where 

increased P and K of wheat grains have been recorded (Gopinath et al, 2008). Differences between 

the composter inputs can influence the nutrient uptake of plants within soil. Composting sheep 

manure can increase the nutrient uptake and seed yield of triticale (Naderi et al, 2018) whereas 

applications of composting poultry waste increased SOM storage and soil C and N concentration but 

had no effect on crop nutrient uptake or yield (Blair et al, 2014). Compared with other WOM 

applications, CGW had a reduced effect on yield and decreased shoot length of triticale than sewage 

sludge amendments (Kchaou et al, 2018). Increased nutrient supply from CGW can increase weed 

growth (Little et al, 2015), therefore in sustainable systems CGW inputs should be assessed based on 

crop requirements to avoid over-fertilisation.  

The positive impacts of CGW on soil fauna is uncertain. The positive effects of SOM addition may 

improve food availability within poorly resourced soils, however high metal concentration may have 

toxic effects (Wierzbowska et al, 2016). Within forestry and land reclaimation ecosystems, earthworm 

populations increased which improved tree development and CGW decomposition rate (Lowe and 

Butt, 2004; Ashwood et al 2017a). However, additions to no-till wheat agroecosystems determined a 

population collapse of L. terrestris populations (Stroud et al, 2016c). The production of CGW can be 

accelerated by the utilisation of earthworms through vermicomposting (Frederickson et al, 1997). 

Vermiculture can be used in composting and can increase microbial abundance and nutrient quality 

of CGW additions (Cai et al, 2018). Earthworms used in the vermicomposting process (e.g. Eisenia 

fetida) are not applied to agroecosystems and are not soil-dwelling (Bouché, 1977; Sims and Gerard, 

1999). Further research is required to determine the effect of CGW additions on earthworm 

population dynamics within agroecosystems. 

2.4.1.5. Sewage Sludge  

Sewage sludge is the residual matter produced during industrial and municipal wastewater treatment. 

It is a semi-solid material and can be applied to soil in agroecosystems as a soil conditioner. In the EU, 

there are a number of regulations which limit the application of sewage sludge to agroecosystems to 
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ensure public safety and reduce soil contamination, which is defined in the Sewage Sludge Directive 

86/278/EEC (EU, 1986). 

Applications of sewage sludge to soil can have many benefits to soil properties and plant growth 

(Börgesson et al, 2014). In agroecosystems, it is often used in replacement of inorganic P fertilisation 

(Andriamananjara et al, 2016; Houben et al, 2019). Commonly used inorganic P fertilisers are derived 

from phosphate found in rocks, which is a non-renewable resource (Reijnders, 2014). The utilisation 

of sewage sludge as a renewable source of P fertilisation could reduce the threat to food security 

posed by a lack of global sources of phosphate rock (Dawson and Hilton, 2011). Sewage sludge also 

increases the N concentration within soil, where the amount of mineralizable N from organic N in 

sewage sludge ranges between 8-40% dependant upon the pre-treatment (Parker and Sommers, 

1983). Alongside soil nutrient concentration, sewage sludge improves soil structure by increasing 

aggregate stability and soil porosity (Pagliai et al, 1981). Sewage sludge also improves C sequestration 

in agroecosystem soils, where carbon retention was increased by 18-20% by long-term (30 year) 

applications of sewage sludge (Börgesson and Kätterer, 2018). The positive attributes of sewage 

sludge application to soil has resulted in it being a widely used organic fertiliser in agroecosystems. 

Added to the changes is physio-chemical conditions of soil, sewage sludge addition can have positive 

implications on biological communities within agroecosystem soils. Long term applications of sewage 

sludge can increase microbial biomass, which enhances organic matter decomposition (Börgesson et 

al, 2014). However, repeated applications of sewage sludge over long-term periods can decrease pH, 

which could influence community structure (Börgesson et al, 2014). Within fungal communities, 

sewage sludge application influences species diversity differently dependant on belowground 

location, where fungal communities in barley roots was different to the rhizosphere (Ondreičková et 

al, 2021). Research analysing the effect of sewage sludge application on soil meso- and macrofauna 

population density and species diversity has had mixed results. Sewage sludge applications in the field 

had a positive effect on earthworm populations, increasing population size by 320 ind. m¯² at 75 g Kg¯¹ 

application rate (Barrera et al, 2001). Findings by Andrés et al (2011) indicated that applications of 

fresh sewage sludge decreased the density of oribatid mites, where negative effects were seen 3 years 

after field application. Anaerobically treated sewage sludge had lesser effects on the soil invertebrate 

community. Further research is required to determine how the positive effects of treated waste on 

soil faunal communities influence soil properties and crop growth. 
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2.4.2. Impacts of organic waste applications on soil ecosystem services 

2.4.2.1. Soil formation 

 

There are several benefits to soil from a high organic matter content including increased soil quality, 

turnover and productivity (Manlay et al, 2007). Preservation of organic matter in soil is vital to ensure 

long-term soil stability and maintaining arable productivity (Janzen et al, 1998). Organic matter is 

preserved by inherent recalcitrance and mineral protection (Christensen, 1987; Six et al, 2002). 

Inherent recalcitrance is the resistance of organic compounds to degradation due to their chemical 

structural properties (Lorenz et al, 2007), where organic matter containing more aliphatic structures 

(lipids and waxes) have more resistance to chemical decomposition than labile structures 

(carbohydrates and lignin) (Mikutta et al, 2006). Mineral protection is the development of OM-mineral 

complexes, where organic matter chemically binds to mineral (clay) fractions of soil, increasing 

resistance to microbial decay (Six et al, 2002). The effects of organic matter preservation were 

investigated by Clement et al, (2011), where comparisons were made between organic matter types 

and preservation by different soil fractions. Findings from this study indicated that longer chain 

aliphatic compounds (organic acids) accumulated in the finer fractions of soil, whereas lignins were 

protected in silt-size fractions. Therefore, soil type and consistency are significant factors in the 

preservation of organic matter and should be considered before choosing organic matter application 

in arable soils.  

The rate of soil organic matter (SOM) formation depends on the rate of WOM degradation, which is 

influenced by residue quality, litter chemistry, application method (surface applied, mixed, injected, 

pre-treated), environment, soil type, soil fauna activity and microbial activity (Lehmann and Kleber, 

2015; McDaniel et al, 2014). In experimental studies, decomposition of organic matter is calculated by 

CO2 respiration and microbial biomass. Soil organic carbon (SOC) is the carbon occurring in SOM 

(Milne, 2012). SOM can increase the amount of SOC in the soil, however at different rates dependant 

on the ratio of carbon to other elements (such as N and P) in the soil. Therefore, the effect of soil 

carbon sequestration is only partially influenced by organic waste type. Interactions between litter 

chemistry and soil type have significant impacts on the decomposition of organic waste and soil 

quality. An experiment by Candemir and Gülser (2010) determined the impacts of different organic 

waste applications (manure (M), hazelnut husk (H), tea waste (TE) and tobacco waste (TO)) on the soil 

quality of a sandy loam and clay fields. Although all waste treatments increased aggregate stability 

and reduced bulk density, H and TE provided a higher soil quality index for loamy sand fields, where 

M and TE were more effective in clay soils. Further investigation of the C structural properties in WOM 
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changes during decomposition may provide insight to the impact of applications on the physical 

properties of soil. 

The rate of WOM decomposition is determined by a number of biotic (interactions of macro and micro 

soil organisms, bacteria and fungi) and abiotic factors (pH, moisture content, C:N ratio, S and P 

concentration) (van Eekeren et al, 2010; Caricasole et al, 2018). Inputs of WOM provide a food source 

for soil fauna such as earthworms, which increases the transformation of organic matter through 

microbial gut processes and bioturbation (Devliegher and Verstraete, 1995; Schrader and Zhang, 1997; 

Aira et al, 2008). Soil fauna and microbial activity consume organic matter in different stages of decay 

dependent upon species type. Interactions between soil fauna and microbes with different organic 

matter types can significantly influence the rate of soil formation, where organic matter degradation 

is slower in organic matter types with higher C:N ratios (Blouin et al, 2013; McDaniel et al, 2014). 

Added to the impacts of soil fauna, organic matter inputs can stimulate SOM decomposition through 

a microbial priming effect (Bingemann et al, 1953; Kuzyakov et al, 2000). Different organic matter 

types influence microbial growth, which in turn impacts the rate of organic matter decomposition 

(Zhang et al, 2017).  

2.4.2.2. Soil structure 

 

Organic matter decomposition can significantly enhance soil physical properties such as aeration, 

aggregate stability, soil fertility and SOC protection (Pagliai and Vittori Antisari, 1993; Annabi et al, 

2011). SOC content can enhance the amelioration of soil structure (Mulumba and Lal, 2008) and 

influence aggregate stability (Wright and Hons, 2005), which improves water infiltration and protects 

against erosion and compaction. An indicator of good soil structure is aggregate stability. Soil 

aggregation is used widely as an indicator of soil structure (Six et al, 2000), where the percentage of 

macroaggregates formed in soil is increased by surface applied organic matter (Pagliai et al, 1981). 

Macroaggregates physically protect soil organic matter, which increase soil carbon stabilization. The 

decomposition of macroaggregates within the soil can alter the rate of carbon storage, where WOM 

type and application rate have significant effects. Repeated applications of fresh WOM can increase 

macroaggregate retention in soil, where the younger C content binds the macroaggregate together 

(Puget et al, 2000). The impacts of organic matter application on macroaggregate formation was 

assessed by Andruschkewitsch et al, (2014). In this study it was indicated macroaggregate formation 

increased within the first 7 days of application, followed by a slow decline as SOM contained within 

the macroaggregates was decomposed by microorganisms. Under wetting and drying cycles, 

incorporation of wheat residues to field soil can enhance macroaggregate turnover compared with no 

organic matter additions (Denef et al, 2001). The release of humic acids during WOM decomposition 
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can also increase microaggregate stability, further increasing carbon sequestration and improving soil 

fertility (Piccolo and Mbagwu, 1990). Increased earthworm casting following WOM applications may 

contribute to the overall macroaggregate concentration, however the rate of macroaggregate 

contribution differs between species type and the fate of macroaggregates from casts alters 

dependent upon species type and environmental conditions (van Groenigen et al, 2019). Further 

information on earthworm utilisation of waste is discussed in Section 2.5. 

Applying mixed applications of organic matter may increase SOC content. Recent findings by Zhao et 

al (2018) indicate that mixing maize with wheat residues increased the number of small and large 

macroaggregates in the upper soil layer (0-20 cm). Although applications of organic matter increase C 

inputs much consideration is required when assessing its ability to increase carbon sequestration. For 

example, even though anaerobic digestate application contributes significantly to SOM formation and 

increases N concentration for plant growth, the rate of carbon mineralization following application 

outweighs total storage (Coban et al, 2015). There are also differences between the type of crop 

residue on the impact of soil organic carbon sequestration. Crops that have slower decomposition 

rates such as maize can increase SOC, however more decomposable crop residues such as legumes 

have less influence (Chen et al, 2018). Future application management must consider organic matter 

impacts on aggregation effects to maximise C sequestration in arable soils. 

Crop residue mulching provides positive impacts on soil structure properties, such as an increase in 

SOC content, increase in water conservation, protection from erosion, a reduction in bulk density by 

reducing compaction effects and enhancing soil aggregation (Wilhelm et al, 1986; 2007). By acting as 

a buffer between the aboveground and belowground soil, crop residues can also improve air and 

water quality by reducing soil erosion and diffuse source pollution, whilst absorbing agrichemicals and 

filtering run-off (Lindstrom, 1986; Mickelson et al, 2001).  Under the assessment of cover crop residue 

applications on no-till soils, it was discovered that there may be a threshold of application where the 

maximum impacts of crop residues (8 Mg ha¯¹ yr¯¹) on soil physical properties can be seen (Mulumba 

and Lal, 2008). In areas of low mulching resources, residues could be managed more effectively to 

maximise effects on soil structure. Crops that produce larger amounts of residues result in greater soil 

aggregation than those with lower biomass (Skidmore et al, 1986).  

2.4.2.3. Water regulation 

 

The effects of WOM applications on water regulation in agroecosystems is dependent upon many 

factors, including geographical location, soil physical properties and climate. In areas of drought, 

surface applications can insulate water from loss through evaporation. The maintenance of moisture 
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at the soil surface could help crops absorb moisture, improving water use efficiency in more arid 

regions (Wang et al, 2017b). The amount of moisture retained in soil and the length of this retention 

is determined by soil type, WOM application and particle size (Hollis et al, 1977; Eden et al, 2017). For 

example, in a study comparing crop residue applications, water retention of rapeseed residue was 

higher than that under wheat straw, where the water content increased by 17.84% after infiltration 

(Xing et al, 2017). However, consideration must be taken to ensure that nutrients gained from organic 

matter decomposition are not lost through runoff during heavy rainfall events by incorporation of 

organic matter into soil.  

The impact of incorporating organic matter into soil on the water regulation in agroecosystems is 

different between farming systems. Incorporating organic matter into soil can reduce nitrate losses, 

where in no-till soybean agroecosystems the reduction of TKN (total Kjeldahl nitrogen) was 50% in 

soils with incorporated poultry manure than surface applied (Ruiz Diaz et al, 2010). In this field 

experiment, increasing the concentration of surface applied N also increased the rate of run off. 

Although liquid swine manure saw benefits from reduced runoff of P and N, under other WOM types 

runoff increased. This was evident with farmyard manure slurry, where five different tillage 

applications were compared: no tillage, chisel ploughing, shallow disk injection, pressure injection and 

aeration with banded application (Johnson et al, 2011). P losses from ploughing were higher than no-

tillage, however there was variation between the two years of application attributed to changes in soil 

moisture from a dry and wet season. Long-term experiments investigating WOM applications under 

different tillage systems is required to determine impacts on water regulation.  

However, this depends on the organic matter consistency. Analysis of organic wastes have indicated 

that liquid fractions cause a reduction in soil hydraulic properties and the rate of aggregate formation 

(Tlustoš et al, 2017). However, manure addition can increase water holding capacity by 14.2% in arid 

regions under water stress (Tahir et al, 2012). Added to organic matter type, the application rate also 

effects soil porosity, where there is a threshold of mulch application on increased available water 

capacity (8 Mg ha¯¹) (Mulumba and Lal, 2008). Not only does surface applied WOM increase the 

amount of water stable aggregates in soil, it also insulates soil so during warmer periods there is a 

reduction in water loss via evapotranspiration (Aguilera et al, 2013). Therefore, although there are 

differences between organic matter type and age on soil water retention, in general organic matter 

addition improves and regulates soil moisture content.  

Increased soil fauna populations following organic matter addition may influence the rate of water 

infiltration into soil through increased activity enhancing soil aeration (Lavelle and Spain, 2001; 
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Capowiez et al, 2009; Botinelli et al, 2010b; Andriuzzi et al, 2015a). Interactions between earthworms 

and organic matter is discussed in Section 2.5. 

2.4.2.4. Nutrient cycling 

 

Cultivation of arable land places stress on soil by removing nutrients and increasing soil erosion. For 

example, a rice-wheat rotation that yields 7 tons ha¯¹ rice and 4 tons ha¯¹ wheat can remove up to 300 

kg N, 30 kg P and 300 kg K ha¯¹ from the soil (Akhtar et al, 2015). Reapplication of organic matter can 

replenish the nutrients lost during a growing season. There are a number of different properties of 

waste organic matter (WOM) which impacts the decomposition and rate of nutrient mineralization, 

which needs to be carefully managed to ensure crop nutrient requirements are met. This section will 

explore the impacts of organic wastes on nutrient availability and the agroecosystem management 

challenges faced. 

The differences in nutrient composition of WOM influences the application selected by farmers, based 

on the nutrient requirements of the crop to be cultivated. With the associated mineral differences 

between WOM applications, some applications may be more effective than others. This was 

highlighted in a study by Grüter et al, (2017), where the applications of farmyard manure (FYM), green 

manure and mineral fertilizer were analysed for their impact on zinc and cadmium availability in wheat 

crops and soil. Findings indicated that FYM provided significantly more available zinc than green 

manure, which had no effect. WOM can increase the biofortification of zinc, which is a significant 

nutrient for human health (Zhou et al, 2012; McGrath et al, 2012). WOM can also increase some 

nutrients and limit the availability of others. For example, the application of composted FYM to wheat 

crops over a two year period increased grain P, Fe and Zn, but reduced N, K, Cu and Mn (Wang et al, 

2014).   Adequate soil assessment before application is crucial to ensure crop requirements are met. 

This thesis will explore the effects of WOM applications on soil nutrient properties. 

Alongside adding nutrients to the soil, the physical structure changes caused by organic amendment 

application can have unique effects on N availability in soils. For example, decomposition of organic 

matter causes a reduction in viscosity, resulting in improved infiltration characteristics. This could 

enhance the short-term N availability to plants (Möller and Stinner, 2009). SOM decomposition can 

impact metal bioavailability, where organic matter solubility is positively correlated with metal 

bioavailability (Hernandez-Soriano and Jimenez-Lopez, 2012). However, dependent upon the physical 

structure of organic matter, applications can increase N leaching. Under the comparison of 

anaerobically digested (AD) manure with fresh slurry application, there were no significant differences 

between treatments on N leaching, where leaching increased with increased concentrations of N 
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application (Svoboda et al, 2013). This was conducted using maize monocultures, cultivating different 

crops could also impact N leaching, alongside other factors such as soil type and climate.  Comparisons 

between the impacts of green manure (manure from the cultivation of cover crops) and crop residue 

application on N fixation was further explored by Råberg et al, (2018), who indicated that applications 

of digestate and silage caused a positive N balance (9.9 – 24 kg N ha¯¹) compared with fresh crop 

residue application. It was highlighted that temporal application was important to reduce N losses in 

winter, where N is not utilised by a crop. Silage and AD may assist with this. Further research of organic 

waste applications on N leaching is required to indicate the impact of waste type on N leaching. 

Overall, this indicates that with consideration of decomposition characteristics and soil nutrient 

requirements, organic matter can become a nutrient source for soils, and inhibit leaching pathways.  

Cereal residue applications biodegrade at a slower rate than other WOM treatments, where cereal 

crops residues such as wheat and corn (high C:N ratio) are decomposed at a slower rate than other 

crops such as legumes, and manures (lower C:N ratio) (McDaniel et al, 2014). It is widely indicated that 

C:N ratio correlates with N mineralization in soils (Jensen, 1994; Janssen, 1996). MBC (microbial 

biomass carbon) is considered as an indicator for changes in SOM (Powlson et al, 1987). Although 

cereal residues do not alter the physiochemical properties of soil in the short-term, they still have a 

significant impact on the availability of nutrient pools and MBC, which enhances the rate of N 

mineralization (Singh, 1995). Applications of WOM mixtures may regulate nutrient release within soil, 

where it has been suggested that a mixture of crop residues with 17% chicken manure improves plant 

available N by increasing the MBC (Zhao et al, 2016). The effect of WOM mixtures on earthworm 

population growth and diversity will be explored within this research. 

Long-term monitoring of the effects of farmyard manure (FYM) application on the soil nutrient status 

has indicated that there are overriding environmental conditions which limit the impact of FYM on 

nutrient conditions. For example, Tlustoš et al, (2017) analysed the soil nutrient concentration of 

wheat monocultures with applied FYM over four different geographical locations in the Czech Republic 

for a period of 60 years. Findings indicated that differences in soil type and climatic conditions 

between the sites had a larger impact on soil nutrient concentrations than FYM application. Although 

FYM can mitigate nutrient losses, over the long term there were no significant changes or remediation 

effects. This experiment was conducted under wheat monocultures and with only one type of organic 

waste; more diverse cropping systems may see different effects. 

The positive impacts of utilising anaerobic digestate as an effective nutrient addition to arable soils is 

inconclusive. Many suggest that it is a useful soil conditioner which increases the amount of N 

mineralization in soil, improving crop growth (Tambone et al, 2010). Anaerobic digestate can recover 
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essential macronutrients from a variety of different organic wastes, which reduces agricultural costs 

from replacing inorganic fertilisers (Alburquerque et al, 2012; Nkoa, 2013). N recovery from green 

manure digestate has been found to be 9% higher than that of mulched waste (Frøseth et al, 2014). 

However, there are also negative reviews of digestate. For example, anaerobic digestate from 

wastewater treatment plants can be a source of concentrated heavy metals (Fu and Wang, 2011). 

Analysis of the liquid fraction of anaerobic digestate indicated significant variation in nutrient 

concentrations (Coelho et al, 2018), making it difficult for farmers to make application management 

decisions based on crop nutrient requirements. Under the comparison of digestate application with 

digester inputs (fresh organic waste) it was emphasized that there were no significant differences 

between the applications of digestate and digester inputs on available nutrients (Bachmann et al, 

2014). However, there were significant increases in soil enzymatic activity under anaerobic digestate; 

the activation of microbial organisms could speed up the mineralisation over time.  

Alongside organic matter application type, soil management has significant impacts on soil chemical 

properties. Long-term field experiments have suggested that increased crop rotation and 

incorporation of organic matter can increase nutrient turnover in soils (Sainju et al, 2015). However, 

incorporating residual biomass may result in N losses if mineralisation and crop acquisition of N is not 

synchronised (Pang and Letey, 1998; Möller et al, 2008). In areas with periods of heavy rainfall, surface 

applications of organic manure can lose nutrients through surface run off. This is particularly 

experienced in applications of manure fractions, where surface application of liquid swine manure can 

increase the run-off rate of Phosphorus (P) compared with incorporation (Allen and Mallarino, 2008). 

The positive effect of incorporation on P run-off was reduced over time, where P concentrations in 

soil were similar. Considerations should be applied to the geographic location of the agroecosystem 

and the temporal impacts of organic matter management on nitrogen fixation (Råberg et al, 2018). 

2.4.2.5. Primary production 

 

Arable production has significant impacts on Net Primary Production (NPP). NPP is quantified and used 

in ecological research to assess the impact on ecosystem services (Costanza et al, 2007). Croplands 

cover 37% of global land area (FAOSTAT, 2016) and produce approximately 14% of potential NPP 

(Medková et al, 2017). Differences within WOM applications can have significant impacts on NPP, 

where wastes such as composted green waste (CGW) and sewage sludge can reduce the ratio between 

soil respiration rates and plant production, compared with other wastes such as crop residues (Ryals 

et al, 2015). A study by Ryals and Silver (2013) investigated the impact of CGW applications on soil 

respiration, plant production and carbon concentration to determine impacts on NPP. Increased soil 

respiration results in enhances CO2 and N2O emissions, contributing to global warming and C losses 
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from soil. CGW increased soil respiration by 18 ± 4%, however this was offset by an increase in plant 

production and soil carbon concentration enhancing net ecosystem C storage by 25-70%. Overall, it 

was concluded that CGW had a positive impact on NPP.  

The ability of a terrestrial ecosystem to sequester C (increase NPP) has been linked to fungal:bacterial 

ratios, which influence organic matter decomposition rates (Strickland and Rousk, 2010). Animal-

based organic matter applications generally increase the bacterial community over fungal species. This 

was highlighted by Walsh et al, (2012b) where the liquid fraction of anaerobic digestate and 

undigested slurry applications increased bacterial growth at a higher rate than mineral fertiliser 

applications. This could be caused by an increase in alkalinity, experienced in pastoral inputs compared 

to plant-based residues, which reduces the competitive ability of the fungal community (Rousk et al, 

2009). This experiment showed positive correlation between increased bacterial community positively 

and plant productivity.  

Waste organic matter (WOM) type and application amount could have significant impacts on fungal 

and bacterial communities, which may influence NPP. WOM application can cause rapid growth of soil 

microorganisms, however it can also suppress mycorrhiza species and an alteration of community 

structure could impact nutrient uptake by plant roots (Harrison, 1999; Eggerton-Warbuton et al, 

2007). For example, applications of biosolids to wheat-fallow cropping systems changed the 

abundance of fungal communities in the rhizosphere (Schaltter et al, 2017). Excessive organic matter 

application can lead to imbalanced microbial function and nitrogen immobilization (Alburquerque et 

al, 2012; Gutser et al, 2005), negatively impacting yields. This highlights that although there are clear 

links between WOM application and increased crop growth, to maintain NPP microbial and fungal 

ratios need to be assessed. 

Increase in plant NPP in agroecosystems is vital to secure future food security and support provisioning 

ecosystem service demands. Applications of WOM may enhance NPP sustainably without negatively 

influencing regulating services and damaging the environment. This thesis will investigate the effects 

of earthworm populations on the decomposition of WOM, which may enhance the rate of NPP by 

increasing plant production (Blouin et al, 2013). Interactions between WOM and earthworm 

populations are discussed in Section 2.5.  
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2.5. EARTHWORMS AND ORGANIC WASTE APPLICATIONS IN SUSTAINABLE AGROECOSYSTEMS. 

 

Earthworm populations have been used as a bioindicator of soil health in agricultural systems, where 

they increase the rate of organic matter decomposition through enhanced microbial activity within 

their gut and by increased bioturbation of surface applied organic matter into soil, which is further 

decomposed by the activity of soil fauna and microbial activity within the upper soil layers (Pérès et 

al, 2011; Aira et al, 2008). This could enhance the nutrient mineralization of organic matter and soil 

fertility (Blouin et al, 2013). Earthworm populations may be of significant benefit to no-till 

agroecosystems, where their burrowing behaviour increases soil aeration and aggregate stability, 

which could mitigate the positive effects of ploughing on crop yields (Bertrand et al, 2015a). The 

fertility of earthworm casts may enhance nutrient availability of residues within the soil, where 

enhanced N mineralization could increase crop yields (van Groenigen et al, 2019). However, 

earthworm species have different responses to waste organic matter (WOM) applications, where 

community dynamics could have a significant effect on the utilisation of waste organic matter and the 

resulting improvement of soil properties. Section 2.4 defined WOM application in agroecosystems and 

how the type of waste, application method, crop nutrient requirements and soil type effect the impact 

on soil properties. All these variables may influence earthworm behaviour and subsequent organic 

matter selection.  This section explores further organic matter selection, earthworm species behaviour 

under organic matter applications, and utilisation in no-till agricultural settings.  

2.5.1.   Organic matter selection by earthworm species 

 

Earthworms feed on organic material in many stages of decay (Lee, 1985), alongside living 

microorganisms, nematodes and mineral soil. Earthworms feeding behaviour is species-specific and 

dependent upon whether they are detritivores (surface feeders of organic matter on the soil surface) 

or geophages (feed deeper in the soil horizon on nutrients from soil organic matter). More specifically, 

these groups are split into three ecotypes; anecic, epigeic and endogeic (Bouché, 1977) based on their 

burrowing behaviour, where anecic species make permanent horizontal burrows, endogeics make 

semi-permanent horizontal burrows in the upper soil layers, and epigeics do not burrow and live in 

leaf litter. Alongside ecotype, earthworm age also influences consumption rates, for example 

endogeic juveniles have a higher rate of soil consumption than adults due to a higher energy 

requirement (Scheu, 1987; Curry, 1997; Curry and Schmidt, 2007). Choice chamber experiments have 

demonstrated that earthworm species preferentially select different organic matter types (Satchell, 

1967; Doube et al, 1997; Butt et al, 2020; Rajapaksha et al, 2013; Ashwood et al, 2017b; Euteneuer et 

al, 2020). Studies e.g. Satchell (1967) identified that earthworms have a preference for plant material 
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with a high soluble carbohydrate content. Organic matter preference could influence earthworm 

population dynamics and dispersal. Organic matter preference can depend factors such as the quality 

of organic matter, the amount applied, the size of organic matter, where it is applied upon a soil 

profile, its C:N ratio, the cellulose/lignin content and soil type. This section will discuss the effects of 

WOM applications on earthworm populations and how this influences selection and decomposition. 

Earthworm preference and avoidance tests are important experiments to understand whether species 

will utilise WOM as a food resource, which could be used to predict how earthworm populations will 

respond to applications in the field. There have been many studies of earthworm preference of organic 

wastes such as slurry, boardmill sludge waste and anaerobic digestate (Butt et al, 2005; Li et al, 2016; 

Rolette et al, 2020). The responses of earthworms to WOM is different between species, where it has 

been acknowledged that L. terrestris prefer plant material such as leaf litter and barley straw to 

boardmill sludge waste (Piearce and Boone, 1998; Butt et al, 2005), however endogeics such as A. 

caliginosa shown no preference. The different responses by earthworm ecological groups to WOM 

applications, such as boardmill sludge, could have significant effects on soil properties within 

agroecosystems and the decomposition rate of the WOM. WOM applications that do not support 

anecic populations may reduce the rate of decomposition, where L. terrestris has the highest litter 

consumption, ranging from 6-27 mg DM g¯¹ FM d¯¹ (Curry and Schmidt, 2007). Preference testing will 

be used in this thesis to determine the effects of organic matter particle size on anecic and endogeic 

earthworms. 

Earthworm responses to organic matter applications differs depending on the application method. 

Anecic and epigeic species feed on organic matter within the soil surface (Bouché, 1977; Lee, 1985) 

and have higher growth rates under surface applied organic amendments (Lowe and Butt, 2002). 

However, endogeic earthworms, such as A. caliginosa, feed on decomposed WOM held within the 

upper soil layers. Therefore, the placement of WOM in the soil (surface applied, mixed or injected) 

could significantly alter earthworm species richness within soil and the associated behavioural effects 

(such as burrowing behaviour) on soil functioning (Frazão et al, 2019). Earthworm burrowing 

behaviour can increase the transfer of water, air and solutes down a soil profile (Lavelle and Spain, 

2001; Jarvis, 2007), where the vertical burrowing behaviour of anecic species such as L. terrestris can 

increase surface infiltration (Shipitalo and Le Bayon, 2004; Zaller et al, 2011) and the extensive 

burrowing behaviour of endogeic earthworms is considered to have a larger impact on water transfer 

(Ernst et al, 2009). Earthworm density can have a significant impact on transfer properties in soils, 

where mean geodesic distance between burrows and the spatial arrangement of the burrows change 

with population size (Capowiez et al, 2014a). An alteration of species richness and density following a 
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WOM application could influence soil hydraulic activity and nutrient transport through the soil system 

(Andriuzzi et al, 2015a), which has potential implications for crop growth.  

Alongside the placement of organic matter within a soil profile, the impact of organic matter particle 

size on earthworm growth rates and fecundity has had a noted effect, where lower particle size 

increases growth rates and the incorporation of surface applied organic matter into soil (Boström and 

Löfs-Holmin, 1986, Lowe and Butt, 2002, Sizmur et al, 2017). Applications of a uniform milled particle 

size (benefitting all species) implied that milled wheat straw increased L. terrestris growth at a faster 

rate than horse manure (Sizmur et al, 2017), a known effective earthworm feed (Butt, 2011). This 

highlights that a homogenous application of milled particle size may reduce the effects of WOM C:N 

ratio on earthworm populations. In the field, surface applied crop residues are unlikely to be surface 

applied milled due to dust implications and the energy required to mill large quantities of material. 

Incorporating milled straw into soil would require ploughing, which would negatively impact 

earthworm populations (specifically anecic species) (Briones and Schmidt, 2017).  

Numerous studies of earthworm feeding preferences have highlighted that organic matter with a high 

C:N ratio is a low quality feed for earthworm species (e.g. Ernst et al, 2009; Frouz et al, 2014), where 

a high C:N ratio organic application can cause N immobilization, which reduces food availability for 

earthworms (Aitken et al, 1998). For example, Ernst et al (2009) studied the interactions of anecic L. 

terrestris with endogeics A. caliginosa and O. tyrtaeum under energy crop miscanthus and maize 

residues. They found that the higher N content of maize (C:N ratio 34.8) decomposed and was selected 

earlier than miscanthus, which has a significantly lower N content (C:N ratio 134.4). However, the 

impact of C:N ratio on earthworm organic matter selection requires further study, because some 

results have indicated no impact of C:N ratio on selection, where palatability from organic 

decomposition has had a larger effect (Valckx et al, 2011). The mixture of high C:N ratio crop residues 

and low C:N ratio WOM may regulate earthworm populations and soil properties in no-till 

agroecosystems (Delgado et al, 2012). The degradation of WOM high in C:N ratio may also increase 

palatability for earthworms. A study by Abhail and Whalen (2018) indicated that after 11 months, corn 

residue (which has a high C:N ratio) was palatable and sustained earthworm populations over a year. 

The degradation of organic residues with high C:N ratios could be an important addition for population 

survival over longer periods of time. This research project will investigate the impact of WOM type 

with different C:N ratio and residues at different stages of decay on the growth and reproduction of 

earthworms. This may provide information on best application practice to increase the rate of 

earthworm activity in the soil. 
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Although many studies have emphasized the negative impact of tillage on earthworm survival 

(Kennedy et al, 2013; Kuntz et al, 2013; Pelosi et al, 2016; Briones and Schmidt, 2017; Giannitsopoulos 

et al, 2019), endogeic species have been unaffected or even benefitted from tillage management 

(Crittenden et al, 2015).  Endogeics predominantly feed on degraded SOM in mineral soils (Edwards 

and Bohlen, 1996). The introduction of WOM into soil through ploughing increases SOM content, 

which improves nutrient uptake for crops and maintains aggregate stability. Increased SOM content 

is hypothesized to benefit endogeics, because it increases food availability (Capowiez et al, 2009; Ernst 

and Emmerling, 2009). However, other factors may also benefit endogeic species in conventional 

tillage management. They are smaller in size than anecic species, therefore less likely to be injured 

during mechanical disturbance, and have a faster reproductive rate so can regenerate populations 

more rapidly (Edwards and Bohlen, 1996). The burrowing and casting behaviour of endogeic 

populations may have significant impacts on soil functioning, where the lifespan of casts is predicted 

to be higher amongst belowground endogeic communities and increasing the rate of soil porosity 

(Bottinelli et al, 2010).   

Tillage may provide some growth opportunities for endogeics in agroecosystems however the quality 

of organic matter additions and soil can still limit their survival (Baldivieso-Freitas et al, 2018). Organic 

matter applications high in nutrient concentration influence the rate of endogeic growth at a higher 

rate under low quality soils, where the effect of leaf litter Ca concentration increased A. caliginosa 

growth and Mg concentration increased O. tyrtaeum growth (Cesarz et al, 2016). As endogeic 

populations feed predominantly on soil, effects of organic matter in high quality soils had less of an 

effect on endogeic growth. Within poor quality soil, the effect of organic matter type, tree canopy, 

and increasing time influenced the growth and development of A. caliginosa populations (Roubíčková 

and Frouz, 2014). The change in soil properties that occur when transitioning from conventional to 

sustainable agricultural systems may negatively impact endogeics, however addition of WOM may 

retain populations and over time increase population development. Surface applications under no-till 

systems may limit A. caliginosa access to WOM, however in high quality agricultural soils this might 

not influence populations.  

Decomposition of organic matter by soil fauna is dependent upon the relationship between 

earthworms, decomposer fungi, fungal feeding fauna (nematodes and microarthropods) and 

decomposer bacteria and bacteria feeding fauna (protozoa and bacterial feeding nematodes). The 

trophic relationships between the decomposer communities influences organic matter decomposition 

(Beare et al, 1992; Aira et al, 2008; Gómez-Brandón et al 2011; Gómez-Brandón et al, 2012), where 

low moisture and low pH benefits fungi and water rich environments with anaerobic conditions 

benefit bacteria. The interaction between epigeic Eisenia fetida with soil arthropods on the 
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decomposition of pig manure was investigated by Monroy et al (2011). It was suggested that 

regardless of the amount of pig manure present (1.5 or 3 kg), there was a significant increase in soil 

arthropod abundance under E. fetida populations. This indicates how, in the early stages of 

decomposition, the presence of earthworms increases the arthropod population, which enhances the 

decomposition rate. Agroecosystems are normally low in epigeic populations due to a lack of an 

organic layer; introduction of WOM may increase epigeic populations which could further accelerate 

the decomposition process. Interactions between endogeics and anecics with microarthropods may 

indicate further how decomposition works in agroecosystems.  

2.5.2. Interactions between earthworm populations and organic matter 

 

Earthworm species have complex interactions. There are a number of environmental conditions which 

impact earthworm interactions, regardless of the species or ecotype. For instance, food availability 

(Butt et al, 2003; Grigoropoulou and Butt, 2010; Bacher et al, 2018), soil moisture content (Eriksen-

Hamel and Whalen, 2006), temperature (Berry and Jordan, 2001; Uvarov et al, 2011) earthworm 

density (Eriksen-Hamel and Whalen, 2007a; McTavish et al, 2013) and climate (Eriksen-Hamel and 

Whalen, 2007b) are all factors which influence earthworm behaviour. Utilising sustainable 

intensification practices, such as no-tillage and waste organic matter (WOM) addition, may result in 

different responses by earthworm populations based on the species-specific benefits provided by the 

new management system. For example, findings from a field study by Irmler (2010) indicated that 

under conversion from conventional to organic arable farming systems, the ratio of A. caliginosa to L. 

terrestris species changed from 140:1 to 10:1 as organic farming management increased L. terrestris 

populations. This research also indicated that the effect of rainfall had a higher impact on A. rosea and 

A. caliginosa than farming management. As earthworm species have different impacts on soil 

processes, it is important that the impact of environmental change and farming management on 

earthworm biodiversity is monitored to understand any impact on ecosystem services. 

Earthworm interactions can be intraspecific or interspecific. In no-till or reduced till agroecosystems, 

interactions of anecic species are of wider interest, due to their ability to incorporate organic matter 

into their burrows, replicating a form of ploughing. Inter- and intraspecific relationships between 

earthworms can be mutualistic or antagonistic. A common research hypothesis indicates that 

earthworm species interactions may possibly facilitate one another (Lowe and Butt, 2002; Simberloff, 

2006; Uvarov, 2009, 2019). Facilitation is the encounter of organisms that benefits at least one of the 

organisms and does not harm neither (Bruno et al, 2005). The action of anecic earthworms may 

facilitate endogeic populations through the degradation and removal of waste organic matter down a 

soil profile, increasing food availability (Uvarov, 2009). However, the effects of facilitative and 
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competitive interactions between earthworm species is still uncertain, where some state positive 

facilitation (Lowe and Butt, 1999, 2002, 2008) and others competition or neutral interactions 

(Cameron and Bayne, 2011; Eriksen-Hamel and Whalen, 2007a). A meta-analysis investigation into 

inter and intraspecific interactions of lumbricid earthworms was constructed by Uvarov (2009), where 

60 interaction laboratory studies were compared. Findings emphasized unique positive effects of 

anecic species L. terrestris and A. longa on epi- and endogeic species growth and development, 

however L. terrestris and A. longa suffered in the presence of increased epi- and endogeic populations. 

However, this study indicated a specific focal point that most intra- and interspecific interactions were 

conducted in species pairs and experiments were often conducted in the short term. Recent 

investigations of interactions between three earthworm species of different ecotypes on organic 

matter decomposition were inconclusive (Frazão et al, 2019). 

The theory of earthworm ecotype facilitation is supported by a number of studies.  Inter- and intra- 

specific relationships have mainly been studied using microcosm laboratory analysis, where 

earthworm behaviour can be monitored under controlled conditions. The positive relationship 

between L. terrestris and A. chlorotica species was explored by Lowe and Butt (2002). In this 

experiment, A. chlorotica hatchlings matured at a faster rate under unmilled applications of separated 

cattle solids when paired with adult L. terrestris samples than under adult A. chlorotica conspecifics. 

However, although maturation and mean biomass of A. chlorotica increased, the biomass of adult L. 

terrestris decreased compared with monocultures. Interactions between L. rubellus and O. lacteum 

indicated that there were synergistic effects on the decomposition of tulip poplar (Liriodendron 

tulipfera) between the two species, where decomposition increased under mixed species cultures (Xia 

et al, 2011). Although tulip poplar is not a common WOM application in agroecosystems, this 

experiment highlights how facilitative actions of earthworms can impact WOM degradation, which 

may be useful in no-till settings. In this experiment, intra-specific competition of L. rubellus was 

highlighted under high population densities, possibly caused by reduced food availability. Facilitative 

effects between earthworms could be limited to life stage, where L. terrestris population’s midden 

habitat can support the juveniles of other species (Lowe and Butt, 2007). The support of early life stage 

earthworms by L. terrestris may enhance populations in no-till agroecosystems (Stroud et al, 2016a). 

The positive effects of an L. terrestris midden-complex is discussed in 2.5.4. 

In an analysis of all three ecotypes, Frazão et. al (2019) confirmed that there were no facilitation 

effects between L. terrestris and A. caliginosa, two species which are commonly found in UK 

agroecosystems. This was also determined in experiments by Eriksen-Hamel and Whalen, (2007a), 

where presence of L. terrestris inhibited the growth rate of A. caliginosa with increasing earthworm 

density. Both experiments were conducted over a short time period (Eriksen-Hamel and Whalen = 28 
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days; Frazão et. al = 61 days); due to the life cycles of these earthworm species being longer than this 

(Edwards, 2004), it is possible that facilitation effects may occur at later life stages. Recent research 

by Vidal et al (2019) analysed cast formation of L. terrestris under ryegrass applications and indicated 

that organic material in the casts changed over time. Following ryegrass applications, the organic 

carbon contained within L. terrestris casts consisted predominantly of decomposed ryegrass, whereas 

after 1 year, 85% of organic carbon was found to be mineral organic carbon. Mineral organic carbon 

may be a more useful feeding resource for endogeic populations, which predominantly feed on large 

quantities of mineral soil (Curry and Schmidt, 2007; Blouin et al, 2013). The facilitation of endogeics 

by anecic casting over time requires more investigation under different WOM types. Further 

information on the consistency and mineral content of anecic casts may provide unique information 

on the development of earthworm populations over time in sustainable agroecosystems, where 

organic matter is applied yearly or in between crop rotations. When considering multi-species 

experiments, the quality and amount of organic matter applied should be considered. The crops 

analysed by Frazão et. al (2019) had a high C:N ratio, which may be difficult to feed upon or not 

nutritious enough to sustain one species over the length of the experimental period.  

There have been numerous inter-specific earthworm laboratory investigations that suggest negative 

interactions between earthworm species of different ecotypes. Under surface application of organic 

matter, L. rubellus was shown to inhibit growth of L. terrestris (Lowe and Butt, 2002). Mesocosm 

analysis of L. rubellus (epigeic) and A. caliginosa (endogeic) interactions under the surface application 

of maize resulted in 100% L. rubellus mortality over a period of 750 days and no cocoon production 

(Lubbers et al, 2017), whereas A. caliginosa had a lower mortality and produced cocoons. A mesocosm 

experiment by Andriuzzi et al, (2016) indicated that interactions between L. terrestris, A. longa and A. 

chlorotica found more species-level effects on aboveground and belowground plant properties than 

interspecific effects, where A. longa and A. chlorotica increased shoot biomass under cow manure 

applications and L. terrestris increased root biomass. Earthworms all had similar responses to organic 

matter treatments, but differing effects on plant properties. Therefore, the interactions between 

earthworm species may be mediated by plant and soil type. The inconsistency in earthworm 

interactions by ecotype indicates that more research into interactions under controlled conditions is 

required. Also, it highlights that earthworm functional traits should be analysed at a species level and 

not just as an ecotype, as recent research suggest some earthworm species demonstrate traits from 

more than one ecological group (Hoeffner et al, 2018; Hoeffner et al, 2019; Section 2.2), which has led 

to the introduction of sub-groups such as epi-anecic.  

In no-till agroecosystems, the interactions between anecic and endogeic populations may determine 

the transport and decomposition of organic matter within the soil profile. Inter and intra-specific 
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interactions between earthworm species can influence their dispersal strategy, which impacts soil 

engineering processes (Caro et al, 2014; Chatelein and Mathieu, 2017). The influence of earthworms 

on soil structure is still misunderstood and collaboration between soil physicists and soil ecologists is 

required to address the challenges faced (Bottinelli et al, 2015). Further research on earthworm 

interactions and their burrowing behaviour will indicate how organic matter is decomposed and 

transported through the soil profile and how this changes soil structure such as bulk density and pore 

structure. 

2.5.3.  Types of organic waste and applications in sustainable agroecosystems, with 

examples of earthworm utilisation. 

 

As discussed in Section 2.4, waste organic matter application management depends on a number of 

factors, such as crop type, soil type, nutrient requirements, temporal and physical scales, pest control 

requirements and climate. All of these environmental and anthropogenic factors influence earthworm 

behaviour and population dynamics, which influence supporting services in terrestrial ecosystems. 

Analysis of earthworm population size and biodiversity in agricultural management systems across 

Europe indicated that there is increased variance within countries than between countries, indicating 

that land management may have an impact on abundance (Dinter et al, 2013). In arable systems, land 

management on a field scale has a larger impact on lumbricid communities than the surrounding 

landscape and soil properties (Frazão et al, 2017). Therefore, the impact of organic matter applications 

in arable systems may be of increasing importance in supporting earthworm communities in no-till 

arable ecosystems. This section discusses different sustainable land management systems within 

agroecosystems and how earthworm populations within these systems influence supporting 

ecosystem services. 

The role of earthworms in the decomposition of organic matter in agricultural soils differs between 

land management type, as soil cultivation, fertilization and crop rotation influence earthworm species 

abundance, biodiversity and behaviour. Previous research by Curry and Byrne (1992) highlighted the 

impact of earthworms on decomposition of straw, where the presence of earthworms increased 

decomposition rates by 26-47% over an 8-10 month period. It was calculated that 3.2 g N was 

mineralized annually through excretion and tissue turnover and 3.3 g N through enhanced 

mineralization in faeces. This study was designed to investigate earthworm activity under crop residue 

application in a conventional system (mouldboard ploughing), with low anecic population density, 

therefore incorporation rate may be increased by no-till or reduced till management (Pelosi et al, 

2014). This research was followed by a further field study analysing incorporation of wheat straw by 

earthworms in conventional farming systems (Curry and Byrne, 1997), which found that although 
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earthworm species increased the rate of decomposition of straw over a 3-year period, the effect of 

earthworms on the rate of straw decomposition decreased after the first year. This could have been 

due to mouldboard ploughing decreasing the anecic populations in the soil, which feed on fresh 

organic matter, compared to the high concentrations of endogeic species, which feed on degraded 

soil organic matter.  

The implementation of leys and planting cover crops generally improves soil fertility and reduces soil 

erosion. Earthworm populations benefit from the regulation in soil moisture and increased food 

availability in times where land would normally be fallow (Schmidt and Curry, 2001). The cover crops 

used in agroecosystems are chosen based on the soil functioning requirements and the temporal 

implications of the previous harvest (i.e. winter wheat or spring barley). Cover crop type can have 

significant impacts on earthworm population abundances and species diversity. Field investigations of 

cover crop effects on earthworm abundances indicated that pea legumes had the largest impact on 

earthworm abundance and biomass (221 ind. m¯²; 67.4 g m¯²) and brassicaceaes such as mustard had 

the lowest impact (89 ind. g m¯²; 23.1 g m¯²) (Roarty et al, 2017). Choice chamber and field mesocosm 

experiments confirmed a cover crop preference by earthworm species, where the C:N ratio and soil 

moisture have significant influences (Euteneuer et al, 2020). Potential negative impacts of cover 

cropping (reduction soil aggregate stability and increased soil compaction) can cause a reduction in 

endogeic populations (Wyss and Glasstetter, 1992). An introduction of anecic populations could 

address the negative impacts of compaction (Capowiez et al, 2009, 2012), where they have previously 

been inoculated into agroecosystems to improve soil conditions (Butt et al, 1997; Frazão et al, 2019). 

However, implementation of cover crops into a land management system often incurs some shallow 

cultivation to replenish the SOM (green manure), which may negatively impact anecic populations. 

Further investigation into the effects of cover crop management on earthworm populations is 

required.  

Introducing ley periods into agricultural management systems has increased earthworm abundances 

and soil properties. Scullion et al, (2002) investigated the impact of ley periods on earthworm 

populations under conventional and organic crop rotations. They found that leys increased the 

biomass of earthworm populations regardless of farming management treatment. This could be due 

to a reduction in ploughing and clover being a food resource for earthworms during fallow 

management. The impact of leys had a larger impact on earthworm biomass in conventional systems 

rather than organic arable systems, however there was a larger difference in biomass in organic cereal 

farms, where nutrient release from crop residues is slower than other systems. The positive impact of 

organic amendments with leys on soil structure, organic matter and earthworm activity in 6 different 

farming management systems was investigated by Riley et al, (2008) over a period of 10 years. The 
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impact of organic matter addition and leys into cropping systems with ploughing significantly 

increased soil porosity and aggregate stability, reduced over-compaction and increased earthworm 

density (from 33 g m¯² in organic farming no ley or slurry addition to 108 g m¯² in organic farming with 

ley and slurry addition). This indicates that even with ploughing management, the influence of organic 

matter addition can maintain earthworm populations by increasing food resource availability. By 

implementing a ley period with a cover crop, earthworm populations can recover from collapse caused 

by mechanical disruption of soils.  

Applications of WOM alongside cover cropping could further enhance positive earthworm effects on 

soil properties within no-till agroecosystems. An American agricultural research study analysing the 

effects of bio-covers and crop rotations in no-till agroecosystems indicated that the nutrient quality 

of bio-covers had a larger impact on the earthworm species D. caroliniana and L. rubellus, where 

poultry litter applications increased earthworm species by 2.2 times (Ashworth et al, 2017). This was 

also reflected in a no-till corn-soybean crop rotation where high nutrient quality residue (crop) was 

applied and compared with low quality residue (silage) where there were 2.3 times more earthworms 

in the high quality residue treatment (Abail and Whalen, 2018). The impact of cover crops and organic 

matter addition in these no-till systems was investigated by Korucu et al, (2018) to investigate the 

impacts on nitrate loss and soil properties following extreme rainfall events in between cropping 

seasons. Findings indicated that cover-cropping reduced nutrient loss, where cover cropping mixed 

with farmyard manure applications increased earthworm numbers. This increase in earthworm 

abundance improved infiltration and soil porosity through improved aggregate stability. Further 

investigation of cover cropping and organic matter additions effects on earthworm populations in UK 

agroecosystems following extreme rainfall events could determine whether sustainable applications 

could mitigate the loss of earthworm populations in frequently flooded arable areas (Kiss et al, 2021).  

The ability of earthworms to improve soil properties and increase SOM within agroecosystems 

depends on the soil type, the organic matter application and the tillage management (Laossi et al, 

2010; Blouin et al, 2013; Onrust and Piersma, 2019). In reduced tillage systems, the effect of 

earthworm decomposition of organic matter on improving the soil conditions for growing was higher 

under low quality soils (Bertrand et al, 2015a). In conventional tillage systems, the effect of earthworm 

populations on soil properties increased with increasing mass of organic matter application (Frazão et 

al, 2019), where applications of mixtures are more effective (Pelosi et al, 2014). This is possibly 

because mixing organic matter with soil is a better culture for endogeics (Lowe and Butt, 2005), which 

survive tillage management and fertilisation (Crittenden et al, 2014). The consistency of earthworm 

casts is significantly different between agroecosystems, which influences SOM storage within soil 

macroaggregates. Pulleman et al, (2005) determined that a higher amount of particulate organic 
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matter (POM) consisted in earthworm casts under pastoral fields than organic and conventional fields. 

The total organic carbon within earthworm casts in pastoral and organic fields were higher than 

conventional. To utilise earthworms in the regulation or improvement of agroecosystem soils, the 

functioning of earthworms within the management systems must be assessed before decision making. 

The assumption that converting from conventional tillage such as mouldboard ploughing to no-tillage 

will increase earthworm diversity is not always true. A field analysis of earthworms over an 8 year 

period under tillage and no tillage arable farming indicated that although there were general positive 

effects of no-till on taxonomic and functional indices, these were only in the short term and did not 

increase at experimental end (Pelosi et al, 2016). Longer-term effects (30 years) of no-till farming on 

cereal farming has highlighted that there are significantly higher number of L. terrestris populations 

and increased macro-aggregate density, possibly from casting (Singh et al, 2015). It has been 

calculated that converting from conventional ploughing to minimum tillage increases L. terrestris 

populations by 38%, which could have a significant impact on organic matter decomposition, soil 

aeration, runoff and compaction rates (Stroud et al, 2016c; Briones and Schmidt, 2017). Tillage may 

have a lesser effect on total earthworm abundance than the amount of organic matter applied, where 

a higher application of residues increased native earthworm abundances under no-tillage and 

conventional practices at a similar rate (Frazão et al, 2019).  

Added to earthworm physical mediation of soil, there are significant implications of earthworm casting 

on waste organic matter decomposition and the assimilation of nutrients within agroecosystems. 

Earthworm casts produce granular aggregates high in soil porosity and moisture (Jongmans et al, 

2001), which have high nutrient concentrations (van Groenigen et al, 2019) and microbial activity 

(Schrader and Seibel, 2001; Aira et al, 2009). Earthworm casts are macroaggregates combined of 

mainly the silt portion of soil and although initially very unstable in structure, casts can become more 

water-stable upon drying (Shipitalo and Protz, 1988). Earthworm species make different casts 

dependent on their feeding preference, size and soil type. Laboratory investigations of A. caliginosa 

casts have discovered that the water-soluble Mn, Zn and Fe increased under straw and clover 

additions (Bityutskii et. al, 2012). This resulted in a higher N biomass in cucumber plants over a 4 week 

period. In agroecosystems, casts are often disrupted by the raindrop impact, wet-dry cycles, cattle 

activity and disturbance by other soil organisms (Binet and Le Bayon, 1999; Decaëns, 2000; Blanchart 

et al, 2004), which are mainly aboveground impacts. Therefore, the lifespan of casts is predicted to be 

higher amongst belowground endogeic communities and soil porosity is regulated when the 

production and degradation of casts is balanced (Haynes et al, 2003; Bottinelli et al, 2010a). Further 

analysis into the impact of A. caliginosa cast age on aboveground (shoot biomass, N concentration) 

and belowground (root biomass, root length, ramification, soil N concentration) plant processes has 
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been investigated by Agapit et al, (2018), where it was determined that plant roots forage N from 

casts.  Nutrient rich casts could be key to crop growth in agroecosystems with no inorganic fertilization 

and could support other soil fauna in nutrient poor homogenous environments.  

The type of organic waste applied in agroecosystems is now beginning to be considered in farm 

management and the implications for ecosystem services, where models (e.g. the Energy-

Environment-Earthworm model) are being applied to extrapolate the impact of tillage, management 

and weather conditions on L. terrestris, to determine how no-tillage practices may impact their 

population proliferation (Johnston et al, 2017). Further development of this model and extending its 

reach to include other ecotypes may provide extensive information on the impact of tillage on 

earthworm species and soil properties. 

2.5.4. Lumbricus terrestris populations in sustainable agroecosystems. 

 

A significant response in the transition from conventional to sustainable agroecosystem practices is 

the increase in anecic populations, notably L. terrestris (Bertrand et al, 2015a; Stroud, 2020). This 

section will define the unique behavioural traits of L. terrestris populations and how an increased 

density of this species might influence the rate of waste organic matter decomposition and 

incorporation, earthworm species diversity and soil nutrient properties. 

Lumbricus terrestris is the largest species of earthworm in the UK (Sims and Gerard, 1999), with a life 

cycle of between 4-8 years (Lakhani and Satchell, 1970). It is considered a keystone species by 

ecologists due to its unique species-specific feeding behaviours (Blouin et al, 2013), where it forms a 

permanent vertical burrow with a midden at the surface entrance of their burrows (Edwards and 

Bohlen, 1996). Middens are a collection of organic matter, casts and mineral soil and act as a food 

supply for L. terrestris, whilst also forming a microhabitat, regulating the temperature and air flow and 

providing protection from predators (Darwin, 1881). Middens are considered a hotspot for microbial 

activity, where increased concentrations of casting on the surface of organic matter can increase the 

rate of decomposition (Hamilton and Silman, 1989; Subler and Kirsch, 1999; Schrader and Seibel, 2001; 

Aira et al, 2009; Andriuzzi et al, 2015b; Stroud et al, 2016a). Field investigations into the interactions 

between other earthworm species and L. terrestris middens have discovered that juvenile earthworms 

and epigeic species are present at higher concentrations under and within middens than surrounding 

control soil (Butt and Lowe, 2007). The beneficial effects of L. terrestris middens on surrounding 

species could be due to increased food supply and shelter from predators (Maraun et al, 1999). A field 

study investigating the effect of L. terrestris midden behaviour in no-till systems found that 
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earthworms combine surface wheat crops into midden structures and that middens enhance endogeic 

populations (Stroud et al, 2016a).  

The action of L. terrestris populations enhance a number of soil physical and chemical properties. The 

presence of L. terrestris burrows within agroecosystems can significantly increase hydraulic activity, 

where there is an increased rate of water infiltration (Edwards and Bohlen, 1996). In no-till cropping 

systems, this may regulate soil moisture, enhance the drainage and improve nutrient transport to 

lower soil depths (Ehlers, 1975; Douglas et al, 1980; Edwards and Lofty, 1982; Edwards et al, 1990; 

Bicki and Guo, 1991; Carter et al, 1994; Willoughby et al, 1997; Armador et al, 2005; Andriuzzi et al, 

2015a); all enhancing crop production (van Groenigen et al, 2014; Bertrand et al, 2015a). The effects 

of L. terrestris populations on infiltration rates in no-till agroecosystems was investigated by 

Willoboroughy and Kladiviko (2002), where the comparison of inoculated L. terrestris populations and 

controls (no additions) were compared in the field. There were significant differences between 

treatments where L. terrestris increased infiltration (L. terrestris = 0.80 mm min¯¹; control = 0.71 mm 

min¯¹), however the differences were low. The slow development of L. terrestris populations in no-till 

agroecosystems may inhibit their large-scale inoculation in agroecosystem settings by farmers. The 

development of populations could be improved by the inoculation of a higher density of L. terrestris 

and the introduction of waste organic matter (WOM) to stimulate initial growth (Lowe and Butt, 2002). 

An assessment of the earthworm ecology and soil conditions pre-inoculation could also determine 

whether L. terrestris will develop or disperse. 

The constant regulation of the burrow wall creates a unique drilosphere, where casting on the burrow 

wall can enhance nutrient concentration (Schmidt et al, 1997; Jegou et al, 2000). Casting within the 

drilosphere can increase microbial nitrification, enhancing nitrogen transport to lower soil depths 

(Parkin and Berry, 1999; Schlatter et al, 2019). Improved soil aeration and moisture content within the 

burrow walls is suggested to be a good host for niche microbial communities and nutrient distribution 

(Devliegher and Verstraete, 1997).  The distinct integration of fresh (< 8 years) plant derived C to 

depths of 15 cm can regulate distinct microbial and fungal populations compared with bulk soil 

(Stromberger et al, 2012). The elevated C and N concentrations caused by plant incorporation by L. 

terrestris can extend up to 4-8 mm around the burrow wall, where diameter could be larger closer to 

the surface below the midden complex (Andriuzzi et al, 2013). Even after death, L. terrestis burrows 

can be re used by other adults (Grigoropoulou and Butt, 2010; Nuutinen, 2011) and are utilised by 

plant roots (Cameron et al, 2014; Potvin et al, 2017). Therefore, an L. terrestris drilosphere can have 

long-term effects on the soil biodiversity and plant utilisation. However, the location of an L. terrestris 

drilosphere within a field can have different effects in on the soil bacterial diversity depending on the 
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gradient (Schlatter et al, 2019). This can have significant effects on the nitrification of the soil, where 

downslope had higher bacterial diversity with a higher concentration of denitrifying bacteria.   

Added to the drilosphere, the presence of a midden can significantly alter the chemical properties of 

soil beneath middens. Differences in ecosystem (forest or agricultural) and type of fertilisation 

(organic or inorganic) can influence the chemical properties of middens. Field investigations by Wilcox 

et al. (2002) recorded that the inorganic N concentration increased in soil below L. terrestris middens 

in no-till agroecosystems (organic fertilisation) and forests, yet in heavily fertilised agroecosystems, 

they decreased the inorganic N concentration (Wilcox et al, 2002). Analysis of the chemical 

composition of middens within no-till wheat agroecosystems indicated elevated concentrations of 

macronutrients P K and S (Stroud et al, 2016a). The effect of L. terrestris populations activity on the 

available micronutrients in forestry soil increased some elements (Ca, Mg, K) but decreased available 

P (Dobson et al, 2017). The effect of L. terrestris populations on the chemical composition and 

dispersal within soil may depend on the structure and chemical characteristics within its casts. L. 

terrestris casts on the surface of its midden and within its burrow wall. The positioning of L. terrestris 

casts nearer the burrow entrance and within the midden mean they are more prone to erosion 

following rainfall and extreme weather events (Binet and Le Bayon, 1998, 1999, 2001). They therefore 

have less of an effect on C and N storage than endogeics and an increased effect on nutrient dispersal. 

L. terrestris is detritivorous and feeds on the soil surface, where it preferentially selects organic matter 

(Doube et al, 1997; Butt et al, 2005; Valckx et al, 2011; Rajapaksha et al, 2013; Ashwood et al, 2017b; 

Euteneuer et al, 2020) and can travel up to 0.7 m away from its burrow (Nuutinen and Butt, 2005). 

Recordings of the surface selection of barley straw indicated that under patchy distribution L. terrestris 

will reduce its activity around resource-poor areas, where it selected barley straw and mated more 

often around resource rich areas (Butt et al, 2003). This suggested how L. terrestris activity is triggered 

by lack of food resources, which may influence population development and dispersal in 

agroecosystems if organic matter is not applied homogenously. In forestry ecosystems, L. terrestris 

can modify its migration behaviour based on organic matter type, availability and conspecific 

population density (McTavish et al, 2013; Guy et al, 2018). In agroecosystems, the dispersal of L. 

terrestris populations following organic matter addition and changes to resource availability could 

influence nutrient mineralization (Menšík et al, 2018; Nuutinen and Butt, 2019). Therefore, waste 

organic matter type and the temporal scale of applications could have significant effects on the 

dispersal and availability of nutrients by L. terrestris in no-till agroecosystems. 

The presence of L. terrestris populations in agroecosystems may reduce the spread of crop diseases.  

Laboratory and field investigations have determined that L. terrestris can feed on surface applied crop 



90 
 

residues (Stroud et al, 2016a; Sizmur et al, 2017), where they have a preference of fungal types 

(Moody et al, 1995).  The feeding and incorporation of straw residues into soil by L. terrestris 

populations has caused a reduction in the concentration of deoxynivalenol (DON) (a common 

mycotoxin developed in Fusarium species) (Wolfarth et al, 2016). The reduction of deoxynivalenol in 

fusarium infected soil has recently been calculated to be 20% higher under soil fauna activity, where 

the total mass reduction by earthworms was 24.3 mg kg¯¹ (Goncharov et al, 2020). L. terrestris can 

also significantly reduce the amount of Fusarium culmorum, a plant pathogen which can cause stalk 

and root rot in wheat cultivars (Meyer-Wolfarth et al, 2017), Sclerotinia sclerotiorum, a white mould 

that forms at the stems of crops such as oilseed rape and soybean (Euteneuer et al, 2019) and 

Oculimacula yallundae, a pathogenic fungus causing eyespot disease in wheat (Bertrand et al, 2015b). 

The utilisation of L. terrestris populations and manipulation of the detritivorous soil food web within 

cropping systems may supress fusarium and fungal based plant diseases (Bertrand et al, 2015a; 

Goncharov et al, 2020). 

The positive effects of L. terrestris on soil properties have led to intensive production to ameliorate 

poor soil conditions (Butt et al, 1992). The Earthworm Inoculation Unit (EIA; Butt et al, 1997) is a 

technique used to increase L. terrestris population density within fields. Inoculation of L. terrestris may 

introduce populations to soil, however the development of populations once introduced can take a 

number of years. After a 13 year inoculation period, there were significant effects of tillage regime on 

L. terrestris population density, where 0.6 ind. m¯² was determined under conventional tillage and 4.3 

ind. m¯² in no-tillage fields (Nuutinen et al, 2011). The positive effects of L. terrestris populations on 

soil porosity and increased erychtraid, nematode and earthworm density in the agroecosystem no-till 

was determined after 17 years (Nuutinen et al, 2017). Shorter term effects of L. terrestris inoculation 

within agroecosystems was investigated by Frazão et al (2019), where the effects of crop residue 

placement and tillage regime on earthworm populations was tested. The difference in L. terrestris 

population density between conventional tillage and no-tillage was lower than that of Nuutinen et al, 

(2011), however still significant. Findings highlighted the positive effects of surface residue 

applications on L. terrestris population density, however due to L. terrestris dispersal within the 

experimental field, it was not possible to determine density related effects on other earthworm 

populations.  The time taken for L. terrestris populations to develop and the heterogeneous nature of 

their dispersal may disincline farmers from inoculation over a large scale. 

There are some threats of enhanced L. terrestris populations on the performance of crops in 

agroecosystems. L. terrestris activity influences plant seedling recruitment, where the effect on plant 

development differs between plant seed size (Milcu et al, 2006). Large seed varieties are benefitted 

by L. terrestris burial whereas smaller species were repressed. Investigations into the herbivory of 
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plants by L. terrestris observed foraging of legume leaves, but this behaviour was reduced under 

organic matter applications and was at a low rate of consumption, which did not influence overall 

plant growth (Kirchberger et al, 2015). L. terrestris activity can increase the emission of GHG through 

respiration and elevated N2O emissions below their middens (Nieminen et al, 2015). Enhanced 

populations within no-till systems could increase the global warming potential (Evers et al, 2010; 

Lubbers et al, 2013). However, the emissions of earthworm populations could be outweighed by the 

increased carbon storage from their casting and incorporation of SOC (Bertrand et al, 2015a; Lubbers 

et al, 2015) and the overall emissions is significantly lower than the alternative tillage management 

methods (Soane et al, 2012). Residue incorporation depth in agroecosystems can significantly 

influence the rate of N2O emissions (Paul et al, 2011), where surface applications increase emissions. 

L. terrestris activity may mitigate the effects of ploughing by incorporating organic matter, but also 

may increase N2O release by emissions from their midden. 

Determination of the total mass of organic matter removed by L. terrestris populations in no-till 

agroecosystems could indicate the rate of soil formation and nutrient addition to soil. The 

incorporation of organic matter by L. terrestris has been researched by Curry and Bolger (1983), who 

estimated that 100 g m¯² of L. terrestris biomass can incorporate 6-9 mg dry wt g¯¹ fresh wt day¯¹ and 

consume 1.34 kg soil m¯² yr¯¹. However, the organic matter applied was Salix aquatica cv. Gigantean, 

which is not a common organic amendment in no-till systems. The effect of increased earthworm 

populations on the incorporation of organic matter in agroecosystems was investigated by Bohlen et 

al, (1997), where it was estimated that 840 kg ha¯¹ yr¯¹ of surface applied corn residues could be 

removed by increased earthworm population size. In this field experiment, the remaining 20% of 

surface litter was suggested to be L. terrestris burrows, therefore it was concluded that the rate of 

incorporation was mediated by L. terrestris density. The corn fields used within this experiment 

underwent spring tillage management, under no-tillage systems the mass incorporated could be 

higher. The incorporation of C and N from leaf litter with depth by L. terrestris and L. rubellus 

populations was investigated by Fahey et al, (2013), where increased litter removal was seen under L. 

terrestris populations, potentially due to their activity throughout the winter months. Over a period 

of two years the 15C and 12N concentration was significantly higher at lower depths around the L. 

terrestris burrow, highlighting how incorporation rate can correlate with enhanced nutrient 

concentration and carbon sequestration. This experiment was conducted in a forestry ecosystem with 

maple leaf litter; L. terrestris incorporation of organic matter in no-till agroecosystems could have 

different effects, dependant on the organic matter application and soil type. 
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3. GENERAL MATERIALS AND METHODS 

3.1. Introduction 

This thesis developed from a broad range of ecological interactions investigating the impacts of waste 

organic matter applications on earthworm species and soil properties to a narrower set of focussed 

conditions. The research direction was determined by reviewing pertinent literature and the 

availability of resources and study sites. This Chapter provides details of the methodological 

considerations taken for experiments within this thesis. It provides an outline of the earthworm 

species selected for laboratory experiments and indicates how they were collected and cultured. The 

waste organic matter types investigated during this research project and their treatment before 

application is defined in Section 3.4. Details of the chemical analyses conducted on soils is indicated 

in Section 3.5.  

3.2. Earthworm species selection 

Four earthworm species were selected for this research: Lumbricus terrestris, Aporrectodea longa, 

Aporrectodea caliginosa and Allolobophora chlorotica. Information on these species is provided in 

Table 3.1. Selection was based on abundance in UK agroecosystems (Sims and Gerard, 1999), 

ecological functioning and behaviour (Bouché, 1977), and the available literature on laboratory culture 

of these soil dwelling species (Lowe and Butt, 2005).   
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Table 3.1. An overview of the earthworm species used in laboratory experiments.  

Earthworm 

Species 
Ecotype 

General Information 

(adapted from Sims and Gerard, 

1999) 

References 

Allolobophora 

chlorotica 

(Savigny, 1826) 

Endogeic 

(shallow-

burrowing) 

Geophagus; feeds on mineral soil; 

common in gardens, forests and 

pasture; co-dominant with A. 

caliginosa; pH range 4.5-8.2. Exists as 

two colour morphs: green and pink. 

Butt, 1997; Lowe and 

Butt, 2008. 

Aporrectodea 

caliginosa 

(Savigny, 1826) 

Endogeic 

(shallow-

burrowing) 

Geophagus; feeds on mineral soil; 

common in agricultural land and 

grasslands; co-dominant with A. 

chlorotica; pH range 5.9-11.1. 

Bart et al, 2018; 

Perrault and Whalen, 

2006. 

Aporrectodea 

longa (Ude, 

1885) 

Anecic 

(deep-

burrowing 

Feeds on surface organic matter; 

surface casting; common to cultivated 

soil and pasture; soil pH range 6.7-9.4. 

Butt, 1993, 1998. 

Lumbricus 

terrestris 

(Linnaeus, 1758) 

Anecic 

(deep-

burrowing) 

Feeds on surface organic matter; 

surface casting; produces middens; 

common in grasslands and forests; pH 

range 6.2-10. 

Butt et al, 1994; 

2003; Butt and 

Nuutinen 2005; 

Nuutinen and Butt, 

2003. 

 

3.3. Earthworm sampling and laboratory techniques 

3.3.1. Field sampling: earthworm assessment 

Earthworm assessments were conducted at selected field sites to determine the effect of specific land 

management types on earthworm populations and to obtain an overview of the species richness 

within these environments. Field sampling of earthworms was used in Chapters 4 and 8 and followed 

methods described by Butt and Grigoropoulou (2010). For each sample point, a 0.1 m² quadrat was 

placed on the soil surface. The soil underneath the quadrat was removed with a spade to a depth of 

approximately 30 cm and hand-sorted for earthworms on a polyethylene sheet. Collected earthworms 

were contained in plastic bottles and preserved in 4% formalin. Following soil removal, a mustard 

vermifuge (5 g mustard powder L-1 water) was added to the soil pits to check for anecic individuals. A 

vermifuge is a liquid expellant that causes skin irritation for earthworms and can be either applied to 

the soil surface, where it will percolate into earthworm burrows, or via a targeted approach - injected 

directly into an earthworm burrow (Butt and Grigoropoulou, 2010). This causes the earthworms to 
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leave their burrows. The ISO standard for earthworm extraction is a dilute formaldehyde solution 

(International Standards Organisation, 2006), however this chemical is carcinogenic at high levels of 

exposure and could negatively impact soil fauna (Eichinger et al, 2007). Therefore, the vermifuge used 

in this study was a mustard powder suspension at 5 g L-1 (Butt, 2000). Earthworms collected were then 

identified according to Sims and Gerrard (1999) in the laboratory and biomass was recorded. The data 

collected from these investigations were used to determine mean earthworm density (ind. 0.1 m¯²), 

biomass (g 0.1 m¯²) and species richness (n). 

To provide a general overview of soil conditions, bulk soil was collected from each field assessed and 

stored in a plastic container (750 ml). On return to the lab, soil was sampled for pH, soil moisture 

and organic carbon content.  

3.3.2.  Earthworm Collection and Cultivation 

The earthworms used in mesocosm and microcosm experiments (Chapters 5 and 6) were collected 

from agricultural pasture at Walton Hall Farm (SD 55050 28100) in Preston, UK. Earthworms were 

collected by digging and hand-sorting soil up to approximately 30 cm depth. Collected earthworms 

were placed in 750 ml plastic containers (obtained from Lakeland Ltd) filled with field soil. For the 

collection of anecics, a mustard vermifuge (Section 3.3.1) was used. Following extraction, anecic 

species were washed with water to remove the irritant from their skin, before placing in plastic 

containers filled with field soil (750 ml; Lakeland, UK).  

Once transported back to the laboratory, earthworms were identified (Sims and Gerard, 1999) and 

separated into monocultures. Monocultures were transferred into 750 ml plastic containers 

(Lakeland, UK) previously filled with Kettering loam soil at 25% soil moisture content and left to burrow 

(Butt et al, 1994). To regulate airflow, small holes were made in the container lids (using a dissection 

needle) before earthworm addition. The number of earthworms stored per container differed 

between species (L. terrestris N = 3 ind. L¯¹; A. longa N = 4 ind. L¯¹; A. chlorotica N=10 ind. L¯¹; A. 

caliginosa N= 6 ind L¯¹; Lowe and Butt, 2005). Cultivated earthworms were fed with dried, rewetted 

horse manure (Section 3.4.1.). Horse manure was applied on the surface for anecic species and mixed 

within the soil for endogeics, at a homogenous particle size (< 1 cm for anecics, < 1 mm for endogeics) 

incubated at 15 °C (LMC, Kent) in 24 hr darkness (Lowe and Butt, 2005) for 28 days to allow 

equilibration from field conditions before use in experimental research (Fründ et al, 2010). To retain 

soil moisture, samples were sprayed weekly with water. Earthworms were refed biweekly at a rate of 

20 g adult¯¹ month¯¹ for anecics and 10 g adult¯¹ month¯¹ for endogeics (Lowe and Butt, 2005).  
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For selected experiments, cultured earthworms were utilised. Cultured stocks of earthworms were 

developed by sampling adult stocks for cocoons. During biweekly refeeding, adult earthworms were 

removed and placed in containers with fresh soil and feed. Used soil was sampled for cocoons using 

sieves of decreasing mesh size (mesh size dependent on earthworm species; Lowe and Butt, 2005). 

Cocoons were stored on filter paper (Whatman no 1) in Petri dishes with sufficient water to cover 

them (Butt, 1991). Each week, water was refreshed to maintain oxygenation. Cocoons were stored in 

a fridge at 4 °C until they were required for use. To hatch the earthworms, they were transferred to a 

15 °C incubator and monitored daily. Hatchlings were placed into 250 ml plastic containers (Lakeland, 

UK) filled with a 50:50 mixture of Kettering loam and milled horse manure (previously dried and 

rewetted) at 25% moisture content. Cultured juvenile earthworms were monitored weekly and 

earthworms were refed with horse manure as required (frequency was dependent upon species). 

Once developed from hatchling to sub-adult juvenile, they were transferred into 750 ml containers 

and cultured as for adults. 

In laboratory experiments utilising L. terrestris, adults were purchased from Wigglywigglers.co.uk. It 

was decided that adult L. terrestris would be purchased due to the length of time required to cultivate 

them (mean cocoon incubation rate before hatching is 90 days at 15°C; Butt et al, 1992) and the 

experimental requirement to have them at approximately equal mass. Once received, earthworms 

were stored and prepared for experiments following the conditions stated by Fründ et al. (2010).  

3.3.3. Microcosm Experimentation 

Microcosm experiments were conducted to test the effects of waste organic matter type on 

earthworm health and development. In laboratory incubation experiments, earthworm health was 

defined by two factors. Firstly, growth rate, where juveniles under healthy conditions would gain mass 

and reach sexual maturity. Secondly, fecundity, where reproductive rate was determined by the mean 

number of cocoons produced over time (cocoons earthwormˉ¹ yearˉ¹) (Lowe and Butt, 2005). Cocoon 

collection was achieved by wet sieving soil through a set of sieves with varying mesh sizes, as 

appropriate to the earthworm species (Sims and Gerard, 1999; Butt 1991; 1997). 

Specific details of each microcosm experiment are defined within the thesis (Chapters 5 and 6), 

however the conditions for incubation were the same throughout. For each sample, 500 g Kettering 

loam soil was prepared to 25% moisture content and added to 750 ml plastic containers with pierced 

lids. Juvenile earthworm monocultures of equal mass (N = 2) had their mass recorded and were placed 

into the labelled containers. Equal masses of waste organic matter were applied (surface for anecic; 

mixed for endogeic) and the samples were stored at 15 °C in darkness. Samples were removed from 

the incubator to refresh moisture content and refeed (as required). Experiments ended either when 
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earthworms had reached sexual maturity and produced cocoons, or if there was 100% mortality. This 

differed between earthworm species based upon their life cycles (Sims and Gerard, 1999).  

3.4. Soil and waste organic matter used in laboratory experiments 

This section describes the organic matter types selected for use in experiments and where they were 

sourced. Table 3.2 indicates the waste organic matter types applied in microcosm analysis. Waste 

organic matter went through different pre-treatment processes before storage and subsequent 

application in experiments. Organic matter was heated to 105 °C before storage to prevent any 

degradation. Organic matter which was already treated or consisted of plant matter was air dried and 

liquid treatments were stored and applied during experiments at a weight/volume ratio. 

The soil used for laboratory experiments throughout this PhD was Boughton Sterilised Kettering Loam 

(purchased from www.boughton.co.uk). This soil type was selected because loam-based soils support 

larger earthworm populations than other soils in temperate climates (Bouché, 1977) and is commonly 

used in earthworm laboratory culture (Butt et al, 1994; Lowe and Butt, 2005). 

Table 3.2. Details of the waste organic matter used in laboratory experiments, its source and pre-
treatment applied. 

Type Pre-treatment Location 

Horse manure Dried 105 °C overnight. 
Wigton, Cumbria, NY 37567 

37732 

Wheat (Triticum aestivum) 

straw 
Air dried for 14 days. 

Brook Lane Farm, Farington, 

Lancashire SD 52758 24517 

Composted green waste 

(CGW) 
Dried 105 °C overnight. 

Global Renewables Ltd, 

Leyland, Lancashire, PR26 6TB. 

Anaerobic digestate (solid 

fraction) 
Air dried for 14 days. 

Riverford Organics, Home 

Farm, Northallerton, Yorkshire 

SD 49870 18036 

Anaerobic digestate (liquid 

fraction) 
None: stored at 4 °C. 

Global Renewables Ltd, 

Leyland, Lancashire, PR26 6TB. 

 

Horse manure was utilised in this project as a control application due to its known positive impact on 

earthworm species (Lowe and Butt, 2005; Butt, 2011). It is also a common application in agriculture 

and horticulture (often as farmyard manure). To ensure the consistency of supply, horse manure used 

for laboratory earthworm culture was obtained from the stable of a single horse, which was under no 

http://www.boughton.co.uk/
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horse medicaments detrimental to earthworm populations. The solid fraction of anaerobic digestate 

was stored outside under prevailing weather conditions (Figure 2.7), so a need for air drying before 

laboratory storage. Of the waste organic matter types described in Table 3.2, Chapters 4 and 5 

explored the utilisation of all organic matter types listed, where later chapters focussed on the 

utilisation of straw residues. 

3.5. Chemical Analysis 

3.5.1. Macro- and micronutrient concentration 

Chemical analysis was conducted on soils to determine whether there were any effects of waste 

organic matter application or earthworm behaviour on the abiotic conditions of soil. Soils were 

analysed for macro- and micronutrient concentration because the concentrations of these elements 

can influence crop growth. If there were any changes in nutrient conditions this could inform land 

managers of the potential effects on crops. Chemical analysis of soil was conducted in Chapters 4.4, 6 

and 7. 

3.5.1.1. Total nutrient concentration 

Samples were prepared for total nutrient analysis by Microwave Digestion. Prior to digestion, soil 

samples were dried at 105 °C, milled and sieved to 1 mm. Using a balance accurate to 3 decimal places, 

0.1 g of soil was weighed into a digestion vessel and 10 ml of nitric acid was added (70% analytical 

reagent grade, purchased from Fisher Scientific). To account for error, ‘actual’ soil mass was recorded. 

Samples were digested in a microwave digester (Milestone Ethos EZ) on a recommended temperature 

program (T1 20 °C to 200 °C in 10 minutes, then hold T1 at 200 °C for 15 minutes). 

Following digestion, samples were diluted 10x using nanopure (18 um) water. A dilution factor was 

applied to the results (raw data result multiplied by 1,000) and a soil mass error (result multiplied by 

0.1 g / recorded soil mass).  

3.5.1.2. Available nutrient concentration 

Samples were prepared for available nutrient analysis by ammonium acetate extraction. Prior to 

digestion, soil samples were dried at 105 °C, milled and sieved to 1 mm.  Sieved soils were weighed (5 

g) into 50 ml labelled centrifuge tubes and aliquots of 20 ml ammonium acetate (1 M) solution were 

added. Samples were vigorously shaken for 10 minutes then left overnight to react and settle. The 

following day, the supernatant was extracted, filtered (using Whatman no 1) and diluted 100x using 

nanopure (18 um) water prior to analysis. Following analysis, a soil mass error was applied (result 

multiplied by 5 g per recorded soil mass). 
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3.5.1.3. Inductively Coupled Plasma – Mass Spectrometry (ICP-OES) analysis 

The ICP-OES used in this study was a ThermoScientific iCap 7000 series with radial detection. The 

analysis parameters of this study were derived from a standard method of samples used for 

agricultural soils analysis, published by ThermoScientific Ltd (Hannan, 2017). 

The nutrients analysed in this study were Phosphorus, Calcium, Magnesium, Potassium, Manganese, 

Iron, Zinc and Boron. These elements were analysed because they are the main macro- and 

micronutrients found in agricultural soils that can be quantified on the ICP-OES.  

Table 3.3. The wavelengths (nm) recorded for each element in ICP-OES analysis. 

Element P Ca Mg K Mn Fe Zn B 

Wavelength (nm) 213.618 183.801 202.582 213.618 293.910 240.488 206.200 208.959 

 

Calibration standards were made by using a Fluka ICP Standard Mix 5 (purchased from Sigma Aldrich), 

where the following concentrations were made: 100 ɥg kg¯¹, 250 ɥg kg¯¹, 500 ɥg kg¯¹ and 1000 ɥg kg¯¹. 

All calibrations had a correlation of 99.9% or higher. 

3.5.2.  Loss on Ignition (LOI) 

Loss on Ignition was used to determine the soil organic matter content (%). The method used was 

adapted from Ball (1964). Soil samples collected from the field were dried at 105 °C to determine soil 

moisture content. Following this procedure, the soil was ground using a pestle and mortar and sieved 

to < 1 mm particle size. For each sample, 5 g soil was weighed (using a 3 decimal place balance) and 

placed into a pre-weighed crucible. ‘Actual’ masses for the crucible and soil were recorded. Crucibles 

were then placed in a furnace oven heated to 550 °C for 3 hours (Howard and Howard, 1990). 

Following this, samples were placed in a desiccator to cool down, before post-combustion mass 

determination.  

3.5.3. Carbon and Nitrogen analysis 

Samples were analysed for % CHN and C:N ratio using a ThermoScientific CHNS Organic Elemental 

Analyser. Prior to analysis, soil samples were dried (105 °C), milled and sieved (1 mm). Soil samples 

were mass determined (2-3 mg per sample; Mettler Toledo XP6 microbalance) and transferred into 

an aluminium tin foil capsule and sealed. Prior to analysis, the instrument was calibrated using 2,5-

Bis(5-tert-butyl-2-benzo-oxazol-2-yl)thiophene (BBOT) standard (purchased from Fisher Scientific).  
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Samples were pyrolyzed at a temperature of 950 °C and directed through a pre-packed copper column 

using helium carrier gas (flow rate 140 ml/min) into a GC column, where C H N and S were separated 

and detected using a Thermal Conductivity Meter (TCD).  Results will be presented in C-N ratios and 

concentration (%C and %N). 

3.6. Statistical Analysis 

Statistical tests in this thesis were completed using SPSS v.27. Each experimental Chapter was 

constructed to explore selected effects of organic matter applications on earthworm population 

dynamics. To determine how organic matter amendments applied in agroecosystems influence 

earthworm populations and soil functioning, the effects of selected waste organic matter applications 

on earthworm population development (biomass and reproduction) was sampled in field (Chapter 4) 

and laboratory (Chapter 5) conditions. To investigate how WOM application management in 

agroecosystems effects earthworm utilisation and soil functioning, controlled laboratory experiments 

were conducted to investigate the impact of WOM particle size on belowground (Chapter 6) and 

aboveground (Chapter 7) soil processes. The effects of earthworm density on organic matter 

utilisation was investigated in field conditions in Chapter 8. Statistical tests were conducted for each 

chapter based upon the experimental design. Therefore, statistical analysis will be outlined in each 

experimental Chapter in the respective methods sections. 
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4. EFFECTS OF ORGANIC MATTER APPLICATIONS ON EARTHWORM SPECIES IN THE FIELD. 

4.1. Introduction 

It has been widely demonstrated that the effects of organic matter applications have had positive 

impacts on earthworm abundance and species biodiversity, by providing a food source, protection 

from predation and through the regulation of soil properties such as soil moisture and erosion 

reduction (Blouin et al, 2013). Internationally, Sustainable Development Goals (UN, 2015) have been 

introduced to improve the management of soil, where a reduction in fertiliser usage and ploughing 

frequency has been encouraged to improve soil fertility. This has increased the utilisation of waste 

organic matter applications as fertilisers and the amount of no-till managed farms. The adoption of 

no-till farming with waste organic matter applications has increased earthworm abundances and 

changed the dynamics of earthworm species diversity, where more anecic species are present 

(Crittenden et al, 2014; Briones and Schmidt, 2017). The interactions between species may have 

different impacts on soil properties, which needs to be addressed to determine the impacts on soil 

conditions; information vital for crop development. 

Although the effects of waste organic matter applications on earthworm populations are generally 

positive, there are many effects on earthworm population development (growth rate, reproduction, 

migration) under different waste organic matter types and application management (Lowe and Butt, 

2005; Curry and Schmidt, 2007; Sizmur et al, 2017). This could cause differences in the soil organic 

matter transfer through the soil, which could have differing effects on decomposition and nutrient 

mineralisation, which indirectly influences soil ecosystem services (as discussed in Section 2.2.2.). This 

is particularly relevant when an increase in anecic populations occur, surface feeding earthworms that 

move organic matter vertically through the soil profile (Bouché, 1977). Some anecic species (such as 

L. terrestris) provide sources of waste organic matter to other populations through the formation of a 

midden (Section 2.2.3.). The positive effects of L. terrestris middens on juvenile populations of 

earthworms in forest ecosystems have been demonstrated (Butt and Lowe, 2007), where these 

middens are considered biological and chemical hotspots of activity (Hamilton and Silman, 1989; 

Schrader and Seibel, 2001; Butt and Lowe, 2007; Andriuzzi et al, 2015b; Stroud et al, 2016a).  

This chapter compiles preliminary earthworm biodiversity assessments conducted to determine the 

effects of different waste organic matter applications on earthworm abundance, biomass and species 

richness. In addition, it examines the effects of L. terrestris middens in an agricultural setting.  Specific 

objectives are provided associated with the relevant sections of this Chapter. 
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4.2. Biodiversity assessment of earthworm populations under applications of anaerobic digestate. 

4.2.1. Introduction 

The economic and greener incentive of anaerobic digestion has increased the utilisation by farmers 

(as described in Section 2.3.3.4). There have been numerous investigations on positive effects of 

anaerobic digestate applications on plant growth and its potential as a soil conditioner for arable land 

(Section 2.4.1.2; Möller and Müller, 2012; Nkoa, 2013; WRAP, 2016; Ren et al, 2020). However, effects 

of anaerobic digestate applications on earthworm populations is uncertain. If anaerobic digestate 

applications alter the species richness and density of earthworm populations, this may influence soil 

properties such as soil aeration, aggregation and moisture content, all of which could influence crop 

growth (Bertrand et al, 2015a). To determine the effects of anaerobic digestate applications on 

earthworm populations, a field survey of an experimental plot at Myerscough College was conducted 

in autumn 2015, following anaerobic digestate and standard practice fertiliser applications in spring.  

4.2.1.1. Aim 

To compare the effects of anaerobic digestate applications with inorganic fertiliser on earthworm 

populations. 

4.2.1.2. Objectives  

 

- To determine the difference in earthworm density and biomass under selected applications 

of anaerobic digestate and inorganic fertiliser. 

- To examine whether the effects of anaerobic digestate caused a difference in the species 

richness of earthworm populations. 

 

4.2.1.3. Hypothesis 

There will be a higher earthworm population density and species richness under anaerobic digestate 

applications than applications of inorganic fertiliser and a control. 
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4.2.2. Materials and Methods 

4.2.2.1. Site Location 

Myerscough Lee Farm is an experimental arable field in Myerscough College, Preston, UK (SD 50423 

39834). This field site had treatments of anaerobic digestate applied during the period of 2010-2013, 

in order to determine the impacts of organic waste on grass growth in comparison to a standard 

practice fertilizer. 

4.2.2.2. Experimental Design 

In this experiment, four treatments were applied:  

NA: no treatment (control) 

T1: Anaerobic digestate applied at 100 kg N ha-1 yr¯¹ 

T2: Anaerobic digestate applied at 200 kg N ha-1 yr¯¹ 

SP: Standard practice fertilizer application 100 kg N ha-1 yr¯¹ 

 

Figure 4.1. Diagram of the randomized block experimental design at Myerscough College (SD 50399 

39823).  

WOM treatments were applied evenly over 12 x 25 m² plots of turf, each separated by 1 m. There 

were three replicates of each treatment. A randomized block experimental design was applied (Figure 

4.1). This design can identify any changes to earthworm populations influenced by field location.  

4.2.2.3. Earthworm Sampling 

  Earthworms were sampled in October 2014. For each plot outlined in Figure 4.1, earthworms were 

sampled by digging and hand sorting an area of 0.1 m² soil, followed by an application of mustard 

vermifuge to remove anecics (method outlined in Section 3.3.1). Collected earthworms were stored 
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in 4% formalin and transported to the lab, where they had their species identified (Sims and Gerard, 

1999) and biomass determined. 

4.2.2.4. Statistical Analysis 

An increased earthworm density and biomass under anaerobic digestate treatments may confirm its 

benefits for earthworm health. An increased species richness under anaerobic digestate treatments 

may confirm how organic fertilisation may alter soil biological functioning. The variables earthworm 

biomass, earthworm density and earthworm species richness were tested for normality and equal 

variance. Using the randomized block experimental design, a General Linear Model (2-way ANOVA) 

was applied, where the effects of treatment and field row on earthworm density, biomass and species 

richness were analysed. Due to a low sample number (N=3) no statistical differences were determined 

between groups, therefore post-hoc tests were not applied. 

4.2.3. Results 

Anecic biomass increased under T1 applications compared with other treatments (Figure 4.2). There 

were no effects of anaerobic digestate or fertiliser on the biomass of other ecological groups. There 

were no significant differences in the mean total earthworm density between treatments and plot 

position (2-way ANOVA; df = 3; p > 0.05). This could be due to the low number of replicates, resulting 

in high bias in the statistical analysis.  In future increased sample sizes will be used in future field 

analysis.  

 

 

Figure 4.2. Differences in biomasses of earthworm ecological groups between organic waste 

treatments at Myerscough College. NA = No treatment; SP = Standard Practice Fertiliser (100 kg N ha-

1 yr¯¹); T1 = Anaerobic Digestate (100 kg N ha-1 yr¯¹); T2 = Anaerobic Digestate (200 kg N ha-1 yr¯¹). 
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A higher mean species richness was recorded under T1 anaerobic digestate treatment (Table 4.1).  

 
Table 4.1. Mean species richness of earthworms (n ± S.E.) under applications of anaerobic digestate, 
standard practice fertiliser and a control. N=3. 

NA T1 T2 SP 

4.67 ± 0.9 5.67 ± 0.3 4.67 ± 0.9 5.33 ± 0.7 

 

 

The effects of organic matter treatment on earthworm density (separated by ecotype) is presented in 

figure 4.3. Higher mean anecic abundances were recorded under T1 treatments. The lowest 

abundance of anecic species occurred in T2 treatments. A 2-way ANOVA was applied to determine the 

effect of treatment type and plot position on earthworm abundance between species type. Findings 

indicated that there were no significant differences in the density of earthworms between treatments 

or plot positioning (p < 0.05).  

 

 

Figure 4.3. Differences in densities of earthworm ecological groups between organic waste treatments 

at Myerscough. NA = No treatment; SP = Standard Practice Fertiliser (100 kg N ha-1 yr¯¹); T1 = Anaerobic 

Digestate (100 kg N ha-1 yr¯¹); T2 = Anaerobic Digestate (200 kg N ha-1 yr¯¹). 
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4.2.4. Discussion 

 

This experiment provides preliminary evidence of the effects of anaerobic digestate applications on 

earthworm populations. A larger mean anecic biomass, density and richness was found under the T1 

treatment. Anecic species feed on fresh surface organic matter; an increased density may increase the 

decomposition rate and nutrient mineralisation of anaerobic digestate (Blouin et al, 2013; Stroud et 

al, 2016a; Athmann et al, 2017). The bioturbation effects of anecic species could also increase the rate 

of SOM addition to the belowground ecosystem, increasing soil fertility. These effects could increase 

the nutrient availability to plants. Due to the experimental design, this field survey had a low number 

of replicates. This resulted in no statistically significant interactions between groups. It could be 

possible that the observed changes were small, which indicates that anaerobic digestate provides no 

earthworm response, or that more replicates are required to provide evidence that T1 is a positive 

earthworm application. The randomized blocking of the experimental design indicated that there 

were no significant differences in the earthworm density and biomass between the rows, therefore it 

is unlikely that the treatments were affected by plot position. Increased replication in future may 

increase the likelihood of determining significance within the dataset. Future experiments could 

explore the effects of anecic species on the decomposition and incorporation of waste organic matter. 

 

Surprisingly, an increased anaerobic digestate application (T2) did not result in increased abundances 

or biomass of earthworm populations. This could indicate that the dosage of anaerobic digestate is 

considered before application. Applications at the same N rate at inorganic fertiliser could result in 

negative responses on earthworm population abundance and species biodiversity. The inputs of 

anaerobic digestate can differ dependent upon its inputs, where some reports have suggested that 

anaerobic digestate can consist of high metal concentration (Nkoa, 2013; Montusiewicz et al, 2020). 

Although earthworms can withstand soils under high metal concentration, the bioaccumulation 

effects of repeated applications could reduce earthworm populations. Added to this, a high 

concentration of heavy metals can cause phytotoxicity (Gell et al, 2011; Murtaza et al, 2017), which 

would also have negative effects on crop growth. There is a requirement for further investigations 

into anaerobic digestate and the effects of the inputs on the biofertilizer toxicity. Further field studies 

(Section 4.3) analyse the impacts of anaerobic digestate on earthworm populations and to determine 

the effect of anaerobic digestate on earthworm survival, growth rate and reproductive output, 

controlled laboratory experiments have been conducted (Chapter 5). 
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4.3. Organic Growth Media applications: the effects of plant type on earthworm species richness and 

density. 

4.3.1. Introduction 

The effects of waste organic matter on plant growth can differ due to the decomposition rate, nutrient 

concentration and the nutrient requirements of the plant (Möller and Müller, 2012; Nkoa, 2013). 

Earthworm abundance and biodiversity can have significant impacts on the decomposition rate and 

distribution of organic matter (Blouin et al, 2013; Frazão et al, 2019). Therefore, the interactions 

between earthworm abundance and organic matter characteristics could have a significant effect on 

plant growth. A preliminary field survey (Section 4.2) indicated that the effects of anaerobic digestate 

could be dosage dependant, where applications at half the N rate of standard practice fertiliser (100 

kg N ha-1 yr¯¹) is applied. Due to the positive effects of earthworm populations on soil health and 

organic matter decomposition, it is important that appropriate levels of organic matter are applied to 

maximise their decomposition effects.  

Plant type can significantly impact earthworm density and species richness. Where grass species or 

trees predominate, there are different earthworm populations compared with agroecosystems 

supporting cereal crops and legumes. An increased biodiversity of plant species can increase 

earthworm species diversity and maintain populations, particularly in arable ecosystems (Roarty et al, 

2017). The root structure of plants can impact the bulk density of soil, which can cause differing effects 

on earthworm populations. Therefore, the interactions between plant type and organic matter 

application could affect earthworm population dynamics. The effects of organic matter applications 

and plant type on earthworm population density and species richness are explored in the following 

section. This field survey investigated the effects of two waste organic matter applications, organic 

growth media (OGM) and anaerobic digestate (AD), on the earthworm abundance and species 

richness under different plant types.  

4.3.1.1. Aim 

To determine how waste organic matter applications influence earthworm population dynamics under 

different plant species. 

4.3.1.2. Hypothesis 

Earthworms will have a higher density and biomass under WOM treatments with increased organic 

matter N concentration and in plant species with a smaller root structure. 
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4.3.2. Materials and Methods 

4.3.2.1. Background 

Chisnall Hall, a restored colliery site, has been a research site for a Waste Resources Action Plan 

(WRAP) project since 2012 to investigate the effects of waste organic matter applications on short 

rotation forestry. Applications of organic matter (stated in Section 4.3.2.2.) were used at the field site 

from 2012-2015 with four plant species, where growth was recorded. The WRAP (2016) report 

concluded that there were positive impacts of anaerobic digestate applications when a higher 

percentage of dry matter was present in the anaerobic digestate. This experimental site was sampled 

in 2015 to determine the effects of organic matter type on earthworm populations under different 

plant types.  

4.3.2.2. Experimental Design 

This experiment followed a randomized block design (Figure 4.4). Six organic matter treatments were 

applied randomly over 3 blocks:  

1. Anaerobic digestate low concentration (100 kg N ha yr¯¹) 

2. Anaerobic digestate with organic growth media low concentration (100 kg N ha yr¯¹) 

3. Organic growth media only (100 kg N ha yr¯¹) 

4. Anaerobic digestate with organic growth media high concentration (200 kg N ha yr¯¹) 

5. Anaerobic digestate high concentration (200 kg N ha yr¯¹) 

6. Control plot with no organic matter application. 
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Figure 4.4. Diagram of the randomized block experimental design at Chisnall Hall (WRAP 2016). 

 

Organic matter was applied annually over a period of 2 years (2013-2014). Each plot measured 10 m 

x 20 m. There were three replicates of each organic matter treatment. Plots were equally divided into 

subplots (10 m x 5 m) where 4 plant species were planted:  

1. Cherry (Prunus avium) 

2. Willow (Salix hybrids cv. Resolution and cv. Terra Nova)  

3. Ash (Fraxinus excelsior) 

4. Reed Canary Grass (Phalaris arundinacea) 
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4.3.2.3. Earthworm sampling 

In 2015, this site was sampled for earthworms using a hand sorting method combined with a mustard 

vermifuge (details in Section 3.3.1). Collected earthworms were stored in 4% formalin and species 

identified (Sims and Gerard, 1999) in the laboratory. Recorded data was analysed to investigate any 

interactions in the effects of plant type and organic matter treatment on earthworm density (ind. 0.1 

m-²) and biomass (g 0.1 m-²).  

4.3.2.4. Statistical Analysis 

The effects of interactions between organic matter type and plant type on earthworm density and 

biomass were analysed. Following tests for normality and equal variance, a two-way ANOVA was 

applied to the effects of organic matter treatment, plant type and block position on total earthworm 

density and biomass. Post-hoc Tukey multiple comparisons testing located any significantly different 

treatments.  

To determine the effects of earthworm behaviour on soil functioning, earthworm data was separated 

into ecotype and analysed. The effects of organic matter treatment, plant species and block position 

on ecological group density and biomass were tested. Datasets for ecological groups were not 

normally distributed, therefore non-parametric Kruskal-Wallis tests were applied to each variable. 

4.3.3. Results 

The effects of organic matter type and plant species on total earthworm density and mass are 

presented in figures 4.5a and 4.6a. A higher mean total earthworm density and biomass was recorded 

under all organic matter treatments compared with the control. There were no interactions observed 

between the effects of treatment type and plant type on total earthworm density (2-way ANOVA: df 

= 15; F = 1.07; p > 0.05). Single main effects analysis indicated that there were significant differences 

in effect of treatment type on earthworm density (df = 5; F=8.22; p < 0.001). Post-hoc tests confirmed 

that the control and AD High were the significantly different treatments (p < 0.005). No effects of plant 

type on earthworm density and biomass was recorded (p > 0.05). There were no significant effects of 

block position on total earthworm density and biomass (p > 0.05). 
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Figure 4.5a. Effects of organic matter type on the total mean earthworm density (ind. 0.1 m¯² ± S.E.) 

and biomass (g 0.1m⁻²) at Chisnall Hall. Significant differences between treatments are represented 

by different letters (one-way ANOVA; p < 0.05). 

 

Figure 4.5b. Effects of organic matter type on mean earthworm density (ind. 0.1 m¯² ± S.E.), separated 

by ecotype. Significant differences between treatments are represented by different letters (one-way 

ANOVA; p < 0.05). 
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Figure 4.5c. Effects of organic matter type on mean earthworm biomass (g 0.1 m¯² ± S.E.), separated 

by ecotype. Significant differences between treatments are represented by different letters (one-way 

ANOVA; p < 0.05). 

 

 

Figure 4.6a. Effects of plant type on mean earthworm density (ind. 0.1 m¯² ± S.E.) and mean biomass 

(g 0.1 m¯² ± S.E.) at Chisnall Hall. N=17. 
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Figure 4.6b. Effects of plant type on mean earthworm density (ind. 0.1 m¯² ± S.E.), separated by 

ecotype.  

 

 

Figure 4.6c. Effects of plant type on mean earthworm density (ind. 0.1 m¯² ± S.E.), separated by 

ecotype.  
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are presented in figures 4.6b-c. Interactions between treatment type and plant type on the density of 

anecic and endogeic ecotypes were tested (Table 4.2).  

 

Table 4.2. Statistical analysis results investigating the effect of WOM treatment type, plant species 

and block position on earthworm biomass (g 0.1 m⁻²) and density (ind. 0.1 m⁻²), when separated by 

ecological group. 

Variable  Ecological Group  
p value (Kruskall-Wallis)  

Organic Matter  Plant Species  Block Number  

Biomass  
(g 0.1 m¯²)  

Anecic  0.001  0.137  0.300  

Endogeic  0.003  0.293  0.551  

Epigeic  0.008  0.067  0.179  

Density  
(ind. 0.1 m¯²)  

Anecic  < 0.001  0.173  0.994  

Endogeic  0.003  0.380  0.683  

Epigeic  0.015  0.072  0.307  

 

 

There were no significant effects of block number on the density and biomass of all earthworm 

ecotypes (p > 0.05), which indicates that any potential environmental effects of field positioning on 

soil properties did not compromise any experimental findings. There were significant effects of WOM 

treatment on the biomass and density of all three ecological groups, where the control treatment was 

the significantly different group (Figure 4.5c). There were no significant effects of plant species on the 

biomass and density of all ecological groups.  

 

4.3.4. Discussion 

 

The positive effects of anaerobic digestate and organic growth media on earthworm populations were 

defined in this experiment, where total density and biomass of earthworms were higher under organic 

matter applications than a control (Figure 4.4a). The difference in N concentration (high and low) had 

no effect on abundance, therefore this implied that the optimum application of organic matter to 

sustain earthworm populations would be 100 kg N ha¯¹ yr¯¹. This agreed with Section 4.2, where 100 

kg N ha¯¹ yr¯¹ anaerobic digestate applications had the highest earthworm abundances. The 

decomposition characteristics and chemical differences between organic growth media and anaerobic 

digestate were not investigated in this experiment, however it is likely that the application of surface 

organic matter encouraged earthworm growth and reproduction regardless of amount applied (Curry 

and Schmidt, 2007). The metal concentration of the anaerobic digestate and organic growth media 

was not analysed in this experiment, however applications of waste organic matter at similar N rates 
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to standard practice fertiliser (200 kg N ha¯¹ yr¯¹) could increase metal contamination (Nkoa, 2014). 

Although this may not affect plant growth, the bioaccumulation of metals by earthworms can be toxic. 

Future investigations will assess the effects of waste organic matter on earthworm health. 

There were no observed interactions between the effects of plant type and organic matter treatment 

on earthworm density and biomass. Qualitative comparisons of plant effects indicated that plant 

species with larger roots (willow and ash) had lower earthworm abundances than shallower root 

structured plants (Figure 4.6a). However, statistically these comparisons were not significant (p < 0.05) 

and cherry (which has a large root system) had similar earthworm abundances to canary grass. 

Earthworm burrows can attract plant roots due to the presence of nutrient-rich casts, however the 

effects of earthworm density on plant growth differs between plant species (Milleret et al, 2009; 

Cameron et al, 2014). Although this experimental design had randomized blocking, there were a low 

number of replicates (6 for each plant) and the plants grown were not well established (3 years at the 

time of sampling). Further sampling over time and increased replication of plant treatments may have 

exposed significance within the results. The effect of plant type on epigeic populations was almost 

significant (biomass p = 0.067; density p = 0.072; Kruskal-Wallis), further replications or adaptation of 

the experiment into controlled glasshouse conditions may have enhanced the likelihood of 

significance. As litter-dwelling species, epigeics maybe more influenced by plant foliage than other 

ecological groups (Bouché, 1977). The plants investigated in this survey were related to a reclaimed 

forestry ecosystem; there may be interactions between plants and organic matter applications in 

agroecosystems where stubble is maintained. The effects of stubble on earthworm population density 

and biomass, alongside potential utilisation of cereal residues will be explored in later experiments. 

Although the plants investigated within this experiment were more replicable of a forestry ecosystem, 

the indication that waste organic matter application had more of an effect on earthworm density, 

biomass and species richness than plant type could suggest that within agroecosystems the organic 

matter applications are effective under most crop types. The effect of waste organic matter type on 

earthworms within an agroecosystem will be investigated throughout this thesis. 

Separation of the earthworm population data into ecological groups identified some differences in the 

effects of organic matter type on density. Endogeic population size was significantly higher under high 

concentration applications of anaerobic digestate (p < 0.05). An increase in endogeic populations 

could increase the hydraulic activity of soil due to their semi-permanent burrowing and also increase 

nutrient concentration in the belowground ecosystem through increased casting, which may have 

positive impacts on plant growth (Massey et al, 2013; Le Couteulx et al, 2015; van Groenigen et al, 

2019). An increase in earthworm population size may also increase the decomposition rate of organic 
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matter, which would enhance soil organic matter content and soil fertility. An increase in 

decomposition based on earthworm activity could also increase the total amount of waste disposal, 

reducing waste to landfill. The decomposition of organic matter depends on a wide range of factors, 

where ecotype is one significant factor which can determine the transport of waste organic matter 

into soil. Future research will assess the effects of earthworm species on the decomposition of waste 

organic matter based on the waste type and its particle size. 

This field survey highlighted the importance of organic matter type on improving soil conditions for 

earthworms in reclaimed systems, which could provide benefits to soil structure and nutrient cycling. 

This could be useful to explore in agroecosystems, particularly where soil may have been degraded or 

where organic matter is the main management source for enhancing soil (such as organic farming). 

Future investigations will assess the effects of organic matter applications in agroecosystem 

environments to determine whether these effects are similar and predict whether the changes in 

earthworm species diversity could affect soil functioning through the changes to SOM. 
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4.4. ASSESSMENT OF EARTHWORM POPULATIONS UNDER L. TERRESTRIS MIDDENS: IMPACT OF 

THE ‘HOTSPOT’. 

4.4.1. Introduction 

Preliminary field investigations have suggested that waste organic matter applications can increase 

earthworm density and the abundance of anecic populations. Increased presence of epi-anecic 

populations such as L. terrestris in agroecosystems may significantly alter the biological community 

within the soil profile through its burrow-midden complex, which may enhance decomposition of 

organic matter and nutrient availability within soil (discussed in Section 2.5.4; Darwin, 1881; Hamilton 

and Sillman, 1989; Subler and Kirsch, 1998 Schrader and Seibel, 2001; Aira et al, 2009). Analysis of L. 

terrestris middens in forest ecosystems indicated that that soil beneath a midden had a higher 

earthworm abundance and species richness than surrounding soils (Lowe and Butt, 2005). Although 

extensive field experiments have explored the positive impact of reduced tillage systems on L. 

terrestris density (Kladivko et al, 1997; Ernst and Emmerling, 2009; Bogužas et al, 2010; Kuntz et al, 

2013) and the effect of increased L. terrestris density on soil properties through increased bioturbation 

(Nuutinen et al, 2011; Capowiez et al, 2009, 2012; Frazão et al 2019), literature regarding middens in 

agroecosystems is less abundant than forestry ecosystems.  

An investigation on the impact of L. terrestris middens on physical, biological and chemical soil 

properties in reduced tillage agroecosystems was conducted by Stroud et al (2016a). This field survey 

highlighted that L. terrestris abundance increased under no tillage, where midden density and size 

increased with addition of horse manure. Unlike in forestry ecosystems (Butt and Lowe, 2005), only 

endogeic earthworms were present within the midden structures. Added to the increased biological 

activity, there were higher concentrations of available micronutrients (P, K and S) in soil underneath 

middens. Within Stroud et al’s (2016a) survey, juvenile earthworms were not identified to species 

level and were evaluated by number, therefore the impact of L. terrestris middens on earthworm 

biodiversity in agroecosystems was not confirmed. To help clarify this situation, a field survey was 

conducted to analyse the effects of L. terrestris middens on organic matter utilisation, earthworm 

biodiversity and chemical composition in a reduced tillage field. 

4.4.1.1. Aim: 

To investigate the effect of Lumbricus terrestris middens and their impact on biological and chemical 

soil properties. 
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4.4.1.2. Objectives: 

- To investigate whether L. terrestris middens increase earthworm populations in no-till 

agroecosystems and if so, determine the earthworm species that utilise middens. 

- To calculate midden size and structure and assess the particle size of the organic matter 

utilised in the field. 

- To conduct chemical analyses on midden soil and determine whether middens influence soil 

macro- and micro-nutrient concentrations. 

4.4.1.3. Hypotheses: 

- Soil beneath L. terrestris middens will have a higher earthworm density and biomass than 

surrounding control soil. 

- The chemical composition of soil surrounding the drilosphere will differ from surrounding 

control soil. 

4.4.2. Materials and Methods 

The experimental site for this field survey was Lilac field, Light Ash farm, Myerscough (National Grid 

Reference: SD 48735 39991; Figure 4.7), sampled during November 2019. To determine whether L. 

terrestris were present in the field, an initial investigation of this area was conducted in Autumn 2018, 

where 10 middens were found (results presented in Appendix I). In November 2019, Light Ash farm 

was fallow with spring barley stubble (Hordeum vulgare: RGT Planet) intact.  
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Figure 4.7. Myerscough College farms. Sampling was conducted in Lilac field (circled in red), Light 

Ash farm (National Grid Reference SD 48735 39991). 

 

4.4.2.1. Midden Sampling 

L. terrestris middens were determined using a method adapted from Butt and Lowe, (2007) and were 

identified as 5-10 cm diameter piles of organic matter containing barley straw and casts. Identified 

middens were carefully lifted to view the burrow beneath. Thirty samples were located. For each 

sample site, the midden and the soil directly below was collected using a 220 g auger (750 mm 

diameter x 600 mm depth). Soil cores with middens intact were placed upright into plastic sample 

bags to maintain structure. A control ‘non-midden’ soil core was taken 30 cm from the midden where 

no obvious signs of earthworm activity could be seen on the soil surface (Figure 4.11). Following 

midden sampling, 100 ml mustard vermifuge (5 g L¯¹) was injected into the burrow in an attempt to 

extract the resident L. terrestris individual (Figure 4.9). Extracted individuals were washed with water 

and had mass determined in the laboratory, where juvenile specimens were grown to maturity. 

Midden and Non-midden cores were taken to the laboratory for organic matter content, earthworm 

and chemical analyses. 
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Figure 4.8. Sampling at Light Ash farm. Located midden sample (right) was cored using a 220 g auger. 

Soil with no organic matter cover 30 cm from midden was selected as a non-midden sample (left). 

 

Figure 4.9. Mustard vermifuge addition to a L. terrestris burrow. 
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The location of L. terrestris middens were determined by their dispersal within the field, which can be 

influenced by environmental factors, soil conditions and earthworm behaviour. For this reason, L. 

terrestris middens were found in clusters. Alongside the sampling of L. terrestris middens and control 

soil nearby, an earthworm survey of the field was conducted by generally sampling for earthworms 

(methods detailed in Section 3.3.1.). Five soil pits (0.1 m2) were located along a transect, then dug out 

and hand sorted for earthworms. Collected earthworms were stored in 4% formalin and species 

identified (Sims and Gerard, 1999) in the laboratory. The data collected was used to provide an 

overview of the earthworm community structure in Lilac Field, where the main organic matter source 

was barley stubble. 

4.4.2.2. Midden Analysis  

Middens were carefully removed from the soil surface using forceps and air-dried for one week. Once 

dry, middens were deconstructed using forceps. During this process, visible organic matter (> 0.5 mm) 

was removed from the midden and cleaned. Dried organic matter was mass-determined (g). Particle 

size of organic matter was determined by sieving the smaller material (2 mm mesh size) followed by 

measuring the individual particle size (mm) using a ruler. Visible surface organic matter was only 

present in midden samples, therefore particle size was not assessed for control - non-midden cores. 

Midden soil cores were sub-sampled in two locations; the L. terrestris drilosphere (5 mm diameter of 

the L. terrestris burrow) and 20 mm away from the burrow (Figure 4.10). A 20 mm distance was 

selected because it was enough to avoid burrow influence, whilst being undisturbed during sampling. 

Two soil samples were analysed within midden samples to determine whether: 

1. Chemical changes were associated with L. terrestris burrowing activity (A). 

2. Chemical changes were associated with increased organic matter content (B).  

Non-midden cores were sampled in one location, at the centre of the core (position A in Figure 4.10), 

using a spatula. Soil samples were dried at 105 °C, before organic and inorganic elemental analysis 

was conducted (methods detailed in Section 3.5). 
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Figure 4.10. Locations of the soil sampling in midden cores. Drilosphere soil is at point A, around the 

L. terrestris burrow. Midden soil was sampled 20 mm away from the L. terrestris burrow (B). 

 

Following soil removal for chemical analysis, earthworms present within soil cores were removed. 

Juvenile earthworms present in each sample were placed into plastic containers (l. 150 mm x w. 150 

mm x d. 75 mm), incubated in Kettering loam soil at 25% moisture content and fed an excess of horse 

manure, an effective earthworm culturing feed (Butt, 2011). These were incubated at 15 °C in 24 h 

darkness until the earthworms reached sexual maturity, at which point they were identified (Sims and 

Gerard, 1999). 

4.4.2.3. Statistical Analysis 

To determine whether there were any effects of L. terrestris midden presence on earthworm 

population dispersal and biomass, the total earthworm biomass and species richness within “midden” 

and “non-midden” samples were compared. Paired 2 sample t-tests were applied to determine 

whether the presence of an L. terrestris impacted the mean earthworm density and biomass within 

midden and non-midden samples. To determine any effects of earthworm population influences on 

soil functioning within soil middens, a one-way ANOVA was applied to determine whether there were 

any differences in ecotype distribution of earthworms between “midden” and “non-midden” samples. 
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To determine whether there were any effects of L. terrestris middens on the chemical distribution of 

soil, the soil macro and micronutrient concentration from 3 sample areas were compared: the 

drilosphere, soil beneath the midden, and non-midden (Figure 4.10). There were 13 elements 

analysed via ICP-OES. Where the data for an element was normally distributed, One-way analysis of 

variance (ANOVA) was used to determine whether there were any significant differences between the 

soil concentration at positions A (drilosphere), B (midden) and C (non-midden) in Figure 4.10. Post-

hoc Tukey pairwise comparisons were conducted to locate the difference between groups. Where the 

dataset for an element was not normally distributed, non-parametric Kruskal-Wallis tests were 

applied. Correlation analysis was conducted to determine whether there was any relationship within 

the variables straw mass, earthworm density and earthworm mass with nutrient concentration. 

4.4.3. Results 

4.4.3.1. Lilac field survey 

Lilac field had a mean pH of 6.8, a mean moisture content of 47.6% and a mean organic matter content 

of 18.2% (LOI). An earthworm survey identified that 6 species were present in the areas where 

middens were located (Table 4.3). A mean earthworm biomass of 10.48 ± 1.8 g 0.1 mˉ² and a mean 

density of 68 ± 16 ind. 0.1 mˉ² was recorded (N=5). The mean earthworm density by species is 

presented in Table 4.3. Although 6 earthworm species were identified, 82.4% were juveniles. 

 

Table 4.3. Mean density (ind. 0.1 m¯² ± S.E.) of earthworm species at Lilac Field, Myerscough College, 
determined from earthworm sampling near midden areas (N=5). 

Earthworm Species 
Mean density  

(ind. 0.1 m¯² ± S.E.) 

A. caliginosa 39.2 ± 9.5 

L. rubellus 9.4 ± 2.4 

A. chlorotica 3.8 ± 0.6 

A. rosea 9.4 ± 2.1 

L. terrestris 5.4 ± 2.6 

A. longa 0.2 ± 0.2 
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4.4.3.2. Earthworm density and species richness in midden and non-midden soil 

Earthworm density and species richness was compared between midden and non-midden samples. 

The mean earthworm density and biomass per sample was significantly higher within midden soils (2 

sample t-test; p < 0.001; Figure 4.11). The mean earthworm density of midden samples was 3.26 ± 

0.41 ind. treatment¯¹ compared with 1.12 ± 0.18 ind. treatment¯¹ within non-midden samples.  

 

 

Figure 4.11. Mean earthworm density (ind. treatment¯¹ ± S.E.) between midden and non-midden 
cores, separated by ecological group. 

 

There were significantly more earthworms within the midden samples compared with the non-midden 

controls (p < 0.05) and a higher species richness (midden N=7; non-midden N=4). Table 4.4 indicated 

the mean density of earthworm species recorded within midden and non-midden samples. 
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Table 4.4. Mean earthworm species density (ind treatment¯¹ ± S.E.) of juveniles grown to maturity 
collected from midden and non-midden samples (N=30). Statistically significant differences between 
midden and non-midden samples are presented by a different letter (p < 0.05; paired 2 sample t-test). 

Earthworm Species Midden (ind. Treatment ¯¹ ± S.E.) Non-midden (ind. treatment ¯¹ ± S.E.) 

L. terrestris 0.5 ± 0.22a 0.2 ± 0.09a 

A. caliginosa 1.4 ± 0.14a 0.63 ± 0.08b 

A. chlorotica 0.13 ± 0.08a 0.07 ± 0.07a 

L. rubellus 0.76 ± 0.15a 0.33 ± 0.08b 

L. castaneus 0.03 ± 0.03a 0a 

O. tyrtaeum 0.1 ± 0.03a 0a 

A. rosea 0.3 ± 0.08a 0a 

 

 

There were significant differences between the density of earthworms by species within midden and 

non-midden soils (p < 0.05; Table 4.4) and a higher earthworm biodiversity within L. terrestris midden 

soils (midden N=7; non-midden N=4). However, Earthworm data from the midden and non-midden 

cores indicated that there was a trend between the biodiversity of earthworm ecotypes. Although the 

species richness and density were higher within midden samples, when considering ecotype, 

earthworm biodiversity between midden and non-midden soil was similar, where endogeic species 

were slightly more abundant in non-midden soils (Figure 4.12A-B).  
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Figure 4.12. Difference in the ratio of earthworm species (%) by ecotype between midden (A) non-
midden (B) soils. 

 

Earthworm biomass was significantly higher in midden soils (total 9.2 g; sample mean 0.31 ± 0.06 g) 

than non-midden soils (total 3.05 g; sample mean 0.1 ± 0.01 g) (p < 0.001).  

4.4.3.3. Midden analysis 

The mean spring barley straw mass within the middens was 0.29 g ± 0.03. Soil moisture on average 

was higher in midden soils (39.2 ± 0.65%; Figure 4.13), however this was not significant (p > 0.05), due 

to a high variance within samples. Particle size measurements indicated that the mean straw particle 

length was 3.9 ± 0.1 cmˉ¹, with particle size distribution presented in Figure 4.14. 
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Figure 4.13. Difference in mean soil moisture (% ± S.E.) between midden and non-midden soil cores 
(N=30).  

 

 

Figure 4.14. Spring barley particle size range within midden samples (N=30), collected at Lilac field, 
Myerscough College. 
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Figure 4.15. The relationship between straw mass (g) and mean particle size (cm ± S.E.) within 
midden samples collected at Lilac Field, Myerscough College. 

 

There was no effect of midden mass on the mean particle size of the straw within midden samples 

(Figure 4.15), however this could be due to a low range of midden straw mass (0.1 - 0.7 g). There were 

no effects of earthworm density and biomass on the straw mass held within a midden (r² = 0.0165 and 

r² = 0.0519). 

4.4.3.4. Chemical analysis of midden and non-midden soil 

The results from organic chemical analysis are presented in Table 4.5. LOI and %C were lower in 

midden soils than non-midden soils, however due to the high range between samples, there were no 

statistical differences between the samples (p > 0.05).  

 

Table 4.5. The mean (± S.E.) carbon and nitrogen concentration (%C, %N, C:N ratio, %LOI) of soil 
samples at A (drilosphere), B (midden) and C (non-midden) soil samples. Due to the mass of soil 
required, LOI was conducted for samples B and C only. N=30. 

Analysis A B C 

C (%) (± S.E.) 7.66 ± 0.49 7.30 ± 0.44 7.88 ± 0.52 

N (%) (± S.E.) 0.65 ± 0.03 0.62 ± 0.04 0.64 ± 0.04 

C:N ratio (± S.E.) 9.12 ± 0.3 9.00 ± 0.4 9.52 ± 0.4 

LOI (%) N/A 18.01 ± 0.9 18.42 ± 1.3 

y = 0.1539x + 3.6232
R² = 0.002
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The difference between the total nitrogen concentration of the drilosphere, midden and non-midden 

soil samples were negligible, where the mean %N was 0.65%, 0.62% and 0.64% respectively (Table 

4.5.). A lower C concentration in midden soils with stable N concentration resulted in a lower mean 

C:N ratio in midden soils. 

There was no linear correlation between spring barley mass and %C and %N concentration in midden 

soils (r2= 0.0072 and 0.0132 respectively; Appendix II). There were also no effects of earthworm 

density and biomass on the C and N concentration in soil (Appendix II). 

The mean total and available concentration of macro- and micronutrients are presented in Tables 4.6 

and 4.7. There was a statistically significant difference within the total nutrient concentration between 

A (drilosphere), B (midden) and C (non-midden) soils (one-way ANOVA; p < 0.05) for all elements 

analysed. Post hoc (Tukey Kramer) tests determined that the significantly different group was A, which 

was lower in concentration than B and C for all elements recorded except Boron (Table 4.5).  

 

Table 4.6. The mean total macro and micro-nutrient concentration (mg kg¯¹ ± S.E.) of soils at sample 
points A (drilosphere), B (midden) and C (non-midden) soils. Statistically significant differences within 
elemental groups are presented by a different letter (one-way ANOVA; p < 0.05). 

Element 
Mean Concentration (mg kg¯¹) 

A B C 

P 155 ± 5.5A 232 ± 6.2B 255 ± 6.1C 

Ca 5305 ± 417.6A 6260 ± 374.7B 7502 ± 1019.7B 

Mg 3389 ± 71.5A 4124 ± 80.8B 4011 ± 50.6B 

K 4260 ± 121.9A 5593 ± 129.4B 5418 ± 101.3B 

Mn 446 ± 17.7A 627 ± 20.1B 652 ± 15.0B 

Fe 24640 ± 814.8A 29719 ± 924.0B 29284 ± 889.3B 

Ni 28 ± 0.7A 36 ± 0.6B 35 ± 0.7B 

Zn 94 ± 2.3A 113 ± 2.3B 112 ± 2.3B 

B 12 ± 0.4A 8 ± 0.2B 8 ± 0.1B 

Na 142 ± 6.3A 232 ± 6.1B 217 ± 5.3C 

Co 12 ± 0.4A 14 ± 0.4B 14 ± 0.3B 

Cu 23 ± 0.9A 30 ± 0.9B 30 ± 0.9B 

Al 43477 ± 1659.6A 95162 ± 2070.7B 119004 ± 1580.7C 
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Available nutrient concentration was analysed for midden and non-midden soil only (B) and (C). Due 

to the mass of soil required for the extraction (5 g), it was not possible to analyse the drilosphere. 

Unlike the total nutrient results, there were some macronutrients (Ca, Mg, K) that had higher 

concentrations within the midden soil. For elements that had a higher available concentration within 

non-midden soils, the difference was less than total nutrient concentration.  

 

Table 4.7. The mean available macro and micro-nutrient concentration (mg kg¯¹ ± S.E.) at sample 
points B (midden) and C (non-midden) soils, conducted through ammonium acetate extraction. 
Statistically significant differences within elemental groups are represented by a different letter 
(paired 2-sample t-test; p < 0.05). 

Element 
Concentration (mg kg¯¹) 

Midden Non-midden 

P 0.19 ± 0.005a 0.28 ± 0.031b 

Ca 1107 ± 45a 1080 ± 43a 

Mg 76.84 ± 2.6a 63.98 ± 10.0b 

K 82.57 ± 5.9a 67.62 ± 8.5b 

Mn 6.92 ± 0.3a 8.69 ± 2.0a 

Fe 0.96 ± 0.1a 1.61 ± 1.2a 

Ni 0.06 ± 0.002a 0.07 ± 0.02a 

Zn 0.12 ± 0.01a 0.13 ± 0.08a 

Na 7.11 ± 0.2a 7.51 ± 1.1a 

Co 0.03 ± 0.001a 0.03 ± 0.009a 

Cu 0.08 ± 0.003a 0.11 ± 0.02a 

Al 1.21 ± 0.1a 2.12 ± 1.1a 

 

 

Linear regression indicated the effects of midden straw biomass, earthworm density and earthworm 

biomass on the nutrient concentration. Of 126 tests, 5 significant relationships were determined. 

Findings indicated that an increase in straw biomass within a midden resulted in a decline in soil Ni 

and Co concentration (Ni R2 = 0.0396; Co R2 = 0.0227), however range in concentration between the 

samples was small (Ni = 10 mg kg-1; Co = 40 ɥg kg¯¹). An increase in earthworm density resulted in an 

increase in Al concentration (R2 = 0.099). An increase in total earthworm biomass below a midden 
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caused an increase in Fe and Mg concentration (Fe R2 = 0.0666; Mg R2 = 0.1248), however this could 

have been due to extreme values within the dataset. Significant linear regression results are presented 

in Appendix II. 

4.4.4. Discussion 

4.4.4.1. Effects of midden presence on earthworm communities 

As with previous results investigating L. terrestris and other organisms (Hamilton and Sillman, 1989; 

Maraun et al, 1999; Schrader and Schabel, 2001; Butt and Lowe, 2007; Stroud et al, 2016a) this survey 

suggested a positive effect of L. terrestris middens on other earthworm species, where there were 

272% more earthworms present beneath L. terrestris middens than non-midden soil (Figure 4.11) and 

a higher species richness within midden samples (Table 4.3). This highlights the impact of middens as 

a biological hotspot in soil. Seven earthworm species were found in midden samples, which is lower 

than other studies (Butt and Lowe, 2007), but possibly more realistic for agroecosystem soils, which 

generally have a lower earthworm biodiversity than that of forest ecosystems (Blouin et al, 2013). 

Unlike Butt and Lowe (2007), no earthworm species were found within aboveground midden masses, 

only within midden soil. This could be due to the middens being smaller than that visualised in 

agroecosystems with applied organic matter (mean biomass from this field investigation was 0.29 ± 

0.02 g; mean biomass for Stroud et al (2016a) was 6.65 ± 1.2 g), which provided a smaller habitat for 

epigeics. That said, this study highlighted that there were epigeics species present in soil underneath 

middens, of which juvenile L. rubellus was the most abundant (N = 23). The introduction of epigeic 

species not commonly found in arable ecosystem settings may accelerate organic matter 

decomposition and indirectly the nutrient mineralization of these residues into soil (Postma-Blaauw 

et al, 2006). Therefore, an increased density of L. terrestris populations in arable soils could enhance 

positive earthworm-mediated effects on soil properties, benefitting crop development. Previous 

(laboratory-based) research into the behaviour of L. terrestris and L. rubellus suggested that L. rubellus 

inhibits the growth of L. terrestris when surface organic matter is limited (Lowe and Butt, 2005). 

Further investigations into the effects of organic matter addition on the interspecific relationships 

between earthworms could determine how this affects the decomposition rate of organic matter and 

benefits soil properties. 

Recent findings by Nuutinen et al, (2017) highlighted that although on a local scale L. terrestris 

middens enhance soil fauna populations (earthworms, nematodes and enchytraeids), at a field scale 

the populations were not significantly different, therefore L. terrestris development may lead to a 

patchiness of soil fauna. This survey supports the regional enhancement of L. terrestris middens on 

earthworm density and species diversity. The ecotype species richness was similar between midden 
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and non-midden soils (Figure 4.12A-B), yet the density was higher (Figure 4.11). This indicates that 

physical soil functioning engineered by earthworm species may be the same between midden and 

non-midden soils, just heightened in L. terrestris midden areas. A regional localisation of soil 

functioning by earthworm populations and a minimal change in overall soil functioning over a field 

scale may not be beneficial within arable agroecosystems, which rely on homogenous soil conditions.  

However, other unique behaviours of L. terrestris (such as a high bioturbation rate) could have benefits 

on soil regulation within no-tillage areas. The field work reported by Nuutinen et al (2017) was a 

unique experiment where L. terrestris were inoculated (using the EIU technique, Butt et al, 1997), 

therefore it was possible to determine the impact of L. terrestris on a field scale compared to an area 

of low L. terrestris abundance. Further investigations explore the effects of L. terrestris population 

density on the rate of cereal residue bioturbation in arable soils (Chapter 8). 

The conception of adult L. terrestris middens facilitating other earthworm species has been 

considered. Results from this survey suggest that midden samples had a higher earthworm biomass, 

an increased density and increased species richness. Of the earthworms found in midden samples, 

86% of earthworms found within midden soils were juvenile. This implied that some facilitation 

occurred between L. terrestris and juvenile earthworms, which has also been observed in laboratory 

culture (Lowe and Butt, 2002), where juvenile A. chlorotica increased in mass compared with 

monocultures of A. chlorotica. It is likely that L. terrestris middens were the only source of nearby 

organic matter that endogeic species could access and provided shelter and moisture to encourage 

growth. This is supported as the two species that were significantly more abundant in L. terrestris 

middens were L. rubellus and A. rosea. Presence of a midden would have provided a habitat for epigeic 

L. rubellus, and protection from predation for A. rosea, an endogeic species found closer to the soil 

surface (Bouché, 1977). Although L. rubellus and A. rosea were more abundant in midden soils, it was 

not possible to determine whether middens improved the growth and development of these species 

as there was no control present or timed effects. The interactions between juvenile earthworm 

species and L. terrestris middens would have to be further investigated under controlled conditions in 

the laboratory to determine any positive effects on growth. 

4.4.4.2. Particle size of barley straw held within middens. 

This survey provided initial information on the structure and size of L. terrestris middens in an 

agricultural environment. Middens were smaller in average particle size and biomass in the field 

compared with other studies (Butt and Lowe, 2007; Stroud et al, 2016a), where the average particle 

size utilised by L. terrestris was 3.6 ± 0.1 cm. No crop residues were applied to the surface of Lilac field, 

therefore any straw utilised by L. terrestis was deposited during harvest and stripped from barley 
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stubble, which was still left intact. The action of L. terrestris behaviour stripping straw from the 

epidermis of stubble was recorded in the field by Stroud et al (2016a). Although earthworms seemed 

to utilise the barley stubble for their burrows alongside weed species, there may not be enough 

organic matter present to forage in arable systems. This could inhibit L. terrestris populations and their 

benefits and has been seen in some arable systems (Stroud et al, 2016b). This supports findings by 

Stroud et al (2016a), where L. terrestris developed larger middens in areas with applied organic matter 

(horse manure) alongside stubble. The calorific value of straw is higher than that of horse manure or 

anaerobic digestate, which can increase the rate of L. terrestris growth (Sizmur et al, 2017). However, 

applications in field settings could be too large for L. terrestris to utilise as feed. The usage of straw in 

midden habitat development may be more useful to L. terrestris than the food availability, particularly 

when other digestible organic matter may be present. The addition of another organic matter source 

may also enable L. terrestris populations to retain mass and utilise barley straw as it further degrades 

with increased time. Future investigations in this thesis will determine how L. terrestris utilises cereal 

straw based on the modal particle sizes applied to the field. 

The mean midden straw particle size was 3.9 cm which was uniform with increasing midden biomass 

(Figure 4.15). This suggests that L. terrestris may have a preference of particle size to utilise within its 

midden. However, due to the low amount of surface organic matter available, L. terrestris selection 

will have been limited, where observations indicated that burrows were situated near to stubble rows. 

Although L. terrestris is amongst the most surface-active earthworm species, it often does not forage 

further than the length of its body from the burrow (Edwards and Bohlen, 1996; Nuutinen and Butt, 

2003). The ability of L. terrestris to return to its burrow was examined by Nuutinen and Butt (2005), 

where it was observed that in some circumstances L. terrestris can fully leave its burrow to source 

food, where its tail end can relocate the burrow wall, to a maximum of 0.7 m. In agricultural settings, 

organic matter resource deficiencies may encourage L. terrestris to populate nearer crop stubble, 

where L. terrestris stripping straw, leaves and stubble was recorded by Stroud et al (2016a). The effect 

of particle size may be a ‘luxury’ option, or the production of middens and food resource availability 

are two different entities. Further behavioural investigation into L. terrestris selection of straw particle 

and the impacts on midden structure are investigated in Chapter 7. 
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4.4.4.3. Effects of midden presence on the organic and inorganic nutrient concentration of soil. 

4.4.4.3.1. Organic chemical analysis (C and N) 

The mean C and N concentration between midden and non-midden samples was not statistically 

significant (Table 4.4). There may be other environmental factors which influence the C and N soil 

concentration alongside L. terrestris activity. This field study analysed a low number of replicates 

(N=30). Increasing replication may increase the likelihood of significant results in future. In this field 

survey, it was not possible to define midden age. A midden habitat is a constantly changing 

environment, where C and N dynamics may increase with increasing activity over time. The effects of 

earthworm activity on terrestrial C and N cycles is a growing area of research, where results are 

inconclusive. Previous field research determined that C and N levels in forest and agroecosystems 

increased under earthworm middens (Wilcox et al, 2002). Laboratory investigations have been 

designed to determine the impact of L. terrestris populations on C and N emissions (Niemen et al, 

2015; Lubbers et al, 2017). Findings indicated that a higher earthworm density increased CO2 

emissions through respiration and N2O emissions through high mineral content and increased soil 

moisture below the midden (Nieminen et al, 2015). The relationship between earthworm species (L. 

rubellus and A. caliginosa) activity and carbon distribution in soils was explored experimentally by 

Lubbers et al (2017). Findings indicated that increased earthworm activity enhanced CO2 emissions 

and carbon incorporation into soils, there was a lower overall soil C concentration due to the enhanced 

organic matter decomposition. A more extensive study of the C and N dynamics of soil below L. 

terrestris middens in Finnish arable ecosystems was conducted by Sheehy et al (2019). This study 

analysed the C and N concentrations within macro- and microaggregates associated within middens. 

Although differences were observed between experimental fields and soil texture, it was evident that 

L. terrestris developed larger macroaggregates than surrounding bulk soil, which accumulated more 

microaggregates which were higher in SOC and N concentration. Future experiments could assess the 

flux in carbon and nitrogen within an L. terrestris midden environment to determine whether storage 

within casts outweighs the losses through respiration and surface degradation of organic matter. 

Within midden samples, the effects of organic matter biomass, earthworm density and earthworm 

biomass on the C and N concentration was tested. It was hypothesized that middens with increased 

organic matter mass would increase the C and N concentration. It was also hypothesized that a higher 

earthworm density and biomass present within middens could increase soil nitrogen and carbon 

concentration, due to the evidence that earthworms mineralize nitrogen in their casts and produce 

SOC within macroaggregates (Agapit et al, 2018; Angst et al, 2017; van Groenigen et al, 2019).  Results 

from this experiment indicated that there were no effects of midden straw mass, total earthworm 
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density and total earthworm biomass on the C and N concentration in soil (Table 4.4; Appendix II). 

Research into the effects of earthworm density and biomass on carbon and nitrogen dynamics have 

mainly focussed around the impacts of changing tillage practices on earthworm density and 

concentration (Ernst and Emmerling, 2009, Umiker et al, 2009; Arai et al, 2013). The results from these 

experiments indicated how increased earthworm presence in no-till soils increased the 

macroaggregate fraction of soil, which stored more SOC and N. However, analysis of the effects of 

earthworms on C and N over a longer temporal scale indicated that the flux between organic matter 

decomposition and CO2 and N2O emissions (discussed by Lubbers et al, 2017) caused by increased 

earthworm density may result in there being no overall difference. Further research could investigate 

the effects of earthworms and organic matter applications on the C and N concentration under 

controlled conditions, where temporal changes can be quantified. 

4.4.4.3.2. Macro- and Micronutrient concentration: comparisons between midden and non-midden 

soils. 

Nutrient concentration analysis of midden and non-midden soils was conducted to determine 

whether L. terrestris increase the mobility (total nutrient concentration) and plant availability 

(available nutrient concentration) of macro and micronutrient concentrations. Research suggests that 

activity within an L. terrestris midden-burrow complex increases nutrient concentration in soils 

(Devliegher and Verstraete, 1997; Blouin et al, 2015; Stroud et al, 2016a). Of the total nutrient results, 

the drilosphere soil was significantly different in concentration to soil beneath a midden (B) and non-

midden soil (C) (Table 4.5), where concentrations were lower. A number of factors could have caused 

this reduction. Higher levels of infiltration occur with the presence of L. terrestris burrow walls 

(Andriuzzi et al, 2015a), where in this experiment, the soil moisture content was higher underneath 

middens compared with non-midden soils (Figure 4.13). It could be possible that elements within 

burrow walls are leached down the earthworm burrow into a lower soil profile. This experiment 

analysed soil up to a maximum 60 mm depth, so it was not possible to determine whether there were 

any effects of leaching or burrow presence on the nutrient concentration. Future experiments could 

explore the total nutrient concentration of an L. terrestris burrow at increasing depth. 

It is possible that L. terrestris reduced the total nutrient concentration through bioaccumulation, 

where L. terrestris consumes soil around the burrow edge to maintain its burrow wall. Research of 

earthworm bioaccumulation has been focussed around polluted soils and ecotoxicity, where the 

elemental focus was in potentially toxic elements (PTEs) and not macro- and micronutrients (Kennette 

et al, 2002; Ernst and Frey, 2007; Mombo et al, 2018). Bioaccumulation laboratory experiments have 

been conducted, but often not for L. terrestris. Investigations of the earthworm Octadrilus 
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complanatus have indicated that this species can bioaccumulate aluminium, where bioaccumulation 

increased with larger applications (up to 3000 mg gˉ¹) (Billalis et al, 2013). O. complanatus a European 

and African earthworm species descendent from the Lumbricidae, with a similar life cycle and 

behaviour to L. terrestris (Monroy et al, 2007). It is possible that L. terrestris may bioaccumulate 

aluminium, which could explain the concentration difference (Non-midden Al > Midden Al > 

Drilosphere Al) presented in Table 4.5.  

 

L. terrestris can bioaccumulate Zn from organic matter (Kizilkaya, 2005). When fed different organic 

matter types, the highest concentration of zinc bioaccumulated was from wheat residues. It was 

predicted the high bioaccumulation under this organic waste was due to its high C:N ratio. Although 

this paper related zinc bioaccumulation to nutrient uptake by birds and mammals of higher trophic 

levels, it highlighted that under straw applications (such as middens) the zinc may not be released 

from the organic matter as it is accumulated within L. terrestris biomass. This supports why total 

nutrient concentration may be lower around L. terrestris middens (Table 4.3). An earlier published 

experiment by Kizilkaya (2004) investigated the impact of sewage sludge applications on the 

bioaccumulation of Zn and Cu by L. terrestris. Findings indicated that applications of Zn and Cu 

increased the concentration within L. terrestris biomass, but the highest concentration was within L. 

terrestris casts. More research is required to determine the effects of L. terrestris bioaccumulation 

effects on the cycling of elements held within organic matter.  

 

In contrast to the total nutrient concentration results, the available nutrient concentration within 

earthworm middens was higher than non-midden samples for selected elements (Table 4.6). The 

selected elements were Ca, Mg and K. This agrees with previous midden analysis by Stroud et al, 

(2016a) where K increased. However, although the differences in K concentration in this analysis were 

significant (p < 0.05), differences in K concentration between midden and non-midden samples were 

not as high within this experiment. The differences between concentrations could be due to a number 

of factors, such as crop type (wheat vs barley straw), the timing of the study in the harvest year (spring 

vs autumn) and the differences in soil types between areas (North West UK Vs Midland UK). The 

indication that the mean concentration of Mg and K were significantly different (p > 0.05), where the 

means were higher within midden soils supports the hypothesis that L. terrestris has a positive effect 

on nutrient availability to plants (Athman et al, 2017). 

An increase in available nutrient concentration in soil beneath L. terrestris middens may be exclusive 

to certain nutrients, where there was a reduction in the concentration of some elements, such as 

phosphorus (Table 4.6). Phosphorus is not as mobile as other macronutrients such as N and K. 
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Therefore, in P-limiting environments, fertilization is the main method to increase concentrations. The 

concentration of some metals impacts the bioavailability of others, which may inhibit plant availability. 

For example, aluminium is a very abundant element in soil, but its presence at high concentrations, 

particularly in acidic soils, can limit plant growth (Kochian et al, 2005; Kochian et al, 2015). Aluminium 

can also bond to phosphorus making it less available to plant roots (Foy et al, 1978). In this analysis, it 

was found that aluminium concentration decreased around the midden soil samples in both available 

and total forms. High aluminium levels can cause phosphorus fixation, therefore low aluminium levels 

around midden soils may enhance P availability. Therefore, within a phosphorus-limiting environment, 

the presence of L. terrestris may assist phosphorus adsorption by crops.  

 

It could be possible that the nutrient concentration was lower around an L. terrestris drilosphere 

because nutrients were concentrated within L. terrestris casts. The nutrient concentration of L. 

terrestris casts within middens was not analysed. This was due to the low mass of the middens and 

the field conditions influencing identification. Theoretically, casts deposited on the soil surface around 

the midden will have been analysed through the homogenisation of midden soil prior to soil 

extraction, however the ratio of cast to soil will be very low. Comparisons between the nutrient 

availability in casts compared to bulk soil have indicated that there are significantly higher 

concentrations held within casts (Clause et al, 2014; van Groenigen et al, 2019). Due to the initial 

fragility in cast structure and the high level of rainfall experienced within the UK, it is possible that 

cast-available nutrients are leached through the soil or eroded by surface runoff (the raindrop effect) 

(Le Bayon and Binet, 1999). Further laboratory research will identify whether L. terrestris casting 

mobilises elements in the soil. 

 

4.4.4.3.3. Macro- and Micronutrient concentration: effects of physical and biological components 

within midden 

 

To locate any observed differences in nutrient concentration between midden and non-midden soils 

(Table 4.5), correlation analysis was conducted to determine whether there was a relationship 

between the physical (straw mass) and biological (total earthworm density, total earthworm biomass) 

components of the midden area on soil nutrient concentration. Overall, no correlation was 

determined between 121 of 126 tests. Of the 5 observed relationships, 3 were caused by the presence 

of extreme values (Appendix II), which will not be discussed further. Findings indicated negative 

correlation between straw biomass with Ni and Co concentration. A reduction in Ni with increasing 

midden mass could be positive for crop growth and earthworm development, where Ni  is phytotoxic 
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at high concentrations, causing elongated roots (Wallace et al, 1977) and toxic for earthworm species 

(Gish and Christensen, 1973; Bigorgne et al, 2010; Hirano and Tamae, 2010).  At low concentrations, 

Ni is important for crop growth due to its increase in urease, which encourages root and shoot 

development (Brown et al, 1987; Welsh and Shuman, 1995). Bioaccumulation of Ni by earthworms 

has previously been investigated, where findings suggested that Eisenia fetida increased the rate of 

bioaccumulation in degraded soils (Kilowasid et al, 2015). Schrader (1992), found that Ni was 

concentrated within the calciferous gland tissue towards the intestine, and not excreted. Cobalt is a 

micronutrient important for crops where it encourages stem growth and enhances nitrogen fixation 

in legumes (Welsh and Shuman, 1995). Co is considered an essential element for earthworms, as it is 

a component of the B12 vitamin (Neuhauser et al, 1984).  To reduce plant iron deficiency, Co is 

regulated by keeping a neutral soil pH. The soil pH at Light Ash farm was 6.8, which is optimum to 

inhibit metal activity.  As with Ni, investigations of bioaccumulation have focussed around E. fetida 

(Singh et al, 2014; Crossley Jr et al, 1995). Further investigations of the effects of the L. terrestris 

midden-burrow complex on soil chemistry is required to determine their impact on biogeochemical 

cycling in agroecosystems. 

A number of factors could have influenced the lack of relationships between the physical and 

biological components of the midden with soil nutrient concentration. Firstly, L. terrestris midden sizes 

were small in comparison to other studies (Butt and Lowe, 2007; Stroud et al, 2016a), where the 

variance of organic matter between L. terrestris midden samples was low (0.098 g – 0.723 g). Larger 

and more developed middens may have encouraged further chemical changes in soil below. For 

correlation analysis, although the number of samples were acceptable (N=30), an increased number 

of replicates will increase the likelihood of a relationship. This field survey analysed middens over one 

field; enhanced sampling methods over increased geographical areas may provide more evidence on 

the effect of L. terrestris in agroecosystems. In this experiment, the most abundant organic matter 

available for midden development was barley stubble and weeds, which are lower in nutrient 

concentration than the harvested barley crop and less biodegradable than the leaf areas. There may 

be differences in nutrient concentration within midden samples if the crop selected is not 

homogenous. To improve this comparison, an increased sample size with repeated measures would 

be required and further laboratory experiments to control midden mass size and organic matter 

applications.   

Overall, the findings from this midden survey highlighted a number of possible indirect benefits to 

agroecosystems by L. terrestris. Increased earthworm abundance supported evidence that middens 

are ‘biological hotspots’ within arable soils and that increased L. terrestris populations may enhance 

soil functioning by introducing more epigeic species. However, chemical interactions between L. 
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terrestris middens and surrounding soil was less clear. The results suggested that L. terrestris middens 

had some unique effects on the soil chemistry, where the total nutrient concentration reduced around 

the burrow and the available nutrient concentration increased for selected elements. The spatial 

patchiness of soil fauna created by L. terrestris middens may have a number of benefits to soil 

properties, notably an increased soil resilience through the spatial asymmetry of soil organic matter 

(van Apeldoorn et al, 2011) which may improve responses to environmental stresses (Brussaard et al, 

2007; Harvey et al, 2019). L. terrestris dispersal has been monitored over long temporal periods 

(Nuutinen et al, 2017) and ecological models exist on their behavioural choices (e.g. Johnston et al, 

2017), however the numerous environmental factors which influence their behaviour (Butt and 

Nuutinen, 2005) make spatial heterogeneity a challenging area of research.  

Spatial patchiness of L. terrestris can be influenced significantly by many factors such as resource 

availability (Butt et al, 2003), particle size (Lowe and Butt, 2003), soil moisture (Butt and Nuutinen, 

2005). Dispersal of L. terrestris usually occurs aboveground where they can migrate over long 

distances. Within agroecosystems, integrated management systems could enhance resilience 

(Szymczak et al, 2020), however frameworks to assess soil resilience within agroecosystems under 

environmental stresses are still to be determined (Peterson et al, 2019). Introduction of soil biological 

networks within these models may enhance knowledge on environmental resilience within 

agroecosystems. Further research on the effects of agroecosystem management on L. terrestris 

populations is required to determine how waste organic matter influences their spatial heterogeneity 

and build on the relationships determined by Sheehy et al (2019). This thesis will explore further the 

aboveground behaviour of L. terrestris when offered organic matter of different particle sizes and 

rates of degradation to determine how these factors influence midden development and earthworm 

growth and reproduction. Findings could indicate how spatial patchiness could be influenced by waste 

organic matter addition and recommend application methods for agroecosystem managers.  

 

 

 

 

 

 

 



139 
 

4.5. SUMMARY OF CHAPTER FINDINGS 

- Waste organic matter can increase earthworm populations when compared with normal 

fertilisation procedures and a control plot. 

- Although waste organic matter can increase earthworm abundance, this is impacted by plant 

type. 

- The most common earthworm species found in arable systems were: A. caliginosa, A. longa, 

A. chlorotica and L. terrestris. These were subsequently used in laboratory experiments. 

- L. terrestris can increase other earthworm population size and species diversity through the 

development of middens. 
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5. ASSESSMENT OF WASTE ORGANIC MATTER APPLICATIONS ON EARTHWORM SURVIVAL, 

GROWTH RATE AND REPRODUCTION THROUGH LABORATORY MICROCOSM EXPERIMENT  

 

5.1. Introduction 

Waste organic matter applications in agroecosystems can enhance earthworm populations and 

change the species diversity, which alters soil functioning. However, there are significant differences 

in the effects of applications on earthworm population size, growth and fecundity, where it has been 

suggested that the C:N ratio, lignin content and particle size may be limiting factors on earthworm 

assimilation of organic matter. To be applied in agriculture, waste organic matter has to reach a UK 

PAS 110 standard, to ensure that it is not toxic to the environment and human health. 

This chapter will assess the effects of common agricultural waste organic matter applications on 

earthworm health, by assessing the effect on growth rate and reproduction. Laboratory studies were 

conducted at UCLan, Preston, to investigate the effect of waste organic matter content on growth and 

reproduction rates of four earthworm species: A. longa, A. caliginosa, A. chlorotica and L. terrestris. 

These earthworms have different burrowing and feeding activities and are common in agricultural 

settings, where they were the most abundant in Section 4 experiments. 

Five waste organic matter types were selected: horse manure, anaerobic digestate (dry fraction), 

anaerobic digestate (wet fraction), composted green waste and wheat straw residues. These were 

selected to reflect different agricultural practices. Horse manure could be used as a waste organic 

matter treatment, however for this experiment was used as a control treatment, due to it being a 

known effective substrate for earthworm cultivation (Butt, 2011). 

5.1.1. Aim 

To determine the effects of selected waste organic matter applications on earthworm health and 

fecundity. 

5.1.2. Objectives 

To examine the effects of selected waste organic matter treatments on the growth rate of juvenile 

earthworm species. 

To investigate the effects of selected waste organic matter treatments on the reproductive rate of 

adult earthworm species. 

5.1.3. Hypothesis 

There will be differences in earthworm rate to maturity based on organic matter type. 
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5.2. Materials and methods 

Earthworm growth and reproduction microcosm experiments were conducted under controlled 

laboratory conditions in the earthworm research group lab at UCLan in Preston, UK from the period 

of 2015-2016. For these experiments juvenile earthworms were sampled from Walton Hall farm, 

Preston, UK, following the procedure described in Section 3.3.2.  

5.2.1. Organic matter treatments 

In this experiment, five organic matter treatments were selected. The organic matter type and its 

source is defined in Table 5.1. Prior to experimental start, the %N was measured for each waste 

treatment using CHN analysis (method described in Section 3.5.3). 

Table 5.1. Information on waste organic matter applications used. 

Experimental 

Abbreviation 
Waste organic matter type Source N (%) 

AD 
Anaerobic Digestate (Dry 

Fraction) 
Riverford Organics, Home Farm. 0.91 

HM Horse Manure Wigton, Cumbria 1.21 

ST Wheat straw residues Farington, Lancashire 0.45 

LAD Liquid Anaerobic Digestate Global Renewables, Chorley, UK 0.86 

CGW Composted Green Waste Global Renewables, Chorley, UK 0.31 

 

Prior to the experimental start, waste organic matter types AD, HM, ST and CGW were dried at 105 ⁰C 

for 24 hours and then blended using a Magimix blender (Compact 3100) to reduce the particle size 

and stored in a dry plastic container in the dark. LAD was stored in the fridge at 4 ⁰C until experimental 

start. 

5.2.2. Earthworm species selection 

The earthworm species selected for this experiment were A. longa, A. caliginosa, A. chlorotica and L. 

terrestris. These species were selected because they are commonly found in UK soils (Sims and Gerard, 

1999) and were the most abundant species in field survey trials (Section 4). Each earthworm species 

has differing burrowing and behavioural characteristics (Section 2.2; Bouché, 1977), which may 

influence their response to the feeds selected (Curry and Schmidt, 2007) and soil functioning (Blouin 

et al, 2013).  
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Following sample collection, earthworms were prepared for the experiment using the procedure 

defined in Section 3.3.3 and contained in incubators under full darkness at 15 °c. Juvenile earthworms 

of equal masses were used for the monocultures (Table 5.2).  

Table 5.2. Information on the earthworm species used in this experiment. 

Earthworm Species 

Number of juvenile 

earthworms used per 

treatment (n). 

Average individual 

earthworm biomass 

(mean ± S.E.) 

Average earthworm 

biomass per treatment 

(mean ± S.E.) 

Apporectodea longa 2 0.47 ± 0.02 g 0.93 ± 0.04 g 

Apporectodea caliginosa 3 0.28 ± 0.01 g 0.83 ± 0.05 g 

Allolobophora chlorotica 3 0.088 ± 0.0007 g 0.26 ± 0.002 g 

Lumbricus terrestris 2 1.28 ± 0.03 g 2.55 ± 0.08 g 

 

5.2.3.  Growth experimental design 

Preparation of the samples differed between earthworm size and ecological grouping. For smaller 

earthworm species (A. longa, A. caliginosa and A. chlorotica), plastic containers of 500 ml volume 

(Lakeland, UK) were used. To account for the deeper burrowing behaviour and larger size of L. 

terrestris, larger 1 L plastic containers were used, as recommended in Butt and Lowe (2005). Organic 

matter application method differed between ecological grouping. For anecic earthworms (L. terrestris 

and A. longa), Kettering loam soil (500 g for A. longa samples, 1 Kg for L. terrestris) was pre-wetted to 

25% moisture contrent and added to the plastic containers. Juvenile earthworms were placed on the 

surface and left to burrow. Dried organic matter was homogenised to an equal particle size (< 1 cm) 

using a Magimix 4150 W blender and 5 g was re-wetted and added to the soil surface. Liquid anaerobic 

digestate was surface applied at 10 ml volume. Although a higher mass:volume ratio to other 

treatments, this enabled the liquid digestate to be more evenly surface applied. All organic matter 

treatments were applied in excess; therefore this was not expected to compromise the experiment. 

For endogeic earthworms (A. caliginosa and A. chlorotica), 5 g dried organic matter (< 1 cm particle 

size) was mixed with 500 g dry Kettering loam soil before pre-wetting to 25% moisture content. Soil 

with organic matter was added to 500 ml plastic containers and juvenile earthworms were placed on 

the surface and left to burrow. For liquid anaerobic digestate samples, Kettering loam was made to 

25% moisture content before addition to ensure the organic matter was evenly mixed. This also 

ensured the overall moisture content under this treatment was equal for anecic and endogeic 
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earthworm treatments. A diagram of the experimental design of the 4 earthworm samples is 

demonstrated in Figure 5.1. 

 

Figure 5.1. A diagram of the growth and reproduction experiment sample design for each earthworm 

species (A. caliginosa, A. chlorotica, A. longa and L. terrestris). For anecic L. terrestris and A. longa, 

equal masses of organic matter were surface applied to each sample. For endogeic A. chlorotica and 

A. caliginosa, equal masses of organic matter were mixed with Kettering loam, as recommended in 

Lowe and Butt (2005). 
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There were 5 replicates per organic matter type alongside 5 replicates of a control treatment with no 

organic matter application. Treatments are for the four growth experiments are defined in Table 5.3. 

 

Table 5.3. Matrix of laboratory growth experiments undertaken. Type of earthworm species vs organic 

waste type. 

 

Horse 
Manure  

Anaerobic 
Digestate 

Straw 
Liquid 

Anaerobic 
Digestate 

Composted 
Green 
Waste 

Control 

A. longa X X X X X X 

A. caliginosa X X       X 

A. chlorotica X X X     X 

L. terrestris X   X     X 
 

 

The 4 earthworm growth and reproduction experiments were not conducted during the same time 

period. Available waste treatments were first tested on A. longa. Treatments giving poor results were 

not examined further. Organic waste treatments in subsequent growth and reproduction experiments 

tested effects on selected earthworm species.  

Throughout the duration of experiment, samples were incubated at 15 °C under full darkness. 

Earthworms had their masses determined every two weeks. To determine earthworm mass, samples 

were destructed using the following method. Any remaining surface applied organic matter was firstly 

removed using forceps and placed onto a clean aluminium tray. Below soil was destructed in a plastic 

tray and earthworms were located. To remove attached soil, earthworms were washed with clean 

water and dried before determining mass. Growth rate was recorded as the mean change in sample 

biomass (g ± S.E.). 

Following mass determination, an additional 5 g fresh organic matter was applied. For anecic 

earthworms, soil contained in the plastic tray was deposited back into the sample container and 

earthworms were placed onto the soil surface and left to burrow. Any remaining organic matter was 

placed back on the surface from the aluminium tray. The additional 5 g fresh organic matter was re-

wetted and applied to the surface. For endogeic species, 5 g organic matter was added to the plastic 
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tray and mixed with the soil, before depositing back into the sample container and re-introducing the 

earthworms. This maintained the sample design in Figure 5.1 throughout the experiment. 

This bi-weekly mass determination and re-feeding of earthworm samples continued until earthworms 

were clitellate. Once the earthworms reached sexual maturity, reproduction (cocoon production) (n ± 

S.E.) was recorded alongside earthworm mass change. Samples were placed in a plastic tray and 

earthworms were located and removed for mass determination. Following the procedure outlined in 

Section 3.3.3., soil and organic matter was sampled for cocoons using appropriate mesh sizes for 

earthworm species. Collected cocoons had their mass determined then placed in petri dishes with 

wetted filter paper (Whatman no 1) inserted, where they were stored at 4 °C in the fridge. 

Experiments were ended once the earthworms for successful treatments had reached sexual maturity 

(clitellate) and after there were over 8 successive weeks of reproductive activity. The timing was 

different for each earthworm species (A. longa = 32 weeks; A. caliginosa = 32 weeks; A. chlorotica = 

24 weeks; L. terrestris = 40 weeks) due to temporal differences in life cycles (Edwards, 2004). 

5.2.4.  Statistical analysis 

To determine whether there were any effects of organic matter type on earthworm growth rate, the 

change in earthworm biomass over time between treatments was statistically analysed (SPSS v. 27). 

Due to the difference in the number of WOM treatments between earthworm species (Table 5.3), 

statistical tests were performed for each earthworm species separately. Following testing for 

normality and equal variances, nonparametric Friedman’s tests were applied on the biomass data to 

determine whether there were any significant differences between treatments. If a significant 

difference occurred, post-hoc Wilcoxon tests were used to define the significant group. 

To determine whether there were any effects of organic matter type on reproduction, the difference 

in total cocoon production (n) between treatments was analysed. Following normality testing, 

nonparametric Kruskal-Wallis tests were applied to determine the difference in mean cocoon 

production between organic matter treatments. Post-hoc Dunn-Bonferroni tests located which 

treatments were significantly different. 
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5.3. Results 

5.3.1. A. longa 

Of the organic matter types applied, 3 treatments had successful earthworm growth rates (Figure 

5.2), where earthworms reached sexual maturity over the experimental period. Two treatments, 

LAD and CGW were unsuccessful, where the mortality rate was higher and faster than the control. 

 

Figure 5.2. Changes in mean biomass (g ± S.E.) of A. longa (N=2) (32 weeks) under horse manure, 
anaerobic digestate (dry), wheat straw, liquid anaerobic digestate and composted green waste 
mono-applications with a control soil treatment. N=5. 

 

Applications of horse manure resulted in a faster growth rate, where A. longa reached sexual maturity 

at 10 weeks. Anaerobic digestate had 70% adults at 20 weeks, where under wheat straw applications 

60% of A. longa were adult at experimental end (Figure 5.3). Following sexual maturity, A. longa 

biomass reduced as they began to copulate. Mean adult biomass was lower under anaerobic digestate 

and wheat straw applications (HM = 2.5 g; AD = 1.4 g; ST = 0.9 g). The effect of organic matter 

application on biomass change over time was significantly different between all treatments 

(Friedmans test; x² (2) = 623.355; p < 0.001). Post-hoc Wilcoxon signed rank tests confirmed that all 

treatments were significantly different (p < 0.001). 

0

1

2

3

4

5

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

M
ea

n
 t

o
ta

l b
io

m
as

s 
(g

 ±
S.

E.
)

Week (n)

Horse Manure

Anaerobic Digestate (dry)

Wheat Straw

Anaerobic Digestate (liquid)

Composted Green Waste

Control



147 
 

Under LAD and CGW applications the mortality rate was 100%, where A. longa did not gain mass 

throughout the experiment. The mortality rate was faster under LAD applications than the control, 

which suggests that it is toxic. These unsuccessful treatments were not applied in future experiments. 

 

 

Figure 5.3. Rate of A. longa attainment of sexual maturity (% ± S.E.) under dry anaerobic digestate 
(AD), wheat straw (ST) and horse manure (HM) applications.  

 

 

Figure 5.4. Mean number of cocoon production (n ± S.E.) by A. longa (32 weeks) under horse manure 
(HM), wheat straw (ST) and dry anaerobic digestate (AD). 
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A. longa reached sexual maturity under all positive organic matter treatments, but the time taken to 

reach maturity was different between treatments (Figure 5.3), where 60% of A. longa were mature at 

experimental end under ST treatments. 

Cocoons were produced under HM and AD applications (Figure 5.4). Cocoons were produced earlier 

under HM applications (week 22). When both applications were producing cocoons, there was no 

statistical difference in the rate of cocoon production between treatments for the weeks 28-32 (Mann 

Whitney-U; p > 0.05). 

5.3.2. A. caliginosa 

The growth rate of A. caliginosa under AD and HM treatments was similar (Figure 5.5). Initially, the 

mean growth rate of A. caliginosa was higher under HM treatments, however both treatments 

reached 100% sexual maturity at 20-22 weeks (Figure 5.6).  The effect of organic matter application 

on biomass change over time was significantly different between treatments (Friedman’s test; x² (2) 

= 807.248; p < 0.001). This could have been caused by the differences in biomass between the two 

treatments earlier on in the experiment, or the high variance in adult biomass (SE was approximately 

0.1 g from week 6). 

 

Figure 5.5. Changes in mean biomass (g ± S.E.) of A. caliginosa (N=15) over time (32 weeks) under 
horse manure (HM), anaerobic digestate (AD) and a control (C) soil application. 
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Figure 5.6. Rate of A. caliginosa attainment of sexual maturity (% ± S.E.) under dry anaerobic 
digestate (AD) and horse manure (HM) applications.  

 

 

  

Figure 5.7. Mean number of cocoon production (n ± S.E.) by A. caliginosa (32 weeks) under horse 
manure (HM) and dry anaerobic digestate (AD). 
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Both AD and HM treatments produced cocoons (Figure 5.7.). At weeks where both treatments 

resulted in copulation (18-20; 24-32) there were no significant differences in the effect of organic 

matter treatment on the rate of reproduction (Mann Whitney-U; p < 0.001). 

5.3.3. A. chlorotica 

The effect of organic matter application on biomass change over time was significantly different 

between all treatments (Friedmans test; x² (2) = 893.613; p < 0.001; Figure 5.7). Post-hoc Wilcoxon 

signed rank tests confirmed that all treatments were significantly different (p < 0.001). Adult biomass 

was higher under HM and AD treatments (Figure 5.8), and the rate to sexual maturity was faster under 

HM applications (Figure 5.9). 

 

 

Figure 5.8. Changes in mean biomass (g ± S.E.) of A. chlorotica (24 weeks) under horse manure (HM), 
dry anaerobic digestate (AD), wheat straw (ST) and a control (C) soil application. (N=5). 
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Figure 5.9. Rate of A. chlorotica attainment of sexual maturity (% ± S.E.) over 24 weeks under dry 
anaerobic digestate (AD), wheat straw (ST) and horse manure (HM) (N=5).  

 

 

Figure 5.10. Mean cocoon production (n ± S.E.) by A. chlorotica (24 weeks) under horse manure 
(HM), wheat straw (ST) and dry anaerobic digestate (AD). 
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The number of cocoons produced over the experimental period was higher under HM applications, 

where copulation began at 10 weeks (Figure 5.10). This resulted in the statistical difference between 

waste organic matter applications being significant in weeks 12-20 where there was a higher 

proportion of adult A. chlorotica under HM treatments (Figure 5.9). At week 24, when there was a 

high proportion of adults under all treatments, there was no significant difference in the rate of 

cocoon production (p > 0.05). 

5.3.4. L. terrestris 

The effect of organic matter application on biomass change over time was significantly different 

between treatments (Friedman’s test; x² (2) = 529.495; p < 0.001). Horse manure had a significantly 

higher mean L. terrestris adult biomass and reached sexual maturity at a faster rate than ST 

applications (Figure 5.11). Both treatments produced cocoons, however the abundance and frequency 

of cocoons was higher under horse manure (Figure 5.12). 

 

 

Figure 5.11. Changes in mean total biomass (g ± S.E.) of L. terrestris (40 weeks) under horse manure 
(HM), wheat straw (ST) and a control (C) soil application. N=5. 
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Figure 5.12. Rate of L. terrestris attainment of sexual maturity (% ± S.E.) over 24 weeks under wheat 

straw (ST) and horse manure (HM) applications (N=5). 

 

 

Figure 5.13. Mean cocoon production (n ± S.E.) by L. terrestris (24 weeks) under horse manure (HM) 
and wheat straw (ST) (N=5). 
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As with A. chlorotica treatments, the cocoon production was significantly higher under HM treatments 

when there was a higher percentage of adult individuals (Figure 5.13). When the % mature adults 

increased under ST treatments (weeks 38 and 40), the difference in reproductive rate was not 

significant (p > 0.05). 

5.4. Discussion 

5.4.1.  Effects of waste organic matter type on earthworm growth rate 

This experiment indicated that waste organic matter type had significant effects on earthworm growth 

rate, which differed between earthworm species. For all earthworm species, horse manure was the 

most effective feed, where the growth rate was significantly higher under all populations. Previous 

studies on the effect of organic matter type on L. terrestris monocultures indicated that horse manure 

increased the growth rate compared with birch leaves (Butt, 2011), however the rate of cocoon 

production was lower and the effect of food quality on growth changed with L. terrestris life stage. 

There were significant differences in the growth rate of L. terrestris between horse manure and wheat 

straw applications (Figure 5.11), but due to the experimental time period it was not possible to 

determine whether the application of straw influenced L. terrestris growth rate at later life stages. The 

effects of selected food types on L. terrestris species was investigated in the field and laboratory by 

Sizmur et al, (2017), where it was indicated that under controlled laboratory conditions, a higher 

calorific value of milled cereal straw increased the growth rate. However, in the field, horse manure 

applications had a higher effect on L. terrestris growth rate. Although the particle size used in this 

study was uniform between treatments, the particle size was larger (5 mm), which could have had 

some influences on the growth rate of L. terrestris. The positive effects of a particle size reduction on 

the growth rate and development of L. terrestris and A. chlorotica species have been indicated (Lowe 

and Butt, 2003), however the practical implications of applying milled straw onto agroecosystems 

could limit the utilisation on farms. Future experiments will explore the interactions between 

earthworms and organic matter at different particle sizes. 

The effects of waste organic matter applications on the growth rate endogeic earthworms were 

different to anecic. Applications of AD and HM resulted in similar growth rates of A. caliginosa 

populations (Figure 5.5) and time to sexual maturity (Figure 5.6). A. caliginosa populations are upon 

the most abundant in temperate agroecosystem settings (Pelosi et al, 2018) and can withstand tillage 

management (Crittenden et al, 2014). The positive effects displayed by anaerobic digestate 

applications on the growth rate of A. caliginosa suggests that it would increase earthworm populations 

in agroecosystem settings. This could cause an increase in soil organic matter concentration in soil and 

nutrient availability to crops. There were differences in the growth rates of A. chlorotica under AD and 
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HM treatments (Figure 5.8), however at experimental end (week 24) there were no significant 

differences in A. chlorotica biomass (p < 0.05). There could be a number of reasons why there were 

growth differences between anecic and endogeic monocultures. First, geophagus earthworms feed 

on larger quantities of soil, therefore the process of organic matter decomposition in the gut is 

different (Curry and Schmidt, 2007). Second, the effects of organic matter nitrogen concentration 

could have a larger effect on the growth rate of earthworms with a higher biomass, which have a 

different metabolic rate (Shipitalo et al, 1998). The effects of litter quality can have significant effects 

on the growth rate of earthworms, particularly in soils low in C and N (Cesarz et al, 2016). Although 

the amount of nitrogen provided by AD and HM was different (Table 5.1), the amount provided by AD 

(%N = 0.91) could be sufficient for the growth of earthworms with a lower biomass. ST had the lowest 

nitrogen concentration of the three successful treatments and had the lowest effect on growth when 

compared under A. chlorotica, A. longa and L. terrestris populations. Alongside the relationship 

between earthworm biomass and nutrient requirements for growth, a reduction in C:N ratio is 

suggested to increase earthworm assimilation of organic matter (Curry and Schmidt, 2007). The 

relationship between C:N ratio and growth rate of earthworms was supported in this experiment. 

Further investigations on the chemical components of organic wastes may provide information on the 

impacts on earthworm growth and fecundity.  

Liquid anaerobic digestate and composted green waste applications were not successful treatments 

and did not increase the growth of A. longa populations (Figure 5.2). It is suggested that the liquid 

fraction of anaerobic digestate could be toxic to earthworms, due to the mortality rate of A. longa 

being faster than the control. Recent findings from Moinard et al, (2021) indicated a short-term (2 

week) negative effect of digestate on earthworm population density, where negative effects subsided 

over the long-term (2 years) and earthworm density was 150% higher. Due to the organic matter being 

a liquid, it is possible that it provided no nutrition to earthworms, however the faster rate of mortality 

suggests a toxic effect. To confirm whether liquid anaerobic digestate is toxic to earthworms, an 

ecotoxicological assessment could be conducted (Elliston and Oliver, 2019). The metal concentration 

of this waste was not analysed, however previous studies have suggested that liquid anaerobic 

digestate from waste treatment plants can be high in PTE Pb, Cu and Zn (Coelho et al, 2018), where 

dilution is recommended to reduce phytotoxicity. A high metal concentration can be toxic to 

earthworm species (Domínguez-Crespo et al, 2012; Leveque et al, 2013). At non-toxic levels, 

earthworm populations such as L. terrestris can increase the mobility of PTE in soil (Sizmur et al, 2011), 

which could be phytotoxic. Anaerobic digestate can also be high in ammonia emissions, which could 

be toxic to earthworms in laboratory settings (Edwards and Bohlen, 1996). Under CGW applications, 

A. longa decreased in biomass at a similar rate to the control, which suggests that there is no nutrition 
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provided to earthworms by this treatment. Although CGW can provide organic matter to soil and 

improve plant growth (Milinković et al, 2019), previous surveys of fields where CGW has been applied 

have suggested an earthworm collapse (Stroud et al, 2016c). This experiment correlated with these 

findings. Future experiments could analyse the chemical, physical and biological characteristics of 

organic wastes from different suppliers, to determine which waste inputs could create toxic 

environments for soil fauna communities.  

5.4.2. Effects of waste organic matter type on reproduction 

The reproductive output of earthworms was significantly higher under HM applications, where the 

total number of cocoons produced was 95 under A. longa species. Reproduction was limited by time 

to maturity, where under ST and AD applications, this was slower than HM. When all earthworms 

were mature, the rate of cocoon production was not significantly different between applications. This 

could indicate that the waste organic matter types HM, ST and AD had no effects on fecundity, just 

that copulation started earlier under treatments where adulthood was reached sooner. A change in 

temporal dynamics of cocoon production of earthworms could cause a reduction in the growth rate 

of an earthworm population. In the field, the temporal changes of seasons could have significant 

effects on the hatchling time of cocoons, which are temperature and moisture sensitive (Holmstrup 

et al, 1990, 1991, 1992, 1994, 1996; Holmstrup and Westh, 1994; Nuutinen and Butt, 2009). In the 

laboratory, the hatchling rate of L. terrestris cocoons when cultured under different organic matter 

feeds was explored by Butt (2011). Findings indicated that there were no significant differences in the 

hatchling rate between horse manure and birch leaves. The hatchling rate of cocoons produced was 

not recorded in this experiment. The health of cocoons and rate of hatchlings would determine 

whether there are any impacts of the waste organic matter treatment on earthworm population 

development. Therefore, the effect of waste organic matter type on the long-term population 

development of earthworm species is still to be explored.  To determine the effects of waste organic 

matter applications on the long-term population development of earthworm species, this 

investigation could be extended to investigate whether the higher cocoon production over time 

caused by HM applications resulted in an increased number of hatchlings compared to other 

treatments.  

5.4.3. Implications of application type on earthworm population development 

The difference in the growth rate and fecundity of A. longa under HM, ST and AD may cause 

implications for population growth and development in the field. Although A. longa and A. chlorotica 

species grew to maturity under all treatments and reproduced, the rate of growth and reproduction 

over the experimental period was significantly longer under treatments with less N (Table 5.1; HM > 
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AD > ST). Under a temperate climate, there are temporal windows where the optimum conditions for 

growth and reproduction occur (autumn and spring) (Blouin et al, 2013). Changes in the rate of growth 

from juvenile to sexual maturity may affect population redevelopment, particularly for endogeic 

species with shorter life cycles. For example, under straw it took 30 weeks for A. longa to reach sexual 

maturity; in the field, there is less than 30 weeks of optimum growth conditions in autumn or spring 

before diapause, therefore the population would not develop as fast as under horse manure, where 

sexual maturity was reached within 8-16 weeks. It has been reported that straw residues and 

composted green waste applications have impacted the development of L. terrestris populations, 

where a population collapse occurred after 3 years (Stroud et al, 2016c). The low N concentration in 

ST and CGW could have caused this reduction. Applications of mixtures of AD or HM with ST could 

have reduced the population collapse. It has been recorded in Eisenia fetida monocultures that the 

type and ratio of organic matter mixtures can have an impact on earthworm cocoon production, 

where the cocoon production was significantly higher under a mixture of cattle manure and sewage 

sludge than 100% concentration treatments (Li et al, 2016). Although it is noted that Eisenia fetida are 

epigeic earthworms often used in vermiculture, the observed effects of waste organic matter mixtures 

may have significant effects on the cocoon production of soil dwelling earthworms, particularly epi-

anecic earthworms such as L. terrestris, where the selection of organic matter is often determined by 

litter quality (Hoeffner et al, 2018). Future experiments could explore the effects of mixed organic 

matter applications on the population growth of earthworms and the temporal effects of growth rate 

on population development in the field. 

An increased earthworm biomass is related to increased rate of organic matter bioturbation, which 

could enhance the rate of SOM addition into the soil and nutrient mineralization (Lévêque et al, 2013, 

2019). Increased bioturbation through the optimum waste organic matter application could increase 

soil fertility and in no-till systems, mitigate the effects of ploughing. However, in the field, there are 

other biotic and abiotic soil properties which influence earthworm health and abundance, such as soil 

moisture, pH, bulk density, predation (Blouin et al, 2013). Waste organic matter applications in 

agroecosystems also provide other benefits to earthworm population health and development, such 

as midden development, burrow moisture regulation, camouflage from predators (Butt and Lowe, 

2007; Andriuzzi et al, 2015a; Bertrand et al, 2015a). The utilisation of organic matter is also limited by 

particle size and the decomposition stage (Lowe and Butt, 2003; Sizmur et al, 2017), which was 

uniform in this experiment. Although intra-specific interactions can occur between earthworms in 

culture (Butt, 1998; Lowe and Butt, 1999; Lowe and Butt, 2002), the negative effects of inter-specific 

interactions between conspecifics (Edwards and Lofty, 1976; Uvarov, 2009) could influence 

earthworm population development and the dispersal and utilisation of organic matter in the field. To 
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determine the fate of organic matter in soil mediated by earthworms, future investigations will 

explore the impacts of the positive treatments determined in this experiment (ST, AD and HM) under 

different application settings and earthworm species combinations. 

5.5. Summary of Chapter findings 

 

- Applications of horse manure, wheat straw and anaerobic digestate (dry fraction) increased 

the growth rate of earthworm populations. 

- Applications of anaerobic digestate (liquid fraction) and composted green waste did not 

increase the growth rate of A. longa, where anaerobic digestate (liquid fraction) showed toxic 

effects. 

- The recorded differences in earthworm growth rate under horse manure, wheat straw and 

anaerobic digestate (dry fraction) applications could have been caused by differences in N 

concentration between treatments. 

- A faster growth rate resulted in a higher cocoon production within the experimental period 

under horse manure applications. 

- Once sexually mature, there was no observed effects of waste organic matter type on the rate 

of cocoon production between species. 
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6: ORGANIC MATTER PARTICLE SIZE: EARTHWORM PREFERENCE AND INCORPORATION RATE 

6.1.  INTRODUCTION 

Investigations of the decomposition and incorporation rate of organic matter by earthworm species 

have suggested that numerous factors influence selection and utilisation (discussed in Section 2.5.1.). 

This chapter investigates the impact of organic matter particle size on selection, utilisation and 

incorporation by specific earthworms into the belowground ecosystem. Effects of particle size on 

earthworm feeding capabilities have been suggested by researchers (Boström and Löfs-Holmin, 1986; 

Boyle, 1990; Lowe and Butt, 2003; Clause et al, 2017; Sizmur et al, 2017), such that a smaller particle 

size may accelerate organic matter decomposition. The size of e.g. agricultural residues may therefore 

be important. It has been noted that L. terrestris may utilise organic matter for different purposes, 

with larger particle sizes used for midden development, which may enhance other earthworm species 

development (Chapter 5; Lowe and Butt, 2007). The effects of crop residues on soil moisture 

regulation may also pose benefits to earthworms under drought conditions, regulate soil 

temperatures during winter and therefore enhancing survival. 

Growth experiments with commonly found UK earthworm species (Chapter 5) indicated that horse 

manure and anaerobic digestate were the most effective organic matter feeds of those tested. Wheat 

straw was also an effective feed, which maintained earthworm mass, but entailed a slower growth 

and reproductive rate. Research by Sizmur et al (2017) indicated that milled straw feed can increase 

earthworm mass at a faster rate than horse manure. It is possible that the particle size used for the 

growth experiments (Chapter 5) was too large for most earthworm species. Applications of milled 

organic material may enhance feeding of soil fauna and improve growth conditions under culture, 

however milled organic matter is rarely applied to the field. This chapter seeks to investigate the 

effects of particle size of organic residues on earthworm use and associated effects on the soil.  

6.1.1. Aims 

1. To determine the effects of wheat straw residue on the growth and utilisation of earthworm 

populations under selected particle sizes. 

2. To measure the effects of bioturbation on the distribution of nutrients and organic matter 

through a soil profile. 

These objectives will be investigated through 3 inter-linked controlled laboratory experiments, with 

specific objectives, defined throughout. Sections 6.2 to 6.4 introduce the experiments, describe the 

methodology and present the results. Results from sections 6.2 to 6.4 are then discussed in Section 

6.5. 
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6.2. EXPERIMENT 1: A LABORATORY INVESTIGATION OF WASTE ORGANIC MATTER 

INCORPORTATION BY SELECTED EARTHWORM SPECIES. 

6.2.1. Introduction 

Growth trials indicated that horse manure and anaerobic digestate were the most effective feeds, 

crop residues (such as wheat straw) are common organic matter applications in sustainable 

agroecosystems post-harvest and have been shown as a proven feed for earthworms in the laboratory 

(Sizmur et al, 2017) and field (Stroud et al, 2016a). Numerous factors may have reduced the growth 

rate of earthworms with straw applications in growth trials (Chapter 5). First, the particle size was 

greater than 1 mm (the particle size used by Sizmur et al, 2017) and could have been too large, 

particularly for A. caliginosa (Boyle, 1990; Lowe and Butt, 2005). Second, the C:N ratio of wheat straw 

was significantly higher than horse manure and anaerobic digestate, which may have resulted in a 

slower growth rate. Third, the mineralization rate of applied straw is slower than other organic matter 

types (Abbasi and Khaliq, 2016; Gao et al, 2016), so as a feed it might be more sustainable for 

earthworm populations, but over a longer time period.  

A microcosm experiment was designed to investigate the effects of surface applied wheat straw and 

of horse manure on L. terrestris, A. longa and A. caliginosa under controlled laboratory conditions. 

Milled applications (1 mm particle size) were used to ensure that earthworms could easily feed on 

both organic matter types. Organic matter was surface applied to replicate a no-till agroecosystem. 

To determine potential benefits of both applications, a 50:50 mixed application was also included as 

a treatment. In addition to earthworm growth rate, the incorporation of organic matter over the 

experimental period was recorded. 

It is hypothesised that the consumption and incorporation of organic matter residues will be higher 

under L. terrestris populations than A. longa and A. caliginosa, due to a larger mean body mass and 

size (Sims and Gerard, 1999). It is also predicted that anecic species (L. terrestris and A. longa) will 

incorporate at a faster rate than endogeic A. caliginosa due to their feeding behaviour, where they 

are more inclined to feed on the soil surface (Bouché, 1977). This experiment had equal numbers of 

earthworms per sample to assess the reproductive rate under selected feeds. To regulate earthworm 

biomass, this would have required a high number of A. caliginosa per vessel (N=15), which would have 

caused intraspecific competition (Eriksen-Hamel and Whalen, 2007a). 
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6.2.1.1 Objectives 

- To determine the effects of wheat straw residues and horse manure applications on the 

growth rate of earthworm species A. caliginosa, A. longa and L. terrestris at milled (1 mm) 

particle size. 

- To measure the incorporation of surface applied organic matter by A. caliginosa, A. longa 

and L. terrestris at milled (1 mm) particle size. 

6.2.1.2. Hypotheses 

- Incorporation of organic matter will be higher in anecic (L. terrestris and A. longa) than endogeic 

species (A. caliginosa). 

- Milled organic matter will increase the growth rate of all earthworm species. 

 

6.2.2. Materials and methods 

 

6.2.2.1. Experimental design 

An experiment was designed to determine the effects of 3 waste organic matter (WOM) treatments 

(horse manure, wheat straw and a 50:50 mixture) on the growth rate and reproduction of 3 

earthworm monocultures (Lumbricus terrestris, Aporrectodea longa and Aporrectodea caliginosa) 

when surface applied, at milled particle size. The effect of earthworm species on the removal of WOM 

from the surface was also analysed. The full experimental design for this laboratory experiment is 

presented in Figure 6.1. 
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Figure 6.1. Diagram of the experimental design. Three treatments of organic matter applications 

(horse manure (red), wheat straw (blue) and a 50:50 mixture (green)) were added to three sets of 

earthworm monocultures (L. terrestris; A. longa and A. caliginosa) with controls of no organic matter 

addition (A) and no earthworm addition (B). N=5. 
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6.2.2.2. Sample preparation 

To ensure that earthworm species for each treatment were of equal masses and age, they were 

cultured from cocoons under controlled conditions (25% moisture content; 15 °C; 24 hr darkness) at 

the University of Central Lancashire.  To avoid experimental bias, earthworms were cultured with a 

mixed feed of horse manure and wheat straw residues (Rajapaksha et al, 2013).  

Monocultures of earthworms (N=2) were mass determined and placed in 750 ml plastic containers 

(Lakeland, UK) containing 500 g of sterilised Kettering loam (Boughton, UK) at 25% moisture content. 

Samples were left over night in an incubator (15 °C; constant darkness) to equilibrate (Fründ et al, 

2010). Thereafter, milled organic matter (IKA A11 analytical mill) to 1 mm particle size was provided. 

Dried organic matter (5 g) was rewetted before being surface applied. In addition, two sets of controls 

were applied: 

1. Control A: Earthworm monocultures with no organic matter application 

2. Control B: Organic matter application with no earthworms added. 

Control A determined whether earthworms increased in mass under the organic matter applications 

and Control B determined whether the earthworm monocultures increased removal of organic matter 

from the soil surface. 

Samples were maintained in temperature-controlled incubators (LMS, Kent) for 8 weeks. A further 5 

g of organic matter was applied after every second week (total 20 g organic matter application) and 

samples were sprayed with water at the same time to maintain soil moisture content. At experimental 

end, remaining surface organic matter was carefully removed using forceps, dried at 105 °C and mass 

was determined. Earthworms were also removed, had masses determined and soil was destructively 

sampled and surveyed for cocoons (method in Section 3.3.3). 

6.2.2.3. Statistical Analysis 

Total earthworm biomass for each sample was recorded at experimental beginning and end. The 

change in biomass throughout the experiment was calculated by subtracting the starting vessel 

biomass from the biomass recorded at experimental end. Statistical analysis was conducted on the 

mean change in total earthworm biomass (g) to determine whether there were any effects of organic 

matter type on the growth rate of earthworm monocultures. Following normality and equal variance 

testing, nonparametric Welch F tests were conducted to determine whether there were any 

significant differences in the mean biomass change within earthworm monoculture groups. Post-hoc 

Games-Howell tests located the significant differences between the 3 treatments. 
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The mass of organic matter incorporated was determined by subtracting any remaining organic matter 

left on the surface at experimental end from the initial mass applied. Kruskal-Wallis tests were applied 

to determine whether there were any effects of earthworm species or organic matter type on the 

mean mass of waste incorporated. Post-hoc Dunn’s tests were applied to locate any significant 

treatment effects. 

6.2.3. Results 

6.2.3.1.  Effects of treatment on earthworm growth rate 

Mean biomass change over the 8 week period is presented in figure 6.2, during which there was 100% 

survival for all treatments including the control with no organic matter addition. All adult earthworm 

species increased in mass over the experimental period under WOM application, where there was a 

mean reduction in mass under all control treatments (L. terrestris = 52.4% ± 1.5 ; A. caliginosa = 64.6% 

± 2.5; A. longa = 48.5% ± 2.6). The total biomass increase was highest with L. terrestris under all organic 

matter applications (max mean increase 2.25 ± 0.2 g under horse manure), where there was a 

statistical difference in the biomass increase over the experiment between earthworm species (p < 

0.05). There were no significant differences in reproductive rate between organic matter treatments, 

where all earthworm treatments produced cocoons by experimental end (mean reproductive rate of 

all samples: L. terrestris = 1.8 coc. ind.¯¹ 8 weeks¯¹; A. caliginosa = 2.2 coc. ind.¯¹ 8 weeks¯¹; A. longa = 

2.4 coc. ind.¯¹ 8 weeks¯¹).  
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Figure 6.2. Mean biomass change (% ± S.E.) of L. terrestris, A. caliginosa and A. longa monocultures 
(n=2) under milled horse manure, wheat straw and a 50:50 mixture after 8 weeks incubation at 15 °C. 
For biomass of each earthworm species, different letter between OM treatments denote a significant 
difference at p < 0.05. 

 

In terms of g per initial g of mass, the relationship between organic matter application and earthworm 

growth rate was similar, where the mass increase was highest under horse manure applications. The 

effect of organic matter type on earthworm growth rate was only significant for L. terrestris (Welch F 

test, p < 0.05). Multiple comparisons testing (Games-Howell) indicated that all three treatments were 

significantly different to one another, where horse manure > 50:50 mixture > wheat straw. Although 

not significantly different to the other treatments, horse manure also showed greatest biomass 

increase for A. caliginosa and for A. longa. 

6.2.3.2. Effects of earthworm species on organic matter removal 

Organic matter was removed from the soil surface under all earthworm species and WOM treatments. 

At experimental end, no WOM was removed from the surface under control (B) treatments, where no 

earthworms were added. For organic matter treatments, the highest mass incorporated in all 

earthworm species was with horse manure applications (Figure 6.3). Straw removal was different 

within a) earthworm species and b) organic matter type. A significant difference was observed for 

straw removal within earthworm species (df = 2; F = 43.64; p < 0.001), where a post-hoc Dunn’s test 

confirmed that the significance lay with the L. terrestris treatment. Although a higher mass of horse 
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manure was removed by L. terrestris (Figure 6.3), the effect of organic matter type on removal 

between treatments was not significantly different (df = 2; F = 2.07; p = 0.147).  

 

 

Figure 6.3. Mean mass (g ± S.E.) of organic matter removed by L. terrestris, A. caliginosa and A. longa 

monocultures over 8 weeks. N=5. 

 

Unlike L. terrestris, observations suggested that A. longa did not incorporate organic matter into the 

soil profile; feeding and casting was conducted simultaneously on the soil surface. At experimental 

end, the determination of ‘incorporated organic matter’ and ‘surface organic matter’ was difficult 

because organic matter and casts were combined. For this experiment, organic matter on the surface 

combined with casts was determined as surface organic matter.   
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6.3. EXPERIMENT 2: STRAW PARTICLE SIZE PREFERENCE: CHOICE CHAMBER INVESTIGATIONS. 

6.3.1. Introduction 

This was conducted to determine whether the amount of straw incorporated into soil with time was 

limited by particle size and whether earthworm species had a preference over organic matter particle 

size. Similar earthworm choice chamber experiments had previously been designed by Rajapaksha et 

al (2013) and used by Ashwood et al (2017b) and Butt et al (2020) to determine whether earthworm 

species have a preference for different types of organic matter. This experiment replicated this 

method to determine whether L. terrestris and A. caliginosa had a preference for wheat straw at either 

1 cm or 1 mm particle size.  

6.3.1.1.  Objective: 

 

- To determine wheat straw residue preference of adult A. caliginosa and L. terrestris 

monocultures with 1 cm and 1 mm particle sizes through controlled choice chamber 

experiments. 

 

6.3.1.2. Hypothesis: 

 

- A smaller particle size will be preferred by both earthworm species, as suggested by Lowe and 

Butt (2003). 

 

6.3.2. Materials and methods 

6.3.2.1. Choice chamber design 

To assess straw particle size preference of L. terrestris and A. caliginosa, a modified choice chamber, 

as designed by Rajapaksha et al (2013), was set up under controlled environmental conditions. This 

soil-mediated system provided more natural conditions for soil-dwelling earthworms and allowed the 

quantification of organic matter selected over time, without disturbing their habitat. Circular 

aluminium foil trays (diameter 0.16 m and depth 0.03 m) and Eppendorf tubes (diameter 0.01 m and 

depth 0.04 m) were used as the basis of the soil chambers. Eppendorf tubes and caps were separated, 

and a 0.01 m hole was drilled into the Eppendorf tube caps, which permitted the passage of 

earthworms. Equally spaced holes (approx. 0.01 m diameter) were made in the foil tray wall, enabling 

drilled caps to be affixed to the inner side and Eppendorf tubes to be attached from the outside (Figure 

6.4). Trays were filled with Kettering loam (25% moisture), a proven substrate for earthworms (Butt 

et al, 1994). 



168 
 

 

Figure 6.4. Choice chamber mesocosm (with aluminium foil lid removed), viewed from above (tray 

diameter = 0.16 m; tray depth = 0.03 m; cap diameter = 0.01; cap depth = 0.04 m). Wheat straw 

removal from tubes by L. terrestris monocultures (N=2) when supplied with 2 particle sizes (1 cm and 

1 mm) over 24 days.  

 

Earthworms were introduced into each tray as designated and sprayed with water. To prevent 

moisture loss and earthworms from escaping, trays were covered with a sheet of aluminium foil, held 

in place with a rubber band. To ensure air circulation, two holes were made in each sheet using a 

mounted needle. Trays were then incubated in full darkness for 24 hours at 15 °C, for earthworms to 

equilibrate. 

Air dried wheat straw (previously collected from Farington, UK) was separately cut into two particle 

sizes, 1 cm and 1 mm. For 1 cm particle size treatment, wheat straw was manually measured and cut 

using scissors. For 1 mm particle size, wheat straw was milled using an IKA 200 analytical mill and 

sieved to ensure uniformity. Individual masses of each cap-less Eppendorf tube were recorded. Tubes 

were filled with dry straw particles and soaked with water for two hours, then excess was drained 

through inversion onto absorbent tissue paper. Masses of straw-filled tubes were recorded (2 g tube¯¹) 

and then attached to the choice chambers, which were then replaced in the incubator for 

experimental start. To monitor moisture variation throughout the experiment, control samples 

containing no earthworms were prepared and measured alongside samples. 

Wheat straw removal by earthworms was measured by recording the mass loss of individually labelled 

food tubes over time. Choice chambers were examined every 3 days throughout the experiment, 

where tubes were removed, weighed and reaffixed in the same position. Following mass 

determination, each tray was sprayed with equal amounts of water to maintain soil moisture content. 
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This process was repeated for 24 days. At experimental end, the number of surviving earthworms and 

their masses were recorded. 

Adult L. terrestris used in this experiment were purchased from wigglywigglers.co.uk and upon arrival 

were acclimated to laboratory conditions for 8 weeks prior to the experimental start (Fründ et al, 

2010). Adult A. caliginosa were cultured in the laboratory following the method described in Section 

3.2.2. 

6.3.2.2. Experimental Design 

This experiment tested the food preference of wheat straw particle size by monocultures of adult 

earthworms: either L. terrestris or A. caliginosa. The particle sizes tested were 1 cm and 1 mm.  The 

number of individuals used per sample (L. terrestris N= 2; A. caliginosa N=10) was based on mean 

biomass per tray, which overall was 10 ± 0.2 g for L. terrestris and 10 ± 0.05 g for A. caliginosa. For 

each choice chamber, 4 tubes were filled with 1 cm particle size, and 4 tubes with 1 mm particle size 

wheat straw (Triticum aestivicum). Tubes were randomly arranged around each tray. There were 10 

replicated trays for each earthworm species. Particle size preference was assessed by calculating the 

mean mass loss of litter in individual food tubes, measured every 3 days over a period of 24 days. 

6.3.2.3. Statistical Analysis 

Particle size selection behaviour was assessed by calculating the mass (%) of straw remaining in each 

tube over time. The remaining amount of straw was associated with earthworm preference, where at 

experimental end the highest remaining (%) for non-preferred and the lowest remaining (%) for 

preferred. For each sample, the total mass removed per sample was calculated for each particle size 

by subtracting the remaining mass from the original mass, having removed the tube mass. The point 

of 50% total waste organic matter removal was taken as the criterion for statistical analysis, (Doube 

et al, 1997; Rajapaksha et al, 2013). Following normality and homogeneity of variance testing, a one-

way ANOVA with repeated measures was applied to determine whether there were any significant 

differences between the means of 1 cm and milled (1 mm) straw removal by each earthworm 

treatment. Post-hoc Tukey Kramer multiple comparisons tests determined the timing where the 

differences occurred. 
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6.3.3. Results 

A similar preference for milled straw was observed in each species investigated (Figure 6.5 and 6.6.). 

At experimental end, there was a 100% survival of both earthworm species, but with a mean mass 

loss over the experiment of 4.8% for L. terrestris and 3.6% for A. caliginosa. 

 

 

Figure 6.5. Mean straw residue selected (% ± S.E.) by adult L. terrestris (N=2) over a period of 24 
days with 1 cm and 1 mm particle size treatments. N=10. 

 

 

Figure 6.6. Mean straw residue selected (% ± S.E.) by adult A. caliginosa (N=8) over a period of 24 
days with 1 cm and 1 mm particle size treatments. N=10. 
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Results for the control samples were very similar, such that the two lines for 1 mm and 1 cm particle 

size are indistinguishable in Figures 6.5 and 6.6 and remained at >99% throughout.  

At 50% total removal of straw, there was a significant effect of particle size on the remaining straw 

mass (%) for both earthworm species, where milled straw was removed at a more rapid rate than 1 

cm (p < 0.05). 

 

Table 6.1. Mean (± S.E.) remaining straw mass (% from original wet mass) in choice chambers of 

earthworms at 50% total removal. Different letters in a row indicate significant differences (p < 0.05). 

Earthworm 

Species 

Days taken to 

remove 50% Straw 

Particle Size 

1 cm 1 mm 

L. terrestris 6 12.4% ± 4.12 a 82.7% ± 1.68 b 

A. caliginosa 9 26.5% ± 5.26 a 63.2% ± 2.47 b 

 

 

As demonstrated in figures 6.5 and 6.6, there were differences in the rate of removal by the two 

earthworm species. L. terrestris removed 87.6% of milled material by day 6 and the rate of 1 cm straw 

selection began to increase after week 9 when most milled straw had been removed. With A. 

caliginosa, there was a significant difference in the mass of straw removed between particle size 

treatments, however the rate of removal followed a similar pattern and approximately 10% milled 

straw remained at experimental end. 
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6.4. EXPERIMENT 3: PARTICLE SIZE EXPERIMENT: UTILISATION OF WHEAT STRAW BY SELECTED 

EARTHWORM SPECIES.  

6.4.1. INTRODUCTION 

It was indicated in Experiment 2 that a particle size of 1 mm is preferred by L. terrestris and A. 

caliginosa, however, surface application of wheat residues does not occur in the field in no-till 

agroecosystems. A laboratory experiment was therefore designed to determine the rate of 

incorporation of straw residues by L. terrestris and A. caliginosa, in monocultures and mixed species 

combinations, when realistic particle sizes were offered, as determined from field examination post-

harvest. 

Based on previous results in this Chapter it was hypothesized that smaller organic matter particle sizes 

would be incorporated at a more rapid rate. A literature review also suggested that L. terrestris will 

incorporate a higher mass of residues than A. caliginosa due to the difference in burrowing and 

feeding behaviour (Bouché 1977; Curry and Schmidt, 2007). It was suggested in Section 4.4, that L. 

terrestris middens increased the population size of juvenile endogeic earthworms. An increased soil 

organic matter content in the belowground ecosystem engineered by L. terrestris could provide food 

for adult A. caliginosa populations. The facilitation effects of L. terrestris populations on adult 

endogeic A. caliginosa will be tested in this experiment. 

Findings from Experiment 1 addressed organic matter removal from the soil surface. This experiment 

builds on these findings and conducts a detailed analysis on the effects of earthworm species and 

straw particle size on incorporation depth, where it is predicted that L. terrestris will incorporate 

organic matter to a greater depth than A. caliginosa. This will provide further information on the 

bioturbation effects of these earthworm species and how their interactions may impact organic 

matter dispersal in the belowground ecosystem. 

 

6.4.1.1. Objectives: 

 

- To measure straw removal by monocultures of L. terrestris, A. caliginosa and mixed species 

treatments when offered modal particle sizes. 

- To analyse the nutrient concentration and C:N ratio of soil at experimental end, to determine 

any effects of earthworm treatment or straw application on soil nutrient dispersal. 
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6.4.1.2. Hypotheses: 

 

- Total mass of straw removed (g) will be higher in L. terrestris treatments. 

- Total A. caliginosa biomass will be higher in the mixed species treatment. 

- There will be a reduction in the total mass of straw removed from the surface with increased 

particle size application. 

- L. terrestris monocultures will incorporate straw to increased depths, due to the differences 

in earthworm burrowing and feeding behaviour within ecological groups (Bouché, 1977). 

 

6.4.2.  MATERIALS AND METHODS 

 

6.4.2.1. Experimental design 

Surface applied wheat straw was collected from Brook Lane farm, Preston, Lancashire in September 

2018 (see Section 3.4) and left to air dry at room temperature for one week. From the collected straw, 

particles were randomly selected (N=1000) and maximum length measured to the nearest cm. Figure 

6.7 shows that a tri-modal distribution was determined with peaks around 40 cm, 20 cm, and 1 cm 

lengths. These were therefore selected as the 3 straw treatments, alongside two controls, one with 

straw application and no earthworms and the second with earthworms and no organic matter 

application. 

L. terrestris were purchased from Wigglywigglers.co.uk and A. caliginosa were collected from Walton 

Hall Farm, Preston Lancashire (see Section 3.3.2).  
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Figure 6.7. Distribution of wheat straw residue lengths (N = 1000) collected post-harvest from Brook 

Lane Farm, Farington Moss, Preston, UK. 

 

Three adult earthworm treatment combinations were used: 

1. L. terrestris monocultures (N = 2). 

2. A. caliginosa monocultures (N = 3). 

3. Mixed species (L. terrestris N = 1; A. caliginosa N = 3) 

Two controls were used: 

1. Control A: earthworm treatment without straw application 

2. Control B: straw application without earthworms added. 

The full experimental design is presented in figure 6.8. 
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Figure 6.8. A diagram of the experimental design. Each treatment had 5 replicates (N=100). 
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To ensure equal mean biomass between samples, earthworm mean mass was determined per species 

in advance of allocation to treatment (L. terrestris = 6.44 ± 0.33 g; A. caliginosa = 0.65 ± 0.03 g). 

Kettering loam soil was prepared to 25% soil moisture content, of which 3 L was placed in labelled 

polyethylene envelopes (600 gauge; heavy plastic) for samples containing L. terrestris and 2 L for A. 

caliginosa monocultures. Earthworms were placed on the soil surface and left overnight to burrow.  

The following day, 10 g of air-dried wheat straw (of the given length as per treatment) was mass 

determined and rewetted, then placed on the surface of the soil (Figure 6.9). The sample bag was tied 

off and pierced using a dissection needle to allow airflow. Samples were placed upright in a 15 °C 

incubator, where they were left in darkness for 8 weeks. Samples were monitored weekly and sprayed 

with equal amounts of water to retain soil moisture. Earthworms were not refed during this 

experiment. 

 

 

Figure 6.9. An example of the mesocosm treatments for L. terrestris monocultures using 1 cm, 20 cm 

and 40 cm particle sizes. 

 

6.4.2.2. Soil Sampling 

At experimental end, the remaining surface straw was removed by hand using forceps, placed into an 

aluminium tray (mass determined) and then the sample was dried in an incubator at 105 °C for 8 

hours. Dry mass was measured to calculate the surface straw removal and straw moisture content. 

Images of the remaining surface straw before and after removal were taken to ensure a consistent 

methodology.  
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To enable the analysis of depth, soil from within the plastic enveloped was carefully deconstructed 

and sampled in specific depths (0-60 cm; 60 – 120 cm; 120 – 180 cm (from the surface) for L. terrestris 

and mixed species samples; 0-60 cm; 60 – 120 cm (from the surface) for A. caliginosa). Earthworms 

were removed from the samples and masses determined. The depth at which each earthworm was 

located in the units was noted and soil was surveyed for cocoons by wet sieving. Straw found at each 

depth belowground had particle size and mass determined. At each sample depth, soil samples were 

collected for nutrient analysis, soil moisture content and organic elemental analysis (CHNS %). Details 

of these analysis methods are provided in Section 3.5 (page 97). 

6.4.2.3. Statistical Analysis 

Statistical tests were applied to determine effects of particle size and earthworm treatment on the 

mean total straw removal. Total straw removal was determined by subtracting the mean mass of straw 

remaining on the soil surface at experimental end from the starting mass. Following normality and 

homogeneity of variance testing, a Welch’s one-way ANOVA was applied to determine whether there 

were any significant effects of earthworm treatment and particle size on the mean total straw 

removal. Post-hoc Tukey Kramer testing was used to determine the significance between groups. 

At experimental end, straw mass incorporated was measured at 3 soil depths: 0-60 cm; 60 – 120 cm; 

120 – 180 cm (from the surface). To test the effects of earthworm treatment and straw particle size 

on straw transport belowground, a General fit two-way ANOVA was applied within earthworm 

treatments to determine whether there were any interactions between straw depth and particle size 

for each earthworm treatment. Multiple comparisons tests (Tukey Kramer HSD) were applied to 

determine the significance between groups. 

The effects of earthworm treatment and straw particle size on soil nutrient concentration was tested. 

Nutrient concentration results were analysed nonparametrically. To determine any significant effects 

of earthworm treatment on soil nutrient concentration, pairwise Mann-Whitney U tests were 

conducted between the earthworm treatments and the control B samples. To determine whether 

there were any significant effects of earthworm and straw particle size on soil nutrient concentration, 

Kruskal-Wallis tests were applied between treatments. Post-hoc Dunn-Bonferroni tests were 

conducted to locate the differences within groups. 

To determine whether there were any effects of soil incorporation on soil nutrient concentration, 

Kruskal-Wallis tests were applied to compare the effect of mass incorporated at each depth with the 

nutrient concentration at each point. Post-hoc Dunn-Bonferroni tests were conducted to determine 

whether any significant differences were caused by the earthworm treatment or particle size. 
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6.4.3. RESULTS 

6.4.3.1. Reduction in surface straw mass 

The mean reduction in surface straw mass (g treatment¯¹ ± S.E.) by earthworm and particle size 

treatment is presented in Figure 6.10. A significant difference was determined in the surface straw 

mass reduction within particle size treatments in L. terrestris monocultures (one-way ANOVA; p < 

0.001), where 1 cm particle size had the largest straw mass reduction (mean 6.3 ± 0.6 g treatment¯¹ ± 

S.E.). There were no significant differences in straw reduction between particle size treatments under 

A. caliginosa monocultures and mixed species treatments (p > 0.05). The mean straw mass 

incorporated within A. caliginosa species was within the range of 1.8-2.2 g regardless of particle size. 

The straw removal within mixed species treatments was low for all particle sizes. 

 

 

Figure 6.10. Mean reduction in wheat straw mass (g treatment¯¹ ± S.E.) by adult earthworms over 8 

weeks with selected particle sizes (1 cm, 20 cm and 40 cm). Within earthworm treatments, samples 

that are statistically different between particle size are presented by different lettering (one-way 

ANOVA; p < 0.001). 

 

L. terrestris monocultures incorporated straw to the lowest depths (range of 14-16 cm between 

particle size treatments), where maximum depth recorded was not significantly different between 

particle sizes (one-way ANOVA; p > 0.05).  There were significant differences between the maximum 

depth of removal within A. caliginosa monocultures (p < 0.05), where post-hoc tests determined that 
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1 cm particle size was significantly different to the other treatments. Straw removal under the mixed 

species treatment was low, however there was a significant difference between the depth of 

incorporation between particle size treatments, where incorporation depth was higher under lower 

particle size. 

 

 

Figure 6.11. Effects of adult earthworm treatments and wheat straw particle size (1 cm, 20 cm and 

40 cm) on mean depth (cm ± S.E.) of incorporation. Within earthworm treatments, samples that are 

statistically different between particle size are presented by different lettering (one-way ANOVA; p < 

0.001). 

 

Following destructive sampling, soil was separated into three depths a) 0-60 mm; b) 60-120 mm; c) 

120-180 mm. For each depth, the mean mass of straw for each treatment was recorded and compared 

(Figure 6.12). Two-way ANOVA confirmed that there was an interaction between the effects of particle 

size and depth on the mean mass of straw recorded under L. terrestris monocultures (DF = 4; F = 5.41; 

p < 0.001) where multiple comparisons testing (Tukey HSD) confirmed that the maximum mass was 

contained within the upper soil depth (0-60 mm) and lowest particle size (Figure 6.12). Analysis of the 

single effects confirmed that there was a significant difference in the mean straw mass between 

depths under all earthworm treatments and particle sizes, where the significantly different depth was 

0-60 mm, and where mean mass of straw recorded was higher (Figure 6.12).  
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Figure 6.12A-C. Mean total straw mass (g ± S.E.) incorporated within 3 soil depths (0-60 mm; 60-120 

mm; 120-180 mm) over 8 weeks under selected earthworm treatments (A = L. terrestris; B = A. 

caliginosa; C = Mixed species) and straw particle sizes. Note: A. caliginosa monoculture sample depth 

was 120 mm. N=5. 
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6.4.3.2. Earthworm survival and reproduction 

At experimental end, a reduction in earthworm mass was recorded under all treatments (Figure 6.13.). 

Full survival (100%) was recorded under L. terrestris monoculture treatments, where cocoon 

production was recorded (1.4 ± 0.51 coc. ind.¯¹). A one-way ANOVA confirmed that the % mass 

reduction was significantly different under L. terrestris monocultures (p < 0.05), where the mass 

reduction was higher in the control treatment (Figure 6.13.).  

For A. caliginosa monocultures, there were no significant differences in the % mass reduction between 

particle size samples and the control (one-way ANOVA; p > 0.05). Again, there was 100% survival 

within monoculture treatments, but no cocoon production was recorded. Within mixed species 

treatments, one-way ANOVA confirmed a significant difference between the particle size and control 

treatments on the % mass reduction (p < 0.05), however, the significantly different treatment was 40 

cm particle size (Figure 6.12.). There was 100% survival for A. caliginosa, however 90% under L. 

terrestris, where there was 40% mortality rate in the 40 cm treatments. 

  

 

Figure 6.13. Mean total biomass reduction (% treatment¯¹ ± S.E.; N=5) of earthworms (L. terrestris 

N=2; A. caliginosa N=3; Mixed species N=4) under 1 cm, 20 cm and 40 cm particle size straw residue 

applications and control A. 

 

Compared with monoculture treatments, there was a lower rate of A. caliginosa mass reduction in 

mixed species treatments than monocultures (Figure 6.14). L. terrestris decreased more than the 

control under mixed species than monoculture treatments (Figure 6.13). 
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Figure 6.14. The mean mass reduction (% treatment¯¹ ± S.E.; N=5) of A. caliginosa monoculture and 

with L. terrestris (N=1) under 1 cm, 20 cm and 40 cm particle size straw residue applications and 

control A. A. caliginosa N=3 in both treatments. 

 

6.4.3.3. Nutrient concentration  

In this section the key findings of the analysis are presented, with a full set of elemental results in 

Appendix III. Total nutrient concentration and available nutrient concentration was determined to 

indicate whether the influence of earthworm species changed the nutrient levels in soil compared 

with a control treatment.  
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Table 6.2. Mean available and total nutrient concentration (mg kg¯¹ ± S.E.) of soil at experimental end. Concentrations of elements that are statistically 

different from the control soil B (straw application with no earthworms added) are presented by different lettering in the relevant sub-columns of the Table 

(Mann Whitney-U; p < 0.05). 

Earthworm 
Treatment 

Element 
Mean available concentration (mg kg ¯¹ ± S.E.) Mean total concentration (mg kg ¯¹ ± S.E.) 

1 cm 20 cm 40 cm 1 cm 20 cm 40 cm 

L. terrestris 

P 47 ± 3a 43 ± 1a 51 ± 3a 1534 ± 68a 1858 ± 142a 2017 ± 108a 

Mg 177 ± 9a 168 ± 6a 175 ± 6a 3609 ± 94a 4842 ± 294a 5462 ± 184a 

K 266 ± 8a 258 ± 4a 255 ± 5a 545 ± 17a 695 ± 43a 825 ± 29a 

Mn 11 ± 1a 9 ± 0.5a 11 ± 1a 854 ± 69a 1292 ± 196a 1413 ± 196b 

Fe 2.7 ± 1.3b 1.9 ± 0.6b 3 ± 2b 7822 ± 296a 11293 ± 1177a 14219 ± 811a 

Ni 0.7 ± 0.2a 0.5 ± 0.01a 0.6 ± 0.1a 38 ± 2a 47 ± 3a 71 ± 3a 

Zn 0.9 ± 0.3a 0.9 ± 0.2a 0.6 ± 0.1b 147 ± 4a 178 ± 12a 193 ± 8a 

B 47 ± 3a 43 ± 1a 51 ± 3a 104 ± 4a 153 ± 14b 336 ± 17a 

A. caliginosa 

P 26 ± 6b 20 ± 4a 24 ± 5a 1656 ± 49a 1786 ± 128a 1494 ± 97a 

Mg 228 ± 21a 162 ± 7a 191 ± 11a 3737 ± 158a 4558 ± 193a 4213 ± 277a 

K 401 ± 23a 328 ± 23a 215 ± 40b 682 ± 21a 746 ± 29a 709 ± 37a 

Mn 12.8 ± 2a 11.7 ± 1a 12.7 ± 1a 797 ± 103b 995 ± 93a 932 ± 91b 

Fe 5.5 ± 0.8a 7.9 ± 2.9a 3.2 ± 0.2b 8719 ± 509a 11341 ± 856a 9439 ± 761a 

Ni 0.2 ± 0.02a 0.1 ± 0.01a 0.1 ± 0.02a 44 ± 3a 59 ± 4a 53 ± 4a 

Zn 2.1 ± 0.5a 1.1 ± 0.2a 1.6 ± 0.4a 169 ± 10a 196 ± 13a 178 ± 5a 

B 26 ± 6b 20 ± 4a 24 ± 5b 238 ± 13a 317 ± 20a 285 ± 19a 

Mixed Species 

P 43 ± 2a 41 ± 1a 47 ± 3a 2592 ± 207a 2252 ± 237a 2089 ± 132a 

Mg 120 ± 4a 117 ± 2a 122 ± 2a 7080 ± 184a 6498 ± 326a 5510 ± 283a 

K 241 ± 6a 234 ± 6a 246 ± 4a 941 ± 34a 889 ± 48a 793 ± 20a 

Mn 7.6 ± 0.3a 7.6 ± 0.3b 8.5 ± 0.5b 1802 ± 291a 1916 ± 437a 2024 ± 587a 

Fe 2.4 ± 1b 3.5 ± 1b 3.7 ± 1b 18256 ± 1116a 17534 ± 1683a 15735 ± 1409a 

Ni 0.1 ± 0.01a 0.1 ± 0.01a 0.1 ± 0.01a 78 ± 5a 60 ± 5a 69 ± 6a 

Zn 0.3 ± 0.01a 0.3 ± 0.01a 0.3 ± 0.01a 254 ± 10a 225 ± 11a 209 ± 16a 

B 43 ± 2a 41 ± 1a 47 ± 3a 389 ± 22a 374 ± 32a 336 ± 27a 

Control B (no 
earthworms 

added) 

P 36 ± 2b 34 ± 2b 31 ± 1b 976 ± 134b 853 ± 20b 910 ± 31b 

Mg 132 ± 4b 135 ± 5b 136 ± 4b 3352 ± 54b 3362 ± 66b 3355 ± 119b 

K 204 ± 6b 162 ± 3b 185 ± 3b 578 ± 15b 609 ± 7b 594 ± 17b 

Mn 9 ± 0.3b 7.6 ± 0.2b 8.8 ± 0.3b 613 ± 75b 632 ± 60b 1077 ± 347b 

Fe 3 ± 0.6b 2.6 ± 0.2b 2.8 ± 0.2b 3957 ± 181b 4015 ± 245b 4310 ± 268b 

Ni 0.3 ± 0.05b 0.4 ± 0.03b 0.4 ± 0.01b 28 ± 1b 27 ± 1b 28 ± 1b 

Zn 0.5 ± 0.01b 0.5 ± 0.01b 0.6 ± 0.01b 88 ± 3b 87 ± 2b 93 ± 5b 

B 31 ± 1b 32 ± 3b 28 ± 1b 154 ± 6b 153 ± 7b 159 ± 8b 
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6.4.3.3.1. L. terrestris 

For the majority of elements, there was a significant difference in the mean elemental concentration 

(total and available) between straw treatments with L. terrestris populations present and straw 

controls with no earthworm addition (p < 0.05; Mann-Whitney U; Table 6.2).  

Between earthworm treatments, L. terrestris monoculture samples had the highest mass of surface 

straw removal over the experimental period (Figure 6.9). Effects of particle size on the straw removed 

may have influenced the nutrient dynamics of the soil, where the total nutrient concentration was 

significantly different between particle size groups (Kruskal-Wallis; p < 0.001). Post-hoc tests (Dunn-

Bonferroni) determined that the 1 cm particle size treatment (which had the highest rate of 

incorporation) was significantly different to other treatments. For all elements, the mean total 

nutrient concentration was highest at 40 cm, where 40 cm > 20 cm > 1 cm (Table 6.2). There were no 

significant effects of particle size on the mean available nutrient concentration (Kruskal-Wallis, p > 

0.05). 

Interval plots of the available and total nutrient concentration under particle size treatments and 

controls with no earthworms added (Appendix III) indicated that L. terrestris monocultures increased 

P Mg, Zn and B under both analysis types and decreased K. 

Following analysis of organic matter incorporation depth, statistical analysis of total nutrient 

concentration between treatments indicated there were no significant differences between nutrient 

concentration and soil depth for all straw treatments (p > 0.05). Mean nutrient concentration results 

at depth for all earthworm treatments are presented in the Appendices (Appendix III). 

6.4.3.3.2. A. caliginosa 

For the majority of elements, there was a significant difference in the mean total and available 

elemental concentration between straw treatments with A. caliginosa populations present and straw 

controls with no earthworm addition (p < 0.05; Mann-Whitney U; Table 6.2).  

The mean mass of straw removed under A. caliginosa monocultures was low, where there were no 

significant differences in the mass removed between particle sizes (p > 0.05; Figure 6.9). Unlike L. 

terrestris monocultures, there were no significant differences in the total nutrient concentration 

between particle size groups (Kruskal-Wallis; p > 0.05). There were no significant effects of particle 

size on the mean available nutrient concentration (Kruskal-Wallis, p > 0.05). 
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Interval plots of the available and total nutrient concentration under particle size treatments and 

controls with no earthworms added (Appendix III) indicated that A. caliginosa species increased Mg, 

Zn and B under both analysis types. 

6.4.3.3.3. Mixed species 

Earthworm mortality occurred during the experiment under this treatment. This could have had some 

effects on the nutrient concentration in these samples. For the majority of elements, there was a 

significant difference in the mean elemental concentration (total and available) between straw 

treatments with mixed species populations present and straw controls with no earthworm addition 

(p < 0.05; Mann-Whitney U; Table 6.2).  

Section 6.4.3.3.1 indicated that the mean mass of straw removed under mixed species treatments was 

low, where there were no significant effects of particle size on the amount of straw removed (p > 0.05; 

Figure 6.8). Unlike L. terrestris monocultures, there were no significant differences in the total nutrient 

concentration between particle size groups (Kruskal-Wallis; p > 0.05). This could be due to the high 

range within sample means. Qualitatively, there are differences between particle size groups, where 

1 cm particle size has higher total nutrient concentration (Table 6.2). There were no significant effects 

of particle size on the mean available nutrient concentration (Kruskal-Wallis, p > 0.05). 

Interval plots of the available and total nutrient concentration under particle size treatments and 

controls with no earthworms added (Appendix III) indicated that mixed species treatments increased 

P, Mg and Mn concentration. 

6.4.3.4. C:N Dynamics 

For all treatments, there were significant differences in the %C concentration between the mean 

control soil sample (straw application without earthworms) and mean earthworm applications (p > 

0.05), where %C was lower under L. terrestris monocultures and mixed species (Table 6.3.; Mann-

Whitney U; p < 0.05). For A. caliginosa monocultures, the %C was higher under 1 cm particle size.  

The effects of particle size on %C concentration within earthworm treatments indicated a significant 

difference under A. caliginosa monocultures (Kruskal-Wallis; p < 0.05). Post-hoc tests (Dunn-

Bonferroni) confirmed that all particle size treatments (1, 20 and 40 cm) were statistically different 

from one another.  

Analysis of %N indicated that there were significant differences between the %N concentration 

between earthworm treatments and control straw applications (Table 6.5; Mann-Whitney U; p < 

0.001), where %N was 0.5% higher. There were no differences in %N concentration between particle 
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size applications within all earthworm treatment groups (p > 0.05). Although L. terrestris applications 

had a slightly higher %N concentration for all particle size samples, the differences between 

earthworm applications were not statistically significant (p > 0.05). 

The relationship between the effects of earthworm treatment and a control (straw + no earthworms) 

on the C:N ratio mirrored the %C results, where C:N ratio was lower under L. terrestris monocultures 

and mixed species samples (Mann-Whitney U; p < 0.05). C:N ratio was highest under A. caliginosa 

treatments, where a significant difference in the C:N ratio occurred between particle size treatments 

(Kruskal-Wallis; p < 0.05). Post-hoc tests (Dunn-Bonferroni) confirmed that the significantly particle 

size different group was 1 cm.  
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Table 6.3. Mean %C, %N and C:N ratio (± S.E.) for each earthworm treatment under the specified straw particle size (cm). Samples that are statistically 

different from the control soil B (straw application with no earthworms added) are presented by different lettering in the relevant sub-columns of the Table 

(Kruskal-Wallis, p < 0.05). 

Earthworm 
Treatment 

Analysis 
Particle Size (cm) 

1 20 40 

L. terrestris 

C (%) 1.78 ± 0.06a 1.84 ± 0.10a 2.07 ± 0.28a 

N (%) 0.73 ± 0.03a 0.73 ± 0.04a 0.72 ± 0.12a 

C:N ratio 2.82 ± 0.07a 3.00 ± 0.10a 2.93 ± 0.10a 

A. caliginosa 

C (%) 3.03 ± 0.09a 2 .00 ± 0.13a 2.42 ± 0.13b 

N (%) 0.63 ± 0.01a 0.67 ± 0.02a 0.66 ± 0.01a 

C:N ratio 4.78 ± 0.15a 3.32 ± 0.23a 3.73 ± 0.23b 

Mixed Species 

C (%) 1.80 ± 0.03a 1.76 ± 0.04a 1.89 ± 0.04a 

N (%) 0.7 ± 0.01a 0.67 ± 0.02a 0.69 ± 0.01a 

C:N ratio 2.85 ± 0.08a 2.85 ± 0.08a 3.08 ± 0.08a 

Control B (no 
earthworms 

added) 

C (%) 2.55 ± 0.14b 2.41 ± 0.06b 2.44 ± 0.07b 

N (%) 0.22 ± 0.01b 0.21 ± 0.01b 0.22 ± 0.01b 

C:N ratio 4.27 ± 0.30b 3.96 ± 0.17b 3.87 ± 0.11b 
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6.4.3.5. Observations 

Analysis of the soil moisture was conducted at experimental start and end to determine whether the 

soil moisture conditions were equal between treatments throughout the experiment. One-way 

ANOVA confirmed that there were no significant differences between treatments on soil moisture (p 

> 0.05), however, it was noted that soil at the bottom of the envelopes had increased moisture (30%) 

at the end of the experiment.  

At experimental end, images were taken of removed straw. The images of L. terrestris monoculture 

treatments (Figure 6.17A) were visually different to the A. caliginosa monoculture treatments (Figure 

6.17B). In the larger particle size treatments (20 cm and 40 cm), the straw under L. terrestris 

monocultures was more decomposed, where it appeared that L. terrestris could strip and destruct the 

straw. This was not evident in the A. caliginosa monocultures and there was increased surface mould 

growth. 

Under mixed species treatments, there was visual evidence of straw stripping (Figure 6.17C). At 

experimental end, L. terrestris was found within the surface straw for all replicates in mixed species 

treatments where L. terrestris survived (N=3). Although this experiment was conducted within full 

darkness so it could be possible L. terrestris was feeding, within all L. terrestris monoculture replicates 

the L. terrestris (N=2) were found in their burrows. 

 

 

Figure 6.17. Images of surface straw (40 cm particle size) at experimental end under different 

earthworm treatments: A) L. terrestris monoculture (N=2) B) A. caliginosa monoculture (N=3) C) Mixed 

species (L. terrestris (N=1) and A. caliginosa (N=3)). 
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6.5.  DISCUSSION 

This Section discusses the key findings from the controlled laboratory experiments conducted within 

this Chapter and explores the effects of earthworm treatments and particle size of straw on the 

incorporation of organic matter and nutrient cycling.  

6.5.1. Effects of earthworm species on organic matter incorporation 

This Chapter highlights the positive effects of L. terrestris on the rate of wheat straw incorporation. All 

three experiments indicated a difference in the amount of organic matter incorporation between 

earthworm species, where L. terrestris had the highest removal and selection (Figures 6.3 and 6.10; 

Table 6.1). Organic matter type did not affect the rate of removal under milled particle size (Figure 

6.3) but did influence earthworm growth rates (Figure 6.2), where horse manure was the most 

effective treatment under L. terrestris and A. caliginosa monocultures. The effects of organic matter 

type on earthworm growth was reduced under milled applications compared with results observed in 

Chapter 5, where particle size was larger. This suggests that field applications of milled waste organic 

matter may reduce the previously experienced effects of residue type on earthworm density in the 

field (Ashworth et al, 2017), however, the practical likelihood of milled applications of organic matter 

in the field are low. Future experiments could investigate the potential and implications of waste 

organic matter applications at lower particle size in the field. 

The positive effects of L. terrestris on waste organic matter removal was expected, as it is a species 

with a higher biomass than A. longa and A. caliginosa (Sims and Gerard, 1999), with unique foraging 

behaviour more suited to surface applications (Bouché, 1977; Nuutinen and Butt, 2005). In Experiment 

1, where the number of earthworms per vessel were the same (N = 2), increased removal rates of 

organic matter by L. terrestris was not surprising. Under treatments where equal masses of 

earthworms per vessel were applied and there was no bias in the feeding methods (Experiment 2), 

the removal of straw mass was still higher under L. terrestris (Table 6.1.). This highlights how L. 

terrestris has higher removal rates of fresh applied organic matter. This could be due to the feeding 

requirements of L. terrestris, which solely rely on relatively fresh organic matter to feed, compared 

with A. caliginosa, which can consume a higher rate of soil and feeds on organic matter at a more 

decomposed state in the soil profile. Therefore, under freshly applied organic matter, such as cereal 

straw residues, an increased density of L. terrestris may enhance the rate of organic matter removal 

compared with A. caliginosa, which is more abundant in arable soils. 

Under straw applications more natural to field conditions (Experiment 3), L. terrestris reproduced 

under a 1 cm straw treatment, indicating that field applications of wheat straw could sustain field 
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populations. It was noted in observations that L. terrestris have the ability to physically strip straw 

residues (Figure 6.17). Stripping straw could increase the surface area of straw exposed to 

decomposition, which may increase the decomposition rate. Added to the increased decomposition 

of straw residues mediated by microbial activity in surface casts, this indicates the ability of L. terrestris 

to utilise the material and increase survival compared with A. caliginosa, where surface straw 

appeared mouldy. The ability for wheat crop residue applications to solely maintain earthworm 

populations in no-till environments is still under review, where many field experiments suggest that 

applications of residues can improve earthworm populations (Fraser and Piercey, 1998; Fraser et al, 

2003; Abhail and Whalen, 2018; Korucu et al, 2018), yet wheat straw alone could incur a population 

collapse (Stroud et al, 2016c), where the quality of residues have been identified as a key factor in 

enhancing earthworm abundances (Coq et al, 2007; Eriken-Hamel et al, 2009; Ashworth et al, 2017). 

These experiments have identified that the effects of residue quality and particle size on earthworm 

species differ, where L. terrestris is more resilient. To determine the effects of straw residues on L. 

terrestris population development, further investigations of the growth and development under 

wheat straw residues in the field is required. 

Organic matter removal by A. caliginosa monocultures was lower than L. terrestris (Figures 6.3 and 

6.10; Table 6.1) however small bioturbation effects by this species were recorded, where the mass 

removed was not limited by particle size under application of straw with lengths as found in the field 

post-harvest (Figure 6.10). The lower removal rate observed under A. caliginosa compared with anecic 

species concurred with observations by Rajapaksha et al, (2013), who confirmed in choice chamber 

experiments a preference and removal of smaller particle sizes at a slower rate than L. terrestris and 

A. longa populations. Responses of A. caliginosa to surface straw applications similar to field settings 

(Experiment 3) were negative, where a high rate of A. caliginosa mortality occurred (40 % for 20 cm 

particle size) and no reproduction. As expected, this suggests that surface applied wheat straw is an 

ineffective food source for A. caliginosa.  In field settings, it could be that A. caliginosa populations 

benefit from other organic matter sources, such as cover crops and weeds (Roarty et al, 2017) where 

soils with a high OM content from ploughing can increase their survival (Crittenden et al, 2014; Frazão 

et al, 2019). No-till crop residue applications may negatively impact A. caliginosa populations and 

benefit L. terrestris populations; this change in numbers of given species may cause a shift in 

earthworm-mediated soil functioning.  

The interactions between adult A. caliginosa and L. terrestris in mixed species treatments were 

inconclusive. A higher mass of straw was incorporated under monoculture treatments than mixed 

treatments (Experiment 3; Figure 6.10), indicating inter-specific competition. However, A. caliginosa 

survival was higher when present under mixture culture with surface applied wheat straw (Figure 
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6.14), suggesting some facilitative effects of L. terrestris. A potential mutualistic relationship between 

the species was not recorded, where increased L. terrestris mortality occurred under mixture. 

Observations at experimental end found all surviving L. terrestris within the surface straw (Figure 

6.17C), which could suggest avoidance behaviour. Although previous field surveys have indicated that 

positive interactions could occur between the two species, where L. terrestris middens increased A. 

caliginosa juvenile population size (Chapter 5; Lowe and Butt, 2005), as adults competitive species 

interactions may cause dispersal. Field assessment of burrow distribution between L. terrestris and A. 

caliginosa populations indicated a heterogenous relationship (Pitkanen and Nuutinen, 1997), 

therefore no indication of a negative species interaction. Previous laboratory investigations into the 

interactions between L. terrestris and A. caliginosa have suggested that competitive interactions occur 

between L. terrestris and A. caliginosa in laboratory cultures under a population size of A. caliginosa 

(N=10) and greater (Eriksen-Hamel and Whalen, 2007a). The A. caliginosa density was much lower in 

this experiment to remove potential laboratory induced inter-specific interactions, where niche 

separation and migration are not possible (Eriksen-Hamel et al, 2009). However, even with a lower A. 

caliginosa population, interspecific interactions still occurred. The lack of SOM in Kettering loam 

meant that A. caliginosa relied upon L. terrestris incorporation to provide SOM into the soil profile to 

survive. In the field, it would be likely that the SOM content is higher. Soil with a high SOM content 

may regulate A. caliginosa populations as L. terrestris incorporate freshly applied residues. L. terrestris 

population density may also be a limiting factor on A. caliginosa survival. In this experiment, A. 

caliginosa survival was assessed by biomass change and reproductive rate. To reduce the inter-specific 

competition influencing A. caliginosa reproduction, one L. terrestris was used in every sample. To 

determine whether the incorporation rate by L. terrestris density limits adult A. caliginosa survival, 

future experiments should investigate A. caliginosa growth (N = 1) under increasing L. terrestris 

density.  

Comparisons between the effects of organic matter type on the growth and rate of removal by L. 

terrestris and A. longa under milled treatments (Experiment 1) indicated that L. terrestris can 

incorporate at a more rapid rate (Figure 6.2). Observations indicated that A. longa fed and cast on the 

soil surface without incorporating organic matter, where organic matter was found within L. terrestris 

soil samples. Due to inter-specific competition, it is unlikely that L. terrestris and A. longa populations 

are found in abundance together in the field (Lowe and Butt, 1999; Uvarov, 2009; Hoeffner et al, 

2019).  However, the responses of A. longa and L. terrestris to organic matter applications were 

similar, where they increased in biomass at the same rate between feeds (Figure 6.3). The ‘free 

residue’ methodological approach was not effective under A. longa species, where their casts were 

layered within the organic matter, making residue sampling at experimental end difficult. This could 
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be the reason for the high S.E. in the mean mass of straw removed by A. longa samples compared 

with L. terrestris (Figure 6.2). The difference in residue burial by these two species may change the 

transport and removal of organic matter down a soil profile, which could influence the rate of 

decomposition by microorganisms and nutrient dispersal through soil. Future experiments could 

compare the organic matter utilisation by these species to determine the implications on organic 

matter decomposition and nutrient mineralization.  

Analysis of straw removal with depth indicated that L. terrestris species can incorporate surface 

applied residues to a depth of 18 cm, where the maximum depth recorded was not limited by A. 

caliginosa presence (experiment 3; Figure 6.13).  The mean mass of straw recorded within increasing 

depth profiles indicated that there was a reduction in straw biomass incorporation with increasing 

depth, where 78.6% was found in the upper layers of the soil profile (0-60 mm). The relationship 

between decreasing straw mass within increasing depth was demonstrated in all treatments. A 

number of factors could influence the distribution of organic matter incorporated by L. terrestris. 

Straw held within the upper layers of the burrow could regulate burrow moisture and protect the 

burrow from predators (Butt and Nuutinen, 2005). Increased microbial activity within the upper soil 

layers (Aira et al, 2009; Hoang et al, 2016) could also enhance degradation of straw, which would 

further increase the nutrient mineralisation and palatability of the straw selected. It could also require 

more energy to incorporate organic matter to the lower soil depths and interfere with movement in 

the lower soil depths. Total straw mass incorporated at the lower sample depth (120-180 mm) was 

significantly reduced in mixed species treatments, possibly due to the impact of A. caliginosa on its 

burrowing behaviour. This suggests that the utilisation of organic matter by L. terrestris does not 

facilitate adult A. caliginosa and other geophagous earthworm populations. 

6.5.2. Effects of particle size on straw incorporation. 

There is significant evidence in this Chapter to suggest that the effect of particle size limits the ability 

of earthworm populations to incorporate organic matter into soil. This became evident when 

comparing L. terrestris results from Experiment 1 with Experiment 3, where 2 x L. terrestris removed 

on average 14 g straw at milled (1 mm) particle size (Figure 6.3), compared with 6.36 ± 0.6 g of 1 cm 

in Experiment 3 over the same temporal scale (8 weeks) (Figure 6.9). Choice chamber experiments 

indicated a significant difference between the selection of 1 mm particle size with 1 cm particle size 

under both L. terrestris and A. caliginosa species (p < 0.05), where L. terrestris removed smaller particle 

sized material at a faster rate (Figures 6.5 and 6.6; Table 6.1). This compared well with findings of 

Rajapaksha et al, (2013), where A. caliginosa removed forestry litter at a slower rate than L. terrestris 

but had similar organic matter preferences. In managed soils with low SOM content, it may be key to 
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ensure that particle size of organic matter applications are low (< 1 cm) to sustain A. caliginosa and 

maximise organic matter decomposition. This indicates that particle size of organic matter 

applications is a limiting factor when utilising earthworm populations to increase the degradation rate 

in no-till agroecosystems.  

The ability of L. terrestris to incorporate straw residues at particle sizes replicating the field was 

demonstrated in Experiment 3. The mass of organic matter incorporated by L. terrestris monocultures 

was significantly higher than other earthworm treatments and there was a statistically significant 

difference in the straw removal (g) between particle sizes within L. terrestris monocultures (p < 0.05), 

where 1 cm particle size had higher incorporation than 20 cm and 40 cm applications. Although the 

larger particle sizes were not incorporated, at experimental end visual observations indicated that L. 

terrestris had stripped the straw material (Figure 6.17), indicating that in the field earthworms could 

manipulate these particle sizes. This stripping action was also observed by Stroud et al, (2016a). 

However, whether L. terrestris was manipulating the straw for feeding or midden development could 

not be determined from this experimental design. Further investigations into the utilisation of straw 

residues (midden development or food) by L. terrestris species is required. 

Although A. caliginosa showed a preference for milled wheat straw under choice chamber 

experiments (Figure 6.6; p < 0.05), under field applications no relationship was observed between the 

rate of removal on different particle size treatments under A. caliginosa monocultures (Figure 6.9; p 

> 0.05). Evidence from experiment 2 indicated that 1 cm particle size may be too large for A. caliginosa 

to feed upon, so in field environments these populations rely upon a high SOM content and other 

organic matter to maintain a high population density. When applied with milled wheat straw, the 

incorporation rate was higher (3 ± 0.5 g; Figure 6.3) than the field applications (range = 1.71-2.22 g; 

Figure 6.10.). The reason why A. caliginosa are the most abundant species could be due to their 

resilience and flexibility in feeding and burrowing behaviours compared to other UK species. Although 

the total mass of organic matter incorporated was significantly lower and slower than L. terrestris 

monocultures, the ability of A. caliginosa to remove lengths of 20 cm and 40 cm particle size should 

be noted (Figure 6.10.). In areas of high A. caliginosa populations and low L. terrestris populations this 

may provide valuable information on the rate of organic matter removal, which could inform decision 

making. It is noted that A. caliginosa populations can survive ploughing, where the increased soil 

organic matter content can enhance their survival (Crittenden et al, 2014). Further investigations 

could explore the rate of surface removal by L. terrestris and compare the soil organic matter dispersal 

in comparison with ploughed sites to determine any benefits provided by L. terrestris to A. caliginosa 

populations. 
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Under L. terrestris monoculture, there was no effect of particle size on the maximum depth of organic 

matter incorporation, where L. terrestris can incorporate this material up to 18 cm beneath the soil 

surface (Figure 6.11.). This indicated that bioturbation of organic matter by L. terrestris can increase 

SOM content at lower depths, regardless of particle size. However, there were differences in the mean 

mass incorporated at each depth, where most organic matter was recorded in the upper soil layer 

(Figure 6.12) and 1 cm particle size had a significantly higher mass of incorporated matter. Of the 

lowest soil layer (120-180 mm), there was a significant difference of the mass incorporated between 

particle sizes (p < 0.05), where post-hoc tests determined that 1 cm particle size was the significantly 

different group. An increase in SOM content at lower depths could mitigate losses through cultivation 

and prevent an organic matter layering in no-till agroecosystems. This experiment emphasizes that 

applications of crop residues with a lower particle size may enhance the rate of organic matter 

replenishment at lower depths and maintain soil health. Within A. caliginosa monocultures, there 

were also no effects of particle size on mean straw mass incorporation mass or depth. Upper layers of 

the soil profile have higher levels of microorganism activity (Mathew et al, 2012), which may enhance 

further decomposition of organic matter and benefit earthworm species (Aira et al, 2009). 

Incorporating material to lower depths may reduce the rate of degradation, which could be less 

beneficial to earthworms. Further investigations could investigate bioturbation depth by L. terrestris 

and A. caliginosa populations under different organic matter treatments and the impact of SOM 

decomposition at depth between organic matter types.  

This Section highlights that if organic matter particle size on the field was applied at 1 cm particle sizes, 

more organic matter would be incorporated over time if L. terrestris populations were present in no-

till agroecosystems. Due to the preference of horse manure over wheat straw, it might be beneficial 

in crop residue systems to apply applications of organic matter with a lower C:N ratio to sustain 

populations as wheat straw degrades. The differences in effects of particle size on earthworm 

population growth and utilisation of organic matter highlights the importance of an earthworm survey 

being conducted in agroecosystems, as the differences in organic matter utilisation between species 

will have different effects on the distribution of SOM, which may have implications on decomposition 

and mineralization. A high earthworm count and species diversity is considered a bioindicator for a 

healthy soil (Pérès et al, 2011; Pulleman et al, 2012; Fusaro et al, 2018); utilising the information 

gained in earthworm surveys on species diversity could assist decision making by estimating the rate 

of organic matter removal and transport through the soil system.  
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6.5.3. Impacts of earthworms on nutrient dispersal. 

The impacts of earthworm populations on nutrient dispersal within soil under different particle size 

applications was explored in Experiment 3. Due to the relationship observed in many earthworm 

experiments between earthworm casts and a higher available nutrient concentration (van Groenigen 

et al, 2019) it was predicted that there would be a statistical relationship between earthworm activity 

and micronutrient concentration. General comparisons of the nutrient concentration data indicated 

that there were statistically significant differences between the nutrient concentration (total and 

available) between samples with earthworms and controls with straw applications and no earthworms 

under all earthworm treatments (L. terrestris, A. caliginosa, mixed species; Table 6.2), where P, Mg, 

Zn and B increased in concentration and K decreased. In the long-term, this may have implications for 

plant growth. For example, phosphorus is a highly immobile element where plant uptake depends on 

root efficiency and morphological traits (Fernandez and Rubio, 2015); an increase in P concentration 

in the presence of earthworms may reduce plant stress for crops that are P limited. The positive effect 

of L. terrestris on Zn concentrations has also been determined in other experimental studies (Zorn et 

al, 2005; Sizmur et al, 2011), where bioturbation increased Zn transport, and soil pore Zn 

concentration was increased through mobilisation of metalloids in casts. A decrease in elemental 

concentrations by earthworm populations has also been noted in research experiments (Resner et al, 

2015), where earthworms may uptake nutrients during growth. The effect of earthworms on macro- 

and micronutrient concentrations in agroecosystems could be of significance in reduced tillage organic 

farming, where increased information on the elements they increase and decrease could enhance 

crop selection. This analysis was over a short period (8 weeks) and nutrient change mediated by 

earthworms is likely to be low. Future experiments could explore the temporal dynamics of nutrient 

release by earthworm populations and the interactions between elements over time. 

One of the aims of organic matter residue application is enhanced nutrient mineralization by reducing 

nutrient losses following crop harvest by replenishing the soil with some nutrients from residues. 

Within straw particle size treatments, it was predicted that the effect of increased incorporation 

within smaller particle sizes would enhance nutrient concentrations caused by increased organic 

matter turnover (Wei et al, 2015). Results from this experiment indicated that the effects of straw 

particle size on nutrient concentration was only significant under L. terrestris monocultures (p < 0.05). 

Post-hoc tests confirmed that 1 cm particle size was the significantly different group. 1 cm particle size 

had the largest mass removed over the experimental period, however the nutrient concentration 

under this treatment was lower than other particle sizes (Table 6.2.). This could be due to L. terrestris 

bioaccumulating the nutrients from the straw in its body (or it is kept in its casts). Previous 

bioaccumulation studies of L. terrestris populations have focussed around heavy metals and 
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ecotoxicological research, where all experiments indicated a bioaccumulation effect (Kizilkaya, 2005; 

Suthar et al, 2008; Leveque et al, 2013; Latifi et al, 2020).  It is possible that there are temporal 

implications on micronutrient release under L. terrestris populations, where increased time after 

application could enhance nutrient concentrations. Further analysis of nutrient change over time by 

L. terrestris populations would determine these effects.   

Unlike L. terrestris monoculture applications, there were no significant differences in the nutrient 

concentration within particle size treatments under A. caliginosa and mixed species treatments (Table 

6.2), where there was a lower mean mass of straw incorporation (Figure 6.10). This could be due to 

the behavioural differences between the species and the reduced interactions with the organic 

matter, where A. caliginosa could not physically manipulate the straw (Figure 6.15), reducing 

decomposition rates.   A. caliginosa feed at a slower rate than L. terrestris populations (Figure 6.6) but 

have similar organic matter preferences (Figure 6.9), so it could be that the earthworm mediated 

effects on the total nutrient concentration takes longer than 8 weeks to impact nutrient change. The 

differences in casting behaviour between the two species could also have significant implications for 

nutrient dispersal within a soil profile, where A. caliginosa casts on the soil surface and within the 

burrow system (Edwards, 2004). This could regulate nutrient concentration within soil depths, 

compared to L. terrestris casts on the soil surface, which could enhance microbial activity on the soil 

surface. Meta-analysis of 81 articles have highlighted the increased fertility of earthworm casts, where 

available P concentration is increased (van Groenigen et al 2019), yet research comparing the 

consistency of earthworm casts between species is still to be quantified. The cast age also determines 

its fate in the soil profile (erosion or aggregation) and the microbial activity within it, which will 

influence organic matter decomposition and nutrient mineralization (Aira et al, 2005, 2019; Agapit et 

al, 2018; Botinelli et al, 2010a, 2020b). To determine the effects of casts on nutrient concentration, 

future research could quantify the effects of earthworm casts age and location by species on the 

nutrient composition in soil. 

The effects of straw incorporation depth and nutrient mineralization was explored. It was predicted 

that samples with a higher wheat straw incorporation mass would have a higher nutrient 

concentration, particularly at lower depths where SOM was increased.  Although there were 

differences in the straw mass incorporated between earthworm treatments (Figure 6.10), no 

statistically significant differences occurred between soil nutrient concentration with depth under all 

particle size treatments (p > 0.05). It was hypothesized that increased soil organic matter removal to 

lower depths through bioturbation would result in increased nutrient concentration at lower depths 

through dispersal and leaching of cast material (Zorn et al, 2005; Sharpley et al, 2011, Massey et al, 

2013; Botinelli et al, 2020). Sharpley et al, (2011) determined that L. terrestris increased P 
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concentrations by reducing surface run off losses; it could be that the effects of L. terrestris burrowing 

behaviour on soil aeration and hydraulic activity has more of an impact than physical organic matter 

transport. Added to this, the amount of phosphorus in wheat straw residues is likely to be lower than 

poultry manure. This experiment was conducted with the presence of earthworms and no other soil 

fauna; it is possible that other trophic interactions belowground at these depths would further 

enhance the rate of decomposition of organic matter and assimilation of nutrients (Castro-Huerta et 

al, 2015). Also, the straw found at lower depths were not degraded. With increasing degradation 

nutrient mineralization should increase. Due to the slow degradation rate of straw and low nutrient 

concentration, the time taken to release nutrients is likely to be longer than 8 weeks (Gao et al, 2016). 

Future experiments could analyse the change in nutrient dynamics over a year (growing season) to 

determine changes over time and to provide recommendations on nutrient dispersal. 

6.5.4. Impacts of earthworms on C:N dynamics 

Analysis of the effects of particle size and earthworm treatment on the C:N ratio indicated that there 

were significant differences observed between the C:N ratio of soil between particle sizes and control 

samples under L. terrestris monocultures and mixed species samples. Within L. terrestris groups, 

carbon concentration was lower than the control (Table 6.3). This indicates that there is a higher 

amount of nitrogen within the soil, which may be beneficial to plants, if in the correct chemical form 

(e.g. NO3¯). Samples with A. caliginosa had a higher C:N ratio than other treatments (Table 6.3) and at 

1 cm particle size the C:N ratio was higher than the control. The effects of A. caliginosa on C:N ratio 

may be higher than L. terrestris due to their burrowing behaviour, where casting can occur within their 

burrows (Edwards, 2004). It has been indicated in laboratory experiments that A. caliginosa can 

increase carbon mineralization in their casts within the short term compared with bulk soil (Abail et 

al, 2017), therefore it is uncertain whether the increased C:N ratio will have lasting effects on crop 

development. L. terrestris mainly cast on the soil surface, therefore were less heterogeneously spread 

within the soil profile. Future experiments could determine the impact of earthworm behaviour under 

straw applications on the soil C:N ratio over a longer time period to determine the effects of 

earthworms over a growing season. 

The C:N ratio of cereal straw residues are generally higher than other crops such as legumes, which 

can cause a longer rate of decomposition (Goh and Tuhuna, 2004). The mineralization of straw 

residues may be increased by the presence of earthworms, where feeding, casting and bioturbation 

can increase the rate of decomposition (Blouin et al, 2013; Bertrand et al, 2015a). Due to the 

decomposition rate of straw, even with the presence of earthworm species it may take longer than 8 

weeks to impact nutrient cycling significantly. At 8 weeks, early effects of A. caliginosa and L. terrestris 



198 
 

were noted, but, increased experimental time may provide further answers on the effects of 

earthworm species on soil C:N ratio. Future experiments could explore the effects of earthworm 

populations on the degradation of organic matter and assess the impacts of this through analysis of 

casts and C:N ratio changes in soil over time.  

Although it is indicated that earthworm populations can increase soil carbon content (Zhang et al, 

2013; Wachendorf et al, 2014), there were no significant differences in the %C results between 

treatments at experimental end (Table 6.3: p > 0.05). Although L. terrestris monocultures increased 

the SOM within the soil profile by incorporating 6.36 ± 0.6 g wheat straw (1 cm particle size), the length 

of the experiment only analysed a short-term change. Earthworm mediated effects on carbon 

turnover in soil is likely to be slower than this; future experiments could analyse carbon changeover 

over longer time periods and consider carbon losses aboveground during decomposition. Recent 

findings by Lubbers et al (2017) have indicated that earthworms have the ability to enhance CO2 

concentration simultaneously with belowground C, therefore there could be a neutral long-term 

effect of earthworm populations impact on soil C. To more accurately quantify the transport of carbon 

and nitrogen within the organic matter mediated by earthworm populations, future experiments 

could conduct isotopic analysis of straw cultivated with 13C and 15N (e.g. Giannopoulos et al, 2010; 

Heiner et al, 2011; Agapit et al, 2018).  

The positive effects of earthworm populations on soil nitrogen concentration was indicated, where 

there was a higher %N under samples with earthworms compared to straw controls under all 

earthworm treatments (Table 6.3). Research experiments have indicated the effect of earthworm 

populations on nitrogen concentration, where an increased uptake of nitrogen within Brachypodium 

distachyon L. roots occurred in the presence of A. caliginosa casts (Agapit et al, 2018). There were no 

effects of particle size on the %N concentration under L. terrestris groups, where the %N ranged from 

0.6-0.8% (Table 6.3). With straw application only, the %N was 0.5% higher than Kettering loam (control 

A) for all particle sizes, yet for earthworms and straw the %N was 5.5% higher. This highlights the 

short-term positive effects of L. terrestris and A. caliginosa populations on N mineralization in soil.  

This experiment did not quantify the type of nitrogen within the soil and whether this increase could 

be available to plants. There are also N losses (N2O emissions; Giannopoulos et al, 2010) from 

earthworm populations when active, where the nitrogen cycling may change over time. Future 

experiments could assess the type of N (NO3-N; NO2-N; N2O) emitted and transported through the soil 

profile to determine the effects on crop growth. 
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6.6. SUMMARY OF CHAPTER FINDINGS 

 

- Earthworms prefer to feed on a smaller (1 mm) particle size. At a lower applied particle size, 

the effects of organic matter type are reduced. 

- For surface applied organic matter, L. terrestris incorporated the largest amount of material 

regardless of particle size. 

- Under straw residue applications, there were no inter-specific interactions between L. 

terrestris and A. caliginosa. 

- L. terrestris can manipulate straw at larger particle sizes (> 20 cm length), which may enhance 

decomposition under untreated surface applications of wheat straw in no-till agroecosystems. 
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7:  BEHAVIOURAL INVESTIGATIONS OF LUMBRICUS TERRESTRIS L.: EFFECTS OF SIZE AND LEVEL OF 

DEGRADATION ON STRAW SELECTION. 

7.1. Introduction 

Results from previous sections suggested that organic matter selection by earthworms was influenced 

by particle size, with smaller sizes (< 1 cm) preferred for feeding and incorporated into soil more 

rapidly (Chapter 6). The ability of earthworms to utilise organic matter as a feed is also influenced by 

C:N ratio (Bohlen et al, 1997; Curry and Schmidt, 2007), where degraded residues are more palatable. 

Straw particle size and decomposition rate may influence transportation and utilisation by L. terrestris. 

In the field, crop residues are not surface applied as a uniform small particle size, due to a high rate of 

surface run off and erosion. There is little evidence to suggest that milled material will increase the 

concentration of nitrogen (Ambus and Jensen, 1999), but there could be effects on decomposition 

rate and nitrogen mineralization of the residues (Redin et al, 2014). If organic matter was applied of a 

smaller particle size, milled organic matter would normally be incorporated within the upper soil layer 

(Christensen, 1987) to reduce surface run-off, erosion effects and enhance C and N mineralization. In 

sustainable agroecosystem practices, it is recommended to decrease ploughing frequency and 

intensity to reduce the effects of agriculture on greenhouse gas emissions (Section 2.3.3). How L. 

terrestris utilise organic matter aboveground and belowground may determine their impact on the 

mitigation of ploughing in no-tillage systems and consequently the rate of organic matter 

decomposition and nutrient mineralization. 

Observations of remaining aboveground straw residues in the presence of L. terrestris indicated that 

this species has the physical ability to manipulate residues of larger particle sizes (20 cm and 40 cm) 

(Section 6.4). Cereal residue “stripping” behaviour by L. terrestris has previously been recorded by 

Stroud et al (2016a), but how L. terrestris manipulate the stripped straw and where they transport it 

(aboveground within their midden or incorporated into soil) could have unique effects on the 

decomposition rate of organic matter and nutrient mineralization within soil. This could also impact 

the soil community, where middens can improve the biodiversity of earthworms (Section 4.5; 

Nuutinen et al, 2017) and influence microorganism and fungal communities (Aira et al, 2009; Orazova 

et al, 2003). Further investigations of the behavioural interactions between L. terrestris and straw 

residues may provide an insight into how an increased population size may benefit agroecosystems. 

Web cameras are often used in ecological experiments to determine animal behaviour and quantify 

factors, such as activity level (Rowcliffe et al, 2014).  In earthworm ecology, web camera experiments 

have been conducted in the laboratory and the field to distinguish a number of L. terrestris behaviours, 

such as the impact of resource distribution on earthworm activity (Butt et al, 2003), the ability of L. 
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terrestris to relocate its burrow after fully exiting (Nuutinen and Butt, 2005), the impact of 

geographical location on earthworm behaviour with reference to difference in light conditions 

(Nuutinen et al, 2014), immigration behaviour (McTavish et al, 2013) and the impact of pesticides and 

vibration on L. terrestris dispersal (Ellis et al, 2010; Valckx et al, 2010). Imaging has also been used to 

determine the effect of anecic earthworms on soil displacement (Barnett et al, 2009), where findings 

suggested there was decreasing displacement with increased distance from burrow. The 

quantification of these activities have been used to model L. terrestris activity (e.g. Johnston et al, 

2018), however there are gaps in datasets such as how aboveground utilisation of organic matter 

influenced by L. terrestris behaviour affects aboveground properties of agroecosystems such as the 

spatial heterogeneity of organic matter. Further investigations of the effects of land use change (e.g. 

different organic matter application) on L. terrestris behaviour may provide further insight to how 

replication of these changes in the field may impact earthworm mediated soil properties within the 

agroecosystem. The work described in this Chapter aims to investigate how L. terrestris utilise selected 

straw and determine if there are differences with particle size and level of degradation.  

7.1.1. Objectives: 

- To examine the effects of wheat straw particle size and state of degradation on selection by 

L. terrestris using infrared web camera recordings. 

- To determine how L. terrestris utilises straw aboveground and belowground based on the 

straw particle size and level of decomposition. 

- To analyse soil chemical changes caused by L. terrestris casting and midden properties. 

Two linked web camera experiments were set to up to meet these objectives. Experiment 1 

investigated the effects of straw particle size on utilisation by L. terrestris and Experiment 2 

investigated the effects of straw utilisation at two levels of decay. At experimental end, destructive 

sampling of the midden-burrow complex was conducted which determined any soil chemical changes 

by L. terrestris. The methods and results for each experiment are presented separately, with combined 

findings discussed in Section 7.5. 

7.1.2. Hypotheses: 

- Selection of straw particles will be influenced by particle size, with a preference for smaller particle 

size when offered a mixture.  

- L. terrestris will have preference for decomposed straw particles over freshly deposited straw, due 

to increased palatability and a lower C:N ratio. 
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7.2. Experiment 1: Effects of straw particle size on selection by L. terrestris. 

7.2.1. Materials and Methods 

7.2.1.1. Set-up of experimental arena 

A first experiment analysed L. terrestris behaviour when presented with straw of mixed particle sizes. 

This was conducted over a period of 2 weeks during late November 2018. Four replicate units were 

prepared by placing 20 L of Kettering loam (25% moisture content) into 25 L containers (diameter, 335 

mm; depth 600 mm) (Figure 7.1). Containers were placed in a controlled environment where lighting 

was set at 12:12 hr light:dark and room temperature was 15 °C. Potential burrow entrances were 

made with a pencil in the centre of the container (experimental arena), where a single adult L. 

terrestris (mass previously determined) was placed, encouraged to enter the burrow and left 

overnight to settle. In addition to the four experimental (worm) units, a control was prepared with no 

earthworm addition.   

 

 

Figure 7.1. Experimental set up with web cameras. Image was taken during L. terrestris midden 

development, before the straw particle size experiment began. 
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The organic matter applied in this experiment were wheat (Triticum aestivum) straw residues, 

collected immediately after harvest (September 2018) from Brook Lane Farm, Farington, Lancashire 

(Section 3.2) and air-dried as described in Section 6.3. Straw residues were cut (using scissors and a 

ruler) to the following particle size treatments: 10, 5, 2.5 and 1 cm in length. The largest size was 

determined by restrictions of the diameter of the containers and the low incorporation rates of larger 

particle sizes observed in a previous experiment (Chapter 6). The given sizes were also easily 

distinguishable via the web camera.  

Once the L. terrestris had settled in the containers overnight, equal amounts of the 4 straw particle 

sizes were randomly applied to the surface to allow midden formation, as described by Rajapaksha et 

al (2013). Mean mass of straw applied was 10 g per container (Figure 7.1). After 2 weeks, each L. 

terrestris had formed a midden. Remaining (non-midden) surface straw was removed and mass 

determined, enabling an initial calculation for wheat straw added to the midden, and ultimately total 

removal by each L. terrestris at the end of the experiment.  

At the start of the experiment, straw particles of 10, 5, 2.5 and 1 cm (N = 5 of each) were randomly 

assigned on the surface of each container (Figure 7.2), rather than applied as randomised blocks or 

stratified, to replicate field conditions, where no sorting of organic matter occurs before application.  

 

 

Figure 7.2. Random application of wheat straw particles (5 each of 10, 5, 2.5 and 1 cm) around a L. 

terrestris midden in Experiment 1 using a 25 litre container. 
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Following application of straw, photographic images were taken of each container (repeated daily). 

Activity of L. terrestris at the surface of each container was recorded via web cams (F19803EP, Foscam, 

Houston, USA) during the dark (12 hour) period over a total of 14 successive nights. The web cams had 

infrared recording, which allowed for night vision imaging without compromising L. terrestris 

behaviour (Nuutinen and Butt, 1997). Recordings were saved onto 32 GB SD cards and data was 

transferred to a hard drive every 2 days. To maintain soil moisture content, the surface soil was 

sprayed with approximately 100 ml water twice daily. Maximum and minimum temperature 

recordings were taken daily.  

Images were taken of each container to compare straw movement, and any remaining surface straw 

(not taken to middens) was removed for further analysis, including mass determination. Middens and 

earthworms were left in the containers for further experimentation. 

7.2.1.2. Data collection 

Qualitative data was collected for the following: 

1. Time spent active aboveground. 

To determine whether there were any patterns in the activity times of L. terrestris under controlled 

conditions, the mean total activity time aboveground was recorded. Activity time (hr:min:sec night¯¹) 

was calculated by subtracting activity end time (the time L. terrestris re-entered its burrow and could 

no longer be observed) from activity starting time (the time L. terrestris was first observed exiting the 

burrow).  

Within the periods of ‘total activity time,’ specific behaviours were recorded (2-4): 

2. Location of activity within arena. 

L. terrestris activity occurred in the burrow, midden and in the outer experimental arena (Figure 7.3.). 

The location of where  L. terrestris activity occurred was used to separate total time active in the outer 

experimental arena (C) from total time spent active in midden (B) and burrow (A). This was used to 

separate two activities: ‘foraging’ and ‘midden reconstruction’. All activity in the outer arena was 

recorded as foraging. Although in field conditions L. terrestris may exit the burrow to mate or migrate 

to new areas, these activities were not promoted in this experiment (per arena, L. terrestris N=1; 

environmental conditions were controlled). The mean activity time (hr:min:sec night¯¹) spent foraging 

and reconstructing the midden were compared to determine the energy used in organic matter 

selection and utilisation. 
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At experimental end, the midden was deconstructed (method in Section 7.4). Experimental straw was 

identified aboveground within the midden and belowground in the burrow. Combining these results 

with the qualitative data from the web camera recordings confirmed whether these activities were 

correct.  

 

Figure 7.3. Demarcation of the experimental arena, outlining where ‘burrow’ (A), ‘midden’ (B) and 

‘outer experimental arena’ (C) were located. 

 

3. Straw selection. 

When L. terrestris was surface active, every physical interaction with experimental straw were 

recorded. Each time it was observed that L. terrestris touched a piece of straw with its prostomium, it 

was recorded as an ‘interaction.’ The particle size during each interaction was recorded. At 

experimental end, the total number of interactions per night was quantified and averaged (N. ind.¯¹ 

night ¯¹). An increased number of interactions with a given particle size indicated a preference. 

If an interaction with experimental straw resulted in a piece being selected and moved into the 

midden, this was recorded as a ‘selection’. To assess straw removal and preference, the remaining 

number of straw particles within each vessel was recorded each night and averaged (mean night¯¹). 

The rate of selection was used to determine particle size preference. 
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For each selection event, the distance of selection was also recorded (mm). For L. terrestris to leave 

its burrow poses a number of risks (e.g. predation) and utilises more energy. A relationship between 

distance and selection could suggest that straw particle size preference is not as important as the risks 

posed in increased travel distance.   

4. Manipulation 

To test whether L. terrestris utilise straw of larger particle size (5 cm and 10 cm), webcam recordings 

were analysed for any utilisation behaviours, such as “straw stripping,” previously recorded by Stroud 

et al, (2016a). “Straw stripping” refers to the peeling of the outer epidermal layers of straw by L. 

terrestris using their mouthparts. If an event occurred, the time of the event was noted, the area in 

the experimental arena where it occurred (A, B or C from Figure 7.3) and the particle size of the straw 

manipulated. This information was used to determine whether L. terrestris receive any benefits from 

straw applications at larger particle sizes.  

7.2.1.3. Statistical Analysis 

To determine a preference of particle size, the difference in mean number of particles selected by L. 

terrestris were analysed (SPSS v.27). The results displayed a normal distribution with unequal variance. 

Therefore, Welch’s one-way analysis of variance (ANOVA) was used to compare the effect of particle 

size on mean number of selections by L. terrestris. Where significant, post-hoc tests (Games-Howell) 

identified the significantly different groups. 

When L. terrestris was active, the location of L. terrestris activity was recorded and the mean length 

of time spent within the midden or outside of the midden (foraging) was compared. To determine 

whether there were statistical differences between the time spent active in the midden and foraging, 

a 2-sample t-test was applied.  

7.2.2. Results  

Straw selection by L. terrestris was highest for 10 cm particle size, where 13 of 20 units were taken to 

the midden by experimental end (Figure 7.4). There was a high range between the samples due to the 

low number of replicates (N=4), and there were no statistical differences in mean number of straw 

particles removed by L. terrestris between straw particle sizes (Welch’s one-way ANOVA; df = 3, F = 

2.10, p > 0.05).  

The rate of straw particles selected reduced over time, as the majority of straw selection occurred 

within the first week of the experiment (Figure 7.4). Of the 31 particles selected, 61.3% were selected 

within the first 7 days.  
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Figure 7.4. Effects of particle size on mean selection (± S.E.) by L. terrestris over time (14 nights) (N=4). 

 

L. terrestrs were surface active on 13 ± 0.6 nights out of 14, where the total mean activity time was 

04:33:03 ± 00:25:33 (hr:min:sec night¯¹). Containers 2 and 3 were inactive on two of the 14 

experimental nights. On the nights where there was a reduction in surface activity, the temperature 

dropped (e.g. to 10.6 °C on night 3; Table 7.1). Information on the activity within individual containers 

can be found in Appendix IV.  

The amount of time spent active within the midden was significantly different to the time spent 

foraging (paired t-test; p < 0.05; Figure 7.5), where the majority of activity occurred within the midden 

(mean 03:34:38 ± 00:20:58 hr:min:sec night¯¹). 
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Table 7.1. Maximum and minimum daily temperatures recorded. Due to the outdoor temperatures 

dropping below 10 °C, a heater was used to maintain night temperatures indoors. 

Date Indoor Temperature (°C) Outdoor Temperature (°C) 

Max Min Max 
(outside) 

Min 
(outside) 

19.11.18 15.3 13.6 12.4 8.2 

20.11.18 14.8 13.5 10.8 7.8 

21.11.18 12.8 10.8 8.7 4.2 

22.11.18 15.9 13.8 11.3 7.5 

23.11.18 16.3 14.7 12.1 8.6 

24.11.18 15.7 14.5 11.2 7.3 

25.11.18 14.8 13.3 13.6 8.4 

26.11.18 13.6 12.8 10.6 6.8 

27.11.18 14.2 13.8 11.4 7.2 

28.11.18 16.1 13.4 13.3 6.7 

29.11.18 15.4 14.1 10.6 8.6 

30.11.18 15.3 13.6 9.8 7.3 

01.12.18 14.5 13.5 9.6 6.4 

02.12.18 14.7 13.0 10.7 6.8 

 

 

 

 

Figure 7.5. Mean total surface activity (± S.E.) of L. terrestris over 14 nights, separated by activity 

location (orange = foraging; blue = within midden). 
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L. terrestris had increased surface interactions with large particle sizes (10 cm and 5 cm) than smaller 

particle sizes (1 cm and 2.5 cm) (Figure 7.6). One-way ANOVA indicated that there were no significant 

differences between the mean number of straw interactions with particle size (df = 3; F = 1.59; p > 

0.05).  

 

 

Figure 7.6. The mean number of wheat straw particles selected by L. terrestris (n night ¯¹ ± S.E.) of 

each particle size treatment (1, 2.5, 5 and 10 cm). 

 

A relationship between the order of straw selection and distance of the straw from the L. terrestris 

burrow was observed, where, despite size, the particles closer to the burrow were selected first 

(Figure 7.7). L. terrestris did not fully leave the burrow during the experiment but did have extensive 

periods of time where it was on the surface foraging (For example, earthworm in container 2 spent 

35:21 min:sec selecting 2.5 cm experimental straw on day 12). Of a total of 769 recorded activities 

(foraging, midden reconstruction, particle selection, incorporation of straw), the average time L. 

terrestris (N=4) spent active aboveground was 23:17 ± 02:03 min:sec¯¹. Although there was a reduction 

in the mean rate of particles selected by L. terrestris in week 2 (Figure 7.4) the mean time spent 

foraging was similar (Figure 7.5). 
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Figure 7.7. Mean distance (mm ± S.E.) travelled by L. terrestris (N=4) to select straw in order of particle 

selection (1 = first piece selected; 10 = final piece selected). 

 

7.2.3. Behavioural observations recorded  

 

Analysis of webcam footage revealed repeated behaviours where L. terrestris stripped the straw, 

pulling away the epidermis of the straw with the mouth (Figure 7.8). At experimental end, images of 

the midden and soil cores indicated that stripped material was utilised within the midden and 

incorporated. “Straw stripping” was mainly observed with 5 and 10 cm particle sizes. 

Overall, L. terrestris was recorded stripping straw within its midden 110 times during Experiment 1. 

This activity was demonstrated across all replicates. The mean time spent stripping straw at each 

event was 05:33 ± 02:45 hr:min¯¹. L. terrestris only stripped one particle at a time. 
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Figure 7.8. An annotated image of L. terrestris “stripping” a piece of straw. Image taken from Container 

4 (Day 5: 03.30 am). 

 

In addition to repeated behaviours in straw manipulation, some observed behaviours were influenced 

by soil surface structure. Aggregation of the soil surface impacted selection, where through time, soil 

compaction caused an uneven soil surface. This impacted straw selection and earthworm exploration 

of the experimental arena, where L. terrestris could navigate to areas easier to forage. Increased 

aggregation on the soil surface made larger straw particle sizes (5 and 10 cm) more challenging for L. 

terrestris to select and move, increasing the time taken to utilise the straw. For example, in container 

4, L. terrestris made 19 attempts to select a 10 cm straw particle between day 1 and day 5, which was 

obstructed by a large macroaggregate (> 10 mm diameter). The L. terrestris eventually selected and 

made this straw part of its midden, however more physical effort and time was required than other 

attempts where the soil surface was homogenous.  
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7.3. Experiment 2: Effects of wheat straw degradation on selection by L. terrestris. 

7.3.1. Materials and methods 

This experiment recorded the selection of straw by L. terrestris when provided with fresh and naturally 

degraded wheat (Triticum aestivum) straw residues. Wheat straw for this study (used as fresh) was 

collected immediately after harvest (September 2018) from Brook Lane Farm, Farington, Lancashire 

(Section 3.2) and air-dried as described in Section 6.3. Further material (used as degraded) was left on 

the soil surface in the field to naturally degrade over the month of October 2018. 

Prior to the experiment, chemical analysis was conducted on the “fresh” and “degraded” straw to 

determine whether there were any effects of one month’s decay on the organic (C:N ratio) and 

inorganic (macro- and micronutrient) concentration. 

Initial results from Experiment 1 indicated that L. terrestris collected 5 cm and 10 cm experimental 

straw more rapidly than other sizes, so this determined that 5 cm lengths were used. To distinguish 

“fresh” from “degraded” due to equal particle size, natural food colouring dyes (red and green) were 

used. Food dyes were tested beforehand to ensure that they were not toxic for earthworm 

consumption and there was no preference of food dye. Degraded particles were dyed red and fresh 

particles were dyed green. 

Using the set-up remaining at the end of Experiment 1, the pre-prepared containers with L. terrestris 

and developed middens were used for the determination of straw degradation preference testing. 

The experiment was conducted in early 2019, after a pause in experimental recording to reset the 

arena and experimental conditions. During this time, 20 g of straw was applied to each container to 

feed the earthworms, as 20 particles over 2 weeks was a low amount of food. Soil moisture was 

regulated by spraying the soil with approximately 100 ml water twice daily. Due to the evening 

temperature often being below 0 °C in January, a heater was used to regulate mean evening 

temperature above 10 °C. 
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Figure 7.9. Surface application of fresh (green) and degraded (red) wheat straw around a L. terrestris 

midden using a 25 litre container. 

 

Figure 7.9 indicates the orientation of 5 cm wheat straw fragments surface applied in each of the four 

containers. Straw samples were applied stratified in pairs and of equal distance from the burrow. This 

removed any bias of distance with the two straw types applied in pairs. This experiment ran for 14 

nights and was monitored under the same conditions as Experiment 1.  

7.3.2. Data collection 

Qualitative data was collected for the following: 

1. Time spent active aboveground. 

To determine whether there were any patterns in the activity times of L. terrestris under controlled 

conditions, the mean total activity time aboveground was recorded. Total time spent active 

(hr:min:sec night¯¹) was calculated by subtracting activity end time (the time L. terrestris re-entered 

its burrow and could no longer be observed) from activity starting time (the time L. terrestris was first 

observed exiting the burrow).  

Within the periods of ‘total activity time,’ specific behaviours were recorded (2-4): 
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2. Location of activity within arena. 

L. terrestris activity occurred in the burrow, midden and in the outer experimental arena (Figure 7.10.). 

The location L. terrestris activity occurred was used to separate total time active in the outer 

experimental arena (C) from total time spent active in midden (B) and burrow (A). This was used to 

separate two activities: ‘foraging’ and ‘midden reconstruction’. All activity in the outer arena was 

recorded as foraging. Although in field conditions L. terrestris may exit the burrow to mate or migrate 

to new areas, these activities were not promoted in this experiment (per arena, L. terrestris N=1; 

environmental conditions were controlled). The mean active time spent foraging (hr:min:sec night¯¹) 

and reconstructing the midden was compared. Findings may determine the energy used in organic 

matter selection and utilisation. 

At experimental end, the midden was deconstructed (method in Section 7.4). Experimental straw was 

identified aboveground within the midden and belowground in the burrow. Combining these results 

with the qualitative data from the web camera recordings confirmed whether these activities were 

correct.  

 

 

Figure 7.10. Demarcation of the experimental arena, outlining where ‘burrow’ (A), ‘midden’ (B) and 

‘outer experimental arena’ (C) were located. 
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3. Straw selection. 

When L. terrestris was surface active, every physical interaction with experimental straw were 

recorded. Each time it was observed that L. terrestris touched a piece of straw with its prostomium, it 

was recorded as an ‘interaction.’ The type of straw (“degraded” or “fresh”) of each interaction was 

recorded. At experimental end, the total number of interactions per night was quantified and 

averaged (N. ind.¯¹ night ¯¹). An increased number of interactions with a given particle size indicated a 

preference. 

If an interaction with experimental straw resulted in a piece being selected and moved into the 

midden, this was recorded as a ‘selection’. To assess straw removal and preference, the remaining 

number of straw particles within each vessel was recorded each night and averaged (mean n¯¹ night¯¹). 

The rate of selection was used to determine particle size preference. 

Distance (mm) of selection was not recorded in this experiment, due to samples being applied 

stratified and of equal distance to the burrow. 

4. Manipulation 

To test whether L. terrestris utilise “degraded” straw differently to “fresh”, webcam recordings were 

analysed for any utilisation behaviours, such as “straw stripping,” previously recorded by Stroud et al, 

(2016a). “Straw stripping” refers to the peeling of the outer epidermal layers of straw by L. terrestris 

using their mouthparts. If an event occurred, the time of the event was noted, the area in the 

experimental arena where it occurred (A, B or C from Figure 7.8) and the level of decomposition 

manipulated. This information will be used to determine whether L. terrestris receive any benefits 

from straw applications that are decomposed.  

At the end, contents of the container were destructively sampled to determine any impact of L. 

terrestris on the nutrient dynamics of the soil and how the incorporated material from experiments 1 

and 2 had been utilised. Deconstruction of soil samples and chemical analysis of middens is defined in 

Section 7.4. 

7.3.3. Statistical Analysis 

To determine a preference of straw decay, the difference in mean selection of straw (degraded or 

undegraded) by L. terrestris were analysed (SPSS v.27). Due to the low number of selected particles, 

statistical analysis of L. terrestris selection was not applied. 

When L. terrestris was active, location of activity was recorded and the mean length of time spent 

within the midden or outside of the midden (foraging) was compared. To determine whether there 
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were statistical differences between the time spent active in the midden and foraging, a 2-sample t-

test was applied.  

To determine whether there were any effects of surface degradation on straw chemical composition, 

a 2 sample t-test was applied to the mean chemical results for fresh and degraded straw samples. 

7.3.4. Results 

Chemical analyses of fresh and degraded straw residues are presented in Tables 7.2 and 7.3. Following 

1 month of surface degradation, the C:N ratio reduced from 56 to 53. The differences in C:N ratio were 

not statistically significant (P > 0.05; 2 sample t-test).  

 

Table 7.2. Differences in the total Carbon and Nitrogen (% ± S.E.) and C:N ratio of wheat straw between 

matter collected at harvest (Fresh straw) and after one month left on the soil surface (Degraded 

straw). Significant differences (p < 0.05; 2 sample t-test) are shown where letters differ in the same 

row. 

Analysis 

Type 
Fresh Straw Degraded Straw 

C (%)  44.21 ± 0.21a 43.61 ± 0.11b 

N (%)  0.47 ± 0.03a 0.57 ± 0.04b 

C:N Ratio  56.00 ± 1.99a 52.91 ± 2.57a 

 

Table 7.3. Differences in the total nutrient concentration (mg kg¯¹ ± S.E.) between straw collected 

post-harvest (Fresh) and after one month on the soil surface (Degraded). Significant differences (p < 

0.05; 2 sample t-test) are shown where letters differ in the same row. 

Element 
Concentration (mg kg¯¹ ± S.E.) 

Fresh Straw Degraded Straw 

Ca  3935 ± 139a 3722 ± 133a 

Mg  426 ± 16a 620 ± 13b 

K  5656 ± 236a 1059 ± 52b 

Mn  4 ± 0.3a 15 ± 0.7b 

Fe  26 ± 2a 417 ± 45b 

Zn  303 ± 41a 662 ± 90b 

Na  237 ± 10a 1005 ± 44b 

P  495 ± 41a 1098 ± 25b 
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Of the four earthworms recorded, three were surface active during the whole experiment, therefore 

calculated means are based on three replicates. Of the three containers, two L. terrestris selected and 

utilised the experimental straw and all three interacted with it. Degraded straw was selected more 

frequently than fresh straw (Figure 7.11), but the difference between samples was low (N=2) and there 

were no significant differences between the treatments (p > 0.05). Interactions between L. terrestris 

and the experimental particles indicated no preference between degraded and fresh straw (2 sample 

t-test; p > 0.05; Figure 7.12). 

 

 

Figure 7.11. Total straw particle selection (n) by L. terrestris when provided straw at different stages 

of decomposition (Fresh = selected at harvest; Degraded = 1 month of surface degradation). 

 

10

11

12

13

14

15

16

1 2 3 4 5 6 7 8 9 10 11 12 13 14

P
ar

ti
cl

es
 R

em
ai

n
in

g 
(n

)

Day (n)

Degraded

Fresh



218 
 

 

Figure 7.12. Mean number of interactions by L. terrestris with particles when supplied with fresh or 

degraded wheat straw residues. 

 

 

Table 7.4. Maximum and minimum daily temperatures recorded. Due to the outdoor temperatures 

dropping below 10 °C, a heater was used to increase evening temperatures indoors. 

Day (n) 

Indoor Temperature 
(°C) 

Outdoor Temperature 
(°C) 

Max Min Max Min 

17.01.19 15.4 12.8 10.8 4.8 

18.01.19 15.2 13.4 11.4 4.8 

20.01.19 13.8 12.8 8.8 3.6 

21.01.19 13.8 12.6 8.6 3.8 

22.01.19 14.6 13.4 8.8 3.4 

23.01.19 14.2 12.6 8.2 2.8 

24.01.19 13.6 9.2 6.8 2.4 

25.01.19 12.8 9.6 6.8 2.6 

26.01.19 12.8 9.4 7.4 2.8 

27.01.19 14.0 13.4 10.2 5.2 

28.01.19 14.8 13.8 12.4 5.6 

29.01.19 14.6 14.6 11.8 4.8 

30.01.19 13.8 14.4 13.6 5.4 

31.01.19 14.2 13.8 10.4 5.8 
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Figure 7.13. Mean total surface activity (hr: min:sec¯¹ ± S.E.) in Experiment 2 by L. terrestris (N=3) over 

14 nights, separated by activity location (orange = foraging; blue = within midden). 

 

Mean surface activity per container is presented in Figure 7.13. Mean activity time was lower than 

that observed in Experiment 1 (Figure 7.3), where the minimum room temperature recorded was also 

lower (Table 7.4).  L. terrestris middens were larger at the start of this experiment, following 10 g straw 

applied between Experiments 1 and 2. L. terrestris travelled up to 16 cm during foraging events, 

however most prolonged activity events occurred within the midden (Figure 7.13). 

7.4. Destructive sampling of soil: straw utilisation and chemical analysis.  

At the end of Experiment 2, the soil within each container was destructively sampled. The objective 

was to determine how straw particles had been used within the midden-burrow complex and to 

analyse the chemical concentration of the midden area (casts and burrow) to determine any effects 

on nutrient dispersal. 

7.4.1. Materials and methods 

7.4.1.1. Soil and midden sampling 

First, the midden (straw, cast material and mineral content) was carefully removed and bagged. 

Following midden removal, the soil immediately below the midden (midden soil) was sampled at 

increasing depth using an auger (75 mm diameter x 60 mm depth).  

The destructive sampling of a container is indicated in Figure 7.14. In addition to midden soil, areas of 

the container that had no visual L. terrestris activity were determined using the webcam analysis. The 
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selected area of “no earthworm activity” was also cored (representing ‘control soil’) and then stored 

for laboratory analysis. This was repeated throughout the full depth of the container, with 10 sub-

samples for burrow soil (by depth) and 10 samples for non-burrow (control) soil (total soil samples per 

container N = 20). The soil was hand sorted to find the L. terrestris, which had mass determined. 
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Figure 7.14. Sequence for destructive sampling of soil in containers. Following removal of L. terrestris 

and remaining surface straw, the soil was sampled using an auger (75 mm diameter x 60 mm depth); 

(A) around the centre of the L. terrestris burrow (B). A second sample was taken of equal distance 

between the arena edge and the L. terrestris burrow (C), which represented control soil. This process 

was continued at depth until the bottom of the vessel was reached (600 mm). 
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7.4.1.2. Midden analysis 

Pre sampling images were taken of the remaining middens. Bagged middens were taken to the 

laboratory, where they were destructively sampled. First, middens were placed on medical roll and an 

image was taken of the sample. Wet cast material was carefully removed from the midden with a 

spatula and stored in plastic sample bags for chemical analysis. Straw from within the midden was 

carefully separated with forceps to avoid destruction of the utilised pieces. Particles where the size 

(Experiment 1) or colour (Experiment 2) was distinguishable was recorded. Once separated, images 

were taken of the matter found within the midden (Appendix IV).  

7.4.1.3. Straw incorporation 

The ‘actual’ dry mass of straw added to each container throughout Experiments 1 and 2 was recorded 

using a 3-decimal place balance. At experimental end and between experiments, straw unused by L. 

terrestris was removed, dried at 105 °C overnight and had its mass determined.  

Once particle size analysis of the midden had been conducted (Section 7.4.1.2.), straw utilised within 

each midden sample was dried at 105 °C overnight. The following day, the midden straw (dry mass) 

recorded. 

Of the 10 soil sub-samples taken at increasing depth around the burrow-midden complex (B; Figure 

7.4), the core was destructively sampled for remaining straw particles. Collected straw found within 

the cores was removed using forceps and stored in plastic bags. The depth collected and particle size 

of the straw (if distinguishable) was recorded. For each sample, straw was dried at 105 °C overnight 

to remove moisture. The following day, the dry mass for incorporated straw at each depth was 

recorded.  

7.4.1.4. Chemical analysis 

Chemical analysis was conducted to determine the Loss on Ignition (LOI), C:N ratio and macro- and 

micronutrient concentration of two areas in each container: the soil underneath the midden (labelled 

in results as “midden” soil; image A; Figure 7.14) and of a control area which had low recorded L. 

terrestris activity and no evidence of burrowing (labelled in results as “non-midden” soil; image C; 

Figure 7.14). There were 10 subsamples for each midden and non-midden area. 

Prior to analysis, soil samples had their moisture determined and were dried at 105 °C overnight.  Once 

dry, samples were ground with a pestle and mortar and sieved (0.1 mm).  For each sample (N=4), three 

replicates were analysed for each technique. 
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L. terrestris casts from middens were also analysed for LOI, C:N ratio and macro- and micronutrient 

concentration. For each sample casts from middens were pooled and dried at 105 °C overnight. Once 

dry, they were ground with a pestle and mortar and sieved (0.1 mm). For each sample (N=4), three 

replicates were analysed on each technique. 

C:N ratio, %C and %N was analysed on a ThermoScientific Flash 2000 CHNS analyser at JBF Analytical 

Suite, UCLan. Details of this procedure and LOI is in Sections 3.5.2 and 3.5.3. Macro- and micronutrient 

concentration was analysed using a ThermoScientific ICE 7000 ICP-OES at JBF Analytical Suite, UCLan. 

Soils were analysed for total nutrient concentration and available nutrient concentration. Details of 

ICP-OES analysis is in Section 3.5.1. 

7.4.1.5 Statistical Analysis 

Statistical analysis was conducted on the midden and non-midden soil samples, to determine whether 

there were any significant differences between the nutrient concentration of soil containing a L. 

terrestris burrow and increased surface organic matter from middens, with nearby control ‘non-

midden’ soil, at increasing depths. Where data displayed a normal distribution, a two-sample t-test 

was used to compare the difference in the mean nutrient concentration between midden and non-

midden soil. Mann-Whitney U tests were applied to data which did not display a normal distribution. 

To analyse the effect of depth, a one-way ANOVA was used to determine whether there was a 

difference in nutrient concentration at selected depths. Post-hoc Tukey pairwise comparisons were 

conducted to locate the difference between depths. Where data was not normally distributed, a 

nonparametric Kruskal Wallis test was used, followed by Dunn-Bonferroni post-hoc tests to determine 

grouping information. 
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7.4.2. Results 

7.4.2.1. Resource Utilisation  

At experimental end, images of the middens were taken from each container before they were 

deconstructed and analysed (Figure 7.15.).  

 

Figure 7.15. Images of L. terrestris middens, taken at experimental end. 

 

Of midden mass, an average 85 ± 3% of straw material was aboveground as part of the midden, with 

the remainder incorporated belowground. Of the total mass aboveground, this differed between 

containers dependent upon their activity within the experiments. For example, the lower surface 

activity in container 3 resulted in a lower midden mass compared with the other containers. The mean 

above- and belowground straw mass is presented in Figure 7.16.  

 

 

Figure 7.16. Mean total mass (g ± S.E.) of straw selected during 12 weeks by L. terrestris, subdivided 

into aboveground and belowground masses. 

0

1

2

3

4

5

6

7

M
ea

n
 s

tr
aw

 m
as

s 
(g

 ±
S.

E.
)

Aboveground Belowground



225 
 

Although there were differences between total straw masses within the middens (aboveground 

straw), the mean component parts of middens were similar across replicates (Figure 7.17) Cast 

material represented a large proportion by mass, however this was due to the casts having a higher 

mass:volume ratio than straw.  

 

 

Figure 7.17. Component parts of middens separated into organic matter (straw), casting and mineral 

content (% by dry mass (g) ± S.E.): N=4.  

 

Of the selected straw, the majority was utilised for midden construction. The mean mass incorporated 

into soil was 1.1 ± 0.3 g. 

Following midden deconstruction, the number of straw particles for each experimental particle size 

contained within the middens (aboveground) and incorporated into the burrow soil (belowground) 

were recorded (Figure 7.18.). Within the aboveground and belowground matter, some of the particles 

were degraded or manipulated by L. terrestris. These particles were not included in this comparison 

but were included in the overall above- and belowground organic matter mass calculations. 

32.84% ± 1.70

63.00% ± 2.41

4.15% ± 0.72

Straw Cast Mineral
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Figure 7.18. Mean number of straw particles (± S.E.) determined aboveground (within midden) and 

belowground (in soil) at experimental end, separated by particle size treatment (10 cm, 5 cm, 2.5 cm 

and 1 cm): N=4.  

 

Of the belowground material, much of the straw mass was contained within the first 60 mm depth 

and amount gradually declined with increasing depth from the surface. The maximum incorporation 

depth was 240 mm. Often, these organic matter cores consisted of one or two pieces of degraded 10 

cm straw. 

 

Figure 7.19. Mean mass of straw incorporated belowground (g ± S.E.) at increasing depth (mm). N=4. 
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Of the incorporated straw, it was difficult to determine particle size. Much of the particle sizes did not 

relate to the experimental straw sizes selected for the experiment due to the pieces being 

manipulated by the earthworm (possibly for food) before incorporating.  

7.4.2.2. Nutrient Concentration 

For all elements analysed, there were no significant differences between the mean nutrient 

concentration within soil occupied by an L. terrestris burrow and nearby soil with no recorded activity 

(control) (Mann-Whitney-U, p < 0.05). Within the L. terrestris burrow, there were no significant 

differences in the nutrient concentration with depth (p > 0.05) and no significant effect of straw 

incorporation mass on the nutrient concentration (p > 0.05). The nutrient data is presented in 

Appendix IV. 

Significant differences between cast and control soil were determined for 6 elements (Test: p < 0.05; 

Figures 7.20 and 7.21), where cast concentration was higher.    

 

 

Figure 7.20. Difference in mean elemental concentration (mg kg¯¹ ± S.E.) between L. terrestris casts 

and control soil. Significant differences (p < 0.05; 2 sample t-test) are shown with different letters per 

element.  
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Figure 7.21. Difference in mean available nutrient concentration (ug kg¯¹ ± S.E.) between L. terrestris 

casts and control soil. Significant differences (p < 0.05; 2 sample t-test) are shown as different letters 

per element. 

 

7.4.2.3. Carbon and Nitrogen Concentration 

At experimental end there were no significant differences in the carbon and nitrogen concentration 

between soil mediated by L. terrestris (“midden soil”) and control soil (“non-midden”) from the unit 

which had not been manipulated by L. terrestris. There were no effects of L. terrestris burrow depth 

on C and N concentration (data not shown). 

 

Table 7.5. Comparisons of mean carbon and nitrogen concentration (%C, %N, C:N ratio and LOI ± S.E.) 

between soil samples taken beneath the L. terrestris midden and a control (non-midden), recorded at 

experimental end: N = 40.   

Analysis Type Midden Non-Midden 

C (%) 2.26 ± 0.04 2.28 ± 0.06 

N (%) 0.22 ± 0.004 0.21 ± 0.010 

C:N ratio 3.62 ± 0.07 3.65 ± 0.11 

LOI (%) 13.48 ± 0.34 12.84 ± 0.36 
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7.5. Discussion 

7.5.1. Particle size selection 

Experiment 1 indicated that there were no significant effects of particle size on straw selection by L. 

terrestris, as surface interactions occurred with straw of all particle sizes offered (Figure 7.4.). 

Quantitative assessment of the data suggested that there were a larger number of interactions with 

increasing particle size (Figure 7.6), however this was not statistically significant, possibly due to the 

low number of replicates (N=4). These findings do not agree with previous research (Lowe and Butt, 

2005; Sizmur et al, 2017) and experiments within this thesis (Section 6.3) where a smaller particle size 

preference occurred. However, within controlled laboratory experiments in Chapter 6, homogenous 

particle sizes were applied. Although particle size may have an impact on the rate of incorporation by 

L. terrestris belowground (Chapter 6), findings from this experiment indicated that the selection of 

organic matter aboveground was not influenced by particle size. This supports findings that larger 

particle sizes provide benefits to L. terrestris, where they select and utilise multiple sizes. 

The effect of organic matter placement may have influenced straw selection by L. terrestris. A 

relationship was identified between order of selection and distance from burrow, where straw closest 

to the burrow was selected first (Figure 7.7). Selecting material closest to its burrow first is likely to be 

beneficial to L. terrestris because it would require lower amounts of energy to forage and reduce 

predation threat. Although research suggests that L. terrestris can sometimes fully exit its burrow and 

has a homing ability (Nuutinen and Butt, 2005), L. terrestris did not fully exit during this experiment 

and preferred to be in contact with its midden, where observed surface activity from below the 

midden structure was more common than foraging activity (Figures 7.5 and 7.13). L. terrestris may 

only be prepared to leave its burrow when resources are scarce (Guy et al, 2018) or unevenly 

distributed (Butt et al, 2003), or if they have a specific food preference (Rajapaksha et al, 2013). None 

of which was explored in this experiment. Future experiments could explore waste organic matter 

mixtures (e.g. straw mixed with manure) to determine whether this influences the utilisation by L. 

terrestris.  

A decrease in straw selection occurred between weeks 1 and 2 (63.7% straw selected: Figure 7.4). This 

could be due to a reduction in surface matter, due to surface activity remaining high (Figure 7.5). There 

is evidence to suggest that L. terrestris foraging behaviour is influenced by starvation, where more 

risky behaviours such as exiting the burrow or foraging in daylight may occur under increasing 

starvation (Guy et al, 2018). L. terrestris in this experiment were not under starvation conditions. It 

could be possible that they did not select as much straw in the second week of the experiment due to 

not requiring food. Future experiments could replenish selected straw particles and extend the length 
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of the experiment to determine whether L. terrestris utilisation behaviour is influenced by time, risk, 

or preference.    

There is a possibility that a 10 cm particle size was selected more frequently because its length led to 

an increased chance of interception over the arena, making it easier for L. terrestris to locate (i.e. the 

probability of selection was increased). Although there were equal numbers of particles (N=5), 10 cm 

covered double the surface area of 5 cm particle sizes and ten times the surface area of 1 cm particle 

size. Equal numbers of straw particle sizes based on the surface area (for example: 5 x 10 cm; 10 x 5 

cm; 20 x 2.5 cm; 50 x 1 cm) would have made the overall number of straw particles difficult to track 

over the study and covered too much arena space. Preference experiments can be designed so that 

the arena was divided into quadrants separated by particle size, such as the food preference choice 

chamber experiments used by Rajapaksha et al, (2013), Ashwood et al, (2017b) and in Chapter 6. 

However, the experimental design of this experiment was to explore the utilisation of particle size as 

applied in the field, which is often mixed and not separated. Although there are limitations to this 

experimental design, findings clearly defined a difference between surface selection and utilisation 

aboveground and belowground, which was influenced by particle size. Future experiments could 

compare the benefits and limitations of preference testing methods. 

7.5.2. Behavioural Observations 

It was visualized in the recordings that L. terrestris stripped the larger pieces of straw, agreeing with 

finding of Stroud et al, (2016a). These stripped pieces were utilised in the midden but also manipulated 

pieces of straw with a narrow width (< 1 mm) were found in the belowground soil profile. The amount 

of stripped material was visibly less than observed within Chapter 6 (Figure 6.14A), where 

homogenous applications of larger straw particle sizes (20 cm and 40 cm) were used and contained a 

higher density of L. terrestris per unit (N=2). Stripping of straw was only observed on 5 cm and 10 cm 

particle sizes. At this particle size, L. terrestris could stabilise the straw with its body, enabling it to 

strip the straw. L. terrestris incorporated 1 cm particle size, but the material found belowground was 

not physically manipulated or decomposed. The size seemed difficult for them to utilise, which could 

have resulted in their lack of selection. This indicated that L. terrestris either may use larger particle 

sizes for midden construction and smaller particle sizes for incorporation belowground, or that to feed 

on larger particle sizes L. terrestris uses this stripping action to make the straw more suitable to feed 

upon. Added to organic matter length, the width of organic matter could limit feeding ability. This 

experiment was conducted over a short-time scale. Over increasing time, straw decomposition rate 

was increased under larger particle size, where after 17 days, 10 cm particle size straw decomposed 
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more rapidly than 0.1 cm (Angers and Recous, 1997). Further research could explore the effects of 

decomposition rate at different particle size on behaviour and utilisation by L. terrestris.  

Exploration of the homing ability of L. terrestris (Nuutinen and Butt, 2005) indicated that during 

foraging events, L. terrestris will exit its burrow and navigate back. During both experiments here, L. 

terrestris did not exit its burrow. There are numerous reasons why L. terrestris may want to remain in 

its burrow (discussed in Section 7.4.1). In areas where resources are patchily distributed L. terrestris 

will leave its burrow and increase its activity around resource rich areas (Butt et al, 2003). L. terrestris 

also may leave its burrow to find a mate (Nuutinen and Butt, 2005) and to colonise new territory when 

under starvation (Guy et al, 2018), neither of which were explored in this experiment. Webcam 

recordings by Rajapaksha et al, (2013) determined a clear selection preference of native tree leaf litter, 

such as alder over non-native chestnut and sycamore. In this experiment, organic matter type was 

homogenous, providing evidence of specific utilisation of organic matter based on particle size (e.g. 

10 cm for midden and 1 cm for food). To determine whether this preference is strict to any particle 

size, future investigations could explore the effects of particle size and litter quality in situ. This would 

identify whether clear preferences for litter observed in choice chamber experiments are limited to 

particle size, utilisation requirements (e.g. midden construction food) or quality (e.g. C:N ratio, calorific 

content). 

The utilisation of straw and the frequency of these behaviours may be limited by L. terrestris age and 

size. The earthworms used in this study were adult (mean mass = 6.8 ± 0.2 g; length 180 mm; diameter 

10 mm). Behaviours such as straw stripping may be less common in juveniles due to the energy 

required to move and break down material.  Added to this, when analysing the aboveground and 

belowground straw mass and particle size from L. terrestris middens, larger particle sizes were not 

present in belowground soil and stripped particle sizes were at a much smaller mass compared with 1 

cm particle sizes. This supports the thought that smaller particle sizes are preferred for feeding, 

agreeing with Sizmur et al (2017) and findings from Chapter 5, yet larger particle sizes are required for 

midden generation and the support of aboveground ecosystem processes. Further investigations into 

juvenile earthworm behaviours may provide further information to how L. terrestris uses organic 

matter particle sizes over its life cycle.  
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7.5.3. Preference for Level of Degradation  

Chemical analysis of straw indicated that there were significant differences in carbon and nutrient 

concentrations between straw collected following harvest and straw degraded on the soil surface for 

1 month (Tables 7.2 and 7.3). Degraded straw had a significantly lower C:N ratio than fresh selected 

straw, suggesting that as a feed it would be preferred by L. terrestris (Curry and Schmidt, 2007). Added 

to a lower C:N ratio, degraded straw also consisted of a higher extractable nutrient concentration 

(Table 7.3). A preference of degraded organic matter could not be confirmed in this experiment. 

Although earthworms were active at the soil surface during this experiment (Figure 7.13), selection of 

experimental material was scarce, where 4 experimental straw particles were incorporated into the 

midden by the end of the two-week period between all containers (Figure 7.11). There were no 

significant differences in the rate of straw selection between degraded and fresh straw particles 

(Figure 7.12), which mirrored findings in Experiment 1. In Experiment 2, all straw particles were of 

equal distance from the L. terrestris burrow, so the effect of distance on selection was not an objective. 

Future experiments could explore the effects of organic matter placement on L. terrestris surface 

behaviour and selection.  

Although the experiment was conducted under controlled conditions, evening outdoor temperatures 

dropped by the start of Experiment 2 (Table 7.4), which may have caused L. terrestris to be less active. 

A heater was used to keep the indoor temperature above 10 °C, but on several nights the temperature 

dropped and was lower than the optimum 15 °C. In addition, the experimental arena was reset 

between Experiment 1 and 2 when “experimental straw” was removed and 10 g straw was applied to 

feed L. terrestris. The midden size for all 4 samples increased during this period. Therefore, added to 

the effect of reduced temperatures, a reduction in experimental straw selection could have been 

caused by L. terrestris not requiring any food. Future web camera investigations need to consider 

whether the re-use of experimental arenas is effective. It could be argued that a new set of containers 

and experimental animals would have provided more valuable results. Further investigations into the 

selection of organic matter at different degradation levels would be useful to determine whether 

degrading crop residues before application would benefit L. terrestris and organic matter turnover in 

reduced tillage agroecosystems. 
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7.5.4. Particle Size Utilisation 

Although there were no recorded effects of particle size preference on surface straw selection by L. 

terrestris, when soil was destructively sampled at experimental end, significant differences were 

identified in the particle utilisation between sizes. Of the experimental straw selected, a higher mass 

was utilised aboveground in the midden structure than incorporated belowground under all particle 

sizes (Figure 7.18). The difference between aboveground and belowground straw mass increased with 

increasing particle size, where incorporation of straw belowground decreased. There was a larger 

difference between the straw mass aboveground and belowground under 10 cm particle size (Figure 

7.18), where most of the aboveground straw mass was of larger particle size. Belowground straw 

consisted of significantly higher density and mass of 1 cm straw particles (Figure 7.18), where 1 cm 

particle size was found at the highest recorded depths under all samples.  

Analysis of straw incorporation and depth indicated how most selected material was concentrated 

within the upper soil profile (5.7 ± 0.4 g; Figure 7.17), where the maximum straw incorporation depth 

at the end of the experimental period was 240 mm (Fig 7.19). There could be many explanations for 

why organic matter was not incorporated to the full length of the burrow. There are many benefits to 

maintaining a mass of organic matter at the surface, such as a maintenance of soil moisture, a 

reduction of infiltration during heavy rainfall events, camouflage from predators, food storage 

(Hamilton and Sillman, 1989; Schrader and Seibel, 2001; Butt and Nuutinen, 2005; Butt and Lowe, 

2007). Increased concentrations of microbial and fungal activity in the upper layers of the soil profile 

could increase the level of organic matter degradation, which could improve the palatability of the 

straw and the nutrient availability (Nevins et al, 2018; Schlatter et al, 2018; Hoeffner et al, 2018; 

Medina-Sauza et al, 2019). As the depth of soil increases, the soil profile often contains more mineral 

content and less oxygen concentration, causing a reduction in microbial activity (Tate, 1979). 

Therefore, conditions at the surface may be more beneficial for the earthworm to utilise. Increased 

surface area provided to microorganisms by smaller particle sizes may increase the rate of 

decomposition. Further investigation into organic matter incorporation depth by L. terrestris would 

be required to determine why most of the collected organic matter is stored in the upper soil layers. 

This experiment suggested that organic matter selection by L. terrestris is not limited by particle size, 

but the utilisation of the straw is influenced by particle size to meet specific behaviours. Therefore, L. 

terrestris will select any type of straw it encounters on the surface then utilise the selected straw for 

different behaviours based on its particle size and its needs (food or midden construction). This 

indicates that although smaller particle sizes may increase earthworm mass (Lowe and Butt, 2003, 

2005), in the field, mixed material may provide significant habitat benefits, which would be altered if 
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particle size applications were homogenous. These results also highlight that larger particle sizes of 

organic matter are still of benefit to L. terrestris, where selection of 10 cm particle size was utilised for 

aboveground midden structure, vital for L. terrestris survival and a potential organic matter resource 

for epigeic populations in agricultural ecosystems, which may further enhance organic matter 

degradation alongside organic matter incorporation into the belowground ecosystem.  By altering the 

aboveground ecosystem of L. terrestris populations, applications of homogenous milled particle size 

may limit the rate of waste incorporation into belowground ecosystems over the long-term and 

decrease SOM content of belowground soil. Future experiments could investigate the long-term 

effects of homogenous and heterogeneous particle size applications on L. terrestris populations in the 

field. 

7.5.5. Impacts on soil chemistry 

No significant differences were observed between the available nutrient concentration at soil below 

a midden and control soil and there were no changes in nutrient concentration with increasing burrow 

depth. The total length of the study was 12 weeks; a longer experimental time period may have 

provided further indications of the impacts of organic matter degradation on nutrient changes in a soil 

profile. These results confirm the findings of Chapter 6, where increased incorporation over time did 

not result in increased nutrient concentration. This suggests that nutrient changes mediated by 

earthworms may be contained within cast material and not within the drilosphere soil. Analysis of cast 

material indicated some significant differences by comparison with control soil (Figures 7.20 and 

7.21.). Cast material by mass comprised up to 63% of the midden (Figure 7.17), which may enhance 

the total surface nutrient concentration compared with surrounding soil. The relationship between 

casts and higher nutrient availability has been acknowledged in numerous field and experimental 

studies (Devliegher and Verstraete, 1996; Clause et al, 2014; Vos et al, 2019). In this experiment, 

surface casts were compacted into a strong macroaggregate structure. There were no specific 

‘weather events’ in this study. The only water application was surface spray to maintain soil moisture. 

In the field, it is possible that casts may degrade during rainfall events and through feeding by other 

soil organisms (Görres et al, 2001); variables which were not present in the current experiment. The 

interactions between cast development and decomposition on the transport of nutrients down a soil 

profile could be explored further. 

Of the analysis of the straw material (degraded vs undegraded), it was evident that straw left on the 

soil surface for one month decreased the C:N ratio and increased available nutrients (ICP-OES 

extractions). As discussed in Section 7.5.3., this did not enhance earthworm selection in this 

experiment and was similar to observations of Bohlen et al, (1997), but further investigations could 
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be developed to address this. Even with one month’s degradation, the C:N ratio of straw was high in 

comparison to other organic matter applications such as horse manure or legumes (Persson and 

Kirchmann, 1994; Triberti et al, 2016; Wang et al, 2019). Although the L. terrestris survived the 

experimental period of 12 weeks, they lost mass (means of: 6.8 g at week 0; 5.2 g at week 12). This 

could be due to the difficulty digesting straw. It is evident that L. terrestris can survive on a diet of 

straw and lost comparatively less mass than control samples from growth experiments when not fed 

(Chapter 4). It would be useful to further explore applications of mixtures of organic matter to utilise 

the benefits of straw decomposition and other organic matter types, such as horse manure, to 

maintain L. terrestris population development.  

7.5.6. Recommendations for future web camera experiments 

Findings from this experiment have highlighted how the unique behavioural characteristics of L. 

terrestris could impact the selection and spatial distribution of organic matter aboveground, which 

may alter the decomposition rate of organic matter and the faunal community distribution in 

agroecosystem soils. The use of natural dyes was a cheap and effective method to locate organic 

matter within a soil profile without compromising L. terrestris selection behaviour.  

To build on the findings from this research, this experiment could be extended with increased 

replication to confirm the interactions between L. terrestris and straw utilisation. The conditions in 

this experiment were environmentally controlled (15°C; 12:12 light:darkness; 25% soil moisture): 

recording this experiment outside in environmental conditions could determine how L. terrestris 

utilisation is limited by changes in weather. This could allow scientists to model how changes in 

weather conditions in agroecosystems might influence the decomposition of organic matter by 

earthworms and improve the quantification of SOM formation mediated by L. terrestris. 

Future behavioural studies using web cameras could focus on increased levels of degradation to 

determine how straw decomposition over time influences the nutrient dynamics of the material and 

palatability for L. terrestris. As the physical structure of straw changes with decomposition, L. terrestris 

might utilise straw differently within the midden. It could also be extended to include other common 

anecic and epigeic earthworms, which feed on organic matter.  

Recommendations from this experiment suggest that future laboratory experiments should consider 

the aboveground changes caused by L. terrestris on decomposition alongside belowground effects to 

get a full representation of this species on an agroecosystem, particularly in no-till settings where the 

aboveground is less disturbed. In addition to recommendations for L. terrestris culture in laboratory 

outlined in Lowe and Butt (2005), this experiment highlights the importance of vessel size and depth 
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to allow the development of a midden within laboratory experiments. Although in growth 

experiments L. terrestris can feed and grow under a small vessel size (e.g. 1 L container), when 

recording decomposition, it is necessary that there is space for L. terrestris to develop a midden 

aboveground. Without this, there could be unrealistic effects on organic matter aboveground as the 

interactions with microbial and fungal species may differ, influencing decomposition. 

 

7.6. Summary of Chapter Findings 

 

- There were no significant effects of particle size or rate of decomposition on the selection of 

randomly positioned straw by L. terrestris. 

- Utilisation of selected straw by L. terrestris differed between particle size, where belowground 

consisted of increased mass of lower particle sizes. 

- L. terrestris can strip large particle sizes and utilise them, highlighting their importance in the 

initial stages of residue decomposition (bioturbation and casting) in no-till agroecosystems. 

- In the short-term, soil nutrient changes mediated by L. terrestris are limited to the effects of 

casting. 
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8. A FIELD INVESTIGATION EXPLORING THE EFFECT OF LUMBRICUS TERRESTRIS POPULATION SIZE 

ON THE INCORPORATION OF CEREAL STRAW RESIDUES INTO AGROECOSYSTEM SOILS.  

8.1. INTRODUCTION  

Controlled laboratory experiments (Chapters 5, 6 and 7) indicated that Lumbricus terrestris can 

incorporate straw residues into the belowground ecosystem at a faster rate than other British 

earthworms. In an optimum laboratory setting, adult L. terrestris can incorporate up to 6.8 ± 0.6 g 8 

weeks¯¹ of straw residues (44.2 g yr¯¹), where the rate is impacted by particle size (Chapter 6). 

However, behavioural investigations indicated that the presence of residues of mixed particle sizes 

may benefit L. terrestris behaviour, where larger particle sizes are used to make a midden, which could 

be vital for the development of L. terrestris populations (Chapter 7) and juveniles of other species, 

which benefit from the food supply (Section 4.5). Therefore, to access the bioturbation benefits 

provided by L. terrestris, it is suggested that if controllable, applications of organic residues in a field 

setting should be of mixed particle size. 

As earlier experimental Chapters were conducted under controlled laboratory conditions favourable 

for L. terrestris activity, the residue incorporation masses determined were potentially at the 

maximum rate for L. terrestris. In agroecosystem settings, a number of environmental and 

anthropogenic factors can influence the development and behaviour of L. terrestris populations 

(Section 2.3.5). The effect of climate has a significant influence on L. terrestris activity, where 

temperature, light conditions and precipitation cause increased activity in autumn and spring and 

reduced activities in winter and summer (Berry and Jordan, 2001; Nuutinen et al, 2014). In direct 

drilled systems, the presence of L. terrestris populations could be a key driver in the replenishment of 

SOM stocks post-harvest, where it has been estimated that 100 individuals m-2 of L. terrestris could 

consume 840 kg ha−1 year−1 of surface litter (Bohlen et al, 1997). This increase in belowground SOM 

could enhance decomposition and nutrient mineralization, vital for crop growth (Bertrand et al, 

2015a). Although L. terrestris populations can increase the rate of surface organic matter removal, the 

rate of acceleration and the impact on direct drilled systems under different climatic conditions is still 

to be determined. An experiment was therefore designed to determine the effects of L. terrestris 

population density on the incorporation of cereal straw residues at 3 direct-drilled agricultural sites in 

south-western Finland. 

 

 

 



238 
 

8.1.1. Aims 

To investigate the importance of earthworms in the incorporation of harvest residues in no-till fields 

where natural bioturbation is a significant factor in the burial of surface residue. 

To determine the rate of residue incorporation by L. terrestris populations outside the growing season, 

in order to measure the residue reduction from harvest to sowing. 

 8.1.2. Objectives 

- To record the mass of cereal straw residues removed under high and low L. terrestris population 

density. 

- To explore the effects of earthworm surface casting on residue burial aboveground.  

- To investigate the effects of L. terrestris population density on endogeic and epigeic earthworm 

abundances. 

8.1.3 Hypothesis 

- Straw removal over time will be increased under areas with a higher L. terrestris density. 

8.2. MATERIALS AND METHODS 

This study was a collaborative project between Natural Resources Institute Finland (LUKE) and UCLan. 

It was conducted over the winter period of 2015-2016 on three direct drilled cereal field sites in south-

western Finland.  

8.2.1. Study Sites 

Three field sites were selected: Kotkanoja, Ojainen and Kiikoinen (Figure 8.1; Table 8.1). The first two 

are LUKE’s research sites in Jokioinen. Kiikoinen is a nearby no-till farm under practical cultivation. 

Kotkanoja was inoculated with L. terrestris using the Earthworm Inoculation Unit technique (Butt et 

al, 1997) in October 1996 (Nuutinen et al, 2011). The other two sites had natural L. terrestris 

populations. 
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Figure 8.1. Map indicating the two experimental locations, Jokioinen and Kiikoinen, in south-west 

Finland. 

 

In Ojainen, different tillage methods and no-till (direct drilling) have been compared from the year 

1999, mainly under spring cereal cultivation. The soil is sandy clay and the individual study plots 

measure 18 m x 40 m.  For this experiment, two direct drilled plots were chosen. Based on prior follow-

up of earthworm and midden abundances over several years, one of the plots had L. terrestris (LT+) 

present while the species was entirely absent from the other plot (LT-). This difference was possibly 

due to initial spatial variation of the field and/or varying immigration rates of L. terrestris into the 

different parts of the field over the course of the experiment. The distance between the LT+ and LT- 

plots was approximately 55 m. Based on earlier observations, other earthworm species present were 

Aporrectodea caliginosa (Sav.), A. rosea (Sav.) and Lumbricus rubellus (Hoffm.) (LUKE, unpubl.). 

The Kotkanoja site is an experimental leaching field established in 1975 on heavy clay soil with four 

adjacent 33 m x 140 m strips. L. terrestris was initially absent at the site and was introduced in the up-

slope end of the field in autumn 1996 (Nuutinen et al, 2011).  Through gradual population growth and 

spread, gradients of L. terrestris abundance have been formed in two direct drilled strips of the field 

(separated by a ploughed strip). Prior to this study, the whole site had been under spring cereal 

cultivation from 1996, except for a set-aside period during 2002-2008. Based on field observations of 

L. terrestris distribution in 2013 (Nuutinen et al, 2017), areas of high population density (LT+) and areas 
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without L. terrestris (LT-; beyond the leading edge of dispersal) were chosen from both direct drilled 

strips. The distance between LT+ and LT- areas was 100 m. Other earthworm species of the field are 

A. caliginosa, A. rosea, Lumbricus castaneus (Sav.), L. rubellus and Dendrobaena octaedra (Sav.) 

(Nuutinen et al, 2017). 

Kiikoinen is an arable field on loam soil under long term direct drilling of spring cereals. The field had 

been under direct drilling with some intermittent years of shallow disc harrowing (5 cm deep, the most 

recent disk harrowing conducted in 2013). After the harvest in late October 2015, the abundance of 

L. terrestris was surveyed in the field by observing the spatial variation of midden density on the soil 

surface. Based on these observations, areas of high (LT+) and low (LT-) were chosen. The distance 

between them was 50 m, with the LT- situated at a slightly sloping part of the field. There was no prior 

information on the species composition of the earthworm community in the field. 

Weather data for the sites were obtained from the Finnish Meteorological Institute’s (FMI) open data 

sources. For Ojainen and Kotkanoja sites data from of FMI’s Jokioinen Observatory was used, for 

Kiikoinen data from FMI’s Kokemäki/Tulkkila weather station. Weather and climate data for the 

experimental duration is presented in Table 8.1. 
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Table 8.1. Location of experimental sites, number of treatment replicates (N), quality and quantity of harvest residue used, duration of the experiment and 

selected variables describing weather conditions over the experiment. Weather data: Finnish Meteorological Institute 

(https://www.ilmatieteenlaitos.fi/avoin-data; Jokioinen observatory (Ojainen and Kotkanoja), Kokemäki/Tulkkila station (Kiikoinen). 

Site Latitude Longitude N Residue 
Residue 

DWT (g) 

Experiment start 

date 

(2015) 

Experiment 

end date 

(2016) 

Duration of 

experiment 

(days) 

Days 

minimum 

temp > 0 °C 1 

Snow cover 

(2016)2 

 

Ojainen 

 

60.80371068 23.4660112 
 

5 

 

barley 

 

80.0 

 

16. Oct 

 

29. April 

 

198 

 

63 

 

4. Jan -27. 

March 

 

Kotkanoja 

 

60.81627106 23.51131225 
 

8 

 

wheat 

 

110.0 

 

23. Oct 

 

3. May 

 

194 

 

60 

 

4. Jan -27. 

March 

 

Kiikoinen 

 

61.41992185 22.65285768 
 

5 

 

oats 

 

70.0 

 

3. Nov 

 

9. May 

 

189 

 

70 

 

4. Jan -24. 

March 

 

 

1 The days outside the period of snow cover are included. 

2The period of snow cover excluding autumn periods of temporary snow cover. 

https://www.ilmatieteenlaitos.fi/avoin-data
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8.2.2.  Experimental set up 

The experiment was set up as soon after the autumn harvest in 2015 as possible. Because of 

exceptional growth and harvest conditions in 2015, the harvest was unusually late on all three sites. 

For instance, at Ojainen and Kotkanoja experiments the harvest dates were 28th and 29th September, 

respectively, while the median harvest date during the preceding five years (2010-2014) had been 3rd 

and 4th September. 

Experimental set-up was similar on all sites except that the number of treatment replicates varied. 

Experimental plot positions were first marked on LT+ and LT- areas. At Ojainen, five plots separated 

by 5 m were marked along linear transects through the two treatments. At Kotkanoja, four plots were 

marked in rectangular configuration (minimum distance of plots 3.5 m) in both LT+ and LT- areas on 

both strips (thus treatment total N=8). At Kiikoinen, five plots with a minimum distance of 5 m were 

marked in an irregular configuration on the two areas. 

At each plot, a square of 0.25 m2 was delineated with a wooden frame. The stubble (and weeds when 

present) were cut close to the soil surface and removed from the area. The harvest residue was then 

manually collected from the soil surface into paper bags using forceps, carefully avoiding the inclusion 

of soil. The collection was done so that only the smallest pieces of residues, such as awns and husks, 

remained on the soil surface (Figure 8.2). If moss was present on the soil surface, it was removed and 

discarded. After the soil surfaces were cleared, plots were covered with 50 cm x 50 cm metal mesh 

cages, with a height of 5 cm and mesh size of 8 mm (Figure 8.3). Cages were firmly attached to the 

ground by two metal rods pushed through the mesh at opposite corners. Simultaneously a large batch 

(appr. 2 kg) of residues was collected from areas close to the experimental plots.  

 

Figure 8.2. Soil surface at the start of the experiment, following manual harvest straw removal from a 

0.25 m2 area. 
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Residue samples were taken to the laboratory and kept in open paper bags for four days at +60 °C. 

The additional residue collected was dried in the same way. The plot residue samples were then 

weighed, and the mean dry mass of residue (g dwt 0.25 m-2) for each site was determined. This mass 

was used in the field experiment at a given site (Table 8.1). For each site, the corresponding amount 

of the separately collected and dried residue from the site was weighed in paper bags and taken to 

the field for the start of the experiment. An estimate for the ash free dry weight (AFDW) of this residue 

was determined from milled residue samples (first dried at 105 °C and subsequently at 550 °C). 

In the field, the mesh cages were removed and the given amount of dried residue added evenly on 

the soil surface (Figure 8.3). The plot was then covered with a cage and a coded tag attached. The plot 

positions were marked with appr. 1 m tall pegs pushed into the soil adjacent to the plot to allow 

location of the plots during times of snow cover. The sites were visited 2-4 times during the 

experiment and plots were photographed from above (with cages on) in an attempt to document the 

change in residue cover (Figure 8.4). 

 

 

Figure 8.3. Straw residue in cage at start of experiment (Ojainen, November 2015). 
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Figure 8.4. Straw residue in cage at end of experiment (Ojainen, May 2016). 

 

8.2.3.  Experimental end 

The experiments were terminated in the spring of 2016, as closely as possible before the sowing of 

the fields (Table 8.1). In each plot, the mesh cage was removed and the residues remaining on the soil 

surface were collected carefully in paper bags. Basically, the technique and accuracy of collection was 

similar to the initial cleaning of the plots in the autumn. When pieces of straw were partially buried 

into L. terrestris burrows, only the above ground parts were collected by cutting. In the case of 

middens, “trimming” of the midden residue by scissors was necessary. The collected residue was 

placed in a paper bag. To guarantee equal efficiency of sampling, residue collection was done by the 

same three persons, simultaneously collecting from a particular plot (three persons in Ojainen and 

Kotkanoja, two of the three persons in Kiikoinen). To document consistency in residue collection at 

experimental end, images were taken of every plot at three points throughout the sampling process 

(1 - residue before removal; 2 - sample delineated with metal frame; 3 – soil surface after residue 

removal), which indicated that there was a standard protocol for residue removal and samples were 

treated equally between plots. Images of the straw removal process can be seen in Figure 8.5. 
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Figure 8.5. Residue removal from an experimental plot (A) Cereal residue cover at the end of the 

experiment before collection; (B) Soil surface of the plot after manual residue collection (LT-, plot 

0/1/1, Ojainen, May 2016). 

 

After residue collection, earthworms were sampled with mustard extraction from the experimental 

plot (Gunn, 1990). The plot was delineated by a metal frame (seen in Figure 8.5) hammered into the 

soil. After that, a mustard suspension (60 g mustard powder thoroughly mixed in 10 L of water) was 

poured on to the plot. The amount of suspension used depended on the infiltration rate of the plot, 

but most often approximately 20 L was applied. In many cases the emergence of L. terrestris – the 

main target of the sampling - was slow which is typical in local spring conditions and therefore 

collection of earthworms was continued for up to 50 minutes. Earthworms were put into fresh tap 

water and were separated into three classes: L. terrestris (juveniles identified by the unique pigment 

gradient on the dorsal side), epigeic earthworms (small to medium sized, uniformly darkly pigmented 

individuals) and endogeic earthworms (unpigmented specimens). The mass of L. terrestris individuals 

were determined with a field balance. For epigeic and endogeic earthworms, only the individual count 

was recorded. After the earthworm sampling, L. terrestris middens were counted from the plots.  

Soil temperature (0-7 cm) and moisture (0-15 cm; TDR-measurement) during the earthworm sampling 

was recorded each day to verify that sampling was done in conditions favorable for earthworm activity 

in the top-soil. The ranges of temperatures and soil moisture percentages for the three sites were: 

Ojainen, 7.6-9.8 °C, 35.2-48.2%; Kotkanoja, 8.1-11.6 °C, 37.2-51.8%; Kiikoinen 14.0-15.2 °C, 24.9-

38.4%. The conditions on all sites were therefore favorable for earthworm activity and suitable for 

successful earthworm extraction. 

In the laboratory, the residue samples were first dried at 60 °C for four days. Soil crumbs attached to 

the residues were subsequently removed from the samples. This was done by gentle moving and 

shaking the residue on a 2 mm mesh and collecting the detached soil. Forceps were used to remove 
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crumbs that remained attached to the residue after the procedure. The total mass of detached soil 

was determined for each sample. The dry mass of the cleaned residue was then determined. The ash-

free dry-weight of the residue was determined for each plot from a milled residue sample (method as 

in 8.2.2) and the mass of the remaining residue in the plot converted to AFDW. 

8.2.4. Weather conditions 

 

The weather conditions at Jokioinen and Kiikoinen over the experimental period are presented in 

Figure 8.6 where a similar general pattern for temperature and rainfall was recorded. Differences in 

the experimental end date (Jokioinen 16/10/15; Kiikoinen 03/10/15) meant that there were some 

differences in temperature and precipitation towards the end of the experiment between the 

Jokioinen sites and Kiikoinen.  

 

Figure 8.6. Weather conditions at Jokioinen and Kiikoinen from beginning to end of experiment. The 

bar chart represents precipitation (mm) and the line graph represents temperature (°C). Solid line: 

daily max temperature; dotted line: daily minimum temperature.  Source: Finnish Meteorological 

Institute. 
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The average monthly weather conditions covering the experimental period was compared at 

Jokioinen with a 30 year reference period (Figure 8.7). Average winter temperatures were warmer 

during 2015, where there were 3 months spent below 0 °C compared with the 30 year average of 4 

months. There was a cold spike in January 2016 with the average monthly temperature of - 11 °C. 

Total precipitation was exceptionally higher in the months November-February and April in 2015. 

 

Figure 8.7. Average October-April temperature and rainfall conditions at Jokioinen during 1981-2010 

(the present official reference period) compared with the average monthly temperature and total 

precipitation during the 2015-16 experimental period. Source: Finnish Meteorological Institute. 

 

8.2.5.  Statistical analysis 

To evaluate how successfully the experimental plots were assigned to LT+ and LT- treatments and to 

compare the L. terrestris density and biomass between the sites, the abundances for each 

geographical location were compared with a one-way ANOVA with treatment as the factors, by first 

assuring that basic assumptions of normality and equal variance were met. Where data did not follow 

normal distribution, non-parametric Mann-Whitney U tests were applied. 

The reduction in residue mass was converted into % for each sample. A one-way ANOVA was applied 

to determine the effects of L. terrestris density (LT+ and LT-) on the reduction of the mass at each 

geographical location (Ojainen, Kotkanoja and Kiikoinen). Where data did not follow a normal 

distribution, non-parametric Mann-Whitney U tests were applied. Results were also analysed as a 

continuous dataset, where a multilinear regression was applied to determine which recorded L. 

terrestris variables (total abundance, total biomass, adult abundance, juvenile abundance) had 

significant effects on the reduction in residue mass. 
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The effects of L. terrestris casting on residue burial was estimated using the mass of soil removed from 

surface straw at experimental end as a measure of casting activity. A one-way ANOVA was applied to 

determine whether there were any effects of L. terrestris density (LT+ and LT-) on the mass of soil 

removed (g) at each geographical location (Ojainen, Kotkanoja and Kiikoinen). Where data did not 

follow a normal distribution, Mann-Whitney U tests were applied. Results were also analysed as a 

continuous dataset, where a multilinear regression was applied to determine which recorded 

earthworm density variables (L. terrestris abundance, midden abundance, endogeic abundance, 

epigeic abundance) had significant effects on the soil removed. 

The interactions between L. terrestris and the other ecological groups of earthworms was studied by 

correlation of L. terrestris abundance with endogeic and epigeic earthworm population densities. 

Spearman’s correlation was applied to all L. terrestris variables (total density, total biomass, adult 

density, juvenile density) with endogeic and epigeic densities.  
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8.3. RESULTS 

8.3.1. L. terrestris abundance in LT+ and LT- areas 

For all sites combined, the mean (± S.E.) total density of L. terrestris in LT+ plots was 11 ± 2.1 ind. 0.25 

m-² and LT- plots 1 ± 0.5 ind. 0.25 m-². A statistically significant interaction was observed between sites 

and expected L. terrestris abundance (LT+ and LT-) on the L. terrestris density (ind. 0.25 m-²) (Table 

8.2). For L. terrestris biomass there was no statistically significant interaction between site and 

treatment and it was confirmed that the mean biomass at LT+ was significantly higher than in LT- 

(Table 8.2.). 

The total earthworm density at Kiikoinen was higher than the other two sites (Table 8.2). The mean 

number of juveniles was significantly higher in Kiikoinen (21 ± 0.5 ind. 0.25m-2) than Jokionen 

(Kotkanoja 4.5 ± 1.4 ind. 0.25m-2; Ojainen 4.2 ± 1.0 ind. 0.25m-2). The mean soil moisture at Kiikoinen 

was significantly lower than the sites at Jokioinen (Kiikoinen = 36 ± 0.5%; Kotkanoja = 44 ± 1.2%; 

Ojainen = 49 ± 0.9%), but at each field location, there was no significant difference in the mean soil 

moisture between LT+ and LT- samples  (p > 0.05). 

Table 8.2. Mean abundance (± S.E.) of L. terrestris at high (LT+) and low (LT-) treatments at each field 

site. For each L. terrestris factor, there was a significant difference in the means of LT+ and LT- at each 

location (one-way ANOVA; df = 1; p < 0.001). 

L. terrestris 
Ojainen Kotkanoja Kiikoinen 

LT+ LT- LT+ LT- LT+ LT- 

Total (ind. 0.25 m-²) 5.0 ± 1.4a 0.0b 6.5 ± 1.7a 0.4 ± 0.3b 22.8 ± 2.0a 6.0 ± 1.3b 

Adults (ind. 0.25 m-²) 0.8 ± 0.5a 0.0b 2.0 ± 0.8a 0.0b 1.8 ± 0.5a 0.6 ± 0.4b 

Juveniles (ind. 0.25 m-²) 4.2 ± 1.0a 0.0b 4.5 ± 1.4a 0.4 ± 0.3b 21.0 ± 0.5a 5.4 ± 1.1b 

Biomass (g 0.25 m-²) 5.1 ± 2.4a 0.0b 9.0 ± 2.9a 0.2 ± 0.1b 11.1 ± 2.1a 3.3 ± 1.3b 

 

Compared with the Jokioinen sites, there was less background information available on L. terrestris 

distribution and abundance in Kiikoinen, where LT+ and LT- areas were located based on qualitative 

midden observation. To study the reliability of midden counting in predicting L. terrestris abundance, 

L. terrestris abundance and midden counts (collected at experimental end) were compared. One-way 

ANOVA confirmed that there was a significant difference between the midden counts under L. 

terrestris density (df = 9; F = 3.302; p < 0.01) and biomass (df = 9; F = 5.328; p <0.001), where the mean 

midden counts between LT+ and LT- samples were significantly different (df = 9; F = 14.44; p < 0.001). 

There was no discernible relationship between midden counting and total L. terrestris density.  



250 
 

8.3.2. Rate of residue mass decline  

There was a significant difference in the mean decline in residue between LT+ and LT- samples at 

Ojainen and Kotkanoja (one-way ANOVA; p < 0.05): the mass decline was lowest at Kiikoinen (p > 0.05) 

and clearly highest at the Jokioinen sites where the difference between the treatments was apparent 

(Figure 8.8).  

 

 

Figure 8.8. Mean (± S.E.) reduction in mass of surface residue (% mass ash free dry weight) at each 

site in LT+ and LT- areas. For Ojainen and Kiikoinen, N=5; for Kotkanoja, N=8. Statistically significant 

differences at sites (p < 0.001) are represented by different letters. 

 

Linear regressions were conducted to determine the relationship between % residue decline and 

recorded L. terrestris total density at each site (Figure 8.9.) There was a positive relationship between 

L. terrestris density and the decline in residue mass (%) at Kotkanoja and Ojainen.  
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Figure 8.9. Relationships between the decline in surface residue mass (% AFDW) and L. terrestris 

density (ind. 0.25 m-²) for each site.  

 

8.3.3. Surface casting in residue incorporation 

Within sites, LT+ and LT- treatments differed statistically only in Kiikoinen, where the dry mass of soil 

removed from residues was 31.5% ± 9 SE higher in LT+ compared with LT- (Figure 8.10). The total soil 

removed was higher than at Ojainen and Kotkanoja for both LT+ and LT- samples. 

 

 

Figure 8.10. Mean (± S.E.) dry mass (g) of soil detached from surface residues at experimental end in 

high and low L. terrestris densities for each field. A statistical difference between LT+ and LT- at each 

location is indicated by different letters (one-way ANOVA; p < 0.05). N=5 (Ojainen and Kiikoinen); N=8 

(Kotkanoja).  
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Species other than L. terrestris, particularly endogeic species, could have contributed to the casting 

on surface residues. In Kiikoinen in particular, there were abundant A. caliginosa casts on the soil 

surface and attached to the residues at the end of the experiment (Figure 8.11). 

 

 

Figure 8.11.  A. caliginosa casts on the soil surface and on oat residues at Kiikoinen at experimental 

end.  

 

Linear regression was applied to study the relationship between L. terrestris density, endogeic species 

density and total earthworm density (ind. 0.25 m¯²) and the dry mass of soil detached from residues 

(Fig 8.12A-C.) There was a positive relationship for all three explanatory variables, where the strongest 

relationship was total earthworm density.   
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Figure 8.12. Relationships between total L. terrestris density (A), total endogeic density (B) and total 

earthworm density (C) with the dry mass of soil removed (g 0.25m¯²) from remaining surface residue 

at experimental end. N=36. 
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8.3.4. Species abundance relationships 

 

In data combined from the experimental sites, there was a positive relationship between the density 

of endogeic earthworms and L. terrestris total density (Fig. 8.13A).  On the contrary, there was a 

negative relationship between L. terrestris and epigeic earthworm total densities (Fig. 8.13B). When 

epigeic density in LT+ and LT- treatments were compared in the combined data, however, there was 

no statistically significant difference in the density (p > 0.05). This may have been caused by the overall 

low epigeic density across the field sites. 

 

Figure 8.13. Relationships of L. terrestris density with (A) endogeic species density and (B) epigeic 

species density (ind. 0.25 m¯²) at experimental end. 
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Positive correlation occurred between endogeic earthworm total density and all variables describing 

L. terrestris abundance (Table 8.3). Negative correlation was observed between L. terrestris variables 

and epigeic species density, where the negative correlation was higher with juvenile L. terrestris than 

with adult individuals. 

 

Table 8.3. Correlation (rs) between different variables describing L. terrestris abundance and endogeic 

and epigeic earthworm total densities. There were no other anecic species recorded in the fields. 

N=36. Statistically significant correlations are marked by * (p < 0.05). 

 

Earthworm 

Group 

Lumbricus terrestris Factor 

Total density 

(ind. 0.25m-²) 

  Biomass        

(g 0.25m-²) 

Adult density 

(ind. 0.25m-²) 

Juvenile density 

(ind. 0.25m-²) 

Endogeic  0.849* 0.732* 0.56* 0.852* 

Epigeic  -0.517 -0.388 -0.334 -0.512 
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8.4. DISCUSSION 

8.4.1. The effect of L. terrestris abundance on surface residue decline. 

This experiment provided preliminary evidence that under boreal field conditions, surface applied 

cereal residue can be incorporated into soil at a more rapid rate when L. terrestris are present (Figure 

8.8). Between autumn harvest and spring sowing, the total mean reduction in straw residue mass was 

on average 4.6 ± 0.62% higher under LT+ treatments. Between sites, the rate of residue decline varied 

widely and was lowest on the Kiikoinen site. It was not possible to explain conclusively the differences 

between the sites, as the type of residue, L. terrestris abundance and many other environmental 

conditions varied across the sites. Also, due to differences in the experimental design between field 

sites, it was not possible to consider statistically the effects of L. terrestris density on straw removal 

across field sites. A factorial design with equal numbers of replicates between field sites would make 

this possible.  

There were notable differences in the age composition of L. terrestris populations between field sites, 

with Kiikoinen having the largest number of juveniles. A lower density of adults and an increase in 

proportion of juveniles could have caused a reduction in the rate of straw mass removed, as it has 

been previously determined that juveniles with a biomass less than 1 g inhabit the soil sub-surface 

and may not incorporate organic matter (Lowe and Butt, 2002). The intraspecific relationship between 

L. terrestris adults and juveniles is complex. Research suggests that L. terrestris middens may facilitate 

juveniles by providing a food source and habitat (Butt and Lowe, 2007), yet in laboratory culture, it 

was indicated that the presence of an adult reduced the rate of growth to maturity of L. terrestris 

hatchlings (Lowe and Butt, 2003) and juvenile avoidance behaviour of the adult burrow area was also 

observed (Grigoropoulou et al, 2009). To determine an accurate removal rate of straw residue over 

time, further investigations on the effects of L. terrestris population development on residue removal 

are required.  

L. terrestris behaviour is affected by light conditions, temperature and soil moisture (Edwards, 2004; 

Perrault and Whalen, 2006; Nuutinen et al, 2014) and in boreal climate there are specific periods of 

time, particularly in autumn, where maximum activity occurs. The present estimates of residue mass 

decline rates due to L. terrestris activity may have been considerably lower than in an average year, 

due to the harvest dates being exceptionally late.  For instance, in Jokioinen sites, the harvest in 2015 

occurred between 28-29th September, where previous years it had been 2-3rd September. This resulted 

in the experimental start date being three weeks late compared to that during a more typical year 

(Table 8.1) and which correspondingly reduced the L. terrestris population’s time to incorporate the 

residue. Residue burial mediated by adult L. terrestris may have occurred later in the spring season in 
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2015 as the juveniles matured. This experiment could be extended to examine whether harvest time 

has an impact on residue removal by L. terrestris populations, where annual removal rates could be 

compared with harvest times.  

No differences in the rate of straw decline between LT+ and LT- populations at Kiikoinen were noted. 

This could have been influenced by a presence of L. terrestris in LT- plots in clearly higher numbers 

than at the other sites (Table 8.2). The mean total population density in LT- was 6 ind. 0.25 m-² at 

Kiikoinen, which indicated that the residue decline rate over the experimental period could have been 

influenced by L. terrestris activity. The differences in mean soil moisture concentrations between 

Kiikoinen (36%) and Jokioinen (43-47%) field sites – if indicative for consistent long term differences 

in soil moisture levels - could have influenced the difference in L. terrestris abundances (Table 8.2), 

where 36% is a more optimum condition for earthworm populations in clay fields (Perrault and 

Whalen, 2006). Higher L. terrestris population size at the LT- sites in Kiikoinen were obviously due to 

the inaccuracy of midden observations under the conditions which prevailed during the positioning of 

LT+ and LT- areas at the start of the experiment.  Previous earthworm sampling data and site history 

available for the two Jokioinen sites increased the accuracy of L. terrestris sample density estimations. 

Although middens can be an accurate indicator of L. terrestris population presence (Simonsen et al, 

2010; Stroud et al, 2016c, 2017), the weak correlation recorded between L. terrestris midden counts 

and total population density (r² = 0.146; data not shown), indicated the inaccuracy of midden counts 

as L. terrestris population density indicator in this experiment. Research has suggested that L. terrestris 

burrows can be utilised for up to 7 years, and that they may “recycled” within the population after the 

death of the resident individual. (Nuutinen, 2011; Potvin and Lilleskov, 2017). However, laboratory 

experiments investigating L. terrestris re-use of a previous midden and burrow indicated that only 50 

% of middens were utilised (Grigoropoulou and Butt, 2012). Therefore, initial midden counts at 

Kiikoinen could have been an over-estimate of total L. terrestris population density and contributed 

to inaccuracies in LT- plot positioning. To ensure that L. terrestris population density is accurately 

predicted, future investigations could explore different methods of L. terrestris population density 

estimation (Butt and Grigoropoulou, 2010) and compare the accuracy of each method with the actual 

L. terrestris density.  

This experiment was designed to assess the incorporation of residues by L. terrestris populations 

under different fields. Although the tillage management (no-till) was the same within LT+ and LT- plots, 

the cereal residue type was different between sites (Table 8.1). The controlled experimental 

conditions (cereal straw applied in monoculture; organic matter removed from surface at 

experimental start) meant that there were no effects of food selection on L. terrestris behaviour and 

dispersal. However, the difference in food type could have caused some differences in the rate of 
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organic matter incorporation and decomposition, where factors such as residue C:N ratio, lignin 

concentration and particle size can have an impact on L. terrestris feeding (Lowe and Butt, 2003; Curry 

and Schmidt, 2007; Chapter 6). Differences in organic matter type have suggested a difference in the 

growth rate and reproductive capability of L. terrestris species (Chapter 5; Butt, 2011), where wheat 

residues have been suggested to improve growth and fecundity (Sizmur et al, 2017). However, analysis 

of L. terrestris feeding, growth and reproduction between the residue types in this experiment (barley, 

oats and wheat) have not been done in-situ. Future investigations could explore closely the differences 

in cereal residues and their effects on L. terrestris incorporation rate in the field. 

The method used to measure residue mass reduction may have caused some inaccuracies where 

manual removal of straw left small amounts of residues on the surface at experimental end. The aim 

of this experiment was to determine the residue decline as influenced by L. terrestris density under a 

natural setting. Previous organic matter removal experiments have used litter bags to measure mass 

reduction of standard size litter, where earthworms can feed on organic matter without losing the 

sample (e.g. Suaréz et al, 2006; Valckx et al, 2011). Litter bags were not used in this experiment 

because it was considered that litter bags would interfere with L. terrestris foraging behaviour by 

hampering the collection of residue which was offered in its inherent size distribution (pieces up to > 

10 cm in length included). Although this experiment had therefore uncontrolled features, it allowed 

natural foraging behaviour which otherwise may have been limited. This method was labour intensive, 

taking 3 researchers two weeks to conduct the residue sampling at experimental end. Using litter bags 

would be more rapid and possibly allowed for more replicates to be included, but might not have 

answered questions regarding surface residue burial, discussed below. Future experiments could 

explore the differences between litter bags and the “free residue” approach adopted in this field 

experiment.  

8.4.2. Earthworm surface casting in residue burial. 

Surface casting is a significant bioturbation effect of earthworms. Up to 90% of L. terrestris casts are 

deposited on the soil surface (Whalen et al, 2004) and the casting rate can be impacted by 

temperature conditions and soil bulk density (Joschko et al, 1989). Added to the physical transport of 

soil aboveground, casting on the soil surface increases residue burial and could increase the rate of 

residue degradation by enhancing microbial activity (Aira et al, 2009; Nechitalyo et al, 2009). It was 

indicated in this experiment that surface casting increased with L. terrestris density (Figure 8.12A), 

where there was a significantly higher average mass of casts at Kiikoinen compared with other sites 

(Figure 8.10). Kiikoinen had higher densities of L. terrestris compared with the other sites (Table 8.4), 
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which could explain these differences. Further experimental studies could explore the effects of 

juvenile and adult L. terrestris casts on the dynamics of residue burial. 

Initial earthworm surveys at Jokioinen sites indicated the presence of other earthworm species in 

addition to L. terrestris (Section 8.2) and the sampling at the end of the experiment confirmed the 

same at Kiikoinen. The other species could have also contributed to soil addition through surface 

casting, a notable species in this respect is the endogeic A. caliginosa (Whalen et al, 2004). 

Observations made at experimental end at the Kiikoinen site indicated heavy endogeic casting on the 

soil surface (Figure 8.11), where the mean mass of casts removed from surface residues were the 

highest (Figure 8.10). The effects of L. terrestris and endogeic population density on the mean mass 

of soil removed indicated that both earthworm groups increased the mass of soil removed (Figure 

8.12A-B) and that the effects were higher under both populations combined (Figure 8.12C). Endogeic 

species such as A. caliginosa cast on the soil surface, but also commonly cast within their burrow 

system below the soil surface (Haynes et al, 2003; Capowiez et al, 2014a, 2014b). Casting belowground 

by endogeics can provide other benefits to soil and plant health, such as the positive effects of A. 

caliginosa casts on grassland growth (Haynes et al, 2003; Zaller et al, 2013). Further exploration of the 

differences between L. terrestris and A. caliginosa casting rate and behaviour could determine the 

effects of these species on organic matter incorporation and decomposition.  

Alongside earthworm ecotype, environmental factors may have influenced the amount of surface 

casts present. Numerous physical characteristics can influence the consistency of casts produced, such 

as soil type and moisture content (Lavelle, 1988; Joquet et al, 2008, Clause et al, 2014). Earthworm 

casts are high in moisture and their structure can change over time, causing loss and transport back 

into the belowground ecosystem by erosion and decomposition (Andriuzzi et al, 2015a). The Jokionen 

and Kiikoinen sites had different soil types (Jokionen = clay; Kiikoinen = loam) and there were 

significant differences in the soil moisture between the sites where the mean soil moisture at Kiikoinen 

was lower (36%). Loam soil is a more favourable environment for earthworms than clays (Edwards 

and Bohlen, 1996), which may have contributed to increased casting at Kiikoinen. Increased soil 

moisture can have significant implications on the structure of casts, where annual variations in 

precipitation can impact erosion rates (Le Bayon and Binet, 2001; Le Bayon et al, 2002). The 

precipitation at Kiikoinen was lower prior to the collection of samples (Figure 8.6), therefore, Kiikoinen 

may have a higher density of earthworm casts due to a reduction in erosion. The physical structure of 

casts is also dependent upon the organic matter present and its decomposition stage. Temporal 

changes in cast composition by L. terrestris populations was investigated by Vidal et al, (2019), where 

it was identified that the organic components of casts were initially (8 weeks) determined by surface 

applied ryegrass residues. With increasing time (52 weeks) the cast components were dominated by 
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mineral organic matter (MOM). The changes in cast physio-chemical condition could impact their 

degradability, transport and nutrient benefits to crops. Further investigations of straw residue 

decomposition over time could determine the physio-chemical components of casts and their effects 

on soil characteristics in agroecosystems. 

8.4.3. Species abundance relationships 

Interspecific relationships between L. terrestris and A. caliginosa were investigated in Chapter 6, 

where competition between adults was identified under laboratory conditions. Conclusions from that 

experiment indicated that the effects of L. terrestris population density could have been a limiting 

factor on the population development of endogeics in soils with limited SOM. Here, to test the 

relationship between L. terrestris with endogeic populations, the effects of L. terrestris abundance 

(LT+ and LT-) and endogeic population density was explored. All recorded L. terrestris factors had a 

positive correlation with endogeic population density (Table 8.5; Figure 8.13A), which could imply that 

there are positive interspecific interactions occurring between L. terrestris and endogeic populations. 

However, further experiments would be required to clarify this. It could, for instance, be possible that 

both populations benefitted from the environmental conditions within the soil. Contrasting 

information occurs on the inter-specific effects between L. terrestris populations with endogeic 

species, where in laboratory culture it was indicated that the presence of L. terrestris adults may 

facilitate A. chlorotica growth to maturity (Lowe and Butt, 2003) and reduce the growth rate of A. 

caliginosa (Butt and Lowe, 2007) with negative effects increasing with earthworm density (Eriksen-

Hamel and Whalen, 2007a). Further exploration of the behavioural responses of endogeic earthworms 

with L. terrestris presence is required to determine the relationships between species. 

Interactions between epigeic species density and L. terrestris density were also investigated.  It is 

possible that L. terrestris populations can facilitate epigeics through the development of a midden, 

where previous studies have indicated their higher abundance in midden environments (Butt and 

Lowe, 2007; Section 4.5). Alternatively, the efficient residue collection and incorporation of L. 

terrestris may negatively affect epigeic earthworms by reducing the availability of their litter layer 

habitat.  The results from this experiment suggested a negative correlation between L. terrestris and 

epigeic earthworm densities (Figure 8.13B).  There could be many reasons for this. A high density of 

juvenile L. terrestris was recorded within LT+ treatments (average density was 9 ± 2 ind. 0.25 m-²). This 

could have increased food competition, where both juvenile L. terrestris and epigeics species can gain 

from L. terrestris middens (Butt and Lowe, 2007). This potential competition between epigeic species 

and juvenile L. terrestris could cause epigeic migration to other areas not surrounding middens and 

juvenile species. Added to this, a high number of juveniles and low density of adults resulted in a low 
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midden density at Kiikoinen LT+ sites. If epigeic populations are limited by the presence of L. terrestris 

middens, a low abundance of middens could have reduced the epigeic population size. Due to the low 

numbers of epigeic earthworms in the present study, a representative impact of L. terrestris 

populations on epigeic species would require a more comprehensive study. At present, it is still 

undetermined how earthworm population dispersal and development is affected by niche overlap and 

ecological group characteristics (Uvarov et al, 2019). Further investigations on population 

development and species interactions could indicate the effects of earthworm species diversity on 

residue incorporation and bioturbation in the field. 

8.4.4. Effects of weather conditions 

The differences in residue mass decline rates between Jokioinen and Kiikoinen field sites could be 

partly explained by a difference in experimental start times between the two areas and a slight 

variation in weather conditions (Table 8.1). In Kiikoinen, the experiment started later in the autumn 

season, which resulted in a shorter total experimental period than at Jokionen sites. This may have, 

however, been compensated by the higher number of experimental days with minimum temperature 

> 0 °C at Kiikoinen (Table 8.1). For all sites, the exceptionally late harvest of 2015 shortened the 

favourable period for L. terrestris activity before the onset of winter and reduced the time available 

for residue incorporation compared with average autumn conditions. In a Fennoscandian climate, 

which has shorter autumn and spring periods than the UK, a later harvest could reduce their positive 

bioturbation effects. This experiment indicated that L. terrestris population density had significant 

impacts on of the reduction rate of surface residues even under relatively short activity period, 

highlighting their importance in SOM addition belowground. Future investigations could expand the 

experimental time to measure the effects of L. terrestris foraging activity and rate of residue removal 

over a full season in no-till agroecosystems. 

L. terrestris activity and performance is influenced by geographical location, where climate conditions 

and daylengths, for instance, differ (Nuutinen et al, 2014). In Finland, longer winter periods could 

reduce activity time compared with European countries at lower latitudes, such as the UK. In the 

experimental year, there was a warmer climate in October-December at Jokioinen compared with the 

reference period climate data (Figure 8.7). This could have increased earthworm activity during this 

time. Although the duration of time where the temperature was < 0 °C was shorter than the reference 

period average, there was an extreme cold spike in January 2016 where the average temperature was 

-11 °C (Figure 8.6). This could have influenced the resurgence of L. terrestris populations in spring. 

Earthworm populations are resilient to cold soil conditions and can survive frost conditions (Nuutinen 

and Butt, 2009; Berman and Meshcheryakova, 2013). Laboratory experiments have indicated that the 
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survival in cold conditions depended on the species, where A. caliginosa can survive soil temperatures 

as low as -5 °C, yet L. rubellus cannot (Holmstrup and Overgaard, 2007). Although this indicates that 

earthworms can survive cold temperatures, it does not identify the behavioural responses to 

fluctuating temperature, which may impact the rate of bioturbation. Previous investigations on 

earthworm bioturbation in Scandinavian environments (Taylor et al, 2018), indicated effects of pH and 

organic matter type on bioturbation rate under average conditions. Further experiments could be 

designed to determine the effects of extreme weather events caused by climate change on earthworm 

population performance. 
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9. DISCUSSION AND FUTURE RESEARCH 

9.1 Introduction 

The aim of this research was to investigate the interactions between earthworms, waste organic 

matter and the effects of particle size on bioturbation by earthworms in agroecosystems; with the 

opportunity to identify benefits of specific applications on earthworm mediated bioturbation effects. 

Whilst earthworms have been the subject of investigation by agroecologists for decades, where they 

are known for their benefits to soil health, there are significant knowledge gaps in the understanding 

of earthworm population dynamics in response to waste organic matter addition, and the subsequent 

benefits their interactions may provide to soil quality and crop growth. A range of field and laboratory-

based experiments and surveying were undertaken to address these knowledge gaps and the research 

objectives outlined in the early chapters of this thesis. The results of each study were individually 

discussed and summarised in Chapters 4 to 8. This final chapter provides a wider discussion according 

to the overall research aims of this thesis. Implications of this research for waste organic matter 

applications in no-till arable ecosystems are presented, followed by contributions to knowledge, the 

limitations of the research and finally, suggestions for future research. 

9.2. General discussion 

It was indicated in initial field surveys (Chapter 4) that waste organic matter applications can increase 

and sustain earthworm abundances and alter their community dynamics, where in arable settings the 

density of anecic species was increased. This added to previous knowledge that waste organic matter 

application in low resource areas can increase earthworm populations. Further field investigations of 

the soil underneath L. terrestris middens, where increased organic matter is found, indicated that this 

species can increase the population abundance of other juvenile earthworm species. This supported 

findings by Butt and Lowe, (2007) and Stroud et al, (2016a), yet highlighted how L. terrestris midden 

size could have a significant impact on the facilitation of epigeics aboveground. In low resource areas, 

the facilitative effects of L. terrestris on other earthworm species is suggested to be lower.  

The effects of waste organic matter applications (horse manure, wheat straw, anaerobic digestate and 

CGW) had different implications for earthworm population growth and fecundity, where liquid 

anaerobic digestate and CGW were determined inefficient feeds (Chapter 5). Of the organic wastes 

tested, horse manure, anaerobic digestate (dry fraction) and wheat straw increased earthworm 

growth rates. The positive effects of horse manure and wheat straw have been demonstrated in other 

studies (Butt, 2011; Sizmur et al, 2017), however the utilisation of anaerobic digestate as an effective 

application requires further research, due to the positive effects of a dry fraction and negative effects 
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of a liquid fraction. Application dosage could be an important factor limiting earthworm growth, 

where a lower N concentration resulted in a lower growth rate and a high metal or ammonia 

concentration could require application dilution. The consistency of the digestate could influence 

whether earthworms utilise liquid anaerobic digestate as a feed, where further experiments could 

analyse liquid anaerobic digestate as a mixture with other waste organic matter. 

The effects of particle size on earthworm bioturbation was explored in Chapters 6 and 7, where it was 

determined that the rate of removal was not affected by organic matter type under milled applications 

(Section 6.2). Further analysis of the effect of particle size indicated that A. caliginosa and L. terrestris 

preferred milled particle size over 1 cm applications (Section 6.3). Following mesocosm applications 

of highest modal particle sizes from the field, there were significant effects on the surface removal of 

organic matter and bioturbation effects (Section 6.4). This supported knowledge that a lower particle 

size increased the growth rate and assimilation of organic matter by earthworms in an experimental 

setting (Lowe and Butt, 2003; Sizmur et al, 2017), however highlighted the importance of larger 

particle sizes in habitat development. When presented with a mixture of particle sizes, L. terrestris 

demonstrated specific utilisation of larger particle sizes (5 cm and 10 cm) for midden construction and 

smaller particles (1 cm) were incorporated belowground. Recommendations from these findings 

highlight that in a no-till agroecosystem, a mixture of organic matter particle size should be applied to 

support the development of L. terrestris populations. 

The effects of earthworm and organic matter interactions on the macro and micronutrient dynamics 

in the drilosphere soil and within earthworm casts was explored in Sections 4.5, 6.4 and 7. Under 

controlled laboratory conditions there were no significant differences in the soil chemistry between 

soil surrounding the burrow and control soil. Previous experiments by Tiunov and Scheu (1999), 

Schmidt et al, (2001) and Andriuzzi et al, (2013) determined differences, however the total 

experimental time was longer. There were no differences in soil chemistry with increasing depth of 

the burrow, even though there were increased masses of surface organic matter located in the upper 

soil layers. Analysis of fresh L. terrestris casts indicated that there were increased concentrations of 

macro- and micronutrients compared with control and burrow soil, therefore it could be possible that 

casting has more of an effect on nutrient dispersal than burrowing effects. This supported findings by 

van Groenigen et al (2019) and Vos et al (2019) where an added number of micronutrients were 

analysed in this research. On average, the increased availability of nutrients within L. terrestris casts 

was higher for selected elements than van Groenigen et al (2019) (van Groenigen meta analysis: 40-

241%; L. terrestris casts in Chapter 9: 9-500%) The experiments were conducted over a short-term 

period (8-12 weeks); future experiments could explore the effects of L. terrestris drilosphere on 

nutrient dispersal over longer time periods. The biogeochemical cycling of soil mediated by earthworm 
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activity is a complex area of research which is still developing. Further analysis of casts in 

agroecosystems is required to model effects of organic matter type on earthworm decomposition. 

Further exploration of the effects of organic matter type, earthworm age, physical cast structure and 

the microbiological activity within earthworm casts may provide further insight into the dynamics of 

nutrient availability in earthworm casting and quantify the relative cast fertility (RCF). 

These studies demonstrated that in no-till agroecosystems with waste organic matter applications, 

anecic earthworms such as L. terrestris can have significant benefits on the decomposition of organic 

matter. Effects of particle size and organic matter type can enhance the rate of bioturbation by 

earthworms, however the evidence presented in this thesis suggests that L. terrestris populations, 

which incorporated the most waste, utilised larger particle sizes for their middens, therefore a uniform 

particle size may inhibit their midden/burrow complex and bioturbation behaviour. 

9.2.1. The effects of waste organic matter addition and earthworm activity on bioturbation 

There were specific effects of waste organic matter type on the growth rate of earthworm 

populations, where horse manure was the most efficient feed (Chapter 5). This supported findings 

from other studies (Butt, 2011; Euteneuer et al, 2020; Butt et al, 2020). Horse manure, anaerobic 

digestate (dry fraction) and wheat straw all increased earthworm biomass, however there were 

significant differences between the three treatments, where horse manure led to the highest increase 

in growth and reproduction of all species. Applications of all three treatments within no-till 

agroecosystems could enhance earthworm populations and their impact on soil functioning. Further 

investigations into the application method of waste in agroecosystems could provide information to 

farmers in how to use the waste effectively to support earthworm populations, particularly for 

anaerobic digestate, where liquid and solid fractions had differing effects. 

 

The mass of organic matter incorporated over time was significantly higher under L. terrestris 

populations (Sections 6.2 and 6.4), which encouraged later experiments to focus on the interactions 

between these species and straw residue applications (Chapters 7 and 8). The presence of L. terrestris 

populations in agroecosystems could enhance the removal of surface applied organic matter by up to 

5% over a growing season and facilitate the growth of juvenile earthworm populations, enhancing 

bioturbation. However, straw applications may reduce the population growth rate and reproduction 

of these species, so it is recommended that mixtures of waste organic matter may better sustain 

populations in agroecosystems, as in Stroud et al, (2016a). Inter specific interactions between L. 

terrestris and A. caliginosa indicated a higher removal rate under monocultures, therefore the species 

richness in the field could impact the bioturbation in addition to the organic matter type. Prior to 
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organic matter application, completion of an earthworm survey alongside an accurate soil assessment 

could enable applications to be further tailored towards soil functioning needs of agroecosystems is 

encouraged. 

 

The removal of straw through residue burial by L. terrestris casting was considered (Chapter 8). Added 

to the accelerated removal of straw biomass to the belowground ecosystem under L. terrestris, 

increased casting caused a higher amount of soil in straw under high density L. terrestris populations 

(Chapter 8). Added to organic matter burial through casting, an associated increase in soil 

microorganisms present within L. terrestris casts could accelerate the degradation of surface organic 

matter (Aira et al, 2009). There was no observed effect of straw degradation level on selection and 

utilisation by L. terrestris in monocultures (Section 7.3), however due to experimental conditions 

further analysis is required to determine the palatability of residues on the selection by L. terrestris. 

Investigations of the interactions between microorganisms within L. terrestris casts and the 

decomposition of surface applied straw would provide evidence of how these species could influence 

aboveground decomposition. 

 

Although A. caliginosa incorporated a lower mass of organic matter when compared with L. terrestris, 

there was evidence to indicate their effects on belowground incorporation of organic matter (Section 

6.4; Chapter 8). Due to the increased density of A. caliginosa in agroecosystems (Chapter 4 and 

literature evidence) and the influence of casting on residue burial and decomposition (Chapter 8), 

straw removal by these species could be significant in agroecosystem settings. Although the 

interactions between L. terrestris and juvenile earthworm abundances was noted (Section 4.5), 

interspecific competition was observed between adult populations (Section 6.3). In low organic matter 

soils, the density of L. terrestris populations could increase the SOM concentration in the belowground 

ecosystem, which may facilitate A. caliginosa. This relationship could benefit from further exploration 

with a higher density of L. terrestris.  

 

9.2.2. The effects of particle size and earthworm utilisation 

This research indicated that there were significant differences in the selection, utilisation, feeding and 

bioturbation of organic matter with different particle sizes. The main waste organic matter utilised to 

determine the effects of particle size was cereal straw, due to residues being a popular organic matter 

application, a resource which is easily available, with uncertain effects on earthworm growth and 

utilisation. A selection of laboratory investigations highlighted how cereal residue particle size had a 

significant effect on utilisation by earthworm populations, where it was confirmed that monocultures 



267 
 

of L. terrestris and A. caliginosa preferred 1 mm particle size of straw compared with 1 cm (Section 

6.3). Under modal particle sizes of wheat straw applied in the field (1 cm, 20 cm and 40 cm) there 

were significant differences on rate of removal by L. terrestris, where 1 cm particle size was 

incorporated most rapidly.  The low mass incorporated (< 1 g) under multi-species treatments (L. 

terrestris N=1; A. caliginosa N=3) indicated that inter-specific competition may be a limiting factor in 

organic matter incorporation, regardless of particle size application. With the effect of particle size 

being accelerated under smaller biomass individuals, 1 cm particle size and larger is not a 

recommended treatment for A. caliginosa.  

 

Further investigations of organic matter utilisation by L. terrestris determined that larger particle sizes 

(10 cm and 5 cm) were utilised for midden development and smaller particle sizes (1 cm) for 

incorporation belowground (Chapter 7). Analysis of the interactions between L. terrestris populations 

and organic matter particle size on the depth of straw incorporation belowground indicated that 

smaller particle sizes can be incorporated deeper into the burrow (Section 6.4; Chapter 7). Further 

analysis of organic matter biomass with increasing depth under L. terrestris indicated that 63.3 % of 

incorporated straw was deposited within the upper (0-60 mm) layer of the soil profile, with a reduction 

in mass with increasing burrow depth (Chapter 7). Presence of organic matter within the upper layer 

of a soil profile could stimulate bacterial communities, which could further increase decomposition 

and mineralisation rates. Future investigations could extend the exploration of organic matter particle 

size on the aboveground utilisation by earthworms, which is less widely studied and could have unique 

effects on organic matter decomposition and the soil biological community within agroecosystems. 

 

These experiments have highlighted that for L. terrestris, mixed particle size was the best application 

to benefit both their growth and habitat development. L. terrestris can utilise all particle sizes of straw, 

by manipulation of larger particle sizes as feed and midden development. Although milled and 1 cm 

applications may increase the growth rate and fecundity of L. terrestris populations, the benefits of 

their burrow-midden complex to other earthworm populations (Section 4.5) and the regulation of 

moisture within the burrow indicated that organic material that is larger is also useful to this species. 

 

9.2.3. The effects of interactions on soil nutrient quality 

The effects of earthworm bioturbation on the soil macro and micronutrient concentration were 

explored in field surveys (Section 4.5) and laboratory experiments (Chapters 6 and 7). In the field, 

analysis of the total nutrient concentration between drilosphere, soil below the midden and non-

midden soil indicated that lower concentrations of K and P were found under earthworm mediated 
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soil. However, the concentration of available Mg and K were higher in soil under middens compared 

with non-midden soil. It was suggested that the presence of casts within middens may have increased 

available nutrient concentration, where previous research had indicated the increase of soil organic 

matter held within L. terrestris casts.  

Analysis of L. terrestris casts conducted in Chapter 7 showed the available nutrient concentration was 

significantly higher in L. terrestris casts for 6 elements (Mg, K, Na, Fe, Al and Cu). There were no 

significant differences in nutrient or carbon concentration between the burrow soil with non-burrow 

soil, which highlighted that the effect of earthworms on the nutrient concentration in soil is cast-

related. The burrowing behaviour of earthworms and where their casts are deposited (e.g. L. terrestris 

deposit on the surface, A. caliginosa within the burrow and the soil surface) could determine the 

nutrient dispersal within the soil profile. Further characterization of the physical, biological and 

chemical properties of earthworm casts under different waste organic matter applications could 

determine the effects of their transport and decomposition on the nutrient availability in 

agroecosystems, which could be used to support agroecosystem management. 

Effects of earthworm burrow depth and soil nutrient concentration, analysed in Chapters 6 and 7, 

showed there were significant differences in the mass of organic matter at different depths, where 

63% straw was located in the first 60 mm, but there were no differences in the nutrient concentrations 

in the burrow-related soil. Laboratory experiments were short-term and further analysis of nutrient 

dynamics following long-term bioturbation and assimilation by L. terrestris under more controlled 

conditions may provide further valuable information on drilosphere effects. 

9.3. Implications for no-till agroecosystems 

Results have provided evidence that applications of horse manure, anaerobic digestate (dry fraction) 

and cereal straw residues will sustain earthworm populations, where A. longa, L. terrestris, A. 

caliginosa and A. chlorotica increased in biomass under these feeds (Chapter 5). Further investigations 

are required into the applications of CGW and anaerobic digestate (liquid fraction), as although 

previous investigations highlighted their utilisation as a soil conditioner (enhancing crop growth), 

when applied to A. longa populations there was a significant reduction in biomass. This is supported 

in the literature (Section 2.3), where mixed effects of these conditioners on earthworm populations 

were determined. This could affect future soil health in no-till agroecosystems, which may rely on the 

soil fauna to decompose organic matter.  

Applications under a milled particle size organic matter could accelerate earthworm growth, where 

the differences between organic matter types (AD and HM) observed in growth experiments were not 
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replicated under milled treatments and the impact on bioturbation was not significant (Section 6.1). 

However, surface applications of milled organic matter in the field could be prone to erosion, which 

would result in organic matter and nutrient losses. The energy required to environmentally mill 

organic matter on a large scale may not be beneficial. L. terrestris populations can use organic matter 

of larger particle sizes, so their presence in no-till agroecosystems is important to begin the utilisation 

of residues and to make these bioavailable to other species. Future laboratory experiments of organic 

matter effects on L. terrestris should consider application of mixed particle size residues to provide a 

more accurate representation of their habitat requirements. 

Increased abundance of L. terrestris populations in no-till agroecosystems will have a significant effect 

on the increase in SOM addition belowground through accelerated bioturbation and the increase in 

soil addition aboveground through increased casting. This could increase macro- and micronutrient 

concentration on the soil surface and facilitate decomposition of residues. Although milled 

applications of organic matter may enhance the growth of these populations, a mixed particle size 

should be applied to encourage midden development. The increased bioturbation over time by high 

density L. terrestris population could be limited by factors such as organic matter nutrition, where 

cereal residues reduced earthworm growth and reproductive rates compared to horse manures. 

Mixtures of residues could be applied in situ to sustain earthworm biomass and maximise bioturbation 

effects. 

The temporal effects of organic matter application can have significant effects on earthworm 

bioturbation rates, e.g. in Finland a later harvest caused by a wetter summer period caused later 

application of residues in autumn, which reduced the potential earthworm activity period. The effects 

of climate change causing wetter summers e.g. in the UK could have implications on future harvest 

times and organic matter applications, which may have significant effects on the SOM incorporated 

mediated by earthworms. This may also cause a reduction in earthworm populations in future 

seasons. Harvest times vary dependent upon crop and weather conditions, however future 

experiments could explore the effects of harvest timing on earthworm population development and 

organic matter removal rates. 

Findings from this research project have provided unique observations of the behaviour of L. terrestris 

aboveground, a concept of organic matter decomposition which is often overlooked in laboratory 

investigations of earthworm effects on soil properties. L. terrestris behaviour aboveground could 

support further earthworm and biological activity, which may stimulate soil development. The spatial 

patchiness of organic matter aboveground created by increased midden presence may also enhance 

soil resilience, which may be vital to mitigate future environmental challenges caused by climate 
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change and soil degradation. Evidence of L. terrestris behaviour presented in this thesis could be used 

to support further conceptual modelling of L. terrestris, as by Johnston et al, (2018) (Figure 9.1), to 

improve understanding of how changes to agroecosystem management might influence a change in 

L. terrestris community dynamics. 

 

Figure 9.1. Conceptual model of the individual behaviour of L. terrestris per hourly time step in 

EEEworm model (Johnston et al, 2018).  

 

Modelling L. terrestris behaviour has enabled the quantification of its behavioural responses to 

environmental management practices in agroecosystems (Figure 9.1). The results within this thesis 

could be added to this model to increase the accuracy of behavioural responses to organic 

amendments and crop residue retention. There are also a number of new behavioural responses 

determined in this thesis which could be added to this model, where the relationship between food 

quality (particle size) on surface foraging has been examined. Inclusion of midden formation as a 

variable within the “form burrow” section of the model may also require the connection of more 
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environmental variables, where it was evident in Chapter 7 that organic matter structure had a 

significant impact on how L. terrestris utilises it within the midden-burrow complex. 

9.4. Contributions to knowledge 

This research has contributed the following to knowledge: 

1. A smaller organic matter particle size can increase the rate of earthworm population 

development, increase decomposition and reduce the effects of organic matter type on 

earthworm growth rates.  

2. Of the most abundant UK earthworm species, L. terrestris can incorporate the largest masses 

of waste organic matter into belowground ecosystems, where a significant effect of density 

on the rate of straw residue incorporation was recorded in the field. 

3. Web camera analysis of L. terrestris aboveground behaviour identified that selection of 

organic matter aboveground is not limited by particle size, where increased activity occurred 

with larger particle sizes (10 cm). 

4. L. terrestris have the potential to utilise larger particle sizes than other earthworms and in no-

till agroecosystems this could promote a wider earthworm species richness, as their middens 

are hotspots for other juvenile earthworms.  

5. Size dependant use of waste organic matter by L. terrestris has been recorded; smaller 

particles are significant for growth and larger particle sizes can influence midden development 

and hence earthworm community structure. 

 

9.5. Limitations 

Whilst this thesis effectively addressed the research aims defined at the outset, there were certain 

limitations that impacted upon the scope of the investigations that could be undertaken. For example, 

time limitations on laboratory and field experiments meant that long-term trends could not be 

identified, which would have yielded results which could have indicated e.g. the effects of harvest 

time on the bioturbation rate of straw by L. terrestris populations.   

This research project utilised numerous fields to determine the effects of waste organic matter 

applications on earthworm populations and the effects of L. terrestris density on the decomposition 

of cereal residues. Increased availability of no-till agroecosystems for research could have provided 

the opportunity to analyse the effects of earthworms and waste organic matter applications on crop 

growth. Although resources meant that it was not possible to analyse the effects of earthworm 
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populations directly on crop growth, findings from interactions between earthworms and waste 

organic matter on soil properties have provided a thorough basis for future experiments.  

The soil nutrient analysis conducted in this study was chosen based on the resources available at 

UCLan. Other chemical analysis could have been conducted, such as soil nitrate and phosphate 

concentration, which would have provided more chemical data related to crop nutrient availability. 

Chemical exploration of the organic matter in Chapter 5 (such as metal and ammonia analysis) may 

have discovered why liquid anaerobic digestate was toxic and provided evidence to explain why horse 

manure was the most effective feed. The evidence in this thesis provided qualitative information of 

nutrient properties. Future experiments could analyse nutrient dispersal based on isotopic chemical 

analysis, which would provide a more targeted approach. 

There could be some criticism of the accuracy of recording waste organic matter incorporation 

without the use of litter bags for the controlled experiments in Sections 6.2 and 6.4, and in the field 

research in Finland (Chapter 8). The use of litter bags may have made mass determination of organic 

matter more accurate and the methodology simpler, however following a trial, the selection 

behaviour of surface feeding earthworms and their midden creation was affected. Earthworm surface 

behaviour was an important component of this research project, so it was decided to apply straw 

without litter bags. Future experiments could be conducted to determine differences in mass 

determination between methods.  

There are many waste organic amendments applied in agroecosystem settings to increase crop 

production. Here, there were limitations on the amendments used based on resource availability, the 

amount of application required and the consistency of materials. For example, following initial 

experiments of Chapters 4-6, anaerobic digestate was investigated no further, due to inconsistency of 

inputs between farms. 

Spatial and temporal implications of some field and laboratory experiments within this thesis resulted 

in a low number of replicates. An increased number of replicates would improve the likelihood of 

statistically significant differences. If some of the experiments within this thesis were extended, this 

may provide further data to address hypotheses. 
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9.6. Future research 

To build on the findings and limitations of the research presented in this thesis, the following 

suggestions are made regarding future investigations which would be of merit: 

1. Investigations into the effects of temporal applications of waste organic matter on earthworm 

population development in no-till cereal agroecosystems. 

2. In depth physical, chemical and biological analysis of earthworm casts and their erosion 

properties under different organic matter treatments to provide information on nutrient 

dispersal into soil and C sequestration. 

3. Further exploration of the effects of harvest time and resulting organic matter applications on 

earthworm population activity to determine impacts on bioturbation and soil properties. 

4. Experiments recording L. terrestris aboveground (infra-red) and belowground activity (X-ray 

tomography) in-situ to determine the movement of organic matter between sub-components 

of ecosystems.  

5. Long-term laboratory and field experiments analysing the effects of earthworm and waste 

organic matter interactions on the macro- and micronutrient concentration in soils. 
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APPENDICES 

Appendix I: Results from preliminary midden survey at Lilac Field, Light Ash farm, Myerscough 

College (November 2018). 

Prior to the midden survey being conducted at Lilac farm, Myerscough College, midden samples 

(N=10) were collected for identification in November 2018. The results from this survey are presented 

below (Table I-1; Figure I-1). 

 

Table I.1. The mean earthworm density, biomass and number of species per treatment (±SE) of 
midden samples collected at Lilac Field, Myerscough College, 2018. N=10. 

Earthworm data Result 

Mean density (ind treatment¯¹ ± S.E.) 12.5 ± 1.6 

Mean number of species (n treatment¯¹) 2.8 ± 0.3 

Mean biomass (g treatment ¯¹) 4.0 ± 0.5 

% adult 26.2 

 

 

 

Figure I.1. The mean earthworm species density (g treatment¯¹ ± S.E.) within midden samples 
collected at Lilac field, Myerscough College, 2018. N = 10. 
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Appendix II. Supplementary analyisis from Section 4.4 

1. The effect of earthworm variables on total midden straw biomass. 

 

Figure II.1. The relationship between earthworm density (n) and straw biomass (g) 

 

There was no correlation between earthworm density on midden straw mass (r² = 0.0165). There were 

also no effects of total earthworm biomass (g sample ¯¹) on the midden straw mass. As the biomass of 

juveniles (which feed on midden straw) increased, the midden biomass decreased (Figure II-2.), 

however this was not a significant effect. 

 

 

Figure II.2. The relationship between total earthworm biomass (g) of juveniles within midden cores 
and midden straw mass (g). 
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2. The effect of midden straw mass (g) on the organic nutrient concentration. 

 

 

Figure II.3. The relationship between midden straw mass and midden carbon concentration (%) at 

each sample point. 

 

 

Figure II.4. The relationship between midden straw mass (g) and midden nitrogen concentration (%) 

at each sample point. 
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Appendix III. Supplementary chemical analysis data from Section 6.4. 

Table III.1. Mean total nutrient concentration at increasing depth from soil surface (1 = 0-6 cm; 2 = 6-12 cm; 3 = 12-18 cm) for L. terrestris monocultures 

(N=2). 

Treatment Depth 
Phosphorus Calcium Magnesium Potassium Manganese Iron Nickel Zinc Boron 

mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE 

Control 1 1502 69 1229 330 3859 161 599 20 988 106 8305 601 39 2 237 45 113 8 

Control 2 1443 47 1032 221 3608 119 570 20 1197 290 8181 416 39 2 231 45 110 5 

Control 3 1438 53 889 51 3650 87 577 22 801 32 7848 449 38 2 244 49 106 5 

1 cm 1 1574 96 836 36 3604 123 538 29 928 143 7942 577 40 2 151 6 106 10 

1 cm 2 1553 176 791 71 3544 93 576 22 763 38 7469 422 39 2 141 3 97 5 

1 cm 3 1475 83 917 121 3680 260 521 37 870 157 8054 601 35 6 148 9 108 8 

20 cm 1 1698 174 991 74 4989 92 733 38 1266 36 9645 484 50 2 164 3 137 6 

20 cm 2 2152 379 1249 123 5061 746 694 100 1610 477 14126 3028 50 7 206 32 181 38 

20 cm 3 1722 178 942 116 4477 480 660 86 999 99 10106 1273 40 5 164 12 140 17 

40 cm 1 1928 87 1298 158 5624 468 844 67 1218 105 12753 859 70 5 181 9 299 19 

40 cm 2 1885 201 1465 268 5172 242 804 43 1842 560 14059 1550 72 8 187 15 336 36 

40 cm 3 2237 237 1817 513 5590 217 827 36 1178 97 15844 1601 71 4 213 12 373 29 
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Table III.2. Mean total nutrient concentration at increasing depth from soil surface (1 = 0-6 cm; 2 = 6-12 cm) for A. caliginosa monocultures (N=3). 

Treatment 
Depth 
(cm) 

Phosphorus Calcium Magnesium Potassium Manganese Iron Nickel Zinc Boron 

mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE 

Control 1 1639 141 1867 266 5242 910 741 61 1143 252 12150 1704 53 6 253 50 292 25 

Control 2 1633 206 2173 710 5377 856 801 75 1121 195 13004 1936 49 6 208 15 305 30 

1 cm 1 1627 87 1288 58 3919 285 682 31 872 209 9067 1031 48 6 173 11 249 27 

1 cm 2 1686 50 1520 183 3555 118 681 30 723 36 8370 192 39 2 167 3 228 5 

20 cm 1 1722 78 1385 215 5014 107 818 29 1064 70 11414 934 64 3 187 7 319 22 

20 cm 2 1851 256 1268 89 4102 230 674 19 926 177 11268 1557 54 8 205 27 314 35 

40 cm 1 1542 50 1357 123 4461 274 726 40 933 76 9996 1034 55 6 189 6 300 24 

40 cm 2 1462 162 2016 604 3980 400 693 54 907 147 9177 1005 53 6 173 18 277 25 
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Table III.3. Total nutrient concentration at increasing depth from soil surface (1 = 0-6 cm; 2 = 6-12 cm; 3 = 12-18 cm) for mixed species treatment (L. terrestris 

N=1; A. caliginosa N=3) 

Treatment 
Depth 
(cm) 

Phosphorus Calcium Magnesium Potassium Manganese Iron Nickel Zinc Boron 

mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE mg kg¯¹ SE 
mg 
kg¯¹ 

SE 
mg 
kg¯¹ 

SE 
mg 
kg¯¹ 

SE 

Control 1 2619 349 1565 117 6378 579 959 92 1348 78 16349 1859 78 7 213 11 365 37 

Control 2 2403 416 1475 92 6003 250 886 38 1964 788 16674 3964 70 8 213 31 368 77 

Control 3 2629 262 1439 144 6355 416 944 46 1923 383 17660 2005 80 6 226 13 386 43 

1 cm 1 2583 406 1485 78 6815 212 931 32 1381 50 19324 2855 79 14 262 22 421 56 

1 cm 2 2807 411 1776 143 6880 402 904 81 2424 836 17574 1127 80 8 244 10 370 25 

1 cm 3 2183 171 1477 98 6956 468 912 92 1515 113 19477 3314 65 8 254 19 397 48 

20 cm 1 2083 282 1947 515 5865 540 794 43 1365 150 18233 4499 57 5 211 21 389 88 

20 cm 2 2464 640 1747 298 6925 554 961 104 1390 181 14564 1257 63 8 225 21 324 28 

20 cm 3 2348 312 1772 91 6704 601 913 87 2992 1232 19805 2078 60 11 239 16 408 35 

40 cm 1 2057 151 1315 83 5204 248 786 35 1704 440 16524 2466 68 7 201 23 351 52 

40 cm 2 2144 195 1319 175 5384 531 775 18 2862 1760 16172 2690 71 16 215 32 346 48 

40 cm 3 2066 346 1748 429 5941 651 818 51 1506 254 14510 2637 69 8 212 33 311 47 
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Appendix IV. Supplementary information from Chapter 7. 

1: Images of deconstructed L. terrestris middens. 

 

Figure IV.1. Deconstructed midden from Container 1. 

 

 

Figure IV.2. Deconstructed midden from Container 2. 
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Figure IV.3. Deconstructed midden from Container 3. 

 

 

Figure IV.4. Deconstructed midden from Container 4.  
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2. L. terrestris surface activity of each experimental unit. 

 

 

Figure IV.5. The total duration of surface activity by L. terrestris in Container 1, where total time is 

separated by midden activity and foraging activity. 

 

 

Figure IV.6. The total duration of surface activity by L. terrestris in Container 2, where total time is 

separated by midden activity and foraging activity. 
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Figure IV.7. The total duration of surface activity by L. terrestris in Container 3, where total time is 

separated by midden activity and foraging activity. 

 

 

Figure IV.8. The total duration of surface activity by L. terrestris in Container 4, where total time is 

separated by midden activity and foraging activity. 
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3. Total straw particle selection by L. terrestris per experimental unit. 

 

 

Figure IV.9. The number of straw particles selected each day in Container 1, separated by the 

particle size. 

 

 

Figure IV.10. The number of straw particles selected each day in Container 2, separated by the particle 

size. 
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Figure IV.11. The number of straw particles selected each day in Container 3, separated by the particle 

size. 

 

 

Figure IV.12. The number of straw particles selected each day in Container 4, separated by the particle 

size. 
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7.4. Macro-and micronutrient concentration (mg kg¯¹) of midden and non midden soils at increasing 

depth (mm). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.13. The mean TN concentration (log mg kg¯¹) of macro- and micronutrients under midden 

soil at increasing depth. 0 mm = the soil surface; 600 mm = maximum depth of vessel.  

 

 

 

 

 

 

 

 

 

 

 

Figure IV.14. The mean TN concentration (log mg kg¯¹) of macro- and micronutrients under control 

soil at increasing depth. 0 mm = the soil surface; 600 mm = maximum depth of vessel. 
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Appendix V. Supplementary results from Chapter 8. 

Table V.1. Multiple comparisons output (Tukey HSD) of the differences in L. terrestris biomass, L. terrestris density, mean soil removed (g 0.25m¯²) and 

reduction in straw mass (g 0.25m¯²) between the sites (1 = Ojainen; 2 = Kotkanoja; 3 = Kiikoinen). OJAINEN 

 

Test Statisticsa 

 Soil_removed Lt_total_density Lt_total_biomass Lt_middens 

Total_earthworm

_density Soil_moisture Straw_removed 

Mann-Whitney U 9.000 .000 .000 .000 .000 8.000 1.000 

Wilcoxon W 24.000 15.000 15.000 15.000 15.000 23.000 16.000 

Z -.733 -2.795 -2.785 -2.668 -2.635 -.940 -2.402 

Asymp. Sig. (2-tailed) .463 .005 .005 .008 .008 .347 .016 

Exact Sig. [2*(1-tailed Sig.)] .548b .008b .008b .008b .008b .421b .016b 

a. Grouping Variable: Lt_expected 

b. Not corrected for ties. 

Table V.1. Multiple comparisons output (Tukey HSD) of the differences in L. terrestris biomass, L. terrestris density, mean soil removed (g 0.25m¯²) and 

reduction in straw mass (g 0.25m¯²) between the sites (1 = Ojainen; 2 = Kotkanoja; 3 = Kiikoinen). KOTKANOJA 

Test Statisticsa 

 Soil_removed Lt_total_density Lt_total_biomass Lt_middens 

Total_earthworm

_density Soil_moisture Straw_removed 

Mann-Whitney U 25.000 5.500 5.000 .000 12.000 3.000 2.000 

Wilcoxon W 61.000 41.500 41.000 36.000 48.000 39.000 38.000 

Z -.737 -2.908 -2.962 -3.467 -2.110 -3.050 -3.151 

Asymp. Sig. (2-tailed) .461 .004 .003 .001 .035 .002 .002 

Exact Sig. [2*(1-tailed Sig.)] .505b .003b .003b .000b .038b .001b .001b 

a. Grouping Variable: Lt_expected 

b. Not corrected for ties. 
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Table V.1. Multiple comparisons output (Tukey HSD) of the differences in L. terrestris biomass, L. terrestris density, mean soil removed (g 0.25m¯²) and 

reduction in straw mass (g 0.25m¯²) between the sites (1 = Ojainen; 2 = Kotkanoja; 3 = Kiikoinen). KIIKOINEN 

ANOVA 

 Sum of Squares df Mean Square F Sig. 

Soil_removed Between Groups 242.064 1 242.064 10.166 .013 

Within Groups 190.492 8 23.811   

Total 432.556 9    

Lt_total_density Between Groups 705.600 1 705.600 50.043 .000 

Within Groups 112.800 8 14.100   

Total 818.400 9    

Lt_total_biomass Between Groups 178.084 1 178.084 12.050 .008 

Within Groups 118.227 8 14.778   

Total 296.311 9    

Lt_middens Between Groups 4.900 1 4.900 2.513 .152 

Within Groups 15.600 8 1.950   

Total 20.500 9    

Total_earthworm_density Between Groups 2250.000 1 2250.000 45.872 .000 

Within Groups 392.400 8 49.050   

Total 2642.400 9    

Soil_moisture Between Groups 2.025 1 2.025 .706 .425 

Within Groups 22.944 8 2.868   

Total 24.969 9    

Straw_removed Between Groups .197 1 .197 .016 .902 

Within Groups 97.986 8 12.248   

Total 98.184 9    
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Appendix VI: Conferences and awards. 

Table VI.1. Conferences attended during research program 

Date Name of Conference Presentation 

September 2019 
BSSS Early Career Research 

Conference, Sheffield 
Oral poster presentation 

June, 2019 
Graduate Research School 

Conference, UClan 
Poster presentation 

November 2018 
Myerscough Research 

Conference, Myerscough 
College 

Poster presentation 

September 2018 
Biezczady Earthworm 

Conference, Rzeczow, Poland 
Oral poster presentation 

June 2018 
ISEE International Earthworm 

Congress, China 
Poster presentation 

December 2016 
BES Annual Meeting, 

Edinburgh 
Poster presentation 

November 2016 
Myerscough Research 

Conference, Myerscough 
College 

Oral presentation 

December, 2015 BES Annual Meeting, Liverpool Poster presentation 

April 2015 
Graduate Research School 

Conference, UCLan 
Oral presentation 
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Figure VI.1. Poster presented at the International Earthworm Congress, Shanghai, 2018. 
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Figure VI.2. Poster presented at BES Annual Meeting, 2016. 
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Figure VI.3. Associate Fellow of the HEA certificate, awarded in June 2019. 
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Appendix VII: Ethical Approval. 

 

Figure VII.1. Copy of Ethical approval confirmation for research project. 

 

 

 

 

 


