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Abstract

No-tillage is a non-inversion farming practice that is becoming more widely used in farming
and often considered to enhance soil functions, by increasing soil organic matter levels and
thereby improving soil structure. Knowledge about the effects of different management
practices on separate soil functions is important to understand potential trade-offs between
them. Studies have shown that no-tillage affects soil functions of water purification and water
retention and can reduce erosion rates and inputs from agriculture to water bodies, however
evidence from north western European countries is still limited. Alongside this gap in evidence
about the physical impacts of no-tillage, knowledge about how farmers share knowledge about

no-tillage, a knowledge intensive practice, and the role of farmer networks is still growing.

This paper presents results from interdisciplinary (PhD) research which measured the effect of
no-tillage on water related soil functions in a UK case study and analysed the distribution of
no-tillage knowledge through farmer networks. The field-scale monitoring compares two
neighbouring farms (one using conventional ploughing and the other no-tillage) with similar
soil and topographic characteristics to assess spatial and temporal changes in soil and water
variables. The 2-year monitoring included nutrient analysis of surface and sub-surface soil
samples, bulk density, soil moisture, infiltration capacity, surface runoff and analysis of
Dissolved Reactive Phosphorous (DRP), Total Phosphorous (TP) and Suspended Solids (SS)
in downstream waters. Farmers’ networks were mapped using Social Network Analysis (SNA)
to reveal the nature and extent of their knowledge exchange about no-tillage. This was
complemented by semi-structured interviews with farmers to understand their reasons for
implementing no-tillage. This paper presents findings from both aspects of this research. The
soil and water data show varying impacts of no-tillage on soil functions and water quality with
different soil types and climate. The no-tillage fields had higher bulk density and soil organic
matter content and thereby increasing the soil moisture levels, but the free-draining porous
limestone was providing greater benefits under no-tillage in this study compared with the lime-

rich loamy soil with high silt and clay content.

The SNA suggests that farmers’ networks expanded with the conversion to no-tillage and that

their main influencers were other more experienced no-tillage farmers. In this respect I question



the role of external organisations in supporting no-tillage adoption. The research offers a
significant new contribution to the field as it assesses the effects of no-tillage on water
purification and retention functions of the soil, and at the same time contributes to

understanding the dynamics of farmer networks and the link to implementation.
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1 Introduction

The problem of soil degradation is as old as settled agriculture, but the extent and impact of
this degradation on both human welfare and the environment is ever increasing (Lal and
Stewart, 2012), and significant reductions in soil quality have been documented in the United
Kingdom (UK), as well as the rest of the world (Montgomery, 2007, Ray et al., 2012, Ray et
al., 2013). Globally, an estimated 24% of the inhabited land area is affected by human-induced
soil degradation, with Europe being slightly higher at 26% (Oldeman, 2012). Socio-economic
pressures which accelerate intensive land use are important drivers of this trend. Deforestation,
cultivation of marginal lands, intensive farming, chemical usage, overgrazing, population
growth, transmigration and infrastructure development in ecologically sensitive areas have all
been identified as important causes of the global increase in soil degradation (Lal and Stewart,

2012).

Soil degradation reduces the soil’s capacity to provide important ecosystem services and
functions. Ecosystem services (ESS) is a concept that was developed to quantify the
multifunctionality of ecosystems (Hassan et al., 2005). It describes the services that ecosystems
provide to humankind, such as provisioning services (e.g. biomass and food provision),
regulating services (e.g. water purification and flood mitigation), supporting services (e.g. soil
formation and nutrient cycling) and cultural services (e.g. recreation and aesthetic value)
(Millenium Ecosystem Assessment (Program), 2005, Schulte et al., 2014). The concept of ESS
includes the quantification of services from agricultural ecosystems that are, when explicitly
focusing on the soil-based ESS, commonly referred to as soil functions (Baveye et al., 2016,

Schulte et al., 2014, Dominati et al., 2010).

A number of soil functions that good quality soils deliver have been identified (Schulte et al.,
2014, Schulte et al., 2015), for example: 1) production of food, fibre and (bio)fuel; ii) water
purification; 1ii) carbon (C) sequestration; iv) habitat for biodiversity; and v) recycling of
nutrients and agro-chemicals (Schulte et al. 2014). Together these can quantify the importance

of soils for ecosystems and the environment in addition to food provisioning. Soils must be
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managed sustainably to maintain good soil quality so that this important resource can continue

to deliver private and public goods in the long-term (Smith et al., 2016).

However, evidence shows that the management of agricultural soils is currently unsustainable.
The ten most significant soil threats to agricultural land causing soil degradation from a global
perspective have been identified as: soil erosion, loss of soil organic carbon (SOC), nutrient
imbalance, soil acidification, soil contamination, waterlogging, soil compaction, soil sealing,
salinization, and loss of biodiversity (FAO and ITPS, 2015a). These threats are largely
accelerated by intensive agricultural management impeding the soils’ capacity to deliver

important functions to ecosystems and the humanity.

Intensive agricultural management is characterized by intensive tillage systems, often referred
to as conventional tillage (CT) (Townsend et al., 2015), in combination with excessive removal
of crop residues and unbalanced use of chemical fertilizers. Together these contribute to
degradation, for example, by aggregating soil losses by soil erosion due to the lack of soil
protection under such management, but also as a result of reductions in the SOC levels that are

crucial for good soil quality (Lal, 2015).

In addition to the impact that this intensive management has on the soil resource and long-term
farm sustainability, depleting the soil’s capacity to function also has a high economic price tag
for society. Graves et al. (2015) explored the cost of soil degradation in England and Wales
and estimated that the annual cost in the two countries was between £0.9 and £1.2 billion,
dependent on the type of degradation, soil type, land use and ESS. Loss of soil organic matter
(SOM) was associated with the highest cost (47%), followed by soil compaction (39%) and
erosion (12%), but 80% of the total costs occur off-site and a large proportion is related to
impact on environmental water quality, drinking water quality, flood mitigation and
greenhouse gas regulation. Similarly, Oldeman (2012) reported that the most important type of
degradation is caused by water erosion, affecting 56% of the degraded area globally and 52%

of the total area affected by human-induced soil degradation in Europe.

The severity of these processes, with both on-site (soil loss by water erosion) and off-site
effects of both water contamination (Oldeman, 2012, Graves et al., 2015) and flooding (Graves
et al., 2015), calls for more knowledge about the water purification and retention functions of
the soil and their responses to different farm practices. These are the functions provided by soil
that allow storage of water in soil pores, water infiltration, transmission as deep percolation,

and water filtering and purification by the interaction with soil particles and biota through the
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soil matrix (FAO and ITPS, 2015a). The effect of different soil degradation processes on the
separate soil functions is often overlapping due to the complex interactions between variables,
for example a change in the physical variable of soil structure will have direct or indirect
consequences for all functions. The extent of the effects will, however, differ between the

functions, but more research is needed about the interactions between these.

No-tillage (NT) is a low intensity farming system that entails no soil inversion and is often
combined with cover crops, crop rotations and crop residue (this system is often referred to as
Conservation Agriculture and is outlined in more detail in Section 2.3) in order to conserve
soils (soil conservation is here defined as the reversal of soil degradation through appropriate
land use and management practices (FAO, 2020)) and soil water by improving soil health and
structure (Lahmar, 2010). Research has shown that NT farming can have a positive effect on a
range of soil parameters, such as SOM content, aggregate stability and water holding capacity
(Kassam et al., 2014, Hobbs et al., 2008), but the effects are variable because of the importance
of site-specificity and consideration of different local climatic conditions and soil properties
for successful implementation (Virto et al., 2014). Therefore, results from studies assessing NT
systems in Europe often lack consensus (discussed in further detail in Chapter 4). Much of the
research has been conducted in the USA and applicability of NT in the UK and the rest of
Europe is less well documented (Soane et al., 2012), and specifically understanding of how NT
impacts water purification and water retention functions of the soil and their responses to

different farm practices is limited.

To tackle challenges regarding intensive production, soil degradation and threats to soil
functions, there is a need for farmers who are currently not managing their soils sustainably to
adapt their practices (Baird et al., 2016). Such changes in farming practice can be brought about
in different ways, this can be through providing an enabling environment for farmers who are
willing to adopt, or through regulations or stimulating voluntary change of practice with
incentives using, for example, agri-environmental policies, and by educating and informing
farmers with knowledge, advice and awareness raising. The latter has traditionally been the
role of the agricultural advisory services, but is increasingly taking place in peer-to-peer farmer
networks as ‘formal’ advisory systems have become fragmented (Ingram and Mills, 2019).
Whilst a number of soil improving or best management practices are increasing implemented
in the UK (Alskaf et al., 2019), there is still a relatively low uptake of NT, potentially due to
uncertainties regarding how to successfully carry out the practice on different soil types and

under different weather conditions, and the demand for a high level of experiential knowledge
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(Soane et al., 2012, Townsend et al., 2015, Alskaf et al., 2019). Farmers tend to rely on each
other’s experience when the advisory services are limited or not “fit for purpose” to sustain

innovative farming systems such as NT (Ingram and Mills, 2019).

The social networks of farmers are therefore important for both farmer learning and decision-
making (Rogers and Kincaid, 1981), and farmers often view their peers as their main source of
advice (Wood et al., 2014). Scholars have assessed the role of social ties in the adoption of
sustainable farming practices and found that they are important in enhancing knowledge
exchange (Oerlemans and Assouline, 2004, Cadger et al., 2016, Isaac, 2012). Knowledge
intensive farming systems, such as NT, often require situated and experiential knowledge
(Leeuwis and Van den Ban, 2004), resulting in farmers taking on the role of ‘innovators’ and
sharing their own experiences of farming practices in their social networks (Knowler and
Bradshaw, 2007, Ingram, 2010, Schneider et al., 2012, Bellotti and Rochecouste, 2014). These
interpersonal networks are known to be important, but their role in NT implementation is still

uncertain and under-researched.

1.1 Research aims and objectives

There have been numerous studies investigating the effect of different farming practices on
soil and water quality. However, these studies rarely consider separate soil functions or the
trade-offs between them, nor do they look at the social dynamics of the networks that are
affecting farmers’ decisions about the implementation of such practices. This research will aim

to address this.

The overall aim is to contribute to knowledge about the effect of NT on soil and water and to
provide an in-depth understanding of the role of social networks of NT famers in the transition
from CT to NT farming. To achieve this the thesis will: firstly, develop and undertake an
appropriate methodology to understand the effects of different crop and soil management
practices (which contribute to NT) on soil functions in a case study area in the UK. Secondly,
it will investigate the nature of information flow and knowledge exchange between NT farmers,

and the dynamics of farmers’ social networks. Four research objectives were formulated:



1.To review recent and relevant literature to create an overview of the current knowledge
on the effects of NT practices on soil functions in Europe, with a particular focus on
the water-related soil functions of water purification and regulation. This will
investigate contradictions and coherence within the literature and assess which NT
practices represent the greatest controversies and assess potential trade-offs between

soil functions under different climatic conditions.

2.To establish a monitoring programme for this study for collection, analysis and
interpretation of soil and water data to assess effects of NT practices on water related

soil functions.

3. To assess the applicability of NT as a sustainable system in the UK and its potential to
enhance soil properties and specifically the soil functions of water purification and

retention by evaluating the overall effects of shifting from CT to NT systems.

4.To analyse NT farmers’ engagement with social networks, specifically in relation to the
nature of information flow, knowledge exchange and learning between farmers, and to

identify the potential of farmer networks to enable this knowledge exchange.

1.2 Thesis structure

The thesis comprises ten chapters. Chapter 1 provides the rationale for the study based on the
problem of soil degradation resulting from intensive agricultural practices impeding soil
functions. Alternatives to CT farming practices that can enhance soil functions, and the
different ways that change of practice can be brought about are discussed, and the potential of
NT identified. The chapter concludes with a section outlining the aims and objectives for the

study.

Chapter 2 provides the context for the research and expands on the concepts introduced in
Chapter 1, describing the different types of degradation that are threatening the functionality
of agricultural soils, with specific focus on the water purification and retention functions. Soil
and water policies in the European Union (EU) and the UK are presented and discussed in light

of their current ability to protect soil and water quality. Furthermore, crop and soil management



practices are elaborated on, those in the NT system in particular, followed by an introduction
to the emergence of farmer networks which are supporting innovative farmers such as NT

farmers.

Chapter 3 outlines the conceptual framework for the study, introducing paradigms of the
research methodology and the concept of agriculture as a socio-ecological system. The chapter
further describes relevant concepts of the study, such as how farmers and researchers have
different understandings of soil, and their different types of knowledge and learning, and ways
of dealing with complexity. The concepts of ESS and soil functions are also described in this
chapter. The chapter concludes with a flow chart of the PhD that outlines how the four papers
(Chapter 5-8), making up the main body of this thesis, address the different research objectives.

Chapter 4 sets out the methodology, providing an overview of the theories, methods and
approaches that were used to address the overall aim and objectives. The chapter justifies the
interdisciplinary approach taken, explaining the need for combining methods from both natural
and social sciences. A comprehensive description of the study area is also provided for the case

study used in Chapter 6, as well as the methods adopted.

Chapter 5 consists of a peer reviewed paper published in the Soil and Tillage Research Journal
titled “The effect of no-till farming on the soil functions of water purification and retention in
north-western Europe: a literature review” based on recent evidence (post-2000) from north-
western Europe. The paper assesses the different elements that make up a NT system (direct
drilling, cover crops, crop residue management and crop rotations) and the effects on soil
properties with implications for the relevant soil function. I was the lead author of this paper

and responsible for the design, data collection, analysis and I led on writing the paper.

Skaalsveen, K., Ingram, J., Clarke, L. 2019. The effect of no-till farming on the soil functions
of water purification and retention in north-western Europe: A literature review. Soil & Tillage

Research, 189, 98-109.

Chapter 6 presents the results from the UK case study in a manuscript submitted for peer
review to the Journal of Soil and Water Conservation (revised manuscript addressing reviewers
comments has been submitted and is awaiting editorial decision) titled: “Impact of no-till
practices on water purification and retention functions of soil”. This paper compares data
collected from two commercial farms (NT and CT), assessing and explaining the soil structural

properties, the soil nutrient distribution and the water quality resulting from the different



systems. | was the lead author of this paper and responsible for the design, data collection,

analysis and I led on writing the paper.

Skaalsveen, K., Clarke, L. 2020. Assessing the impact of no-till practices on water purification
and retention functions of soil: results from a UK case study. Soil and Water Conservation

(Accepted/in press).

Chapter 7 contains a peer reviewed paper published in Agricultural Systems titled: “The
characteristics and dynamics of learning and knowledge exchange in no-till farmer networks”
that is based on in-depth interviews and a Social Network Analysis (SNA) that were carried
out with English NT farmers to contribute to evidence about farmer learning, knowledge
transfer, information sources, network dynamics and information flow. I was the lead author

of this paper and responsible for the design, data collection, analysis and I led on writing the

paper.

Skaalsveen, K., Ingram, J., Urquhart, J. 2020. The role of farmers' social networks in the

implementation of no-till farming practices. Agricultural Systems, 181.

Chapter 8 presents a peer reviewed paper that was published in a special issue of Soil Use and
Management titled: “The use of Twitter for knowledge exchange on sustainable soil
management”. This paper is based on in-depth interviews with farmers and a Twitter content
analysis to provide knowledge about the extent and type of farmer-to-farmer knowledge
sharing in relation to sustainable soil management practices. Work undertaken on a separate
project provided data for this study’s analysis on farmer networks, complementing the SNA
analysis. [ designed and conducted the farmer interviews, undertook the interview analysis and

contributed to the writing of the paper.

Mills, J., Reed, M., Skaalsveen, K., Ingram, J. 2018. The use of Twitter for knowledge

exchange on sustainable soil management. Soi/ Use and Management, 35 (1), 95-203.

Chapter 9 is the overall discussion chapter that summarises the findings from the preceding
chapters and demonstrates how the results from the four papers contribute to addressing the
research objectives that were presented in Chapter 1. Further, the contribution of this research
project to the socio-ecological system (SES) concept is discussed, as well as the importance
and opportunities for the integration of farmer and researcher knowledge, and the complexity

of soil functions and the trade-offs between them.



Chapter 10 provides the final conclusions derived from this whole thesis that reflects upon the

main findings and provides recommendations for further research.



2 Background

This chapter provides context for the research in this thesis in regard to the effect of
implementing NT farming systems to enhance soil functions. The first section (Section 2.1)
sets the scene by providing information about the challenges relating to degradation of soil
functionality, followed by an overview of the current policy landscape with respect to soil and
water quality (Section 2.2). Furthermore, different crop and soil management practices and the
incentives for implementing less intensive crop and soil management are described (Section
2.3), and the emergence of the information networks important for knowledge sharing about

these practices (Section 2.4).

2.1 Degradation of soil functionality

Soil degradation refers to the reduction in the capacity of the soil to provide ESS and benefits
due to a decline in soil quality (FAO, 2020). Soil functionality is affected by a general decline
in soil quality as an outcome of human activities in combination with natural environments by
the processes of chemical, physical and/or biological degradation, including SOM decline and
soil loss (Lal and Stewart, 2012, Virto et al., 2014). Two key soil functions, water purification
and water retention, are particularly affected by processes of degradation accelerated by

agricultural production.

Chemical degradation caused by agricultural production is normally related to the overuse of
plant protection chemicals and fertilizers and has the biggest impact on water quality. Two of
the primary nutrients that are applied to agricultural fields are Nitrogen (N) and Phosphorous
(P) (Smith, 1983, Dodds and Smith, 2016). These nutrients already occur naturally in the soil
(in addition to other nutrients such as Potassium, Calcium, Magnesium and Sulphur), but
additional fertilizers are normally added by farmers to enhance crop growth and development;

this can be either in the form of ‘synthetic’ (i.e. artificially manufactured) or organic fertilizers.

Excess N fertilizer is lost from the soil as the mineral fertilizer use efficiency, although

improving, is generally low and fertilizer application is often higher than the uptake of the



plants (Galloway et al., 2008, Rani et al., 2017). Similarly, positive soil P balances resulting
from external inputs and the relatively inefficient plant P uptake of approximately 60% of the
total P inputs to soils has led to a rapid increase in P exported to aquatic systems (Bennett et
al., 2001). N and P are also usually the limiting nutrients in fresh water systems (Smith, 1983,
Dodds and Smith, 2016), and high inputs can represent a challenge to water quality and the
wider environment. Water enrichment, also referred to as eutrophication, caused by diffuse
pollution from agriculture is one of the main reasons for water contamination in Europe
(European Environment Agency, 2018) and is caused by transport of nutrients by surface
runoff or by leaching from agricultural fields. The impact of agriculture on water quality is
largely determined by the agricultural management (e.g. fertilizer usage and soil tillage), the
local weather, and a range of physical features such as slope steepness and soil type,

specifically physical soil properties, as explored further below.

The physical properties of soils significantly impact their function within the water cycle,
namely retention and purification of water flows (FAO and ITPS, 2015a). Lal and Stewart
(2012) classified the physical degradation of soil as ‘compaction and hardsetting’ that affect
the size and occurrence of structural pores and the processes of soil densification, and ‘soil
erosion and sedimentation’ of topsoils that exceed the formation of new soils. This physical
degradation can significantly reduce soil structure and functionality. Infiltration and the
redistribution of water within and through the soil profile (hydraulic conductivity) affects the
storage potential of soil water, and therefore also the proportion of water that flows on the

surface as runoff with potential to cause soil erosion and transfer pollutants into watercourses.

Soil compaction reduces soil porosity and affects the air capacity, the permeability and the
water-holding capacity of soils (Mueller et al., 2009), in addition to the root development and
soil biological activity (Elmholt et al., 2008). This results in reduced water movement in the
soil and is therefore a type of physical degradation with high implications for the water
purification and retention functions. The main factors that cause soil compaction are pressure
by heavy machinery and/or animals, associated with certain types of crop and soil management.
The challenges with compaction increase with larger and heavier agricultural machinery and
with repeated operations (Oussible and Crookston, 1992, Seehusen et al., 2014), but also
depends on soil moisture content and tyre contact area (determined by the air pressure)

(Seehusen et al., 2014).

10



The loss of structural stability is another important effect of physical degradation that can lead
to a reduction in water related functions by contributing to soil erosion (Gaiser et al., 2008,
Todorovic et al., 2014), and by reducing soil porosity and the water retention properties of the
soil (Virto et al., 2014). There are several factors determining the erodibility of a field, both
related to abiotic factors such as soil type (e.g. fine or course material) and weather (e.g.
intensity of rainfall events, snow melting episodes), but also factors related to farm
management decisions that are affecting important soil structural properties such as cultivation
practices (Lundekvam, 2007, Knapen et al., 2007) and soil protection measures (e.g. cover
crops and crop residue management) (Knapen et al., 2007, Bodner et al., 2010, De Baets et al.,

2011).

The levels of organic material in the topsoil determined by historical and current soil
management (FAO and ITPS, 2015a, Virto et al., 2014) are crucial for aggregate stability which
is important for soil’s resistance to erosion (Abdollahi et al., 2014, Fraseth et al., 2014, Elmholt
et al., 2008). High erosion rates are a large contributor to reduced water quality, as the overland
flow can carry both nutrients (particularly P bound to clay particles) and suspended sediments
that affect water turbidity (clarity), which is another important water quality indicator. The
effects of soil compaction and high erodibility combined is particularly unfortunate as
increased runoff accumulation, resulting from low infiltration rates, on soils of poor structure

can cause severe soil losses (Deasy et al., 2009).

The variety of the living organisms within the soil, or the soil biodiversity, is directly related
to the rate of soil degradation in Western Europe (Virto et al., 2014). Loss of biodiversity in
Europe is normally caused by land-use changes, intensive management and exploitation of
soils, soil compaction, erosion, pollution and declining levels of SOM. The risk of biodiversity
loss is particularly high in the UK, the Netherlands and Belgium, from a European perspective,
where almost 100% of the land area is classified within the categories of high, very high, and
extremely high risk (Gardi et al., 2013, Jeffery et al., 2010). However, these numbers are only
describing the risk and not the actual loss of soil biota. The degradation processes of the soil
fauna that is most crucial for the water retention functions are the decreasing activity and
diversity of macrofauna such as earthworms, particularly the larger vertically drilling species
(Peigné et al., 2009). These are important for the network of macropores for deep water
percolation and storage (Buczko et al., 2003). Furthermore, the microfauna plays an important

role in the purification process of water that is filtered through the soil profile as microbial
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activity drives a range of soil chemical processes (Elmholt et al., 2008, Crotty et al., 2016,
Meysman et al., 2006, Gougoulias et al., 2014).

2.2 Soil and water protection policies and governance in the agricultural context

There are a number of forms of legislation and governance in place that may influence soil
management in the EU and UK context. There are policies and legislation at both national (UK
and its devolved nations) and EU level with the potential to enhance the water purification and
retention functions of agricultural soils by reducing soil and water degradation. The emphasis
is, however, normally on protecting either soil or water, which is problematic as this results in
a less integrated approach to the management of these two important resources that are highly
connected and co-dependent. There is more legislation aimed at protecting water quality than
soil quality at the European and UK level (Paleari, 2017). Although this is enacted by
addressing agricultural impacts on water quality by focusing on reducing runoff and erosion
rates, less attention is paid to the synergies between soil and water and the role of healthy and

functioning soils for good water management.

Two EU level directives target water pollution from agriculture: the Water Framework
Directive and the Nitrates Directive. The Water Framework Directive (WFD) 2000/60/EC was
implemented by the EU in 2000 to protect European water bodies and contribute to more
sustainable and effective water management. This requires member states to reach at least
“good ecological status” in all water bodies by undertaking the “river basin approach” which
is an attempt to overcome some of the challenges mentioned above and aims to make water
management decisions considering the whole catchment area for more holistic and efficient
management. The WFD does not explicitly address agricultural practices or policies, but has

an indirect impact as agriculture is an important source of water pollution.

The WFD builds on the Nitrate Directive 676/1991, an EU water policy implemented in 1991,
which requires member states to reduce the nitrate in drinking water to a maximum of 50 mg/I,
and limits the amount and timing of nitrate fertilizers applied. The overall use of fertilizers
decreased in Western Europe from the year 2000 following implementation of both the Nitrate
Directive and the WFD (Gomez-Limon et al., 2002), although the N and P applications vary
between countries and regions, and there was a coincident increase in fertilizer prices. There

has also been a general decrease in the use of pesticides resulting from the implementation of
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the EU Directive 128/2009 along with National Action Plans following the Directive (Jones et
al., 2010), with potential benefits for the abundance of earthworms and other beneficial soil

organisms.

Another European level policy that affects farmer crop and soil management decisions is the
Common Agriculture Policy (CAP) providing subsidies to farmers by two payment streams;
Pillar 1 and Pillar 2. Pillar 1 is the European Agricultural Guarantee Fund (EAGF) that provides
payments directly to farmers (Arnott et al., 2019), while Pillar 2 supports the Rural
Development Programmes (RDP) of member states and regions. The CAP has been criticized
over the years for leading to intensive agriculture and overproduction harmful to the
environment and has undergone a number of reforms (Berendse et al., 2004). A new CAP
reform came into force in 2005 that aimed to decouple farm production from financial support
to reconnect farmers to their markets and reduce damage to the environment. The financial
support is now linked to cross-compliance (Posthumus and Morris, 2010) to prevent poor

management and soil degradation.

At UK level both the WFD and the Nitrates Directive are implemented in agricultural policy,
a set of regulatory baselines have been set, including Nitrate Vulnerable Zones (NVZs) to
comply with the EU Nitrates Directive, and the CAP Cross Compliance for both directives
(Table 2.1). Cross-compliance is a tool for incorporating environmental requirements into the
CAP instruments to ensure the delivery of public goods, linking farm income support to EU
rules. In the UK, farmers receiving subsidies under either the Basic Payment Scheme (CAP
Pillar 1) or AES payments (Pillar 2) must fulfil the requirements set by the cross-compliance.
These requirements are determined by the Statutory Management Requirements (SMR) and
the EU standards for Good Agricultural and Environmental Condition of land (GAEC). GAEC
4, 5 and 6 provide direct requirements for the protection of soil and C stocks with conditions
for minimum soil cover, minimum land management to limit erosion and appropriate practices

for maintenance of SOM levels, respectively.

In England this is supported by the “Codes of Good Agricultural Practice” (CoGaP) for Soil,
and for Water (Defra, 2009a) which offer a practical interpretation of legislation and advice on
sustainable agriculture for farmers, such as nutrient management, irrigation regimes, crop
rotations and crop types. The SMR and GAEC requirements are linked to different initiatives
and approaches such as the Department for Environment, Food and Rural Affairs (Defra)’s

‘Catchment Sensitive Farming Delivery Initiative’ and the Environment Agency’s ‘Best
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Farming Practices’ (Table 2.1) which rely largely on advisory approaches to bring about

voluntary change in practices to decrease diffuse pollution from agriculture to meet objectives

set by the WFD. These have been supported by a number of research-based initiatives which

have identified cost effective methods for mitigating diffuse water pollution from agriculture

(DWPA) (Newell-Price et al., 2011, McGonigle et al., 2012).

Table 2.1. Overview of the regulatory, economic and advice, and voluntary instruments at EU level and

their transmissions to national level.

Practice for

Water

Europea | National level Recommended practices Examples of Initiatives,
n level (England) approaches and practices
promoted
Regulation, CAP Cross GAEC 4 Minimum soil cover Defra’s Farm Advisory
economic and | Pillar 1 compliance GAEC 5 Minimum land Service — online support
advice GAEC4,5,6 management reflecting site and workshops for cross
Codes of Good | specific conditions to limit compliance measures
Agricultural erosion
Practice for Soil | GAEC 6 Maintenance of soil Best farming Practices**
Greening organic matter level through Environment Agency)
measures appropriate practices including
ban on burning arable stubble,
except for plant health reasons
Voluntary CAP AES Options: buffer strips, cover Countryside Stewardship
Pillar 2 crops, over winter stubbles. Natural England support
RDP
Soil health, SOM reduced Countryside Stewardship
diffuse pollution Facilitation Fund e.g.
Farmer Guardians of the
Upper Thames; Carrant
Catchment
Regulation, WFD Cross Follow Nutrient Management Defra’s Catchment
economic and compliance Guide RB209 Sensitive Farming
advice SMR1*, GAEC Environment Agency
12,3, ‘Think Soils’
Codes of Good
Agricultural
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Regulation, Nitrates | Nitrate Follow Nutrient Management | Defra’s Catchment
economic and | Directive | Vulnerable Guide RB209 Sensitive Farming
advice Zones
Mitigation Methods and
Cross
. Guide to their Effects on
compliance
SMR1* Diffuse Water (Method 7
refer to tillage intensity)**
GAEC 1,2,3
Voluntary Different  farming  systems | Game and Wildlife
NGO including reduced and no-tillage, | Conservation Trust,
enhanced SOM and soil health Innovative Farmers, BASE
Commercial Food assurance | Accreditation and auditing of | LEAF Marque
schemes soil management practices Organic Farming
Red Tractor

*SMR = statutory management requirement.

** Environment agency, 2008.

Agri-environment schemes (AES), funded through the Rural Development Programme for
England (EU CAP Pillar 2) also influence management decisions in the UK and the rest of
Europe. AES are voluntary and provide financial incentives for farmers to manage their land
in a way that can reduce the environmental impact of intensive agriculture and contribute to
reversing biodiversity losses, benefit landscape features and improve water and soil quality
(Jones et al., 2017). The selection and positioning of AES is, however, decided by the farmers
and therefore determined by a range of social, economic and practical variables (Mills et al.,
2016). Therefore, the effect of the different management options and environmental measures
is likely to vary with local environmental conditions along with farm management decisions
and implementation efficiency. The emphasis of the AES has largely been on biodiversity gains
(Donald and Evans, 2006, Perkins et al., 2011) with minimal attention paid to soil and water
quality, although some of these relate to soil such as buffer strips, cover crops and over winter
stubbles. Also, recent Countryside Stewardship Facilitation Fund activities have promoted soil

health in connection with water related functions.
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In the UK, a range of AES have been implemented since 1992 which promote environmental
stewardship, providing subsidies to farmers and other land managers who manage their land in
an environmentally sensitive way to protect a range of ecosystems. As a result of the UK
referendum on the EU membership in 2016, the UK will move away from this two pillar
payment structure towards a system where farmers are paid to deliver benefits to achieve
desired environmental outcomes, often referred to as ‘public goods’ (Arnott et al., 2019) as set
out in 25 Year Environment Plan (Defra, 2018) and the Agriculture Bill currently being
debated.

There are also forms of commercial governance that can affect farmers” management of their
soils. Farm assurance schemes (such as the Red Tractor, LEAF Marque, Soil Association) can
provide commercial benefits to farmers if they adhere to certain conditions, and some include

Soil Management Plans.

The effectiveness of these different measures, however, has been questioned. Cross
Compliance GAEC standards arguably result in a “business-as-usual” approach because of
their lack of specificity and enforcement (Basch et al., 2017, House of Commons, 2016). The
voluntary nature of the AES limits its uptake and therefore reduces the schemes ability to
deliver ESS and the government’s ability to facilitate behavioural change (Bartolini et al., 2012,

Armott et al., 2019).

There is no EU-level legislative framework specifically for soil protection. The European Soil
Framework Directive 2004/35/EC for the protection of soil was proposed in 2006 with the aim
of protecting European soils and maintaining the sustainability of soil functions. This was the
first specific legislation on soil protection at European level, but was withdrawn by the
European Commission in 2014 (Official Journal of the EU: C153, 2014) as a result of a
blockage by five of the member states of the EU;= (Germany, France, Austria, UK and the
Netherlands) on the grounds of subsidiarity, excessive cost and administrative burden

(European Commission, 2012).

A Soil Thematic Strategy (COM(2006)231) was, however, adopted in September 2006 to fill
the gap in the EU legislation and provide a more holistic approach to soil protection (Chen,
2019, European Commission, 2012). However, this strategy has no regulatory authority, it

relies on the integration of other instruments and has the overall objective to protect and

! With different arrangements for the devolved nations.
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promote sustainable use of soils. The (European Commission, 2006, p. 5) states this is based

on the principles of:

1) Preventing further soil degradation and preserving its functions when: (i) soil is used and its
functions are exploited, action has to be taken on soil use and management patterns; and, (ii)
soil acts as sink/receptor of the effects of human activities or environmental phenomena, action

has to be taken at source.

2) Restoring degraded soils to a level of functionality consistent at least with current and

intended use, thus also considering the cost implications of the restoration of soil.

Similarly, at the national scale, England does not have specific soil protection legislation. The
Soil Strategy for England, called ‘Safeguarding our Soils’, was published by Defra in 2009 and
builds on and replaces the Soil Action Plan 2004-2006. This outlines the Government’s goal
to protect soils in the long-term and supports the aims of the EU Thematic Strategy on Soil
Protection, but with more emphasis on local circumstances. It focuses on areas that need
attention to prevent soil degradation, primarily through enhancing the knowledge base and
providing guidance to the land managers by the use of regulation and incentives where

necessary (Defra, 2009b).

Scholars have discussed why efforts to provide better legislation for the protection of soil
resources have been unsuccessful (Montanarella and Vargas, 2012, Paleari, 2017), and in a
comprehensive report on the status of the world’s soil resources the Food and Agriculture
Organization of the United Nations (FAO) and the Intergovernmental Technical Panel on Soils
(ITPS) (2015a) reflected on the governance and responses to soil challenges and concluded
that the consideration of soils in policy formulation is generally weak in most parts of the
world. Furthermore, they explained that this trend is a likely result of a combination of factors:
(1) related to the access to evidence needed for policy action; (2) resulting from the complexity
regarding that soils as they are (often) a privately owned natural resource with high importance
for public goods; (3) as communities and institutions might not respond to critical changes in
soil quality before it is too late due to the long time-scale of soil changes; and; and (4) the gap
between human societies and the soil resulting from urbanization that further complicates the

task of developing, articulating and implementing effective sustainable soil management.

In summary, farmers in England are subject to a range of policy instruments, economic

incentives and advice that directly or indirectly influence crop and soil management decisions,
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and therefore soil function. None specifically promote or incentivize NT, although reduced
tillage is identified, for example, as an evidenced and cost-effective method to reduce diffuse
pollution (Cuttle et al., 2016), a recommendation in COGAP for Soil (Defra), and a best
farming practice (Environment Agency, 2008). However, unlike some other European

countries, reduced tillage is not incentivized with financial support.

Furthermore, non-policy drivers are equally important to the adoption of new and less intensive
practices. Farmers are under pressure to reduce the production costs and increase efficiencies
and this incentivizes them to introduce practices which reduce tillage intensity like NT that
require less labour and fuel than CT (Knowler and Bradshaw, 2007). Increasing efficiencies
while reducing the impact on the environment fits broadly with the Government’s goal for
sustainable intensification, although this is not currently incentivized by any policies or
instruments in the UK. Economic, financial and institutional factors are, however, not the only
drivers. Environmental factors such as the degree of soil degradation and personal factors such
as attitudes towards soil conservation, knowledge and awareness of practices/technologies are

all important for adoption of soil conservation practices (Prager and Posthumus, 2010).

2.3 Crop and soil management practices

Research concerning the importance of SOM, and SOC in particular, has been in the spotlight
for decades (Virto et al., 2014) as this is a keystone soil quality indicator that is linked to several
other chemical, physical and biological soil quality variables, and largely affected by land use.
A review by Reeves (1997) assessing long-term continuous cropping systems globally
confirms that years of cropping results in declining SOC levels, and that the magnitude depends
on climatic factors and soil properties, but also the type of soil management and to what extent
SOC is returned to the soil (e.g. by manure additions, incorporation of crop residues in the soil,
or by crop rotations which include pasture or lay periods). There has been a general decrease
in SOC levels globally caused by factors such as the conversion of grassland, forest and natural
vegetation to arable land, intensive tillage operations, overfertilization, fertilizer use, soil water
drainage, crop rotations without a satisfactory proportion of grasses, as well as soil erosion
(Virto et al., 2014, Kibblewhite et al., 2008). Globally, there are approximately 1,417 billion
tons of SOC stored in the first metre of the soil, while the calculated losses are around 66 billon

tons of SOC since 1850, mainly resulting from land use change (FAO and ITPS, 2015a). The
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losses of SOC in England and Wales between 1973 and 2003 were 0.5-2 g SOC/kg soil per
year (Bellamy et al., 2005).

As many of the problems related to soil degradation, such as SOC decline, are linked to
agricultural management, sustainable agricultural systems such as Conservation Agriculture
(that aims to minimize soil disturbance, maintain a permanent soil cover and use of crop
rotations with a diversity of crop species using a variety of techniques) and organic farming
(excluding the usage of synthetic fertilizers and pesticides) are being implemented as a means
to overcome them (Virto et al., 2014). CT or ploughing, where the soil is turned to provide a
seedbed for planting new crops (Townsend et al., 2015) has been associated with the
degradation of fertile soils. Loosening and inverting the soil by ploughing is beneficial for plant
growth as it causes a higher degree of oxidation and mineralisation that leads to the transition
of nutrients to plant available forms. These chemical processes do, however, also contribute to
increase the breakdown of organic compounds (Balesdent et al., 2000) and releasing SOC as
carbon dioxide to the atmosphere from the soil C sink. The practice of ploughing also makes
the soil more vulnerable to soil loss by erosion as it is left bare and unprotected by plant

material (Lundekvam, 2007, Vogel et al., 2016).

Conservation Tillage is a term that describes a tillage system that aims to reduce soil
disturbance, but the level of disturbance varies as summarised in Table 2.2. At the extreme end
of this is NT (Table 2.1) which is a low disturbance soil management practice where the seed
is drilled directly into the ground without any soil inversion (such as ploughing) (Townsend et
al., 2015). NT is normally practised in combination with cover crops, that can offer soil
protection and soil structure remediation (Burr-Hersey et al., 2017) and on occasion act as
fertilizers (by the usage of N fixating crops, such as various clover species), by leaving crop
residue as stubble to mulch and protect the soil surface (Armand et al., 2009, Todorovic et al.,
2014), and by increasing the number of crop species by crop rotations. Both ploughing (CT)
and direct drilling (another term for NT) have a long history, but the technique of farming
mechanically using the plough became the standard for planting crops and suppressing weeds
(Huggins and Reganold, 2008). Although the techniques have improved and intensified over

the years they are traditionally inherited through generations.
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Table 2.2. Description of types of tillage practices (although the definitions vary largely in the

literature).
High <« Soil disturbance > Low
Conservation tillage

Conventional tillage Reduced tillage Minimum tillage No-till

Moldboard Non-inversion tillage Non-inversion tillage Direct drilling

ploughing
30 % crop residue 30 % crop residue Seed drilled into

Soil inversion left on the soil left on the soil stubble of previous
surface surface crop

Often followed by

secondary tillage by Shallow cultivation Often combined with

harrows/discs between seasons permanent soil cover
{weed control) (residue and/or

cover crops) and
Deep reduced tillage: diverse crop
depth grater than rotations (also
100-150 mm referred to as
Conservation
Shallow reduced agriculture)
tillage: depth less
than 100 mm
low = Soil cover » High

NT farming emerged following the Dust Bowl era from 1931 to 1939 where the southern plains
of the U.S. faced a serious drought with severe wind erosion that removed the topsoil layers
leaving behind unsuccessful crops and farms (Kassam et al., 2014, Huggins and Reganold,
2008). This era was the beginning of the soil conservation movement, challenging the necessity
of the plough. However, this proved demanding as all aspects of agricultural production,
including machinery, had to be changed to transition to NT systems. As a result of this
movement, the implementation rate for NT has been the highest in North and South America
(with 85% of the world’s NT area), while NT globally covers less than 7% of the world’s
cropland (Huggins and Reganold, 2008). The uptake in Europe was substantially lower and
mainly concentrated in Spain and France, partly as NT systems? are known to have water
conserving properties that are beneficial in warmer climates. There has been increased uptake

in the UK more recently given the shift towards nature-based solutions (including sustainable

2 ‘NT systems’ are here referring to the whole agricultural system that often includes soil cover by crop residues
and cover crops and crop rotations, which is similar to the definition of a Conservation Agricultural system. The
term ‘NT systems’ will be used from now on as I have interpreted Conservation Agriculture as a concept and a
movement with more set “rules” of practice that not all farmers identify with.
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soil tillage systems such as NT), contributing to enhancing the availability and quality of water
while preserving ecosystems (Sonneveld et al. 2018). In England the Environment Agency has
been working with a natural processes report that aims to protect, restore and emulate the
natural functions of catchments by land use recommendations (Environment Agency, 2018).
Research into NT systems in Europe has been undertaken regarding benefits to farming
businesses in terms of decreased labour costs compared with potential losses in yields under
the system, particularly in the stages of implementation and during the first few years that

follows with large uncertainties in regard to crop yields (Soane et al., 2012).

The modest uptake of NT by English farmers has been connected to the considerable
uncertainty about the system (Alskaf et al., 2019), suggesting that farmers are in need of more
information about this technology to overcome the difficulties. Challenges with grass weed
control is another important barrier, particularly concerning grass weed species such as
blackgrass (Alopecurus myosuroides) that has developed herbicide resistance (Soane et al.,
2012, Davies and Finney, 2002). There are limited studies for the UK concerning uptake of
reduced tillage (RT) and NT (Ingram, 2010, Townsend et al., 2015). RT practices (Table 2.1)
are referring to cultivation systems that do not involve soil inversion, ranging from more
extensive ‘deep RT’ to the more limited ‘shallow RT’ and the minimal disturbance by NT with
direct drilling (also referred to as zero-tillage) (Townsend et al., 2015). The latter is the least
widespread and in a farmer practice survey Defra (2010) recorded that only 4% of the total
cultivated area of arable land in England was under NT, while 40% was under RT. In a study
by Alskaf et al. (2019) assessing the uptake of different tillage practices they found that the
uptake of RT and NT practices was relatively high in the East of England, and this was mainly
associated with larger farm size, combinable cropping activities and soil type. The significance
of farm size was seen in conjunction with: (1) the reduced time required for crop establishment;
(i1) that the practice is still in the experimental phase for farmers, thus carries some risk, with
managers of larger farms are more likely to experiment; (iii) large farms being more likely to
have the opportunity to provide enough funding for investing in new machinery; and, (iv) the

feasibility of larger farms having access to a larger range of machinery.

Changing from ploughing based farming to NT is not easy; it involves moving away from a
farming system that has “worked” for generations and provides a certain predictability
regarding the farming outcome under different years (Huggins and Reganold, 2008). By
changing systems, farming becomes far less predictable and the farmer needs to learn ‘how to

farm’ all over again by building experiential knowledge (Leeuwis and Van den Ban, 2004).
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This learning procedure of transitioning takes years and farmers can experience an initial
decline in yields. It is particularly challenging in terms of observing the benefits to the soil as
this takes time after the implementation of a new farming system (Simane et al., 2018, Ingram,
2010, Lubell et al., 2014, Milestad et al., 2010). These changes in soil properties can take more
than a decade before reaching a steady state. It therefore takes a long time for a farmer to
experience the impact of the implementation under all possible weather conditions so that
uncertainty regarding farm production can be eliminated. To speed up this ‘slow learning
process’ farmers need to seek relevant advice, and studies show that peers are often the main
source of information as farmers exchange knowledge to build on each other’s experience of
adapting practices to their local needs (Wood et al., 2014, Oreszczyn et al., 2010, Rogers, 2003,
Dolinska and d'Aquino, 2016, Ingram, 2015).

2.4 The emergence of farmer networks

As NT is a very knowledge intensive system, and still considered as an innovative farming
system in the UK, there is a need to improve the understanding of how farmers acquire and
share knowledge about NT to support farmer learning. This is important since studies show an
important barrier to adoption of new technologies is lack of access to information (Samiee and
Rezaei-Moghaddam, 2017), potentially leading to a so called ‘competency trap’, meaning that
the existing practices are maintained due to a lack of incentives to learn how to carry out the
new practice (Eastwood et al., 2012). Scholars argue that the changing advisory landscape in
agriculture in the UK reduces its ability to deliver appropriate advice to farmers about
‘sustainable soil management’ (SSM), such as NT (Ingram and Mills, 2019). The demand for,
and type of, information that farmers require is changing and increasing in complexity with the
transition to SSM. Ingram and Mills (2019) argue that the changing context limits the advisory
services ability to address the current and emerging knowledge needs by these practitioners.
They point the organization of the agricultural sector (moving towards increasing
intensification and specialisation), the change in the farming population (an increasingly
complex management landscape of owners, tenants, contractors, partnerships etc. affecting the
willingness and opportunities for SSM), the fragmented policy landscape at both EU and
national/regional levels, and the transformation of advisory services with increasing
privatization (potentially leading to a lack of investment in environmental knowledge), which
impinges on advisory services for SSM. In this context, the importance of farmer to farmer
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learning to implement new practices is key (Ramirez, 2013), along with incentives for such

practices that are currently lacking (outlined in Section 2.2).

Understanding the effects of a ‘new system’, such as NT, on different soil types and
management on different spatial and temporal scales requires long-term facilitation of farmer
experimentation and learning. Scholars suggest that advisers should be offered training in
initiating, fostering and brokering farmer networks to support the uptake of SSM, and integrate
knowledge from farmers, advisers and researchers for best practice. More knowledge about
the nature of farmer networks and how information is distributed between farmers is essential
to increase the information flow between farmers. Furthermore, as farmers’ values and
knowledge are important to achieve more SSM, understanding the different approaches to
knowledge exchange and learning between farmers is crucial. Farmers are an important

repository of knowledge about NT which has been largely untapped.

To support NT farmers, but also researchers, advisers and policy makers, in the UK, more
evidence about the effects of NT practices on soil functionality is necessary. The objective of
this study is therefore to assess the effect of NT on the specific soil function of water
purification and retention, both by reviewing recent literature from NW Europe and by
producing and analysing data from a UK case study (see Chapter 4). The results will provide a
knowledge base for evaluating the suitability of NT in areas with similar climatic conditions
as the UK (as these are underrepresented in the total body of knowledge about NT) and
contribute to knowledge by delivering results comparing the ability to deliver this function by
both a NT and a CT system. To further support NT farmers, researchers, advisers and policy
makers, understanding their information and learning systems is crucial, hence the analysis of
farmers’ engagement with social networks and the potential of these networks for information
flow, knowledge exchange and learning between farmers. In order to address these objectives,
an interdisciplinary approach is needed as this study aims to contribute to evidence both to the
natural science disciplines of soil and water research, and to the social sciences regarding
farmer learning. This will be addressed further in the following chapter (Chapter 3) that will

set out the context and conceptual framework for this PhD study.
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3 Conceptual framework

3.1 Conceptual framework: dealing with complexity

As described in Chapters 1 and 2, the underpinning rationale for this study is to enhance
understanding of SSM to improve soil and water quality. This requires an approach that
captures both the natural and human dimensions of the problem as soil functions are ultimately
about human wellbeing (Schulte et al., 2014). Specifically, the approach needs to achieve the
two key objectives: to understand the effects of different crop and soil management practices
on soil functions and, to investigate the nature of information flow and knowledge exchange
between farmers, and the dynamics of farmer networks. As such it requires an appropriate
framing, research design and methodology and conceptualisation to address both objectives

and more importantly the relationship between them.
3.2 Paradigm and methodology

Soil science and social science disciplines are underpinned by different research paradigms
(Mackenzie and Knipe, 2006, Scotland, 2012). These are theoretical frameworks which
influence the way knowledge is studied and interpreted, setting the intent, motivation and
expectation of the study (Mackenzie and Knipe, 2006). A paradigm consists of the three
elements of: ontology (the study of being); epistemology (the nature and forms of knowledge);
and methodology (the plan or strategy of action determining the choice and use of particular
methods) (Scotland, 2012). A paradigm dictates the literature consulted and the research design

and can be defined as the philosophical motivation for undertaking the research.

Positivism and interpretivism/constructivism are two main theoretical paradigms. The
positivist paradigm (also referred to as the scientific paradigm) has the ontological position of
realism, believing that objects have an existence independent of the observer (Cohen et al.,
2007). The epistemological position of positivism is objectivism, discovering absolute

knowledge about an objective reality with the researcher being independent from the research
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(Scotland, 2012). The positivist methodology aims to explain relationships as a basis for
prediction and generalisation (see Creswell 2009) and methods often generate quantitative data
and analysis that are used for studying the natural world (Mackenzie and Knipe, 2006). The
relationships between variables or among treatments are often tested by hypotheses and
assessed using instruments, observations or documents that yield numerical data (Creswell,

2003).

The interpretivist/constructivist paradigm has the ontological position of relativism and views
reality as individually constructed and varying between different people (Guba and Lincoln
1994). The epistemology of interpretivists is subjectivism and is based on real world
phenomena (Scotland, 2012) by understanding the world through human experience (Cohen
and Manion, 1994). The interpretive methodology aims at understanding phenomena from the
individual’s perspective, using grounded (inductive) theory generated from the data (Scotland,
2012). The social world is complex and cannot easily be measured or generalised and
interpretive methods therefore aim to provide insight and understandings of behaviour and
actions from the perspective of the individuals (Scotland, 2012). Interpretive methods often
yield qualitative data that is more exploratory and with a thematic focus on understanding a
central phenomenon through procedures such as interviews, observations, documents and
audio-visual materials (Creswell, 2003). Constructivist research relies mostly on qualitative
data collection methods, but can also use a combination of qualitative and quantitative research

methods (mixed-methods) (Mackenzie and Knipe, 2006).

Given that SSM is determined by the interactions between the biophysical dimensions and
human management, a distinction is often made between scientific and non-scientific forms of
knowledge in the farming and soil management context (Ingram, 2010, Bourne et al., 2017,
Schneider et al., 2010), leading to methodologies that draw on different epistemologies.
Typically, quantitative approaches are more suited to understanding codified scientific
knowledge about soil processes, and qualitative methods more suited to understanding informal
tacit knowledge generated and shared by farmers. This distinction has been critiqued however
as the interactive amplification of the two forms can enhance knowledge (Jasimuddin 2005,
Nonaka 1994) and that the two are inseparable as knowledge is constantly shifting between the
formal (scientific) and the informal (tacit) forms. Here mixed-methods can provide a more

nuanced understanding of different knowledge processes.
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As this study seeks to understand both the physical effects of soil management on soil function
alongside the social networks within which knowledge is circulated and management decisions
are made, it draws on both interpretivist and positivist paradigms, therefore requiring an
interdisciplinary approach. As such, a range of methods are utilised, including both quantitative
and qualitative approaches to generate new knowledge and an improved understanding of both
the environmental and human factors involved in the resource system of agriculture. Mixing
methods has become more common and accepted in recent years as approaches to research
have become more flexible in the application of methods (Creswell, 2003). Many researchers
have started to see qualitative and quantitative methods as complementary and an approach
that can enhance the research (Mackenzie and Knipe, 2006) by strengthening the research

claims as they are based on a variety of methods (Gorard, 2004).

3.3 Agriculture as a complex Socio-Ecological System

This research aims to understand and link natural and human processes. The Socio-Ecological
System (SES) framework, or human-environment system, provides a useful overarching
understanding or framing for this study as agricultural systems are combinations of the natural
environment and the people who are managing it. SES is a commonly used framework that
attempts to understand the relationships between ecological and social processes across
disciplines (Cote and Nightingale, 2011, Ostrom, 2007, Ostrom, 2009, Dwyer et al., 2018),
offering insights that cannot be gained when these systems are viewed separately (Campbell,
2005). SESs have a high level of complexity and to understand the processes of use,
maintenance, regeneration and destruction of the natural resources within such a system,
insight into a wide variety of processes that are occurring either simultaneously or sequentially
is necessary and requires cooperation between different scholars (McGinnis and Ostrom,

2014).

Ostrom (2009) suggested a multilevel, nested framework for accumulating knowledge and
analysing the likelihood of self-organization in efforts to achieve a sustainable SES. This
framework provides a common set of relevant variables to be used by different disciplines that
would otherwise operate with different frameworks, theories and models to facilitate
inter/multidisciplinary efforts. Therefore, SES frameworks have been compiled to assist

researchers to work across inter/multidisciplinary boundaries and to improve communication
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across disciplines and understanding the determinants of sustainability in complex SESs
(Bodin and Tengd, 2012, McGinnis and Ostrom, 2014). The different scholars involved in the
analysis of complex, nested systems like SES all have different technical languages and
therefore need to develop a common vocabulary and a logical linguistic to improve
communication (McGinnis and Ostrom, 2014). Such an interdisciplinary framework can
provide a scientific dictionary for core concepts and their sub-concepts that will facilitate more

efficient collaboration of multidisciplinary teams of researchers (McGinnis and Ostrom, 2014).

Exploring the effect on socio-ecological outcomes and human behaviour over time is key to
understanding the scenarios that lead to more sustainable and productive use of resource
systems and the scenarios that can cause resource collapse (Ostrom, 2007). Rivera-Ferre et al.
(2013) applied the SES framework to an agricultural setting characterizing agriculture as a
complex SES that expresses certain human-environment interactions in a dynamic process that
is shaped by errors, uncertainty, learning and adaptation. They call for a more holistic thinking
instead of relying heavily on controlled field trials for hypothesis testing that overlooks the
advantages of process analysis for explaining the state of the system. The concept provides an
evaluation framework of social and ecological implications on political decisions and
development while introducing different perceptions of reality by different stakeholders. It also
offers a means for integrating different types of knowledge which are required for complex
systems, and inter- and trans-disciplinary collaboration to enable the adoption of multiple
perspectives, levels of organization and scales (Rivera-Ferre et al., 2013). This is illustrated by
the adapted figure of SES-based land degradation neutrality interventions framework
developed by Okpara et al. (2018) (Figure 3.1). The SES introduces the principles of learning,
flexibility, adaptation, scale matching, participation, diversity and precaution (Ostrom, 2007,
Ostrom, 2009) that are factors that could significantly improve the current standard

management procedures (Rivera-Ferre et al., 2013, Okpara et al., 2018).
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Figure 3.1. Agriculture as a complex SES adapted from a SES-based land degradation neutrality
interventions Framework by Okpara et al. (2018).

This concept is suited to framing the research approach in this thesis because it investigates
potential changes from one agricultural system to another, resulting from a desire from local
and endogenous driving forces to maintain good soil and water quality, and is therefore an
example of ‘socio-ecological feedback’. This is one of the most important mechanisms driving
land use transitions, in addition to socio-economic change (Lambin and Meyfroidt, 2010).
Socio-ecological feedback means that the land use transition is associated with a negative
feedback that arises from a depletion of key resources resulting from a severe degradation of
ESS from the past management practices (Lambin and Meyfroidt, 2010). The transition to new
farming systems, such as NT, is not necessarily a result of ‘severe degradation’ (as stated by
Lambin and Meyfroidt, (2010), but rather the result of a need recognised by the farmer to alter
the system to prevent soil degradation (Milone and Ventura, 2019). The boundaries of a SES
are directly involved in the transition and key to this is the area that is being changed and the
people living there, demonstrated by the adapted SES framework shown in Figure 3.1. This
framework illustrates that the SES is a complex adaptive system with the two main subdomains

of ‘soil functions’ on one side and ‘farm management and economy’ on the other, coupling the

28



ecological and social systems components to give insight about trade-offs and synergies

between these two components across scales.

This offers a platform to integrate different views and dimensions of changes in soil function
delivery as a result of land use. The framework consists of different subsystems and variables
that interact within a dynamic structure that facilitates interdependencies and feedback, that are
all important to analyse the SES (Okpara et al., 2018). To achieve long-term farm sustainability
the outputs from the ecological and social dimensions should be integrated to enhance farmer
learning and experience about restoring soil function, that will trigger increased uptake of such
practices (Krzywoszynska, 2018) and lead to improved soil quality that promotes soil

functions.

3.4 Conceptual framework for this research

Figure 3.2 illustrates the conceptual framework for this PhD study and outlines how the two
disciplines of soil and social science are being approached to combine the science-based
evidence and farming communities’ different ways of knowing and understanding of soil in an
interdisciplinary analytical framework. This complexity plays out at different scales and has

implication for those involved, particularly with respect to evidence.
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Figure 3.2. PhD conceptual framework demonstrating the combination of positivist (physical science)
and interpretivist (social science) approaches that will be utilised and combined in the complex SES

and interdisciplinary design of this PhD.

3.5 Concepts

3.5.1 Different understandings of soil

Differing modes of examining and understanding soil and sharing knowledge in the soil science
community and the farming community are underpinned by positivist and interpretivist
paradigms respectively (see Section 3.1). These paradigms and the two communities are
represented by the different sides (left and right) of Figure 3.2. This also presents the different

ways of knowing and learning, dealing with complexity, and conceptualizing soils that will be
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further examined in the following sections. From the context of understanding soil
management impacts, these natural and social processes of the SES are manifested in the way

that the soil science and farming community respectively measure, perceive, experience them.

3.5.1.1 Knowledge and learning

The two communities (soil science and farming) generate, share and disseminate knowledge
in different ways (Ingram, 2010). A distinction is often made between scientific and non-
scientific forms of knowledge in the farming and soil management context (Ingram, 2010,
Schneider et al., 2010, Bourne et al., 2017), which are underpinned by different epistemologies.
The nature of knowledge can be distinguished by two types of knowledge, tacit and explicit
(Nonaka, 1994, Jasimuddin et al., 2005). Tacit knowledge is deeply embedded in people’s
actions, commitment and involvement in a particular context and has a personal quality that
can be challenging to formalize (Nonaka, 1994). This type of knowledge has both technical
and cognitive elements where the technical elements refer to the know-how, crafts and skills
to apply to a certain situation or context, while the cognitive dimension is more related to the
perspectives of the individuals that help them define their world (Nonaka, 1994, Nuthall and
Old, 2018). The explicit knowledge is more discrete or digital, meaning that it exists in the
formal format of libraries, databases and archives, for example in the form of scientific theories
published in documentation (Hislop, 2002). The science community has a formal (explicit)
codified form of sharing knowledge that is often communicated in a systemic language based
on theory and rationality (Nonaka, 1994). Scientists generally base their knowledge on the
formal information that exists within the science community which originates from various

studies and experiments.

Farmer learning is a social process where actors are connected by social ties in interpersonal
networks (Oerlemans and Assouline, 2004, Cadger et al., 2016, Isaac, 2012). The constant need
for new knowledge within the community is an important driver for new innovations (Lubell
et al., 2014, Wu and Zhang, 2013), and an important characteristic of farmer networks is the
sharing of tacit or experiential knowledge that is generated through individual farm
experimentation (Leeuwis and Van den Ban, 2004). Farmers often view their peers as their
most important source of information (Wood et al., 2014), and this type of informal (tacit)
knowledge exchange by social learning is particularly important in the transition towards the

implementation of new farming practices.
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3.5.1.2 Dealing with Complexity

Understanding the impact and dynamics of different farming systems is incredibly complex
because of the uncontrolled spatial and temporal variability in the natural landscape and the
multifaceted nature of farming (Cook et al., 2013). Each of the soil functions embodies a
complex set of biogeochemical processes that vary with soil type and land use combinations
(Schulte et al., 2014), but can also vary within fields as soils can be highly heterogenous. The
spatial variability that is present in agricultural systems can differ between different soil
properties and is related to a combination of land use patterns and chemical, physical and

biological processes, but is still poorly understood (Peukert et al., 2012).

Scientific and farming communities have different responses to, and understandings of, this
complexity (Rivera-Ferre et al., 2013). The scientific community is hypothesis-driven with the
aim to understand complexity by separating the effects of different treatments and variables
from small scale from field samples or plot experiments (Bouma et al., 2008). Upscaling
processes based on this data is an important issue in land use studies and often carried out by
complicated models or extrapolation methods that predict the impact of these complex patterns
on larger areas, such as a field, catchment, landscape or for a whole country (Bouma et al.,
2008). For farmers, the opposite challenge of scaling down often applies (e.g. implication of
regional land use phenomena or weather forecast data for the individual land user). They
operate on a field or farm scale (Bouma et al., 2008) with a holistic approach that focuses on
the total impact of the multitude of factors that are all affecting the farming outcome (Baars,
2010, Stimane et al., 2018). They observe the effects of their practices or any ongoing
experimentation on the farming system under different site specific contexts, with differing

weather and field conditions (Baars, 2010).

As well as scale, there are differences in how scientists and famers conceptualise complexity
and system interactions (Yageta et al., 2019). Scientists draw on abstract concepts, such as soil
functions, and model or quantify trade-offs and synergies between them, while farmers tend
to weigh up the potential outcomes on a whole farm basis integrating formal knowledge with

observations, experience, rules of thumb and perceptions of risk (Nuthall and Old, 2018).
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To further decrease the gap between formal science and farmers a better understanding of their
knowledge processes is necessary. This study can feed into and adapt the SES framework by
providing an enhanced understanding of how these communities can support each other in the
context of NT implementation. In that way, the complex interactions and trade-offs between
soil functions can be viewed in combination with farmer experience for holistic and sustainable
management that benefits both the farmer and the society. These trade-offs may occur between
ESS/soil functions when the provisioning of one (or more) service or function inhibits the

provision of others (Gissi et al., 2018).

3.5.2 Conceptualising soil function

The first objective of this study is to understand the effects of CT and NT on soil functions.
Soil function (together with soil ESS) is an abstract concept (see Section 1.1) used by soil
scientists to understand soil processes and to place value on the role soils play in sustaining the
wellbeing of humans and of society in general (Bouma, 2014, Haygarth and Ritz, 2009, FAO
and ITPS, 2015b). The soil resources have a crucial role in delivering ecosystem goods with a
multi-functionality that supports various regulation and production functions of great social

and environmental importance (Greiner et al., 2017).

Schulte et al. (2014) introduced the concept of Functional Land Management (FLM) where the
supply and demand for soil functions is incorporated to optimise the multi-functionality of soils
and land use at local and national levels. The soil functionality will vary with variables like
farm management, soil type and local weather, meaning that, for example, a farm practice
under certain conditions might improve the water quality, but at the same time increase the
total greenhouse gas emissions. It is possible to enhance more than one soil function at a time,
achieving benefits to both the environment and production (Valujeva et al., 2016). The
interaction of the different soil functions can however impede ambitious targets for separate
functions (Valujeva et al., 2016). The multi-functional demand on land and possible trade-offs
between targets should therefore be considered (Valujeva et al., 2016) and more knowledge
about the effect of different farming systems on separate functions is therefore important, and

the reason why this study focuses on the water purification and retention function of soil.
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3.5.3 Conceptualising knowledge exchange between farmers

The second objective of this study is to understand the nature of information flow and
knowledge exchange between farmers and the dynamics of farmers’ networks in relation to the
effect of different crop and soil management on soil function. There are a number of approaches
to theorising farmers’ knowledge exchange processes, these tend to cohere around the concept

of networks.

Sharing a common goal and identity is one focus of network conceptualisation. Communities
of Practice (CoPs) are defined as a group that forms a community with a common identity and
interaction by sharing a common pursuit, activity or concern (Morgan, 2011, Tran et al., 2018).
Networks of practice (NoPs) similarly are bound together by shared know-how, culture,
practice and activities but are distributed businesses with looser connections (Brown and
Duguid, 2001). Members of a NoP may never meet or know each other yet they share a
common culture and activities and are capable of sharing knowledge and identity (Brown and
Duguid, 2001). Farmers’ participation in networks and a shared identity can increase their
commitment to particular ideologies and practices (Gray and Gibson, 2013). CoP frame
farmers in networks as social learners (Morgan, 2011) but learning is situated and understood
as a collective experience with activity (not the individual) being the unit of analysis
(Oreszczyn et al., 2010, Wenger, 1998, O’Kane et al., 2008). Similarly Dolinska (2011) places

the emphasis on the practice dimension, describing networking as interpersonal practice.

Other commentators pay attention to how farmers draw on different sources and types of
knowledge (Curry and Kirwan, 2014). Eastwood et al. (2012) linked social learning to the
dynamics of farmer learning networks in the use of Decision Support Systems (DSSs). They
found that DSS required explicit knowledge but that integrating it into the farm system was
highly tacit-knowledge driven since the farmers preferred to learn from informal sources and
base decision-making processes on tacit knowledge, meaning context-specific experimental
knowledge that is often used intuitively and subconsciously. The informal sources, referred to
as ‘networks of known contacts’ had similarities to the “web of influencers of practice”
suggested by Oreszczyn et al. (2010), referring to a wider group of people and organisations.
However, while both concepts highlight the role of tacit rather than explicit knowledge,
Eastwood et al. (2012) found that the ability to interact with other farmers and farmer support
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networks was crucial for successful uptake of new technology, whereas Oreszczyn et al. (2010)

found other trusted actors to be more influential.

Social capital has also been used as a lens through which to understand networks (Kilpatrick
and Falk, 1999). Farmers’ socio-spatial knowledge networks (SSKNs), combining farmers’
explanatory mental models of their acquisition and use of information with a micro-
geographical analysis of the social relationship networks, were mapped by Sligo (2005). The
method draws on the formation of social capital, defined as the collective social resources
available to individuals in the form of networks of relations or connections that may be used to
access other resources, coping mechanisms and general livelihood strategies, within
communities via interpersonal linkages (Sligo, 2005). Her findings, which show the importance
of interpersonal sources of information, that could be both on and off the farm and dispersed
widely, are in line with those of Oreszczyn et al. (2010). Sligo and Massey (2007) considered
how interpersonal social networks were mediated through risk and trust, which is in line with
Carolan (2006), who examined the way that social relations of trust and knowledge are shaped
and contested within and between agricultural social networks. They also note the importance

of not isolating informal social relations from the more formal (Sligo and Massey, 2007).

Other researchers have conceptualised network building, referring to different paradigms. Wu
and Zhang (2013) explored information transfer between farmers in the form of farmer
innovation diffusion (FID), defined as a process of diffusing farmer innovations to wider
communities by building collaborative communication and cooperation networks between
farmers, governments and other stakeholders. The study showed that mutual trust between
farmers’ leaders and other community members and between farmers and local governments
were core elements. FID could be seen as a process of collaborative network building affected
by whether they were informal networks built by farmers, farmer-led networks or government-
facilitated networks. Schneider et al. (2012) drawing on actor network theory describes NT
development in Switzerland as a dynamic process of co-creation of innovation in which there
is a relational process of network building, in which the actors co-evolve with the innovation

they have generated.

This chapter has described the conceptualization and the framing of this PhD-project. This

captures both the natural and human dimensions of the problem which is required to achieve
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the objectives. Following on from this, the next chapter will provide more detail of the positivist

and interpretivist methodologies and the methods used to address the four research objectives.
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4 Methodology

This chapter provides an overview of the theories, methods and approaches used to address the
overall aims and objectives of this PhD project. The chapter begins by explaining the choice
of an interdisciplinary approach for this project and the justification of combining different
scientific disciplines (section 4.1), followed by an introduction to the methods that were used
at different stages of the project (section 4.2) grounded in both natural and social science

traditions and theories.

4.1 Interdisciplinary approach

This study builds on both positivist and interpretivist methodologies by combining natural and
social science disciplines in an interdisciplinary project design. Furthermore, it addresses an
issue of SSM at the nature-practice interface. Sustainability is a central driver for
interdisciplinarity, as it requires an approach that can address the gaps between knowledge and
management (Okpara et al., 2018, Miller et al., 2008). Multidisciplinary research differs from
interdisciplinary research by maintaining disciplinary boundaries by not integrating the
disciplines or researchers with different backgrounds, but rather investigating the problem
separately and integrating later by ‘stapling together’ the individual findings. This approach is
referred to as comprising “epistemological siloes” (Miller et al., 2008). Interdisciplinary
research, synthesising more than one discipline, has a higher degree of integration and is often
motivated by the recognition that more than a single way of knowing is necessary to understand
the complexity of the world (Miller et al., 2008). This thesis aims to integrate different types
of knowledge conceptualised in the SES framework (Figure 3.2). Scholars have argued that the
privileging of single epistemological perspectives could potentially limit the potential variety

of scientific and local knowledge that can contribute to our understanding (Miller et al., 2008).
The application of the SES as an overarching framework is a means for this PhD to avoid a
disciplinary ‘silo approach’ by providing a frame for introducing and discussing the social and

ecological dimensions together. The decision to publish the results chapters as papers did
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however complicate this as interdisciplinary papers can be difficult to publish (although an
increasing number of journals are claiming to be interdisciplinary they tend to have a
disciplinary ‘home’). Due to the time limit of the project the decision was made to separate the
results from the different disciplines into different papers to reduce the risk of paper rejections.
The presentation of the thesis is therefore partly multidisciplinary although I have adopted an
interdisciplinary approach. Another central challenge to interdisciplinary research is often that
social and natural scientists approach research from different paradigms (outlined in Section
3.1) and ontological and epistemological perspectives which can be a hindrance (Campbell,
2005) as a single researcher always has a disciplinary “home” that they favour. This challenge
applies to this one-person PhD project as my disciplinary “home” is within the natural sciences,
therefore requiring more effort in building in-depth understanding of the social sciences to
connect the two. A drawback of the interdisciplinarity of the project is the reduced time
available for data collection for each of the disciplines (i.e. less time for field work and analysis

and/or for interviewing farmers), that can lead to a feeling of inadequacy within both fields.

There are, however, benefits to carrying out two different disciplines of science at the same
time, by achieving experience with integrating the different types of knowledge and exploring
how these different “layers” of complexity can complement each other and help to achieve a
deeper, more holistic understanding of the topic under investigation. Undertaking and
integrating a new discipline has been a challenging but rewarding journey. Becoming an
interdisciplinary researcher has been a long process that has lasted over the duration of the
project and I believe that reflecting on the strengths and weaknesses of both disciplines has had
great implications for my development as a researcher. Viewing my “home” discipline from a
different angle and reflecting on what I have gained in terms of knowledge and insight from
combining my positivist quantitative field data with in-depth understanding of the issue from

interpretivist qualitative analysis has been a highly valuable lesson.

4.2 Methods

The project consisted of three different phases as illustrated by the flow chart (Figure 4.1). The
methods that were used in this study are explained briefly in the following sections and further

described in the Chapters 5, 6, 7 and 8 (in the methods sections of the four papers).
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The structure of this thesis evolved from the conceptual framework (Chapter 3) and is
illustrated by the flow chart in Figure 4.1. The field monitoring was carried out on two
individual commercial farms to investigate the effects of CT and NT on soil functions at
different temporal and spatial scale (outlined in Section 4.2.2). This on-farm operational
research approach was applied to increase the relevance for the farmers, requested by the
farming community as they were interested in exploring if the changes they noticed in the soil
could be “proven” by soil science. To improve our understanding of farmer knowledge and
learning, a study of the social networks of NT farmers in England was carried out by using a
mixed-method design consisting of semi-structured interviews and a SNA (outlined in Section

4.2.3).
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ASSESSING THE IMPACT OF FARMING PRACTICES ON SOIL FUNCTIONS: ACHIEVING
BENEFITS FOR SOIL, WATER QUALITY AND FLOW
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Figure 4.1. PhD Flow Chart.

4.2.1 Literature review

The methods used in the first phase of the PhD project were designed to address the first
objective: “to create an overview of the current knowledge on the effects of NT practices on

soil functions in Europe, with a particular focus on the water related soil functions of water
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purification and regulation”. A literature review was conducted based on recent (2000-2018)
literature and was restricted to papers that originate from NW European studies and refer to
research on the following practices which are associated with NT principles: non-inversion
practices (also referred to as NT, zero tillage or direct drilling), soil cover, cover crops, soil
residue, mulching, crop rotations or intercropping (one or more of the listed) in order to narrow
down the result to the most relevant papers. The reason for setting the geographical boundary
to NW Europe was that there is already a large body of literature with evidence from countries
with more arid climates than this region that show positive effects of NT practices, however
the results from these countries might not be transferable to the primarily oceanic climate in

NW Europe (Peel et al., 2007).

The review focused on the soil function of water purification and retention as an assessment of
all soil functions would be too demanding for the scope of this PhD project. The methods that
were used for conducting the review are detailed in Chapter 5, and the findings from this review
put forward recommendations which contributed towards the methods and knowledge in the

subsequent PhD phases.

4.2.2 The effects of no-till

A core element of this PhD project was to achieve the objectives to:

e “establish a monitoring programme for collection, analysis and interpretation of soil
and water data to assess long-term effects of NT practices on water related soil
functions” and to;

e “assess the applicability of NT as a sustainable practice in the UK and its potential to
enhance soil properties and specifically the soil functions of water purification and
retention by evaluating the overall effects of shifting from conventional practices to

NT”.

The methods adopted to address these objectives are set out in the following sections.

4.2.2.1 Case study area
This study evaluated NT and CT fields at Bredon Hill in Worcestershire, UK. The case study

area (see location map in Chapter 6) consisted of four fields distributed between two
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neighbouring farms (Table 4.1), one under a NT and one under a CT farming system, and two
different soil types under each farming practice: a free-draining porous limestone called
‘Cotswold brash’ and a lime-rich loamy soil with high silt and clay content (Figure 4.2). The
area was selected due to the unique opportunity to assess the performance of different farming
systems on very different soil types as both farms are located on a hillside consisting of coarse
textured soil types on the top and finer textured soils further down the slope. Therefore making
it possible to distinguish between the effects that were caused by the farming systems and those
caused by the soil properties. Further details about the four study fields can be found in Chapter
6.

Table 4.1. Overview of the four case study fields: NT-S, NT-C, CT-S and CT-C.

Soil types:
Farms: Cotswold brash | Lime-rich
loam
NT NT-S NT-C
CT CT-S CT-C

The NT farmer is a member of LEAF (Linking Environment and Farming), and made
significant changes in land use by implementing RT in 2013 followed by a conversion to a NT
system in 2015. The farm manager has therefore shown great interest in validating his
observations after the conversion with scientific data. The CT farm was selected as this is the
neighboring farm so that the two areas are comparable with regards to soil type and topography
and could therefore be compared on the basis of agricultural management systems. The
approach to engaging with and interviewing the case study farmers started by undertaking
formal interviews to conduct information about the farms, the farming systems and the different
soil types and crop rotations. These interviews were carried out to inform the research design
decisions so that appropriate fields were selected and suitable methods employed, and to
provide understanding of their choice of farming system. As the project evolved my
relationship to the farmers became increasingly informal as I would meet them when carrying
out the field work, and knowledge and information was shared and discussed through day-to-

day conversations in addition to more formal meetings.
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Figure 4.2. Pictures of samples from 0-50 cm (shallow to deep soil from right to left) from the two
different soil types: a) Cotswold Brash soil, and b) the lime rich loamy soil.

The farms were both commercial farm businesses, therefore there were no controlled trials with
replicated experimental design, but rather an ongoing field level monitoring of two fields on
each farm. Controlled experiments are both expensive to establish and not always trusted by
the farmer as they do not reflect a “real system”. This was supported by Cock et al. (2011) who
stated that the outcome from a certain type of management is a result of the complex
interactions between several factors interacting with each other. The operational on-farm
research approach cannot explain a large proportion of the variation in the findings (Cook et
al., 2013), but is more relevant and applicable to farmers (Thomas et al., 2020). However, this

has to be balanced against the requirement for statistical validation and rigour demanded by
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the scientific method. Assessing a commercial system requires a different set of methodologies
and analysis than for traditional agricultural research (Cock et al., 2011). Cook et al. (2013)
suggested that on-farm experimentation has the potential to encourage scientists to bridge the
boundaries between formal science and farming practice, and in that way reduce management
uncertainties and help farmers to make good and informed decisions (Chambers and Jiggins,
1987, Krzywoszynska, 2018). Although this study comprises monitoring and not strictly on-

farm experimentation, these points are still valid.

The NT farm for this study had already implemented the practice when the monitoring started,
so there is limited baseline data to be able to analyse field data before and after NT. However,
exploring the differences between the two farms can provide an indication of the different
effects of implementing the NT system in the area, with the CT farm as a proxy control,

although it cannot be directly treated as baseline data.

4.2.2.2 Field sampling and assessments

Soil and water samples were collected from the four fields to assess the impact of NT on
variables selected as they are indicative of the water purification and retention soil functions;
the nutrient content, soil physical variables and water quality (Table 4.2). Monitoring was
undertaken from 2015 to 2019 (the sampling from 2017 to 2019 was within this PhD), with
more detailed soil sampling and field measurements undertaken in the Spring (April and May)
and Autumn (September and October) of 2018 and the Spring (March, April and May) of 2019
(detailed in Table 4.2). In Spring 2018 a more detailed sampling regime was implemented,
with sampling of every 10 cm of the soil profile down to 50 cm depth (the maximum achievable
depth given the soil conditions) to determine if there were any differences in the distribution
of soil functions within the soil profile under NT and CT. An overview of the different field
soil and water sampling, laboratory analysis and statistical analysis that were carried out

throughout the project can be found in Table 4.3.

Table 4.2. Overview of the annual monitoring strategy for soil and water sampling that was undertaken

in 2018 and 2019.

Jan |Feb |Mar |Apr |[May |Jun |Jul [Aug [Sept |Oct [Nov |Dec
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Soil
sample

analysis

Nitrate
(NOs)

Ammonia

(NH3)

Phosphate
(PO4»)

Loss on
ignition

(SOM)

Bulk
density

Soil

moisture

Water
analysis/
assessme

nts

Infiltration

testing

Runoff

sampling

Runoff traps out
of the ground due

to harvest

Total
Phosphoro
us (TP)

Phosphate
(DRP)

Table 4.3. Overview of field sampling and analysis undertaken during the PhD.

Assessments

Field sampling/analysis

Lab analysis

Statistical analysis

Soil

Grain size distribution
Soil sampling (depth:
0-10 cm, 10-20 cm, 20-
30 c¢m, 30-40 cm, 40-50

cm)

- Soil moisture

- Loss on ignition
(SOM)

- Soil nutrients:

Ammonia (NH3),

Nested ANOVA
One-way ANOVA
Tukey pairwise

comparison
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Bulk density
(excavation method,
depth: 0-10 cm, 10-20
cm, 20-30 cm, 30-40
cm, 40-50 cm)

Nitrate (NOs),
Phosphate (PO4*)

Water

Water sampling (from
agricultural streams)
Infiltration capacity
(double ring
infiltrometer)

Runoff traps

- Dissolved reactive

phosphate (DRP)

- Total Phosphorous

(TP)

Pearson’s correlation
test
Principle component

analysis (PCA)

Soil samples were collected from nine sampling locations per field (shown in Figure 4.3a) and

from six points from the smaller CT field (see chapter 6 for more information) using a soil

auger and collected in 10 cm intervals from 0 cm to 50 cm depth at each location. The soil

samples were then brought back to the laboratory for analysis.

(b)

Figure 4.3. (a) Ordnance Survey aerial photograph showing field NT-S with yellow marks representing

soil sampling locations and blue marks showing the locations of the runoff traps and (b) topographic

map with surface runoff calculations for field site NT-S.

The soil nutrients of Nitrate, Ammonia and Phosphate were measured as these are plant

available forms of N and P with implications for both soil fertility and important contributors
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to water enrichment and contamination (Nitrate and Phosphate). This assessment explored the
differences in distribution of the nutrients in the soil profile under different management
practices to facilitate a discussion of the effect on the water purification function of the different
soils. Soil Nitrate and Ammonia samples were prepped for analysis by weighing 5 g of air-
dried sample and diluting with 50 ml of 2M KCI (potassium chloride) and shaken for 40
minutes on a rotary shaker to extract the nutrients from the soil sample. The samples were then
filtered to remove nutrients and microbes and run through the Seal AA3 Autoanalyzer where
concentrations of dissolved nutrients were determined by a digital colorimeter. The soil
Phosphate was determined by the Olsen P extraction method that uses NaCHO3 (pH 8.5) for
nutrient extraction. The extraction solution (50 ml per sample) was mixed with 2.5 g of air-
dried sample and shaken for 30 minutes on a rotary shaker. The samples were analysed

manually by an acid colorimetric method with a colour spectrophotometer.

Phosphate and Total Phosphorous (TP) were also measured in water samples collected from
watercourses downstream of the four study fields (Figure 4.4); these were analysed by the
University of Exeter (as the University of Gloucestershire does not have the required facilities

for the full analysis).

Bredon Hill

Figure 4.4. Water sampling locations across the two farms (O1-O5 relate to the NT fields and K6-K10
relate to CT fields).
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Phosphate, also referred to as DRP (Dissolved Reactive Phosphate), is highly bioavailable and
therefore an important variable when it comes to the contribution of agricultural runoff to
eutrophication (Schoumans et al., 2014), while TP provides an estimation of the suspended
solids content of the stream as P is normally bound to particles and the two variables are highly

correlated.

Surface runoff was collected using eight custom-built runoff traps (Figure 4.5), with two traps
positioned in each of the study fields (shown in Figure 4.3a). Their placement was based on
surface flow calculations carried out in QGIS software using topography from a 5x5 m
resolution Ordnance Survey Digital Elevation Model of the area downloaded from Edina
Digimap, the traps were then positioned to capture maximum surface flow across the fields (an

example is shown in Figure 4.3b).

Figure 4.5. Installation of runoff traps in the field.

The runoff traps consisted of a plastic sheet that was buried approximately Scm into the ground
that directed the surface runoff into a 2m long pipe (with drilled holes that the water could
enter) that was sloping into a hose leading into water storage receptacle (shown in Figure 4.5).
The water storage receptacles were inspected during soil sampling and after large rainfall
events. The results from the runoff traps were omitted from the paper in Chapter 6 as there was
exceptionally low rainfall over the two-year monitoring period and therefore there were

nominal measurements of runoff made.
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4.2.2.3 Statistical analysis

The statistical analysis was carried out by the Rstudio (version 1.1.463) software. The variance
analysis was carried out by a one-way ANOVA and a nested ANOVA. The one-way ANOVA
was used for variance analysis of the within-field values of the different variables, while the
nested ANOVA provided a variance analysis of the different variables nested within the
different fields within the farming practice (e.g. for differences in nutrient or SOM
concentrations with sampling depth for each practice or soil type). A Tukey pairwise
comparison analysis was carried out to compare values between fields, and a Tukey pairwise
comparison test was used to determine the correlation between variables. The Principle
Component Analysis (PCA) was carried out to calculate the variance and find the quality of

representation of different variables.

4.2.2.4 Additional qualitative data collection

Additional qualitative data collection was carried out throughout the study, by interviews and
conversations with the case study farmers and by attending relevant meetings. These
interactions were informal and recorded mostly by keeping good field notes. Analysis was not
carried out and the data were not included in the empirical chapters due to space limitations,
and the focus of the papers. However, these discussions and observations provided insights
which form the backdrop to the study and are used to support some points raised in the

discussion (Chapter 9).

Table 4.4. Interviews and other supplementary activities.

Activity Reason

Pre-study interviews with the Discussing soil and water monitoring, plot selection,
case study farmers (March and | and getting information about fields and field
September 2017) operations. Collecting farmers’ experiences and
perspectives on their tillage practices. Assessing their
level of knowledge and learning about soil and water

impacts.

Meeting representative from Discussing the study design, approaches to monitoring
the Environment Agency (30 and options for monitoring water quality with SONDES.
March 2017)
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LEAF workshop at Overbury
(5 October 2017)

To observe and interact with farmers discussing
Intercropping and to gain information about this and

other practices

Interim meetings with the case

study farmers

Informal meetings during the sampling period to discuss
matters regarding sampling and field
conditions/operations. Collect background information,

details of field operations, move erosion traps etc..

Meeting representative from

FWAG (18 April 2018)

Discussing the activities and farmer networks in the
Carrant catchment in relation to farmer contacts and

water quality sampling.

Natural England meeting (30
May 19)

Discussing the potential for NT as a ‘nature-based
solution’ measure in relation to water retention and

synergies between the projects.

Post-study meeting with the
case study farmers (January

2020)

Discussion of results from the field monitoring with the
case study farmers, to explain findings, and consult

farmers to help interpret them.

4.2.3 Understanding farmer networks

This research contains two separate studies that aimed to contribute to our understanding about
farmer learning and knowledge. These resulted in two different peer reviewed scientific
articles. The first paper (Chapter 7) used a mixed-methods design with a SNA outlined in
section 4.2.3.1 that incorporates a score-oriented quantitative approach with qualitative data
collected concurrently through semi-structured interviews (section 4.2.3.2). The interviews
were integrated into the analysis to supplement the SNA and strengthen the study by helping
the interpretation of the patterns and complexity found in the SNA analysis (Chapter 7). The
second paper (Chapter 8) used a combination of a Twitter content analysis of the EU project
“SoilCare”and qualitative semi-structured farmer interviews with five farmers with an active
profile on Twitter. The interview methods that were used in the Twitter paper are described in
section 4.2.3.2, but the Twitter content analysis is not covered in this Methodology chapter as
this work was carried out by the other authors, further details about the methods are provided

in the methods section of the paper in Chapter 8.
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4.2.3.1 Social network analysis

A SNA was undertaken to increase understanding of the dynamics of farmer networks and the
nature and extent of farmer learning by addressing the objective: “to provide an analysis of NT
farmers” engagement with social networks, specifically in relation to the nature of information
flow, knowledge exchange and learning between farmers, and identify the potential of farmer
networks to enable this”. A SNA is a body of research methods used to assess the structures of
the connections among people with various social relationships, also known as social networks
(Borgatti and Halgin, 2011, Wasserman and Faust, 1994) that includes network matrices,
diagrams and mathematical measures (Bourne et al., 2017, Haythornthwaite, 1996). The data
collection and analysis conducted in this study was carried out in accordance with standard
methods. The SNA data was collected by the use of a SNA table (Appendix C) that was
developed for this particular study collecting numerical and binary data to be entered in the
online SNA Software Polinode (see Chapter 7 for a more detailed description of the SNA
method).

4.2.3.2 Farmer interviews

Semi-structured in-depth interviews were conducted in both of the studies that were assessing
farmer learning and knowledge (as additions to the SNA and Twitter analysis). A semi-
structured interview is a common qualitative data collection method as it is both versatile and
flexible, allowing the interviewer to improvise follow-up questions during the interview. The
interview follows a determined set of questions that offers a structure for the discussion during
the interviews, without restricting the interviewer to follow them strictly (Kallio et al., 2016)
(see Appendix D and E for the interview guides that were used in the two studies). For both
papers, the interview questions were derived from literature and aimed to build on existing
evidence while addressing current knowledge gaps (full details of the interviewing methods
are provided in Chapters 7 and 8). Interview transcripts were analysed using the qualitative

analysis software NVivo (version 11.4.3).

For the ‘SNA paper’ (Chapter 7) the interviews were conducted to help the interpretation of
the patterns and complexity found in the SNA analysis. The interviewees were all English
farmers selected on the basis of their farm practice. The scope of the interviews was to evaluate
farmers’ engagement and ability to distribute information and share knowledge about NT

through peer networks.
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For the ‘Twitter paper’ (Chapter 8) the interviews were carried out with selected farmers with
an active Twitter account to provide illustrative examples of Twitter usage. This improves
understanding of farmers’ use of social media for supporting sustainable soil management. The
questions aimed to address the reasons for using Twitter, the sort of knowledge exchanged, and

the practical use of Twitter by these farmers.

This chapter has provided an overview of the methods that were used to collect, analyse and
interpret the data presented in the four results chapters (Chapter 5-8). These chapters constitute
the papers that make up the main body of this PhD-project presenting the results and discussing

their meaning.
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This review provides a comprehensive evaluation of no-till (NT) based on recent studies (post-2000) in NW
Europe and evaluates the separate effect of the NT and other associated practices (e.g. cover crops, crop residue
and crop rotations) individually and collectively on the water purification and retention functions of the soil. It
also assesses the applicability of NT compared to conventional tillage (CT) systems with reference to a number of
soil physical characteristics and processes known to have an important influence on water purification and
retention functions. The literature search was carried out by a systematic approach where NT practices were
assessed against soil structure, erosion, nutrient leaching/loss, water retention, infiltration and hydraulic con-
ductivity (combinations of criteria = 40). Articles were selected based on their relevance in relation to the topic
and location within NW Europe (n = 174).

Results show that NT has large potential as an erosion mitigation measure in NW Europe with significant
reductions of soil losses from agricultural fields, providing potential beneficial effects regarding inputs of se-
diment and particulate phosphorous (P) to water bodies. However, NT increased losses of dissolved reactive
phosphorus (DRP) and had little effect on nitrogen (N) leaching, limiting the overall positive effects on water
purification. Soil structural properties were often found to be poorer under NT than CT soils, resulting in de-
creased water infiltration rates and lower hydraulic conductivity. This was an effect of increased topsoil com-
paction, reduced porosity and high bulk density under NT, caused by the absence of topsoil inversion that breaks
up compacted topsoil pans and enhances porosity under CT. However, several studies showed that soil structure
under NT could be improved considerably by introducing cover crops, but root and canopy characteristics of the
cover crop are crucial to the achieve the desired effect (e.g. thick rooted cover crops beneficial to soil structural
remediation can cause negative effects in soils sensitive to erosion) and should be considered carefully before
implementation. The contribution of NT practices to achieve Water Framework Directive (WFD) objectives in
NW Europe is still uncertain, in particular in regards to water retention and flood mitigation, and more research
is required on the total upscaled effects of NT practices on catchment or farm scale.

1. Introduction

ecosystems (e.g. eutrophication) and a threat to human health (e.g.
nitrate in drinking water). This is also defined by Schulte as one of five

Soil management is an important factor affecting the functionality
of the soil. This paper draws on soil functions and ecosystem services
concepts to review the effect of soil management on two water related
functions; water purification and water retention. We define water
purification according to the ecosystem services regulating concept of
“filtering of nutrients”: if the solutes present in soil (e.g. nitrates,
phosphates) are leached, they can become a contaminant in aquatic

soil functions, where Nitrate (NO3 ™) and Phosphate (PO437) are the
main elements of concern in relation to the quality of groundwater and
surface water bodies, respectively (Schulte et al., 2006, 2014)". Water
retention is defined, according to the ecosystem services regulating
concept of flood mitigation, as the capacity to store and retain quan-
tities of water. This function can therefore lessen the impacts of extreme
climatic events and limit flooding. Soil structure and more precisely

* Corresnonding author at: The School of Natural and Social Sciences. Universitv of Gloucestershire. Swindon Road. Cheltenham. GL50 4AZ. UK.

https://doi.org/10.1016/j.still.2019.01.004

Received 15 March 2018; Received in revised form 8 January 2019; Accepted 9 January 2019

0167-1987/ © 2019 Elsevier B.V. All rights reserved.

53



K. Skaalsveen et al.

macroporosity, as well as processes of infiltration will impact this ser-
vice (Dominati et al., 2010). The water related soil functions of water
purification and retention, are closely aligned to physical and chemical
processes associated with the movement of water through soils
(Svanbick et al., 2014). A number of soil properties and processes in-
fluence these soil functions, and these in turn are dependent on a range
of variables, such as soil type, climate and, most significantly, farming
practices; however, there is no consensus that practices that benefit one
soil function benefit them all (Soane et al., 2012; Frank et al., 2014).

Agricultural systems are responsible for nutrient and sediment
losses into waterways, representing a challenge both in regards to the
threat of soil losses from agricultural fields, and polluting water re-
sources (Young et al., 1989; Carpenter et al., 1998; Vogel et al., 2016).
Soil surface infiltration of water is a function of pore size distribution
and the continuity of pores and flow paths (Ehlers, 1975; Lipiec et al.,
2006). During heavy precipitation events excess water, not able to in-
filtrate into the ground due to high soil saturation or low hydraulic
conductivity, runs on the soil surface as runoff (Smith et al., 1993;
Buczko et al., 2003). This surface water is likely to carry nutrients and
sediments that can cause diffuse pollution to receiving water bodies, as
well as flooding. Additionally, nutrient leaching through subsurface
flows, is an important source of pollution from soils containing large
amounts of water soluble nutrients (Hansen et al., 2000; Schoumans
et al., 2014; Taylor et al., 2016). The challenge of soil and water
management, and conflicting interests between intensive farming and
the need to protect nearby aquatic systems, has been an important in-
centive for the creation of water conserving strategies and frameworks,
notably the Water Framework Directive (WFD). The WFD is an EU
regulation for integrated river basin management for Europe that has
been implemented to help improve and protect the ecological health of
rivers, lakes, estuaries and coastal and groundwater. The aim of the
framework is that all water bodies should achieve at least ‘good eco-
logical status’ by 2027 (according to the WFD classification system), on
the basis of criteria and boundaries defined against biological, physi-
cochemical and hydromorphological elements (European Commission,
2015).

In conventional farming systems (CT), the soil is normally cultivated
by a mouldboard plough that inverts the top layer (around 20 cm) of
the soil to loosen it and create a suitable seed bed (Townsend et al.,
2015). When the soil is ploughed, hard surface pans and topsoil com-
paction is loosened. This process allows a higher degree of oxidation
and mineralisation of the organic matter, which is beneficial for plant
growth as more nutrients are transformed to plant available forms.
Nevertheless, in the long-term the enhanced chemical activity may
harm the soil as soil organic matter (SOM) is mineralised at a much
higher rate than under low disturbance systems (Balesdent et al., 2000).
SOM is essential for soil structure and key for all soil functions (e.g.
Balesdent et al., 2000; Doran and Zeiss, 2000). In addition, a ploughed
soil surface without protective crop residue or other plant cover makes
the soil vulnerable to erosion, and is therefore a likely source of diffuse
agricultural pollution (Lundekvam, 2007; Vogel et al., 2016).

No-till farming (NT) can potentially mitigate some of these effects.
NT, also referred to as “zero tillage”, “direct drilling” and occasionally
as “conservation tillage” has been widely implemented by farmers
globally. The definition of conservation tillage varies significantly in
the literature and is often used as a generic term describing less in-
tensive tillage systems like NT, minimum tillage and reduced tillage,
often in combination with at least 30% residue cover. NT is defined as a
cultivation method without soil inversion, where the seeds are drilled
directly into the ground (Townsend et al., 2016). Minimal soil dis-
turbance by the absence of ploughing or harrowing is intended to
promote good soil structure and better habitat for beneficial soil bio-
diversity (Bertrand et al., 2015; Crotty et al., 2016). NT was first de-
veloped in Central and South America as a soil water conserving
measure, but has also been adapted by farmers elsewhere in order to
increase the SOM content of the soil and to reduce fuel and labour costs
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by reducing the time needed for field operations (Lahmar, 2010;
Kassam et al., 2012). NT systems can, it is argued, reduce nutrient and
sediment losses to downstream waters by decreasing runoff from agri-
cultural fields (Schoumans et al., 2014; Mhazo et al., 2016) and
therefore potentially contribute to achieving objectives set by the WFD,
in addition to acting as a soil improvement practice.

NT farming is often associated with other crop and soil management
practices, such as growing cover crops, maintaining soil cover using
crop residues, and crop rotations; when applied together these are often
referred to as Conservation Agriculture, where minimum soil dis-
turbance, permanent soil cover and crop diversity are core principles
(Lahmar, 2010). These practices underpin the beneficial, as well as
reduce the less beneficial, effects of non-inversion tillage. Providing soil
cover by cover crops and crop residue potentially protects the soil from
runoff by slowing down the water flow, enhancing infiltration, and
reducing erosion risk by binding the topsoil with crop roots (Doring
et al., 2005; De Baets et al., 2011). Additionally, crop residue is bene-
ficial to earthworms and other organisms in soil that contribute in
adding SOM back to the soil. Increased crop diversity, both by cover
crops and crop rotations helps soil accommodate higher biodiversity of
beneficial invertebrates and microorganisms (Crotty et al., 2016). This
is also an important method to suppress weeds, which can be a chal-
lenge in non-inversion systems (Soane et al., 2012).

The aim of this review is to investigate results from recent studies of
NT practices carried out in NW Europe and assess how they are af-
fecting the water purification and retention functions of the soil. There
have been a large number of studies focused on NT practices from other
parts of the world, but these are not always transferable to Europe. In
particular, many focus on water conserving impacts of NT whereas in
NW Europe’s context, with its primarily Oceanic climate (Peel et al.,
2007)?, excess water is often a problem (Soane et al., 2012). There is a
demand for an overview of NW European findings so that management
recommendations are based on relevant research evidence. Specifically
this is an important step towards more efficient and targeted farming
practices, to benefit both the farmer and the environmental manage-
ment. Previous reviews tend to focus on impacts of NT on soil in rela-
tion to crop production rather than other soil functions (e.g. Busari
et al., 2015), we have chosen to conduct the review from the perspec-
tive of water purification and retention functions which provides the
main structure for the paper. In order to decide whether NT should be
recommended as a system which can contribute to achieving water
management objectives in NW Europe set by the WFD, a compilation of
recent research findings is needed.

Objectives:

- Provide a comprehensive evaluation of NT based on recent studies
(post-2000) in NW Europe and evaluate the separate effect of the NT
and other associated practices (e.g. cover crops, crop residue and
crop rotations) individually and collectively on the water purifica-
tion and retention functions of the soil.

- Assess the applicability of NT compared to CT systems with re-
ference to a number of soil characteristics and processes associated
with water purification and retention functions.

2. Methods
2.1. Selection criteria and boundaries

This review assesses the results from recent studies (after the year
2000) carried out in NW Europe (here defined as Ireland, the UK,
Germany, the Netherlands, Belgium, Denmark, Norway, Sweden,
Iceland, Northern France, Switzerland, Austria and Luxembourg) that
research the potential of NT management to reduce soil loss and

2 According to the Kopping climate classification.
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Fig. 1. The framework of the review; the effect of soil structural properties on soil water functions and processes influencing water quality.

nutrient input to waterbodies (as a means to achieve the objectives set
by the WFD). NT and the associated crop and soil management prac-
tices are assessed separately against soil structure, erosion, nutrient
leaching/loss, water holding capacity, infiltration and hydraulic con-
ductivity to assess the impact on the water purification and retention
functions (see Supplementary material). These were selected because of
their known significance in purification and retention functions (see
Section 1). These structural properties and processes provide the fra-
mework for the review, however in practice they are significantly in-
terlinked (Fig. 1).

In presenting the results, inevitably, where processes and functions
are interrelated, and where papers report on a number of variables and
outcomes, there will be some repetition and the same paper will be used
to provide evidence under a different heading. We have tried to avoid
this where possible or make reference to another section in the paper to
save repetition.

Cover crops, rotations and soil cover by crop residues were both
viewed together with NT and separately to assess the potential of these
practices to mitigate the negative effects and enhance the benefits of
NT. It is important to assess the potential of, for example, different
species of cover crops as these are often integral to NT farming systems;
and a lot can be learned from separate research in cover crop impacts.

The literature search was primarily carried out in the ISI Web of
Knowledge database, combined with Science Direct. The database was
selected due to the comprehensive content of journals and articles re-
levant to the subject. A search was carried out for each of the combi-
nations of criteria (n = 40), and articles selected based on their re-
levance in relation to the topic location within NW Europe (n = 174).

3. Soil structural properties

Soil structure is an important indicator of soil quality in that it
impacts the chemical, physical and biological processes of the soil (e.g.
Munkholm et al., 2003; Bronick and Lal, 2005; Piron et al., 2017), and
has an important influence on the soil functions of water purification
and retention (Fig. 2). A number of soil physical properties are asso-
ciated with soil structure: porosity, aggregate structure and stability,
friability, strength and bulk density. High total and air-filled porosity
and infiltration rate are associated with good soil structure, while high
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bulk density values indicate poorer structure (Mueller et al., 2009).

Soil management, the method of tillage in particular, is crucial for
soil structure, and practices that do not invert the soil are often seen to
benefit the soil through improved structure (Kassam et al., 2014).
Abdollahi et al. (2014) who assessed the effect of different tillage sys-
tems in combination with cover crops in a long-term field trial on sandy
loam in Denmark, found smallest mean weight diameter, and therefore
the best soil friability under CT compared to NT management and
harrowing. However, they also discovered that soil friability and
quality under NT could benefit from establishing cover crops (fodder
radish (Raphanus sativus L.)) as the cover crop treatment reduced the
penetration resistance of the soil. Riicknagel et al. (2016), on the other
hand, investigated the effect of cover crops on topsoil structure on five
one year trials in Germany (sandy loam/silty clay loam/silt loam), and
found that the soil structure only rarely benefited from cover crop
cultivation. The two studies used different species of cover crops, and
less beneficial effect of blue lupins (Lupinus angustifolius L.), field beans
(Vicia faba L.), field peas (Pisum sativum L. con- var. speciosum (Dierb.)
and vetch (Vicia sativa L.) used by Riicknagel et al. (2016) compared
with fodder radish used in Denmark, could be a possible reason for the
conflicting results. This idea is supported by Burr-Hersey et al. (2017)
who found that tillage radish and black oats (Avena strigosa) were more
suited for soil structural remediation than vetch.

There seems to be a consensus that crop rotations generally improve
soil structure (Schjgnning et al., 2002; Askari et al., 2013; Gotze et al.,
2016), especially in the topsoil (Gotze et al., 2016; Jarvis et al., 2017).
Although, the type of crop rotation that is implemented in a field can
influence soil structure. Gotze et al. (2016) found that different rotation
combinations had varying impact on structural properties such as soil
compaction risk and hydraulic conductivity.

4. Water purification function
4.1. Soil stability
4.1.1. Aggregate structure and organic carbon
Aggregate structure and stability are important soil structure vari-

ables, impacting the general soil structure and its resistance to erosion
and compaction. Higher structural stability and more consistent water
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Fig. 2. Overview of the effects of soil physical properties on the water purification and retention functions of the soil. The red minus signs represent degradation (i.e.

diminished capacity to provide functions) and the green crosses conservation.

distribution in the soil due to uniform aggregate strength and bulk
density in aggregates under NT was found by Urbanek et al. (2014) on a
silty loam soil field site in Germany. This was confirmed by Moncada
et al. (2014) who found that aggregates from a sandy loam and a silty
loam soil in a NT system in Belgium were more resistant to break down
after wet sieving, and Abdollahi et al. (2014) who showed that NT and
harrowing resulted in better soil strength on sandy loam in Demark in
terms of greater mean weight diameter, visual evaluation of soil
structure, water stable aggregates, aggregate tensile strength and rup-
ture energy than under CT. Microbial activity is stimulated by higher
levels of organic matter, as often seen in NT top soils, and this leads to
the formation of bonding and binding agents in the soil (Elmholt et al.,
2008). The addition of plant matter to the soil as a result of mulching
therefore has the potential to contribute to higher topsoil aggregate
stability (Frgseth et al., 2014).

The organic carbon (C) content of the soil has been shown to affect
aggregation (Moncada et al., 2014; Kainiemi et al., 2015) and is often
distributed differently in the soil profile under NT and CT; with NT
often resulting in an evident stratification of C, with higher con-
centrations in the topsoil layer (Oorts et al., 2006; Hazarika et al.,
2009). This was confirmed by Ulrich et al. (2006) who assessed the
effect of different tillage systems on soil quality on a sandy loam in
Germany and discovered a 9% increase in organic C in the NT system
compared to CT.

4.1.2. Erosion/soil loss

A number of studies have shown that NT has decreased surface
runoff (Leys et al., 2007; Hosl and Strauss, 2016), erosion risk and soil
loss in NW Europe (Gaiser et al., 2008; Todorovic et al., 2014; Vogel
et al., 2016) (Table 1). The beneficial effects are closely related to en-
hanced surface protection associated with this type of system provided
by crop residues and vegetation (Armand et al., 2009; Todorovic et al.,
2014). Reduced soil disturbance under NT largely affects soil stability
and therefore the resistance to erosion (Knapen et al., 2007; Routschek
et al., 2014; Nano et al., 2015).

In a study into the effect of different cropping systems on soil ero-
sion, Lundekvam (2007) found that practicing NT in the autumn could
reduce soil losses by up to 90% on Norwegian clay soils. Tillage in the
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autumn exposed bare soil to a large amount of surface runoff in the CT
system, while plant and residue cover under NT protected the soil
surface. Similar numbers were predicted by a German study by Vogel
et al. (2016) using a soil erosion model based on a field site in Bran-
denburg. Changing practice from CT to NT was the erosion mitigation
measure with the highest potential in their study, with 90-100% re-
duction in soil losses, based on three rainfall events with recurrence
intervals of 2, 20 and 100 years.

Higher topsoil bulk density, as often seen in topsoils under NT, can
be beneficial to erosion mitigation by decreasing soil detachment
caused by concentrated flow (Knapen et al., 2008a,b; Van Gaelen et al.,
2014). For this reason Knapen et al. (2008a) proposed compacted zones
of concentrated flow, in combination with NT or grassed waterways, as
a potential measure to combat soil loss. Although, tramlines established
by farm machinery may already serve this purpose. In a study carried
out in the UK where in-field mitigation options for sediment and
Phosphorous (P) loss were assessed, Deasy et al. (2009) found that
tramlines had a dominant role in transporting runoff, sediment and P.
Reduction of compaction in the tramlines seemed to be the measure
with the highest potential for erosion mitigation, in contrast to the
findings of Knapen et al. (2008a).

In CT systems, the highest erodibility occurs shortly after tillage,
when the vegetation cover is at its lowest (Knapen et al., 2007;
Lundekvam, 2007). Canopy coverage and rooting density strongly af-
fect soil structure and erosion rates (Bodner et al., 2010), but the ability
of cover crops to reduce runoff largely depends on crop type and the
time of the year (Martin et al., 2010; De Baets et al., 2011). In a study
on the erosion reducing effect of different cover crop roots on a Belgian
Loess soil, De Baets et al. (2011) found that cover crops with thick roots
(e.g. white mustard (Sinapis alba) and fodder radish) were less efficient
in reducing soil loss by concentrated flow than ones with more fine-
branched roots (e.g. ryegrass (Lolium multiflorum) and rye (Secale cer-
eale)). They concluded that considering both above and below ground
plant characteristics, ryegrass, rye oats and white mustard were most
suitable to prevent concentrated flow erosion. These findings indicate
that cover crop species suitable for erosion mitigation have different
root properties than species suitable for loosening compaction (cf.
Section 3: findings by Abdollahi et al. (2014) and Burr-Hersey et al.
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Table 1

Erosion/sediment loss rates from different NW European study sites comparing CT with NT systems.

Type of data

Erosion rate

Annual precipitation Mean temperature (°C)

Soil type

Country

Modelled data, GISCAME (based on the Universal

Soil Loss Equation)

87,7% reduction per year under NT

6.5-7.5

800-900 mm

Germany Loamy/sandy soil

Frank et al. (2014)

Rainfall simulation, experimental fields

71.4% reduction per rainfall event (return probability of

about 20 years) under NT

8.3

Gleysols, Regosols, Cambisols and 950 mm ~!

Planosols”

Austria

Hosl and Strauss (2016)

Rainfall simulation, small scale plots

Reduction in 88% of the cases under NT during extreme

natural rainfall simulations

9.7

800 mm

Silty loam

Belgium

Leys et al. (2007)

Modelled data, USLE and RUSLE

91% reduction under NT (simulated for future time period Modelled future scenarios, Erosion-3D

Up to 90 % reduction per year under NT
from 2031 to 2050)

5.3
7.8

785 mm

Silt clay loam

Silty soil

Norway

Lundekvam (2007)

607 mm

Germany

Routschek et al. (2014)

Plot experiment

83.2% reduction per year under NT

4.9

634 mm

Silty soil

Sweden

Ulén and Kalisky (2005)

Vogel et al. (2016)

Modelled data, Erosion-3D

90-100% reduction under NT during rainfall events (2, 20,

100 years return probability)

7.8-9.5

463 mm

Germany Regosols, Luvisols and Gleysols®

@ Classified according to the WRB (IUSS, 2006).
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(2017)). Additionally, several studies show that soil cover by crop re-
sidues has a positive effect on surface runoff and soil erosion mitigation
(Doring et al., 2005; Deasy et al., 2009; Morris et al., 2010; Bailey et al.,
2013; Van Gaelen et al., 2014). The number of crops per rotation
(Koschke et al., 2013), the type of crops, and the carry-over effects from
one crop to the other affect erosion rates as well (Prasuhn, 2012; Fiener
and Auerswald, 2014).

4.2. Nutrient leaching

Nitrogen (N) and P are two of the primary nutrients important to
crop growth and development. Although they occur naturally in the
soil, additional nutrients are added to agricultural fields by organic or
synthetic (artificially manufactured) fertilisers for enhanced growth. As
N and P are normally limiting nutrients in aquatic systems (Smith,
1983; Dodds and Smith, 2016), runoff and leaching from arable fields
represents a pronounced environmental threat. This diffuse pollution
from arable fields causes water quality degradation that may lead to
nutrient enrichment of water bodies (eutrophication) and algal blooms
(Carpenter et al., 1998; Hilton et al., 2006; Cooper et al., 2017).

Loss of soil P occurs in both particulate (PP) forms, where P is ab-
sorbed onto mineral surfaces, and as dissolved reactive forms (DRP)
(Daniel et al., 1994; Svanbick et al., 2014); inorganic forms of P are
available to plant roots, while dissolved organic forms (DOP) need to be
mineralised by microbes to become plant available. DRP is highly re-
active and the form can leach from soils through vertical water move-
ment (Daniel et al., 1994) and reach surface waters by tile drainage
(Ulén et al., 2010) or surface runoff. In this review loss of particle
bound P (PP) by erosion was found to be lower in NT systems than
under CT (Ulén and Kalisky, 2005; Schoumans et al., 2014), but DRP
losses show a different pattern with higher losses under NT (Ulén and
Kalisky, 2005; Ulén et al., 2010; Schoumans et al., 2014). A study by
Ulén and Kalisky (2005), which aimed to outline measures to reduce
erosion and P losses from a silty soil to improve water quality in a
Swedish lake, found that implementing NT could reduce the suspended
solids (SS) load by 83% and PP by 56%. However, the loss of DRP in-
creased by 75%. These findings were underpinned by a Scandinavian
review by Ulén et al. (2010) that evaluated the effects of various soil
tillage practices on losses of PP and DRP via surface runoff and tile
drainage, and concluded that NT poses a higher risk of DRP loss, whilst
also offering great potential in reducing PP losses and water erosion
from unstable, erodible clay loams and clay soils. Increased losses of
DRP under NT systems can be explained by increased enrichment of
nutrients in the topsoil (Taylor et al., 2016) and leaching from the plant
material that is normally left on the soil surface under NT, which re-
lease P that accumulates in the topsoil (Ulén et al., 2010). Further, dead
or frost damaged vegetation is known to be an important source of DRP
(Ulén and Kalisky, 2005)

N leaching is likely to occur when the soil contains a large amount
of soluble inorganic N and weather conditions contribute to percolation
from the root zone. NO3 ™~ is the water soluble form of N that is a result
of nitrification of ammonium (NH4%) (Hansen et al., 2000), often
supplied by the application of fertiliser (Hansen et al., 2015). Both
forms are plant available, but as the ammonium is positively charged it
attaches to negatively charged soil and organic matter, and does
therefore not leach to the same extent as NO3; ™. Total N levels refer to
the sum of NO3;~, ammonia (NH3) and, nitrite (NO) and organic N
compounds.

Although high spatial variability can be expected with nutrient
leaching, due to different soil properties and soil moisture, e.g. affecting
the rate of local-scale subsurface transport (Kistner et al.,, 2013;
Svanbick et al., 2014), several studies found that the NT does not re-
duce nutrient leaching compared to CT (Oorts et al., 2007; Svanbéck
et al., 2014; Hansen et al., 2015; Cooper et al., 2017). For example in a
long—term study at two experimental sites in Boigneville (France), Oorts
et al. (2007) assessed mineral N dynamics in a Haplic Luvisol (loess
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parent material). They found no significant differences in N miner-
alisation and leaching between NT and CT sites, but discovered dif-
ferent distributions of N within the soil profile, with significantly higher
NO;3;~ content in the upper soil layer under NT. This was also demon-
strated by Cooper et al. (2017) who assessed the efficiency of cover
crops and non-inversion tillage regimes at minimising farm scale nu-
trient losses on a clay loam/sandy clay loam in the UK. They found no
separate positive effect of NT, but when combined with a winter oilseed
radish cover crop NT or shallow non-inversion tillage decreased N
leaching by 75-97%, relative to winter fallow with mouldboard
ploughing.

In contrast, another long-term experiment in France investigated the
effect of different agricultural practices on N balance (Constantin et al.
2010) and found that N leaching was reduced under NT, but similarly to
Cooper et al. (2017) argued that the practice should be combined with
cover crops (also called catch crops, i.e. they catch the N) to become
more efficient due to a higher N uptake (both by the main crops and the
cover crop). In a Soil and Water Assessment Tool analysis Taylor et al.
(2016) found that introducing red clover to a UK catchment could de-
crease total P losses by 1.6%. The reduction in N losses were much
higher (19.6%), as the potential for cover crops to reduce P losses is
limited due to the slow desorption of P from soil particles. This was
supported by Cooper et al. (2017) who did not discover any impact of
cover crops on P losses.

The choice of rotation or cover crop species also influences nutrient
leaching, shown by a literature review assessing the ability of cover
crops to reduce N and P losses from arable land in Scandinavia and
Finland by Aronsson et al. (2016) who found that red clover (Trifolium
pratense) (legumes species, fixating N to plant available forms) cover
crops on clay soil increased the N leaching by 62%, while perennial rye
grass (Lolium perenne) cover crops on sandy soil reduced N leaching by
85 to 89%. The same was evident for P loss, with a respective increase
of 86% and reduction of 43%.

5. Water retention function

The soil-water relationship is one of the most important physical
phenomena affecting the water retention function of the soil, and is
significantly influenced by soil management practices (Fig. 2) (Strudley
et al., 2008). Two of the most important soil hydraulic properties are
soil water holding capacity, often expressed as the soil water retention
curve, and hydraulic conductivity (Cornelis et al., 2005). These vari-
ables are key elements in determining water movement in soils, and its
accessibility to plants (Horel et al., 2015). The rate at which water
infiltrates and moves through the soil is largely dependent on soil
structural properties, such as porosity (Buczko et al., 2003; Mueller
et al., 2009), the soil saturation level and the water holding capacity of
the soil. These variables all contribute to runoff generation, however
there is limited published evidence from NW Europe regarding the
potential of NT systems to regulate water and therefore contribute to
flood mitigation.

5.1. Water holding capacity

The water holding capacity, or soil water retention, describes the
relationship between the soil’s matric potential (the difference between
pore air pressures and pore water pressure), and its water content
(Cornelis et al., 2005; Liu et al., 2012). There is no real consensus in the
literature as to whether altered soil properties under NT enable higher
retention of water. Chirinda et al. (2010) assessed differences in soil
properties under different management strategies on a sandy loam in
Denmark and found higher soil water retention and volumetric water
contents in NT soils. Abdollahi et al. (2014) found the opposite in their
study into the effect of three tillage treatments and cover crops on soil
pore characteristics on a sandy loam in Denmark. In a French study on
silty clay loam soil, Nano et al. (2016) showed that the NT system had
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low retention values close to saturation (due to preservation of soil
structure due to the absence of soil inversion) and high values at the
dry-end of the water retention curve (due to more favourable soil
physical and chemical properties under NT, such as higher clay and
organic carbon contents).

The total soil porosity, which influences the water holding capacity,
is often found to be greater in soils of CT than in NT (Abdollahi et al.,
2014; Schwen et al., 2015), but these studies are only considering the
topsoil, above the plough layer. In a study carried out on silty and sandy
loam soils is Germany, Hangen et al. (2002) found that silty soils with
less disturbance had much deeper percolation, probably due to more
favourable conditions for burrowing soil animals providing deep ver-
tical macropores. Enhanced porosity by a higher abundance of con-
tinuous macropores can be achieved by the application of cover crops
(see Section 5.2.1), however, other hydrological parameters did not
show the same significant effect of the soil cover treatment.

5.2. Water infiltration

Infiltration rates largely depends on soil type/texture and soil
structural properties, but is also affected by other variables, such as
cracking and swelling of soils with different weather conditions
(Lundekvam, 2007; Svanbidck et al., 2014) and/or soil compaction
creating soil crusts of very low permeability (see Section 5.2.2)
(Riicknagel et al., 2017). In a study of the impact of tillage, rotation and
traffic on topsoil structure Mueller et al. (2009) found lower infiltration
rates, poorer structure and higher bulk density in the topsoil under NT
than CT on loamy sand at a German field site. Similar observations were
found in another German study by Buczko et al. (2003), where in-
filtration and macroporosity in two contrasting tillage systems were
compared. Results showed that CT provided a higher infiltration rate at
saturation in the silt loam soil, but the opposite was the case for in-
filtration below 30 cm (down to 1.2m). The two studies confirm that
degradation of topsoil structure is a challenge in NT systems, but the
results from Buczko et al. (2003) show that the infiltration rate varies
largely through the soil profile. In their tracer experiment they also
found that the penetration depth under CT was only 0.5 m, while it was
1.2m under NT.

With regards to cover crops, a study in Austria by Bodner et al.
(2008) aimed to identify key factors underlying hydraulic conductivity
dynamics found that pore clogging by cover crop roots with intense
growth (phacelia (Phacelia tanacetifolia) and vetch) was documented in
a silt loam. They suggested that cover crop ability to influence in-
filtration rates is largely governed by natural temporal variability of
structure-related hydraulic properties in the field. The type of crops
included in a rotation as well as the type of rotation practiced are likely
to affect infiltration rates as well, and Gotze et al. (2016) found better
structural stability and infiltration capacity in a field with crop rota-
tions than in a monoculture field.

5.2.1. Bioturbation and macroporosity

Bioturbation is an example of ‘ecosystem engineering’ where soil
organisms, including microbes, rooting plants and burrowing animals,
are reworking the soil and sediments (Meysman et al., 2006). The
biological activity is essential for creating macropores - large con-
tinuous openings in the soil (often with diameter > 30 pm) re-
presenting an important structural property (Lipiec and Hatano, 2003;
Czachor and Lipiec, 2004). Non-inversion tillage systems that disturb
the soil less are often associated with a higher abundance of earth-
worms, with a beneficial effect on soil structural properties. Recent
studies comparing earthworm populations at field sites under different
management practices, however, present slightly conflicting results. In
a study of pore morphological changes due to mechanical and biolo-
gical processes in the surface layers of a silty soil in France, Hubert et al.
(2007) found the total macroporosity of the soil to be two to five times
lower under NT than under CT, limiting earthworm activity. The
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decrease in macropores was measured after four years of NT manage-
ment, which indicates that these structural changes occurred over time.
Similarly, a study of tillage effects on structural quality in the topsoil of
a sandy loamy soil in Denmark carried out by Garbout et al. (2013) and
research on sandy loams /silty soils (Peigné et al., 2009, 2013) showed
a generally higher number of pore networks, branches and junctions
under CT due to greater compaction under NT. The NT soil did however
have a dominance of vertical macropores, which indicates the presence
of anecic (vertically burrowing) earthworms (Peigné et al., 2009) that
could potentially enhance the soil’s ability to drain and transmit water
(the hydraulic conductivity), affecting the infiltration rates of the soil.
In contrast, a French study, by Piron et al. (2017), detected higher
occurrence of bioturbation due to earthworm activity under NT than
under CT on a loamy sandy clay and a silty loam by using a visual soil
structure method.

The combination of NT with cover crops has been shown to benefit
earthworm populations (Peigné et al., 2009) and improve soil macro-
porosity (Bodner et al., 2013; Abdollahi et al., 2014). In addition to
potentially creating a better habitat for earthworms, cover crops posi-
tively influence water and gas transport and create better growing
conditions for other crops. Retaining crop residue rather than removing
it from the field provides more organic material to the soil surface and
may therefore increase both earthworm and biomass densities (Frgseth
et al., 2014). Earthworm populations and the occurrence of biopores
are also influenced by soil type (Piron et al., 2017) and the type of crop
rotation a field is under (Kautz et al., 2014; Capowiez et al., 2009;
Jarvis et al., 2017) found that long-term inclusion of grass-clover leys
on a silt loam in Sweden resulted in increased populations of epigeic
(small, litter feeding earthworms on the surface or first few cm of the
soil) and endogeic (medium-sized, soil-eating earthworms influencing
the regeneration of soil aggregates) earthworms. It has been argued that
the addition of mulch may result in better living conditions for earth-
worms, and therefore increased macroporosity (Pelosi et al., 2017),
however others have found that extensive mulch residues prevented
water transport beneath 5 cm soil depth in a low intensity podzolluvisol
system (Hangen et al., 2002) thus impacting the infiltration rate.

5.2.2. Properties that affect compaction

Topsoil compaction is often highlighted as one of the main chal-
lenges to NT systems, with the potential to significantly reduce in-
filtration rates, whereas in CT systems loosening of compacted topsoil
layers is achieved by mouldboard ploughing. The absence of soil in-
version in NT systems can create compacted clods (Peigné et al., 2009,
2013), also known as “NT pans”. The work of Munkholm et al. (2003),
where temporal and spatial effects of two different direct drilling
techniques were assessed on a sandy loam in Denmark, supports this
view, and found critically high penetration resistance and bulk density
in their NT field. The soil susceptibility to compaction is highly de-
pendent on soil texture, climatic conditions, management decisions
(e.g. timing of field operations in relation to soil moisture content), and
other soil properties, affecting the suitability of NT. In a study on the
effect of farming practices on bulk density and mechanical resistance on
a silty soil in Denmark, Chaplain et al. (2011) found that one of the NT
sites had higher mechanical resistance to compaction due to increased
precompaction stress values when close to saturation, and decreased
impact of wetting/drying cycles on soil structure (Table 2). Similarly,
although only assessing the lower topsoil, Riicknagel et al. (2017) found
higher stability against mechanical loads in NT soil when assessing
seven different study sites of sandy clay soils in Germany, and argued
that restoring sufficient macropore volume should be possible in al-
ready compacted NT soils.

Reduction in compaction by planting cover crops has been found to
have a positive effect on soil structural remediation in compacted layers
(Abdollahi et al., 2014; Burr-Hersey et al., 2017), and may therefore
represent an important practice in NT systems. The success of this
treatment varies largely with the nature of the root system (cf. Section
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3: findings by Burr-Hersey et al. (2017)). However, for cover crops to
have a favourable impact on soil structure, it is crucial to make sure that
the increase in field operations needed to cultivate them does not cause
any new compaction (Riicknagel et al., 2016).

5.3. Hydraulic conductivity

Hydraulic conductivity is a function of the soil-water content or
potential (Green et al., 2003), that describes the movement of water
through soil pores and fractions. Conflicting results regarding the effect
of NT on hydraulic conductivity have been found (Table 3). The ab-
sence of tillage has the potential to enhance the hydraulic conductivity
of the soil (Kechavarzi et al., 2009; Schwen et al., 2011b; Nano et al.,
2015; Pelosi et al., 2017), potentially making soils more resistant to
runoff and erosion during heavy precipitation events. However, several
other studies detected lower hydraulic conductivity in NT than under
CT (Ulrich et al., 2006; Schwen et al., 2011b; Crittenden et al., 2015).
One potential explanation to these contradictory results is that there is
greater variability in hydraulic conductivity between soil types, that
can exceed the variety between different land use systems (Bodner
et al., 2007).

Cover crops with high rooting density and coarse root axes (e.g.
some legume species) have been shown to enhance hydraulic con-
ductivity in the saturated and near-saturated range. In a study assessing
the effect of different management practices on hydraulic conductivity
and crop yield on a marine clay loam in the Netherlands, Crittenden
et al. (2015) found both spatial and temporal variability, with varia-
tions in the saturated hydraulic conductivity throughout the year, but a
higher consistency in the autumn than in the spring. Several studies are
based on observations made in the spring, and some are only based on
one sampling date, this may give an oversimplified and incorrect pic-
ture of the differences in hydraulic conductivity between farming sys-
tems. Hydraulic properties are dynamic and varying largely with cli-
matic conditions such as soil drying, frost and rainfall events, and
management induced changes should therefore be assessed considering
both spatial and temporal variations (Bodner et al., 2008).

6. Discussion

In reviewing the literature, it is evident that NT has varying effects
on the water purification and retention functions of soil, and results
from NW European studies are often conflicting and lack consensus.
This is in part due to the differing local trial conditions, furthermore NT
is not a prescriptive system, it is operationalised differently by different
farmers and trialists. This highlights the complexity of the system and
the difficulties in identifying any general relationships. Sampling
methods, depth, and the time of the year of sample collection can lar-
gely influence the results. Furthermore, fewer studies that have been
conducted in NW Europe than in other parts of the world, providing less
evidence to allow consensus to emerge. It is also clear that there is a
suite of interrelated soil structural properties that affect the purification
and retention functions and associated processes (Fig. 2). As such col-
lating and synthesising the evidence available concerning the impact of
NT is challenging.

Soil pore structure, an important soil quality variable influencing
chemical, physical and biological processes, was often found to be in a
poorer state under NT practices than under CT (Garbout et al., 2013;
Peigné et al., 2013; Abdollahi et al., 2014; Moncada et al., 2014;
Riicknagel et al., 2017). The earthworm occurrence and macroporosity,
caused by bioturbation in NT systems compared with CT, differed be-
tween studies, but the anecic species that are drilling deep vertical
burrows were more abundant in NT systems (Peigné et al., 2009;
Garbout et al., 2013), potentially affecting infiltration and water sto-
rage in deeper layers of the soil (Buczko et al., 2003). Nevertheless,
macropores can also pose a risk by increasing preferential flow, that can
lead to nutrients leaching to the groundwater or to surface waters by
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Bulk density from different NW European study sites comparing CT with NT systems (the values are based on the average of all observations from each of the studies).

Country Soil type Bulk density (g cm™%)
CT NT
Chaplain et al. (2011) France Silty soil 1.38% 1.33%
Constantin et al. (2010) France Haplic luvisol” 1.42 1.52
Crittenden et al. (2015) The Netherlands Clay loam 1.39 1.42
Garbout et al. (2013) Denmark Sandy clay loam 1.42 1.54
Hazarika et al. (2009) England Silty clay loam 1.21° 1.26"
Kechavarzi et al. (2009) England Sandy loam soil 1.45 1.47
Moncada et al. (2014) Belgium Sandy loam/silt loam 1.32° 1.28%
Schwen et al. (2011a,b) Austria Chernozem” 1.34 1.36
Ulrich et al. (2006) Germany Sandy loam 1.53 1.57

2 These values are presented in mg m >,

b Classified according to the WRB (IUSS, 2006).

Table 3

Hydraulic conductivity from different NW European study sites comparing CT with NT systems (the values are based on the average of all observations from each of

the studies).

Country Soil type Saturated hydraulic conductivity
Crittenden et al. (2015) The Netherlands Clay loam 28.8% decrease under NT
Kechavarzi et al. (2009) England Sandy loam soil 10.8% increase under NT
Schwen et al. (2011a,b) Austria Chernozem® 15.9% decrease under NT
Schwen et al. (2015) Austria Chernozem® 98.3% decrease under NT
Ulrich et al. (2006) Germany Sandy loam 19.8% decrease under NT.

# Classified according to the WRB (IUSS, 2006).

tile drainage (Ulén et al., 2010), meaning that trade-offs have to be
made in management decisions.

6.1. Purification

Studies addressing the effect of different farming practices on soil
erosion and sediment inputs to water bodies agree with regards to the
beneficial effects of NT compared with CT (Gaiser et al.,, 2008;
Todorovic et al., 2014; Vogel et al., 2016). These findings may partly be
explained by the higher aggregate stability of NT topsoils (Moncada
et al., 2014; Urbanek et al., 2014), and the often more compacted
surface, with higher bulk density (Knapen et al., 2007, ; Knapen et al.,
2008b; Routschek et al., 2014; Van Gaelen et al., 2014, Nano et al.,
2015) compared with ploughed and unprotected CT surfaces. Protec-
tion of the soil surface by crop residue and cover crops appears to be an
important contributor to these results as well (Armand et al., 2009;
Todorovic et al., 2014).

Some of the surface properties making the NT soils less erodible are
also likely to contribute to lower infiltration capacity (Mueller et al.,
2009; Riicknagel et al., 2017), decreasing the water purification po-
tential. Although the infiltration rate can decrease under NT, some
studies still show decreased amounts of surface runoff under NT prac-
tices as a result of soil surface characteristics (Leys et al., 2007; Hosl
and Strauss, 2016), causing long runoff initiation times compared to
soils under CT systems (Hosl and Strauss, 2016). This has implications
for the transport of P. It can be suggested that NT practices have the
potential to decrease total P inputs to water bodies, as it is mostly
particle bound (Svanbick et al., 2014) and thus transport by surface
runoff will be restricted and P maintained on the fields.

Results from this review agree that the SS and total P load decrease
under NT, while the DRP losses were shown to increase compared to
soils under CT (Ulén and Kalisky, 2005; Ulén et al., 2010; Schoumans
et al., 2014). DRP has greater impact on water quality than PP, even in
low concentrations, due to a higher bioavailability (Schoumans et al.,
2014). However, in the longer term PP can be at least partly released
and taken up by biota, so Schoumans et al. (2014) suggested that a
balance between the focus of reducing DRP and PP should be
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considered. Soils that are sensitive to erosion due to topography (slope),
fine soil texture and low particle cohesion (e.g. silty soil with low or-
ganic content) can benefit from a NT system, while such a system is not
recommended for soils that are more sensitive to leaching (e.g. as to
accumulated surplus P and SOM in the top soil) (Fig. 3). However, a
high spatial variability even within the same field can be expected with
nutrient leaching due to different soil properties and moisture content,
making nutrient leaching difficult to quantify.

The increased losses of DRP from NT systems can be partly ex-
plained by the increased amounts of vegetation covering the soil surface
in these systems compared to CT where the surface is bare.
Accumulation of nutrients on the top soil caused by cover crops or
weeds sprayed by glyphosate or damaged by frost are important sources
of nutrient leaching and loss of DRP (Ulén and Kalisky, 2005). Another
possible explanation is higher nutrient stratification to topsoils under
NT compared to CT, where the distribution in the plough layer is more
uniform due to soil inversion (Schoumans et al., 2014; Martinez et al.,
2016). Limiting DRP inputs to water bodies is key to achieving objec-
tives set by the WFD, as nutrient enrichment and eutrophication is one
of the greatest threats to water quality (Carpenter et al., 1998; Hilton
et al., 2006). Although erosion rates and loss of particulate P are likely
to decrease, no such reduction in N leaching was found. Cover crops, on
the other hand, in combination with NT, demonstrated good potential
to mitigate leaching due to a higher N uptake (Constantin et al., 2010;
Cooper et al., 2017).

Cover crops have been found to be crucial to enhance the perfor-
mance of NT farming, and reduce potential drawbacks such as poor soil
porosity and friability, N leaching and compaction (E.g. Bechmann
et al., 2008; Bodner et al., 2013; Abdollahi et al., 2014; Burr-Hersey
et al., 2017; Cooper et al., 2017). However, the type of crop has to be
considered (Bodner et al., 2008; Aronsson et al., 2016), and the impact
largely depends on the type of rooting system in combination with
degree of canopy coverage (Bodner et al., 2010); knowledge about local
conditions and site-specific challenges is essential when selecting cover
crop species. For instance, a soil suffering from topsoil compaction is
likely to benefit from a cover crop with thick roots that can contribute
to structural remediation of the soil (Burr-Hersey et al., 2017).
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Fig. 3. Overview of the impact of NT farm management on soil physical properties and water related soil functions, and under what conditions NT practices are
recommended. The red minus signs represent degradation and the green crosses conservation.

Whereas, highly erodible soils may benefit more from fine branched,
high density roots that can help bind the soil (De Baets et al., 2011).
Legumes species can fixate N to plant available forms, and can therefore
reduce the need for fertilisers, but these should be used with caution in
soils sensitive to leaching (Aronsson et al., 2016). Cover crops are
beneficial to mitigate total P loss as soil surface cover reduces erosion
and PP concentrations in surface runoff. The effect is however lower for
P than N as desorption of P from particles is a slow process.

6.2. Water retention

Several studies confirm that NT soils have the potential to hold
higher water content than soils under CT (e.g. Urbanek et al., 2014;
Kainiemi et al., 2015; Ugarte Nano et al., 2016). In situations where soil
water is a limiting resource, the ability to conserve water could be
important for crop growth and maintenance during periods of draught
(Schwen et al., 2011a). When the soil is more likely to have a water
surplus (i.e. due to more humid conditions) the excess water can also be
a challenge. Heavy machinery on saturated soils is a major contributor
to compaction damage (Lipiec and Hatano, 2003) which can decrease
the number of days suitable for field operations. This is significant for
wetter NW regions of Europe Moreover, wet and poorly-drained NT
soils have greater denitrification, which leads to higher emissions of the
greenhouse gas NO, (Rochette, 2008). The cumulative impact of im-
plementing NT practices are therefore very much dependent on climatic
conditions in combination with soil type and other local variables.

6.3. NW Europe

Soane et al. (2012) reviewed the opportunities and problems for
crop production and the environment under NT for northern, western
and south-western Europe. Their findings suggest an increasing uptake
of the practice in south-western Europe driven by financial savings in
tillage costs and to maintain yields during hot and dry summers, as less
soil disturbance and high residue coverage reduces evaporation from
the soil. They also report limited uptake in northern and western parts
of Europe, and the importance of well drained NT soils under wet
conditions. Although their study focuses more on crop yield and less on
water functions, it underpins the results in the current review by
comparing findings from different parts of Europe rather than

amalgamating them, thus highlighting the importance of local condi-
tions and climatic factors. In general, there are more studies focusing on
yield than the rest of the soil functions.

6.4. Water Framework Directive

In implementing the WFD, phosphorus, nitrogen, sediment and
turbidity are important in managing the risk of adverse ecological im-
pacts, and these are monitored against national standards, for example
in the UK (UK legislation, 2015). Understanding the effect of agri-
cultural practices such as NT on these is therefore important.

This review has shown that there is consensus about reduced ero-
sion rates under NT practices, with the accompanying potential to de-
crease sediment loads and particulate P inputs to water bodies, al-
though it has also shown that NT can lead to increased loss of DRP and
N leaching. Furthermore, it has been demonstrated that cover crops can
ameliorate some of the limitations of NT in certain situations. It is clear
however that the effects are largely dependent on context and man-
agement. It is not possible therefore to recommend wide-scale use of NT
with the primary goal of achieving WFD goals. Nevertheless, in certain
situations, e.g. where erosion and PP are a particular concern for eco-
logical status, NT should be considered. Although implementation is not
recommended on soils sensitive to leaching (Schoumans et al., 2014). In
some cases other practices such as reducing fertiliser use and P mining
(through zero application of P) in sensitive areas, is probably more
efficient to reduce DRP losses than NT (Whitehead et al., 2014; Van
Grinsven et al., 2016). In a review assessing results from ten Swedish
long-term studies Bergstrom et al. (2015) identified liming, incorpora-
tion of manure into soil and small constructed wetlands as efficient
measures to reduce drainage losses of P from clay soils in a cold climate.
The P level in soils should ensure efficient P use by crops to minimise
the risk of losses to the environment. This is in line with the principles
of WFD, which recognises the complexity of ecosystems and the inter-
actions and trade-offs at different scales; and acknowledges that
catchments differ from each other in terms of natural and agricultural
conditions (Voulvoulis et al., 2017).

6.5. Limitations

The review did not focus on the often increased need for pesticide
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usage amongst NT farmers (Terresen et al., 2003; Scanc ot al., 2012),
and what impact that may have on surface and ground water, Herbi-
cldes (Le. glyphosate} are necessary for weed contrel, which can be
more problematic in NT than CT seils due to the absence of soil in-
version (Torresen el al, 2003). Whether NT soils are more likely to
experience leaching of nutrlents and pesticldes to ground water aquifers
as a result of higher oceurrence of deep vertical macropores, due to
vertically drilling earthworms, is also interesting from a water man-
agement point af wiew.

Scale is another limitation, as a high number of the studies in this
review are carried out on plot scale, the effect of practices on farm or
catchment scale often remain uncertain unless predicted by modelling.
The WFD stresses the importance of having a whole catchment ap-
proach when managing freshwater resources, but wpscaling from plog o
catchment scale is complicated and dependent on many variahles.

Enowledge about the effect of NT practices on the remainder of the
soil functions is important to understand the total impact of the farming
systern. A comprehensive review of all of the goil functiens is beyvond
the scope of a single review, and therefore in this review the focus was
on water related functions. However, the trade-offs between different
soil functions wnder NT should therefore be assessed in future reviews,
to see If the practice benefits some functions but disadvantages others.

7. Conelusion

The aim of this review was to investigate results from recent studies
of MT practices carried out in NW Europe and assess how they are af-
fecting the water purification and retention functons of the soil
Although the reviewed literature presented some conflicting findings
regarding the benefits and drawbacks of implementing NT practices,
there seems to be consensus on some characteristics relevant to these
soil functions. Cur analysis of the literature in this review paper allows
for the fellowing considerations and recommendations:

Firstly, the literature consistently demonstrates a beneficial effect of
reduced erosion rates under NT practices. Decreased soil loss from
agricultural fields has the potential to decrease sediment Joads amd
particulate P inputs to water bodies. Nevertheless, the losses of bioa-
vailable DRP is likely to increase under NT, and the effect on other soil
properties like hydraulic conductivity, infiltration and water helding
capacity I8 more uncertain, and more dependent on local site condi-
tions; this is an area that needs to be explored further in field in-
vestigations,

Secondly, there is a consensus that NT does not reduce N leaching,
unless combined with a cover crop. The potential of cover crops in
reducing N leaching is greater than for reducing P due to the [aster
uptake of M by both crops and cover erops. However, the effect varies
largely with the type of crops, soil type and climatic conditions.

Thirdly, cover crops are important in enhancing the performance of
NT and In reducing potential limitations. It 1s therefore Important to
conduct detailed assessments of the soil and local conditions before
introducing new farming practices. The addition of cover crops to NT
gysterns 18 mostly beneficial (e.g. by proteciing the sofl surface from
erosion, reducing M leaching, creating better habitat for biodiversity
like earthworms, mitigating compaction damage of the top soil amd
suppressing weeds), but the type of cover crops is important. Root and
canopy characteristics vary largely between species, and when estab-
lishing a cover crop the farmer should consider the specific challenges
and needs for that particular soll (e.g. a cover crop with fine branched
roots to protect the top soil from erosion, or thick and deep roots to
mitigate problems with topsoil compaction). However, enrichment of P
near the sofl surface increases the rlsk for DRP losses and increased
organic matter in the top soil may further enhance the desorption of
Phosphate, representing a trade off between the mitigation of PP losses
by erosion and leaching of DRP from dead and damaged plants.

Fourthly, there is no consensus that NT can increase water retention
since this effect is highly dependent on soil texture, climatic conditions
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and ather management factors. NW Europe faces particular challenges
as the weather conditions can make the implementation of NT practices
mare difficult. Instead of having a water deficit, which is often the case
in the countries where NT is more widespread, the climate is bath
colder and wetter through large parts of the vear, As climatic factors are
Important to field operations and crop establishment, there is sdll a
need for further assessment of the practice in NW Europe conditions
and considering the impacts under future climate change scenarios. The
contribution af NT practices (o achieve WFD water management ob-
Jectives in NW Europe is still uncertain and more research is required to
understand the trade-offs between different soil functions under KT in
different contexts.

Author contributions

The authors have no competing interests to declare. All authors
conceived the idea and contributed to the planning, K5 undertook the
literature searching and analysis and lead on the writing. All authors
contributed critically to the drafts and gave final approval for pub-
lication.

Acknowledgements

This research s part of a PhD project funded by the Environment
Agency (UK) and the University of Gloucestershire {UK). The Authors
would also like to thank Johanna Anderson for her assistance with
appropriate databases and the literature search design.

Appendix A, Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.orgs/10.1006/.561,2019.01,.004,



6 Paper 11

Impact of no-tillage on water purification and retention functions of

soil
Skaalsveen, K. and Clarke, L.

Abstract:

There are still uncertainties regarding the long-term impact of no-tillage farming practices on
separate soil functions in the United Kingdom. This paper aimed to evaluate the chemical and
physical processes in two different agricultural soils under no-tillage and conventional
management practices to determine their impact on water related soil functions at field scale in
the United Kingdom. The field-scale monitoring compares two neighbouring farms with
similar soil and topographic characteristics; one of the farms implemented no-tillage practices
in 2013, while the second farm is under conventional soil management with mouldboard
ploughing. Two soil types were evaluated under each farming practice: (1) a free-draining
porous limestone, and (2) a lime-rich loamy soil with high silt and clay content. Field
monitoring was undertaken over a 2-year period and included nutrient analysis of surface and
sub-surface soil samples, bulk density, soil moisture, infiltration capacity, surface runoff and
analysis of Phosphorous and suspended solids in watercourses in close proximity to the test
fields. The conversion to no-tillage changed the soil structure, leading to a higher bulk density
and soil organic matter content and thereby increasing the soil moisture levels. These changes
impacted the denitrification rates, reducing the soil Nitrate levels. The increased plant material
cover under no-tillage increased the levels of soil Phosphate and Phosphate leaching. The
extent to which soil functions were altered by farming practice was influenced by the soil type,
with the free-draining porous limestone providing greater benefits under no-tillage in this
study. The importance of including soils of different characteristics, texture and mineralogy in
the assessment and monitoring of farming practice is emphasised, and additionally the between
field and in-field spatial variability (both across the field and with depth), highlighted the
importance of a robust sampling strategy that encompasses a large enough sample to effectively

reveal the impact of the farming practice.
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Farmers are reliant on soil health to maintain and improve their productivity, they are
therefore constantly looking to develop and improve their practice to suit the local
conditions and to increase yield. This constant evolving of farming practices to changing
conditions (Cock et al. 2011; Scoones and Thompson 1994) has formed the basis of farming
innovation that is led by the farmers themselves (Cock et al. 2011), but formal information
from research also has an important role in improving and developing aspects of the
agricultural landscape (Hall 2005). Intensive farming practices such as conventional tillage
(CT) farming with moldboard ploughing is beneficial for weed supression and plant growth,
as loosening and inverting the soil causes a higher degree of oxidation and mineralization
transitioning nutrients to plant available forms. These processes can, however, lead to an
exelerated breakdown of organic compounds (Balesdent et al., 2000) and make the soil more
vulnerable to erosion, also as it is left bare and unprotected by plant material (Lundekvam,
2007, Vogel et al., 2016). This has led to an increase in the uptake of alternative and less
intensive farming practices to reduce the frequency of soil disturbance to avoid long term soil
degradation by erosion and soil organic matter (SOM) losses, and to maintain soil fertility
and the environmental functions of the soil (Reicosky 2015). Soil resources are multi-
functional and have an important role in providing a wide range of regulating and production
functions crucial to ecosystems (Greiner et al. 2017). These soil-based ecosystem services are
often referred to as ‘soil functions’ (Schulte et al. 2014; Dominati et al. 2010) and are multi
functional; the soils’ ability to deliver these different functions vary with variables such as

soil properties, climate and management practices. The dynamics between them are complex
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and farming practices can have a positive effect on some soil functions, while negatively

impacting others (Valujeva et al. 2016).

No-tillage (NT), also referred to as “zero tillage” or “direct drilling”, is a low disturbance
farming practice without soil inversion (Townsend et al. 2016), and is often carried out in
combination with other management practices such as crop residues, cover crops and
different crop rotations (Brooker et al. 2015; Doring et al. 2005; De Baets et al. 2011;
Skaalsveen et al. 2019; Sharma et al. 2018; Unger and Vigil 1998). NT practices are
becoming more widely used in farming and are often considered to enhance soil functions
and soil structure (Skaalsveen et al. 2019; Bertrand et al. 2015; Crotty et al. 2016). Studies
indicate that NT has a particularly positive effect on the soil water purification and water
retention function as the accumulation of SOM in the topsoil improves the aggregate stability
of the soil (Teasdale 2007); which is an important soil structure variable, impacting the
resistance to erosion and compaction (Urbanek et al. 2014) and reducing soil and nutrient
losses from agricultural fields to water bodies by soil erosion (Schoumans et al. 2014; Mhazo
et al. 2016). However, supporting evidence from sites within north western Europe is still
limited and more research is required to fully understand the relationships (Skaalsveen et al.
2019; Soane et al. 2012). In particular, knowledge about the effect of soil management
practices on separate soil functions is necessary to understand potential trade-offs between
functions (Valujeva et al. 2016) and to what extent, and under what conditions, NT farming

can be seen as a sustainable soil management option.

Soil type and climate are two of the most important factors influencing farmers’ decisions
relating to the type of tillage practice implemented. Alskaf et al. (2020) and Powlson et al.

(2012) found that the principal reason for the lower conversion to NT across north western

65



Europe than in the Americas and Australia, where the practice is more widespread, is the
build-up of grass weeds, crop disease problems and soil compaction that seems to occur with
more temperate climates. NT is primarily practiced in areas with calcareous clay soils in the
United Kingdom (UK) because they self-mulch as a result of wet-dry and freeze-thaw cycles
which produces good tilth in a way that does not occur with other soil types (Powlson et al.
2012). Additionally, these soils tend to be associated with good drainage and naturally stable
structure that is most suited for reduced tillage (Davies and Finney 2012). In drier areas of the
UK clays are more suited for reduced tillage practices as free draining loams tend to over-
compact (Carter 1987; Davies and Finney 2012), the latter are suitable soils in wetter areas of
the UK resulting from higher SOM contents that provide higher soil stability (Davies and

Finney 2012).

When evaluating the impact of a change in farming practice timescale has to be considered;
both in terms of frequency of data collection and ensuring that enough time has occurred
since the implementation to allow process change to occur. Peukert et al. (2013) suggested a
time lag of at least five years from starting an experiment to seeing the outcome; this is
somewhat problematic as scientific projects often have a shorter life span. The spatial scale
that monitoring is undertaken at is also an important consideration. Operational on-farm
experiments are important as factorial experiments might not predict the performance of the
whole system and lead to incorrect conclusions. The on-farm approach has the advantage of
studying systems that are realistic in terms of scale, management practice and constraints
faced by the farmer (Drinkwater 2002). Depending on the characteristics of an area the
impact of change can vary between farms and therefore when evaluating changes to farming
practice care must be taken when applying results from one farm to another (Maillard et al.

2017; Pribyl 2010).
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There are several factors that need to be taken into account when considering scale related to
the farm management (e.g. historical management of the farm), human factors (i.e. different
farming ‘styles’ and timings of different farmers), abiotic factors (local weather and
topography), underlying geology, soil type (texture, organic content, particle fraction size and
soil depth) that affect the properties (soil structure, hydraulic conductivity, water retention,
water infiltration and soil erodibility) and the vegetation cover. Additionally, within field
variations in soil properties can also be significant and often poorly understood (Paukert et al.
2013). The spatial variation on a field level is normally explained by a single factor such as
soil characteristics or local pest outbreaks, while factors like management and weather
conditions are constant over the whole field and more important when comparing between

management units (Cook et al. 2011).

This paper aims to evaluate the chemical and physical processes in two different agricultural
soils under different management practices (NT and CT) to determine their impact on water
related soil functions at field scale. In our study we focus on the slow response variable of
soil structure, and therefore an operational research method makes sense in this context as we
benefit from collecting samples from well-established farms which have practiced the same
system for a long enough time period to reach a steady-state condition that is more
comparable (Drinkwater 2002), while starting up a new experiment would be challenging and

affect the reliability of the results with a data collection period of only a couple of years.

The objectives are as follows:
(1) To compare soil physical and chemical variables and the water infiltration and

retention functions of soils under different farm management practices (NT and CT);
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(2) To determine the influence of different soil types on the benefits and drawbacks of the
different farm management practices on soil functionality;
(3) To compare the spatial and vertical variability of soil physical and chemical variables

in fields of different soil types and management to determine the in-field variability.

Methods and Materials

Study Site The research was undertaken at Bredon Hill (52°03'37" N, 2°03'46" W) in
Worcestershire in the UK (figure 1). The area is an outlier of the Cotswold escarpment and
has a maximum elevation of 299 m (981 ft), average annual temperature of 9.7°C (49.5°F)
and annual precipitation of 660 mm-1 (25.9 in-1) (Climate-data 2019). The upper elevations
are formed of the Birdlip Limestone Formation, associated with Cotswold Brash soils
(Calcaric Endoleptic Cambisols (Cranfield University, 2020; IUSS, 2007)) typified by its
high content of free-draining porous limestone (up to 50% of the soil volume) and shallow
depth, while the lower elevations consist of the Charmouth Mudstone Formation, associated
with lime-rich loamy soils (Calcaric Stagnic Vertic Cambisols (Cranfield University, 2020;
IUSS, 2007)) with a medium to high silt content and the presence of calcareous Jurassic clays
which have low permeability and are exposed to water logging (British Geological Survey

2018).
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Figure 1. Study site location in Bredon Hill, Worcestershire, UK (outlined by red box).

Experimental Fields The monitoring was undertaken at two neighbouring commercial farms
that had similar soil types (one field of Cotswold Brash and one field of lime-rich loamy soil
assessed at each farm) and topographic conditions; one that used CT and the other converted
to NT with direct drilling in 2013. Measurements were carried out from 2018 to 2019, with
detailed sampling undertaken in Spring (April and May) and Autumn (September and October)
of 2018 and the Spring (April and May) of 2019 to coincide with periods of crop changeover
on the two farms. To account for the distinctive soil boundary in this area, the sampling strategy
consisted of four fields with one field of each soil type at each of the farms. A comprehensive
grain size distribution analysis was carried out with nine samples from each field consisting of
soils from 0 to 50 cm (0 to 19.7 in) depth that were analysed by a Malvern Mastersizer range

particle size analyser.

Tillage Treatments The NT farm implemented direct drilling in 2013 after a transition period

of reduced tillage from 2004, these practices included crop protection by crop residue
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management and cover crops (occasionally grazed off by sheep). The CT farm cultivates the

soil by mouldboard ploughing but transitioned to minimum tillage in 2017 in the lime-rich

loamy field (CT-C).

The four monitoring sites were as follows:

1)

2)

3)

4)

NT-S: NT farming practices on Cotswold Brash (10 to 13% clay (<0.002 mm), 26 to
36% silt (0.002 — 0.063 mm), 3 to 13% sand (0.063 — 2 mm) and approximately 50%
coarse fragments (>2 mm)) with pH = 8.1. Farming practices included: direct drilling,
cover crops and soil cover by crop residue with wheat and oil seed rape rotation (forage
turnips grazed by sheep Autumn 2017). Average slope: 6.1%. Aspect: Southeast facing
slope.

NT-C: NT farming practices on lime-rich loamy soils (27 to 33% clay (<0.002 mm),
50 to 65% silt (0.002 — 0.063 mm), 7 to 22% sand (0.063 — 2 mm) and no coarse
fragments (>2 mm)) with pH = 6.9. Farming practices included: direct drilling, cover
crops and soil cover by crop residue with wheat and peas rotation. Average slope: 0.6%.
Aspect: South facing slope.

CT-S: CT farming practices on Cotswold Brash (11 to 14% clay (<0.002 mm), 25 to
30% silt (0.002 — 0.063 mm), 8 to 14% sand (0.063 — 2 mm) and approximately 50%
coarse fragments (>2 mm)) with pH = 8.1. Farming practices included: Mouldboard
ploughing with spring barely rotation (forage turnips grazed by sheep Autumn 2018).
Average slope: 12.8%. Aspect: Southwest facing slope.

CT-C: CT farming practices on lime-rich loamy soils (26 to 31% clay (<0.002 mm), 56
to 64% silt (0.002 — 0.063 mm), 7 to 13% sand (0.063 — 2 mm) and no coarse fragments
(>2 mm)) with pH = 8.1. Farming practices included: Mouldboard ploughing with
recent transition to minimum tillage with wheat, oil seed rape, wheat and beans rotation.

Average slope: 5.7%. Aspect: Southwest facing slope.

Field and Laboratory Methods The following variables were measured during the monitoring

period. All measurements are recorded in metric units, where 10 cm is equal to 3.9 in.

Water Infiltration The infiltration rate (i.e. the speed at which water enters the soil) of

each of the fields was measured using a double-ring infiltrometer. This was conducted at a

single location in each field and in both the north-western and south-eastern end of NT-C, in

Spring 2018, Autumn 2018 and Spring 2019.
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Soil Organic Matter (SOM) and Soil Moisture Soil samples for SOM and soil moisture
were collected monthly from two depths (0 to 10 cm and 10 to 20 cm) at nine sampling
locations in the NT fields from 2015 to 2017. During the more detailed sampling regime in
2018 and 2019 soil samples were collected from nine sites in all fields, except CT-C where
they were collected from six sites, and from five depths (0 to 10 cm, 10 to 20 cm, 20 to 30 cm,

30 to 40 cm and 40 to 50 cm).

SOM was calculated using the loss-on-ignition method where the dry sample was burned at
55001C (1022[1F). To determine the soil moisture, the water content was determined by oven-
drying 5 g of wet sediment sample at 105[1C (2211JF) and recording the difference in weight

between the wet and dry sample.

Bulk Density Bulk density (i.e. the weight of soil in a given volume) samples were
collected in Spring 2018, Autumn 2018 and Spring 2019 from three locations on each field
(only two from CT-C) and from two depths at each location (surface: 0 to 10 cm and sub-
surface: 15 to 25 cm). The sampling was carried out by the excavation method which was more
suited for soils with a high content of rocks or gravels (such as the Cotswold Brash) than the
standard core method. This consisted of digging a hole in the soil and sieving out all material
greater than 2 mm (0.08 in) in size, the volume of the pit was measured by lining it with plastic
wrap, placing the sieved rocks and gravel back inside and adding water from a syringe. The
water volume was then recorded and the soil samples were oven dried and weighed in the
laboratory and the following equations applied:

Soil bulk density (g/cm3) = weight of oven-dried soil / volume of soil

Soil water-filled pore space (%) = (volumetric water content x 100) / soil porosity

Volumetric water content (g/cm3) = soil water content x bulk density

Soil porosity (%) = 1 — (soil bulk density / 2.65)

Soil Nutrients Soil nutrient samples were collected using the same sampling strategy
as outlined above. Ammonia (NH3) and Nitrate (NO3) samples were extracted by shaking the
soil sample with a 2M KCI solution, filtering and analysing by the use of a continuous flow
AA3 Seal AutoAnalyzer with a colorimetric determination of dissolved nutrients. The soil
orthophosphate (PO43-) was extracted by the Olsen P method, filtered and analysed by the

colorimetric method (molybdate) with a spectrophotometer.
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Stream Water Quality Water samples were collected from ten sampling locations in
March and May 2018. The streams were running through or downstream of the two farms (five
sampling locations per farm) and sampling took place in March and May 2019 after longer
rainfall events to make sure that there was enough water in the smaller streams during
sampling. The samples were filtered by a 50 ml plastic syringe (sterile) with filter attachment
containing a cellulose Nitrate filter (0.45 ['m). The Phosphate (PO4) and Phosphorous (P)
analysis were carried out by the University of Exeter using a Seal Analytical AutoAnalyzer (4
Channel Serial) providing the Total Phosphorous (TP) and Dissolved Reactive Phosphorous
(DRP).

Statistical Analysis Rstudio (version 1.1.463) software was used for statistical analysis
of the data. A nested ANOVA was carried out for variance analysis of the different variables
nested within the different fields within the farming practices (e.g. for differences in
concentrations of SOM and nutrients with sampling depth for each practice or soil type). A
one-way ANOVA was used for the variance analysis of within-field values, and a Tukey
multiple pairwise-comparison analysis was carried out to compare values between fields.
Pearson’s correlation tests were carried out for correlations between variables, while Principle
Component Analysis (PCA) was used to determine the variance and find the quality of

representation of different variables.

Results and Discussion

Farming Practice: Comparison of No-tillage (NT) and Conventional Tillage (CT) Farming
SOM levels are an important indicator for soil structure and aggregate stability (Schoumans et
al. 2014; Mhazo et al. 2016; Teasdale 2007), and Kreiselmeier et al. (2019) found higher
temporal stability of soil structure and comparably lower transmission (water movement) but
more retention (storage pores) under NT than under reduced tillage and CT. This meant that
the soil structure of NT was more resilient to erosion with regards to precipitation extremes
than under CT, with comparably low bulk density and high porosity favouring rapid infiltration
(Golabi et al., 1995). In this study, there were no significant differences between the bulk
densities of the two practices (NT vs. CT) (p > 0.05), but there were significant differences
between separate fields. The bulk density of CT-C (with the lowest mean bulk density) was
significantly lower (p < 0.05) than of NT-C (table 1). This reflected the higher compaction of

topsoils that often occur under NT as it is not loosened with a plough as under CT.

72



Table 1. Structural properties of the four test fields measured in Spring 2018, Autumn 2018 and Spring

2019.
Volumetric
Bulk Soil Soil water water Soil water- | Infiltration
Density porosity content content filled pore rate
Date Field | (g/cm3) (%) (g/g) (g/cm3) space (%) (mm/min)
1.03
CT-C 0.61 0.25 0.26 42.4 T
(£0.127)
1.28
NT-C 0.52 0.24 0.31 60.1 0.35
Spring (£0.121)
18 1.51
CT-S 0.43 0.18 0.27 63.4 0.50
(£0.294)
1.17
NT-S 0.56 0.21 0.24 43.4 1.4
(£0.199)
1.03
CT-C 0.61 0.26 0.27 43.6 0.40
(£0.128)
1.37
NT-C 0.48 0.27 0.37 76.7 0.35
Autumn (£0.141)
18 1.31
CT-S 0.51 0.17 0.23 44.6 0.80
(£0.246)
1.32
NT-S 0.50 0.24 0.32 63.1 1.5%
(£0.157)
1.14
CT-C 0.57 0.22 0.25 43.8 0.40
(£0.087)
1.27
NT-C 0.52 0.22 0.28 54.3 0.50
Spring (£0.173)
19 1.22
CT-S 0.54 0.19 0.23 423 0.70
(£0.131)
1.03
NT-S 0.61 0.22 0.23 37.1 1.0
(£0.262)

*Unstable and rapid infiltration (flow did not properly stabilise).

TNot possible to record any accurate infiltration measurements as the field was extremely dry

and contained large cracks which the water flushed through.
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The Tukey multiple pairwise-comparisons showed that significant differences in SOM only
occurred between NT-S and the three other fields (with significantly higher SOM levels (p <
0.001) in NT-S), while no significant difference was found between NT-C, CT-S and CT-C
(figure 2). The mean SOM level of NT-S was 9.2 %, while the lowest mean SOM level of 7.1%
occurred at CT-S.
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Figure 2. Soil organic matter (SOM) levels at (a) NT-S, (b) CT-S, (c) NT-C, and (d) CT-C at different
depths sampled (represented by the different colours, key provided below) from Spring 2018 to Spring

2019 showing mean values and 75% confidence intervals.

Higher soil moisture levels are often expected under NT as the crop residue and soil structure
reduce the evaporation from the field, thus the total ecological respiration tends to respond
more intensely to rainfall events under CT than NT (Chi et al. 2016). The soil water-filled pore
space from our study agreed with this (table 1), with NT fields (mean value: 55.8%) higher
than CT fields (mean value: 46.7%). This ability to retain soil moisture is an advantage in soils
exposed to drought. NT was originally developed to conserve moisture during a drought period
in Central and South America (Kassam et al. 2012; Lahmar 2010); as shown with our study
where soil retention was higher in NT fields following a water scarce period in summer 2019

(average values for soil water-filled pore space: NT = 69.9%, CT = 44.1%).
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Nevertheless, high soil moisture content can be a challenge in areas with a wetter climate and
can restrict the window of opportunity for field operations and increase the risk of soil
compaction. This was supported by other studies that found poorer soil structure and higher
compaction in NT fields compared to CT (Peigné et al. 2009; Peigné et al. 2013 Franzluebbers
et al. 1995). There can be temporal variability in bulk density values (Wuest 2015) and
Franzluebbers et al. (1995) found differences in bulk density values between CT and NT with
large seasonal dependence. The largest variation was found under CT as the bulk density
decreased due to tillage but increased with time after tillage to the level of NT resulting from

densification processes, causing more changes in the physical condition of the CT soil.

In our study, elevated bulk density values were found in the two NT fields during Spring 2018
(table 1). In an American study where the relationship of bulk density and water table depth
with soil properties were compared at 16 study sites, Logsdon (2012) found a negative
correlation between volumetric water content and bulk density, but mainly on dry dates and
not wet dates. This is one possible explanation for the elevated bulk density values found in
the two NT fields in November 2018 (table 1) as these fields retained a higher level of the soil

moisture over what was an extended period of dry conditions (Summer 2018).

There was an increase in the NO3 concentrations in the two CT fields (figure 3). The Nitrogen
(N) cycle is complex and a number of conditions determine the forms of N, such as the amount
of fertiliser applied by the farmer. However, other likely explanations for the lower NO3
concentrations in the NT fields was that denitrification processes often increase with higher
SOM levels, meaning that NO3 was reduced to gaseous forms of N (primarily N20O and N2)
by microbes. Denitrification was also a likely outcome of anaerobic conditions as a result of
high soil saturation or increased bulk density (due to less aeration). This has been confirmed
by earlier studies (Constantin et al. 2010; Rochette 2008) that demonstrated increased N2

emissions under NT management.
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Figure 3. Mean values with 75% confidence intervals of (a) soil organic matter (SOM), (b) Nitrate
(NO;), (c) Ammonia (NH;) and (d) Phosphate (PO.”) for the four fields (shown on the left) and plotted
temporally between Spring 2018 and Spring 2019 (shown on the right).

No significant trends were found for the NH3 concentrations between practices (figure 3),
while the highest concentrations of soil PO43- were found in the NT fields (NT-C =4.86 mg/L
and NT-S = 3.68 mg/L), with the lowest level at CT-C (2.50 mg/l). The concentrations
measured at NT-C were significantly higher than for all three of the other fields (P < 0.001)

and there were significant differences between soil PO43- concentrations for all of the
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combinations of fields apart from between NT-S and CT-S. The increased soil PO43- levels
under NT was probably a result of the increased input of plant material and crop residues under
this practice, this increased the TP and organic P concentrations which in turn can increase the
activities of phosphatase, which is the mechanism that makes P available to plants (hydrolysed
into PO43-) (Wang et al. 2011). However, other scholars have found that the most important
effect of different tillage practices on soil P is the stratification to the topsoil layer resulting
from crop residues, fertilisation and the lack of mixing (Tracy et al. 1990), so the increased
overall PO43- levels in this study was also a likely result of differing fertilisation regimes

between the farms.

With regards to the water samples, there were higher levels of total P downstream of the NT
fields (mean: 0.547 mg/L) than those collected downstream of CT (mean: 0.166 mg/L) shown
in figure 4a, however, this was partly caused by a highly elevated concentration at the O2 (NT)
sampling location in March 2019 (3.699 mg/l). The difference between the streams
downstream of NT and CT fields was greater for DRP concentrations (NT = 0.188 mg/L, CT
=0.0316 mg/L) shown in figure 4b. The concentrations of TP and DRP were generally higher
in May (Summer-time) than in March (Spring-time), probably as a result of elevated water

discharge during the sampling in May causing a dilution effect.

a) b)
Mar-19 © Mar-19 ©
May-19 © May-19 ©
CT NT CT NT
0.4 - =
0.3 -
03 -
~ N _
5 3 o 9
= ‘ S 02 “k
a 02 o Ot =
5 . © 3
= @
0.1 o ) L 0.1 7 B
0. .
oo+ ° © - 004 © o e @ ° o
T T T T T T T T T T T T T T T T T T T T
KID K& Kr ki Kb O1 02 O3 O42 G5 KI0O K6 K7 K8 Ko ©O1 02 03 04 O5
Sample Sample

Figure 4. Concentrations of (a) Total Phosphorous (TP) and (b) Dissolved Reactive Phosphorous
(DRP) in water samples collected from streams in close proximity to the no-tillage (NT) and

conventional tillage (CT) farms in March (blue) and May (pink) 2019.
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The P loss potential can vary both with soil type and practice (Li et al. 2019). Previous research
has analysed the differences in P inputs from different farming practices and found that the
decreased erosion rates expected under NT (with more soil protection) also reduced the TP
inputs to downstream waters as a large fraction of the total P is bound to particles (Svanbéck
et al. 2014; Ulén and Kalisky 2005; Ulén et al. 2010; Schoumans et al. 2014). However, studies
have also found that the concentration of DRP can increase downstream of NT fields, in
accordance with the findings in this study, which can therefore have implications on the water
quality as this form of P is highly reactive (Ulén and Kalisky 2005; Ulén et al. 2010;
Schoumans et al. 2014). Increased DRP concentrations by the NT fields can be a result of
leaching through vertical water movement through the soil (Daniel et al. 1994) and then
entering watercourses via tile drainage (Ulén et al. 2010). The increased risk of DRP losses
from NT fields can be explained by the increased enrichment of nutrients in the topsoil under
this practice (Taylor et al. 2016) and releases of DRP from the plant material that is
accumulated on the soil surface (cover crop and crop residues) (Ulén et al. 2010). The elevated
concentrations of soil PO43- found in the NT fields compared to the CT fields was also a likely

contributor to the higher values of P in the water samples downstream of these fields.

Similar patterns as found for P were also true for N, and in a long-term field experiment Autret
et al. (2019) compared different farming practices and found that NT had the highest C and N
storage potential, but the absence of tillage did not reduce NO3 leaching. Cover crop
destruction and decomposition during autumn and winter increased the soil mineral N in this
system. This was in accordance with Himanshu et al. (2019) who used a hydrological model
in an Indian watershed and found higher nutrient losses, but lower sediment concentrations

under NT.

Soil Type In this study, the only significant difference between soil moisture values was found
between NT-S and NT-C (P = 0.0224), with the mean soil moisture values highest at NT-S
(20.3%) followed by CT-C (20.0%), and the lowest mean soil moisture level was at CT-S
(15.4%, significantly lower than the three other fields: P < 0.001). An important difference
between the NT and the CT fields was that the soil moisture distribution in the soil profile was
different (figure 5) as the NT-C field did not show the same declining trend with depth as in
the rest of the fields, while NT-S showed the greatest soil moisture gradient resulting from

much higher moisture content in the topsoil.
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Figure 5. Soil moisture levels at (a) NT-S, (b) CT-S, (c) NT-C, and (d) CT-C at different depths
(represented by the different colours; key provided below) sampled from Spring 2018 to Spring 2019

showing mean values and 75% confidence intervals.

There was a significant difference in bulk density between fields (P < 0.05), but not for the
different sampling depths (surface and subsurface) nested within the fields (P > 0.05). Although
there was no significant difference between the practices (P > 0.05), there was a significant
difference between the different soil types nested within the different practices (P < 0.05). The
lowest mean bulk density was found in the topsoil of NT-S (mean: 1.04 g/cm3), that might
partly be explained by the elevated levels of topsoil SOM in this field (figure 2) compared to
the three other fields (Behrends Kraemer et al., 2019). However, the variation was very high
within this field and the subsoil bulk density was markedly higher (1.31 g/cm3) meaning that
the soil is more compacted at greater depths in this field. Both the highest and the lowest SOM
levels were found in the Cotswold Brash fields (figures 2 and 3a). There was a large variation
between the two lime-rich loamy fields with higher compaction in the NT field than the one of

CT (table 1).
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The suitability of NT is highly related to soil type and soil characteristics such as drainage and
structural properties (Soane et al. 2012). Cannell et al. (1978) devised a three-tier classification
system for UK soil types based on their suitability to NT; Calcareous self-mulching clays
derived from limestone or chalk were considered to be one of the most suitable soil types, while
undrained clay soils with poor structure were found to be unsuitable for this practice. Therefore,
Alskaf et al. (2020) reported that in their study low disturbance farmers (reduced tillage) were
forced to plough their heavy clay soils during wet years to help drainage. The potential
challenges associated with water logging under low disturbance practices in a wet climate
clearly showed the importance of climatic factors for the suitability of different farming
practices, in addition to soil types. The higher bulk density found in NT-C (table 1) could be a
result of a combination of the soil type, poor structure and low drainage. The lime-rich loamy
fields in this study cracked during the dry summer months (especially during 2018 when the
region underwent severe water deficit), which has been suggested as another factor that can
degrade the soil structure by reducing the aggregate stability (Behrends Kraemer et al. 2019)

and therefore increase the risk of compaction.

Chi et al. (2016) found higher correlation between soil moisture and C under NT than CT and
suggested that soil disturbance could be a possible explanation, where disturbance under CT
break the C water connections. The highest correlation between SOM content (directly related
to the C content) and soil moisture in this study was found in NT-S, however, overall these
findings contradict the findings of Chi et al. (2016) as the soil type had a more significant
influence than farming practice, with similarly high correlations between SOM and soil

moisture in the Cotswold Brash field under CT.

The highest mean NO3 level was found at CT-S (14.3 mg/L) that was significantly higher than
all the three other fields (P < 0.01), the lowest was NT-S (10.8 mg/L) and the two lime-rich
loamy fields had very similar concentrations (NT-C = 11.1 mg/L, CT-C = 11.0 mg/L) (figure
3). There were no significant differences between the latter three. The NH3 content was
significantly higher (P < 0.05) at CT-S (mean concentration of 3.79 mg/L) than the three other
fields. The lowest mean level was found at NT-C (2.51 mg/L).

For the SOM and NO3, the lime-rich loamy fields under CT and NT had similar concentrations

and patterns (figure 3). There was an overall positive correlation between SOM and soil NO3,
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but this correlation was not evident when comparing between fields as there was an inverse
relationship between the SOM and NO3 levels, meaning that the fields with the highest SOM
levels also had the lowest NO3 levels. In contrast, the PO43- concentrations were similar for
the two Cotswold Brash fields and there was a greater variation between the two lime-rich
loamy fields (figure 3). One possible explanation was the differences in pH between these
fields, as the NT field had much lower pH (6.9) than the CT field (8.1), while the Cotswold
Brash fields both had pH value of 8.1. Soil P cycles in various forms, both organic and
inorganic, and PO4 is the plant available form, and the soil pH is one of the determining factors
for P availability. The lower pH of the NT lime-rich loamy field was more suited for P
availability than the more alkaline pH found in the three other fields due to fixation by
aluminium, calcium or iron, partly explaining the differences in PO43- levels between the two

lime-rich loamy fields.

The NO3 form of N is crucial for plant growth but can cause pollution if leaching to ground-
or surface-waters. The degree of NO3 leaching varies with soil type, geomorphology and
groundwater level (affecting oxygen concentrations and therefore denitrification losses), land
use (affecting organic C contents and therefore denitrification), precipitation surplus (oxygen
levels) and root depth (decreasing root depths increase the risk of leaching) (Velthof et al.
2007). Additionally, fertiliser applications (excess amounts are more likely to leach) and the
retentive properties of the soil that are depending on soil texture, SOM and cation exchange

capacity (Gaines and Gaines 1994) can influence NO3 leaching.

The infiltration capacity of the soil depends on the porosity, which differs from one soil to
another; loose sandy soils are associated with high infiltration rates, while heavy clay or loam
soils often have smaller infiltration capacities. The lowest infiltration rates were found at NT-
C (table 1), but readings were challenging during the spring because of crack formations in the
soil (in both NT-C and CT-C). Low infiltration rates can contribute to increased NO3 leaching
as increased surface runoff is an important contributor to water pollution by NO3. Erosion is
however a lesser problem, in contrast to P losses, as N is more soluble than P and therefore

more often transported with water than with particles.

Gaines and Gaines (1994) found that soils with higher levels of clay, silt and SOM retained
more NO3 than more sandy soils. Often the amount of N added by the farmers exceeds the

amount that is taken up and removed by harvesting of crops and grazing by animals, leading
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to a N surplus that can be immobilized by the soil or lost to the environment through leaching
or emissions (Galloway et al. 2003; Sutton et al. 2011). Velthof et al. (2007) found that
parameters that increased the risk of N surface runoff were the weather conditions (heavy
precipitation, snowmelt etc.), soil conditions (infiltration rates), fertilizer inputs, type of
vegetation and length of growing season, type of tillage and slope steepness. The steepest fields
in this study were the Cotswold Brash fields, but the rapid infiltration rates at these two fields
were likely to prevent most of the NO3 surface runoff. However, NO3 leaching was more likely
in these fields than on the poorly drained wet soils, but fields of high SOM content (NT-S)

increases denitrification and can therefore decrease NO3 leaching.

Significant NH3 losses in the form of volatilization and gaseous emission is an important
contributor to the overall N losses and occur especially after application of animal manure or
mineral fertilizer applications to agricultural fields (Oenema et al. 2007). The elevated
concentrations of NH3 in NT-C and CT-S measured in May 2019 (figure 3c) was most likely
the result of sheep grazing in these fields in the Spring of that year.

In-Field Variations PCA analysis determined that the strongest quality representation related
to sampling depth (figure 6), contributing more than 30% of the first dimension of explained
variance. The correlogram showed a strong negative correlation with increasing sampling
depth and SOM, soil moisture, NO3 and PO43-, although there is no correlation between NH3
and soil depth. The differences with soil depth were significant in all four fields for SOM (P =
<0.001), NO3 (P <0.001) and PO43- (P <0.01), while significant for soil moisture in all fields
apart from NT-C for (P =< 0.001) and only significant for NH3 in NT-S and CT-C (P <0.01).
There were significant differences in SOM concentrations with time for all fields apart from
CT-C, where there was an increasing trend in the Cotswold Brash fields (particularly for NT-
S), while the values in NT-C experienced very little change over the sampling period. All
fields apart from CT-S had significant changes in soil moisture with time (P < 0.01) with a
declining trend particularly in the lime-rich loamy fields, probably as a result of the unusually
dry weather in this part of the UK during the monitoring period that led to a serious water
deficit. There were significant differences in NO3 concentrations with time within all the fields
(P < 0.05), with an increasing trend for the CT fields, while declining in NT-S. A similar
increasing trend was found for NH3 with significant differences in concentrations with time

for all fields (P < 0.001), while the changes in PO43- with time were significant (P < 0.05) for
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all fields apart from NT-S, increasing for the Cotswold Brash fields and slightly decreasing for
CT-S.
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Figure 6. Results of the correlations between Phosphate (PO43-), Nitrate (NO3), Ammonia (NH3), soil
organic matter (SOM), soil moisture content, soil depth and the four different fields (field): (a)
combined correlogram and significance test (insignificant values are left blank) and (b) the Principle
Component Analysis (PCA) chart showing the direction and strength of correlations based on the two

major principal components (Diml and Dim2).

Vertical Variability The correlation between SOM, soil moisture, NO3 and PO43-
with depth demonstrated by this study (figure 6) demonstrates the importance of considering
sampling depth when collecting soil samples, and also when reporting the data. Figure 7
illustrates how NO3 and PO43- concentrations vary as you move deeper in the soil in the two
Cotswold Brash fields (NT-S and CT-S), with a reduction in concentration as you move away
from the soil surface. Our results demonstrate that samples should be collected from several
depths, or as a mixed sample from the soil profile, as the distribution of nutrients varied with
depth and this concentration varied between sites and temporally; for example in CT-S the
highest concentrations of NO3 were at 10 to 20 cm depth during the 2018 sampling but at 0 to
10 cm depth in Spring 2019 (figure 7b), whereas the highest concentrations in NT-S were
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consistently found at 0 to 10 cm depth (figure 7a).

(a) (o}

ad
h
|

Mitrate (Ma/L)
(R S
[} o =
] ] ]
. - -
-
s

HE.

@ .T. |
15_iT i"r H I!iT ?lLI I
| I Te " L :
o ey %, Tégy | 7@ = L F
5 . L7 2= l:l.;. l*E
D_

(c) (d)

« - 0l - -
F - [

o
o -
.1

- I
-0 - -

Phosphate (Ma/L}
o
I
==
F----/N-----
HIIE - -
|
HIEH
I
1
a ] oo
] I
- I -

T
lT i
: 88 IID
i T
E 1 E 1!
2 485 n Oa n LE
L
D_
B 0-10cm
[=s] [=s] o o oo g B 0-20cm
— — — — — —
l | ' B 20-30cm
5 % & EIN :?J- & 30 -40 cm
= oy = = o = 40 - 50 cm

Figure 7. Soil Nitrate (NO3) concentrations in (a) NT-S and (b) CT-S and soil Phosphate (PO43-)
concentrations at (c) NT-S and (d) CT-S showing mean values and 75% confidence intervals at different

sampling depths (represented by the different colours, key provided below).

Spatial Variability The second strongest quality representation in the PCA related to SOM
levels, followed by NO3, while NH3 and soil moisture had the highest contributions to the
second dimension (Dim2) (figure 6). The highest variance within fields of both SOM (NT-S =
3.71, CT-S = 2.68) and NH3 (CT-S = 1.51 and NT-S = 1.28) were found in the two Cotswold
Brash fields, while the highest NO3 variance was found within the lime-rich loamy fields (NT-
C =4.88 and CT-C = 3.57). There were no such trends with soil type for the within field
variation of soil moisture or PO43-, but the largest heterogeneity was found within NT-C for

both soil moisture (4.47) and PO43- (12.86).
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The findings of this study demonstrate the importance of considering spatial sampling
intervals when collecting soil samples, and the significance of reporting on the sampling depth
and also spatial variability across fields. Figure 8 demonstrates the variability in NO3
concentrations across the four fields, there were a range of concentrations measured
depending on the spatial position in each field, with those under CT having the greatest
variance between sampling points (figures 8b and 8d). This highlights that one sampling point
per field was not sufficient to determine the situation across a whole field, let alone over
multiple fields that have different soil types, composition and management history. The
number of samples required to accurately represent the area depends on the soil type, field
size and the variable that is being measured. In accordance with other studies (Oorts et al.
2006; Hazarika et al. 2009; Ulrich et al. 2006) our results show that there was spatial variability
across the fields for all of the variables that we monitored, but these were distributed
differently dependent upon both soil type and farming practice, showing the absolute
necessity of designing sampling regimes that were collecting soil from several depths and field
locations. Soil analysis based on only one depth and one sampling location, as is often the
case for the analysis carried out for farmers themselves (which they use to inform their
management decisions), is problematic as it is revealing only a limited part of the in-field
complexity and might give an incorrect picture of the field conditions. Knowledge about the
soil heterogeneity of a field is crucial to determine the best location for sampling points, and

at what spatial interval they should be collected.
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Figure 8. Spatial plot of field sampling locations illustrating variations in the mean values of Nitrate
(NO3 in Mg/L) concentrations across the four fields: (a) NT-S (variance of 1.47), (b) CT-S (variance
0f 4.88), (c) NT-C (variance of 2.06) and (d) CT-C (variance of 3.57). The colour scale shows the range
of Nitrate values in general (to compare between fields), while the size scale specifies the actual range

that the field is within.

Summary and Conclusions

This study aimed to assess the impact of NT and CT on soil chemical and physical processes
and functions of two different soil types and determine their impact on water related soil
functions at a field scale, and to investigate the in-field variability. The effects of NT and CT
varied between the soil types and variance was often as high within the fields as between fields
of different practice. Interestingly, the variables were often more similar between soil types
although there were different farmers operating these fields that were using different farming

systems.

Our study reveals the following:
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1. The impact of NT on soil nutrients is complex. The increased plant material cover on
the soil surface under NT increased the levels of soil PO43- and led to the leakage of
plant available PO43- in surface runoff, thereby increasing the levels of P in
watercourses in close proximity to NT fields. However, the higher SOM and soil
moisture levels under NT can lead to higher denitrification rates and therefore reducing
soil NO3. There were no notable trends found in NH3 concentrations between NT and
CT.

2. The effect of NT on the SOM levels in this study are dependent on soil type, with higher
concentrations in the Cotswold Brash field, indicating that there could be higher benefit
in implementing NT on this type of coarse, free-draining, weaker-structured soil than
the finer, low permeability soils with a stronger structure.

3. The importance of including soils of different characteristics, texture and mineralogy
in the assessment of farming systems; highlighting the risk of applying ‘catch-all’
indicators and recommendations across soil types (Behrends Kraemer et al. 2019).

4. That consideration of spatial variability within fields, both horizontally and vertically,
needs to be made when designing the sampling regime for monitoring. Farmer
knowledge about the in-field soil conditions and heterogeneity could be particularly

useful for this.
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ARTICLE INFO ABSTRACT

Keywords: This paper draws on network science and uses a Social Network Analysis to improve our understanding of how
No-till the implementation of no-till in England is influenced by farmers' social networks. No-till is a low disturbance
Farmer networks farming practice with potential to benefit soil health, the aquatic environment and farm economy, but is cur-

SNA rently only implemented at a small scale in Europe. Interpersonal networks are important for farmers and in-
E:;‘:‘:ilz:ge exchange fluence farmer learning and decision-making and farmers often view each other as their main source of in-

formation. In this study, the social networks of 16 no-till farmers in England were mapped and semi-structured
interviews carried out to assess the link between farmer network characteristics and the implementation of no-
till in England. We also aimed to improve our understanding of the nature and extent of knowledge exchanged
within farmer networks and their spatial and temporal dynamics. Our findings suggest that intermediary farmers
had an important role in increasing the information flow and knowledge exchange between the different clusters
of the no-till farmer network. These intermediaries were also the biggest influencers as they were often no-till
farmers with a high level of experiential knowledge and viewed as important sources of information by other
farmers. No-till farmer networks were geographically distributed as the farmers preferred to discuss farming
practices with similar minded no-till farmers rather than local conventional farmers who did not understand
what they were trying to achieve. Therefore, online communication platforms like social media were important
for communication. We question the role of formal extension services in supporting farmers with innovative
practices like no-till and suggest that advisors should strive to improve their understanding of these well-de-
veloped information networks to enable a more streamlined and efficient information diffusion.

1. Introduction

The Agricultural Innovation Systems (AIS) approach regards in-
novation as the result of a process of networking and interactive
learning amongst a heterogeneous set of actors (Hall et al., 2003; Hall
et al., 2004). This framework captures the diverse networks of widely
distributed actors and learning pathways that have emerged with a shift
toward more demand-driven and market-oriented extension. These
networks have been studied from multiple perspectives examining, for
example: their interaction with innovation support services in the AIS
(Brunori et al., 2013); their role in diffusion (Wu and Zhang, 2013), or
translation of innovations through actor networks (Gray and Gibson,
2013; Schneider et al., 2010) the influence of intermediaries and bro-
kers (Cerf et al., 2017; Cvitanovic et al., 2016) and farmers' use of di-
verse networks seeking information and support (Klerkx and Proctor,
2013). However, less attention has been paid to the network of social

relations that surround farmers. Wood et al. (2014) notes “the business
of farming embeds farmers in influential relationships with an occu-
pationally diverse array of people”. The structure of these social rela-
tions is referred to as social networks and the characteristics of these
social networks potentially play a crucial role in the circulation of
knowledge within the AIS (Wood et al, 2014; Ramirez, 2013;
Cvitanovic et al., 2016).

Social networks have always been an important influence on farmer
learning and decision-making (Rogers and Kincaid, 1981). The role of
interpersonal networks, forged through discussion groups, farmer to
farmer ties, and peer-peer advice networks in facilitating learning has
been demonstrated in a number of studies (Isaac et al., 2007; Baumgart-
Getz et al., 2012; Schneider et al., 2010; Dolinska and d'Aquino, 2016).
Furthermore, meta-analysis has shown that farmer networks (both peer
to peer and with other actors) are more influential in sharing in-
formation than other more established factors, such as farmers' age and
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farm size (Ramirez, 2013; Baumgart-Getz et al., 2012; Prokopy et al.,
2008).

Learning is a social process and as such is bound up in network
relations (Lankester, 2013). The nature and extent of learning in net-
works is multi-faceted, however peer to peer learning is particularly
significant, as farmers often view other farmers as their main source of
advice: “valuing knowledge delivered by persons instead of roles”
(Wood et al., 2014, p. 1). Adoption and diffusion studies in agriculture
have consistently shown that one of farmers' most commonly cited
sources of information and ideas is other farmers (Oreszczyn et al.,
2010; Rogers, 2003). The ability of farmers to innovate and share their
own experiential learning, either with peers or more widely, is well
documented (Dolinska and d'Aquino, 2016; Munshi, 2004; Morgan,
2011; Ingram, 2015). When individuals develop shared understandings
of a problem in this way, this is known as social learning (de Kraker,
2017; Reed et al., 2010). Social learning is influenced by characteristics
of the network such as the degree to which actors are connected to
others via networks in the knowledge system (Bandura, 1977), while
the strength of social ties between network actors influences attitudes
and awareness (De Lange et al., 2004), and the uptake of new tech-
nologies (Wood et al., 2014; Ramirez, 2013).

Theoretical understanding, together with empirical evidence, shows
that social networks can accelerate innovation and cooperation (Lubell
et al., 2014; Wu and Zhang, 2013). Multiple studies demonstrate, for
example, the role of social ties in agricultural knowledge exchange in
promoting or seeding sustainable farming practices (Oerlemans and
Assouline, 2004; Cadger et al., 2016; Isaac, 2012). This learning and
innovation in social networks is particularly important in the transition
toward new agricultural systems such as organic, agro-ecological, and
conservation agriculture. These systems are characterized both by the
need to develop situated and experiential knowledge (Leeuwis and Van
den Ban, 2004), and to share this knowledge in the absence of support
from conventional advice systems. According to Klerkx et al. (2010) the
influence of individuals in innovation networks are important con-
tributors to socio-technical change. The ability of each actor in a net-
work to take action and make a difference, the actors' ‘innovation
agency’ (Giddens, 1984), relates to the resources and competence that
an individual has that can contribute to innovation, with knowledge
and skills highlighted as particularly important in the context of suc-
cessfully implementing new farming practices.

No-till (NT) is one such knowledge intensive system which is
emerging as a relatively new practice, adopted on about 157 million
hectares globally’ (Kassam et al., 2015). Scholars, in trying to under-
stand what determines the implementation of new tillage systems (zero,
reduced, conservation), tend to take an adoption perspective seeking
explanatory factors for farmer uptake. Systematic reviews, however,
have revealed that there are no universally applicable factors that de-
termine adoption of new tillage practices (Knowler and Bradshaw,
2007) or soil conservation more widely (Wauters and Mathijs, 2014).
Instead, the significance of social capital (described as the inter-
connectedness amongst individuals) and of farmers acting as innovators
and sharing knowledge on new tillage systems in social networks was
identified as important for farmer decision-making (Knowler and
Bradshaw, 2007; Ingram, 2010; Schneider et al., 2012; Bellotti and
Rochecouste, 2014). This suggests, in accordance with AIS perspectives,
that understanding the dynamics and relations of social networks is a
more useful way of revealing the active and creative role of farmers and
other actors in generating innovation in the context of tillage systems.

While the role of social networks in NT implementation is known
anecdotally to be important, there is a lack of research that seeks to
identify the nature and role of these social networks. Using what Lubell
et al. (2014) calls “network science” offers systematic methods that can
help elucidate social networks more explicitly. Using these methods to

! Data from 2013 published by FAO
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understand the structure and function of social networks will not only
help to reveal the role of farmers and other actors in NT innovation but
also identify leverage points in agricultural advisory systems (Bourne
et al.,, 2017). This is important as NT is a low disturbance farming
practice that has potential to improve soil health (Bertrand et al., 2015;
Crotty et al., 2016), reduce soil degradation by erosion (Skaalsveen
et al., 2019; Lundekvam, 2007), improve water quality (Schoumans
et al., 2014; Mhazo et al., 2016), as well as offer economic benefits to
farmers (Lahmar, 2010; Kassam et al., 2012). It is, however, currently
only implemented at a small scale in Europe (Schneider et al., 2012;
Kassam et al., 2015).

This paper, therefore, aims to better understand how the im-
plementation of NT in England is influenced by farmers' social net-
works. It uses a Social Network Analysis (SNA) approach to map the
connections of the social network of a sample of NT farmers in England
and “opens a window into the mechanisms behind the dynamics of
social interactions” (Reychav et al., 2016, p. 444). Alongside the SNA,
semi-structured interviews provide an in-depth analysis of the inter-
connectedness of targeted NT farmers. Specifically, the paper addresses
the following research questions:

o Is there a link between farmer network characteristics and im-
plementation of NT? What are the structural and functional attri-
butes (according to SNA methodology) of networks of farmers who
have adopted NT farming? Who are central to these networks and
who are the influencers?

e What are the temporal and spatial dynamics of farmer networks in
relation to NT?

e What is the nature and extent of knowledge exchanged in social
networks?

2. Characterising social networks
2.1. Social networks and learning for NT

Social networks are particularly important for new practices where
conventional advice systems are inadequate. Farmers look for alter-
native support and substitute formal knowledge with their own in-
formal sources from within the farming community (Isaac et al., 2007;
Ingram, 2010; Stimane et al., 2018). In this case, information diffusion
then becomes highly dependent on the relationships and interactions
between farmers (Wu and Zhang, 2013).

A transition to a complex system like NT demands a higher standard
of overall management compared to ploughing, often gained through
experimentation (Milestad et al., 2010a; Ingram, 2010), learning from
others (Brunori et al., 2013; Maddison, 2007), problem solving and
building up of experiential knowledge (Ingram, 2010; Samiee and
Rezaei-Moghaddam, 2017; Baars, 2010). In similar system changes
which require attention to detail, for example organic farming, the
importance of knowledge building and social learning in networks in
the absence of formal information sources has been demonstrated
(Padel, 2001; Morgan, 2011). Similarly for agroecology in Canada,
where farmers were marginalized with little direct access to institu-
tional or governmental support, emerging networks were described by
Laforge and McLachlan (2018, p. 266) as a “mycorrhizal network of
hidden underground ways that connected farmers together through
virtual or online communities” that enabled new farmers to gain
knowledge.

In such transitions farmers rely particularly on experience-based
knowledge as it has practical, personal and local relevance and is ac-
cumulated over long periods of time by doing, experimenting and ob-
serving (S@imane et al., 2018). Through these processes farmers learn to
recognise what works on their farm and come to understand their soil,
plant and farming system (Ingram, 2010). They change their behaviour
over time as a result of observable outcomes on the farm and are en-
couraged to experiment further by the experience of success (Lubell
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et al., 2014; Milestad et al., 2010b). Experiential learning is a constant
process that happens not only at the individual level but also at the
interpersonal level as practical experiences are shared and joint pro-
blem solving undertaken, in accordance with social learning concepts
(Laforge and McLachlan, 2018; Oreszczyn et al., 2010; Milestad et al.,
2010b; Lubell et al., 2014). Ingram (2010) showed how individual
farmers learn at the farm level through experimentation and adapta-
tion, used a variety of networking devices to take this learning and
validate and reflect on it by interacting with others with the same ex-
periences. In doing this the individual activity of on-farm learning is
accompanied and enhanced by a process of social learning. Networks
extend other actors and information from several sources is also drawn
in to support management decisions (Bellotti and Rochecouste, 2014).

3. Methodology and methods
3.1. SNA components

In this study the social networks were measured using a SNA, which
is a body of research methods to represent the structure of social net-
works including network matrices, diagrams and mathematical mea-
sures (Bourne et al., 2017; Otte and Rousseau, 2002; Haythornthwaite,
1996), with a set of procedures built on principles from graph theory for
analysing the presence, direction and strength of connections between
actors (Scott, 1988). The methodology entailed SNA to assess the
characteristics of the ego-networks (e.g. identify frequency of interac-
tion, homophily, formality and influence of different members) of each
farmer in the study, and the links between them.

A social network is a set of connections amongst people with various
social relationships where information and other social processes flow.
Actors within networks are referred to as “nodes” and their relation-
ships seen as “links” or connections (Borgatti and Halgin, 2011;
Wasserman and Faust, 1994). The connections, distribution and seg-
mentation of nodes are important aspects of social networks, char-
acterising aspects such as the reciprocity, centrality and cohesion re-
spectively (Ramirez, 2013). Centrality is an important factor in social
networks with central actors being strongly influential (Scott, 1988)
and hold critical resources in the network (Reychav et al., 2016). The
information that is flowing within networks often depends on key ac-
tors that can be both negative and positive to adaption and act as
“communication bottlenecks” or “community bridges”. Bridges, also
known as knowledge brokers, are important for new information and
innovation as they contribute to increased information flow by trans-
forming explicit knowledge from actors outside the group to tacit
knowledge within the group (Bourne et al., 2017). The type of actors
within a social network is also important for the information flow as
networks with a high degree of homophily, assessed by comparing the
number of links between similar actors to the number of links between
different actors, can limit knowledge diffusion as there are limited ties
to actors outside the network and therefore little access to information
that does not exist in a closed circle of friends, family or neighbour-
hood. Actors of networks with high homophily mostly have ties to
people who are similar to themselves (e.g. mostly farmer-to-farmer
interaction).

Social networks enhance adoption of new technology by increasing
the information” flow and knowledge® exchange due to the interaction
between actors (Ramirez, 2013). A high density of ties (connections) in
a network means a high level of interaction between actors which in-
creases the potential for information distribution, resilience and social

2 Information comprises facts, interpretations and projections, while advice
implies the recommendation of a particular course of action or the presentation
of different alternatives (Garforth et al. 2002).

3Peoples understanding of the information turns it into knowledge
(Stenmark, 2002).
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memory of the group. Ramirez (2013) suggests three forms of social
collaboration amongst farmers in social networks: kinship relations
(family), land owner-tenant relations (work) and affiliations (social
associations). In-family networks are in this paper understood as the
interactions between family members cooperating within the farming
business.

Boundaries are an important part of the SNA as some structural
features of networks can only be interpreted correctly when the in-
formation is gathered from all the actors in the network (Marsden,
1990). Farmer network boundaries can be difficult to determine in an
agricultural context and involve a large number of actors (Bourne et al.,
2017), making it necessary to focus on personal networks where all
relationships of one actor are registered, often referred to as ego-net-
works (Bourne et al., 2017; Baird et al., 2016; Marsden, 1990).

3.2. Recruitment and data collection

Farmers were identified through Twitter, by searching for NT
farmers on the internet and from snowballing from already established
contacts. All identified NT farmers were approached by email or Twitter
with a request to participate in an interview and a SNA. As there is still
a relatively low number of NT farmers in England, only covering
around 4% of the total cultivated area at the last estimate (Defra, 2010),
finding and approaching as many as possible was the only way to get a
satisfactory number of individuals. Eighteen farmers were recruited for
the interview and 16 of them participated in the SNA. Most of the
farmers in this study were five years or less into the practice, but several
had a transition period of reduced or minimal tillage before im-
plementing NT. The interviews were conducted between August and
November 2018, and lasted between 45 and 60 min. The farmer in-
terviews were digitally recorded and transcribed verbatim to a Word
file.

3.3. Social network analysis method

The network data was gathered by asking participants about the
individuals in their social network. The researcher directed the parti-
cipant to indicate who they discuss their NT farming practices with,
with responses recorded on a table (see Appendix). This inevitably re-
sulted in respondents mentioning the individuals in their network by
name, therefore any identifying details were removed from the table
prior to analysis. Additionally, respondents were asked to provide in-
formation about (i) each persons' ‘occupation or their relationship to
this person (e.g. son, father, wife)’, (ii) whether they had a ‘formal’ or
‘informal’ relationship,” (iii) whether the person had implemented NT
(if applicable), (iv) how often they would discuss with this person
(daily, weekly, monthly or less), (v) their main way of communicating
(face to face, telephone, social media, farmer events, forum or other),
(vi) how often they would seek each other's advice (daily, weekly,
monthly or less), (vii) how influential the person was (score from one to
five) and (viii) if they started communicating ‘before’ or ‘after’ they
implemented NT. The SNA figures only show farmers within the UK.

The temporal dynamics of networks of farmers in this study was
measured in the SNA by assessing the changes in farmers' social net-
works before and after they implemented NT on their farm. The farmers
were asked who they were influenced by before and after NT, and what
sources of information they used to learn about NT during im-
plementation and after. Spatial dynamics of farmer networks were de-
termined by the geographical distribution of actors in the SNA before

*The terms ‘formal’ and ‘informal’ were in this context left for the farmers to
interpret based on their own definition of the words and types of relationships.
In relation to information networks, ‘informal’ connections normally refer to
peers or community-based sources, while connections to organisations, exten-
sion agents etc. are seen as ‘formal’ (Isaac, 2012).
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and after NT implementation, and whether they were local, regional,
national or global actors of their networks.

Alongside the SNA, a semi structured interview was conducted with
each farmer to provide details of each farmer's reason for implementing
NT, what sources of information they used to make the transition and
where and how they would seek information today, how farmers
characterise and evaluate the level of knowledge in their networks and
how the networks developed after implementing NT. The nature and
extent of knowledge communicated within the social networks of the
farmers in this study was assessed by interviewing farmers about their
perceived level of knowledge within their farmer networks and amongst
the local farmers in their area. The types of actors in their networks (i.e.
other farmers, researchers etc.) and the kind of knowledge that was
shared (e.g. based on experiential knowledge or research) indicated
whether the nature of information that was shared between the actors
was tacit or explicit.”

Although theoretically we can differentiate information and
knowledge, at a farm level the two terms are used interchangeably.

3.4. Data analysis

The SNA was carried out using the online software Polinode where
relational data from the NT farmers was uploaded via an Excel template
provided online, where all nodes (actors in the social network) and
edges (the relationships between them) were specified. The software
then generated a network figure of the nodes and edges of the network
based on the input from the template, and further analysis was carried
out by using different functions and matrices within the software. The
SNA collaboration matrix was created by calculating the extent to
which actors, based on their occupation (e.g. farmer, advisor, aca-
demia), interact with each other. A NT farmers' acquaintance network
was built by the same method to assess the degree of connectedness
between the 16 respondents in the SNA study. Built-in metrics in the
Polinode software were used to calculate the in degree (the number of
incoming edges, illustrating the number of times an individual is
mentioned by other actors in the SNA), out degree (the number of
outgoing edges, illustrating the number of other actors the individual
listed in the SNA), the sum of incoming and outgoing edges (total de-
gree) and the network density.

Influencers were identified by the combination of the number of
incoming edges and the influence rating (scale from one to five) in the
SNA analysis. These are key actors with high importance to knowledge
flow because of their central role in the network (Bourne et al., 2017).
The definition of intermediaries varies; the extension services were
traditionally considered the main intermediary in supporting agri-
cultural innovation by providing knowledge and technology from re-
search to farmers, but this approach has been questioned and the
landscape of intermediaries changed as a result of the recognition that
innovation requires broad systemic support and interactions between a
diverse set of actors (Kilelu et al., 2011). Klerkx and Leeuwis (2008)
described innovation intermediaries as organisations or bodies that
provide network brokerage, demand articulation and management of
innovation processes and function as catalysts of innovation by facil-
itating the formation and maintenance of innovation networks. While
Kilelu et al. (2011) proposed that innovation intermediaries undertake
a broader support and management role beyond knowledge brokering
by acting as “bridging organisations” that provide access to knowledge,
goods, skills and services from a wide range of organisations. In this
study, intermediaries were recognised as individuals who connected

5 Tacit and explicit knowledge are two different types of knowledge. Explicit
knowledge refers to knowledge that is communicated in a formal and sys-
tematic language, while tacit knowledge is embedded in action, commitment
and involvement in a specific context with a more personal quality (Nonaka,
1994).
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several other actors and therefore largely increased the overall con-
nectedness of the network, while knowledge brokers were understood
as those who connect researchers with the farmers. Early adopters are
here defined as a farmer who implemented NT before the practice was
common amongst farmers in England (> 10 years ago).

Interview transcripts were analysed using the qualitative analysis
software NVivo (version 11.4.3). The thematic analysis was carried out
by systematic coding to address all the research questions, meaning that
relevant content from the transcriptions was marked and sorted ac-
cording to the categories outlined that emerged out of the analysis (see
Appendix). Once the data was coded it was analysed by comparing the
answers and statements from the different farmers and used to explain
the results from the SNA.

4. Results
4.1. Network characteristics and implementation of NT

4.1.1. Network characteristics

Drawing on the SNA collaboration matrix, the social networks of the
NT farmers in this study mainly comprised other NT farmers. Indeed,
66.7% of the respondents discussed their farming practices with other
farmers, and 85.4% of these were NT farmers. The second largest group
was agronomists and advisors with 11.3%, followed by researchers
(8.5%), representatives of farmer organisations (6.8%), machinery
manufacturers (4.0%), suppliers (e.g. seeds) (1.1%) and others (1.7%)
(Fig. 1). The network consisted of 177 connections (edges) between the
134 nodes and 32% of these relationships were seen as formal.

The farmers mostly had informal relationships to each other, while
they often saw their relations to non-farmer contacts as formal. The key
farmer nodes in Fig. 1 were NT farmers who had the largest number of
edges coming in (listed as a source of information or discussion by other
farmers in the network) and the biggest sized nodes (how influential the
other farmers rated them as).

4.1.2. NT farmers' acquaintance network

The NT farmers' acquaintance network shows only the farmers that
participated in this study without the rest of their ego-networks
(Fig. 3(a)). The connectedness between these NT farmers has been
analysed to assess the direct connections between them. The network
density of the acquaintance network is 0.071 and is calculated by di-
viding the actual number of ties by the total possible number of ties
(Scott, 1988), meaning that only 7.1% of the possible connections were
made (100% would mean that all members would be directly connected
with each other). This is a measure of network cohesiveness and shows
that the farmers in this study are mostly connected by fellow contacts,
and not by direct links to each other. The total average degree of the
network is 2.13, which is the number of edges that start from or point to
a node.

4.1.3. Information from interpersonal social networks

All the interviewed farmers stressed that the transition to NT was
farmer-led and that the most relevant information was delivered by
their interpersonal social networks, where the most influential in-
dividuals were other NT farmers, as illustrated by one participant: “The
only person who can sell a new concept to a farmer is another farmer”
(Farmer 14). As Fig. 1 shows, the role of individual experienced NT
farmers, both from within and outside England, is important for farmers
considering, or wanting to start, implementing NT. In-family networks,
especially the interaction between fathers and sons, was also regarded
as important for successful NT implementation. This was confirmed by
the SNA, which showed strong links and high influence between fathers
and sons who were working together. Several of the farmers in this
study said that young farmers often had larger social networks than
their fathers and these were a source of ideas and inspiration to make
changes to their farming systems.
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Fig. 1. Social network analysis (SNA) showing the networks of NT farmers revealed in the study.
The nodes of farmers who participated in the study are labelled with numbers from 1 to 16. The colour and thickness of the edges (links) between the nodes (actors)
show how influencal other farmers rated them ason a scale from one to five, with darker edges meaning higher influence on their farming decisions. The size of the

nodes illustrates how many incoming

It is also the collective understanding of the network that provides
some assurance, as this remark referring to the farmer's NT network
shows: “The new network gave me the strength and confidence to make
a change” (Farmer 4). According to some respondents, farmers' per-
sonality traits are also crucial, as the ability to interact and network to
find and acquire information was seen as important in becoming a NT
farmer, for example: “...they will decide to become NT if they want to
because they'll be that type of person who will chat to everyone and get
that information. If you're not that way inclined, you are likely not to
succeed. It is as simple as that” (Farmer 11).

4.1.4. Mechanisms for networking

Most farmers said they preferred to speak to other actors of the
network in person, which was underpinned by the preferred methods of
communicating with the different actors stated in the SNA (see SNA
table in Appendix) showing that 30% of the communication was ‘face to
face’, along with 20% at farmer events. However, as the farmers in the
study were spread out geographically, internet platforms were crucial
for communication and information flow, with 29% of the interaction
carried out on social media (21%) or internet forums (8%) (Fig. 2).
Farmers favoured Twitter saying they appreciated the feedback they
received, both as a way of questioning or verifying their methods and to
hear other people's solutions to problems they encountered. It also al-
lowed them to cross geographical boundaries:

“That's the good thing about Twitter. It doesn't matter where you're
from really” (Farmer 17).

Also all UK based farmers with a NT ‘Crosslot’ seeding drill were
members of the same WhatsApp group which has become a central part
of their information network (the group was created by the farmer who
started importing the drills to the UK from New Zealand through the
family business), enabling them to ask each other questions about NT
practices, and the members often viewed each other as key actors in
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Forums
8%

Face to face
30%

Farmer events
20%

Telephone
Social media 18%

21%

Fig. 2. Forms of communication in the NT farmers' social network.

their farming networks.

4.1.5. Influencers

As shown in the SNA, some farmers stood out as clear influencers in
the network by scoring high on influence rating by other farmers and
having a high number of incoming edges. They were often referred to as
‘early adopters’ of NT and seen to have a high level of experiential
knowledge, as well as other characteristics pointed out by the farmers
in this study, such as: having shared goals, passionate about what they
are doing, having the ability to be innovative and think outside the box,
running a good business, or as someone who prompted other farmers to
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change to NT practices. These influencers have an active social profile
through social media. An interesting characteristic of NT networks was
that members were highly influenced by international NT farmers with
decades of NT experience (notably USA but also New Zealand,
Australia, France and Germany), but these farmers were not listed in
the SNA as someone they would normally discuss their practices with,
so they were seen as sources of inspiration rather than influencers in the
network. Some of these connections were made by former Nuffield
scholars® who expanded their networks by traveling abroad.

Farmers who said that they tried to influence other farmers in their
network by giving talks at farmer meetings and conferences were often
seen as influential by the other farmers in the SNA:

“I have gone from one of the people asking questions to one of the
people who answers the questions. That's probably how it has
changed in the last 7 or 8 years” (Farmer 17).

4.1.6. Intermediaries

Intermediaries, whilst not always early adopters themselves, have
an important role in connecting individuals and groups either to each
other or to external communities. In doing this, they are also redis-
tributing information to farmers, and are important for knowledge
diffusion in the network. Fig. 3 shows the importance of one inter-
mediary (the yellow node) in the network to connect different clusters
of the social network. This farmer was not one of the participants in the
study, but was identified by seven of the farmers (44% of the partici-
pants) as someone they would discuss their NT practices with. Fig. 3(c)
shows how the NT farmers' acquaintance network (see Fig. 3(a))
changes when this intermediary farmer is added, tying more of the NT
farmers together. This increases the network density from 7.1% to 8.8%
and the average total degree from 2.13 to 2.82, which means a 25%
increase in the total number of edges in the network. However, there
are other individuals who also act as intermediaries in the farmer
network, and Fig. 4 shows the same social network, but with the ad-
dition of individuals who were identified in the SNA by five or more
farmers (> 30% of the participants) (n 5). By adding these four
additional individuals to the network the density increased to 10.7%
and the average total degree increased to 4.29, which is by more than
50%.

Some of these intermediaries are also knowledge brokers (Meyer,
2010) as they have links to the science community and see their role as
linking formal scientific (explicit) to tacit knowledge and allowing new
and different forms of knowledge (e.g. the importance of soil biodi-
versity and the impact of farming practices on C and N emissions) from
outside the farming community to enter the network. One intermediary
farmer comments:

“I see a lot of studies going on that I wish other farmers would be
seeing. It doesn't go beyond the paper. The information doesn't go
through to the farmers” (Farmer 14).

4.2. The temporal and spatial dynamics of farmer networks in relation to
NT

4.2.1. Temporal dynamics

Network dynamics are characterized by changes over time, not only
in NT information sources within a network, but also in the reliance
placed on it. NT farmers' ego-networks normally expanded after im-
plementing NT, mainly from meeting and talking to other NT farmers.
The SNA showed that on average 35% of the connections were made

®Farmers who have received scholarships from the Nuffield Farming
Scholarships Trust. The funding allows 20 farmers each year to research topics
of interest, often including international field visits, within farming, food,
horticulture or rural industries.
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after they implemented NT, although some of the farmers were only a
few years into implementing the system. This was due to the necessity
of actively seeking information and advice from other NT farmers when
transitioning from conventional to NT, as demonstrated by this farmer:

“There is no manual, as every farm and system is different. People
who are just trying to NT without knowing anyone else... I can
imagine that that must be quite difficult” (Farmer 6).

The intensity of this increased network interaction largely depends
on the time of the year. Some farmers explained that they would talk to
other people daily or weekly during critical periods for NT such as
drilling or harvest, but only a few times during the rest of the year.
However, this is more nuanced, as farmers in this study were found to
use networks in different ways, with some farmers already having an
established network of NT farmers before implementation and others
building their network afterwards. This is illustrated in Fig. 5 which
shows two farmers' ego-networks before and after adopting NT. Farmer
4 knew most of his current network before changing practice (four new
actors) while Farmer 11 only discussed his farming practices with two
people from his network before changing to NT (17 new actors).

For some farmers the role of the agronomist had changed quite
drastically as well, from being the main source of information when
they were conventional farmers, to being a minor source of information
after NT implementation, as the farmers became more knowledgeable
about the practice. Despite this, the agronomists were usually rated as
highly influential by NT farmers, scoring 4 out of 5 by most farmers in
influence score, but this was with respect to fertilisers and pesticide
recommendations.

There were also temporal changes to the reliance on social networks
associated with the transition farmers go through when they implement
NT farming. As farmers built up experiential knowledge about NT, their
dependency on other farmers decreased. The common perception by
farmers was that farmers were more fixed in their methods, following
‘the rules of NT’ in the first years after implementation, but that they
gradually became more opportunistic as they gained more experience
from experimenting on their own farm. Years of building up their own
knowledge allowed the farmers to adapt the system more to local farm
conditions and rely less on other farmers. Respondents agreed that in-
formation about NT has become easier to access in the last few years,
both as a result of online availability and a larger community of ex-
perienced NT farmers. One of the early adopters explained how he re-
lied on a drill manufacturer for information when he first implemented
NT as there were very few other NT farmers. However, he also said that
in hindsight, after gaining more experience, he realised that this source
of information was unreliable because of limited experience with the
practice in England at the time.

4.2.2. Spatial dynamics

The networks of NT farmers in this study differ from the traditional
perception of farmers' networks in that, rather than being locally or-
ientated, they extend outside the local area to include national and
international members. This is enabled by the use of social media (as
shown in 4.1.5) which has in many ways revolutionised the way
farmers communicate. Nuffield scholarships and events such as those
run by BASE UK, which invite international guest speakers, are helping
to build these networks, as described by one farmer:

“My farming network is all over the place, a lot of social media stuff,
so I guess if we start globally; I met a lot of people doing my Nuffield
travels and I have kept those connections going so I can find out
what happens in agriculture all around the world” (Farmer 1).

Most NT farmers said that their networks included farmers from
outside their local area. In Fig. 6 the farmer network was divided into
13 different clusters of the network marked by separate colours,
showing a core to the network made up of Communities 1, 2 and 6,
while in Fig. 7 all the nodes in Fig. 6 are distributed on a map of



K. Skaalsveen, et al. Agricultural Systems 181 (2020) 102824
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Farmer
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Fig. 3. (a) The NT farmers' acquaintance network illustrating the contact between the NT farmers (n = 16), (b) an intermediary farmer from outside the interviewed
farmer group who were listed by the highest number of farmers (n = 7) in the SNA (yellow node) and (c) The NT farmers acquaintance network including the
intermediary farmer (yellow). The average total degree of the network is 2.82 and network density of 0.088 (8.8%). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The contact between the NT farmers (n = 16) (see Fig. 3(a)) including the five farmers (not interviewed) who were mentioned by five or more farmers
(> 30% of the farmers). The average total degree of the network is 4.29 and network density of 0.107 (10.7%).
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Fig. 5. The ego-networks of Farmer 4 and Farmer 11 showing their networks before (left) and after (right) implementation of NT.

England (with the same colour codes) to show the geographical dis-
tribution of each of the individuals within each cluster. There are dif-
ferences in how spatially scattered the clusters are, but the map clearly
shows that NT farmers find their networks outside their local areas. The
main reason for this pattern is that there were few NT farmers nearby
and overall the level of knowledge about NT amongst local farmers was
minimal. The isolation of being a pioneer on NT led the farmers to
identify as being different or unconventional:

“Very few people in the area have gone down the same route as us.
We are the black sheep, I'm afraid” (Farmer 18).

Farmers also lacked support from neighbouring farmers who were

95

described as ‘nosy’ people who were watching over the fence and
waiting for them to fail. This is a key reason why they seek assurance
and support outside their local community.

4.3. The nature and extent of knowledge communicated by farmer networks

The nature of knowledge about NT exchanged in the farmer net-
works was tacit rather than explicit. The NT farmer network had a
significant role in circulating experiential knowledge between fellow
farmers. The emphasis is on sharing experiences and experiments on the
farm; joint problem solving when results were poor was an important
element in maintaining the NT network. NT is complex with multiple



K. Skaalsveen, et al.

Occupation
@ Academia

@ Agonomist/Advisor
@ Farmer

&

Agricultural Systems 181 (2020) 102824

o
O o
@
| @
—— °
©
® o

Fig. 5. (continued)

Communities
@ Community 1
@ Community 2
© Community 3

» Community 4
® Community 5
® Community 6
©® Community 7
©® Community 8
©® Community 9
© Community 10
@ Community 11
® Community 12
® Community 13

N

.\Q\\h ”” o
%

Fig. 6. The 13 different communities of the network generated by the SNA.

variables that affect the outcome (e.g. weather conditions, timing of
field operations, different soil types, different rotations, cover crops,
crop residues, weeds, pesticides and fertilisers). Acquiring knowledge
about all these factors is too challenging for any one individual, and as a
farmer you “only have one” go per year and “just a limited number of
rotations” (Farmer 13) in a lifetime, so to harvest knowledge from other
farmers about different experiences with NT practices is an effective
way to enhance learning, as this farmer explained:

“I would love to have ten goes at it per year, but you only have one.
Now we will have to wait another 12 months before we can have
another go at it... You spend an awful lot of time thinking about it
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and a lot less time doing it” (Farmer 13).

This networking and exchange of tacit knowledge between NT
farmers compensated for the absence of support or relevant knowledge
from more formal sources. Knowledge from the science community was
often seen by many as irrelevant or inaccessible, as these remarks de-
monstrate:

“I feel disengaged with the science community because they don't
see the complexity in a practical day to day system” (Farmer 12).

“Farmer to farmer learning is a quite powerful tool. There is a whole
lot of science paperwork out there, but it is on a shelf somewhere”



K. Skaalsveen, et al.

u

Agricultural Systems 181 (2020) 102824

Fig. 7. A map showing how the 13 communities of the SNA (see Fig. 6) are distributed geographically across England.

(Farmer 15).

Some farmers claimed that there was a lack of research on the topic,
while others said that there was probably a great amount of research
conducted, but that it was normally unavailable to farmers. The SNA
showed that the majority of the farmers had no direct connection to the
research community, however the picture is more blurred, as five in-
dividuals listed a total of ten researchers or research organisations as
someone they would discuss their farming practices with, but only half
of these were seen as highly influential.

5. Discussion

In accordance with a number of other studies on farmer networks
(E.g. Wood et al., 2014; Isaac, 2012; Wick et al., 2018; Sligo, 2005;
Sligo and Massey, 2007) our results show the importance of inter-
personal sources of information and that farmers mostly talked with
other farmers about their farming practices as they consider their suc-
cessful peers to be reliable experts because of their practical experience
under comparable conditions (Stimane et al., 2018).

The ego-networks in this study were dominated by farmers with
shared practice that expanded rapidly after implementing NT, a pattern
aligning with the homophily principle in which contacts occur more
frequently between individuals in homogenous groups than actors with
more loosely tied and heterogeneous networks (McPherson et al.,
2001). The SNA showed that the NT farmers had rather homogenous
networks as the majority of the individuals were other farmers with
shared practice. A strong connection between identity and farmers who
see themselves as conservationists was also found by Sulemana and

10

97

James (2014) when assessing the link between identity, ethical atti-
tudes and environmental practices in a survey of 3000 Missouri
farmers. The NT farmers in our study identified with each other as they
viewed themselves as a separate community of farmers that were
characterized by a fellow interest in NT practice. This concurs with
other studies, such as Mann (2018), who assessed triggers for adoption
of innovative conservation technologies in Switzerland and found that
an important characteristic of NT farmers was that they shared a mo-
tivation to devote more attention to environmental issues than the
other farmers in the study. Indeed farmers' participation in networks
and a shared identity can increase their commitment to the ideologies
and practices (Gray and Gibson, 2013). This homophily, expressed as
sharing of a common goal, practice and identity, aligns to the con-
ceptualisation of the networks as a Communities of Practice (CoP)
which can both advance and constrain innovation (Morgan, 2011;
Ingram et al., 2014).

The NT farmers in our study also preferred to communicate with
each other as they believed that the level of knowledge amongst other
NT farmers was high. The network was driven by each individual's
ability and eagerness to communicate with and learn from other
farmers and to find and acquire what they considered to be valid and
trusted information. A study of young innovative farmers in Italy by
Milone and Ventura (2019) found that the farmers' passion for their
work and their land was a common theme amongst them. This led them
to manage their farms in new ways, which was an important driver for
the introduction of new farming practices that would reduce soil threats
and give incentive to reach out to new markets and create partnerships
with actors with similar values. NT farmers' ability to network with
other NT farmers and find relevant information was seen as essential,
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confirming that farmer information networks are sustained by the need
for a specific type of knowledge and fear of not succeeding when im-
plementing challenging or novel farming practices (Stimane et al.,
2018). Tacit knowledge, embedded in practice, commitment and in-
volvement in a specific context with a more personal quality, thus plays
a central role in NT implementation and networking.

Intermediaries have an important role in the NT farmer networks in
connecting farmers to each other and to other sources of information, or
to the soil research community as knowledge brokers. Intermediaries
connect different networks or clusters with far reaching information
and knowledge network connections (Meyer, 2010). Farmers with core
positions within their networks can act as intermediaries in dis-
seminating innovative farming practices (S@imane et al., 2018; Pei et al.,
2014; Klerkx et al., 2012) while knowledge brokers play an important
role in ‘translating’ science into accessible information for farmers, or
transforming explicit knowledge from actors outside the group to tacit
knowledge within the group (Bourne et al., 2017). Intermediaries also
provide a link and information flow between the different clusters of
farmers in the network. Information flow within networks often de-
pends on a few outstanding individuals (Bourne et al., 2017), and such
intermediaries or brokers mentioned by several farmers in our study
appeared central and important both in connecting the network and
building up a body of knowledge within it. These key individuals in the
social network hold the majority of ties and the connections between
these individuals draws the other actors together, as noted in other
research (Wood et al., 2014). This is supported by the SNA measures of
network cohesiveness which show that the farmers in the study are
mostly connected by fellow contacts, and not by direct links to each
other. The intermediaries in this study also had the role as influencers
in inspiring farmers to convert and to provide information to farmers
who were new to the practice. For NT farmers, other NT farmers with
longer experience and similar goals to them who were passionate about
what they were doing were often their main influencers, along with
farmers who could demonstrate an increase in income despite spending
less on inputs. The findings fit with the widely used concepts of early
and late adopters, where the experienced NT farmers were the ‘in-
novators’ and the more recent adopters were the ‘imitators’ (Wozniak,
1993).

Previous empirical work on agricultural advice networks suggests
that the most common source of advice is often regional actors, in-
cluding agricultural advisers, and regional to national non-govern-
mental organisations, followed by family and neighbours and other
non-local businesses (Baird et al., 2016). In these cases, farmers with
larger and more diverse ego-networks were more likely to implement
Best Management practices. However, given the relative infancy of NT
adoption, the lack of existing advisory networks and the particular
knowledge needs required for implementation, NT networks tend to be
more homogeneous and horizontal, with most connections within the
(NT) farming community. NT farmers also perceived themselves to have
higher levels of knowledge about NT than other actors such as re-
searchers or external organisations, because of their practical experi-
ence. Our findings show that the level of knowledge and experience
amongst NT farmers in this study was largely affected by farmers ex-
perimenting on their own farm and exploring new ideas and techniques,
and communicating this experiential knowledge through informal
learning networks, thus supporting previous work (Tran et al., 2019).
Poncet et al. (2010) suggested from work in Morocco that farmers must
be seen as the new local experts and that agricultural extension should
focus on creating and sustaining innovation networks to facilitate
knowledge exchange and interaction between individuals. In ac-
cordance with our study, they discovered that farmers use a wider
range of knowledge sources and intermediaries, and that information
diffusion of innovation between farmers was particularly important.
Innovation was dependent on farmers' ability to interact and exchange
knowledge and information, suggesting that extensionists should focus
more on connecting different actors by network building, knowledge
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production and circulating (also to small-scale farmers), and learning
from farmers how they practice, learn, exchange and innovate through
their networks.

Studies show that knowledge pools are not equally accessible to all
farmers (Ramirez, 2013), but we suggest that these differences were less
pronounced within the NT farmer community where many of the
connections were unlikely to be local, and the network often geo-
graphically distributed and virtual. Indeed, in our study, some of the
greatest inspiration sources were farmers with long experience situated
outside of England, particularly from America, where NT was more
widespread. One likely explanation for this is that the formal advisory
systems are not able to support the increasing requirements for di-
versified and complex knowledge by farmers (Poncet et al., 2010;
Milone and Ventura, 2019), as noted for soil management in particular
(Ingram, 2010; Ingram and Mills, 2019). The weak social ties to over-
seas farmers were therefore an important way for the English NT farmer
networks to increase the internal information flow and benefit from the
experiential knowledge pools of farmers with decades of experience.
Granovetter (1983) reviewed the strength and role of weak ties in af-
fecting cohesion in complex social systems. He concluded that one of
the advantages of weak social ties is the effect on the diffusion of ideas
and innovations, suggesting that individuals with few weak ties will be
deprived of information and restricted to the ideas of their immediate
network. Granovetter's findings underpin the importance of the geo-
graphically distributed networks of NT farmers in developing their
practice with some individuals able to bridge externally to other net-
works to access new sources of information about innovative NT
practices, while the strong social ties caused by homophily within the
clusters have higher influence in terms of consolidating individuals'
decisions and practices providing locally relevant knowledge.

It is notable in our study that farmers are linked remotely in dis-
tributed Networks of Practice (NoPs). Members of a NOP may never
meet each other yet, like CoP, they share a common culture, know-how,
practice and activities and are capable of sharing knowledge and
identity (Brown and Duguid, 2001). Connections to these more geo-
graphically distant networks are made possible by information and
communication technology (i.e. internet, smart phones and other
communication mediums) (ICT) as shown in other studies (Simane
et al., 2018; Mills et al., 2019; Eastwood et al., 2012). ICT have fa-
cilitated the development of a networking culture amongst young
farmers in particular (Milone and Ventura, 2019) and specifically for
soil, Mills et al. (2019) noted how social media can enhance sharing of
experiential learning about soil and tillage management. Initially,
learning within NT social networks with social media was quite su-
perficial as farmers connected with each other to learn the essentials of
how to ‘do NT’ but as they became more experienced, they shared more
detailed knowledge about the soil health dimensions and the other
benefits of NT.

NT farmers had the perception that they received very little support
and understanding from the local conventional farmers. They described
the level of knowledge about NT amongst farmers in their areas as poor,
which was also pointed out as the greatest barrier to NT adoption. This
aligns with a study by Samiee and Rezaei-Moghaddam (2017), which
assessed predictive models for adoption of NT in Iran, indicating that
the level of knowledge about the practice was one of the most im-
portant differences between adopters and non-adopters. Our findings
also concur with Oreszczyn et al. (2010) who found that the in-
troduction of agricultural innovations has the potential to strengthen or
weaken farmers' Networks of Practice (NoP) by dividing or enhancing
farming communities. In the case of NT farmers, the lack of knowledge
of neighbouring conventional farmers about NT farming means that
new adopters must look further afield for information and, therefore,
their network becomes more dispersed and distributed. In other words
they become more socially aligned to individuals in their NT network,
who may be geographically distant, than their local farming neighbours
(Liu et al., 2018).
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Schneider er al. (2010) argued that Swiss farmers based their de-
cision to adopt or reject soil conservation measures on commaon explicit
and tacit understandings, including values and social norms [“life
world™). Similarly, in our study NT farmers' image of themselves, their
social norms scemed to strengthen their NoP, and by implementing NT
farmers did not only adapt to a new practice by changlng farm routines,
but also changed their identity by adjusting their underlying values, the
image of themsalves and their perception of the assthetics of cultivated
fields, The importance of social norms was also shown by lsaac e al,
(20077 whe found that marginal individuals, like settler farmers, were
mare likely to take on core roles and introduce or adopt innovations
due 1o less pressure for social conformity from peers.

6. Conclusion

NT has the potential to provide a number of beneficial agriculural
and environmental functions, however its uptake in northem Europe is
still relacively low. Like other systems that demand complex changes in
practice, NT is characterized both by the need to develop situated and
experiential knowledge, and to share this knowledge in the absence of
sippert from the advisery services. SNA systematic methods wsed n
thiz study show that social networks play a erucial role in the eircula-
tion of cxpericntial knowledge about NT in this context in England. This
analysis of the characterisiics, dynamics and relations of these social
networks, s a useful way of revealing the role of farmers and other
actors in generating innovation in tillage systems. It complements
previows research, which is largely gualitative, about farmer tillage
netwarks with guantitarive evidence, Motably it allows us to identify
two leverage points in agricultural advisory systems where interven-
tigns could help to enhance uptake of NT and similar practices.

Firatly it confirms the importance of farm to farmer nerworks and
provides support to the argument for agricultural advisory services to
foster farmer innovation networks, Facilitation of knowledge by ad-
visors requires understanding of how knowledge is produced and cir-
culated within farmer networks (Poncet et al., 20010}, Previously calls
have been made 1o support groups through the CAP mechanisms
(Brunorl et al, 2013), and policy instruments such as Operational
Groups {part of the EU Rural Development Programme] now affer such
means. However, given the emergence and use of social media in the
farming cormmunity in facilitating such networking, support or curation
of such media should arguably become part of the advisory services
portiolio. This questions the role of advisers in such support. Whilse
their ability to provide the tacit knowledge, embedded in practice that
farmers require for NT is limited, they can adapt their practices, skills,
and capabilities to facilitate and support networking (Rijswijk e al,
2018, Poscet ot al., 20000 Wick et al. {2018) describes how modern
approaches can build upon traditional advisory approaches, by em-
bracing social and knowledge networks concerning soil health, In this
respect, advisory services can act as a boundary organization or
knowledge network manager. Advisers can play & rele in providing
validity and scientific evidence and so assist farmers with critical as-
sessment and Interpretation of information (Wick o al,, 2018). Advisers
can also access institutional resources to provide the digital infra-
structure and capacity to act as a moderator, which is often absent
when It is farmer-led; and provide a single portal to access fragmented
or dispersed networks.

Secondly the research highlights the key role of intermediaries and
knowledge brokers. Identifying and enabling these intermediaries 1o be
active in their connecting role could help to accelerate NT uptake. Their
ability to connect different groups could alse be hamessed (o expand
mare insular networks or individuals, both with NT and other beneficial
practices. Their bridging role in connecting non NT farmers and ad-
visers to the large repository of knowledge that resides within the NT
community is erucial, Equally the role of inlluencers 15 also revealed as
important, particularly where the practice requires inspirational voices
and its advancement is tied up with a common culture or passion. In
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social media contexts such ‘opinion leaders’ have been termed ‘super-
spreaders’ (Pei et al., 2014) and the potential of targeting them with
impaortant information for dissemination has been recognised.

The networks described here have been shown to support systems of
actors that arc achicving individual and collective goals (Engel, 1993)
with the function of gulding, convincing, binding and mitigating un-
certainties (Berkhout, 2006; Klerkx et al., 2010}. However, their role in
the wider AlS is not so clear, Studies looking at the interface between
such networks and the AIS have revealed how innovation networks
emerge in the absence of conventional AIS support, but equally thar
they can contribute to the overall performance of AIS and should be
fostered by reforming the AIS to become more adaptive and fexible
(Elerkx et al., 2012; Ingram, 2015).

This suggests that as well as supporting farmer NT networks with
facilitation and network management, the ALS itsell meeds to provide
space and legitimacy for such networks. The SMA approach is a useful
tool for mapping farmers' social networks, It was, however, limited to
mapping eurrent networks of the participants and the snowball ap-
praach Lo recruitment may over-emphasise the connections within the
network. Further, people who the farmers followed online but did mot
directly interact with were net inclisded in the SNA, perhaps distorting
the broader picture of farmers' influencers. The identification and re-
cruitment of some of the farmers through Twitter can also over-
emphasize the role of social media platforms in facilitating commu-
nication between NT farmers. More evidence iz needed to fully
understand the dynamics and characteristics of NT farmer networks and
future studies would benefit from repeating the SNA mapping, for ex-
ample both before and afier implementation of NT, to provide a more
thorough analysis of the temporal changes in farmers’ networks with NT
adoption, Further assessments of the global frmer networks are also
needed to understand the diffusion of knowledge and uptake of tech-
nology resulting from links between farmers across countries,
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1 | INTRODUCTION

| Matthew Reed

| Kamilla Skaalsveen | Julie Ingram

Abstract

Encouraging the uptake of sustainable soil management practices often requires on-
farm experiential learning and adaptation over a sustained period, rather than the
traditional knowledge transfer processes of identifying a problem and implementing
a solution. Farmer-to-farmer learning networks are emergng with farmers experi-
menting and sharing knowledge about these practi ces amongst themselves. One po-
tential communication channel for such interaction and knowledge sharing is social
media and Twitter in particular. A content analysis of a Twitter account for an EU
research project, SoilCare, and in-depth qualitative interviews with five farmers
using Twitter, was used to illustrate the extent and type of farmer-to-farmer knowl-
edge sharing in relation to sustainable soil management practices. Evidence of farmer
learning and knowl edge sharing on Twitter with respect to these practiceswas identi-
fied. Twitter can capture the immediacy of the field operations and visual impactsin
the field. Furthermore, the brief messages channelled through Twitter appeal to time-
constrained farmers. The ability for interaction around particular hashtags in Twitter
is developing virtual networks of practicein relation to sustainable soil management.
Within these networks, farmer champions are emerging that are respected by other
farmers. Twitter works best for those actively seeking information, rather than pas-
sive recipients of new knowledge. Therefore, its use with other forms of face-to-face
interaction as part of a blended learning approach is recommended. Twitter also of -
fers a potential space for other actors, such as researchers and advisers, to interact
and share knowledge with farmers.

KEYWORDS

farmer learning, knowledge exchange, socia media, sustanable soil management, Twitter

soil management (SSM) practices are required that both
improve the quality of the soil and increase productivity.

It is widely recognized that some farming practices within
European crop production are reducing soil quality which
in turn is affecting productivity (Jones etal., 2012).
Currently, production levels are maintained by increased
use of agricultural inputs and technology that may reduce
profitability due to their costs, whilst also negatively affect-
ing the erwironment (Rockstrom et d., 2009). Sustainable

In a European context, such practices might include crop
rotations, cover crops residue management, reduced till-
age operations, fertilizer and manure management to re-
dore soil carbon. It is the am of SoilCare (Soil Care for
profitable and sustainable crop production in Europe)
(www soilcare-project eu), an interdisciplinary research
project funded by EU Horizon 2020, to identify and test
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soil management practices appropriate to particular pedo-
cdimatic and socio-economic conditions that have the po-
tential to optimize soil quality and crop productivity across
Europe.

Whild the potentia of these SSM practices to improve
soil quality and productivity is recognized amongst the sci-
entific community, their uptake by farmers across Europe has
been dow (Lahmar, 2010). There are cartain characteristicsof
S5M practices that we congder below that mean their uptake
might not follow traditional innovation adoption processes
Instead, there isan intereding emergence of farmer-to-farmer
learning networks with farmers experimenting and sharing
lnowledge about these practices amongst themselves.

One potential communication media for sharing knowl-
edge and interactive communication process is social media
and in particdar Twatter (twittercom), one of the mod
widdy used socid media tools Evidence is emerging of the
use of Twitter accounts for communication and learning in
other sectors, such as engineering (PAmer, 20M16) and the
medicad and hedlthcare sectors (Grgales, Sheps, Ho, Novak-
Lauscher, & Eysenbach, 2014), but to dae, there is limited
information on the use of Twitter for learning and knowledge
sharing within the agricultural community.

The am of this paper, therefore, was to use the SoilCare
Twitter account, which currently has over 1,200 followers, to
explore the extent and type of farmer-to-farmer knowledge
sharing in relation to SSM practices. This outcome will be
achieved by profiling those who are following the SoilCare
Twitter account, andysing tweets rdaed to particular SSM
hashtags and intervieming a select number of farmers fol-
lowing the SoilCare Twitter account to illustrate their socia

media usage.

2 | LITERATURE REVIEW

21 ] Socdial media and farmer-to-farmer
learning

Traditiondly, within agricultural extension models, the dis-
s=minalion of new knowledge was conceptudized as a lin-
ear process from acentra point to the land manager (Raling,
1992). These traditional extension models assume that inno-
vdions (and knowledge) originde in science and are trans-
fared to land managers who adopt them. This “ knowledge:
transfer” approach to advice focuses on knowledge produc-
tion, communicative intervention and knowledge consump-
tion (measured as behaviowrd change). More recently,
bottom-up * human development” approaches have emerged
which are based on the principles of participation, empower-
ment and ownership of the problem (Roling & Jiggins, 1994).
The implicdtion is that, given the right conditions, informa-
tion, mutual interaction and opportunity, land managers will
develop thar own appropriate solutions to thar problems

101

The process is one of experiential leaming, rather than pas-
sive knowledge utilization.

Extension or advice based on the linear modd is seen
as appropride for the promotion of discrete technologies
or seasonal operaions, such as sub-soiling. Sustainable soil
management, however, is not only concerned with individua
technologies but also establishing different ways of thinking
about the management of complex and locally variable sys-
tems, sometimes requiring systemic changes. Moreover, the
benefits of SSM practices are not immediately apparent and
are often only redlized in the medium to long term. It can
take severa years for improved sail quality to impact on crop
yields, and the improvements in soil are not dways immedi-
aely observable Asaresult, help with on-farm experimenta-
tion and adaptation is required over a sudained period, rather
than the traditiona knowledge transfer processes of identi-
fying a problem and implementing a solution (Darnhofer,
Bellon, Dedieu, & Milestad, 2010). A moreadaptive approach
isrequired, one of * act, monitor, learn, adapt” (Burton et d .,
2007). This process of experiential learning can be enhanced
through socid interaction and knowledge sharing with others
in the same stuations (see Fry and Thieme, this issue).

One potential opportunity to facilitate increased socia
interaction and learning within the agricutura industry is
the use of social media, which globally is increasing rapidly.
There were 2 .46 billion social media users around the globe
in 2017 and this is expected to rise to 3.02 billion by 2021
(Statista, 2018). However, current emphasis is placed on in-
strumenta uses of social mediafor disssminating information
and transferring messages, compared to a more dialogical
form of communication which engages usersin reflectiveand
problem-solving discusson (Chowdhury & Odame, 2013).

From the literature, it would appear that socid media can
have a number of functions within the agricultural industry,
namely marketing and consumer engagement; lobbying and
campaigning; networking and knowledge sharing; and crigis
communication (see Table 1).

Increasss in the use of socid media amongst the agricul-
tural community have been particularly noted in the literature
in United States, Canada, Australia and UK (Chowdhury &
Odame, 2013; Stanley, 2013). Although to date, sociad media
have largely been used successfully in the agricultura in-
dusiry for marketing and lobbying, there is greater potentia
for its use as an interactive, learning and knowledge sharing
global platform (Stanley, 2013) (see Wick et d , thisisaue).

Some notable examples of knomedge sharing plaforms
are darting to emerge, for example the #Agchat discussion
forums, which are weekly moderated Twitter discussions
that wereinitially founded in the United States and now op-
erate in UK (#Agrichal), Australia (#AgChatO7) and New
Zedland (#AgChaNZ). Alsp, various faimer communities
of practice are dstarting to develop, such as #cubhectare in
UK, which darted with a group of farmers discussing arable
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TABLE 1 Socid maliafunctionsin the agricultura industry

Sodal media functions Examples of usage

Marketing and consumer = Increase product/brand avareness
engagement = Enabling famsto connect with customers
= Building trust with customers

= Increasing tracesbility

Lobbying and campaigning
campaign for change

= Bringing together a collective voice to

and Management

References

Chowdhury and Odame (2013); Stanley (2013);
Bos and Owen (2016); Momisand James (2017);
Kaushik et d. (2018)

Stanley (2013)

+ UK #sosdairy campaign in which Twitter was
used to raise awareness of the problems of the

dairy industry

Networking and knowledge sharing = Interaction with other famers, nationaly and

(Farmer-to-famer) globally.

Stanley (2013); M aeria, Giaré, and Klerkx (2015);
Phillipset d. (2018)

= Joint learning and knowledge co-creation

= #AgCha discusson forums

Crisis communication

« A channe for communicating problems or

Stanley (2013)

issues within the agriculturd industry.

farming-related issues on Twitter, who then decided to meet
up socialy. The group now has 342 members and is growing
globdly (Stanley, 2013).

Whilst there is evidence of increased use of social media
amongst the farming community, there appears to be areluc-
tance to use it as an outreach platform amongst farm advis-
ers (Newbury, Humphreys, & Fuess 2014; Suchiradipta &
Saravanan, 2016). Reasons for this relate to concerns about
lack of skills and competency and perceptions about the time
required to engage in socid media (see Jenkins e a, this
issue) and loss of control over messages posted, relaled to
a sense of responsgbility for the messages (Newbury et d.,
2014; Suchiradipta & Saravanan, 2016).

22| Twitter usagein agricultural industry

Different socid media plaforms (eg. blogs Facebook,
Linkedin, Twitter and YouTube) have different functions.
This paper focuses on one particular form of social media,
Twitter, which has been promoted as a tod for codllec-
tive learning processes and the co-creation of knowledge
(Chowdhury & Odame, 2013). Twitter is a microblogging
platform in which users can currently publish messages of
up to 140 charactars, and towards the end of 2017, it had
330 million monthly active users globally. The use of Twitter
has proliferated with the increase in smartphones. An online
survey of UK and French farmers in 2014 found that 89% of
respondents owned a smartphone, 84% used it for farm man -
agement and 72% used it on a daily basis (Dehnen-Schmutz,
Foder, Owen, & Parsdlo, 2016).

Individuad users of Twitter adopt a “hande” which is
didinguished by an @ sign. Users can mention other users
by using their handle or take part in wider debates by using
an indexing term denoted by the use of ahashtag or #. It is

a0 possible to follow the tweels of paticular users. This
allows people to organize thelr interedts or activity in Twitter
by communities of interest or social networks. The system
a=o dlows usars to connect to other forms of Internet-based
media, and this is a very common use of Twitter to link to
longer or more detailed information. Users can post links
to web pages, photographs, videos or axdio files, aswedl as
use the Twitter space for their own compostions. With the
exception of tweets from protected accounts, al tweets are
publicdly available. Retweeting and replying to the tweeted
posts indicate expressions of intentional communication. A
higher level of retweeting is seen as an indicator of a more
active engagement and interaction in the Twitter environ-
ment, rather than simple one-way communication (Simply
Meaaured, 2014).

It is this more active engagement and interactive use of
Twitter that is the focus of this papar. We wish to explore
whether there is potential for Twitter to drive the uptake of
S5M by engaging others as well as facilitaling discussion
amongst vanous actors (e g. farmers, researchers, knowledge
brokers, policymakers and entrepreneurs). Does Twitter have
the potentid for creating a learning environment where there
is a knomledge sharing from experiences of implementing
SSM practices?

3 | METHOD

This paper was based on twin streams of ddta. Firstly, data
were derived from an online analysis of the Soil Care Twitter
account. The account wasfirst established in 2016 to support
thedissemination activity of the SoilCare project, with aimost
daly adtivity targeted a adl users interested in soil research.
The account gained 1226 fallowers over 21 months between
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11 March 2016 and the 22 Decembar 2017. Secondly, to
provide illustrative examples of Twitter usage, quadlitative
interviews were conducted with five famers who are active
Twitter users.

Usng Twitonomy and the Ncaplture facility of the qua-
itative analytic software, Nvivo 11, we cdllected the entire
Twitter feed of @SoilCare_eu which dlowed us to consider
not only who follows the account but thalr interactions and
some of the content of their responses. Weinitially undertook
a profiling of each user to ascertain the interests of those fol-
lowing the Soil Care Twitter account. Using Twitonomy, we
were able to collect the Twitter profile descriptions of each
of the 1226 followers and then manudly place them into one
of 8 predetermined user categories based on their profile de-
scription. We then focused on andysing the Twitter activity
of those describing themselves as farmers Amongst these
farmers, the number of tweets ranged from 10,397 to 5, sug-
gesting some vary active farmers and some less so. We were
ableto collect data about these farmers Twitter accounts and
in this way were able to follow the networks of interaction
and influence around particular hashtags and accounts, look-
ing for incidences of sustained discussion, from the sarting
point of @SoilCare eu.

To understand more fully farmers' use of Twitter for sup-
porting SSM, we undertook indepth, qualitative interviews
with five farmers who are active in using Twitter to discuss
S55M._ A semi-structured questionnaire was designed with 24
questions derived from an analysisof the key issiesin thelit-
erature and structured around two key themes: the reasons for
using Twitter and delals about the practical use of Twitter.
A farmer following the SoilCare Twitter account, who ac-
tively discussed SSM issues, was contacted initidly via the
Direct Message facility on Twitter and a telephone interview
aranged. A chan referral sample (snowballing) approach
was used to identify further interviewees, by asking farmers
for others with whom they interacted about SSM on Twitter.
This approach proved an effective way of gaining accesstoa
population in an efficient way. The interviews lasted between
30 min and 1 hr. The interviews were transcribed and a con-
tent analyss undertaken to identify key sdatements that illus-
trated the faamears use of Twitter. The data were fird coded
into broad categories using a priori deductive codes, such as
*reasons for use of Twitter” and ° practica use of Twitter”
The second dage of the analysis took an inductive approach
to further coding, capturing common themes. All the farmers
were from the UK and covered arange of ages, farmn type and
famsize(Table2).

These interviews aimed to illustrate Twitter usage for sus-
tainable soil management by farmers actively using Twitter.
Asonly five interviews were conducted, their use is limited
to indicative purposes only. Further interviews are recom-
mended for future research that fully explains the underlying
processes in farmers Twitter usage.

MILLSET AL.
TABLE 2 Ddalsof famersinterviewed
Farmer Age Farm type Farm dze
AH 38 Arable 330
AB 47 Mixed 450
D 35 Arable 900
M 48 Arable 800
w 51 Mixed 1,250

TABLE 3 User categorization and frequencies of fdlowersof @
SoilCare eu

Categary No. % of total

Scientist/researcher 286 24
PhD student 69 6

Science project/progranme 52

Commercial business/product/ 181 15
service

Farmmer adviser/agronomist/ 89 7
traner

NGO/campaigner/forum/ 126 10
commentator/media

Famer/grower/farm manager/ 123 10
contractor

Policymaker 9 1

Uncategorized n 22

Totd 1,206 99

As Twitter is in the public domain, some have argued
tha academic andysis is unproblematic. However, as au-
thors, we contend that few who post on Twitter redize the
insights that can be gained from sustained scrutiny and
tha obtaining informed consent from all participants is
impractical (Reed & Keech, 2017). Therefore, in report-
ing the results, we have anonymised the comments of
paticipants.

4 | RESULTS

Qurinitial andysis of the 1206 followers of @SoilCare eu
showed tha the majority of followers were from the sci-
entific community (24%), and 6% were PhD students (see
Table 3). This result is unsurprising given that SoilCare
is a scientific research project. Interestingly, 10% of the
followers identified themsdves as farmers, growers or
farm managers. In comparison, there were fawer follow-
ers from the farm advisory services (/%) and there were
a patticularly small number of followas from the policy
community (1%).
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FIGURE 1 Number of @SoilCare_eu
farmer followersby UK and non-UK
countries. [Colour figure can be viewed at
wileyonlindibrary.com] uNon-UK farmer followers
Crimping #covercrops 3 weeks on. Dying e 1

where the tractor wheels went but not
everywhere

u UK only farmer followers

7 1twould be interesting to see i it is more effective i done during o just before
frosty weather.

| Have you seen the Daioo one Jake?

=" Unfortunately video only shows maize stubbie:

1 Qa 1

) 1 have no doust it would be
7

V1

J Maybe the crimper needs just a bit of positive drive. 2 or 3% faster the ground
speed. Simiar to the tractor tires....maybe???

- 24 Now 2017
] Or a double crimper, first roller crimps, and second just a convetional roller.

" Front and rear mounted crimper or pos
cost /ha and fuel use vs spraying #gyp

What's your estimated

| Wil nave 3 go with the Cambriage roliers

If the whee! siip/friction on the plants produces the result then a machine
designed to do the same but wider should sort problem IYSWIM

Tmade a crimper roller vid when I visited Stefano Canyii of @CREA Ricerca in
Ttaiy.
They sharpen the crimper bars and fil the whole thing with water B ] 24
In Line Roller Crimper e
~ VLR Blly 0t Definitely an area which needs mone work.
Reduting tillage while adopting less invasive ways of
controlling weeds and consenving soll and soil biota. This C ! 1
Ialisn research project on roller crimper d
P
@
1 1
Not sure about travelling at 2icph for the 2nd pass, interesting idea though i )

Tractor whesls are the best crimpers. However you have to wonder about the
compaction undemeath, wender if something iike the terracompactor might be a
9ood idea for crimping ste! ond.

. | 4N
) 1ts in tne Douse crimpt Not ust the tres

Cambrigge rolis next time?

FIGURE 2 Extract from a Twitter discussion on terminating cover crops. [Colour figure can be viewed at wileyonlineglibrary.com]

Figure 1 shows the mgjority of the followers in the faam-
ersgrowersifarm managers calegory came from the United
Kingdom (64%), with others from United States, Canada,
Ausdralia, other European countries and Africa

If we consider the numbers of friends, followers and
tweets posted, the farmers stood out as being particul arly
active on average, posting over a third as many Tweels as
other categories. The mean number of tweels by farmers
was 3,972, the average number of followers was 1,451 and
the average number of people they were following was

1,216 (total sample average: tweets-2.547; followers-538;
and followed-1,073). Therefore, farmers were more active
in posting onto Twitter, were more likely to be followed, but
only alittle more likely to be following others, which made
them active and potential influencers. Whilst the paper is
focused on the farmer participants in the Twitter feed, it is
clear that this was a heterogeneous group, using Twitter for
different reasons and pursuing different strategies (Table 3).

Within this group of farmers was a subset who were both
paticuarly active, but dso influentid. Farmer SF was the

104



ZLLWI LEY

MILLSET AL.

SoilUse %
and Management 5

24

mod active and had posted over 100,000 tweels. He was
followed by over 13,000 people and in turn followed over
10,000 (a followers:following (FF) ratio of 1.26). This sug-
gests an approach to Twitter of high volume postings and re-
ciproca following. Farmer Alpha had a distinctive profile.
He had posted over 24,000 tweets, had 9,500 followers, but
hewasonly following 1,795 people, aFF ratio of 5.26, which
indicated that other people were listening to him. The tweets
of faamers such as Farmer Alpha and Farmer SF included
severd hashtags, suggesting that they were coordinging
their discussions through indexing terms that they know and
control.

In the period November 2017 to February 2018, we col-
lected tweets from the @SoilCare_eu Twitter feed using
indexing terms for two S5M practices, 300 were using #ocov-
ercrops and 394 using #nctill. A single tweet can contain
severd indexing terms so in this way people can participate
in several concurrent discussions, also this can cross lan-
guages with, for ecample, Spanish language tweets including
an English indexing term. This means that these threads of
conversation can cross languages, ndions, time zones and
bio-physical conditions, gaining participants who contribute
arange of media and perspectives.

Figure 2 illustrates a simplified extract of part of acon-
versation initiated by Farmer Alpha using the #covercrops
hashtag and a photograph of afidd that he had “crinped"1
which had been only partially successful. A discussion
emerged over 2 days about the practice, which led to ashar-
ing of practical knowledge and consideration of dterndive
approaches. In the end, the exchange drew in 18 farmers
and one CEO of an NGO, of which 15 were based in UK,
but three from other countries (United States, Canada and
Germany). This seemingly quotidian discussion included
photographs, emoticons, videos of machinery in operation
and technical details as well as jokes and references to the
wider context of the faaming sector. Even in this smplified
form, the socia, technological and symbolic sophidication
of the exchanges is evident. Also, it was a highly efficient
way of gathering information; within a short exchange,
quedtions about the operation and supply of the equipment
ware dedt with and included an opportunity to see one ma-
chine in operation, as well as finding a source of such
equipment. As a published discussion, it remains visible
and available to others searching through the index terms
#Hoovercrops.

Whild thisextract providesa useful example of how Twitter
can be used for farmer-to-farmer learning, the interviews pro-
vided more ddails fo illudrate how Twitter is baing used by
famersfor knowmedge sharing and learning.

Crimping—use of bladed roller designed fo roll, cut and bruise cover
crops beforedrilling.
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41 | Reasons for use of Twitter

All the interviewed farmers were self-taught in the use of
Twitter. Two interviewees said that they opened an account
after becoming a Nuffidd Scholar” , as Twitter was promoted
there. An important influence on the use of Twitter was the
need to seek information about innovative faming practices,
such as Consarvaion Agriculture, when *looking over the
neighbour's fencg for advice was no longer sufficient.
Twatter provided the opportunity to interact with fammers al
over the UK, aswell as Europe and the wider world.

“...you dont just go to your neighbour farmer,
because it is not happening there, but on Twitter
you can get hold of people from al around the
country, and indeed Europe and America, and
Austrdiawith the same practices” (Farmer AB).

The speed of response and corwenience of Twitter was dso
an important factor inits usage:

*_..1 guessit is convenient for me as | have al-
ways got my phone on me, and there are odd
times when | ambeing in atractor or inavehicle
sopped or jud waking somewhere and you can
redly quickly accessit” (Farmer W).

Famer M sad he thought Twitter was well suited for fam-
ers as they arenot in any direct competition and morelikdy to
collaborae with each other as “ . . there is no cormmercial edge
Io be had”

The impacts on the busness were in the reams of provid-
ing ingpiration and an extra stream of informalion as well as
making the job more interedling. Interaction on Twitter could
broaden the faamer’s outlook and generate more questions
about thalr practices:

* _..ithasgivenme, asamanager, moreof awider
interest in different things instead of just carry-
ing on with what | have dways done or what is
done locally, from locking over the hedge, now
you are locking on a nationd scal€” (Farmer M).

The use of Twitter for networking was important to the
farmers, ather actively or by happenstance .. I dorr't aclively
useit for nelworking, it just happens’ (Farmer M). Thendwork
was mainly other famers, and often those with the same fam-
ing practices, dthough Farmer AH said that he followed fam-
ers doing diffaent things from himself to prevent being in a

2A UK scholarship that funds up to 20 individuads a year to research topics
of interest in dther faming, food, horticulture or rurd industries. Scholars
travel anywhere in the world to further thar knowl edge and understand-
ing of thdr chosen study topic.
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* bubble” Researchers working with related subjects often were
pat of the ndwork, and agronomic information was welcomed
as an important contribution to the farmers knowledge. They
al had acommon view that thair Twitter networks were purely
business rdated, whild other socid interaction would be more
likely to happen on Facebook or WhatsApp. They explained
that they would fdllow someoneif they found them interesting
a thetimeand unfollow them as soon asthey lodt the interest.

Twitter was dso seen as a good darting point for get-
ting more information or to discuss new ideas It is a useful
plaform to figure out other famars past experiences with
a certain type of practice: “ .. you get bulld points through
Twiffer - it isa gateway” (Farmer M). The famers said they
were interacting and sharing knowledge on Twitter, as well
as asking questions. They were mainly influenced by groups
of farmers or individuals that they respected, while they were
of the impression that they mainly influenced those farmers
doing similar things as themsdves. However, Faimer AH,
Farmer AB, Farmer D and Farmer M acknowdedged thair po-
tentia role as brokers of information (athough farmer M said
that he does not try to be a disseminator, but that he issharing
and wants opinions back). Farmer AH and Farmer M were
taking this role on to get reactions and opinions back from al
around the world, whilst Farmer AB and Farmer D seemed to
be more driven by the idea of contributing to sharing knowl-
edge, as people had shared with themin the past.

* _..as people have shared information with me
in the past, | feel likel should return the favour™
(Farmer D).

42 | Practical use of Twitter

The famers did not use many hashtags, those mentioned
were: #indtill, #rootsnotiron, #harvedt17, #corosslot, #sail-
hedith, #ironnotroots, #Alovefarming and #Hramersht.
Fictures were largely used and seen as an important form of
communication:

*_..obvioudy it is vary easy for me to say that
| have got a lovely oilseed rape bean compan-
ion crop or whatever, but if | actually put a pic-
ture of it up there it has much more impact_._”
(Farmer AB).

Most of the farmers seemed to have good experiences
with asking questions on Twitter and thought their network
had much of knowledge that could benefit them. Four of
the farmers used Twitter actively for learning, whereas one
farmer said that he only used it to get in contact with peo-
ple, but may utilize their network for learning in the fu-
ture. Although Twitter was seen as a good tool for learning,
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non-virtual interaction was still valued as the belter way,
especialy if you are standing in the field talking about the
relevant practice. The farmers predicted more innovative
faming as a result of Twitter usage. The reason for this
is that it provides inspiration to try new methods from ob-
serving practices of others on Twitter.

The famers had different expectations to the future of
learning amongst farmers through the use of Twitter. As
they did not think any other socia media were better for the
purpose of knowledge exchange or more user-friendly, they
mostly expected that the Twitter usage would increase with
new and younger farmers.

The extent of Twitter usage was described as a bit of an
explosion during the |ast few years. Farmer AB relaled how
a a meeting he atended a few years ago, where the partici-
pants were asked how they prefarred to recaive information,
he was the only one in the room raising his hand when asked
about Twitter. He expected that the situation would be quite
different today.

5 | DISCUSSION

Clearly, our findings indicate that Twitter does have the
potential for faimer learning and knowledge sharing with
respect to SSM. In fact, Twitter appears to be particulary
suited to SSM as it can capture the immediacy of the fidd
operdions and visud impacts in the fidd. Furthermore, the
brief messages channelled through Twitter apped to time-
constrained famers.

It would aso appear that the ability for interaction around
particdar hashtags in Twitter has the potential to develop
virtua networks of practice in reldion to SSM. These ae
mainly networks of peers, which is significant in the context
of studies of how farmers learn and whom they most trugt
(Sutherland et d., 2013). Within these networks, farmer
champions can emerge that are respected by other farmers
(see Wick e 4, this issue)_ It was felt that observation of
practices used by other farmers on Twitter who were re-
spected and trusted as sources of information was likely to
provide the inspiration for othersto try new practices. Within
our andysis, there was evidence of some highly interactive
and influential farmers, with a larger number of followers.
Currently, it appears that younger and more innovative farm-
ers are interacting on Twitter, but as discussions are publicly
avalable, the information is accessible to dl. Also with re-
spect to sharing learning, Twitter allows the process of indi-
vidud experientid learning and adaptation to be enhanced
through social interaction and knowledge sharing with others
in the same gtudions (Darnhofer et a_, 2010). Our findings
suggest that Twitter can provide adid ogicd form of commu-
nication, which engages users in practical problem-solving
discussion, contrary to Chowdhury and Odame's (2013)
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findings tha amongst Canadian agri-food and rural stake-
hol ders, Twitter usage wasfor 5 mpl e message ecchange

Cnediding constraint of Twitter for the agricultur e come-
munity relates to geographicd inegualities resulting from
poor technology infrastructurein somerurd areas of Europe
(Bos & Owen; Morris & James). However, with increas
ing density of smartphone avalaility and rurd bandwidth,
Twitter is atechnol ogy that will become incread ngly acces-
sibleto mog peoplewithout the need for specifictraning.

DCrespite these technol ogical congrants, the interviewees
reported that Twitter has many advantages it is available to
all and has lower social barriers to paticipation compared
to other forms of sodal media, it also dlows for much wider
networking and acoesstoavariety of resources, ranging from
photographs through to peer-reviewed research. A s reported
in the interviews, other pldforns auch as Facebook and
Whatz4oo are used d ongd de Twitter, but for other purposes
both benefiting from and being disadvantaged by having
higher sod A barriers (Thakur, Chander, & Sinha, 2017).

Certainly, we can see, eveninthis reldivey small sample
of data, indicaions of the devdopment of virtud commu-
nities of pradice The combindion of the smartphong 4G
mobile services and Twitter sdifies some of the precon-
ditions for aich connunities as identified by Hansen and
colleagues of collaboraive tools tha enadle sharing and
co-credion (Hansen etd., 2014). Howaver, in the inter-
views the importance of faceto-face interadion was also
very dex. Meding in thefield is particularly important for
soil which has sensory & ements that farmers like to engage
with via touch, smal &c tha can only be achieved on the
ground. This pointsto theimportance of © blended learning”
approacheswhich combine the online withthe offline knowd -
edge ecchanges (Cullen, Amos & Padd, 2018).

The complex and sophigicaed capanilities of Twitter
discussions open opportunities to transcend socid and geo-
araphica barriers. COur interviews and the number of famers
foll owing @Soil Care_eu indicaethd fa mersare prepa edto
accessthe reallts of sdentific research they find on Twitter,
However, theinteradionswere largely farmer-to-famer with
little evidence in the farmer interviews or Figure 2 of sden-
tigs and advisers interadting directly with farmers through
Twitter. Thisauggeststhat thereisthepotenti d for auch actors
to become more involved in engaging directly with famers
through sod d media platforms The range of people follow-
ing @S0l ICae_eu woul d indicate that there is an opportu-
nity for greater exchange amongst dif ferent actors through
more adive Twitter grategies, particularly if social media
are Used as an iterdive rather than a pasdve one-way pro-
cess (Kaushik, Chowdhury, Hambly Odame & van Paassen,
2015, Phillips Klerkx, & M cEntes 2018). S gnificantly, d-
though we searchedin Engli sh, hashtag discussions gppeared
inother languages, indicaing new opportunitiesfor exchange
and discusd on acrosscountriesand conti nents:
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B CONCLUSION

Cur content analy sis of the @Soil Care_eu Twitter account
and the andysis of the farmer interviews have dealy
idertified an exiging use of Twitter to share knowl edge
batween farmers about pradices related to 33 . Weiden-
tified examples of knowledge sharing, using photographs,
videosand linksto scientific public&ions and reports. The
immediacy and convenience of this pldform are consid-
ered adv antageous. Also, farmers ae willing to share in-
formation in rdation to 330 in this space asthetopic is
not cons dered conmercially competitive. Atthe moment,
Twitter usage by farmers appea s concentraed in parti cu-
lar countries, but as the technol ogy becomes increasi ngly
more acoessible, the Twitter community will grow with
opportunities to share knowledge across countries and
conti nents:

Twitter isseenasauseful source of additiond informaion
and parti cularly i mportant for generating new ideas. Howey er,
farmer preference is fill to share knowledge and learn from
others in a facetoface environment. Consequently, we
cond ude tha there is potential for @ more delibera e use of
Twitter for compined virtual and non-virtud bl ended learn-
ing Approachesin rd dion to S50 .

Finally, much of the knowledge shaing adivity inrelaion
to S3M on Twitter istaking place bdweenfamers Thereis
an opportunity for sdentists and advisers to engage with the
distuss ons and comversations on S5 and wse this space to
interact and engage with farmers on thetopic
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O Discussion

The aim of this interdisciplinary research was to contribute to knowledge about the effects of
NT on soil functions, and to provide an in-depth understanding of the information networks of
the NT farming community. The knowledge about the impact of NT on soil functions in NW
Europe is limited, therefore a comparative study was undertaken in a commercial farming
setting to provide improved understanding of the implementation of this farming system on
different soil types and under the local weather conditions in a case study in the UK. Studies
reflecting on the social dynamics of farmer networks in relation to NT implementation
decisions are rarely conducted, therefore this study sought to understand farmer decision-
making and the information flow and knowledge exchange crucial to successful
implementation of new and innovative farming practices. The sections below summarise and
discuss the main findings from the four paper chapters (Chapter 5 to 8) in light of the overall
thesis objectives that were outlined in Chapter 1, and ends with a discussion of the limitations

of the study.

9.1 The effect of NT practices on soil water functions

The first objective was to collate the current knowledge on the effects of NT practices on the
soil functions of water purification and retention in NW Europe, and to assess alignment across
the literature on the separate NT practices. To address this objective a comprehensive literature
review (Chapter 5) of post-2000 studies of NT practices (direct drilling, cover crops, crop

rotations and stubble management) was carried out.

The literature review identified that NT has varying effects on the water purification and
retention functions of soil in NW Europe, often with conflicting findings, highlighting the
complexity of the system. Fewer studies to-date have been conducted in NW Europe compared
to other parts of the world where NT is more widespread, so this limited evidence might explain
some of the variability in the findings. There was, however, consensus on some characteristics

relevant to the water purification and retention soil functions. In particular, the beneficial effect
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of reduced erosion rates under NT practices, that is in turn reducing soil loss through runoff
and particulate P to watercourses (Ulén and Kalisky, 2005, Schoumans et al., 2014), resulting
from the higher aggregate stability and the protection of the soil surface by cover crops and
crop residues, where these are used with NT. There is also consensus that NT practices lead to
increasing DRP losses (Schoumans et al., 2014, Ulén et al., 2010, Ulén and Kalisky, 2005) as
a result of the enhanced levels of plant material, and the stratification of SOM and nutrients in
the topsoil under this practice (Ferndndez-Romero et al., 2016), with potentially greater
implications for water quality (Taylor et al., 2016), as DRP is the bioavailable form of P that
is quickly taken up by biota. The effect of NT on other soil properties, such as hydraulic
conductivity, infiltration rate and water holding capacity, is more uncertain and should be
explored further as there are indications that these variables are more dependent on local site
conditions. Similarly, the effect of NT on the water retention function was highly dependent
on soil texture, climatic conditions and other management factors such as crop rotations, type

of cover crops and timing of field operations.

Cover crops are crucial for overall NT performance by reducing the potential negative effects
of NT on soil structural properties and nutrient leaching (Bodner et al., 2013, Burr-Hersey et
al., 2017, Abdollahi et al., 2014, Cooper et al., 2017). For example, there is consensus that NT
does not reduce N leaching unless combined with a cover crop, as these crops are contributing
to rapid uptake of excess N from the soil (Cooper et al., 2017, Constantin et al., 2010, Taylor
et al., 2016). The uptake of P by crops and cover crops is slower than for N, so the cover crops
were therefore less efficient in reducing P leaching (Taylor et al., 2016). Cover crops can also
contribute to habitat improvement for soil biodiversity like earthworms, mitigating compaction
damage of top soils and suppressing weeds, but the effect varies with species and crop type,
and the root and canopy characteristics should be considered along with the specific challenges
that farmers are facing connected to local conditions and soil type (e.g. soil compaction, erosion
risk, nutrient leaching). More studies considering what combinations of cover crops are most

beneficial to address site specific challenges on different soil types are therefore recommended.

Conducting detailed assessments of the soil and local conditions before introducing a new
farming practice is particularly important in NW Europe, as the wetter and colder climatic
conditions in this region can make the implementation of NT practices more challenging than
in drier and warmer climates where NT is important for soil water conservation. There are still

uncertainties regarding the potential role of NT to enhance soil functions related to achieving

109



WFD management objectives, as discussed in Chapter 5, and more research is needed to fully
understand the effect of NT in NW Europe and to understand the trade-offs between soil

functions under different local soil and weather conditions.

9.2 The applicability of NT in the UK

To contribute to fill the knowledge gap found in the literature review (Chapter 5) and
summarised in the last section (9.1) regarding the impact of NT on soil functions in NW
Europe, a monitoring programme was established to assess the effects of NT practices on the
separate soil functions of water purification and retention; representing the second thesis
objective. This comparative UK case study was carried out in a commercial farming setting to
provide improved understanding of the implementation of NT and CT farming systems on

different soil types and under the local weather conditions.

There are a number of variables that determine the applicability of NT that vary with local
conditions. Soil structure is important to determine the impact of a new farming system, but
can be difficult to monitor as this is a very slow response variable; with changes occurring over
long timescales and the real effect only being visible after several years of carrying out the
practice (Smith et al., 2013). Establishing field monitoring that lasts long enough to detect the
long-term changes can be challenging. To go some way in overcoming this, the third objective
of assessing the applicability of NT as a ‘sustainable’ practice in the UK by evaluating the shift
from CT to NT and its potential to enhance soil functions, focusing on water purification and
retention functions, was achieved by carrying out a 2-year monitoring programme on two

commercial farms (Chapter 6).

The effect of the different farming systems was largely determined by soil type and the variance
could be as high within, as between, the fields of NT and CT. Changes in soil structure were
evident between the two practices with increased bulk densities under NT, indicating a higher
degree of soil compaction within these fields. The temporal variability was, however, more
significant under CT as the bulk density decreased due to tillage and increased with time to the
same level as under NT in the autumn as a result of densification processes. One of the key soil
structural indicators is SOM and this was found to be higher under NT, with a strong positive

correlation to the soil moisture levels of the fields. The effect of NT on SOM was, however,
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highly dependent on soil type with substantial differences between practices in the free draining
porous limestone soil, indicating that there were greater benefits to implementing NT on this
type of course, free-draining soil of weaker structure than the finer lime-rich loamy soil. In the
UK NT is primarily practised on self-draining calcareous soils as they self-mulch and produce
good tilth from the wet-dry and freeze-thaw cycles (Davies and Finney, 2002), supporting these
findings. The elevated moisture content retained in the soil under was particularly beneficial
during the dry summer months when the CT fields in this study had higher water deficits.
Higher SOM and soil moisture levels have implications for the chemical processes of soils and
more denitrification is likely to occur under more anaerobic conditions caused by soil
saturation, resulting in a decrease of the plant available NOs and an inverse relationship with
SOM, as NOs is reduced to gaseous forms of N. There were higher concentrations of plant
available PO4>", also referred to as DRP, in the water samples that were collected downstream
in NT fields than CT, which is in line with the findings from the literature review (Chapter 5)
and a likely effect of leakage from the increased amounts of plant material cover on the surface

of the NT fields compared to the CT fields.

This study underpins the importance of evaluating and comparing the effects of different
farming systems on soils of different characteristics, texture and mineralogy. Applying a
‘catch-all’ indicator and/or recommendations across soil types and other local factors poses a
risk regarding the success of the system, but the spatial variability related to land use and
chemical, physical and biological processes is still poorly understood (Peukert et al., 2012)..
The monitoring also demonstrated that assessing the inter-field and in-field variability by
establishing a robust sampling strategy, both vertically and horizontally in the field, was
important as the spatial and vertical distribution of nutrients vary temporally. Therefore, it is
recommended to sample at several depths, and across multiple sites in a field, to properly
understand the soil characteristics and avoid misrepresentation of results. The research
community needs to be aware of the variability both within and between fields and the different
outcomes of the same practice under different soil and weather conditions, to determine the
most suitable sampling strategy and to enable standardization of the data collection in a soil
sampling protocol. The study concludes that the implications of NT for the water purification
and retention functions vary largely with soil type, and that some of the monitored soil
properties varied more between soil types than between farming systems. The higher SOM
levels under NT that increased the water retention in the soil was beneficial for soil moisture

levels during the dry and warm years of monitoring, but wet soil conditions can also increase
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the risk of soil compaction. The elevated SOM levels also contributed to topsoil protection,
along with the increased soil cover by cover crops and crop residue. This is beneficial to prevent
erosion leading to soil and particulate P losses to surface waters, but the results demonstrated
that the bioavailable DRP contents increased downstream the NT fields, representing important

trade-offs that should be considered in soil and water management.

Both the findings from the literature review (Chapter 5 and Section 9.1) and from the
monitoring case study (Chapter 6 and Section 9.2) highlight the complexity of farming
systems’ impacts and the importance of local soil and climatic conditions. These demonstrate
that the effect of NT on the water retention and purification soil functions is highly dependent
on soil texture and mineralogy, weather and other management factors, showing the risk of
recommending one practice across soil types. This in turn underscores the crucial role of
individual farmers’ management decisions, and their understanding of the soil functions and

the implications of their farming on the surrounding environment.

9.3 Farmer networks: roles and opportunities

For a better understanding of the mechanisms behind farmer management decisions more
knowledge about how the implementation of NT in England is influenced by farmers’ social
networks is necessary. The fourth objective of the thesis was to provide an analysis of the NT
farmers’ engagement with peer networks in relation to the nature of information flow,
knowledge exchange and learning between farmers (Chapter 7). Understanding these networks
is particularly important as farmers often view each other as their main source of information.
Furthermore, it is apparent that NT is characterised both by the need to develop situated and
experiential knowledge, and to circulate this knowledge within the NT farming community in

the absence of support from the advisory services.

The SNA demonstrated that farmers’ social networks play a crucial role in the circulation of
experiential knowledge about NT and that experienced farmers who have carried out the
practice for a relatively long time are often the most influential individuals; acting as important
inspirational voices. Intermediaries play an important role in enhancing knowledge and
information diffusion within the network by connecting different clusters of farmers, while

some farmers act as knowledge brokers by moving formal (explicit) knowledge from the
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science community and translating it to informal (tacit) knowledge within the farming
community. NT farmers did, however, perceive themselves as having higher levels of
knowledge about NT than other actors in their networks, such as researchers or external
organisations, because of the farmers’ practical experience with NT. Networks of NT farmers
are widely distributed geographically, as the farmers often have to reach out to farmers outside
their local area as they prefer to discuss NT with like-minded individuals rather than the local

CT farmers.

The results further highlight the changing role of the farmers’ agricultural advisers as their
ability to deliver the tacit knowledge required for supporting implementation of this system is
limited. This suggests a need to re-think the role of the advisers, with a suggestion that, rather
than providing technical advice, they become intermediaries that connect different clusters of
farmers, or knowledge network managers. They can provide validity and scientific evidence
and in this way assist farmers to digest and interpret information and access institutional
resources to provide digital infrastructures or act as moderators. In the future, participatory
projects that are bringing relevant stakeholder together could contribute to evolving and
enhancing the role of advisers while increasing knowledge integration, as discussed further in

Section 9.4.1.

9.3.1 The role of social media in farmer networks

Farmer communication and knowledge exchange are essential for farmer learning and
adaptation (Chapter 7 and Section 9.3), and remote communication between farmers is
important for those who are geographically distributed. Therefore, understanding the
interactive forms of communication within farmer networks can provide better insight into the
media these networks use and, in that way, contribute further to addressing the fourth
objective of this thesis. There is still limited information about the role of Twitter, one of the
most widely used social media platforms, in learning and knowledge sharing within the farming
community. The aim of Chapter 8 was to explore the potential of Twitter to drive the uptake
of SSM by engaging and facilitating discussion amongst various actors, including farmers, and
to explore whether it has the potential for creating a learning environment for knowledge
sharing and experience exchange. To achieve this, an analysis of Tweets from the SoilCare

project’s Twitter account (involving16 countries) and qualitative in-depth interviews with five
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farmers with an active profile on Twitter was carried out to map farmer-to-farmer knowledge

diffusion in relation to SSM.

Farmers in this study described Twitter as a useful platform to learn from other farmers’ past
experience with different practices, which was an important driver for interacting and sharing
knowledge on Twitter; demonstrating the potential for farmer learning and knowledge sharing,
with the advantage that it can capture the immediacy of the field operations and visual impacts
of the field through photographs taken and shared in real time, and the more tacit forms of
knowledge about NT. The easy accessibility of this tool was also appreciated by farmers, as
they could access it from their smartphone and the short format messages were beneficial for
time-constrained farmers to retrieve key information. Their connections on Twitter were
mainly with peers, underscoring the findings from the SNA in Chapter 7, and the SNA
interviews where farmers explained that they appreciated the feedback they received from other

farmers on Twitter, highlighting the importance and potential of farmer-to-farmer learning.

Popular and respected ‘farmer champions’ were identified as important sources of information
who would inspire fellow farmers to try new practices or techniques on their own farms, as
these interactive farmers were highly respected by their fellow farmers. This concurs with SNA
that different farmers take on important roles. However, the use of Twitter amongst farmers
still appears to be concentrated in particular EU countries and demographics (i.e. young
farmers). The five UK farmers that were interviewed in this study did, similar to the NT farmers
in the SNA study, still prefer to interact and learn in a face-to-face environment but
acknowledged Twitter as a useful source of additional information and inspiration for new
ideas. As this technology becomes increasingly accessible for farmers (e.g. smartphones and
improved internet access in rural areas), it is envisaged that the Twitter community will grow,
and with this the opportunity to communicate and share knowledge across countries and
continents will increase, enabling scientists and advisers to engage and interact with farmers

about SSM.

In the wake of this publication, Alskaf et al. (2019) produced data that questions these results
and presents conflicting findings in a study on the effects of farm and farmer characteristics on
RT uptake (RT was here used as a common designation for minimum tillage and NT) in
England. They concluded that social media was not an effective communication method with

farmers in their study, nor a common way to inform their tillage practice decision-making.
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Their study was based on a postal questionnaire (a different method from that used in Chapter
8) which provided 371 usable responses for analysis; with only two farmers practising NT, 43
farmers practising RT, and 214 practising a mix of RT and ploughing. The low number of NT
respondents is one possible explanation for the differing results, indicating that there might be
differences between the RT and NT farmer communities. Furthermore, the data collected for
this study (described in Chapter 7 and Section 9.3) supports the conclusions that the two NT
farmers involved used social media as a tool for connecting and exchanging knowledge with
other farmers, especially those that were geographically distant from each other. Twitter might
be more helpful to NT as a novel tillage approach as opposed to RT which is much more
widespread in the UK. However, it is important to note that the recruitment of farmers for both
studies in this research (Chapter 7 and 8) involved contacting farmers through social media,
which might overemphasise the importance of such interactive tools in the findings from this

study.

9.4 Contributions to Socio-Ecological Systems (SES)

The design of this PhD thesis called for an interdisciplinary analytical framework to explore
the scientific- and farming-community’s procedures for knowing and understanding soil, and
how these play out at different scales. Figure 9.1 shows an adapted PhD conceptual framework
integrating this analytical framework as applied in this study (modified from Figure 3.2: the
PhD conceptual framework and Figure 3.1: Agriculture as a complex SES) and illustrates the
key findings emerging from this project (presented in Chapter 5 to 8 and summarised in
Sections 9.1 to 9.3) and the contributions from this work to the wider understanding of the

complex SES.
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This approach brings together the ecological and social systems component of the SES by
integrating knowledge and concepts from the science (left side of Figure 9.1) and farmer
communities (right side of Figure 9.1) with those from this research. Exploring socio-
ecological outcomes over time is important to understanding what scenarios can lead to a more
sustainable use of the system or to a resource collapse (Ostrom, 2007). Central to this
framework is the idea of combining the different ways of knowing to increase the knowledge-
base on sustainable soil management amongst both farmers and researchers, and to integrate
the two. Section 9.4.1 will therefore assess the potential of knowledge integration in providing
an improved understanding of how these communities can support each other by combining
the evidence from complex scientific data with farmers’ experiential knowledge, in order to
reduce the gap conceptualised between formal science and farmers (Rivera-Ferre et al., 2013).
This section further addresses the importance of including farmer local knowledge in research
(9.4.1.1) to enhance knowledge integration, and the role of on-farm research to enable this

(9.4.1.2).

Section 9.4.2 will discuss the importance of enhancing the level of knowledge about soil
complexity and trade-offs between soil functions that could lead to more targeted management,
as well as discussing some important challenges (as conceptualised in the SES), such as the
importance of scale, trade-offs and synergies between soil functions, emerging from the PhD

results.

9.4.1 Integration of knowledge from the farming and scientific community

Most NT farmers in this study did not access formal scientific information directly through
scientific channels, as this was either seen as inaccessible or irrelevant (although five of the
farmers in the SNA study said they accessed ten researchers all together), but accessed it
indirectly in a translated format through advisers, the farming press or other channels. The field
experiment setup that is often used by scientists consists of experimental designs such as a
replicated randomised block design (Piepho et al., 2011) of different treatments distributed
randomly across a field with reference blocks of no treatment. Farmers in the SNA study
considered that such experiments do not reflect a ‘real system’. As one farmer remarked “I feel

disengaged with the science community because they don’t see the complexity in a practical
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day to day system”. Their trust in research data was therefore much lower than in the
experiential knowledge from their experienced peers, particularly after changing practice to
NT as this was seen as a more complex system that needs local adaptation. In the context of
soil, this detachment between scientists and farmers is referred to as the ‘Knowledge Paradox’
by Bouma (2010): “Research results that could potentially provide a major contribution to
innovation and sustainable development are all too often not accepted by or implemented in

society”.

Advisers traditionally help to fill this knowledge gap, in their role in providing advice based
on scientific evidence, as well as acting as knowledge brokers between the research community
and farmers. However, this relationship between the farmers and their advisers changed with
the transition to NT, as those in the advisory services often had little or no experience with NT
and had little access to relevant research. The results from the SNA (Chapter 7) suggested that
the role of advisers needs to change, and that undertaking a network facilitation role is a
potential way forward for advisory services to support innovative farmers and facilitate
knowledge diffusion within information networks (Wick et al., 2018). This could contribute to
more inclusive and participatory ways of integrating and sharing the knowledge needed to face
the complex and locally determined challenges of agriculture (Simane et al., 2018, Bampa et

al., 2018) and support the transition into NT farming.

Suporting farmer networks is one way of enhancing knowledge integration (Wick et al., 2018),
with another being the co-generation of knowledge by farmers and scientists (Stoate et al.,
2019). This has formed the basis of a number of research projects like LANDWISE, SoilCare
and LANDMARK which have taken different approaches to integrating scientific and
stakeholder knowledge. The LANDWISE project (funded by the UK Natural Environment
Research Council) evaluates the effectiveness of land-based Natural Flood Management
measures such as crop choice and tillage practices identified by people who own and manage
land. By using local knowledge, the project is aiming to achieve the greatest realisable potential
and is supporting people and their learning about how these measures can be used to reduce
flood risk (LANDWISE, 2020). The SoilCare and LANDMARK Horizon 2020 projects both
use a multi-actor approach by involving several stakeholders, including farmers, in the process.
In SoilCare this participatory approach was used for selecting and evaluating soil improving
cropping systems to be tested across the 16 European study sites (SoilCare, 2020), while
LANDMARK assessed the sustainable management of soil in Europe including 22 partner
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institutes (LANDMARK, 2018). However, this can be challenging as the different ‘life worlds’
and knowledge of farmers and researchers impedes the use of scientific knowledge in practice

and the integration of farmer knowledge in research (Schneider et al., 2010).

Farmers and researchers often operate on different scales, as explored in Chapter 3, with
different expectations and needs from research data. This was also experienced in this PhD
study as the design of the soil sampling regime in the case study (Chapter 6) needed to provide
data that was seen as useful by the farmer at the same time as meeting the standards of scientific
rigour required by peers, and for scientific publication. The issue of improving the interaction
between science and the society was also discussed by Bouma (2010) who confirmed that there
is little guidance to perform interactive research while maintaining high scientific standards.
There is, however, a trend towards more participatory approaches to research in Europe (they
have been used in developing countries since the 1980s) and an increased focus on combining
formal and informal knowledge, both amongst policy makers and within the science
communities (SGimane et al., 2018). Such an increase will hopefully contribute to developing
the methods and approaches to integrate the analytical and experiential ways of knowing and
processing information by the different communities of researchers and farmers. For example,
Stoate et al. (2019) used such a participatory approach by combining scientific and farmer
knowledge of soil through communication, consultation and co-production of knowledge
across five projects carried out in the East Midlands, UK. They concluded that different
approaches to participatory research can strengthen the engagement and build trust with
farming communities and enhance the understanding of how to improve soil management to
both farmers and the society. This supports other studies showing that interaction between
science and society is important as local farmer knowledge about soil can be more optimally
used (Bouma, 2010, Crotty et al., 2019, Yageta et al., 2019, Short et al., 2019), and it is
important that science engages with local knowledge instead of replacing it (Lyon et al., 2011,

Mehring et al., 2018).

Personal communication with the case study farmers in this study after the end of the sampling
period revealed that they were mostly interested in whether the practice they were
implementing was considered to be effective and were seeking validation from scientific
metrics but at a farm scale. Providing an answer for this based on just one study and in the
context of local conditions can, however, be difficult from the perspective of the scientific

method which relies on replication and uniformity in the contextual variables. The variability
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in values between (and within) fields of different soil types and the limited access to baseline
data or knowledge about the conditions at other farms in the area make generalisations of
whether the practice is beneficial, even at a farm scale, challenging. For example, comparing
the SOM levels at a particular site with the UK average does not make sense as such values
vary with the parent material. Although it was not possible to specify how efficient the practice
was for individual farms when there is no generalised baseline to compare to, the study could
still provide quantitative data on soil nutrients which are of interest to farmers, and allow a

comparison between NT and CT.

9.4.1.1 Socio-ecological feedback

The complex SES of agriculture includes a combination of social and ecological processes of
use, maintainance, regeneration and destruction of the soil resource (Rivera-Ferre et al., 2013,
Okpara et al., 2018). These processes are affected by different variables such as farm
management and the economy, soil functions and threats, potential soil degradation (both
historical degradation and ongoing degradation) and both on- and off-site effects that require
interdisciplinary efforts and integration of different types of knowledge to achieve sustainable

solutions (Okpara et al., 2018).

The NT farmers that were interviewed in this study (Chapter 7) mentioned the lack of action
from CT farmers and a ‘business as usual’ mindset as problematic. Some of the NT farmers
said that their transition was motivated by the negative feedback signal of reduced workability
of the soil®, referring to the capability of the soil to be tilled. They expressed the opinion that
continous intensive management would cause the soil quality to slowly decline to a point of
depletion. This happens, for example, when components that contribute to soil feritlity are
removed faster than they are replenished (Tan et al., 2005). The NT farmers described the
mechanisms conceptualised as driving sustainablility in SES; the socio-ecological feedback
(outlined in Chapter 3) that can lead to land use transitions. The transition occurs when
depletion of the resource gives negative feedback resulting from poor management (Lambin
and Meyfroidt, 2010). Feedback from arable agricultural systems might, however, only be
evident when the degradation is beyond repair because of the very slow processes associated

with soils.

3 Farmers’ motivations to NT implementation was not explicitly addressed in the SNA paper (Chapter 7) as
there were space limitations to the paper. The data emerged from conversations and informal meetings with
farmers (see table 4.4) and from question 2 in the SNA interview guide (Appendix D).
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Soil structure is a slow response variable as changes in SOM stock appear slowly, as noted in
Chapter 6, and negative socio-ecological feedback from, for example declining SOM content
(which is closley linked to structure), would not cause rapid and critical enough changes in
yield for the farmers to take the risk of changing practice, especially as the farmer could
increase inputs through additional fertilizer application and still achieve acceptable results.
This management strategy will, however, cause long term damage and is critical as soil is a
finite resource (FAO and ITPS, 2015a). Therefore, the challenge of achieving long-term soil
sustainability, which is the goal of the SES framework, in this type of resource system, where
visible negative feedback signals are absent, requires additional efforts. The slow soil response
means that once higher SOM is achieved it can be sustained and farmers are now starting to
valuate the long-term resilience this provides. Participatory approaches to integrating local
experiential farmer knowledge in research is important so that the different social and
ecological dimension of the SES are accounted for. For example, Lehébel-Péron et al. (2016),
successfully used a participatory approach to combine scientific and traditional knowledge to
rehabilitate dramatically declining heather honey production in Southern France. This was a
typical example of ‘socio-ecologic feedback’ where the knowledge of stakeholders such as
local beekeepers, specialists of heather and researchers was combined and utilized to fully
understand the various drivers of change; including climatic, socio-economic and ecological
factors that all interconnect and should be assessed together. Similarly, the information
provided by the NT farmers in this study has been integrated with the scientific monitoring

data to contribute to a wider understanding of the system.

9.4.1.2 Farmer knowledge and learning

The importance of considering farmer knowledge about field conditions and soil properties
when evaluating the effects of different farming practices or when designing on-farm soil
research was highlighted in the UK monitoring case study (Chapter 6). The results from the
interviews in Chapter 7 showed that it takes time for farmers to build up this experience for
understanding how to carry out a new practice successfully. The NT farmers in the SNA study
would watch more experienced farmers and follow the unofficial “rules of NT” the first few
years after changing practice. Eventually, they would start experimenting on their own farm
and build experiential knowledge of their own. Once they had more experience and confidence

they would adapt the practice to suit their particular farm conditions (Chapters 7 and 8). This
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way farmers could improve their understanding of the basis of why elements of the farming
procedure worked so that they would know what to change if it stopped working (Lyon et al.,
2011). These observations are supported by a number of studies of farmers’ experiential
learning (Nuthall and Old, 2018, Martin, 2015, Sewell et al., 2014), and are of particular

relevance to the transition from CT to non-inversion systems.

The experimentation and development of their own site specific knowledge was particularly
important after implementing NT as they could no longer just rely on their advisers (Ingram,
2010, Milestad et al., 2010, Samiee and Rezaei-Moghaddam, 2017); nor apply “recipe
farming” (Lyon et al., 2011) in which farmers follow prescriptive formulas from agricultural
science (Lyon et al., 2011, Leeuwis and Van den Ban, 2004). It has been argued that linear
agricultural processes have not been able to consider the needs of a particular local
environment, but rather create a dependency on uniform external knowledge sources (Simane
et al., 2018, Leeuwis and Van den Ban, 2004). Lyon et al. (2011) tried to understand how
agricultural science could ovecome this and move towards embracing the variability of
different geographical contexts. They desribe the key challenge as the conflict between the
principles of science and the experience of the farmers, as the scientific community often seek
knowledge that has a wider impact and can be generalized across time and space (or ‘scaled
up’ as shown in Figure 9.1), whereas farmers are more concerned with what works at the field-

scale level.

9.4.1.3 On-farm research

Undertaking on-farm research (as reported in Chapter 6) is one potential way of moving the
agricultural sciences towards embracing the heterogeneity of space found on farmers’ fields.
On-farm research is believed to have a beneficial effect on generating new or modified
technologies, as it allows the researcher to have an appreciation of farm conditions and
challenges, for researchers and farmers to share observations, and for researchers to draw on
the farmer’s practical experience (Moayedi and Azizi, 2012). However, although farmers are
experienced, they might lack the ability to interpret in-depth scientific information that is
essential to successfully carrying out new and perhaps more complex farming practices
(Ingram, 2008). Examples of this are understanding about the different trade-offs, off-site
effects or below ground processes resulting from different management, that are not directly

visible for the farmer (this is discussed further in Section 9.4.2).
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The case study reported in Chapter 6 revealed the complex interactions between SOM, soil
saturation and the N cycle, that would be difficult for the farmer to observe. This on-farm
approach to research could therefore improve farmers’ understandings of the mechanisms
behind the topsoil and above ground results they are viewing as the research findings are
communicated back to them. Meetings with the case study farmers in this study were therefore
arranged towards the end of the project to discuss the findings with them, benefiting the farmers
as findings and patterns from their fields were explained, and benefiting the project as the
farmers provided their views on these findings. Research that is carried out on farmers’ fields
and in a farming environment is a good starting point for designing suitable and relevant

research for local conditions (Moayedi and Azizi, 2012).

Similarly, advisory and extension recommendations derived from research are only relevant to
farmers if they take the varying soil characteristics of fields and environmental factors of the
farm into account, as explored in Chapter 6. Therefore, research and advice/extension need to
make better use of farmer knowledge by working closely together and offering flexible soil
management options that the farmers can fine-tune to meet their specific site conditions. Such
an approach needs a co-design (participatory) research design which could contribute to
establishing relationships of trust and help to encourage farmers to enhance their soil resources
(Skaalsveen et al., 2020, Poncet et al., 2010). Furthermore, such an approach will lead to an
improvement of the “know-how” of farmers so that they will be better equipped to examine
their soils and interpret what they see, in addition to improved “know-why” which offers a
scientiifc understanding of cause and effect mechanisms from formal scientific knowledge

(Ingram, 2008), important to successfully carrying out a complex practice like NT.

9.4.2 Soil function complexity and trade-offs

Strengthening of the “know-why” of both farmers and researchers is important to improve
understanding of the variability in responses to the different soil types and climatic conditions
(as discussed in Chapters 5 and 6), but also to provide an overview of the trade-offs that might
occur between all soil functions (or for separate functions, as explored in this study) under
different conditions (Schulte et al., 2014, O'Sullivan et al., 2015, Valujeva et al., 2016). The

complexity of soil processes was explored in Chapter 5 and 6, which assessed the effect of NT
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farming on the water related soil functions. Important scientific arguments for introducing NT
systems are the beneficial effects for erosion reduction (Schoumans et al., 2014, Mhazo et al.,
2016, Gaiser et al., 2008, Vogel et al., 2016, Todorovic et al., 2014), improving habitats for
biodiversity (Bertrand et al., 2015, Crotty et al., 2016) and enhancing C levels in the topsoil
(Oorts et al., 2006, Hazarika et al., 2009, Ulrich et al., 2006). These effects do, however, vary
greatly with soil type and climate; in some cases the transition to this system lead to negative
impacts, such as increased DRP leaching (with potentially high impact on water quality)
(demonstrated in Chapter 6) and increased fluxes of N-gasses (Soane et al., 2012). Other
studies have, however, discovered a higher number of potential trade-offs between soil
functions under CT than under NT (Frank et al., 2014, Tamburini et al., 2016, Stavi et al.,
2016). Such trade-offs both between all soil functions and for the separate functions need to be
considered to ensure that the optimal measure or practice is implemented (O'Sullivan et al.,
2018, Bouma, 2014), as soils have a different capability to deliver each of the different soil
functions (Schulte et al., 2014, Haygarth and Ritz, 2009, Glasner et al., 2014). Figure 9.2

summarises these different findings.

This study has provided analytic evidence by assessing the water retention and purification
function under different soil and management conditions. To date, there are few similar studies
assessing soil functions (O'Sullivan et al., 2015, Valujeva et al., 2016). More has been done on
the synergies between different ESS as the interactions between the services are important to
understand the implications of developing policy and economic incentives for the promotion
of particular ESS (Smith et al., 2013). A central reason for this is that environmental and
agricultural policies are increasingly outlined on the basis of ESS (O'Sullivan et al., 2018), such
as the ‘payments for ecosystem services scheme’ (Arnott et al., 2019) as noted in Chapter 2.
Although the ESS are on a ‘higher organisational level’ than the soil functions, soils have a
crucial role in delivering ecosystem goods (as described in Chapter 3) and the same challenges
arise in terms of cross-linkages between services or functions, resulting from many different
physical and chemical components that are subject to a range of environmental drivers (Smith
et al., 2013). More knowledge about the soil function complexity is therefore important in
developing future legislation and successful outcomes from initiatives such as those that offer
‘payments for ecosystem services ’, but also to place more emphasis on synergies. An example
is the current absence of policies addressing both soil and water in the UK (explored in Chapter

2) although healthy and functioning soils are crucial for good water management.

124



This was also demonstrated by this study as the NT practice that was aiming to improve soil
properties connected to the particular function of water retention and purification (such as
erosion mitigation) can provide co-benefits (as erosion mitigation led to increased topsoil SOM
and reduced suspended sediments in downstream waters), but also result in trade-offs (by
increasing nutrient leaching from the plant material that is covering and protecting the soil to
downstream waters) as observed by others (Stavi et al., 2016, Valujeva et al., 2016, Schulte et
al., 2015, Robinson et al., 2013, Smith et al., 2015, Smith et al., 2013, Lindborg et al., 2017).
More emphasis should be placed on managing and maintaining integrated soil functions as they
are necessary to support different ESS (Drobnik et al., 2018, Robinson et al., 2013) Smith et
al. (2013) therefore called for an ESS framework to address co-benefits and trade-offs for
improved coordination of ecosystem management. Similarly, such a framework for the soil
functions, taking different local conditions into account, was recommended by Schulte et al.
(2014) who developed the FLM framework (see Chapter 3). Although the framework
represented an important step towards the quantification of the ‘supply of” and ‘demand for’
soil functions, their analysis did not assess the potential interactions between soil functions.
Central to this framework is the realization that some soils perform particular functions better
than others as demonstrated by the particularly beneficial effects of NT under Cotswold brash
soil reported in Chapter 6. However, Valujeva et al. (2016) argues that the aim of soil

management should be to optimise rather than maximise the supply of each function.
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9.4.2.1 Spatial variability in function delivery

The importance of soil type and landscape for delivering soil functions was outlined earlier in
this chapter, but the co-benefits and trade-offs between soil functions are also largely affected
by the combination of the soil type and the soil management system applied by the farmer.
This was demonstrated by the findings in Chapter 6 (summarised in section 9.2 and Figure 9.1)
that show the varying effect of NT and CT practices on a free-draining porous limestone soil
and a lime-rich loamy soil. Understanding the multi-functionality of soils as a function of land
use and soil type are important steps towards improved soil management (Tamburini et al.,
2016). This PhD study also concludes that assessing local variations of soil type and accounting
for the best possible functionality of different combinations of soil type and land management
is important (Schulte et al., 2014, Haygarth and Ritz, 2009). Undertaking a regional approach
was also advised by Lindborg et al. (2017) who suggested that trade-offs and synergies vary
with scale and that managing them would be easier at larger scales, such as the landscape or
regional scale, as the scale of management should match the scale of the processes behind ESS

generation.

This study assessed the two systems of NT and CT, representing low and high intensity tillage
systems, but only focusing on one of the soil functions (Chapter 6). Other studies have
undertaken modelling or review approaches to predict the trade-offs between several functions
or services (Stavi et al., 2016, Tian et al., 2016, Valujeva et al., 2016, Yang et al., 2019,
O'Sullivan et al., 2015, Frank et al., 2014). A conceptual model developed to compare soil
functions and ESS between agricultural systems was developed by Stavi et al. (2016),
illustrated in Figure 9.3. The authors acknowledged that site-specific and local conditions could
have altered these scores, hence producing generalized results that might differ between
geographical areas. The figure shows that the water availability and erosion control are shown
as high under conservation, which mirrors findings from Chapter 6 under NT, while similarities
to the high soil quality score in Figure 9.3 are dependent on what variable is used to describe
this. Facing these trade-offs associated with different farming practices is, however, important

as they are key to understanding the benefits to this farming system (Tamburini et al., 2016).
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Figure 9.3. The scores per agricultural system per soil function/ESS illustrating the potential trade-offs
between them (source: Stavi et al., (2016)).

9.4.2.2 Soil functions on different scales

As noted in earlier sections, the water purification and retention functions assessed in this PhD
study (Chapter 6) were only partially impacting the farmer, for example while soil moisture
content is important, other impacts such as the changes in downstream water quality represent
an off-site effect that was less noticeable for the farmer. Farmers in this study (from the SNA)
were, however, interested in improving soil properties that could indirectly benefit this soil
function; for example by increasing SOM levels (highly correlated with soil moisture storage),
to protect their soils from erosion (less sediment and particulate P inputs to waters), enhancing
soil structure, fertility and cover with cover crops (can increase N uptake and prevent leaching),
and increase soil biodiversity (vertically drilling worms are providing macropores that increase
water storage and infiltration, while micro biodiversity is beneficial for water filtering and
‘cleansing’). The demand for such functions operate on different scales (Schwilch et al., 2016);
for example, water purification manifests itself at the local scale and water retention at the
catchment scale, while the demand for greenhouse gas mitigation primarily exists on a national
scale (Valujeva et al., 2016, Schulte et al., 2015). The mismatch between scales, both

temporally and spatially, in the supply and demand for functions can also challenge optimal
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management strategies (Valujeva et al., 2016, O'Sullivan et al., 2018). Understanding the
priorities of the people who are supplying (e.g. primarily farmers and foresters) and demanding
(e.g. policy makers) soil functions is essential to understanding how the separate functions are
prioritised by these different actors, and there is a current gap between the two (O'Sullivan et

al., 2015, O'Sullivan et al., 2018).

Farmers in this study had to place emphasis on their yields (providing the farm income) as they
were running a business, but would often accept lower yields, particularly the first years after
implementation of NT, as they wished to enhance other soil functions. The divergence of
prioritisation of soil functions calls for efforts to harmonise and incentivise (or suppress) the
delivery of such soil functions. Development of agri-environmental policies that can tackle
such trade-offs between functions on different scales is important, and to assess the
opportunities and synergies between national and local target setting so that the two can be
better connected. Engaging a wide range of stakeholders, as discussed in the earlier sections of
this chapter, adds complexity. Nevertheless, as exemplified in this PhD study and outlined by
the SES framework, cooperation between diverse stakeholders and different disciplines of
science is crucial in achieving multiple objectives from the soil resource (O'Sullivan et al.,

2018).

9.5 Limitations of the study

9.5.1 Field monitoring

In assessing the water purification function of the soil under different farming systems, the
field monitoring of this study did not include the soils’ ability to filter pesticides. Pesticides are
important to NT farmers for weed suppression (as they are not inverting the soil) (Terresen et
al., 2003; Soane et al., 2012). Other additional variables such as assessments of water
percolation through deep vertical macropores from vertically drilling earthworms, groundwater
quality (for monitoring of harmful N leaching), hydraulic conductivity (in addition to the
infiltration tests), water holding capacity and aggregate stability would also have added value
to the discussion of the suitability of NT for improving the water related soil functions. The
decision to exclude these analyses was based on the limited scope of the study and the lack of

facilities to carry out these analyses. In hindsight, a more thorough assessment of water quality
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elements (such as suspended solids, total N and NO3") would have been beneficial for
improving evaluations of the effect of NT on the water purification function. An early attempt
to use SONDES equipment was hampered by a technical fault and unfortunately this could not

be fixed or replaced.

Inevitably a short study imposes a number of limitations in terms of allowing sufficient time
for meaningful changes to result from systems’ changes. Furthermore, the weather conditions
(in particular the summer drought conditions during the study period) affected the sediment

trap data collection and sampling from the waterways.

A limitation to the case study design is the uncertainty resulting from comparing a small
number of fields instead of, for example, carrying out a randomized block design with several
replications. Assessing commercial farming systems that do not enable control of the field
operations results in a large number of ‘unknowns’ in terms of removing/controlling some
variables, particularly with limited baseline data to compare with. Approaches that allow
monitoring of real farming operations, but with some comparative ability, are a consideration
for future research. The initial assumption that the two farms had sufficiently similar soil types
to allow a fair comparison between systems was also a limitation (although the soil analysis
performed during the project confirmed they were similar). Ideally, a longitudinal study that

captures baseline data is a better approach than comparing farms of ‘similar’ soil type.

9.5.2 Farmer interviews

The SNA approach was useful to map farmers’ social networks, but a limitation of the SNA
study was that the interviewees were limited to farmers. Some of the main conclusions
emerging from the SNA were that advisers need to undertake a new role to support innovative
farmers, and that farmers tend to trust shared experiential knowledge more than formal
scientific information. The opportunity to triangulate this with interviews with advisers and
researchers would have added depth and insight to the discussion, and potentially have revealed
a different or more nuanced picture. The discussion and conclusions in this study are largely
informed by talking to farmers (both those in the SNA and Twitter studies and the case study

farmers) about the science and farmer communities, and the need for integration. This
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observation supports a common theme in the literature, however I acknowledge that there are

limitations in drawing these conclusions without talking to scientists themselves.

The numbers of farmers and recruitment of these farmers were further limitations to both the
SNA (n = 16) and Twitter (n = 5) papers. The farmer interviews for the Twitter paper were
intended to enhance the Twitter content analysis and as such the results are indicative only. A
higher number of farmers could have strengthened the SNA study as more evidence is needed
to fully understand the dynamics and characteristics of NT farmer networks, and confirm the
patterns observed, but this was not possible within the time available in this PhD study. The
interviews were only carried out once, although interviewing the SNA NT farmers before and
after implementation would have been beneficial to assess the temporal changes to these
networks. The SNA study was limited to mapping the current ego-networks of the participants
and recruiting more farmers by the snowball approach, potentially overemphasising the
connections within the network. Recruiting some of the farmers from both the SNA and Twitter
paper through Twitter can also overemphasize the role of social media for NT farmer
communication, and biases the SNA sample on a certain type of NT farmer (i.e. it may not
have adequately captured the NT farmers who are not on Twitter who have different sorts of
social networks). However, early attempts to identify NT farmers through local networks (i.e.
the Farming and Wildlife Advisory Group), email or telephone, originally focusing on the

catchment where the case study monitoring took place, did not reveal any willing respondents.

This chapter has provided a presentation of the results from the four main Chapters of this
thesis (paper Chapters 5-8) and discussed the findings in light of other relevant scientific
literature. Following on from this, the Conclusion Chapter will provide a brief summary of the

key findings from this study and end with the recommendations for future research.
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10 Conclusion

By undertaking an interdisciplinary research design, monitoring the field scale effects of
different farming systems on the water related soil function and investigating the social
dynamics of the networks that are affecting farmers’ decisions about implementing such
systems, this PhD study provides an original contribution to knowledge. The social and natural
systems components were tied together by a complex SES framework aiming to integrate

knowledge and concepts from both science and farmer knowledge.

Findings from this study demonstrate that there are still uncertainties regarding the effects of
NT in NW Europe and results from the case study showed the great variations that exist both
within and between fields under the same agricultural system. There were often larger
differences in soil variables attributable to soil types than to farming system. This highlights
the heterogeneity of soils and the potential trade-offs and synergies that can result from
different combinations of soil types, management practices, human factors and weather
conditions. The on-farm research approach that was undertaken in this study has potential to
support and validate experiential learning. The monitoring phase of the research provided
evidence that was not directly visible to the case study farmers, such as the complex
interactions between SOM, soil saturation and the N cycle processes, while information and
views from the farmers that was provided during the interim and post-study meetings was
helpful when interpreting some of these results. Results from this study also demonstrated the
crucial role of the social networks of NT farmers for decision-making and learning.
Understanding of how farmer knowledge is produced and circulated within these networks is
important to advisers for providing support to innovative farmers. Supporting farmer networks
with scientific input could contribute to more inclusive and participatory knowledge integration
and co-generation of knowledge by farmers and scientists, producing data to meet expectations

and standards from both communities.

Findings from this study represent important inputs to the ongoing discussion of the future
environmental land management policy and related schemes of the UK. The findings

demonstrate the importance of participation and integration of different knowledge types for
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achieving sustainable soil management, that local variations in soil and field types can
determine the outcome of different management strategies, and the need for more effective and
targeted advisory services. Moving away from EU’s CAP the UK has a unique opportunity to
redesign the Environmental Land Management policies and develop less prescriptive schemes
allowing farmers to participate in the process of selecting the measures that will benefit their
soils the most while addressing local environmental challenges. The trade-offs between soil
functions that were discussed in this thesis represent an important challenge to the suggested
strategies where farmers are payed for providing public goods. This is underpinning the
importance of local knowledge as the supply and demand for the different public goods will

vary between areas and that a “local prioritisation” will be necessary.

10.1 Recommendations for future research

This study demonstrates that predicting the total impact of farming system change on soil
functions is a challenging task as several soil chemical, physical and biological processes
interplay and vary with local conditions and human factors. The importance of knowledge
integration between different actors of a SES was discussed in Chapter 9. In particular,
integration of knowledge between actors of the different disciplines of soil science (e.g. soil
biodiversity, soil chemistry, soil physics etc.) is recommended to provide a better
understanding of the soil system responses in an agricultural ecosystem context, optimising the
multifunctional use of soils. This study contributes by revealing some of this complexity by
assessing separate soil functions under different soil conditions, but future research would
benefit from taking a wider scope and aiming to monitor all soil functions in a similar site-
specific way (and under different management systems) for more knowledge about trade-offs

and synergies.

There is a lack of a widely accepted measure or metrics for soil functions, which is a substantial
barrier for effectively communicating with actors outside the soil science community. In this
study, this was identified when conducting the literature review (Chapter 5), as both the
variables measured and the units used to monitor these were not consistent. It was also

identified in the case study (Chapter 6) where, for example the variability in the number and
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depth of soil samples was shown to have large implications for the results (making direct
comparisons with other studies difficult). The monitoring methods should therefore be
standardized with common function indicators, so that these types of studies would be more

comparable.

An example of such an indicator is one to monitor the SOM/SOC stocks that are generally
depleted in agricultural systems compared to natural ecosystems. A decline in the SOM/SOC
concentration is likely to affect the delivery of soil functions as SOM plays a significant, but
complex, role in underpinning many of the soils’ functional properties (Haygarth and Ritz,
2009, Villarino et al., 2019). This study, therefore, undertook a thorough monitoring of SOM
in the case study fields (Chapter 6). The levels of SOM often vary largely between regions
depending on the soil parent material and historical management. Therefore, benchmarking the
SOM/SOC levels (and other important indicators) for different farming regions would be a
useful way to create a baseline for farmers and researchers, particularly for shorter projects that

are unable to collect longitudinal data.

Results from this study show that NT is promising for SOM conservation and for reducing soil
losses in the UK, which is important for long-term soil sustainability. The assessments of
policies with impact on soil protection and conservation in the UK and England (Chapter 2)
indicate that the current legislative action is not adequate. The positive experiences and
activities of the NT farmers and their networks in this study, however, suggest that voluntary
efforts by such farmer communities should be encouraged to foster a higher uptake of this
management, where appropriate. Current participatory initiatives such as the Countryside
Stewardship Facilitation Fund farmer groups, Innovative Farmers, and AHDB Monitor Farms
could serve as a model for formalising such an approach. The opportunity to pay farmers for
public goods in the forthcoming ELMs individually or in groups will also be a way of achieving

this by incentivising practices that deliver selected soil functions.
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Appendices

Appendix A — Network characteristics

Overview of research questions (RQ) and their links to network characteristics, how characteristics

are measured and the relationship to information flows.

RQ Network How the characteristic is Relationship to information
characteristic = measured flows

Is there a The role of - Network density - Higher density between

link social - The average total degree members of the network

between networks in - Betweenness centrality can increase information

farmer providing - Closeness centrality flow.

network information - Average neighbour degree - The level of interaction

characteristi about NT. between actors in a social

cs and network affect

implementa information flow.

tion of NT?

What are Actors in - The types of actors within - Homophily can decrease

the interpersonal farmer networks (farmers, the amount of new

characteristi networks, academia, farmer information coming into

cs of mechanisms organisations etc.) and the network.

networks of
farmers
who have
adopted NT

farming?

for networking,

formality

communication intensity
(SNA).

- Preferred communication
forms (e.g. face-to-face,
telephone, social media)

- Formal or informal
relationships (SNA).

- NT farmers’ acquaintance

network.

- Bridging ties increase
access to external
information.

- Bonding ties increase the
uptake of new

technology.
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Who are the Influencers

influencers? and

The in degree (number of

incoming edges)

Central actors can

increase information flow

intermediaries - Influence rating by by spreading information
respondents in the SNA. to a larger number of
- Nodes in the SNA that people.
connect clusters Key players increase
information diffusion
between clusters.
What are Changes in - Changes to members of An increasing number of
the social respondents’ social network connections in a network
temporal networks before and after increase density and
and spatial ~ before after NT implementation of NT information flow.
dynamics of implementatio (SNA).
farmer n - Changes to who respondents
networks in were influenced by before
relation to Geographical and after NT.

NT? distribution of - Sources of information

social network before and after NT.

(local/regional/ - Geographical location of

national/global members of respondents’

) social networks (SNA).
What sort The extent of  Interview questions: - Bridging of explicit
of NT knowledge - Level of knowledge? knowledge to tacit
knowledge  communicated - Tacit or explicit forms can make new
is within the NT knowledge? information more
communicat networks. accessible.
ed by
farmer The nature of
networks? information

within NT

networks.
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Appendix B — Coding categories for analysis

Overview of coding categories used to analyse interview data in NVivo.

Nr.

Codes

Sub-codes

i

Implementation of NT

Knowledge transfer
Age of adopters

Information sources under implementation

ii

Information sources

Information from farmer discussion groups
Farmer to farmer learning

Social media as information source
Farmer influencers

Who interviewed farmers influence

iii

Spatial and temporal

dynamics

Spatial dynamics of NT farmer networks
Temporal dynamics of NT farmer networks
Contact intensity between farmers in NT network

Changes in the networks before and after implementation

of NT

iv

Network characteristics

Regional and national actors of NT networks

Global actors of NT networks

Local actors of NT networks

The level of knowledge of NT amongst local farmers

The level of knowledge about NT within the learning

network
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Appendix C — SNA table

Please name everyone you discuss farming practices and specifically NT (no-tillage) with (they can be in any order and all names will be kept

confidential)
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Appendix D — SNA interview guide

SNA farmer interviewing guide:

1. Can you tell me about yourself and your farm?

- How long have you been farming?

- Agricultural background

- Are anyone else in your family involved in farming?
- Farm type

- Farm size

- Farming practices

- How representative is it/you for the area?

2. When/why did you implement NT on your farm?

- Have you made any other changes to your practices recently?
3. Who is your farming network? Did it change after you implemented NT?

4. Are you involved in any initiatives (e.g. Innovative farmers, LEAF, local discussion groups, Agri-

environment schemes etc.)?

5. How would you describe the level of knowledge about “BMP/NT” in your network?

6. What effects the level of knowledge (e.g. some very well informed farmers)?

7. How do you think the level of knowledge affect the implementation rate of “BMP/NT”?
8. How often do you interact with people in your network?

9. What platforms of interaction do you prefer?

- Social media?

- Discussion groups?

10. Where/who do you ask for advice about farming practices?
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11. What is your impression of the soil quality in the area?

12. What is your impression of the water quality in the area?

13. Who do you think are influenced by you? Do you see yourself as a broker of information?

- Ifyes, in what way?
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Appendix E — Twitter interview guide

Twitter paper farmer interview guide:

Interview questionnaire

Farm name/location

Name (anonymous)

Occupation

Age

Education

Date

Farm type (arable, mixed,
livestock etc.)

Farm size

How long have you been
farming?

Question

Comments

Reasons for use of Twitter

Twitter?

1 |How did you learn to use

2 |Why Twitter?

What makes twitter
particularly suited to sharing

information about soil?

How do you use social
media/Twitter in your farm

business?

..and what potential impact
do you think Twitter can

have on your farm business
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(e.g. direct contact with
consumers, new markets

etc.)?

Do you use Twitter for
networking, if so how, if not —

why not??

Who are your Twitter

network?

Do you use your Twitter
account for both social and

business matters?

How does it fit in with other
methods of getting advice
and information about soil?
What other ways do you use
to get advice or information

about soil management?

Do you interact and share
knowledge with other
farmers about soil

management on Twitter?

Any other methods, like

farmer discussion groups?

10

Who do you think are
influenced by you on Twitter
- do you see yourself as a

broker of information?

If yes: Why have you taken

this role?
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...and who influence you (be
specific; list both groups and

individuals)?

11

How critical are you of the
information you receive and
share on Twitter? What does
it take for you to trust a

source?

12

Practical Use of Twitter

13

What hashtags do you use to
share and/or follow soil
knowledge (e.g.

#rootsnotiron #notill

#covercrops)

14

Do you find photos useful for
interacting/sharing

knowledge and if so why?

15

Do you attend discussion
forums on Twitter? If so,
what is your role (e.g. taking

an active part or observing)?

16

Do you ever ask questions or
ask for advice on
Twitter? What is the

response?

17

Do you use Twitter for
learning, if so how, if not —

why not?
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If yes, how relevant do you
find this learning compared
to non-virtual interaction

(face to face)?

18

Where else do you receive
your information from (other

social media etc.)?

19

Does learning on social media
impact your choice of

practices?

20

Is the use of Twitter for
farmer learning likely to
increase? Are other forms of

social media better?

21

What is your impression of
the extent of Twitter usage in
rural businesses (in your area

and the UK in general)?

Is it just restricted to a few

innovative farmers?

22

What do you think are the
main barriers for farmers

using Twitter?

23

In what ways has twitter
changed the advice
landscape? Has it impacted
on the role of formal
knowledge transfer?”

How significant is twitter in
terms of opening up access to

information ?
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24| Does Twitter contribute to
more innovative farming (on

your farm and in general)?

25(Can you list the names of
your main sources of
information on Twitter (4-5

people)?
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Appendix F — Statement of contribution

Statement of contribution

A peer reviewed paper published in the Soil and Tillage Research Journal titled “The effect of
no-till farming on the soil functions of water purification and retention in north-western

Europe: a literature review”:

Skaalsveen, K., Ingram, J., Clarke, L. 2019. The effect of no-till farming on the soil functions of
water purification and retention in north-western Europe: A literature review. Soil & Tillage

Research, 189, 98-109.

Kamilla was the lead author of this paper and responsible for the design, data collection,

analysis and led on writing the paper.

Signed by co-authors:

JMUM L?C[/"m’ﬂe :

A manuscript submitted for peer review to the Journal of Soil and Water Conservation (revised
manuscript addressing reviewers comments has been submitted and is awaiting editorial
decision) titled: “Impact of no-till practices on water purification and retention functions of

soil:

Skaalsveen, K., Clarke, L. 2020. Assessing the impact of no-till practices on water purification
and retention functions of soil: results from a UK case study. Soil and Water Conservation

(Accepted subject to revisions).

Kamilla was the lead author of this paper and responsible for the design, data collection,

analysis and led on writing the paper.
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Signed by co-author:

Lr?(é‘&’if(‘ ,

A peer reviewed paper published in Agricultural Systems titled: “The characteristics and

dynamics of learning and knowledge exchange in no-till farmer networks:

Skaalsveen, K., Ingram, J., Urquhart, J. 2020. The role of farmers' social networks in the

implementation of no-till farming practices. Agricuftural Systems, 181.

Kamilla was the lead author of this paper and responsible for the design, data collection,

analysis and led on writing the paper.

Signed by co-authors:
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A peer reviewed paper that was published in a special issue of Soil Use and Management

titled: “The use of Twitter for knowledge exchange on sustainable soil management”:

Mills, J., Reed, M., Skaalsveen, K., Ingram, J. 2018. The use of Twitter for knowledge exchange

on sustainable soil management. Soif Use and Management, 35 (1), 95-203.
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and contributed to the writing of the paper.
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