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Abstract 
The natural capital (NC) approach presents a structured framework for 

sustainable decision-making and evaluation, requiring an understanding of how 

different decisions impact NC and the flow of multiple ecosystem services (ES). 

The approach has been placed at the heart of delivering the UK Government’s 

25 year Environment Plan, which states their intention to “set gold standards in 

protecting and growing natural capital – leading the world in using this approach 

as a tool in decision-making”.  

There is now growing advocacy for its incorporation into local-scale land 

management decision-making (e.g. individual farm or estate businesses). 

Despite this growing interest, evidence of its application at the farm scale is 

limited. Existing studies have often only partially applied the approach and nearly 

always rely on existing data (irrespective of its suitability at local scales), modelled 

data or data from other studies. Previous research has suggested that failing to 

underpin the approach with site-specific, fit-for-purpose, data brings into question 

its usefulness in decision-making and evaluation at the local scale.  

The research in this PhD represents one of the first attempts to implement a 

complete application of the NC approach, including detailed measurement of NC 

condition, ecosystem function (EF) and ES value at the farm scale. The study 

focuses on four ES pathways – climate regulation, food production, drinking water 

provision and pollinator services – in the context of land management decisions 

on the Clinton Devon Estate in Devon. Its core contributions are both 

methodological and empirical; it explores how the NC approach can be applied 

robustly at the farm scale and how the adoption of different land management 

practices, including organic agriculture and intensive farm management, impact 

NC and ES. The key findings are that: 1.) there are a number of significant 

challenges that need to be addressed before the NC approach will be practical in 

routine farm-management decision-making (e.g. availability of suitable data, 

access to expertise), 2.) land management intensity can degrade soil NC 

presenting on-going risks to future soil condition in the UK and 3.) organic farming 

has the capacity to increase soil carbon storage, enhance pollinator stocks and 

improve the supply of clean drinking water whilst delivering similar producer 

welfare compared to conventional farming.  
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Definition of terms  
Definition of terms and acronyms frequently used within the thesis.  

Economic terms:  

Natural capital (NC): The stock of renewable and non-renewable resources (e.g. 

plants, animals, air, water, soils, minerals) that combine to yield a flow of benefits 

to people (Natural Capital Coalition, 2017).  

Natural capital approach: Defined here as a systematic approach to decision-

making and evaluation involving assessment of three key tiers; Tier 1, 

understanding the extent and condition of natural capital; Tier 2, understanding 

the ecosystem functions that play a critical role (often alongside human, social, 

manufactured and other capital) to transform natural capital in a given state into 

benefits to humans; Tier 3, understanding the economic value of the flows of 

ecosystem services derived from natural capital.  

Ecosystem functions (EF): Sometimes also referred to as environmental or 

ecosystem processes or intermediate ecosystem services these functions are 

those which contribute to the transformation of NC into ecosystem services (e.g. 

carbon cycling and storage, nutrient retention and cycling, storage and 

degradation of pollutants, pollination, natural pest control).   

Ecosystem services (ES): The direct benefits that people derive from 

ecosystems (e.g. food, fibre, clean drinking water, climate regulation, recreational 

enjoyment).   

Intermediate ecosystem goods and services: Intermediate goods or 

processes that facilitate the creation/maintenance of a good or service that 

supports the creation of a final product (e.g. habitat generation and maintenance 

to sustain crop growth).   

Final ecosystem goods and services: A good or service that has a direct 

benefit to humans/society (e.g. crops for food consumption).  

Economic value: Defined here as a monetary measure of an 

individual/household/firm’s welfare gain. Value in the context of economics is a 

measure of welfare and is based on an individual’s understanding of the benefit 

of accessing a good or service. An understanding of how much someone values 
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something can be derived from their interest in exchanging something for it. As 

money is typically used as a currency in the exchange of goods and services it is 

commonly applied as a proxy for economic value.   

Producer surplus: A measure of producer benefit from the production of goods 

(e.g. crops). Calculated as revenue from product sales minus variable production 

costs.  

Farm scale: Used throughout the thesis to refer to a range of agricultural 

business structures from the small farm to the large estate with multiple farm 

tenants. The term is used to cover organisational units (i.e. a farm business or 

estate business) that typically make land management decisions. These 

decisions might require information at a range of resolutions. Depending on the 

nature of the decision this could include understanding and detecting differences 

in NC, EF and/or ES at the following resolutions: within field, between different 

fields, between groups of fields (e.g. at stages of the rotation), between farm 

habitats or between whole farms.  

Sustainable agriculture: Sustainable agriculture or the sustainability of 

agricultural practices is defined following Tilman et al., (2002) as practices which 

meet current and future societal needs for food and fibre, ecosystem services 

and for healthy lives and do so by maximising the net benefit to society, when all 

economic, environmental and social costs and benefits of the practices are 

considered.   

Natural science terms:  

Bulk density (BD): The mass of a unit volume of dry soil, usually expressed as 

g soil cm-3.  

Soil organic carbon (SOC): Percentage of organic carbon contained within the 

soil  

Soil organic matter (SOM): Percentage of organic matter contained within soil 

(e.g. as plant residues, root exudates and microbial biomass). Typically 

measured through loss on ignition (LOI).  

Total carbon (TC): Percentage of total carbon (including organic and inorganic 

carbon fractions) contained within soil  
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Total nitrogen (TN): Percentage of total nitrogen (including organic and 

inorganic nitrogen) contained within soil  

Bioavailable phosphorus (P): The quantity of bioavailable phosphorus as 

phosphate contained within soil, typically measured through the Olsen-P 

extraction process. P is a very important plant nutrient.  

Bioavailable magnesium (Mg): The quantity of bioavailable magnesium 

contained within soil. Mg is an important plant nutrient.  

Bioavailable potassium (K): The quantity of bioavailable potassium contained 

within soil. K is an important plant nutrient.  

Soil pH: A measure of soil acidity or alkalinity, important in influencing soil 

chemistry and the availability of soil nutrients.  

N-potential: Used to refer to the ratio of clay to soil organic carbon (clay:SOC) 

with categorisation based on the capacity for a soil to store more carbon and soil 

stability (i.e. its resistance to soil erosion), as described in Merante et al., (2017).  
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Chapter 1: Introduction, objectives and thesis structure  
1.1 Introduction  
Agricultural intensification through the 20th century, focused almost single-

mindedly on increased crop production, has had a significant impact on natural 

capital (NC) (e.g. soil, water, ecosystems) and the flow of ecosystem services 

(ES) (e.g. clean air and water, climate regulation, recreational enjoyment) that 

NC provides. In recognition of these issues, the UK government have set out 

ambitious targets through their 25 Year Environment Plan (HM Government, 

2018) to deliver net improvements in England’s environment within a generation. 

The importance of protecting NC is at the heart of the plan, which identifies the 

benefits NC delivers to the economy and to human welfare. Integral to the 

delivery of their ambitions is the application of the NC approach to decision-

making. Indeed, the government state their intention to “set gold standards in 

protecting and growing natural capital – leading the world in using this approach 

as a tool in decision-making” (HM Government, 2018, pg. 9).  

The NC approach presents a structured framework for understanding the impact 

of decisions on NC and the subsequent flows of ES. Three stages or tiers are 

commonly considered in frameworks relating to the approach: Tier 1) an 

assessment of NC extent and condition (e.g. soil or water quality): Tier 2) 

measuring the response in ecosystem function (EF) (sometimes called 

environmental processes) (e.g. carbon sequestration, crop growth, nutrient 

filtering); and Tier 3) the valuation of ES (e.g. climate regulation, crop and drinking 

water provision) (Haines-young and Potschin, 2008; Dominati, Patterson and 

Mackay, 2010; Faccioli et al., 2020). The approach supports the principles that 

decisions should not be single-focused (say on profits from food production) but 

should consider the full range of benefits derived from the natural environment. It 

provides a framework for decision makers to account for multiple market (e.g. 

crops, timber and water) and non-market (e.g. climate regulation and flood 

alleviation) goods and services in their decisions (Hanley et al., 2015; Bateman 

and Mace, 2020; Ovando, 2021). Economists have long recognised the NC 

approach as a useful model by which to account for sustainability (Maseyk et al., 

2017) but interest in its application to decision-making has grown in recent years.  
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Whilst the NC approach has initially been applied at relatively large spatial scales, 

there is growing advocacy for its incorporation into local-scale land management 

decision-making and evaluation (Faccioli et al., 2020). Organisations such as the 

Natural Capital Committee and Natural Capital Coalition have actively 

encouraged its adoption at local and organisational scales in recent years (e.g. 

for individual farm or estate businesses) (Natural Capital Coalition, 2017; Natural 

Capital Committee, 2017). This is borne out of a recognition that most NC assets 

are owned and/or managed by organisations working at much smaller scales 

(Faccioli et al., 2020). In the UK, 70% of land is managed as farmland (Connors, 

2016) and in England, around 92% is  privately owned (Shrubsole, 2019). 

Meaningful change in the condition of the UK’s NC will only be realised, therefore, 

by facilitating changes in decision-making by private landowners, likely to be 

operating at the farm or estate scale.  

The promotion of the application of the NC approach at the farm or estate scale 

has not been missed by the farming community. There has been a rush of recent 

articles in the farming media on the potential of incorporating the approach into 

farm decision-making (EFTEC, 2019; Beedell, 2021; CLA, 2021; Harris, 2021; 

Norton, 2021) – recognising its potential to identify private and public benefits that 

arise from NC, support sustainable decision-making and access future funding 

steams. However, despite positivity around the approach, its successful 

implementation at the farm scale remains limited. Studies that have attempted to 

apply the NC approach (see section 2.1.5) at the farm or estate scale have often 

been partial (i.e. they have not completed all tiers of the approach). Most local 

scale studies have either failed to adequately measure NC condition (only 

accounting for asset extent) (e.g. Faccioli et al., 2020), omitted the monitoring of 

EF or have stopped short of valuing ES (e.g. Ovando, 2020). Furthermore, they 

have nearly always relied on existing readily available data (irrespective of 

whether it is fit-for-purpose), modelled data or data derived from other studies 

(i.e. using value transfer methods) (EFTEC, 2018; Kieboom, Silcock and Russ, 

2018; Silcock and Russ, 2018; Faccioli et al., 2020). Whilst conducting this work 

is no doubt challenging, failure to conduct the complete NC approach and/or 

omitting to underpin it with site specific, high resolution data brings into question 

its usefulness in decision-making and evaluation at management appropriate 

scales (Faccioli et al., 2020).  
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There therefore remains a significant need to build understanding on the 

application of the NC approach at the relevant decision-making scale, that of the 

land manager. In particular, it is important to understand how primary, site-

specific data on NC condition, EF and ES values can be used to improve the 

method’s usefulness at management-appropriate scales. This undertaking is the 

focus of theme one of this PhD which applies stages of the NC approach to the 

evaluation of land management decisions at Clinton Devon Estate, South West 

England. The PhD builds towards the complete application of the approach, 

combining information on NC condition and EF to facilitate the valuation of ES. In 

doing so, it aims to contribute learning on the practical application of the approach 

at the farm scale, highlighting the challenges and opportunities for its future 

application.  

In building towards this aim, the PhD contributes empirical insights on a second 

theme, the impact of specific land management practices on NC, EF and ES. The 

primary focus was on determining the capacity for organic agriculture to enhance 

NC and the flow of ES. A secondary line of investigation considered the 

implications of farm management intensity (and associated management 

practices) on NC at Clinton Devon Estate. The findings from both have important 

policy implications at a time when the UK Government are reassessing the 

manner and level of reward that farmers should receive for the delivery of public 

goods through their new environmental land management scheme (ELMS).  

The overarching research objectives are expanded on below followed by a 

description of the thesis structure. 

1.2 Research aims and objectives   
The research was conducted in collaboration with two main industry partners, 

Clinton Devon Estate and Westcountry Rivers Trust. It also required engagement 

and support from other important stakeholders – notably, farm tenants and South 

West Water. The main aims of the PhD were to advance understanding on the 

application of the NC approach at the farm scale1 and to contribute to scientific 

understanding on the impacts of different land management practices on NC, EF 

                                            
1 The term ‘farm scale’ is used through the PhD to refer to a range of agricultural business 
structures from a small farm to a large estate with multiple farm tenants. Farm scale decisions 
require information at a range of resolutions. Depending on the nature of the decision this could 
include understanding NC, EF and ES at the resolution of within field, field, group of fields (e.g. 
at stages of the rotation), habitat block or across the whole farm(s).  
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and ES. In doing so, the PhD sought to collect high-resolution data that could be 

used by Clinton Devon Estate to inform future farm and estate management 

decisions. Information that was of particular interest to the estate included: 1) how 

baseline NC conditions should be established and monitored over time; 2) the 

impact of different land management intensity on NC condition across the 

tenanted and in-house farms; and 3) the role that organic conversion of the Home 

Farm (farmed in-hand by Clinton Devon Estate) in 2007 has had on NC and the 

flow of ESs. There was a keen interest in the research being interdisciplinary, 

focusing on aspects of soil, water and biodiversity NC and the connected flows 

of ES.  

Through a process of co-creation with the project partners and underpinned by 

the literature (Chapter 2) four overarching objectives were established. These 

objectives are outlined below and are addressed to differing degrees across four 

primary research chapters (chapters 4 to 7). Here the relative contribution each 

chapter makes to tackle the objective is summarised while each chapter is 

introduced in more detail in the following section (Section 1.3).  

Objective one: To establish baseline natural capital conditions for soil, 
water and biodiversity natural capital at the farm scale  

This is addressed across chapters 4, 6 and 7. Chapter 4 focuses on establishing 

baseline conditions for soil NC, Chapter 6 for pollinator NC (a measure of 

functional biodiversity) and Chapter 7 considers those two natural capitals 

alongside an assessment of baseline groundwater NC condition.  

Objective two: To build understanding on how land management practices 
and intensity impact on natural capital condition and productive output  

This is addressed in Chapter 4 which uses measurements of soil NC to 

understand the impacts of farm management intensity and soil management 

practices on soil NC condition. It also investigates the relationship between soil 

NC condition and crop production to evaluate the private implications of 

degrading soil NC.   

Objective three: To explore the capacity for organic agriculture to balance 
food production, producer welfare and the enhancement of natural capital 
and ecosystem service delivery   
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This is addressed in Chapter 5, 6 and 7. Chapter 5 evaluates the detailed impacts 

of organic conversion at the estate in 2007 on soil NC condition and soil function. 

Chapter 6 investigates the impacts of organic conversion on pollinator stocks 

alongside trade-offs in yield and consequences for farm profitability. Finally, 

Chapter 7 brings in information on groundwater NC and drinking water provision, 

evaluating the economic costs and benefits associated with conversion to organic 

agriculture.   

Objective four: To undertake a complete application of the natural capital 
approach (from measurement of natural capital condition through to 
economic valuation of ecosystem services) using field-based data and, by 
so doing, build understanding as to how the approach might be 
implemented at the farm scale and assess whether it is suitable for routine 
land management decision-making at that scale. 

This objective is the focus of Chapter 7, which builds upon data reported in 

chapters 5 and 6. It addresses the objective in the context of a decision to adopt 

organic farming while taking account of four ecosystem service pathways 

impacted by that change: soil carbon storage and climate regulation, crop growth 

and producer benefits, nitrate leaching and drinking water provision and pollinator 

stocks and pollinator services.  

1.3 Thesis structure  
This thesis contains a review of the literature (Chapter 2), a site description and 

introduction to methods (Chapter 3), four primary research chapters (chapters 4 

– 7) and a final synthesis chapter (Chapter 8).  

The literature review in Chapter 2 places the research in context and acted as 

the foundational base for developing the primary research chapters. Firstly, it 

introduces the NC approach and examines current applications of the natural 

approach at the farm scale. It then explores the important forms of NC, EF and 

ES in agricultural environments, identifying how they are typically measured. 

Finally, the review introduces the issues associated with intensive agriculture, the 

changing state of agricultural policy in the UK and the challenge and opportunities 

for agricultural systems (such as organic agriculture) to balance food production 

and the delivery of other ES.  
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Chapter 3 provides a more detailed introduction to the case study site Clinton 

Devon Estate, the important forms of NC on that estate and the associated flows 

of ES. It introduces the measurements of NC, EF and ES applied in this study 

and places them within the NC approach framework, highlighting the wider 

relevance of each based on the literature. The chapter finishes by providing an 

overview of some of the methods that are frequently applied in two or more of the 

primary research chapters and require further detailed explanation. This 

information reduces repetition in the primary research chapters.  

The following four research chapters are presented in the format of self-contained 

papers to facilitate on-going publication. As such, there is some repetition across 

the chapters. Attempts have been made to minimise repetition and where there 

is overlap in methods, the reader is referred to the relevant section in Chapter 3. 

A brief overview of each chapter follows.   

Chapter 4: Utilising existing land management records to explore the 
drivers of soil natural capital condition and productive output across 
different management intensities 

This chapter contributes to objective one and addresses objective two. The 

chapter reports on research activities that established baseline soil NC conditions 

and goes on to demonstrate how this data can be used alongside farm 

management records to generate useful information that can inform farm and 

estate management decisions. The chapter shows that baseline NC data can be 

used alongside field management records to investigate the impact of land 

management intensity and identify potential management practices (e.g. tillage, 

nutrient inputs or rotation) that might be driving soil NC condition. Furthermore, 

measurements of soil NC condition and farm records can be combined with crop 

yield data, to determine the impact that NC condition can have on productive 

output.  

The chapter tackles the following research questions:  

1. How does farm intensity impact on soil natural capital condition and 

productive output?  

2. What are the likely drivers of differences in soil natural capital condition 

across the study farms?  

3. Does degradation of soil natural capital impact on productive output?  
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Chapter 5: Does conversion to organic farming improve soil natural capital 
condition and soil function?  

This chapter contributes to address objective three. The aim of the chapter is to 

evaluate the role that organic agriculture could play in enhancing soil NC 

condition and, importantly, soil function. In addition, the study seeks to identify, 

which, if any, of the diversity of soil condition indicators appraised in the research 

meaningfully, inform the quantification of final soil-based ES. It tackles the 

following two research questions:  

1. Do organic field sites have better NC condition than conventional sites and 

what practices might explain any differences?  

2. Do organic field sites have enhanced soil function compared to 

conventional sites and what practices might explain any differences?  

 

Chapter 6: Organic conversion and long-term pollinator stocks: A 
landscape-scale analysis using the BEE-STEWARD software  

This chapter contributes to objective three. The aim of the study was to build 

understanding on the impact of organic conversion and/or habitat interventions 

on bumblebee populations (as an indicator of insect pollinators), evaluating the 

potential trade-offs or ‘win-wins’ between pollinator NC stocks and provisioning 

services (crop production and producer welfare).  The study had three key 

objectives:  

1. To apply the BEE-STEWARD modelling software to answer the following 

questions:  

A. Does a landscape-scale shift from conventional to organic agriculture 

enhance floral resources available to insect pollinators?  

B. Does the addition of pollen and nectar habitat interventions enhance 

floral resources within conventional and organic dominated 

landscapes? 

C. Does a landscape-scale shift from conventional to organic agriculture 

enhance long-term bumblebee populations?  

D. Do pollen and nectar habitat interventions enhance long-term 

bumblebee populations at a landscape scale?  

2. To quantify the trade-offs in yield and the returns to farming associated 

with: 
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A. A landscape scale shift from conventional to organic agriculture  

B. The addition of pollen and nectar habitat interventions in the farmed 

landscape  

3. To estimate the cost-effectiveness of different land management changes 

in enhancing pollinator stocks, tackling the question: What is the most 

cost-effective strategy to increase bumblebee populations?  

 

Chapter 7: A systematic application of the natural capital approach at the 
farm scale: Is it a practical tool for routine land management decision-
making? 

This chapter contributes to objective three, whilst addressing objective four. It 

seeks to deliver a complete application of the NC approach combining natural 

sciences data from chapters 5 and 6 with the economic valuation of a suite of ES. 

The chapter had two aims: 1) to build understanding around the challenges and 

opportunities of applying the NC approach at farm management scales; and 2) 

To evaluate whether organic agriculture delivers greater benefits to society (i.e. 

higher ecosystem service value) than conventional agriculture. The chapter 

tackles the following research questions: 

1. What are the data and science requirements of the NC approach when 

applied at the farm scale? Do these requirements make it practical for 

routine use in farm-management decision-making?  

2. Given the costs and complexities of the full NC approach, can we rely 

simply on biophysical measurements of NC and EF to assess the likely 

scale of ES values delivered by farm management decisions?  

3. When applying the NC approach, can conversion to organic agriculture 

deliver greater benefits to human society (ecosystem service value) than 

conventional agriculture?  

In Chapter 7 there is some repetition from earlier chapters. This is inevitable as it 

brings together the research from the previous chapters but has been written so 

that it can be reproduced as a standalone paper.  

To bring the thesis to conclusion, Chapter 8 provides a synthesis of the findings 

from the four primary research chapters. It goes on to provide some key 

conclusions and identify future research to build upon the work conducted here. 
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Chapter 2: Literature review 
2.1 The natural capital approach to agricultural decision-making  

2.1.1 Defining natural capital and ecosystem services  
The Natural Capital Coalition define NC as “the stock of renewable and non-

renewable resources on earth (e.g. plants, animals, air, water, soils and minerals) 

that combine to yield a flow of benefits or “services” to people” (Natural Capital 

Coalition, 2021). It is typical in the literature for NC and ES to be used alongside 

each other, with ES considered to flow from NC, as in the definition above. ES 

are defined in the Millennium Ecosystem Assessment  (MEA, 2005) as the 

“benefits people derive from ecosystems” and Costanza et al., (1997) link the two 

through the description of ES as the “flows of materials, energy, and information 

from natural capital stocks which combine with manufactured and human capital 

services to produce human welfare” (Pg. 254). 

Different distinctions have been made between the different types of ES 

considered to flow from NC. The MEA (2005) assessment identified four types of 

ES:  

• Provisioning services: e.g. provision of food, fibre and raw materials 

• Regulating services: e.g. flood alleviation or climate regulation  

• Cultural services: e.g. spiritual or recreational landscapes 

• Supporting services: e.g. soil formation, nutrient cycling or erosion 

control).  

Others have considered two distinctions in ES, describing “final ES”, providing a 

direct service or good to society (e.g. fish for consumption) and “intermediate ES”, 

facilitating the creation/maintenance of a good or service that supports the 

creation of a final product (e.g. habitat generation and maintenance to sustain 

fisheries) (Guerry et al., 2015). Some workers have deliberately excluded 

“supporting” or “intermediate” services in their frameworks for assessing ES, 

considering them to be ecosystem processes or functions and not ES which 

deliver a direct and quantifiable benefit to humans (Dominati et al., 2010; Maseyk 

et al., 2017). The same approach is applied in this study and reference to ES 

herein relates to final ecosystem goods and services that deliver a direct benefit 

to humans.  



31 
 

There are different beneficiaries from different ES and ES can be distinguished 

as delivering private and/or public benefits. Bateman and Balmford (2018) define 

a public good as being both “non-excludable (i.e. non-paying consumers cannot 

be prevented from accessing it) and non-rivalrous (i.e. use by one individual does 

not reduce availability to others)” (e.g. the air we breathe) (pp. 295). In contrast a 

private good is defined as being both “excludable (i.e. consumers have to pay to 

access it) and rivalrous (i.e. use by one individual precludes its use by another)” 

(e.g. food produced by farmers) (Bateman and Balmford, 2018; pp. 295). In the 

production of private goods there are often externalities that arise which do not 

directly impact the producer but have impacts on other members of society (e.g. 

agricultural production leading to the pollution of drinking water supplies 

downstream). These externalities can be defined as any action that impact the 

welfare of or opportunities available to an individual or group without direct 

payment or compensation (Pretty et al., 2003). Some externalities can also be 

positive. For example, progressive changes in agricultural land management 

could lead to positive external benefits such as reducing water resource pollution 

and reducing costs of drinking water treatment (a benefit to the water company) 

or improved carbon sequestration (a benefit to society due to climate regulation).  

2.1.2 What is the natural capital approach?  
The NC approach presents a systematic means of looking at the environment 

from an economic perspective focusing on the value that NC stocks provide to 

society through flows of ES (CCI, 2016). It involves understanding, measuring 

and assigning values to these relationships and by doing so presents a method 

to integrate values derived from nature into decision-making (CCI, 2016).  

The NC approach arises from the premise that stocks of NC can be replenished 

or degraded. The quality and quantity of these stocks (NC condition), along with 

various anthropogenic drivers and environmental processes (defined here as 

ecosystem functions - EF), underpins the delivery of goods, services and 

disservices (ES) that directly impact on the welfare of individuals in society. There 

are a number of different stages in the NC approach (referred herein as tiers). 

Whilst the definition of these tiers might vary slightly between studies there is 

broad agreement that the NC approach involves building a systematic 

understanding of (Faccioli et al., 2020):  

• The extent and condition of NC assets or stocks (Tier 1)  
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• The environmental pathways (EF) through which changes in NC result in 

changes in ES (Tier 2)  

• The economic value of the flows of ES (Tier 3)  

Compiling this information enables the benefits derived from NC to be 

incorporated into decision-making. It  allows an assessment of how changes to 

NC (extent and quality) following a change in asset management are likely to 

cascade into changes in ES value (Faccioli et al., 2020).   

A number of similar cascade frameworks have been presented that apply this 

thinking, conceptually linking NC condition to EF and the delivery of ES (Haines-

young and Potschin, 2008; Dominati, Patterson and Mackay, 2010; Maseyk et 

al., 2017). As explained above the components of these frameworks (Figure 2.1) 

comprise of assessing NC stocks (Tier 1), EF (Tier 2) (sometimes called 

processes) and ES (Tier 3). Ultimately the complete application of the NC 

approach aims to compile the necessary data on NC and EF to facilitate the 

valuation of ES. The goal is to conduct a holistic appraisal of the multiple ES 

benefits and trade-offs that arise from a land management decision, including 

both private goods (e.g. food and water) and public goods and services (e.g. 

climate regulation and recreation).  
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Figure 2.1: Showing the cascade framework applied to understand the connecting tiers in the 

NC approach. Adapted from Haines-young and Potschin (2008). The cascade framework shows 

the three tiers and how they connect to delivering benefits to people in society. Tier One shows 

examples of NC, Tier two shows EFs important in transforming NC into ES and Tier Three 

shows examples of final ES. The different benefits and beneficiaries are also shown to highlight 

who stands to benefit from ecosystem service flows.  

The benefits and trade-offs associated with ES are commonly expressed in 

monetary terms (ES values) (Faccioli et al., 2020). Using monetary terms 

facilitates the application of cost-benefit analysis as a decision-support tool. That 

is, ES values (e.g. climate regulation or clean drinking water) can be considered 

in the same units as the financial costs (e.g. agri-environment scheme payments) 

and the economic returns (e.g. farm profits from crop production) of different land 

management scenarios. In doing so, supporters of the NC approach suggest that 

it can be used to select land management practices that are both cost-effective 

and maximise the output of benefits to humans (Maseyk et al., 2017; EFTEC, 

2019; Bateman and Mace, 2020; Defra, 2020a).   

The NC approach builds on the earlier ES approach, in that it focuses on 

understanding NC stocks (NC condition, quantity and sustainability) as well as 

the flows of ES and the social and economic benefits they provide (Natural 

Capital Coalition, 2020; Judd and Lonsdale, 2021). The ecosystem services 

approach or ecosystem approach is variably defined (Judd and Lonsdale, 2021) 
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but in most simple terms it focuses on understanding the flows of goods and 

services and how they are impacted by a decision (Natural Capital Coalition, 

2020). Advocates of the NC approach highlight that existing ecosystem 

approaches have often failed to adequately link the ES identified to the NC that 

underpin them (Maseyk et al., 2017). This can be important as ES are not directly 

influenced by management (as shown in Figure 2.1) but are the consequence of 

change to NC condition and EF. Understanding the changes in NC condition 

and/or EF in response to land management change are therefore important in 

understanding the consequences to ES. Maseyk et al., (2017) suggest that “by 

focusing on changes to natural capital stocks, consequences for ecosystem 

services can be inferred and effectiveness of policies assessed”. Furthermore, 

they argue that implementation of an ES approach without “explicit reference” to 

NC stocks is unlikely to be successful. Similar views have been expressed by 

other advocates of the NC approach (Robinson et al.,  2009; Dominati et al., 

2010). The NC approach and ES approach therefore are not identical but interact 

(Maseyk et al., 2017; Judd and Lonsdale, 2021) and both have been incorporated 

into decision-making frameworks.  

2.1.3 How have land management decisions been evaluated in the past?  
The NC approach is a novel way of evaluating the different land management 

decisions in that it combines both data from the natural sciences and from 

economics (Faccioli et al., 2020). In doing so it could be a valuable tool in 

assessing the biophysical, social and economic dimensions of sustainability in 

agriculture (Tisdell, 1996).    

In the past natural scientists have typically used measurements of properties of 

NC extent or condition (i.e. quantifying Tier 1 properties) or have sought to 

quantify how ecosystems operate through measuring EF or processes (i.e. 

quantifying Tier 2 processes) to assess the impacts of land management change. 

Metrics such as species richness have been used to evaluate changes in 

biodiversity (Kremen and Miles, 2012; Duncan, Thompson and Pettorelli, 2015), 

nutrient pollutant status (e.g. phosphorus or nitrate) to assess water quality 

(Keeler et al., 2012; Peukert et al., 2014) and soil structure or nutrient levels (N, 

P, K) to evaluate soil condition (Peukert et al., 2012; Rickson et al., 2012; Glendell 

et al., 2014; Greiner et al., 2017). EFs measurements have included changes in 

pollination (Hardman et al., 2016a), carbon sequestration (Poulton et al., 2018) 
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or nitrate leaching (Stopes et al., 2002; Benoit et al., 2015). A variety of other 

metrics have also been used across the natural sciences as quantitative evidence 

of the impact of different land management decisions on the environment 

(expanded on in Section 2.3).  

In contrast a number of different economic indicators have often been used to 

evaluate land management decisions and agricultural performance. These 

include crop yields and revenue from crop sales, farm gross margins (Fezzi et 

al., 2015), farm income, farm profitability, profitability per ha (Scott, 2020) and the 

cost-benefit ratio of production (Tisdell, 1996). These indicators are mostly 

expressed in monetary terms and calculating them is relatively straightforward as 

crops and the other forms of capital used to produce them are traded on 

established markets.  

A key challenge that arises in conducting the NC approach is trying to align 

measurements/metrics from the natural sciences with measurements/metrics 

from economics. The metrics used in the past by natural scientists do not 

necessarily provide the data required to value ES using monetary terms and 

quantify the direct impacts to human well-being (Keeler et al., 2012; Duncan, 

Thompson and Pettorelli, 2015; Smith et al., 2017). That is that metrics used to 

measure NC condition (Tier 1) (e.g. species abundance) or EF (Tier 2) (e.g. 

nitrate leaching) are often not appropriate to quantify the value of ES identified in 

Tier 3 of the framework. Ideally measurements of the natural environment need 

to align in some way with measurements used in economics. Understanding 

these ES values are important as they are core to current government thinking 

and policy making. They are, however, lacking for a range of ES, particularly 

those derived from biodiversity and the enjoyment of the natural environment 

(CCI, 2016; Faccioli et al., 2019). The challenge of valuing ES is exacerbated by 

the fact that the role that EF play in delivering ES can be highly spatially specific 

(Bateman et al., 2011). This can prevent the validity of using value transfer 

methods (e.g. from other studies or sites) typical in broad scale environmental 

economics studies (e.g. Costanza et al., 1997) at the farm scale.  

2.1.4 The methods, tools and resources available to undertake the natural 
capital approach 
Whilst the principles behind the NC approach are consistent across different 

studies, there are two slightly contrasting methods that have been applied in 
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recent farm-scale studies. The Natural Capital Protocol (Natural Capital Coalition, 

2021) and Natural Capital Accounting (EFTEC, 2019; Faccioli et al., 2020).  

The Natural Capital Protocol (NCP) is a methodological framework provided for 

use by businesses to include considerations of NC within their decision-making 

processes. It focuses on businesses building an understanding of their impacts 

and dependencies on NC (Tier 1) and the likely implications for flows of ES 

benefits (Tier 2) (Natural Capital Coalition, 2021). The intention is for the NCP to 

be fairly rapid and to date applications have typically not included field collected 

data or holistic quantification of ES values (Silcock et al., 2018; Ovando, 2020).  

Natural Capital Accounting (NCA) was first developed at the national scale (e.g. 

Connors, (2016)) and has since been applied at more local scale decision-making 

and evaluation (EFTEC, 2018; Faccioli et al., 2020). The principles are very 

similar to the structure presented in Section 2.1.2, focusing on an interconnected 

series of accounts providing information on NC stocks (an asset register), service 

flows and economic values. The accounting framework involves both quantifying 

stock accounts (the extent and condition of NC assets) and service accounts 

(providing information on the flow of ES) (Faccioli et al., 2020). These can be 

presented in physical terms (e.g. the amount of carbon sequestered) but the 

ultimate ambition is to present them in monetary terms (ES values). The suitability 

of NC accounting at local management scales using the established methods 

(typically applied at larger spatial scales) has recently been scrutinised (Faccioli 

et al., 2020).  

To complement these frameworks a number of guidance documents have been 

provided to assist in the application of NC approaches. These include the Natural 

Capital Protocol handbook (Natural Capital Coalition, 2021), the “How to Guide” 

developed by the Natural Capital Committee (Natural Capital Committee, 2017) 

and more recently the “Enabling a natural capital approach” guidance developed 

by the UK Government (Defra, 2020a).  

The Natural Capital Committee ‘How to guide’ (Natural Capital Committee, 2017) 

and the “Enabling a Natural Capital Approach” guidance documents (Defra, 

2020a) both list data sources and tools for gathering/modelling data on NC 

condition (e.g. biodiversity, soil conditions and pollinators) and ES values. 

However, these data generally either only include quantitative not qualitative data 
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on NC condition (e.g. areas of farmland or crops) or are at best at a resolution of 

1km2 (e.g. Henrys et al., 2012). It has been identified by other studies that the 

existing data is frequently not at the appropriate scale to be meaningful to local 

level applications of the NC approach (Smith et al., 2017; Faccioli et al., 2020). 

Furthermore, it has been widely acknowledged that there is currently a lack of 

tools to apply the NC approach to land management decisions at management 

appropriate scales (Guerry et al., 2015; Maseyk et al., 2017; Smith et al., 2017). 

Indeed, Howard et al., (2016), in a review of the literature on the tools available 

to support the practical assessment of NC in land-use decision-making, identify 

that there is “an apparent absence” of tools for farmers. This is acknowledged in 

the “Enabling a Natural Capital Approach” guidance which states that 

applications using the available data and tools may be too “broad-brush” to inform 

spatially-specific land management decisions (Defra, 2020a). They highlight the 

need for more detailed appraisal to apply the NC approach at these scales (Defra, 

2020a). To meet the needs of this “detailed appraisal” it is likely that empirical 

data will be required at appropriate spatial scales, requiring input from a range of 

specialists and stakeholders. This presents a fundamental challenge for those 

attempting to apply the NC approach as it is likely to require significant resources 

and specialist support incorporating information from the natural sciences and 

economics.  

2.1.5 Applications of the natural capital approach at local or farm scales  
Given the challenges associated with applying the NC approach at small spatial 

scales it is perhaps unsurprising that Defra (2020a) identify that application of the 

NC approach at the local level is in its infancy. Table 2.1 provides an overview of 

recent practical studies that have applied the NC approach at local scales2.  

Table 2.1 highlights that nearly always local or farm scale studies have been 

informed by modelled data or data derived from other studies (value transfer 

method) and have rarely collected empirical field data. This has restricted the 

capacity to build in-depth understanding on the local conditions of NC condition, 

specific service flows under these NC conditions and harder to measure ES 

values. Those studies conducting NCA have focused primarily on the quantity of 

                                            
2 EFTEC have also completed or are in the process of completing over 12 farm natural capital 
accounts for farming estates. Unfortunately these are almost always private accounts and so 
cannot be published or shared (Royle pers. comm., 2021). They follow the same format as in 
(EFTEC, 2018) with methodological guidance presented in (EFTEC, 2019).  
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NC assets (i.e. conducting an asset register) and whilst they acknowledge the 

importance of NC condition in determining ES delivery (Faccioli et al., 2020) they 

have not quantified such metrics. In contrast, studies applying the NCP, which 

focuses on identifying the connections, impacts and dependencies of businesses 

on NC, have typically only conducted a very partial assessment of ecosystem 

value (e.g. only focusing on carbon sequestration benefits in response to peat 

restoration) (Kieboom, Silcock and Russ, 2018; Silcock and Russ, 2018; Ovando, 

2020). These studies instead tended to report on the “extent” and “condition” and 

the direction of change of a suite of different NC assets.  

More detailed ES valuation of land management change has been attempted in 

a few academic studies which have combined field measurements of NC 

condition, some EF and ES values in evaluating different land management 

practices (Sandhu et al., 2008; Porter et al., 2009; Ghaley et al., 2014b; Sandhu, 

Wratten, Costanza, Pretty, et al., 2015; Fan et al., 2016). While these field or plot 

scale studies at sites in Denmark and New Zealand have showcased the start-

to-end application of the NC approach (i.e. they have collected/used data from all 

tiers of the framework) they have relied on a number of relatively coarse 

assumptions in order to link NC condition to EF (e.g. earthworm abundance to 

soil formation) and used replacement cost methods as hard-to-justify proxies for 

the actual ES values (e.g. the price of top soil if no earthworms were present) 

(Sandhu et al., 2008). These studies have also primarily focused on using ES 

frameworks to compare and contrast different land management techniques to 

inform the academic literature rather than refining the approach for land 

managers. As a result, there is a requirement to build understanding on what data 

and methods are needed to apply the NC approach at farm scales to ensure it is 

valuable tool to land managers in making sustainable management decisions. 

Faccioli et al., (2020) provide a number of recommendations for such future 

applications of the NC approach, importantly the collection of fit-for-purpose, 

spatially specific data on NC condition that can inform an understanding of EF 

and ES provision.  
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Table 2.1: An overview of recent literature linked to the application of NC approaches at local scales including farm, estate and national park examples. The key to 

data types used is: F – field data (primary collected data), M – modelled output data and VT – value transfer (data taken from other studies an applied to estimate EF 

and/or ES).   

Study Scale Decision or 
comparison Indicators/metrics used: Data types 

used: 

 
(Methodological 

approach) 
 Natural 

capital 
Ecosystem 

function 
Ecosystem service 

values F M VT 
Eftec (2018) Cholderton Estate 

(Natural capital 
account) 

Organic vs 
conventional 
agriculture 

Quantity of 
stocks: 
Grassland, 
farmland, 
woodland 

Crop and livestock 
biomass 
production, nitrate 
contamination of 
groundwater, 
carbon 
sequestration and 
avoided emissions  

Climate regulation, 
drinking water provision 
(water treatment 
savings), crop and 
livestock production N N Y 

Faccioli et al., (2020)  Exmoor and Dartmoor 
NP 
(Natural capital 
account)  

NA  Quantity of 
stocks:  
Woodland, 
open water, 
grassland, 
arable etc.  

Carbon storage, 
PM10 absorbed 
(air quality), crop 
and timber biomass 
production 

Recreational, climate 
regulation, air quality, 
crop production, timber 
production N Y Y 

Silcock and Russ 
(2018)  

Glenlivet Estate  
(Natural capital protocol)  

Peatland 
restoration 

Quantity and 
quality: 
Habitats, 
farmland, 
woodland, 
freshwaters  

Carbon storage 
and sequestration 

Partial: Carbon 
emission reductions 
based on peatland 
restoration  N N Y 

Kieboom, Silcock  
and Russ (2018)  

Den Farm  
(Natural capital 
protocol) 

Improving soil 
(addressing 
degradation) 

Quantity and 
quality: 
Soil, 
farmland, 
hedgerows, 
field margins, 
freshwaters  

Crop biomass 
production (cereal 
yields)  

Partial: Increases in crop 
returns measured and 
estimated (attributed to 
soil improvements)  Y* N Y 
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(Ovando, 2020)  Glensaugh Farm  
(Natural capital 
protocol) 

Woodland expansion Quantity and 
quality: 
Habitats, 
farmland, 
woodland, 
freshwaters  

Carbon storage 
and sequestration, 
crop, livestock 
forage and timber 
biomass production 

Not conducted 

Y Y Y 

* Partial field data on some soil conditions and mean crop yields  
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2.2 Natural capital and ecosystem services in the agri-environment  
As previously eluded to there are a number of different types of NC in the agri-

environment and a summary of these are presented in Table 2.2 including 

components of soil, water and biodiversity NC. The table is not presented as an 

exhaustive list and researchers recognise multiple different NC components that 

contribute to ES (Smith et al., 2017).  

The aim of this PhD is to take a multi-disciplinary approach to assessing the 

impact of different land management practices on NC, EF and ES, as 

recommended in Kremen and Miles  (2012) and Bommarco, Kleijn and Potts 

(2013). Whilst some studies have adopted a similar approach, comparing multiple 

ES (Sandhu et al., 2008; Smukler et al., 2010; Ghaley et al., 2014a; Fan et al., 

2016), others have focused on specific components of NC or ES (Dominati et al., 

2014; Calzolari et al., 2016). Broadly these distinctions are: soil, water and 

biodiversity and this categorisation is used throughout the review. The following 

sections introduce each of the three separately.  

Table 2.2: An overview of the different types of natural capital that arise in the agri-environment 

and the component parts, including soil, water and biodiversity.   

Natural Capital  Components: Sources:  
Soil Soil physio-chemical properties Robinson et al., (2009; 

Dominati, et al., (2010); 
Dominati et al., (2014), 
(2016); Hewitt et al., (2015); 
Brady et al., (2015); Calzolari 
et al., (2016) 

 Soil water  
 Soil depth (i.e. quantity)  
 Soil biota  
 Soil temperature  
 Soil function and processes  
Water resources  Groundwater Fenichel et al., (2016); 

Bergkamp and Cross (2006) 
 Surface waters Khan and Din (2015) 
 Wetlands  Khan and Din (2015); Dickie 

et al., (2015) 
Biodiversity  Natural and semi-natural habitats  Dickie et al., 2015; Smith et 

al., (2017);  
 Species (abundance and 

richness)  
Smith et al., (2017) 

 Pollinator capital  
 
Earthworms as NC  

Hanley et al., (2013); Hanley 
et al., (2015) 
Keith et al., (2012) 

 

Other forms of NC such as air and oceans have not been focused on in this 

review or more widely throughout the PhD due to resource limitations. They do, 
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however, represent important NC components that contribute to a range of ES 

benefits to humans (Smith et al., 2017) and can be significantly degraded by 

agricultural practices (Pretty et al., 2000; Pretty et al., 2003). 

2.2.1 Soil natural capital and soil-based ecosystem services  
Soil as NC has received increasing attention in recent years and is now 

recognised as an important NC asset underpinning the delivery of multiple ES 

(Robinson et al.,  2009; Dominati et al., 2010; Hewitt et al., 2015; Baveye et al.,  

2016; Dominati et al., 2016). The UK National Ecosystem Assessment (Smith et 

al., 2011) identified that “Soil quality is linked to almost all other regulating 

services (e.g. nutrient cycling, biomass production, water quality, climate 

regulation, pollination, etc.) through the soil’s capacity to buffer, filter and 

transform” (pg. 538).  

Since 2009 there has been the development of conceptual frameworks for 

defining and classifying soil NC (Robinson, Lebron and Vereecken, 2009; 

Dominati, Patterson and Mackay, 2010) and more recently studies have emerged 

that quantify the soil ES that flow from soil NC (Dominati et al., 2014; Hewitt et 

al., 2015; Calzolari et al., 2016). Dominati, Patterson and Mackay (2010) present 

a conceptual framework linking soil NC, degradation drivers, ES and human 

needs (Figure 2.2), identifying the importance of the status of ‘inherent’ and the 

condition of ‘manageable’ soil properties as dictating the function and ultimate 

delivery of ES. 
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Figure 2.2: Conceptual framework showing the relationship between soil NC, soil processes and soil ES (from Dominati et al., 2010). The framework shows the soil 

properties and soil functions (referred to in the diagram as processes) important in driving a suite of ES. It also makes clear that there are both natural and 

anthropogenic drivers of soil NC condition and therefore the flow of ES. 
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The frameworks established by Robinson, Lebron and Vereecken (2009) and 

Dominati, Patterson and Mackay (2010) make the case that soil NC should be 

the starting point to quantifying the value of soil, based on the premise that flows 

can be inferred from the stocks and that changes to soil NC (i.e. changes to soil 

properties), whether they be positive or negative, will impact on a soils capacity 

to deliver ES services. There are, however, still significant gaps in understanding 

on exactly how different soil properties in a given state impact on soil function 

and final ES (Baveye, Baveye and Gowdy, 2016). This is discussed further in 

Section 2.3.1.  

2.2.2. Freshwater natural capital and ecosystem services  
There is a rapidly growing number of studies on freshwater resources as an ES 

(Hackbart et al., 2017) but there has been less focus (compared to soil NC) on 

categorising the NC base from which freshwater ES flow. The provision of clean 

drinking water, the attenuation of water to reduce flood risk and its value for 

recreation are examples of some of the key ES derived from the freshwater 

environment (Brauman et al., 2007; Keeler et al., 2012; Grizzetti et al., 2016). A 

summary of other ES is presented in Table 2.3.  

Brauman et al., (2007) do consider water ES in the context of NC, placing 

importance on the ecosystem as influencing the quality of water ES, suggesting 

that the climate, slope, soil and vegetation type, age and management all play a 

governing role in water use and behaviour. Whilst they do not specifically refer to 

these ecosystem attributes as NC assets, soil and vegetation type, such as 

natural or semi-natural habitats have since been considered as such (Robinson 

et al., 2009; Dominati et al., 2010; Hewitt et al., 2015; Calzolari et al., 2016; Dickie 

et al., 2015). Groundwater, open water, wetland habitats and flood plains have 

also been considered as NC assets that play a role in water ES delivery (Khan 

and Din, 2015; Bergkamp and Cross, 2006; Fenichel et al., 2016). Khan and Din 

(2015) considered the latter three in the UK’s first set of Freshwater Ecosystem 

Assets and Services Accounts, valuing UK freshwaters at £39.5 million in 2012. 

The accounts fail to value groundwater, something which Bergkamp and Cross 

(2006) suggest is often overlooked in the consideration of water ES.  

Groundwater is a particularly important asset within the landscape at Clinton 

Devon Estate (see Chapter 3 for further details). It is recognised that ES delivery 

from groundwater NC will depend on its quality (i.e. its suitability for drinking 
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water) and quantity (i.e. the amount of water it holds) (Bergkamp and Cross, 

2006; Fenichel et al., 2016). Both attributes have been shown to be impacted by 

agriculture which can have detrimental impacts due to over abstraction for 

irrigation (Fenichel et al., 2016) or pollution, for example through application and 

leaching of nitrogenous fertilisers and other agri-chemicals (Bergkamp and 

Cross, 2006; Wang et al., 2011, 2016). Nitrate pollution of groundwater is a 

significant issue in the UK and can have a long-term environmental and economic 

impact due to the high residence times and slow biodegradation in subsurface 

waters (Bergkamp and Cross, 2006; Stuart and Lapworth, 2016). Whilst 

Bergkamp and Cross (2006) advocate the consideration of groundwater as 

“critical natural capital” from which multiple services flow, there appears to be 

limited literature on groundwater as NC. Furthermore, no known published 

studies have considered both the environmental and economic impact of land 

management practices on local ground water NC in the UK.  

Multiple studies have investigated the environmental impact of agricultural 

management on water quality (e.g. monitoring changes in nitrate, phosphate or 

sediment loads) (Bilotta et al., 2008; Glendell et al., 2014; Peukert et al., 2014; 

Cooper et al., 2017) but these studies have typically failed to link these to 

measurements of the economic impacts on ES (e.g. the implications for drinking 

water costs or recreational value). Keeler et al., (2012) identify that often there is 

a lack of understanding, available modelling tools or data to make it possible to 

make meaningful links between the changes in water quality to changes in ES. 

There is therefore considerable scope to develop understanding on how land 

management impacts the quality of freshwater NC and the implications this could 

have on the condition and value of ES.  
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Table 2.3:  Final ES linked to the freshwater water environment and potentially impacted by 

agricultural land management.  

Ecosystem Service  Further details  Source(s) 
Clean drinking water    Brauman et al., 2007; Elsin, Kramer and 

Jenkins, 2010; Keeler et al., 2012; Grizzetti 
et al., 2016 

Water for agriculture Irrigation, 
livestock drinking  

Brauman et al., (2007); Grizzetti et al., 
(2016) 

Water for commercial or 
industry use  

  Brauman et al., (2007); Grizzetti et al., 
(2016) 

Water for thermoelectric 
uses  

  Brauman et al., (2007) 

Hydropower generation    Brauman et al., (2007); Keeler et al., (2012) 

Transportation/navigation    Brauman et al., (2007); Keeler et al., (2012) 

Freshwater fish production 
and commercial fisheries 

Freshwater, 
bays, estuaries, 
coasts  

Brauman et al., (2007); Keeler et al., (2012); 
Grizzetti et al., (2016)  

Flood alleviation    Brauman et al., (2007); Grizzetti et al., 
(2016)  

Carbon Sequestration and 
climate regulation  

Carbon 
accumulation in 
sediments  

Grizzetti et al., (2016)  

Coastal and freshwater 
recreation  

Bathing, boating, 
nature viewing 

Brauman et al., (2007); Keeler et al., (2012); 
Grizzetti et al., (2016)  

Recreational angling    Keeler et al., (2012); Grizzetti et al.,(2016)  
Aesthetic appreciation    Brauman et al., (2007); Grizzetti et al., 

(2016)  
Tourism    Brauman et al., (2007) 

 

2.2.3 Biodiversity natural capital and ecosystem services 
Biodiversity (comprising of species and ecosystems) is considered to play a 

central role in EF and the delivery of ES (Maseyk et al., 2017) and Perrings et al., 

(2006) highlight that it is an important form of NC. Many of the functions delivered 

by species and ecosystems contribute to final ES including recreational 

enjoyment, crop production and climate regulation (Perrings et al., 2006; Kremen 

and Miles 2012). A non-exhaustive overview of the ES linked to biodiversity is 

presented in Table 2.4. It is beyond the scope of this review to consider all links 

between biodiversity NC and ES, instead the focus is directed at pollinator NC 

stocks and ES given the interest in these important insects at Clinton Devon 

Estate.  

 



 

47 
 

Table 2.4: Showing an overview of biodiversity NC, EF and ES in agri-environments.  

Biodiversity natural 
capital 

Ecosystem function Ecosystem service Source 

Stock of natural pests 
(e.g. ground beetles)  

Crop pest predation  Enhanced provision 
of crops  

Sandhu et al., 
2008; Pywell et 
al., 2015; Fan, 
Henriksen and 
Porter, 2016; Van 
Vooren et al., 
2017; Mansion-
Vaquié et al., 
2017 

Pollinator stocks  Crop pollination  
 

Enhanced provision 
of crops 
 
 
Enjoyment of 
pollinators, wild 
flowers and other 
dependent wildlife   

Pywell et al., 
2015; Knapp et 
al., 2019 
 
 
Mwebaze et al., 
2018 

Stock of decomposing 
organisms (e.g. dung 
beetles)  

Decomposition of dung: 
nutrient cycling  

Enhanced provision 
of crops/pasture  

Beynon, 
Wainwright and 
Christie, 2015; 
Manning et al., 
2016 

Natural biomass: 
vegetation, trees etc.   

Carbon storage  Climate regulation  Steinbeiss et al., 
2008; Van 
Vooren et al., 
2017 

Wildlife and ecosystems   Amenity and 
recreational use  

Andersson et al., 
2015; Connors, 
2016 

 

Pollinators are an important NC stock and The annual value of pollination 

services to UK agriculture have been estimated at £430 - £603 million (Smith et 

al., 2011; Hanley, Ellis and Breeze, 2013) and globally from US$195 to US$387 

billion (Porto et al., 2020). Despite recognition of their importance they are 

considered to be nationally and globally declining (Smith et al., 2011; Garratt et 

al., 2014; Holland et al., 2015). In the UK, as for other temperate regions, the 

primary insect pollinators are honeybees, bumblebees, solitary bees, wasps and 

hoverflies (Hanley et al., 2015). Whilst the majority of UK crops are wind 

pollinated (e.g. maize and wheat) they are particularly important in the pollination 

of top and soft fruit, some vegetables, oilseed rape (Brassica napus) and field 

beans (Vicia faba). (Hoehn et al., 2008). Specific benefits of insect visits to field 

beans have long been recognised and include associated increases in pod set, 

beans per pod and pod weight (Garratt et al., 2014). Pywell et al., (2015) reported 
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25% and 35% increases in field bean yields in Buckinghamshire, UK following 

the creation of basic and enhanced on-farm habitat, something they attribute to 

increasing pollinator abundance and diversity.  

Furthermore, pollinators have been identified as being important in pollinating 

wild plants such as hedgerow fruiting plants which are critical in supporting 

farmland birds (Jacobs et al., 2009). These wild plants and farmland birds, along 

with observations of the bumblebees, butterflies and more, are all likely to be 

enjoyed by a large number of people who access farmland. A recent study looking 

at public support for pollinators show that individuals do value pollinators 

irrespective of their role in crop production. The study was based on willingness 

to pay for theoretical bee protection regulations in the UK and shows that 

households were prepared to pay £43 per year, which based on 30.6 million 

taxpayers is equivalent to £842 million per year (Mwebaze et al., 2018).  

It is argued that valuation of the ES that flow from the pollinator NC stock should 

be incorporated in decision-making (Hanley et al., 2015). However, whilst 

pollinator stocks have been valued at national or regional levels there are no 

known studies that assess, monitor or place a value on pollinator NC at the farm 

or estate management scale.  

2.3 Measuring natural capital and ecosystem services  
There is no established suite of metrics for the application of the NC approach at 

the farm scale and this represents a challenge for its practical application. It is 

currently necessary for any study applying the NC approach (or similar) to select 

their own suite of metrics. A review of those used in the literature for soil, water 

and biodiversity is expanded on below before providing an overview of the 

common techniques used to value ES. The focus is directed here on quantifying 

NC relevant to the study site, justification for which is expanded upon in Chapter 

4. This includes soil-based ES, groundwater quality and pollinator NC and ES.   

2.3.1 Measuring soil natural capital, ecosystem function and soil-based 
ecosystem services  
There is a large amount of literature proposing methods regarding how best to 

assess the quality of agricultural soils, with many authors suggesting different soil 

quality indexes (SQI) (Askari et al., 2015; Obade and Lal, 2016) or different 

indicators (Barrios, 2007; Brazier et al., 2011). Determining what metrics to use 
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in order to assess soil condition is recognised as being important in enabling 

decision-making (Obade and Lal, 2014) and assessing soil function and 

quantifying or signalling the delivery of soil-based ES (Williams and Hedlund, 

2013; Greiner et al., 2017). Despite the recognition of metric selection being 

important there remain fundamental gaps in understanding on how some of the 

established measurements of soil condition actually link to soil function and the 

delivery of final soil-based ES (Baveye, Baveye and Gowdy, 2016).  

An overview of frequently used indicators of soil function used in soil-based ES 

studies is presented in Table 2.5. Greiner et al., (2017) in their review of the 

literature (n = 181) of soil assessment methods for mapping ES, identify the most 

frequent soil properties used as indicators to assess soil function and infer ES 

delivery as: soil organic carbon (SOC), available water capacity, clay and silt 

contents (texture), soil type, depth and bulk density (BD). Other parameters such 

as physical properties, like macroaggregate stability, P, N, pH, Cation Exchange 

Capacity (CEC), air capacity and C:N ratio were less frequently included (Greiner 

et al., 2017). The Natural Capital Committee (2019) identify a similar suite of 

frequently cited soil metrics; BD, pH, SOC, soil N and soil P. At a national scale 

the Countryside Survey for Great Britain, conducted since 1978 as an ‘audit’ of 

the natural resources of the UK, assesses change in soil BD, carbon, pH, nitrogen 

and mineralisable-N, Olsen-P, metals and soil invertebrates (Emmett et al., 

2010). Measurements of carbon stocks taken from Emmett et al., (2010) have 

since been used in the first national NC accounts (Connors, 2016).  
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Table 2.5: Soil properties and functions used in the literature to quantify soil function and signal the potential delivery of soil-based ES. Adapted from Greiner et al., 

(2017).    

Soil Function Eco-
system 
service   

Soil property data suggested or applied in the literature to quantify soil function Source(s) 
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Review texts  Field/lab 
studies 

Water cycling 
and storage: 

Flood 
alleviation  

x x  x x x x x  x x    

Adhikari and 
Hartemink, 
2016; Greiner 
et al., 2017; 
Rabot et al., 
2018 

Archer et 
al., (2013) 

Infiltration Provision 
of water  

Water storage 
for plants  

Crop 
production 

Groundwater 
recharge  

 

Water 
filtration:  

Provision 
of clean 
water x x x x x x x x x   x 

  
Adhikari and 
Hartemink, 
2016; Greiner 
et al., 2017; 
Rabot et al., 
2018 

 

Nutrient 
cycling:  

Crop 
production 

x x x x x x   x  x x 

x x Adhikari and 
Hartemink, 
2016; Greiner 
et al., 2017 

Sandhu et 
al., 2008; 
Williams 
and 
Hedlund 
2013; 
Calzolari 
et al., 
2016 

Nutrient 
availability to 
plants 
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Nutrient 
retention:  

Crop 
production 

x x x x x   x x  x x x 

 
Adhikari and 
Hartemink, 
2016; Greiner 
et al., 2017 

Williams 
and 
Hedlund, 
2013  

Provision 
of clean 
water 

Storage, 
filtration and 
degradation of 
pollutants 

Provision 
of clean 
water x x x x x  x   x x  

  
Greiner et al., 
2017 

Dominati 
et al., 
2016 

Crop 
production 

Carbon 
cycling and 
storage 

GHG 
regulation x x  x x x      x 

  
Adhikari and 
Hartemink, 
2016; Greiner 
et al., 2017 

Williams 
and 
Hedlund, 
2013 

Supporting 
plant growth:  

Crop 
production 

x x x x x x x x x  x x 

  
Adhikari and 
Hartemink, 
2016; Greiner 
et al., 2017 

 

Habitat for 
plants 

Cultural 
services 

Supporting 
long-term crop 
yield potential 

 

Habitat for 
pests, 
diseases and 
their natural 
enemies 

Natural 
pest 
managem
ent  x  x    x     x 

  
Adhikari and 
Hertemink 
2016 

Dominati 
et al., 
2016 

 
Crop 
production 

Physical 
support for 
infrastructure 

 

 x  x   x x  x x  

  
Rabot et al., 
2018 

Calzolari 
et al., 
2016; 
Dominati 
et al., 
2016 
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Most studies to date have used terminology around quantifying or using indicators 

of soil function and/or soil-based ES, rather than explicitly assessing soil NC 

condition. Studies have applied a range of approaches to quantify or signal 

change in soil function and ES, using empirical data collected from agricultural 

trials (Sandhu et al., 2008, 2015; Williams and Hedlund 2013; Ghaley et al., 

2014a), existing regional and national soil data (Calzolari et al., 2016) or modelled 

soil functions (Dominati et al., 2014). Some workers have stopped at quantifying 

soil indicators of soil function (Williams and Hedlund, 2013). Others have used 

scored indexes based on soil functional capacity (Calzolari et al., 2016) and some 

have sought to place a monetary value on soil-based ES (Sandhu et al., 2008; 

Dominati et al., 2014; Sandhu, Wratten, Costanza, Pretty, et al., 2015). 

Soil-based ES studies to date have often used either modelled, regional or 

national data (Dominati et al., 2014; O’Sullivan et al., 2015; Calzolari et al., 2016), 

based on relatively few physical and chemical, and typically no biological, soil 

property measurements and taken over large spatial scales, to infer soil condition 

and function. Whilst considerable spatial variation of soil properties has been 

recognised as small as at the field scale (Peukert et al., 2012), there is less 

evidence of field or farm scale assessments of soil NC, informed through field 

measurements and assessed alongside soil function. Whilst some workers have 

found partial agreement between some soil properties in national soil dataset 

data and field data (Glendell et al., 2014), there is a need to understand the 

implications of using such coarse data to determine soil NC at the farm scale. 

There is therefore considerable scope to build upon the examples presented and 

using existing soil NC frameworks refine its practical application at management 

appropriate scales.  

2.3.2 Measuring freshwater natural capital, ecosystem function and 
ecosystem services 
The concept of valuing water ES appears to have received significantly more 

attention than considering water resources within the context of a NC approach. 

However, despite the development of frameworks to quantify water ES there is 

no consensus on a standard methodology and few studies have measured the 

actual response of water ES linked to changes in land management (Hackbart et 

al., 2017).  
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Grizzetti et al., (2016) consider the connections between pressures on the water 

environment, ecosystem status and ES presenting a framework which has 

synergies with that for the NC approach. A summary of the potential biophysical 

measurements of ecosystem status (re-phased here as NC components) and the 

connection with ES delivery is presented in Table 2.6. The study advocates the 

use of indicators of water-based ES recognising the need for biophysical data (to 

quantity the ecosystem process) and social-economic data to quantify ES value. 

They use the example for groundwater ES, highlighting the need for 

measurements of available renewable water, understanding of water abstractions 

and nitrogen contamination and an understanding of the costs to the water sector 

(including water treatment costs) (Grizzetti et al., 2016).  
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Table 2.6: An overview of components of freshwater NC, potential important properties of these 

components of NC and the ES that could be impacted by them. Adapted from Grizzetti et al., 

(2016) framework analysing the links between pressures, ecosystem status (described here as 

NC) and ES. 

Components of NC Indicators of NC and/or EF Ecosystem services  
Water quantity  E.g. Water flow, groundwater 

recharge, E-flow (flow regime 
that mimics natural pattern of 
river flows) 

Water provision for 
drinking  
 
Water provision for non-
drinking (e.g. industry, 
irrigation, navigation)  
 
Flood alleviation  

Water quality  E.g. Nitrogen (N), phosphorus 
(P), sediments, pesticides, 
metals  

Water provision for 
drinking  
 
Fisheries (food and 
recreational)  

Biological elements E.g. Chlorophyll, algal blooms, 
fish biomass, 
macroinvertebrates  

Climate regulation (carbon 
sequestration)  
 
Recreational (e.g. 
swimming, boating, nature 
viewing, fishing)  

Hydromorphological structure  E.g. Nursery habitat, natural 
habitat, natural flood plains, 
riparian areas 

Flood alleviation  
 
Fisheries (food and 
recreational)  
 
Water provision (through 
water purification)  

 

2.3.3 Measuring biodiversity natural capital, ecosystem function and 
ecosystem services  
A summary of the use of different indicators to infer specific biodiversity linked 

ES in farm scale studies has been provided in Table 2.7 below.  It is evident that 

some studies have used different metrics to assess the same ES, however there 

are consistent overlaps. Whilst studies have measured a number of important EF 

often they have stopped short of valuing ES (although see Sandhu et al., 2008; 

Fan, Henriksen and Porter, 2016). Where they have quantified the value of ES 

there have been instances of double counting (e.g. based on soil formation; see 

Fan, Henriksen and Porter, (2016)) and frequent use of replacement cost method 

(e.g. cost to replace natural predation or decomposition and N-mineralisation with 
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pesticides or fertilisers respectively). The issues with the replacement cost 

approach is covered in the following section. 

Assessing the impact of land management changes on pollinators has been 

conducted through a number of methods and commonly pollinators (e.g. 

bumblebees, honeybees, butterflies) are measured based on abundance and 

species diversity (Pywell et al., 2006, 2015; Gabriel et al., 2013; Carvell et al., 

2016). Measuring the EF of pollination has also been conducted by using plant 

phytometers placed within farmland (Hardman et al., 2016b). Whilst these do not 

reflect actual crop pollination they provide an insight into whether different land 

management is increasing pollination of plants in the vicinity (Hardman et al., 

2016b).  

Wood et al., (2015) provide one of the few examples that have considered 

population-level change in pollinators (focusing on common bumblebee species) 

as a response to land management change (i.e. adding pollinator habitats across 

a farm). They highlight that a problem with earlier studies has been that it is 

unclear whether increased bumblebee abundance in and around sown flower 

habitats is simply due to attracting workers to that location or corresponds with a 

genuine population increase. Population level responses are important to 

understand as they really reflect changes in pollinator stocks (increases in NC 

quantity). The quality of the stock can then be considered on the basis of 

functional biodiversity (i.e. the assemblage of pollinator groups and species). 

Bumblebees are identified as being of particular importance as a commercial crop 

pollinator and they are identified as a keystone species (Goulson et al., 2011). 

Visitation rates by bumblebees have been used by one study to directly link 

pollination with increased productivity of courgettes in Cornwall (Knapp and 

Osbourne 2017). Measuring bumblebee populations is not without difficulties, 

however, and is resource intensive (Wood, Holland and Goulson, 2015). 

Advances in bumblebee models present a resource-efficient means to address 

this challenge (Becher et al., 2018; Twiston-Davies, Becher and Osborne, 2021). 

For example, the recently published BEE-STEWARD software offers the potential 

for land managers, academics and other stakeholders to obtain a fairly rapid 

understanding of the implications of different land management changes on 

bumblebee populations across a range of scenarios (Twiston-Davies, Becher and 

Osborne, 2021).  
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Market valuation of pollinator services has typically been conducted by either 

estimating the proportion of yield loss without pollination (based on assumed 

Dependence Ratio – DR, of particular crops) or through replacement cost 

methods (Hanley et al., 2013). DRs can be drawn from the literature, for example 

field beans could be considered to have a moderate DR of 25% and then this 

percentage removed from the known yield, either at a national or local level 

(Hanley et al., 2013). This method was used by Smith et al., (2011) and Hanley 

et al., (2013) to come up with the estimates used to value UK pollination services. 

It is recognised, however, that this approach contains inherent weakness and is 

often based on DRs taken from studies in different countries with different 

conditions (Hanley et al., 2013). Replacement cost methods, such as estimating 

the costs of replacing insect pollinators by paying for hand pollination, are also 

not without their issues as the value does not reflect the fact that often it is too 

costly to be viable and is not effective for some crops. This means the figures 

generated are unlikely to ever be paid by a farmer, who is more likely to switch to 

a less pollinator reliant crop (Hanley et al., 2013). These methods whilst 

acknowledged as offering a simplified measure of pollinator value, do present a 

way in which to consider the value of pollinator NC in landscapes dominated by 

insect pollinated crops.  
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Table 2.7: An overview of the metrics used in the literature to either assess different ecosystem functions or services derived from biodiversity in agricultural landscapes 

or correlating with the delivery of specific ES. Study types (ST), values used are from: FM (field measurements), ED (existing data), L (literature) or Q (questionnaire 

outputs). Other acronyms used are for hedgerows (HR), grassland (GS), abundance (abund.) and species diversity (SD) 

Ecosystem function  Study ST 

Metrics used for the assessment of specific ecosystem functions or services 
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Natural Pest control Sandhu et al., (2008) FM x             

Fan, Henriksen and 
Porter (2016) FM x             

Mansion-Vaquié et 
al., (2017) FM x x            

Pywell et al., (2015) FM    x       x   

Pollination of crops  Pywell et al., (2015) FM       x    x   

Knapp and Osborne 
(2017) FM 

       x      

Decomposition of 
dung; reducing pasture 
fouling 

Manning et al., 
(2016) 

FM      x   x     

Beynon et al., (2015) FM & L      x        

Decomposition of 
dung: nutrient cycling 

Beynon et al., (2015) FM & L      x        

Carbon storage Steinbeiss et al., 
(2008) 

FM     x     x    

Van Vooren et al., 
(2017) ED & L 

         x x (HR and 
GS) 

  

Amenity/recreation 
use: 

Andersson et al., 
(2015) 

ED & 
Q 

    x       x  

Connors (2016) ED             x 
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2.3.4 The valuation of natural capital and ecosystem services  
In economics the concept of value relates to welfare or utility. That is the 

enjoyment we gain from an object or activity (CCI, 2016). For example 

undertaking a recreational activity in a beautiful environment contributes to 

economic value as it has the potential to increase our welfare (CCI, 2016).  Other 

services such as food and water provide nourishment and hydration also 

contributing to our welfare. Economic values differ from financial values, which 

are derived from prices, two very different things in economics. Prices might 

signal how much someone is willing to pay to secure a product but it will not 

necessarily reflect its ‘value’ (CCI, 2016). Indeed, in the context of ES the prices 

paid for services such as clean air might be zero but it does not mean that clean 

air has no value (CCI, 2016). Some welfare values can be considered in monetary 

terms using a suite of methods (Table 2.8) and by doing so can be incorporated 

alongside other costs and benefits in decision-making (Bateman et al., 2011; CCI, 

2016).  

The economic value of a NC stock at a point in time is defined by the present 

value of the future stream of market and non-market valued benefits (Hanley, 

Ellis and Breeze, 2013). Whilst valuation of NC and ES is identified as important 

in undertaking the complete NC approach to decision-making, research is still 

required to refine valuation methods for non-market services or dis-services. 

Brady et al., (2015) identify that a “lack of practical methods to value the long-

term effects of current farming practices results, inevitably, in short-sighted 

management decisions” (pg, 1809).  
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Table 2.8: Showing an overview of the different methods applied in the economic valuation of 

ES that flow from NC.  

Type  Description  Sources:  
Market price or 
adjusted market 
price method 

Use of established market prices from commercial 
markets. Adjustment can be made for distortions 
such as taxes, subsidies or non-competitive 
practices.  

(Power, 2010; 
Bateman, 
Mace, et al., 
2011; FAO, 
2015) 

Production Function 
method 

Use modelled or observed understanding of scale of 
contribution a specific ES has on the delivery of a 
good traded on a commercial market. 
E.g. % contribution pollination has on crop yield.  

(Brown et al., 
2007; 
Bateman et 
al., 2011; 
FAO, 2015) 

Replacement cost 
method 

Estimation of cost required to replace the ES if it is 
lost. This could include replacement with human, 
built or NC. Note: Bateman et al., (2011) suggest 
that replacement methods should be used with 
caution and that often restoration or replacement 
costs are unlikely to even closely resemble the 
values they attempt to approximate.   

(Brown et al., 
2007; Power, 
2010) 

Damage cost 
avoided method 

Calculation of costs avoided by not allowing NC and 
ES to degrade.  

(Bateman, 
Mace, et al., 
2011) 

Revealed 
Preference methods 

Travel cost method: Observed expenditure and time 
spent to visit recreational areas 
Hedonic pricing: Examines premium people are 
willing to pay to purchase property in area of higher 
environmental quality  
Averting behaviour: Observed expenditure of 
individuals to avoid environmentally degraded areas 
that could pose risk to human health 

(Brown et al., 
2007; 
Bateman et 
al., 2011; 
FAO, 2015) 

Stated Preference 
methods 

Contingent valuation: Survey technique asking 
respondents to state their willingness to pay to 
assess or maintain an environmental feature or 
service 
Discrete choice experiments: Presents choice of 
sets of services or environmental features to select 
preferences 

(Brown et al., 
2007; 
Bateman et 
al., 2011; 
FAO, 2015) 

Abatement costs are not true economic values but they can be used to apply a monetary 
figure to a negative externality arising due to agricultural management. These costs include 
the cost of treating or removing a negative externality of production through reducing 
emissions or reducing impacts. For example using the reduced costs of water treatment 
(FAO, 2015) to place a ‘value’ on mitigating practices that reduce water contamination.    

 

2.4 Agriculture at a crossroads  
Agricultural intensification through the 20th century and the pursuit of increased 

crop production has had a significant impact on natural and semi-natural 

environments (Pretty et al., 2000, 2003; Tilman et al., 2002; Stoate et al., 2009; 

Graves et al., 2015; Hayhow et al., 2016). It is widely accepted that progressive 

land management solutions are needed to address these issues whilst sustaining 
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food production (Bommarco et al., 2013; Elliott et al., 2013; Firbank et al., 2013; 

Petersen and Snapp, 2015; Pearce, 2016). This is likely to be reflected in a future 

UK agricultural policy as the UK exits the European Union where there are strong 

signals that future agricultural subsidies will be targeted at farmers delivering 

public ecosystem goods and services (Bateman and Balmford, 2018). The 

following section provides an introduction to the impacts of agricultural 

intensification as context to the challenges faced before expanding on the 

changing state of UK agricultural policy and the consequences for the future. It 

finishes by providing an overview of land management practices that could tackle 

the problems associated with intensive agriculture and the deliver wider ES. 

There is a wide literature on this final topic and in the interest of brevity the section 

focuses on management systems and techniques that relate to the case-study 

site.  

2.4.1 The impact of agricultural intensification  
Agricultural yields in the UK and globally have significantly increased during the 

20th and 21st century (Pretty et al., 2000). Whilst this has significantly increased 

food production it is widely recognised that this has been to the detriment of the 

environment, impacting other important ES such as clean drinking water supply, 

flood regulation and biodiversity (Tilman et al., 2002). Despite the recognition of 

the value of soil, water and biodiversity NC the condition of all is generally 

considering to be in decline. Biodiversity is declining at global and national scales 

(Stoate et al., 2009; Hayhow et al., 2016), soil has been significantly degraded in 

the UK over the past 50 years (Smith et al., 2011; Brazier et al., 2011) and 65% 

of UK surface waters are failing to achieve Good Ecological Status under the 

Water Framework Directive (WFD) (JNCC, 2017). The impacts have been 

significant and Pretty et al., (2000) estimate the total cost of the externalities 

associated with UK agriculture in 1996 at £2.3 billion. Whilst the negative impacts 

associated with agriculture can impact on the farm business, the majority of the 

impacts appear to occur off the farm which offers little incentive for the farmer to 

address them (Stoate et al., 2001; Graves et al., 2015). Graves et al., (2015) 

suggest that whilst 20% of the annual quantified costs of soil degradation are 

associated with the loss of provisioning services (predominantly food production), 

80% are linked to the loss of important regulating services.  
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Table 2.9 provides an overview of some of the main impacts of agriculture in the 

UK and, where available, the estimated costs (private and public) associated with 

these. It is evident that modern-day intensive agriculture has a poor track record 

with regards to sustaining soil, freshwater and biodiversity NC condition. This NC 

degradation is having a significant impact on the ES that flow from it, with likely 

implications on its present and future value.    
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Table 2.9: A non-exhaustive summary of the impacts of intensive agriculture on the environment. Including the area of impact, the specific impact, the main agricultural 

management drivers and the estimated costs of the impact (where available). Sources include review and empirical studies. 

Area of impact  Environmental Impact  Main agricultural practices responsible  Est. cost of 
issue (if 

estimated) 
(£'million per 

yr) 

Source(s) 

Degradation of 
soil 

Soil erosion and loss of productive 
top soil  

Over stocking, winter cropping (bare fields), 
poorly timed grazing and crop cultivations or 
harvesting 

£165** (Pretty et al., 2000; Bilotta et al., 2008; 
Pilgrim et al., 2010; Graves et al., 
2011**; Glendell and Brazier, 2014) 

Decrease in soil fertility  
   

Damage to soil structure; capping, 
compaction 

Over stocking, winter cropping (bare fields), 
poorly timed grazing and crop cultivations or 
harvesting 

£393** (Graves et al., 2011** (compaction only); 
Bilotta, Brazier and Haygarth, 2007)  

Reduction in soil carbon and 
increased CO2 emissions  

Ploughing up of pasture, intensive 
cultivation  

£82.3* - 
£558** 

(Pretty et al., 2000*) 

Damage to soil biodiversity  
  

(Graves et al., 2011)  
Pollution of 
fresh, estuarine 
and coastal 
waters; reduced 
water quality  

Increased incidence of 
eutrophication 

N & P pollution from fertiliser, livestock 
wastes, soil erosion 

 
(Pretty et al., 2003; Mu et al., 2006; 
Bilotta et al., 2008; Glendell and Brazier, 
2014; Global Food Security, 2014; 
Peukert et al., 2014; Withers et al., 
2014) 

Damage to drinking water quality Nitrate leaching from livestock waste and 
fertiliser 

£16.4* (Pretty et al., 2000*; Howden et al., 
2013; Stuart and Lapworth, 2016) 

Damage to drinking water quality; 
pesticide pollution 

Herbicide, insecticide and fungicide 
application to treat crop diseases   

£124.9* (Pretty et al., 2000*) 

Damage to drinking water quality; 
phosphate and soil  

Soil erosion (see above) and increase 
fertiliser application 

£52.3* (Pretty et al., 2000*) 

Increased flood risk  Changes to catchment hydrology: 
vegetation cover change, soil structural 
change, land drainage 

 
(Wheater and Evans, 2009; Graves et 
al., 2011; Dadson et al., 2017; Rogger et 
al., 2017) 

Damage to aquatic biodiversity  Eutrophication, pesticides, sedimentation  
 

(Kemp et al., 2011; JONES et al., 2012) 
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Reduction in amenity value; 
pollution of rivers, bathing waters 
and lakes  

Eutrophication, sedimentation, pollution 
from animal waste (inappropriate slurry or 
manure spreading) 

 
(Pretty et al., 2003; Ferrini, Schaafsma 
and Bateman, 2014) 

Air quality and 
pollution  

Greenhouse gas emissions; 
methane (livestock), nitrous oxide 
(fertiliser), carbon dioxide (farm 
operations) 

 
£1065* (Pretty et al., 2000*; van Groenigen et 

al., 2010; Horrocks et al., 2014) 

 
Ammonia emissions causing soil, 
water acidification, terrestrial 
eutrophication 

Livestock waste spreading and storage  
  

Biodiversity  Physical habitat destruction  
  

(Stoate et al., 2001; Hayhow et al., 
2016) 

Reduction in wildlife species  
  

(Pretty et al., 2000; Hayhow et al., 2016) 

Local extinction of species  
   

** and * denote which study the costs of impact was taken from  
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2.4.2 The future for agriculture in the United Kingdom  
Many of the detrimental impacts of modern intensive agriculture shown in Table 

2.9 have come about in the 60 years of the European Unions (EU) Common 

Agricultural Policy (CAP). Given the scale of environmental degradation, it is 

perhaps unsurprising that the CAP is now widely recognised as not having been 

fit for purpose, having had both significant financial and environmental costs 

(Bateman and Balmford, 2018). As the UK exits the EU it has the capacity to 

leave the CAP behind and change its domestic agricultural policy which is likely 

to have a profound impact on agriculture. Whilst the government has committed 

to keep existing Common Agriculture Policy (CAP) payments in place for now 

there is clear signalling that major changes in policy are imminent (Bateman and 

Balmford, 2018). The future of land management support schemes remains 

unclear but there has been strong messaging from the UK Government that there 

is likely to be a shift in emphasis away from baseline support for agricultural 

production towards the targeting of public money towards delivering public goods 

(Bateman and Balmford, 2018). Such a land management support scheme sits 

well with the use of the NC approach to land management decision-making which 

aims to systematically understand the implications on public and private ES 

goods and services.  

Leaving the CAP behind presents a significant opportunity for the UK to address 

failings of the past 60 years and deliver an agricultural policy that supports 

agricultural production methods that both produce food and enhance the delivery 

of other ES. Bateman and Balmford (2018) suggest that “It is the net public 

benefits to society which farming can generate that should be the focus for, and 

determine the level of, future public subsidies (pg. 294). They note that there are 

nuances to this approach and in some cases it will be efficient to support the 

development and uptake of techniques which increase productivity (output per 

unit input) whilst lowering environmental inputs. Linking such productivity gains 

in some places might facilitate ‘land sparing’ approaches (taking land out of 

production) which could also be necessary in delivering the objectives of the 

Governments 25 year Environment Plan (Bateman and Balmford, 2018). 

Critically a focus of any future policy needs to be on supporting approaches that 

support high environmental improvements alongside profitable farming.  
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The future for agriculture in the UK is therefore uncertain but there is clear 

recognition that change is needed. Whilst the majority of farms will still have the 

profitable production of private goods (food and fibre) as their primary aim, it is 

likely that public subsidy will be orientated towards the delivery of public goods 

(Bateman and Balmford, 2018). This raises a challenge for land managers 

wishing to access public subsidy support and is likely to require many of them to 

adopt agricultural techniques and systems that are capable of delivering 

improvements in public goods.  

2.4.3 Agricultural solutions that balance food production with the delivery 
of ecosystem services  
In response to the challenge for farming to tackle the detrimental impacts of its 

past and deliver both private and public goods and services a number of different 

land management techniques have been promoted. These techniques could be 

applied to the agricultural approach (e.g. organic, conservation or conventional 

agriculture), the farming system (e.g. grazing, cropping or cultivation system) or 

to particular field management (e.g. cover cropping or in-field habitat creation). 

An overview of key land management practices considered applicable to the 

study area, alongside potential yield or environmental gains or losses are 

presented in Table 2.10.  

A number of different agricultural approaches have also been proposed, often 

adopting one or more of the techniques in Table 2.10, that have the common goal 

of addressing the impacts of intensive practices and improving the environment. 

Often these approaches will have the aim of achieving this goal whilst maintaining 

or even increasing productivity. Petersen and Snapp (2015) identify six such 

approaches that have been raised in the literature and they include organic and 

conservation agriculture, agroecology, ecological and sustainable intensification 

and sustainable farming systems. The most widely practiced of these is organic 

agriculture, which is conducted on around 0.9% of the worlds agricultural land 

(Ponisio et al., 2014) and is the focus of this review given its relevance at the 

study location. Table 2.11 provides some examples of field or farm scale studies 
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that have looked at the delivery of multiple ES of different approaches (notably 

organic management and ecological intensification).  
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Table 2.10: An overview of field and farm management practices and associated potential crop yield and environmental benefits or impacts. The potential for 

Improvement are shown as ↑, reduction as ↓ and potential for no difference as -. 
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Crop management practices  
Cover cropping  ↑ ↑ ↑ 

 
↑ ↑ 

 
↑ 

 
↑ 
- 

 
↑ ↓ (Chen, Weil and Hill, 2014; Schipanski et al., 

2014; Cooper et al., 2017; Prechsl et al., 2017) 

Targeted  crop rotations  ↑ ↑ ↑ ↑ 
   

↑ 
- 

↑ ↑ 
- 

 
↑ (Ball et al., 2005; Kremen and Miles, 2012; 

Barbieri, Pellerin and Nesme, 2017) 

Use of mixed legume leys   ↑ ↑ ↑ 
   

↑  
↓ 

↑ 
   

↑ (Honisch, Hellmeier and Weiss, 2002; Döring et 
al., 2013) 

Crop and land-use selection  
             

Stock management practices  
 
Holistic plan/mob/Managed 
Intensive Grazing 

   ↑      ↑
- 

  (Leach et al., 2014; Machmuller et al., 2015) 

Cultivation practices  
 
Reduced tillage regimes  ↑  ↑ ↑ ↑  ↑  ↑ ↑ 

↓ 
 

 
(Powlson et al., 2012; Büchi et al., 2017; Jarvis 
and Woolford, 2017) 

Sub-soiling or soil aeration  ↑ ↑        ↑  
 

(Bhogal et al., 2011)  

Nutrient management practices 
Precision agriculture  

 
↑    ↑    ↑   (Awan, 2016)  

Nutrient management planning  
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Targeted organic matter 
application 

 
  ↑     ↑    (Powlson et al., 2012) 

Green manure incorporation  
  

 ↑      
   

(Sharma et al., 2017) 

Pest/disease management practices  
Habitat creation/management to 
support natural pests 

       

↑  ↑
↓ 

 ↑ ↓  
(Bianchi, Booij and Tscharntke, 2006; Landis et 
al., 2008; Bommarco et al., 2012; Tschumi et 
al., 2016; Hatt et al., 2017) 

Precision agriculture for 
pesticide application 

       
    ↑ (Petersen and Snapp, 2015) 

Habitat management practices  
Habitat creation/management  

   

   ↑ ↑ ↑ ↑ 
↓ 

 ↑ 
(Kremen and Miles, 2012; Marshall et al., 2014; 
Pywell et al., 2015)  

Management/creation legume 
and herb species rich grassland 
(temporary or permanent)  

   

    ↑     

 

Creation of in-field, riparian or 
marginal grass/flower strips  

   ↑  ↑  ↑    ↑ (Kremen and Miles, 2012; Pywell et al., 2015; 
Hatt et al., 2017) 



 

69 
 

2.4.4 Organic agriculture, a solution to balance profitable farming with 
ecosystem service delivery?  
Tully and Mcaskill (2020) explain that organic agriculture “is a mixture of modern 

technologies and tools with traditional (sometimes ancient) management 

practices. Practically defined, organic farmers do not use synthetic fertilizers or 

pesticides, and instead rely on rotating crops, managing pests naturally, and 

providing crops with nutrients via compost, manures, and legume residues.” 

There is growing interest, particularly within the European Union (EU), in the role 

organic agriculture could play in enhancing the farmed environment as part of 

their Farm to Fork strategy. Indeed, the EU have recently announced the target 

of converting 25% of the utilisable agricultural area to organic management by 

2030 (Comissão Europeia, 2020). There have been calls for the UK Government 

to match the target in the UK (ORC, 2021), which already has a percentage cover 

of organic agriculture far lower than that of most other European nations (Scott, 

2020).  

Whilst it is recognised that organic farming does not typically deliver the same 

yields as conventional farming and whilst ‘organic’ and ‘sustainable’ farming 

cannot be used interchangeably, it can perform better than conventional farms in 

delivering environmental improvements (Kremen and Miles, 2012; Tuomisto et 

al., 2012; Ponisio et al., 2014; Tuck et al., 2014; Stein-Bachinger et al., 2021). A 

number of field studies and meta-analyses have shown that organic farming can 

enhance water retention and soil structure (Lotter, 2003; Gomiero, 2013; Williams 

et al., 2017), increase soil carbon stocks (Mondelaers, Aertsens and 

Huylenbroeck, 2009; Gomiero, Pimentel and Paoletti, 2011; Gattinger et al., 

2012; Tuomisto et al., 2012),  reduce nutrient losses (nitrate, nitrous oxide and 

ammonia) (Snapp, Gentry and Harwood, 2010; Tuomisto et al., 2012; Benoit et 

al., 2014; Biernat et al., 2020), improve soil biology and biological processes (e.g. 

the decomposition of organic matter) (Domínguez et al., 2014; Lori et al., 2017; 

Martinez-Garcia et al., 2021) and enhance pollinator stocks and pollination 

services (Feber et al., 1997; Holzschuh, Steffan-Dewenter and Tscharntke, 2008; 

Andersson, Rundlöf and Smith, 2012; Hardman et al., 2016a). Some authors 

have been cynical of some of these findings (Leifeld et al., 2013; Kirchmann et 

al., 2016) and other studies have found no significant differences between the 

environmental performance of each system (Gosling and Shepherd, 2005; 
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Williams and Hedlund, 2013). Tuck et al., (2014) therefore identify that there 

remains a need to understand more about the precise environmental benefits 

delivered by organic farming. 

Due to the lower yields typically associated with organic agriculture there is also 

a debate over the role that organic agriculture might play in the transition to a 

more sustainable agricultural system (De Ponti, Rijk and Van Ittersum, 2012; 

Ponisio et al., 2014; Röös et al., 2018; Smith et al., 2019). Opposition to organic 

agriculture raise these lower yields as a significant issue, highlighting that this 

means more land is needed to produce the same amount of food leaving less 

space for natural or semi-natural habitats. They argue that this results in organic 

agriculture delivering higher environmental impacts per unit produced (Connor 

and Mínguez, 2012). In contrast advocates support the wider expansion of 

organic agriculture, highlighting the positive delivery of environmental benefits 

and the frequently improved profitability for producers (Crowder and Reganold, 

2015; Wilbois and Schmidt, 2019). Muller et al., (2017) and Wilbois and Schmidt 

(2019) offer a more nuanced point, that consideration on the role of organic 

agriculture in the global food system should not be whether it can entirely replace 

conventional agriculture but how it can be utilised, alongside other strategies, to 

improve the sustainability of farming into the future.  

Given the growing interest in the expansion of organic agriculture there is a need 

to further understand the scale and consistency with which it can deliver 

environmental benefits, the trade-offs in yield and the implications for farm 

profitability.  
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Table 2.11: Showing a summary of literature investigating multiple ES at the field or farm scale in response to different farm approaches (organic management and 

ecological intensification) or management (organic matter additions). Improvements are shown as ↑, reduction in the service ↓ and no difference between the treatments 

as -. 

Study 
System and 
Treatment or 
comparison 

Yield 

Key function (as an indicator of ES) studied: 
Soil 

carbon 
sequest-

ration 

Nitrogen 
efficiency 
or cycling 

Reduced Nitrate 
leaching 

Biocont
rol by 

natural 
pests 

Soil water 
storage 

Biodiver
sity 

Economic 
valuation 

Snapp, Gentry and 
Harwood, (2010) 

Organic vs 
conventional 
rotations (12 year 
study)  
Treatment: organic 
mgmt. 

↓  ↑ ↑    

Not applied  

Sandhu et al., (2008) Organic vs 
conventional arable: 
Treatment: organic 
mgmt. 

Only use 
market 
price 

↑ 
(marginal

) 
↑  ↑   

Org: $4600 
US ha-1 yr-1 
Conv: $3680 
US ha-1 yr-1 

Williams and Hedlund 
(2013) 

Organic vs 
conventional barley:  
Treatment: Organic 
mgmt. 

↓ 
Decline 
(33%) 

- ↑     
Not applied  

Fan, Henriksen and Porter 
(2016) 

Organic mixed:  
Increasing scales of 
organic matter 
added (Low, Med, 
High amendments) 

↑ ↑ ↑  ↑ ↑  

Low: $1502 
US ha-1 yr-1  
Med: $1765 
ha-1 yr-1 
High: $2210 
US ha-1 yr-1  

Pywell et al., (2015) Ecological 
intensification: 
Increasing levels of 
habitat creation 
around arable fields 
(control (no habitat), 
basic, high)  

↑      ↑ 

Not applied 
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2.5 Literature review summary  
In summary of the literature reviewed here it is evident that there are number of 

different forms of NC within agri-environments including soil, biodiversity and 

freshwater NC. The quantity and quality of these NC assets, alongside other 

anthropogenic and natural drivers, influences how the EFs and combined with 

other forms of capital determine the flow of ES benefits to humans. Despite 

growing recognition of the importance of NC within agri-environments it is widely 

acknowledged that the intensification of agriculture has had a significant impact 

on NC extent and condition, severely affecting the flows of ES.  

The NC approach presents a framework for evaluating land management 

decisions in a holistic way, identifying both the public and private benefits and 

trade-offs that might arise from a change in land management. It offers a solution 

to, 1.) Identify land management practices that reduce the destructive impacts of 

intensive agriculture and 2.) Bring land management decisions into a framework 

that could align well with accessing future agri-environment schemes in the UK 

(i.e. public money for public goods). However, despite the growing interest in the 

application of the NC approach to land management decisions it has rarely been 

conducted at management appropriate scales. This is perhaps unsurprising given 

the current challenges presented in undertaking the NC approach. One of the 

largest challenges to overcome appears to be meeting the resource and expertise 

requirements needed to build an understanding on, 1.) How NC condition and EF 

are impacted by specific land management practices, 2.) How NC condition in a 

given state impacts EF and the subsequent flow of ES and 3.) How ES that flow 

from the agri-environment can be valued.  

Studies that have applied the NC approach at the farm scale have typically used 

existing data (where available) and have inferred changes in ES flows based on 

other research (i.e. value transfer method). No known farm-scale studies 

presented in the UK to date have focused on collecting spatially specific primary 

data to inform the NC approach across a suite of different ES flows. There is 

therefore a need for further research that builds understanding on the practical 

application of the NC approach at management appropriate scales. Importantly 

this research needs to advance knowledge on the metrics, methods and tools 

that can be useful in evaluating NC baseline condition, measuring EF and valuing 

ES.  
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The NC approach can be put to good use in evaluating contested land 

management practices that could deliver greater benefits for society. As 

presented in this review there are a number of land management practices that 

have been associated with delivering ES benefits beyond just food production. 

Field scale practices such as the incorporation of grass leys, cover crops and 

legume crops or changes in tillage regimes have been presented alongside 

systematic changes in agricultural approaches such as the shift to organic 

agriculture to improve ES delivery. The understanding of the role of these 

practices in systematically improving NC condition and enhancing the delivery of 

ES, however, is still not fully understood.  

This literature review formed the foundational base for the development of the 

PhD objectives (presented in Chapter 1) which were then refined in collaboration 

with Clinton Devon Estate. The review was used to develop the methods 

introduced in the following chapter and refine the research questions applied in 

the four primary research chapters. Where necessary further specific literature is 

bought in to introduce and justify the development of each research chapter.  
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Chapter 3: Site description, methodological framework 
and introduction to methods  
This chapter first introduces the study site before covering the processes involved 

in identifying the key measurements of NC, EF and ES investigated in this 

research and the NC approach framework applied throughout. This is followed 

by a justification of the importance of each measurement of NC. The chapter 

finishes by providing a detailed explanation of some of the key field and lab 

methods used in two or more of the data chapters. The selection process for field 

sites, chapter specific methods and statistical methods are outlined separately in 

each of the four research chapters (Chapters 4 – 7).  

3.1 Study site  
The study was conducted on Clinton Devon Estate (CDE) a lowland farming 

estate in South West England (Figure 3.1). The 7,558ha estate offers the 

advantage of covering a large part of the lower River Otter catchment and 

containing a range of agricultural land management practices. The farmed part 

of the estate (4,590ha) comprise organic (1600ha) and conventional (2990ha) 

farms, which extend over the continuum of scales of intensity including: dairy, 

beef, pigs, arable, mixed and some vegetable agriculture. A large holding on the 

estate (ca. 900ha), the Home Farm (including Farm 3 and 5 in Figure 3.1), is 

farmed in-hand and was converted from conventional arable and dairy to organic 

arable and dairy in 2007. The agriculture before conversion was typical of 

neighbouring conventional farms, with winter cereals, maize, rye-grass and 

clover silage leys and improved pasture. 

The estate is underlain with Permo-Triassic and Carboniferous sandstone and 

siltstone geology. The sample sites for the study are under the Bromsgrove soil 

association (0541b) - a well-drained coarse loamy to sandy soil, which is 

widespread in the UK (covering 714 km2 of agricultural land), mostly across the 

South West and Midlands (Landis, 2018). There are three soil series within the 

Bromsgrove association (Bromsgrove, Hodnet and Eardiston) which are mostly 

brown earths and are predominantly classified as eutric chromic endoleptic 

cambisols within the World Reference Base for Soil Resources (Landis, 2018). 

The Bromsgrove association soils are good agricultural soils and are easily 

worked facilitating a range of cropping regimes. The soils should readily accept 
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winter rainfall even on steep slopes but can limit the available water for crops in 

summer. The soils can therefore be vulnerable to drought and grass growth, in 

particular, is often limited during summer (Landis, 2018). Mean annual 

temperature and precipitation for the study area is 10.7°C and 825mm, 

respectively. The majority of the estate soils drain to the Otter Sandstone or 

Budleigh Salterton Pebblebed Heaths Formation. These aquifer units represent 

a major groundwater drinking water resource in South West England (Bearcock 

and Smedley, 2012).   

Figure 3.1 shows the field sites and farms used in this study. Data from the main 

study fields is utilised primarily in Chapter 4 and Chapter 6. The sub-set study 

fields are used for more detailed analysis in Chapter 5 and Chapter 7. Further 

details on site selection criteria and experimental design are described within the 

respective chapters.  
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Figure 3.1: Map of the study area in the lower Otter valley, South West England. The map 

shows the coverage of Clinton Devon Estate, the soil association for the area, farms (farms 1 – 

5) and the study fields used in the study. Data from the main study fields are included in 

Chapter 4 and Chapter 6, whereas data from the sub-set study fields are used for more detailed 

analysis in Chapter 5 and Chapter 7. Acronyms used: CON (conventional farm) and ORG 

(organic farm). 

3.2 Natural capital and ecosystem services at Clinton Devon Estate   
The initial phase of this study involved a process of collaboration with CDE to 

identify and categorise what forms of NC are present on CDE and the flows of 

ES from it. This process involved establishing which NC assets were a priority to 

understand on the estate and which could be practically measured given the 

available resources. Alongside this process ran a review of the literature to 

understand the importance of potential NC assets and ES flows within the wider 

context of agricultural landscapes. Figure 3.2 displays a non-exhaustive list of NC 

on the estate and how these might link to final goods and services from which an 

economic value could be derived. 
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From this process, three key NC components and four important ES emerged 

that became the focus for the study. Forms of NC were: 1) soil NC; 2) 

groundwater NC; and 3) functional biodiversity NC (specifically pollinator stocks). 

The flows of ES selected were: 1) climate regulation (based on carbon storage); 

2) drinking water provision (based on nitrate leaching and groundwater 

contamination): 3) crop production; and 4) pollinator services. All types are 

described in more detail in the following sections. 

It is recognised that these selected measurements or metrics are not a 

comprehensive suite of all ES or disservices that arise in agricultural landscapes. 

However, the purpose of the study was to gather high-resolution data to 

understand in detail the impacts of land management on each tier of the NC 

approach and the assessments that can be made from this. The intention was 

not to apply the more broad-brush approaches using existing data to understand 

a wider suite of NC and ES. Further details on the importance of the metrics 

selected and the rationale behind each is presented in Section 3.4.  
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Figure 3.2: The output of the initial brainstorming exercise in collaboration with CDE, reviewing NC on the 

estate and its connections with final ecosystem goods and services. 

 

3.3 Methodological framework for evaluating natural capital at 
Clinton Devon Estate  
The NC approach framework introduced in Section 2.1 is applied throughout this 

study to evaluate land management decisions at CDE. Chapters 4 and 6 focus 

primarily on Tier 1 of the framework, evaluating differences or change in NC 

stocks, albeit alongside the production of crops. Chapter 5 focuses on Tiers 1 

and 2 considering the benefits of incorporating measurements of EF, as well as 
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Tier 1 NC stocks. Finally, Chapter 7 brings all of these together, applying the 

complete framework and incorporating measurements from tiers 1, 2 and 3.  

The framework used in this study identifies properties of NC, EF and ES that are 

considered within the literature to be connected. It has been adapted from 

Haines-young and Potschin (2008) but is very similar to other frameworks linking 

stocks, functions and services (e.g. Dominati, Patterson and Mackay (2010)). The 

principles behind the NC approach framework are described in more detail in 

Chapter 2, Section 2.1.  

Figure 3.3 places the NC stock and the flows of ES identified at CDE within the 

NC approach framework. It provides an insight into the measurements used 

across the study to quantity NC condition, EF and, where possible, the value of 

ES. Further detail is provided in the following two sections.  

 

Figure 3.3: Natural capital approach framework applied showing the component parts and how they 

theoretically link to deliver benefits to humans. Measurements applied include, 1) Soil carbon stocks 

relating the function of carbon dioxide storage/sequestration and the service of climate regulation, 2) Soil 

NC properties that support plant growth relating to the function of crop growth and the provision of food, 3) 

Soil NC properties and the condition of groundwater NC considering soil  nitrogen retention and the 

provision of clean drinking water, 4) Pollinator stocks and related  pollination of crops and wild plants 

contributing to food production and biodiverse areas. This framework is adapted from Haines-Young and 

Potschin (2008). Acronyms used: BD (bulk density), SOM (Soil organic matter), BioP (bioavailable 

phosphorus), K (potassium), Mg (magnesium), N (nitrogen), DecompR (decomposition of organic material) 

and TN:TC (nitrogen to carbon ratio). *shows measurements that could not be made in this study.  
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3.4 Detailed overview of the natural capital and ecosystem services 
included in this study   
The following section introduces the four key pathways that were selected to be 

tracked through each tier of the NC approach framework: 1) carbon storage and 

climate mitigation; 2) soil fertility, crop growth and provisioning services; 3) soil 

nutrient retention, nitrate leaching and the provision of clean drinking water; and 

4) pollinator stocks and pollinator services. Building upon the context provided in 

Chapter 2 the following sub-sections identify why each of the four pathways are 

important and what measurements or metrics are commonly used to quantify 

them.  

Whilst the four pathways are referred to at different stages of chapters 4, 5 and 

6, they are all bought together in Chapter 7 to evaluate the complete application 

of the NC approach. Chapter 4 and Chapter 6 focus primarily on individual NC 

components (i.e. soil and pollinators respectively), whereas Chapter 5 

incorporates measuring indicators of both soil and water NC and EF. The 

assessment of soil and water NC and EF were not separated into different 

chapters due to the multiple connections between the state of water quality and 

that of soil condition and soil function (e.g. nutrient retention and nitrate leaching 

to groundwater). This is typical of other studies investigating soil-based ES, which 

also incorporate measurements of soil functions linked to freshwater NC and ES 

(e.g. surface and groundwater condition and drinking water supply). See Section 

2.2.1 and 2.3.1 for further insight into the overlap between soil and water ES. 

3.4.1 Carbon storage and climate mitigation  
There is considerable interest in the capacity for soils to sequester carbon and 

mitigate climate change (Minasny et al., 2017) and it is recognised that land 

management is critical in determining whether soils act as a net sink or source of 

greenhouse gasses (FAO, 2017; Paustian et al., 2019a). Carbon sequestration 

has the potential to draw down significant amounts of atmospheric carbon dioxide 

(Minasny et al., 2017) which, when stored within soil, can be measured as carbon 

stocks. Expressing those soil carbon stocks as carbon dioxide equivalents 

(CO2eq.) permits valuation as avoided greenhouse gas emissions. That valuation 

process can progress in a number of ways, adopting different assumptions about 

carbon costs/prices  (Bartkowski et al., 2020). Each approach estimates avoided 

emissions (tonnes CO2eq.) and then multiplies the figure by the chosen carbon 
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price (£ t -1), in order to arrive at a value for the ES of climate regulation. In the 

UK, the Department for Business, Energy and Industrial Strategy (BEIS) now 

publish a list of non-traded carbon prices which are advised in the use of projects 

evaluating land use change scenarios (Hurst, 2019). In this study, soil carbon 

stocks were selected to evaluate soil NC, the storage of CO2eq. as a proxy of soil 

function and BEIS non-traded carbon prices to value the service of climate 

regulation to society.  

3.4.2 Soil fertility, crop growth and provisioning services  
The provision of food and fibre is a critically important ecosystem good and with 

global population set to exceed 9 billion by 2050 it is important that we understand 

the capacity for different agricultural systems to provide crops that support human 

nutrition (Muller et al., 2017).  

Given the almost single-minded focus of agricultural systems on the maximisation 

of crop outputs, it is perhaps unsurprising that soil properties linked to plant 

growth are frequently measured in the evaluation of soil condition. Nutrients such 

as nitrogen (N), phosphorus (P) and potassium (K) are all of critical importance 

for plant growth (Brady and Weil, 2008; Dungait et al., 2012), along with other 

nutrients such as sulphur (S), calcium (Ca) and magnesium (Mg). Likewise, soil 

organic matter (SOM) and its decomposition through biological activity facilitates 

the release and storage of these nutrients (Brady and Weil, 2008) and soil 

structure is important in determining air and water availability. N, P, K, Mg, SOM 

and measurements of soil structure can therefore be considered important 

properties of soil NC condition, contributing to the soil function of plant growth. 

Vegetation biomass is a common measure of plant growth and productivity and 

it is used in this study to assess soil function of plant growth and evaluate what 

conclusions might be made regarding provisioning services using these 

measurements.  

In order to value provisioning services, crop yields are frequently multiplied by 

crop market prices (e.g. Sandhu et al., 2008; Fan, Henriksen and Porter, 2016; 

Silcock et al., 2018). Of course, prices only represent the revenue generated by 

crops and not the net benefits of farming. Rather the actual welfare gain of the 

producer from food production is given by producer surplus, which is simply 

revenue net of production costs. This measure is recognised by economists as 

the theoretically correct measure of the value of productive activity to be used in 
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social cost-benefit analysis. It is used in this study as a measure of the value of 

the provisioning service of crop production and is calculated as the total revenue 

made through the sale of goods minus the total costs of production. Whilst gross 

margins for crops are often reported in the industry handbooks (e.g. Nix, 2018; 

ORC, 2017) and are often used as proxy values for provisioning services (e.g. 

Fezzi et al., 2014), these measurements do not include the full field costs of 

producing the crops: for example, land preparation, crop management and 

harvest costs. The measure of producer surplus applied in chapters 6 and 7 is 

essentially a measure of operating profit; that is to say the revenues generated 

by the sale of the crop minus all field-based management costs incurred in the 

crops production. 

3.4.3 Soil nutrient retention, nitrate leaching and the provision of clean 
drinking water  
The provision of drinking water is an important ES (Keeler et al., 2012; Grizzetti 

et al., 2016) and yet the sufficient supply of clean drinking water is under threat 

globally (Boretti and Rosa, 2019). A particular issue is with nitrate. Nitrate 

contamination has both environmental and economic consequences, resulting in 

the loss of valuable farm nutrients for land managers and increasing drinking 

water treatment costs and prices paid by consumers (Stuart and Lapworth, 2016). 

In the UK, groundwater is a particularly important resource, supplying 30% of the 

nation’s drinking water (EA, 2018). However, the quality of groundwater aquifers 

has declined significantly as a consequence of increased nitrate leaching from 

agricultural land (Wang et al., 2016). Aquifers now regularly exceed drinking 

water standards laid out in the EU Drinking Water Directive (Stuart and Lapworth, 

2016). 

Soil NC is recognised as playing a critical role in filtering nitrate and storing 

nitrogen, with soil condition and soil management determining losses to surface 

and groundwater resources (Beaudoin et al., 2005; Harris et al., 2006; Knudsen 

et al., 2006). Soil structure, texture (particularly clay content), SOM, pH and cation 

exchange capacity (CEC) are all cited as important soil properties that influence 

pollutant retention (including nitrate) (Bone et al., 2010; Makó et al., 2017). 

Management relating to the timing, type and amount of nitrogen input is also 

critically important in determining nitrate loss. The function of nitrate leaching can 

be measured through methods such as lysimeters or porous pots, providing data 
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on the quantity of nitrate lost from field sites and an indication of the scale of 

groundwater contamination under different land management. Nitrate leaching is 

used in this study to measure soil function and a suite of nutrient retention 

indicators are applied to determine the suitability of soil NC conditions to retain 

nitrate. This is combined with data from the water company on groundwater 

nitrate contamination to determine the condition of the groundwater NC stock.  

Quantifying the costs of water treatment is a common method used in the 

valuation of the ecosystem disservices from agriculture (Pretty et al., 2000; Keeler 

et al., 2012; Graves et al., 2015). Harris et al., (2006), in their work on the 

economic valuation of soil functions suggest that cost-based approaches to 

valuing the “attenuating pollutants” function (which includes nitrate) can be used 

where changes in soil management have implications to the water sector. 

Management strategies to reduce nitrate leaching (below the drinking water limit 

of 50 mg NO3 l-1) offer savings for water supply companies, whilst improving  the 

quality and provision of drinking water (Keeler et al., 2012). A cost-based 

approach is applied in Chapter 7 to value the disservice of nitrate leaching and 

groundwater contamination.   

3.4.4 Functional biodiversity; Pollinator stocks and pollinator services  
Pollinator populations are important NC stocks (Hanley et al., 2015) and 

pollinating insects (such as honeybees, bumblebees, solitary bees, wasps and 

hoverflies) deliver a critical ES in pollinating a number of commercial crops and 

wild plants (Klein et al., 2007; Potts et al., 2010; Ollerton, Winfree and Tarrant, 

2011). Bumblebees are considered the most important wild pollinators in the UK 

in terms of pollination of wild plants and crops ( Wood et al., 2015a) and they are 

identified as a keystone species (Goulson et al., 2011). They are used in this 

study as an indicator to assess pollinator stocks and to consider pollination and 

pollinator services.  

Despite recognition of their importance, bumblebee populations are rarely 

measured, on account of complexity  and resource demand (Wood, Holland and 

Goulson, 2015; Becher et al., 2018). Whilst transect methods have been used to 

evaluate abundance differences between different field treatments, it is unclear 

whether these differences show real population change or whether results map 

the redistribution of bees within a landscape ( Wood et al., 2015). Bumblebee 

colony density provides a useful measure of bumblebee populations ( Wood et 
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al., 2015) and recent advances in bee models (Becher et al., 2014, 2016, 2018) 

present a resource-efficient means to quantify this under different land use 

scenarios. To understand how pollinator stocks might have changed under 

different land management scenarios, the recently published BEE-STEWARD 

software (Twiston-Davies, Becher and Osborne, 2021) was used.  

The BEE-STEWARD software brings together Bumblebee-HAVE (Becher et al., 

2018) and BEESCOUT models (Becher et al., 2016) in a user friendly interface 

and can be applied to estimate pollination services for insect pollinated crops 

(Becher et al., 2018).  The results provide information of bee visitation (or lack of) 

to crops. In principle, market valuation of pollination services can then be 

calculated by estimating the proportion of yield loss under different visitation 

scenarios (based on the Dependence Ratio – DR, of particular crops) (Hanley et 

al., 2015). In this study, a number of problems were encountered with this 

approach specific to the case-study site. These are discussed further in Chapter 

7.  

 

3.5 Overview and justification of the NC, EF and ES measurements 
selected 
Following the assessment of the measurements commonly used to assess the 

four selected pathways, a suite of metrics were selected (Table 3.1). Justification 

for most of these has already been provided above (Section 3.4) but further detail 

is given below on the importance of BD and n-potential (clay:SOC ratio) as a 

measurement of soil structure and decomposition rate as a proxy for nutrient and 

carbon cycling.  
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Table 3.1: A summary of the metrics used to measure NC condition, EF and ES in this study. It 

was not possible to measure pollination services in this study landscape – explanations for this 

are given below.  

Metrics for NC Metrics for EF Metrics for ES 
Soil: 

SOC, SOM, BioP, K, Mg, 
total N, total C, TN:TC, pH, 
texture, N-potential (ratio 

clay:SOC), SOM 
decomposition rate (TBI) 

 
Carbon stocks 

 
Crop biomass production 

 
Value of stored CO2eq 

 
Crop producer surplus 

Groundwater: 
Current state of nitrate 

contamination 

 
Nitrate leaching 

 
Cost savings in water 

treatment 
Pollinator stocks: 

Bumblebee populations using 
BEE-STEWARD software 

 
Not possible in this 

landscape 

 
Not possible 

 

Bulk density (BD): the mass of a unit volume of dry soil is an important indicator 

in the level of pore space (i.e. the space available for air and water) within a soil, 

providing information on the level of compaction (Cardoso et al., 2013).  This 

measure is frequently used in soil-based ES studies (Greiner et al., 2017). Soil 

compaction has been associated with significant flooding and crop productivity 

issues (Graves et al., 2015). BD is also important in the quantification of soil 

carbon stocks, important in understanding the climate regulation capacity of the 

soil.  

N-potential: introduced by Merante et al., (2017), is a measure of soil stability 

and the carbon storage potential of a soil. It is calculated as the ratio of clay (%) 

to SOC (%). Soil stability is closely linked to the content of SOC and fine soil 

particles (clay and silt), which become associated in the development of soil 

aggregates (Merante et al., 2017). A high n-potential (>10) suggests a low SOC 

relative to clay content, suggesting the presence of non-complexed clays which 

are more easily dispersed in water and more vulnerable to soil degradation (e.g. 

compaction or erosion). These soils have the capacity to store more carbon. A 

low n-potential (<10) suggests a high SOC relative to clay content, showing that 

most of the clay is likely to be complexed with SOC which increases soil stability 

(Merante et al., 2017). These soils have less capacity to store more carbon.  

Other studies also use the ratio of clay to SOC as a metric to assess soil 

condition. For example Prout et al., (2020) define bounds for the clay:SOC ratio 
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with reference to soil degradation in the UK. They classify a ratio of less than 8 

to refer to very good soil condition, 8 - 10 refer to good soil condition, 10 – 13 as 

moderate and greater than 13, as degraded soil condition. These classifications 

are used to interpret soil data in Chapter 4 but for consistency N-Potential is used 

to refer to the ratio of clay to SOC throughout the thesis.  

Tea Bag Index (TBI):  quantifies the decomposition of organic material by soil 

biota and provides an important insight into nutrient cycling and biological activity 

of the soil (Keuskamp et al., 2013; Ghaley et al., 2014a). The breakdown of 

organic material (e.g. plant litter or farm manures) is critical for the development 

of plants, ensuring that nutrients become available through decomposition and 

mineralisation (Ghaley et al., 2014a). The processing of organic material and the 

role of soil biota is also integral to the carbon cycle influencing whether soil 

becomes a carbon sink or source (Paustian et al., 2019a; Ray et al., 2020). The 

TBI is described in full detail in Keuskamp et al., (2013).  

3.6 Introduction to methods  
This section does not provide a comprehensive description of all methods used 

in this thesis but does cover those that are frequently used over two or more 

chapters and require more detailed explanation. The purpose of this section is to 

provide a reference point for the next four data chapters in order to reduce 

repetition of methods as much as possible. It covers the detailed methods on soil 

sample collection and analysis, organic matter decomposition rate, nitrate 

leaching, crop biomass quantification and crop costs of production.  

3.6.1 Soil sample collection and analysis 
Details below are relevant, to differing degrees, to chapters 4, 5 and 7.  

All soil samples were collected using a metal corer (15cm deep x 4.8cm wide) 

following the Countryside Survey Soil Manual (Emmett et al., 2008). Samples 

were placed in plastic bags, returned to the lab, weighed to establish wet weight 

and then dried at 50⁰C until they reached a stable dry weight (measured to two 

decimal points). A stable weight was defined as a weight change of less than 1% 

from the previous measurement, after a minimum of 12 hours of drying.  

Soils were ground using a pestle and mortar and passed through a 2mm sieve. 

Roots and stones >2mm were removed. Stones were weighed and the volume 



 

87 
 

was determined through water displacement, as per UK Countryside Survey Soil 

Manual (2007) (Emmett et al., 2008).  

Soil BD was then calculated as:   

𝐵𝐵𝐵𝐵 =
𝐵𝐵𝐷𝐷 − 𝑆𝑆𝐷𝐷
𝐶𝐶𝐶𝐶 − 𝑆𝑆𝐶𝐶

 

where Dw is the dry weight of the core (g), Sw is the stone weight (g), Cv is the 

volume of the core (271.43 cm3) and Sv is the volume of stones (cm3).  

The dried sample was split and one part sent off for analysis (lab accreditation; 

BS EN ISO/IEC 17025.) of pH, SOM, bioavailable-P, Mg, K and particle size 

distribution (PSD). Soil pH was measured in a temperature controlled 

environment potentiometrically, by first creating a slurry of deionized water and 

soil (ratio of soil to water 1:2.5). Bioavailable-P was extracted from a sub-sample 

of soil using 0.5M sodium at pH 8.5 (Olsen-P extraction), shaken at 20⁰C for 30 

minutes. The concentration of bioavailable-P in the filtered extract is then 

determined by flow injection analysis/colorimetry (spectrophotometer at 880nm) 

using an ammonium molybdate reagent. Bio-available K and Mg were extracted 

from a sub-sample of soil using a 1M ammonium nitrate, shaken at 20⁰C for 30 

minutes. Samples were then filtered and the concentration of K and Mg in the 

extract determined using atomic absorption spectrometry. Instrumentation for 

available nutrients was calibrated using commercial phosphate, potassium and 

Mg standards traceable to the SI unit. SOM was determined by a sub-sample first 

being dried at 105⁰C and then through loss on ignition (LOI) at 430⁰C. The sub-

sample was weighed before LOI to give an initial weight and then weighed again 

once the sample had cooled in a desiccator to calculate percentage loss. Loss 

was taken as SOM (%). 

Using the retained sub-sample of dried soil, total C and total N analysis was 

conducted. The sample was initially ground to 500µm and homogenised. 

Roughly, 19mg was then weighed into a tin combustion capsule before being 

processed via an elemental analyser (Thermo Scientific FLASH 2000) (as in 

Glendell et al., 2014)..  

SOC was calculated as 𝑆𝑆𝑆𝑆𝐶𝐶(%) = 𝑆𝑆𝑆𝑆𝑆𝑆(%) ∗  0.52 where SOM is the percentage 

SOM (from LOI) and 0.52 represents the mass of carbon in SOM. The conversion 

figure of 0.52 was determined specifically for the soil samples in this study by 



 

88 
 

calculating the mean ratio of total carbon to SOM (data in Appendix A.1). A 

standard ratio of 0.58 is often used to convert SOM from loss on ignition to SOC.  

However, it has been identified that this can significantly overestimate carbon 

stocks (Jensen et al., 2018). 

N-potential, was calculated as the ratio of clay (%) to SOC (%) (Merante et al., 

2017). Clay content was derived from particle size distribution analysis using a 

Laser Diffraction Particle Sizer to calculate sand (2.00 – 0.063mm), silt (0.063 – 

0.002mm) and clay (<0.002mm) components.  

Soil carbon stocks (t ha-1) were calculated following Poeplau, Vos and Don (2017) 

as: 𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑆𝑆𝑆𝑆𝐶𝐶 ∗ 𝐵𝐵𝐵𝐵 ∗ 𝑑𝑑  

where SOC is soil organic carbon (%), BD is the BD of the soil (g cm-3) (corrected 

for stone content) and d is the depth of the soil core (15cm).  

3.6.2 Quantifying organic matter decomposition rate  
Details below are relevant to chapters 5 and 7.  

Organic matter decomposition was determined using the standardised and widely 

used Tea Bag Index (TBI) method (Keuskamp et al., 2013). The TBI is a simplified 

litter bag test using commercially available Lipton Rooibos ™ and Green tea ™. 

The two different tea types (Figure 3.4: far right) have a different decomposability 

with green tea decomposing rapidly and rooibos tea, with more recalcitrant 

material, decomposing at a much slower rate. The use of two different types of 

material allows an assessment of a two-phase decomposition curve from a single 

incubation time frame (i.e. eliminating repeated retrieval and reweighing of 

samples). Using information on mass loss and the hydrolysable component of the 

tea, it is possible to determine a stabilisation factor (S) and decomposition 

rate/decay constant (k).  

Eight pairs of uniquely labelled, pre-weighed tea bags (to the nearest mg) were 

buried at 8cm depth at each site following (Keuskamp et al., 2013). The intention 

was to retrieve at least five pairs of tea bags from each site, with contingency for 

tea bag losses or damages on retrieval. Of the 54 field sites utilised in Chapter 5, 

51 had at least five retrieved pairs, with three sites having four retrieved pairs. 

Tea bags were installed in May 2019 and were retrieved 52 days later. Whilst the 

Keuskamp et al., (2013) method advises a 90 day incubation period, a shorter 
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period was scheduled to fit in between maize drilling and whole crop harvesting 

across the different sites. Other agricultural experiments have also used reduced 

incubation periods. For example, Tóth, Hornung and Báldi (2018) use a one 

month incubation and Welsch et al., (2019) a 30 day incubation period.  

Upon retrieval, the tea bags were air dried, loose soil was brushed off and they 

were transferred to a pre-weighed paper case. Fine roots were removed with 

tweezers before samples were oven dried for 48 hours at 70°C. Once dry, 

samples were allowed to cool for 10 minutes before being re-weighed. The mass 

of the paper case (adjusted for moisture content) was subtracted from the total, 

to give the final tea weight.  

TBI k was calculated for each site based on the five (at three sites only four) 

replicate tea bag decomposition results. TBI S calculations, however, were 

discounted on account of the shorted incubation time necessary for this study. 

Lower microbial activity and shorter incubation times make the interpretation of 

TBI S less reliable (Keuskamp et al., 2013).  

 

Figure 3.4: Field and lab work photos from left to right: Installing porous pots using a mechanised 

auger in October 2018, maize crop yield sampling in September 2019 and sorting contents of 

green and red tea ahead of drying and final weighing in August 2019.  

3.6.3 Quantifying nitrate leaching  
Details below are relevant to chapters 5 and 7.  

Porous pots were selected as the best method to determine nitrate leaching 

through a drainage season and to identify when leaching occurred. Porous pots 

have a ceramic chamber for collecting the sample and a plastic chamber above. 

One tube enters the plastic chamber and the other enters the ceramic chamber 

below. The unit is sealed allowing the ceramic chamber to be held under vacuum, 

increasing the matric potential in the adjacent soil and drawing in soil pore water. 
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The sample (up to 25ml) can then be extracted by releasing the vacuum and 

drawing out the sample using a syringe. Porous pots or ceramic cups are widely 

used for measuring nitrate leaching from agricultural land (Lord and Sheperd, 

1993; Goulding et al., 2000; Webb et al., 2001; Silgram and Chambers, 2002; 

Cooper et al., 2017) and have been applied to compare nitrate leaching from 

organic and conventional rotations (Benoit et al., 2015). 

Porous pots were installed in October 2018 at six field sites using a mechanised 

auger following ADAS (2005) (Figure 3.4: far left). Ten pots per field (2m spacing 

between each) were installed 90cm below the field surface. This depth is 

considered to be below most measured rooting depths of commercial crops. It is 

assumed that any nitrate in the soil water solution at this depth has effectively 

been lost to the crop and therefore will be leached from the field and eventually 

enter the groundwater aquifer. 

Soil pore water collection and processing:  

To estimate nitrate losses over the season, samples were collected from the 

porous pots every two weeks or wherever possible after 25mm of rainfall, during 

two seasons: November 2018 and April 2019; and October 2019 and March 

2020. Porous pots were held under vacuum and a sample was extracted using a 

60ml syringe in accordance with ADAS (2005). Sampling commenced after the 

soil moisture deficit (SMD) for the region rose above 25mm (ADAS, 2005). In 

2019, sampling ceased after SMD fell below 25mm. In 2020, the last sampling 

date was dictated by the start of the national lockdown enforced due to covid-19. 

The lockdown did not negatively impact the quality of the nitrate leaching 

calculation.  

Extracted samples were collected in sterile plastic tubes, kept cool and returned 

to the labs. Here they were refrigerated and analysed within 48 hours of 

collection. Samples were filtered and then NO3-N was determined 

colourimetrically using a continuous flow auto-analyser 3 (Seal Analytical, 

Southampton, UK).  

Data collected every two weeks on soil pore moisture nitrate concentrations was 

used in conjunction with daily drainage volumes from the ADAS IRRIGUIDE 

model (Baily and Spackman, 1996) to estimate the cumulative loss of nitrate from 

organic and conventional field sites over each drainage season.  
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Modelling drainage and nitrate leaching using ADAS IRRIGUIDE:   

ADAS IRRIGUIDE (Baily and Spackman, 1996) is a field scale water balance 

model and was used3 to estimate drainage from each field through the 2018-19 

and 2019-20 seasons. The model requires soil type, crop details, crop canopy 

cover, rooting depth and daily agrometeorological data to estimate drainage 

volumes, runoff, evaporation and transpiration (ADAS, 2021). The model has 

been used to underpin key Defra projects in the UK (Lord et al., 2007), in other 

academic studies (Webb, Harrison and Ellis, 2000; Anthony et al., 2009) and is 

widely used by Wessex Water to predict nitrate leaching from agricultural fields.  

Crop canopy cover was calculated during each sampling visit. 10 photos from 

ca.1m height were taken in each field, immediately adjacent to each porous pot 

site of the crop/field surface. The photos were then processed using the Canopeo 

phone application (Patrignani and Ochsner, 2015) to calculate mean field canopy 

cover. 

Daily rainfall for the model was derived from the NIMROD system (Met Office, 

2003) for each field site using rainfall radar data. NIMROD data are provided as 

gridded total rainfall with resolutions of 1km and 5min respectively. Cumulative 

daily rainfall (mm) was calculated for each site for 2018, 2019 and for the 

beginning of 2020. Data download and conversion was conducted using Python 

3 following the method in (Puttock et al., 2021)4.  

3.6.4 Quantifying crop biomass production  
Details below are relevant to chapters 4 – 7.  

All yield data were collected in 2019, immediately prior to harvest (or as close as 

possible). To assist in comparisons between sites, all cereal, grass and maize 

crops were treated as harvested forage crops. Biomass collection, therefore, 

aimed to collect only vegetation that would also be collected by the forage 

harvester. Vegetation was not cut to ground level but to the planned forage 

harvester cutter bar height, typically 8-10cm for grass and whole crop cereals and 

20cm for maize.  

                                            
3 IRRIGUIDE modelling runs were kindly conducted by experienced staff at Wessex Water 
following permission being granted by ADAS, who administer the model.  
4 Data download and conversion was kindly conducted by Hugh Graham (University of Exeter).  
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The same sampling sites as used for soils were located in the field using a hand-

held GPS (Nomad Trimble, Sunnyvale, CA, USA). Silage, hay, winter cereal and 

spring cereal were collected from each field site using a 0.5m x 0.5m quadrat. 

Vegetation was cut, bagged, a fresh weight taken in the field and then returned 

to the lab for drying. Samples were collected before each silage or hay cut for the 

whole 2019 season and the cumulative yield calculated.  

The harvest of three fields (21 sample points) were missed on the Home Farm 

for their first silage cut due to miscommunication from the farmer. As this was an 

important omission, linear modelling was conducted to predict the likely volumes. 

The model used data from the second cut silage volumes to predict first cut silage 

volumes. The model was constructed using data on first and second cut silage 

volumes from eight fields where both sets of data had been successfully collected 

(33 points). The model identified a significant relationship between first and 

second cut silage (p = 0.001) and had an r2 of 0.29. The model outputs can be 

seen in Appendix A.2.   

As maize is a row crop, a different method of yield estimation was conducted, 

following Steinhilber, Shipley and Vvedenskaya (2016). The method aims to 

calculate yield across an area that represents 1/1000th of an acre based on the 

row spacing of the maize crop. Each site was navigated to using a hand-held 

GPS (Nomad Trimble, Sunnyvale, CA, USA) and a centre marker placed (Figure 

3.4: centre). A distance, specified by the row crop spacing, was then measured 

in either direction from the centre marker along a row of maize. Markers were 

placed at each end. The total number of maize stems was recorded along the 

transect and every fourth stem was selected and cut. The stems were bagged, 

weighed in the field and an average stalk weight calculated. A single whole stem, 

considered representative of the site, was then bagged and returned to the lab to 

establish dry matter content. Yield (t ha-1) was calculated as:  

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑑𝑑 =
(𝐴𝐴𝑠𝑠 ∗ 𝑁𝑁𝑠𝑠 ∗ 𝐵𝐵𝐷𝐷%) ∗  1000𝑎𝑎

1000𝑏𝑏
∗ 2.47 

where As is the average stalk weight (kg), Ns is the number of stalks, Dm is the 

calculated stem dry matter, 1000a is to multiply up to an acre, 1000b is the 

number of kg in a tonne and 2.47 converts the figure from t per acre to t per ha. 
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All vegetation was dried in the lab at 60⁰C and reweighed until a stable weight 

was achieved. A final dry weight was taken and a percentage DM content 

calculated. Site measurements were then scaled up to calculate the DM yield in 

tonnes per hectare (t ha-1).  

3.6.5 Quantifying crop costs of production  
Details below are relevant to Chapter 4, 6 and 7. Calculating crop costs of 

production is an important stage in the calculation of producer surplus in chapters 

6 and 7.  

Crop management data were gathered for each study field from the participating 

farmer.  Costs for each management activity were either provided by the farm or 

they were estimated based on local contractor costs or data in the Nix Farm 

Pocket Handbook 2019 edition (2018). Data on farm management costings was 

used to calculate what the costs of cultivations and drilling, crop management 

(applying slurry, fertilisers or sprays) and harvesting would be for each field. 

Variable costs were calculated using data from the farmers on fertiliser and spray 

products they used and the standard prices reported in Nix (2018) for the product 

(or for the most similar alternative). Costs for sprays and fertilisers were 

calculated on the active ingredients as opposed to the actual product used. 

Conventional seed costs were taken from Nix (2018) and organic seed costs from 

the ORC Handbook (ORC, 2017). All establishment costs for grass leys (seed 

costs, cultivation, drilling etc) were annualised over three years (the estimated 

length of the grass ley). Variable costs were combined with fixed costs to 

calculate the total crop cost of production (CoP, £ ha-1) for each site.  
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Chapter 4: Utilising existing land management records 
to explore the drivers of soil natural capital condition 
and productive output under different soil management 
intensities 
4.1 Introduction  
There is growing interest in the application of the NC approach and NC 

accounting at the farm and estate management scales, incorporating these 

frameworks into performance monitoring and decision-making. There has been 

a flurry of recent articles (EFTEC, 2019; Beedell, 2021; CLA, 2021; Harris, 2021; 

Norton, 2021) within the land management sector regarding the potential for 

adopting these approaches – outlining its potential to build a more holistic 

understanding of the private and public benefits that arise from farm NC, support 

sustainable decision-making and enable access to future funding streams.  

An important first stage in the NC approach and NC accounting is conducting an 

asset register. This involves identifying forms of NC at the farm or estate scale 

and determining its condition (quality and quantity) (EFTEC, 2019; Faccioli et al., 

2020). A number of forms of NC have been identified as important on farmland 

including surface and groundwater (Bergkamp and Cross, 2006; Khan and Din, 

2015), hedgerows (Wolton, 2018), trees, woodland (Trenbirth and Dutton, 2020) 

and functional biodiversity (e.g. pollinators) (Hanley et al., 2015) but that which 

has perhaps received most attention is soil (Robinson, Lebron and Vereecken, 

2009; Dominati, Patterson and Mackay, 2010; Hewitt, Hedley and Rosser, 2010; 

Robinson et al., 2012, 2013, 2017; Dominati et al., 2014, 2016; Hewitt et al., 

2015). Soil is widely regarded by land managers as being a critical NC asset that 

‘underpins everything’ (Prager and McKee, 2014), providing the medium for plant 

growth and playing a role in flood, climate and water quality regulation. Whilst the 

importance of soil health is no new concept to land managers, there is a growing 

interest in the holistic condition of soil, beyond just the monitoring of plant 

nutrients that sustain the basic needs of crops (Prager and McKee, 2014).  

Despite recognition of the importance of soil NC, the few studies that have 

attempted to apply the NC approach at the farm or estate scale, have typically 

failed to measure soil NC condition (e.g. soil carbon stock or soil fertility) (EFTEC, 
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2018; Kieboom, Silcock and Russ, 2018; Silcock and Russ, 2018; Silcock et al., 

2018). Indeed, Silcock et al., (2018) in their evaluation of NC assessments at 

Glenlivet Estate, Den Farm and Ruthven Farm identify that in future NC 

assessments it would be useful to consider measuring indicators of NC condition.  

They suggest SOC, pH, BD, earthworm counts and plant nutrients (Cu, Zu, N, P, 

K, Mg) could be useful metrics to track soil NC condition over time. The lack of 

measurements of soil NC condition in previous farm or estate scale NC studies 

is likely to be due to the fact that collecting these data at the field to farm scale 

can be costly, time consuming and requires interpretation (Prager and McKee, 

2014). It is also unclear exactly which metrics should be used to categorise soil 

NC condition and despite the suggested suite from Silcock et al., (2018), there is 

no established set of metrics for the assessment of soil NC condition. Whilst 

existing soil datasets do exist, as presented by the Natural Capital Committee 

(Natural Capital Committee, 2017) and in government guidance (Enabling the 

Natural Capital Approach, (Defra, 2020a)), these are at insufficient resolutions to 

be of particular use at local scales. Existing soil data, for example, has been 

shown to be poorly representative of a number of soil properties when compared 

to empirical data and has prevented the detection of differences in soil conditions 

between different land use and/or management (Glendell et al., 2014). Currently, 

existing soil data sets do not align with the spatial resolution needed by land 

managers to evaluate field or farm conditions or to inform decisions (Prager and 

McKee, 2014). To support land management at the local scale, empirical soil data 

collection is required to establish a meaningful assessment of baseline soil NC 

condition.  

Field collected soil data are important to enable monitoring over time, 

benchmarking against other farms, the identification of areas/practices that 

require improvement (Prager and McKee, 2014) and in some cases (i.e. soil 

carbon), support economic valuation of the services or disservices delivered 

(Bartkowski et al., 2020). Taken at the estate scale, data can be valuable in 

monitoring maintenance of estate assets across tenant farms. Some studies have 

identified differences in soil degradation based on land tenure, with increasing 

risk of soil degradation under shorter term tenancies (Walmsley and Sklenička, 

2017; Eder, Salhofer and Scheichel, 2021). In the future, such data (e.g. soil 

carbon stocks) may even prove to be important in accessing agri-environment or 
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industry funding schemes for environmental improvement such as carbon 

sequestration (Paustian et al., 2019b). Alongside other data on ES, soil NC 

condition can be used to consider the synergies and trade-offs that arise across 

the farm or estate as a consequence of management.  

Given the cost and resource required to collect data to categorise soil NC 

condition, it is rational to maximise the information that can be derived from it. 

Indeed, interpretation and analysis of the data can provide some interesting 

insights into practices that have the capacity to enhance or degrade soil NC 

conditions. Whilst monitoring over time may offer a more robust solution to 

determining the trajectory of soil conditions under different management, this 

takes time, particularly when considering the slow response of some properties 

to land management change (Bünemann et al., 2018). Information from farm 

records on the specifics of farm management including cultivation history, 

cropping, organic matter and fertiliser inputs, can shed light on those 

management practices that might be sustaining or degrading soil NC condition. 

This information can be used to ask a number of questions that are both of 

relevance at local and wider scales; supporting targeted future monitoring (e.g. 

identifying appropriate metrics or further detailed research), assisting in farm 

management and policy scale decision-making, whilst contributing to gaps in 

academic understanding. In this study, this exploration was conducted through 

the application of a multi-model inference approach (Burnham and Anderson, 

2002), which has been widely applied in ecology, using abiotic and biotic 

predictors to understand drivers of ecosystem properties (Grueber et al., 2011; 

Hu et al., 2014; North et al., 2015).  

There are a number of important questions that are of interest at the farm (i.e the 

genuine management) scale and which have relevance across the soil NC 

literature. This study aims to first characterise soil NC condition at a field and farm 

scale before using data collected, alongside farm management records and crop 

biomass data, to address three research questions:   

1. How does farm intensity impact soil natural capital condition and 
productive output?  

2. What are the likely drivers of differences in soil natural capital 
condition across the study farms?  
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3. Does degradation of soil natural capital impact on productive 
output?  

Findings will provide valuable evidence at farm and estate scales, to support 

future management decisions including farming strategy, changes in tenancy 

agreements and monitoring environmental performance of in-hand and tenanted 

farm holdings.   

4.2 Methods  

4.2.1 Study Site   
The study was conducted on Clinton Devon Estate (CDE) in south east Devon 

(Figure 4.1). The estate is described in Chapter 3, Section 3.1.  

4.2.2 Experimental design  

4.2.2.1 Farm selection and ranking of agricultural intensity    

Three of the 24 tenant farms (referred to as Farms 1, 2 and 4) and two in-house 

farms (referred to as Farms 3 and 5) (Figure 4.1) were selected on the estate, 

representing the typical agricultural practices of the area. The farms were 

selected based on the underlying soil association (Bromsgrove association 

(0541b), the existence of farm management records, a willingness to be a part of 

the study and differences in farm management. Farm 1 is conventionally 

managed and characterised as having a fairly rapid and highly structured two to 

three year rotation (maize into winter cereal into an overwintered fast grass and 

back into maize). Farm 2 is also conventionally managed and has a more varied 

rotation with a mix of grass and arable crops, with fields put to grass depending 

on the needs of the farm and the perceived field conditions. Farm 3 is organically 

managed with a structured six-year rotation with three years in arable and three 

years in grass and clover ley. Farm 4 (conventional) and 5 (organic) are both 

dairy farms practicing paddock grazing on rye-grass and white clover with year-

round grazing.  
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Figure 4.1: Map showing the study farms, field sites and sampling grid at its location in South 

West England. The five different study farms are highlighted in different colours, with the fields 

selected for sampling and sample points marked. Each stage of the rotation (specific to each 

farm) is demarcated by the key in the bottom right corner. Further explanation of each rotation 

stage can be found in Table 4.2 

 

Farm management indicators were used to rank farm intensity in order to draw 

broad conclusions about the impact of intensification on soil NC condition. 

Indicators distinguishing different farm management practices were adapted from 

Büchi et al., (2019). Büchi et al., (2019) investigated a suite of agricultural 

indicators that could be used to “unveil the hidden side of cropping classification” 

(e.g. the similarities and differences between conventional, no-till and organic 

systems) and to draw conclusions about yield, environmental benefits and soil 

properties.  

NA 

NA 
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Other methods to develop a composite index of intensity have included additive 

methods, aggregating indicators after normalisation (Herzog et al., 2006) or 

through use of multivariate analysis (e.g. PCA in Armengot et al., (2011)). This 

study used a ranking approach as opposed to other methods for its simplicity and 

ease of comparing between the selected farms.  

As recommended by Büchi et al., (2019), a mixture of simple and complex 

indicators  requiring differing levels of reference data or assumptions were 

applied. Table 4.1 shows farm management practices used to rank farming 

intensity from 1 (most intensive) to 5 (least intensive). Appendix B.1 provides 

further details on the assumptions made and reference data used.  
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Table 4.1: Showing the management variables used to  rank farm intensity for each study farm including: Inputs (annual total N and P, inorganic N, stable organic 

matter (i.e. only the proportion of applied OM expected to be transformed into soil humus5) and sprays6, cropping (mean number of crops grown (2013 – 2018), crop 

diversity (the number of different crops divided by total number of crops), mean number of years in grass (2013 – 2018)), tillage (mean number of primary tillage 

operations (2013 – 2018) and mean number of times mouldboard ploughed (2013 – 2018)), yield and the estimated crop cost of production (CoP). CoP is calculated 

including all costs before crop harvest/grazing. Ranking is scored from 1 (most intensive) to 5 (least intensive/most regenerative). 

   Inputs (kg ha-1 unless specified) Cropping  Tillage    Yield  Cost of Production 

Farm Type 
Mean  
ann. 
tot N 

Mean 
ann. 
inorg 

N 

Mean 
ann. tot 

P 

Mean ann. 
stable OM 
Input (IC) 

Mean no. 
2019 spray 

apps 
Mean no. 

crops 
Crop 
div. 

Mean 
Yrs 

grass 

Mean No. 
primary tillage 

ops 
Mean times 

mb ploughed 
Mean 

2019 DM  
Mean 
2019 
CoP 

 

 
1  Arable 212.01 115.77 41.77 216.22 4.17 9.00 0.56 0.00 8.17 1.50 19.49 749.81   
2  Arable 144.41 141.27 33.43 592.80 1.33 7.00 0.59 1.11 6.44 5.11 15.29 490.17     

3  Arable 65.22 0.00 28.07 737.80 0.00 5.61 0.74 3.17 4.00 3.83 10.21 342.06   
4 Pasture 98.85 77.81 45.50 1999.33 0.00 1.33 1.00 5.67 1.67 1.33 8.87* 161.02   
5 Pasture 36.25 0.00 28.27 841.15 0.00 1.00 1.00 6.00 0.33 0.33 6.83* 64.77   
Ranking each farm based on the criteria:        Rank 

Mean Rank 

1  1 2 2 1 1 1 1 1 1 3 1 1 1.33 1 

2  2 1 3 2 2 2 2 2 2 1 2 3 1.92 2 

3  4 4.5 5 3 4 3 3 3 3 2 3 2 3.38 3 

4  3 3 1 5 4 4 4.5 4 4 4 4 4 3.71 4 

5  5 4.5 4 4 4 5 4.5 5 5 5 5 5 4.67 5 
Rank 
Order 

 
D D D A D  D A A D D  D D     

*Here number of times paddock grazed in 2019 was used as a proxy for yield (otherwise for arable farm type yield is measured as mean t DM ha-1)  
Rank Order: A = Ascending and D = Descending 

                                            
5 Isohumic coefficient = percentage of the organic waste or residue organic matter which is able to form humus in soil (Van-camp et al., 2004). Further details and 
reference data used to calcuate are in Appendix B.2. 
6 Spray applications were the number of separate times that fungicide and/or herbicide were applied for the crop sampled in 2019.  
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4.2.2.2 Selecting metrics to assess soil natural capital condition  

There is a wide literature on how best to assess the quality of agricultural soils, 

with many authors suggesting different soil quality indices (SQI) (Askari and 

Holden, 2015; Obade and Lal, 2016) or different indicators (Barrios, 2007; Brazier 

et al., 2011). Determining which indicators to use to assess soil condition is 

important in assessing the functionality of the soil, the ES services that flow from 

it and its NC value (Greiner et al., 2017; Williams et al., 2017). Despite this body 

of literature, there is still not an established consensus on how best to monitor 

soil condition in the UK (Humphries and Brazier, 2018). The UK Government 

have highlighted this in their recent 25 Year Environment Plan, by setting out to 

establish an agreed “soil health index” (HM Government, 2018). Greiner et al., 

(2017) in their review of the literature (n = 181), identify the most frequent soil 

properties used as indicators to assess soil function and infer ES delivery as: 

SOC, available water capacity, clay and silt contents (texture), soil type, depth 

and BD. At a national scale, the Countryside Survey for Great Britain conducted 

since 1978 as an ‘audit’ of the natural resources of the UK, monitors soil quality 

changes using BD, carbon, pH, total nitrogen (TN) and mineralisable-N, Olsen-

P, metals and soil invertebrates (Emmett et al., 2010). 

The soil metrics used in this study were selected to, where possible, align with 

those used in the national monitoring scheme (Emmett et al., 2010), while being 

relatively affordable and easily replicated by the estate. The metrics selected 

were used as indicators of soil NC condition when considering the suite of ES 

that soils can deliver. BD and n-potential (see paragraph below for definition) 

were selected to assess soil structural condition, linking to the soils capacity to 

regulate the water cycle and to support crop growth. SOM, pH, bioavailable-

phosphorus (Olsen-P), Mg and K were selected as important in the provision of 

plant nutrients influencing crop growth. SOC, soil carbon stocks (t ha-1) and n-

potential (requiring textural analysis of the soil for sand, silt and clay content) 

were selected to assess soil carbon storage, linked to climate regulation. Further 

details on the justification of metrics and the links to soil-based ES can be found 

in Chapter 3, Sections 3.4 and 3.5. 

Explained in Merante et al., (2017), n-potential is the ratio of clay (%) to SOC (%). 

N-potential indicates the “potential” presence of non-complexed clay and as such, 

enables the assessment of soil stability (i.e. the soils vulnerability to soil erosion) 



 

102 
 

and its capacity to store more carbon. A high n-potential (>10) suggests lower 

soil stability and greater capacity to store more carbon. A low n-potential (<10) 

suggests higher soil stability and lower capacity to store more carbon (Merante 

et al., 2017). The relevance of clay:SOC ratio as a metric of soil condition is 

explained in more detail in Chapter 3, Section  3.5. Prout et al., (2020) also define 

bounds for the clay:SOC ratio with reference to soil degradation in the UK: a ratio 

less than 8 refers to very good soil condition, 8 - 10 refer to good soil condition, 

10 – 13 as moderate and greater than 13, as degraded soil condition. These 

boundaries are used in the interpretation of the n-potential data herein.   

4.2.3 Field and sampling site selection  
Study fields were selected from each of the five study farms across each stage 

of the rotation, within the constraints of ongoing management (details in Table 

4.2). It was recognised that the stage of the rotation was likely to influence soil 

condition. All farm fields were characterised based on soil association, slope and 

aspect. All of which were considered to influence soil condition and crop growth. 

Grouping analysis using ArcGIS 10.5.1 (ESRI, Redlands, CA, USA) was then 

conducted to identify comparable fields across land-use intensities and rotational 

stage that, wherever possible, shared a similar slope and aspect and were on the 

same soil association. Three replicate fields per phase of the rotation for each 

farm were selected for soil sampling and further study (Table 4.2).  

 

 

 

 

 

 

 

 

 

 



 

103 
 

Table 4.2: Details of the number of fields sampled and the stages of rotation sampled at Clinton 

Devon Estate, with reference codes in brackets for each stage of rotation (relates to Figure 4.1). 

The typical crops grown and the farm system is also shown. Acronyms used: CON (conventional 

farming) and ORG (organic farming). 

Farm No. fields 
sampled 

Stages of rotation 
soil sampled 

Typical Crops  System 

Farm 1 
(cropped)  

6 Rye (following maize) 
(HB1)  

Grass (into maize) 
(HB2) 

Rye, maize, rye-
grass  

CON 
arable 

Farm 2 
(cropped)  

9 Once grass (S1)* 
In grass (S2) 

No grass  (S3)**  

Rye-grass and 
clover, stubble 
turnips, winter 

wheat and barley, 
maize  

CON 
arable 

Farm 3 
(cropped) 

18 Year 1 arable (HF1) 
Year 2 arable(HF2)  
Year 3 arable (HF3) 
Year 1 grass (HF4) 
Year 2 grass (HF5) 
Year 3 grass (HF6) 

Spring triticale and 
wheat, rye-grass 
and white clover, 
stubble turnips, 

cover crops  

ORG 
arable 

Farm 4 
(grazing) 

3 Pasture (K1) Rye-grass and 
white clover  

CON 
diary 

Farm 5 
(grazing)  

3 Pasture (O1) Organic rye-grass 
and white clover  

ORG 
diary 

Total: 39  
  

*Field has been in grass previously in the last six years  
** Field has not been in grass in the last six years  

 

4.2.4 Soil sampling and analysis  
Between November 2018 and January 2019, 268 soil samples were collected, 

each sample was collected following the completion of the majority of the 

cropping, final silage cut and main grazing season. A systematic sampling design 

with an 84m sampling grid (Figure 4.1) mapped in ArcGIS 10.5.1 (ESRI, 

Redlands, CA, USA) was selected following the findings of Peukert et al., (2012). 

The study identified an 84m sampling density as adequate for capturing within 

field spatial variability of BD and associated nutrient stocks (carbon and nitrogen) 

in similar agricultural topsoil. Sampling sites were identified in the field using a 

hand-held GPS (Nomad Trimble, Sunnyvale, CA, USA) with an accuracy of 1 – 

2m.  

Soil samples were collected and analysed for BD, SOM, SOC, bioavailable-P, pH 

and soil texture (clay:silt:sand) and secondary indicators carbon stocks (t SOC 
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ha-1) and N-potential (Clay:SOC ratio) were then calculated. Detailed methods 

can be found in Chapter 3, Section 3.6.1.  

4.2.5 Measuring productive output   

4.2.5.1 Biomass yield  

All biomass yield data were collected in 2019, immediately prior to harvest (or as 

close as possible). The same sampling sites (as for soils) were located in the field 

using a hand-held GPS (Nomad Trimble, Sunnyvale, CA, USA) and 0.5m x 0.5m 

cut plots taken for silage, hay and cereals. As maize is a row crop, a different 

method of yield estimation was conducted, following (Steinhilber, Shipley and 

Vvedenskaya, 2016). A fresh and dry weight was determined for all biomass 

samples before site measurements were scaled up to calculate the dry matter 

(DM) biomass yield in tonnes per hectare (t ha-1). 

Further detailed methods of the collection of biomass samples can be found in 

Chapter 3, Section 3.6.4.  

4.2.5.2 Grazing frequency  

The collection of biomass yield ahead of grazing was not feasible at grass 

paddock sites7. Instead, the number of times the field was grazed throughout 

2019 was used to infer productivity. As the farms graze at similar covers (the 

amount of grass available) of between 2500 – 3000 kg/ha and leave similar 

residuals 1500 kg/ha, the frequency of grazing was considered a reasonable 

measure of performance. The same approach is used by one of the study farms 

to infer paddock performance. The simple assumption was made, as discussed 

with the farmer, that if the field was grazed more during the season, it was 

producing higher quantities of grass.  

Unfortunately, the lack of biomass yield data at each sample point meant that 

pasture soil sample sites had to be omitted from analysis of the relationship 

between yield and soil condition.  

4.2.6 Collecting farm management data  
Field management data were collected from each farmer over the 6 years prior 

to soil sampling (2013 – 2018). Records relating to the establishment and harvest 

of the 2019 crop were also collected. Six years was chosen as it spans the full 

                                            
7 Paddocks are typically grazed between milking (for ca. 12 – 24 hours) and then rested for 20 – 
30 days before the paddock is grazed again once the grass growth reaches the desired cover.  
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length of the longest farm rotation (i.e. the organic rotation for Farm 3). It was 

also possible to collect fairly reliable management data from the farmers for this 

period. Where specific records were not available, for example, regarding organic 

inputs or exact cultivations, assumptions had to be made based on knowledge of 

the cropping at the time and the current protocol for that crop. These assumptions 

were first discussed and agreed with the farmer before being finalised in the data 

set. The management records collected are shown in Appendix B.1 and follow 

suggestions from Büchi et al., (2019), regarding management indicators that are 

likely to influence yield and soil condition.  

Farm management data for the establishment of the 2019 crop was used to 

estimate a crop Cost of Production (CoP, £ ha-1) before harvest. This helped rank 

farm intensity (as a composite measure of mechanical and chemical inputs pre-

harvest) and to see if management effort had a more significant impact on soil 

NC condition than soil properties. Costs for each management activity were either 

provided by the farm or they were estimated based on local contractor costs or 

data in the Nix Farm Pocket Handbook (2018). All fertilizer and spray costs were 

estimated using Nix (2018). Further details can be found in Chapter 3, Section 

3.6.5.  

4.2.7 Character maps for soil condition and productive output  
Soil and yield maps were created to visualise data across fields, field rotations 

and farm sites using interpolation following the Inverse Distance Weighting (IDW) 

method. IDW predicts values for unmeasured locations using the measured 

values surrounding that location. Measured values that are closer to the predicted 

value have greater influence on the predicted value than those measured values 

further away. All spatial analysis was undertaken in ArcGIS 10.5.1 (ESRI, 

Redlands, CA, USA).  

4.2.8 Statistical analysis and model terms  

4.2.8.1 The impact of farm intensity on soil properties and productive output  

To compare the impact of farm intensity on soil NC conditions (BD, SOC, 

bioavailable-P and n-potential) and biomass yield, the data were first assessed 

for normality. Linear mixed-effects models with random terms field and farm 

rotation stage, were used to determine if intensity had a significant effect on BD 

and SOC. Generalized linear mixed effect models (family = Gamma) with random 

terms field and farm rotation stage, were used for the analysis of Olsen-P and n-
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Potential data. Mixed model analysis was conducted using the lme4 package 

(Bates et al., 2015) in R (R Core Team, 2020).  Post-hoc analysis for pairwise 

comparisons between each intensity rank were conducted using the emmeans 

package (Lenth, 2020). Significance was tested at p<0.05. All analyses were 

conducted in R (R Core Team, 2020).  

4.2.7.2 Impact of different agricultural management practices on soil properties 

Data exploration was conducted using a multi-model inference approach 

(Burnham and Anderson, 2002) applying mixed effects models. Mixed effects 

models were considered necessary to account for variance caused by field and 

within farm rotation stage (referred herein as field group). Specific management 

terms relating to soil condition outcomes were defined as predictor variables. 

Field and field group were used as random effects. Farm system (organic or 

conventional) was always included as a fixed effect to account for systematic 

differences between systems. All possible combinations of fixed effects were 

ranked using their Akaike Information Criterion (AIC) score (Akaike, 1973). AIC 

score is a commonly used information criteria (IC) in comparing mixed models 

and selecting the ‘best’ or most parsimonious model. IC are based on the 

likelihood of the data giving a fitted model whilst prioritising model simplicity 

(Nakagawa and Schielzeth, 2013). Model averaging was applied across all 

models to determine effect size of each management variable and whether it had 

a positive or negative impact on soil condition. Analyses were conducted using 

the lme4 package (Bates et al., 2015) to compute linear mixed effects models 

and the glmulti package (Calcagno, 2020) for automated model selection, model 

ranking and averaging of importance terms. Summaries of the best model (lowest 

AIC score) were conducted using the jtools package (Long, 2020), which provides 

details of the pseudo R2 (using the Nakagawa and Schielzeth (2013) method). 

The Pseudo-R2 method allows the extension of the useful summary statistic, 

explaining variance in linear and generalized linear models (R2), to linear and 

generalized linear mixed effects models (Nakagawa and Schielzeth, 2013). N-

potential and Olsen-P data were log transformed to improve the normality of the 

data ahead of analysis. 

4.2.7.2.1 Selecting management terms  

The management variables selected as predictors for each of the soil NC metrics 

are shown in Table 4.3.  
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Multi-collinearity was checked prior to selection of terms for use in multi-model 

inference. A global linear mixed effects model was run using all selected 

management variables and a multicollinearity test conducted. Where significant 

issues of multicollinearity arose (VIF > 10), the management variables considered 

least likely to explain the soil condition variable were removed.  A-priori 

justification of management variables and issues with and solutions necessary to 

address multicollinearity are explained further in Appendix B.3. Both a-priori 

justification of predictor variables and assessing multicollinearity have been 

identified as important phases in conducting multi-model inference analysis 

(Grueber et al., 2011).  
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Table 4.3: Management variables selected as predictors of each soil property in the multi-model 

inference process. The code for the term is included in brackets after the description. 

Management variables used in multi-model inference: 
Bulk density Carbon stocks N-potential Bioavailable-P 

Time since tillage 
(Years_since_tillage) 

Time since tillage 
(Years_since_tillage) 

Time since tillage 
(Years_since_tillage) 

Mean annual 
inorganic P inputs 

(Mean_ann_inorgP) 
Estimated stable 

organic carbon inputs 
(IC_input_tha) 

Estimated stable 
organic carbon inputs 

(IC_input_tha) 

Estimated stable 
organic carbon inputs 

(IC_input_tha) 

Mean annual 
organic P inputs 

(Mean_ann_orgP) 

Number of field traffic 
passes in the year 
prior to sampling 

(Est_passes_2018) 

Crop diversity from 
2013 - 2018 

(Num_diff_crops) 

Crop diversity from 
2013 - 2018 

(Num_diff_crops) 

Number of primary 
field cultivations 

(2013-2018)  
(Num_tillage) 

Number of primary 
field cultivations 

(2013-2018)  
(Num_tillage) 

Number of primary 
field cultivations 

(2013-2018)  
(Num_tillage) 

Number of primary 
field cultivations 

(2013-2018)  
(Num_tillage) 

Mean annual 
organic matter input 

(from FYM, slurry 
and est. from 

grazing animals) 
(OM_tha) 

Number of times field 
mouldboard ploughed 

(2013 – 2018)  
(Num_mb_plough) 

Number of cover 
crops (2013 – 2018) 

(Num_yrs_CC) 

Number of cover 
crops (2013 – 2018) 

(Num_yrs_CC) 

Soil pH (to account 
for management 

adjustments to soil 
pH – liming etc) 

(pH_mgl) 
Crop type in field 
during sampling 

(Crop_type_sampled) 

Number of years the 
field has been grazed 

(2013 – 2018) 
(Num_grazing_yrs) 

Number of years the 
field has been grazed 

(2013 – 2018) 
(Num_grazing_yrs) 

Number of years the 
field has been 
grazed (2013 – 

2018) 
(Num_grazing_yrs) 

System System System System 
 

4.2.7.3 Impact of soil natural condition on productive output   

Linear mixed-effects models were used to determine whether soil NC condition 

had a significant impact on biomass yield. Two models were run:  the first with 

only soil properties as explanatory variables (BD, SOC, pH, P, K and n-potential) 

and the second, which included the same soil properties along with a 

management term (crop cost of production). Crop cost of production was used 

as a measure of the relative mechanical and chemical inputs applied to the 

growing process. It was included to determine the importance of management 

inputs relative to soil NC condition. Field, field group and crop type were used as 

random effects in both models. For presentation purposes the same multi-model 

inference approach was conducted as for the drivers of soil condition using lme4 

package (Bates et al., 2015) to compute linear mixed effects models and the 

glmulti package (Calcagno, 2020) for automated model selection, model ranking 
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and averaging of importance terms. All analyses were conducted in R (R Core 

Team, 2020). 

4.3 Results 

4.3.1 Characterising soil properties and productive output across the five 
study farms  
The spatial interpolation of soil NC properties is shown in Figure 4.2. The maps 

identify the spatial variability of soil properties and biomass yield. A summary of 

the data is presented in Table 4.4 for each study farm. Data are compared 

alongside existing soil data including the National Soils Resources Institute 

(NRSI, 2005) data for the same Bromsgrove soil association, other national soils 

datasets for similar land-use (Emmett et al., 2010) and other agricultural studies 

on similar soil types (Table 4.5).  

It is evident that soil properties are not spatially uniform within fields, within 

rotation stage or within farms. Increasing variability is seen in biomass yield, BD, 

SOC, n-potential and Olsen-P data when assessing relative standard deviation 

(RSD) from the field to field group to farm scale. The mean RSD across all soil 

properties and biomass yield was 17.74% at the field scale, 22.08% at the field 

group scale and 25.02% at the farm scale.  

Comparing data from this study with NSRI (2005) data shows that SOC (%), 

estimated carbon stocks (t ha-1) and BD (g cm-3) are all consistently different 

between the two datasets (Table 4.5). Data collected in this study do not reflect 

the mean conditions for the Bromsgrove soil association, as collected as part of 

the National Soils Inventory (NSRI, 2005), with SOC and carbon stocks 

consistently lower and BD consistently higher across the land-use types. SOC 

data from this study is also consistently lower than the national mean collected 

through the Countryside Survey England (Emmett et al., 2010) and from most 

other studies on sandy loam soils. Data from Loveland and Webb (2003) do show 

a similar pattern in mean SOC (%) compared to the data collected at the case-

study sites across the three land-uses, with lowest SOC under arable cropping 

(SOC 1.75%), medium SOC under ley (2.29%) and highest SOC under pasture 

(2.59%). The use of existing data (for similar soil types) does facilitate 

benchmarking of soil NC conditions against other farms/national averages. 

However, these comparisons highlight that the use of existing soil datasets do 
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not adequately reflect ground conditions or account for the spatial variability seen 

in Figure 4.2.   

The obvious patterns that emerge from the data are highlighted below. Mean 

values are shown with ± standard deviation.   

The highest consistent SOC levels (2.26% ± 0.52%), lowest n-potential (7.43 

clay:SOC ±2.62), lowest BD (1.18 g cm-3±0.12) and lowest bioavailable P (25.58 

mg l-1±9.61) are seen across the pasture fields sampled at Farm 5. 

Farm 1 exhibits uniformly higher bioavailable P (43.65 mg l-1±16.04), particularly 

in three fields that are part of the HB1 phase of the rotation (fast grass after 

cereal) (48.58 mg l-1). Lower SOC (1.19% ± 0.27) and higher n-potential (12.78 

clay:SOC ± 4.04) are seen across the farm but are lowest in the HB2 phase 

(winter cereal after maize) of the rotation, 1.03% SOC and 15.33 n-Potential. BD 

is fairly moderate (1.34 g cm-3 ± 0.11) with few compacted areas.  

Across the Farm 3 rotation there appears to be moderate spatial variability within 

most stages of the rotation, with the exception for the HF4 stage (1st year grass). 

The HF4 stage is fairly homogenous (lower SD) for SOC (1.41% ± 0.08) and BD 

(1.45 g cm-3 ± 0.06) compared to all other field groups. The highest mean SOC is 

seen in the HF6 (3rd year grass) of the rotation (1.66%). SOC hotspots are also 

seen across HF2 (2nd year arable - max 2.9%), HF3 (3rd year arable - max 1.83%) 

and HF5 (2nd year grass - max 1.96%) stages. BD appears to be uniformly higher 

across fields in the early grass stages of the rotation, HF4 (1st year grass - 1.45 

g cm-3, max 1.54 g cm-3) and HF5 (2nd year grass - 1.44 g cm-3, max 1.59 g cm-

3). High BD is also seen in the HF1 (1st year arable - 1.43 g cm-3, max 1.61 g cm-

3) stage.  N-potential and Olsen-P are both relatively low across the whole of 

Farm 3: 9.76 clay:SOC and 19.76 mg l-1 respectively. The lowest consistent 

Olsen-P values across sites are seen in the HF4 stage (1st year grass) of the 

rotation, 15.77 mg l-1.  

Farm 2 BD data appear to be uniformly moderate (1.31 g cm-1 ± 0.16) with 

increases seen in parts of the grass phase of the rotation (1.37 g cm-3). N-

potential and SOC seems to be variable between fields (1.21% - 1.69%, 9.19 – 

13.58 clay:SOC) and within rotation stage. Although SOC appears to be 

consistently higher in all fields in the S1 (once in grass) stage of the rotation 
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(1.63%±0.24). Olsen-P is variable but is relatively low across most fields (25.89 

mg l-1 ± 13.56).  

The pasture at Farm 4 exhibits low variability in BD (1.4 g cm-3 ± 0.09), SOC 

(1.52% ± 0.16) and n-Potential (9.95±1.73). Olsen-P is higher across all sites 

apart from Farm 1 and more variable, 39.48 mg l-1 ± 13.09. 
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A. B. 

C. D. 

E. Figure 4.2: Showing spatially interpolated soil NC 

properties by Inverse Distance Weighting method 

across the five study farms. A. Shows bulk density (g 

cm-3), B. Soil organic carbon (%), C. n-potential ratio 

(clay:SOC), D. Bioavailable P (Olsen-P mg l-1) and E. 

DM biomass yield (t ha-1). 
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Table 4.4: Summary statistics (mean and standard deviation) for productive output (biomass yield or frequency of grazing in 2019), BD, SOC, carbon stocks, n-

potential, Olsen-P and soil texture (Sa = sand, Si  = silt and Cl = clay) for each of the study farms. Yield types are distinguished as DM tonnes ha-1 shown as Y and 

number of times field grazed as g. 

Farm 
Yield 2019 (all 

crops)  Bulk Density  SOC  Carbon stock nPotential Olsen-P pH 
Soil 

Texture n 

  Mean  SD 

Mean  
(g cm-

3)  SD 
Mean 
(%) SD 

Mean  
(t ha-1) SD 

Mean 
(Clay:SOC)  SD 

Mean 
(mg l-1)  SD 

Mea
n SD Sa:Si:Cl   

Farm 1 19.49 y 5.50 1.34 0.11 1.19 0.27 23.68 4.57 12.78 4.04 43.65 16.04 6.43 0.34 65:21:14 59 
Farm 2 15.29 y 4.71 1.31 0.16 1.44 0.27 27.85 3.94 10.88 2.43 25.89 13.56 6.17 0.42 68:18:14 46 
Farm 3 10.19 y 3.25 1.39 0.12 1.45 0.28 29.77 3.84 9.76 2.16 19.76 9.00 6.62 0.34 67:18:15 115 
Farm 4 8.87 g 1.15 1.40 0.09 1.52 0.16 31.68 2.70 9.95 1.73 39.48 13.09 6.67 0.35 66:18:16 22 
Farm 5 6.83 g 1.44 1.18 0.12 2.26 0.52 39.43 6.40 7.43 2.62 25.58 9.61 6.59 0.45 64:21:15 26 
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Table 4.5: Summary data on soil properties for National Soils Research Institute (2005). Records for the Bromsgrove soil association are compared with summary 

data collected in this study. Additional sources are also presented from the Countryside Survey 2007 (CEH, 2007) and other agricultural studies on sandy loam soils. 

Data source  
Soil 

texture 
Core 
depth n BD (g cm-3) SOC (%) 

Carbon Density  
(t ha-1) 

N-potential 

    Mean Range Mean Range Mean Range Mean Range 

NSRI soil series data: Bromsgrove soil series  
NSRI (2005): Bromsgrove soil 
series, Arable   

 
SL 0 - 25 NS 1.34 NS 2 NS 

40.2 
(est.)  

7 NS 

NSRI (2005):Bromsgrove soil 
series, Ley grass 

 
SL 0 - 25 NS 1.21 NS 2 NS 

36.3 
(est.)  

7 NS 

NSRI (2005): Bromsgrove soil 
series, Pasture 

 
SL 0 - 25 NS 1.19 NS 2.20 NS 

39.27 
(est.)  

6.36 NS 

Study data:   
           

Clinton Devon Estate: Arable and 
horticultural  

 
SL 0 - 15 140 1.35 0.88-1.68 1.34 0.67-2.90 26.73 14.91-40.00 

 
11.49 

 
4.83-26.39 

Clinton Devon Estate: Ley grass  SL 0 - 15 80 1.37 0.93-1.59 1.44 0.94-2.09 29.88 20.41- 39.16 9.74 6.9-14.39 
Clinton Devon Estate: Pasture  SL 0 - 15 48 1.28 0.9-1.67 1.92 1.24-3.26 35.88 25.89-53.38  8.59 3.88-14.39 
Other data sources for sandy loam:  
Loveland and Webb (2003)*: 
Arable  

 
S 0 - 25 75   1.75 0.4 - 9.1    

  

Loveland and Webb (2003)*: Ley 
grass 

 
S 0 - 25 7   2.29 0.7 - 4.5   

  

Loveland and Webb (2003)*: 
Permanent grass 

 
S 0 - 25 28   2.59 0.6 - 5.4   

  

Johnston et al., (2017): 
All treatments 2000 - 2009 (ley - 
arable) 

 
SL 0 - 25 NS   1.25  43.95  NS 

  

Countryside Survey England mean data:  
Emmett et al., (2010): Arable and 
Horticultural land  

 
All 0 - 15 NS 1.23 NS 3  46.9  NS 

  

Emmett et al., (2010): Improved 
grassland  

 
All 0 - 15 NS 0.97 NS 5.31  64.6  NS 

  

* Data derived from National Soils Inventory: England and Wales - Est.: Estimated data based on assuming a 15cm soil depth for 
comparison purposes. NS – Not supplied, where only mean data was presented. Soil textures: SL = Sandy loam, S = Sandy  
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4.3.2 The impact of farm intensity on soil natural capital condition and 
productive output   
Farming intensity had a significant impact on soil NC condition and biomass yield. 

Figure 4.3 shows soil NC properties and crop biomass yield (only applicable for 

Farm 1 – 3) for each of the farming intensities.  Clear patterns are visible for 

carbon stocks (Figure 4.3B), n-potential (Figure 4.3C) and biomass yield (Figure 

4.3E). Mixed effects models show that increasing intensity has a significant 

negative effect on soil carbon stocks (p <0.001), a significant positive effect on n-

potential (p = 0.007) and a significant positive effect on biomass yield (p = 0.003). 

The data suggest that increases in productive output are associated with a trade-

off in soil carbon and soil stability (n-potential).   

Pairwise comparison (further details in Appendix B.4) shows significant 

differences in carbon stocks between farms, with Farm 5 (Intensity 5) storing 

significantly more carbon than Farm 1 (p = 0.001), Farm 2 (p = 0.008) and Farm 

3 (p = 0.018) farms. N-potential has a clear declining trend with decreasing 

intensity in Figure 4.3C but the only close-to-significant difference between farms 

is for the highest (Intensity 1) and lowest (Intensity 5) values (p = 0.050). The only 

pairwise significant differences in biomass yield are between the Farm 3 and 

those from Farm 1 (p = 0.01). Statistical analysis was not conducted on the small 

number of data observations for number of grazing occurrences but data in Table 

4.4 shows that fields at Farm 5 (Intensity 5) are typically grazed less frequently 

(6.83 times in 2019) than those at Farm 4 (Intensity 4) (8.87 times in 2019).   

Figure 4.3A shows that BD is fairly uniform for farm intensities 1 – 4 but is 

considerably lower on the pasture at Farm 5 (model estimate = - 0.15 g cm-3). 

However, whilst this produced an upward trend, this was not recognised as 

significant (p = 0.07). Olsen-P is evidently variable between farms but the only 

significant difference is between the farms with the highest and lowest Olsen-P 

values, Farm 1 and Farm 3, respectively (p = 0.04).
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Figure 4.3: Data for different soil properties 

under each intensity index. A. Bulk Density, B. 

Total carbon stocks, C. N-Potential (ratio of 

clay to SOC and D. Olsen-P (mg l-1) and for 

productive output, E. biomass yield. It is 

evident that increasing intensity (1 = most 

intensive, 5 = least intensive) decreases levels 

of stored carbon (Plot B), decreases soil 

stability and increases soil carbon stocks 

potential (Plot C) and increases productive 

output (measured by DM Yield). Code for N-

potential marks soil condition based on Prout 

et al., (2020). VG (very good), G (good), M 

(moderate) and D (degraded).  
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4.3.3 Drivers of soil natural capital condition 
The scale and significance of field management practices on soil structure (BD), 

soil carbon stocks, soil stability (n-potential) and bioavailable-P are presented in 

Figure 4.4. All terms used in the model selection process are listed in order of 

importance (model averaged order of importance, using AIC method). Effects to 

the right of zero are considered to have a positive effect and effects to the left a 

negative effect on soil properties. Only model terms with confidence intervals (CI: 

0.025 – 0.975) that do not span zero are considered to have a significant effect. 

Figure 4.4A shows that no field management variables were identified as being 

significant predictors of BD, though time since tillage is identified as the highest 

model averaged importance term. Whilst not significant the model output 

suggests that increasing time since a field was last subject to primary cultivations 

reduces soil BD. Interestingly when investigated further and plotting time since 

tillage against BD, it is evident that it is not a linear relationship but there is a 

distinct bell-shaped pattern in the data. Reduced BD are seen shortly after tillage, 

rise to a maximum at around 40 – 60 weeks since tillage and then fall again to 

their lowest after a long period of no tillage. See plot in Appendix B.5 for a visual 

demonstration of this.  

Figure 4.4B shows that the time since the field was last tilled and the number of 

primary tillage operations in the last 6 years are the best predictors of carbon 

stocks from the input management terms.  Increasing time since the field was last 

tilled increased carbon stocks (CI: 0.17, 1.46), whereas increased tillage 

frequency decreased carbon stocks (CI: -2.31, -0.04). None of the remaining 

terms were significant (confidence intervals spanned zero). It is important to note 

that multicollinearity issues were identified in preliminary data assessment 

between: the number of tillage operations, the number of crops, the number of 

years the field was in grass and the mean annual total input of N (see Appendix 

B.3 for more details). The relationships between carbon stocks and each term 

are shown in Appendix B.6.  

Figure 4.4C shows that the time since the field was last tilled had a significant 

negative effect on n-potential (CI: -0.07, -0.003). The number of different crops 

and the number of times the field was tilled in the last 6 years were also identified 

as important model terms but were not significant in the model selection process. 

The data suggests that fields that have not been tilled for longer periods (in this 
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case, usually fields in grass) have a more stable soil structure (higher proportion 

of clay complexed with carbon). In contrast, fields that have experienced recent 

tillage exhibit lower soil stability (less clay complexed with carbon) and higher 

potential to store more carbon.  

Organic management, soil pH and mean annual inorganic P inputs were 

considered the top three importance terms across all models in explaining 

bioavailable P concentrations (Figure 4.4D). Only farm system was identified as 

significant (CI: -1.10, -0.42), with organic fields having significantly lower 

bioavailable P than conventional fields. Ph (CI: -0.01, 0.34) and mean annual 

inorganic P inputs (CI: -0.05, 0.01) are close to having a significant effect and 

both are in the highest ranked model. 
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B. N-potential 

Figure 4.4: Effect size of different management practices/records on A.) Bulk density, B.) Carbon 

stocks (t ha-1), C.) N-potential and D.) Olsen-P. Confidence intervals (0.0250 – 0.975) are shown. 

Terms that do not span zero are taken as having a significant effect. No management terms have 

an effect on BD. Years since tillage and number of times field was tilled over rotation have a 

significant effect on carbon stocks. Years since tillage has a significant effect on N-potential and 

system having a significant effect on olsen-P (although pH is also close to significant). Key to terms: 

Yrs since tillage (time since tillage), OC input (stable organic matter inputs), system (con taken as 

intercept), No. passes (number of passes from machinery in 2018), No. tillage (number of times 

primary tilled from 2013 – 2018), No. MB plough (number of times mouldboard ploughed from 2013 

– 2018), InOrgP input (mean annual inorganic inputs of P), Yrs CC (number of years cover cropped 

2013 – 2018), OM input (estimated stable organic carbon inputs as organic matter), OrgP (organic 

P inputs as FYM) and Yrs Grazed (number of years field grazed from 2013 – 2018), No. Diff Crops 

(number of different crop types 2013 – 2018) and System (Con used as intercept). 

A. Bulk density B. Carbon stocks 

C. N-potential (log) D. Olsen-P (log) 
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4.3.4 The impact of soil natural capital condition on productive output  
Mixed linear-effects model results using all measurements of soil NC condition 

showed no significant predictor terms when controlling for field group and crop 

type. The model showed a pseudo-R2 of 0.02 for fixed effects and a pseudo-R2 

of 0.86 including random effects, suggesting that the random terms explain more 

of the variance than soil conditions. The data suggests that changes in soil 

conditions do not have a systematic impact on crop yield across the study sites.  

The inclusion of a management term (crop ‘Cost of Production’ (CoP)) 

significantly improved the model, improving the pseudo-R2 for fixed effects to 

0.50, with the pseudo-R2 of random effects remaining the same. All model terms 

were used in the model selection process to identify the relative importance of 

each predictor variable in explaining variance in crop yield. The results are 

presented in Figure 4.5. Increasing SOC (%) showed a positive but insignificant 

effect on biomass production with increasing pH and BD showing a negative but 

also insignificant effect on biomass production. The only significant predictor term 

was cost of production (CI: 1.22, 2.86). The data suggests that management 

effort is more likely to drive crop yields than soil condition at the case-study sites. 

Further detailed analysis, split into field groups receiving the same management, 

is presented in Appendix B.7.  

 

Figure 4.5: Effect size of soil properties and cost of production (CoP) on biomass yield. 

Confidence intervals (0.0250 – 0.975) are shown. Terms that do not span zero are taken as 

having a significant effect on biomass yield, which in this case only applied to the crop CoP. 
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4.4 Discussion  
The results from this study show that following the categorisation of baseline soil 

NC conditions it is possible to apply farm management data to better understand 

drivers of soil condition. The data suggests that intensification across the study 

farms can have a significant impact on soil NC condition, driving decreases in soil 

carbon stocks and soil stability (n-potential). Based on management data, it was 

possible to discern that the frequency of tillage and the time since the field was 

last tilled were potential drivers of carbon losses and reduced soil stability. 

However, despite degraded soil carbon and soil stability, there was no evidence 

to suggest that this systematically reduced biomass yields across the study sites. 

The discussion around these key findings is expanded on below after first 

highlighting the importance of categorising soil NC condition at the farm scale.  

4.4.1 The importance of categorising soil NC at the farm scale  
The results from this study show that existing national datasets (NSRI, 2005) do 

not provide an adequate resolution for evaluating changes in soil NC condition at 

the field or farm scale. Use of the national dataset would have led to an 

overestimation of soil carbon stocks (t ha-1) across four of the study farms 

(intensities 1 – 4) and the underestimation of soil carbon stocks at the lowest 

intensity farm (under long-term pasture). Glendell et al., (2014) also found that 

the national dataset (NSRI, 2005) underrepresented the variability of BD and 

SOC in clay and loam soils. They advocate the need for higher spatial resolution 

mapping for practical land and water management purposes (Glendell et al., 

2014) . 

As shown in this study whilst the comparison with other data can facilitate 

benchmarking of soil NC condition with other agricultural sites it does not provide 

the detail required in making or evaluating local land management decisions. It 

highlights the need for the collection of primary soil condition data in attempts to 

undertake the initial tier of the NC approach (an audit of NC quantity and quality). 

The collection of this detailed data supports the assessment of what might be 

driving soil condition and can inform future decisions at the farm scale.  
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4.4.2 Addressing research question 1: How does farm intensity impact soil 
natural capital and productive output?  
By applying high-resolution soil NC data alongside a classification of soil 

management intensity it was possible to detect significant differences in soil 

condition between different farms. Notably increasing farm intensity resulted in 

degraded soil carbon and decreased soil stability (n-potential). Intensity was 

classified on the level of inputs, frequency of cultivations, cultivation type, crop 

diversity and length of grass ley included in the rotation. The impact of agricultural 

intensification of soils is fairly well documented and the finding here supports 

others who have found that intensive arable cropping depletes soil carbon (Squire 

et al., 2015; Berdeni et al., 2021). Given the role that soil carbon plays in the 

delivery of multiple other soil functions, there is a high likelihood that this could 

affect other ES (e.g. water storage and drought and flood resilience) (Grand-

Clement et al., 2013; Lal, 2015; Lal, 2016) 

Using the data presented here it is possible to consider the scale of soil 

degradation across each level of intensity. This can provide valuable evidence to 

the estate in understanding the performance of in-hand and tenanted farms, 

whilst evaluating where management changes need to be made. A recent study 

on soil degradation in the UK has classified soil conditions based on the ratio of 

clay and SOC (shown here as n-potential, i.e. clay:SOC), with each tier defined 

as very good <8, good 8 – 10, moderate 10 – 13 and degraded >13 (Prout et al., 

2020). By these standards, the mean soil conditions for the highest intensity farm 

(n-potential 12.78 ± 4.04) were moderate but towards degraded in some fields. 

For farm intensities 2 – 4 conditions would be classified on average as good with 

some evidence of moderate condition. Only under intensity 5 (long-term organic 

pasture) were soil conditions considered to be very good (n-potential 7.43 ± 2.62). 

The data suggest that practices conducted under the most intensively managed 

farm (Farm 1) will degrade estate soils whereas well-protected lower intensity 

paddock grazed pasture (Farm 5) is likely to lead to good soil NC condition.  

In contrast to the patterns for soil carbon stocks and n-potential, biomass yield 

significantly increased with increasing farm intensity. The data shows a clear 

trade-off, therefore, between productive output and soil carbon stocks and soil 

stability (n-potential). Whilst it might be expected that certain soil properties would 

be degraded under agricultural intensification, this is a concerning finding, 
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particularly under the changing state of agri-environment policy due to Brexit. It 

has been noted that there is an increasing risk of intensification, with farms 

pursuing higher yields to offset losses in CAP Pillar One payments (Arnott et al., 

2021). The implications of the trade-off between soil carbon storage and biomass 

yield is discussed further in Section 4.4.4.  

4.4.3 Addressing research question 2: What are the likely drivers of 
differences in soil natural capital condition across the study farms? 
Using baseline soil NC condition data alongside field management data, it was 

possible to identify potential drivers of soil NC condition.  

The time since the field was last tilled and the frequency of primary tillage were 

identified as the best predictors of soil carbon stocks (t ha-1). However, it is 

important to discuss the high multicollinearity issues identified between the 

number of tillage operations, the number of crops, the number of years the field 

was in grass and the mean annual total input of N. In the model selection process 

the number of primary tillage operations was selected as it had a lower VIF than 

the other terms in the alternate model. The strong relationship between these 

management variables makes it hard to identify an exact driver(s) of soil carbon 

depletion. However, all of these variables relate to the intensity of the rotation and 

the turnover of crops that involved primary tillage cultivations during the previous 

6 years. Therefore, it seems reasonable to conclude that it is likely that short term 

rotations and frequent changes in cropping (necessitating primary tillage) 

reduces soil carbon stocks. This finding also supports literature identifying the 

benefits of reduced tillage (Busari et al., 2015; Büchi et al., 2017; Haddaway et 

al., 2017) and paddock grazed pasture (Whitehead, 2020) on 

building/maintaining soil carbon stocks.   

The best predictor of soil stability (n-potential) was also linked to tillage, identified 

as the time since the field was last tilled. As discussed above increasing the 

length of time without tillage - where the fields were under grass ley or pasture - 

increases SOC and improves soil stability (i.e. reduces risk of soil erosion). This 

suggests that a higher proportion of clay is complexed with SOC under reduced 

tillage scenarios, particularly under longer-term grassland. The finding supports 

others  noting that reduced soil disturbance, particularly in sandy-loam soils, 

improves carbon storage and stability (Haddaway et al., 2017; Merante et al., 

2017). It suggests that increasing soil disturbance will reduce soil stability and 
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increase the vulnerability of the soil to erosion (Merante et al., 2017) potentially 

increasing the risk of soil run-off and pollution of surface waters. 

Interestingly, the input of organic matter did not seem to have a significant effect 

on soil carbon stocks or n-potential.  However, this could be explained by soil 

texture. Merante et al., (2017) note that on sandy-loamy soils, one of the most 

critical practices to improve carbon storage and to reduce n-potential is to protect 

the soil through reduced tillage, suggesting that subsequent practices to increase 

SOC (e.g. FYM additions) must be carried out under no-till systems.   

Reporting on the drivers of soil NC change based on the multi-model selection 

approach does have uncertainties, not least due to the multi-collinearity issues 

outlined above. It is recognised that monitoring change under experimental 

conditions would offer a more robust means of understanding the drivers behind 

soil conditions. However, what is shown here is that when taking baseline soil NC 

condition measurements and making some a-priori judgements it is possible to 

select appropriate predictor terms that can provide valuable insight into the 

potential drivers of change. Such an approach is valuable when applied at the 

farm scale, providing a relatively rapid understanding of what practices could 

impact soil NC condition and warrant further investigation. For example, the 

findings suggest that no or minimum tillage and the incorporation of longer-term 

leys in the rotation require further investigation and could offer a means to 

address soil carbon degradation issues at the most intensively managed farms 

on CDE.  

4.4.4 Addressing research question 3: Does degradation of soil natural 
capital impact on productive output? 
Data show that the soil NC conditions measured here had no significant impact 

on productive output. The plots in Figure 4.3 alone provide compelling evidence 

to suggest that degradation of soil carbon stocks and soil stability under 

increasing farm intensity does not significantly impact productivity, which 

increased with increasing intensity. Model results presented in Figure 4.5 further 

validate this, showing that only the cost of crop production had a significant effect 

on biomass yield.  

The finding that cost of production had a significant impact on crop yield suggests 

that higher management and fertiliser/herbicide inputs ensure that having some 
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poor soil conditions (e.g. depleted soil carbon and lower soil stability) does not 

appear to limit production. The data shows that with increasing intensity it is 

possible to deliver higher yields (although this is associated with higher costs), 

despite some soil conditions being degraded. This could suggest that farmers do 

‘feel’ (to some extent) the damage from poorer soil condition (i.e. higher costs).  

However, on balance, the increase in yield outweighs the implications of poor soil 

condition. Further research would be useful to understand where there might be 

diminishing returns on production costs under certain soil conditions and where 

balance points are achieved between soil condition, CoP and productive output. 

The finding highlights the complexity of disentangling natural drivers (e.g. soil 

condition) from management drivers (e.g. crop pest and disease management). 

In the case of crop production it is clearly not only soil NC condition that impacts 

biomass yield but also inputs of manufactured capital.   

What is clear from the data is that some soil properties can be degraded without 

obviously impacting crop yields. This suggests that there are clear externalities 

in the production process: most notably, carbon depletion is a negative externality 

that arises from increasing productive output. This finding aligns with those of 

Graves et al., (2015) who report that many of the impacts of soil degradation in 

England and Wales occur “off-site” with the costs borne by third parties without 

compensation. The data reinforces the need for mechanisms that incentivise 

farmers to conserve soil carbon in order to ensure the delivery of soil-based ES 

such as climate regulation and flood alleviation. 

It is perhaps unsurprising that no clear links were found between soil properties 

and biomass yield. Despite an understanding that properties such as SOC and 

SOM play a critical role in addressing yield limiting factors like the provision of 

nutrients and water retention - few studies have directly linked individual or 

composite soil condition metrics to crop yields (Miner et al., 2020). In contrast to 

this study, Oldfield, Bradford and Wood (2019) in their global meta-analysis, did 

link higher maize and wheat yields to increasing SOC (up to a threshold of 2%, 

which would cover most of the soils in this study). They recognise, however, that 

work is still required at local scales to disentangle the causative effects of SOC 

on yield (Oldfield, Bradford and Wood, 2019).  

There is a chance that monitoring yield over multiple years would change the 

relationship between soil NC condition and biomass yield. The yield data 
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presented here only covered 20198 and it is recognised that sampling over 

multiple years would offer the advantage of identifying the impact weather has on 

yield. 2019 was a good year for growing with higher than mean yields for many 

crops (DEFRA and National Statistics, 2021). However, the sandy-loam soils 

local to the area are vulnerable in drought years and it might be that sites with 

higher soil carbon would sustain higher yields in these drought conditions, as 

reported in other studies (Iizumi and Wagai, 2019; Kane et al., 2021). Further 

work at the study site would be required, including the monitoring of soil 

conditions and crop biomass production to investigate whether such impacts are 

likely to occur.  

4.5 Conclusion  
This study shows that there is a clear need for primary data on soil NC condition 

at the farm scale when applying the NC approach to land management decisions 

and evaluation. Existing national soil data are not adequate to detect differences 

in soil NC at management appropriate scales. Indeed, application of national soil 

data would have over-estimated soil carbon stocks at four of the study farms and 

underestimated them at one of the study farms.  

This data can be resource intensive to collect but, when examined alongside farm 

management records, can detect the significant impact of farm intensity on soil 

carbon and soil stability and be beneficial in understanding what might be driving 

changes in soil NC condition. Notably, the data suggests that the intensity of the 

rotation with more frequent tillage and reduced use of long-term grass leys was 

likely to degrade soil carbon stocks and decrease soil stability. This information 

is valuable for future estate decision-making, such as investigating reduced 

tillage and ley management and promoting it to tenants, monitoring tenancies and 

determining future tenancy agreements.  

The data also helped highlight a clear trade-off in soil carbon stocks and crop 

production, two indicators closely linked to understanding climate regulation and 

provisioning ES. Quantifying these trade-offs is an important reason for 

undertaking the NC approach. However, whilst findings offer some useful 

information about soil condition and potential ES, they do not provide information 

about how other soil functions might be impacted by soil management. 

                                            
8 Covid-19 prevented further planned field work in 2020  
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Furthermore, it does not show whether higher soil carbon is “better” or “worse” 

than lower crop yields. Further, more resource intensive work is required to 

conduct these analyses and this is explored in chapters 5 and 7. 
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Chapter 5: Does conversion to organic farming improve 
soil natural capital condition and soil function?  
5.1 Introduction  

5.1.1 Soil natural capital and ecosystem services  
Soil is one of our most important forms of NC and contributes to the delivery of 

multiple soil-based ES (Robinson, Lebron and Vereecken, 2009; Dominati, 

Patterson and Mackay, 2010; Baveye, Baveye and Gowdy, 2016). Soil NC can 

be considered the stock from which ecosystem goods and services flow 

(Dominati et al., 2014), with soil functions playing a critical role in the 

transformation of static soil properties into services or disservices delivered to 

society. Healthy soil is important for the provision of food and fibre (Kopittke et 

al., 2019) and the UK National Ecosystem Assessment (Smith et al., 2011) 

identify that “Soil quality is linked to almost all other regulating services (e.g. 

nutrient cycling, biomass production, water quality, climate regulation, pollination, 

etc.) through the soil’s capacity to buffer, filter and transform”. The total value of 

these ES globally has been estimated at US$11.4 trillion (McBratney, Morgan 

and Jarrett, 2017).  

Important soil-based ES and the connections with soil function and soil NC are 

shown in Figure 5.1 with examples detailed below. Soil is the most important 

medium for plant growth and with global population set to exceed 9 billion by 2050 

(Muller et al., 2017), it is important that healthy soils are sustained on which to 

grow food. The provision of clean drinking water is also strongly influenced by 

soil health with good soil structure, adequate SOM, good biological functioning 

and cation exchange capacity (CEC) important in attenuating pollutants in soil 

(Beaudoin et al., 2005; Harris et al., 2006; Knudsen et al., 2006). Many of these 

soil attributes also play an important role in flood management (Ellis, Anderson 

and Brazier, 2021) and resilience to drought (Lal, 2016). In addition, recently 

there has been particular interest in the capacity for soils to sequester carbon and 

mitigate climate change (Minasny et al., 2017). The ‘4 per mille Soils for Food 

Security and Climate’ initiative launched by the COP21, has the goal of increasing 

SOM stocks by 0.4% per year. The supporters of the initiative suggest that 

meeting these targets could lead to the sequestration of between 2 – 3 Gt C year-

1, effectively offsetting 20 – 35% of global anthropogenic greenhouse gas 
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emissions (Minasny et al., 2017). Whilst there is disagreement over whether the 

‘4 per mille’ target is feasible (Van Groenigen et al., 2017; Poulton et al., 2018), 

it is widely accepted that maintaining soil carbon storage and increasing 

sequestration will help regulate the climate (Paustian et al., 2019a) whilst 

contributing to the delivery of other soil-based ES. 

Despite recognition of its importance, soil is being seriously degraded across the 

globe. Associated issues include erosion by wind and water, losses in soil carbon 

and soil biodiversity, contamination, salinization, acidification and reduced fertility 

(Lal, 2015; Smith et al., 2016; Kopittke et al., 2019). Globally, 52% of agricultural 

land is thought to be moderately or severely affected by soil degradation (ELD 

Initiative, 2015) and in the UK, 38.2% of arable land has been identified as having 

degraded soil (Prout et al., 2020). The intensification of agriculture and the 

inappropriate management of soils is considered to be fundamentally responsible 

for soil degradation (Brazier et al., 2011; Graves et al., 2015) driving soil erosion, 

compaction and the mineralisation of carbon (Bilotta, Brazier and Haygarth, 2007; 

Bilotta et al., 2008; Batey, 2009; Peukert et al., 2014; Graves et al., 2015). In the 

UK, damage to our soils is already having significant economic consequences 

with the annual costs of soil degradation in England and Wales estimated at £1.2 

billion per year (Graves et al., 2015). Soil degradation and agricultural 

management is also driving declines in water quality, with the quality of 

groundwater aquifers in the UK frequently exceeding drinking water standards 

due to nitrate leaching from agricultural soils (Stuart and Lapworth, 2016; Wang 

et al., 2016). There is a critical need for agricultural solutions that reverse the 

degradation of soil whilst supporting multiple other ES, including food production.  
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Figure 5.1: Flow pathway linking soil NC (its component properties), soil functions, ES and beneficiaries. 

Metrics at each stage are included (shown with asterisks). Framework developed by Haines-Young and 

Potschin (2008), as shown in Greiner et al., (2017). 

5.1.2 Organic agriculture - a solution to restore soil natural capital?  
Advocates of organic agriculture promote it as a potential solution which 

addresses some of the negative impacts of intensive agriculture and offers a 

balance between the provision of food and the delivery of environmental goods 

and services (Muller et al., 2017; Wilbois and Schmidt, 2019). Tully and Mcaskill 

(2020) highlight that the concept of supporting a living soil is not a new one to 

organic farmers and central to the organic standards of the largest UK organic 

accreditation organisation (The Soil Association) is the preservation of soil health. 

The Soil Association (2021) specify that “organic matter, fertility and biological 

activity” should be maintained and increased through varied crop rotations, 

legumes, green manure crops and the application of livestock manures or other 

organic composts. These practices are commonly adopted by organic farmers, 

who cannot use artificial fertilisers or pest control, which leads to longer crop 

rotations, more frequent temporary fodder, higher crop diversity, the use of 

nitrogen fixing crops and the inclusion of more mixed farming practices (i.e. 

livestock and livestock manures) (Barbieri, Pellerin and Nesme, 2017). A number 

of these practices have been shown to enhance soil condition and function (Ball 

et al., 2005; Powlson et al., 2012; Döring et al., 2013; Barbieri, Pellerin and 

Nesme, 2017; Sharma et al., 2017).  
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Despite these promising features, there is widespread debate over the efficacy 

of organic farming in improving soil health and delivering soil-based ES, with 

scepticism over its role as a mainstream agricultural system (Connor and 

Mínguez, 2012). A number of field studies and meta-analyses have shown that 

organic farming, perhaps not surprisingly, delivers lower crop yields (De Ponti, 

Rijk and Van Ittersum, 2012) but can enhance water retention and soil structure 

(Lotter, 2003; Gomiero, 2013; Williams et al., 2017), increase soil carbon stocks 

(Mondelaers, Aertsens and Huylenbroeck, 2009; Gomiero, Pimentel and Paoletti, 

2011; Gattinger et al., 2012; Tuomisto et al., 2012), reduce nutrient losses 

(nitrate, nitrous oxide and ammonia) (Snapp, Gentry and Harwood, 2010; 

Tuomisto et al., 2012; Benoit et al., 2014; Biernat et al., 2020) and improve soil 

biology and biological processes (e.g. the decomposition of organic matter) 

(Domínguez et al., 2014; Lori et al., 2017; Martinez-Garcia et al., 2021). Other 

studies, however, have expressed doubts regarding some of these claims 

(Leifeld et al., 2013; Kirchmann et al., 2016) and some have found no significant 

differences in soil carbon concentrations (Gosling and Shepherd, 2005; Williams 

and Hedlund, 2013) or nutrient losses (Williams and Hedlund, 2013). It is likely 

that the conflicting results arise due to the broad differences in management that 

can occur both within organic and conventional systems (Williams and Hedlund, 

2013). With growing interest in the expansion of organic farming - such as the 

European Union target to have 25% of the utilisable agricultural area under 

organic management by 2030 (Comissão Europeia, 2020) - there is a need to 

understand the consistency of organic farming in delivering soil-based ES better. 

The development of more context specific case-studies is therefore important in 

furthering our understanding of the implications of conversion to organic 

agriculture and the impact of the specific management practices adopted (e.g. 

cropping rotations). Indeed, Barbieri, Pellerin and Nesme (2017) highlight that 

there are few real farm system comparisons between organic and conventional 

farms (most have been on constrained experimental farms) and we have seen 

very few comparative studies on soil condition and/or soil function in the UK 

(although see Stopes et al., 2002 and Gosling and Shepherd, 2005 for UK on-

farm studies comparing soil condition and nitrate leaching, respectively).  
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5.1.3 Measuring soil natural capital and soil function to assess organic 
conversion  
While the condition of soil NC underpins the functionality of the soil and the 

delivery of soil-based ES, how best to measure that condition remains a moot 

question (Greiner et al., 2017; Williams et al., 2017). Indeed, in the UK, there is 

still not an established consensus on how best to monitor soil condition 

(Humphries and Brazier, 2018): a fact acknowledged by the UK Government in 

their recent 25 Year Environment Plan where they set out plans to establish an 

agreed “soil health index” (HM Government, 2018). Therefore, despite the 

growing interest in using the NC approach to assess the sustainability of different 

land management systems, metrics to quantify soil NC condition and soil function 

to understand the delivery of soil-based ES are not well established. There is, of 

course, an extensive literature proposing methods that might best assess the 

quality of agricultural soils, with many authors suggesting different soil quality 

indexes (SQI) (Askari et al., 2015; Obade and Lal 2016) or different indicators 

(Barrios, 2007; Brazier et al., 2011). However, the relationship between many of 

these indexes or indicators and the delivery of soil-based ES is still not well 

understood. Indeed, linking soil conditions with soil function and soil-based ES is 

complex, with the output of services or disservices strongly dependent on the 

interaction between soil conditions, processes and land management 

(Bartkowski et al., 2020). In their review of soil ES and NC literature, Baveye, 

Baveye and Gowdy (2016) identify that most studies have failed to measure soil 

function directly. Measuring soil functions is particularly important as those 

functions represent the link between soil NC and the soil-based ES that it 

supports.  

In lieu of an established consensus on measuring soil NC condition and soil 

function linked to soil-based ES, other studies have taken different approaches 

when inferring land management impact on soil-based ES delivery. Some have 

investigated multiple ES through the use of soil indicators (Williams and Hedlund, 

2013; Calzolari et al., 2016) or have modelled soil functions based on static soil 

properties (Dominati et al., 2014). Others have focused on measuring specific 

individual soil functions such as nitrate leaching (Stopes et al., 2002), organic 

matter decomposition (Lori et al., 2017; Martinez-Garcia et al., 2021), carbon 

storage (Machmuller et al., 2015) or soil nutrients (Gosling and Shepherd, 2005). 
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In this study, it is proposed that to understand relationships between soil NC 

condition, soil functioning and soil-based ES, a combined approach is needed. 

Accordingly, this study examines a whole suite of indicators of soil NC condition 

as well as collecting measurements of detailed soil functions and examining how 

those might relate to multiple soil-based ES. Such an approach allows for a 

detailed assessment of the trade-offs that arise in the delivery of different 

potential soil-based ES as a result of pursuing organic as compared to 

conventional management.  

The first phase of this study involved selecting appropriate properties to measure 

to assess NC condition or, where more appropriate, soil functions which could be 

linked to soil-based ES, attempting to trace these through the framework 

presented in Figure 5.1.  Five broad categories were selected which link to one 

or more soil-based ES. These measurements of soil NC and function include: 1) 

measurements of soil structure and stability (BD and N-Potential (clay:SOC ratio)) 

as important indicators of water cycle regulation and the provision of food; 2) 

measurements of soil fertility (pH, SOM, bioavailable P, K and Mg) and the 

function of biomass production as indicators of food provision; 3) the measure of 

soil carbon storage as an indicator of climate regulation; 4) the measure of 

organic matter decomposition as an indicator of nutrient and carbon cycling, 

considering the links to crop production and climate regulation; and 5) 

measurements of nutrient storage and filtration (focusing on nitrate) to consider 

the implications for provisioning of clean drinking water. These selected metrics 

were used to compare between conventional and organic field sites to contribute 

to understanding on whether conversion to organic farming has the capacity to 

alter soil NC and soil function in ways that could enhance the delivery of soil-

based ES.   

5.1.4 Objectives of this study  
The research focuses on a landscape in South West England that is taken as 

being broadly representative of the agricultural production practiced in lowland 

parts of the UK. A large part of the estate was converted to organic agriculture in 

2007 and this study compares those organic field sites with those that remained 

under conventional management, making the assumption that prior to organic 

conversion in 2007 the organic fields would have had the same soil conditions as 

the neighbouring conventional fields. The aim was to establish whether 
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conversion to organic agriculture has the capacity to enhance soil NC condition 

and soil function. Applying the suite of soil NC and soil function metrics introduced 

above, the research addressed the following two questions:  

1. Do organic field sites have better NC condition than conventional sites and 

what practices might explain any differences?  

2. Do organic field sites have enhanced soil function compared to 

conventional sites and what practices might explain any differences?  

 

In addition, the study explored which metrics, based on the suite of soil properties 

and functions selected here, are likely to help inform the quantification of final 

soil-based ES.  

 

5.2 Methods  

5.2.1 Study site  
The study was conducted at Clinton Devon Estate (CDE) in South West England 

(further details in Chapter 3, Section 3.1). A large part of the estate (ca. 900ha) 

was converted to organic agriculture in 2007, primarily for dairy and arable 

production. The agriculture before conversion was typical of neighbouring 

conventional farms, with winter cereals, maize, rye-grass/clover silage leys and 

improved pasture. Figure 5.2 shows the location of the site, study fields and soil 

sampling locations.  
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Figure 5.2: Map of the study site in SW England, including organic (ORG) and conventional 

(CON) cropped areas and the different stages of the rotation. Sample sites where soil and yield 

samples were collected and decomposition sites are marked as black dots. Porous pot sites are 

marked in light blue. 

5.2.2 Site selection and experimental design  
Nine conventional (CON) and nine organic (ORG) fields were selected, reflecting 

typical rotational land uses at CDE (Table 5.1). Three replicate fields for each 

system were selected that were within the grass phase of the rotation (Pair 1), 

the arable phase of the rotation (Pair 2) and transitioning out of the grass phase 

and into arable (Pair 3) (map of sites in Figure 5.2). Organic fields were selected 

from a single farm, with conventional fields selected from three neighbouring 

farms, to pair fields based on rotation stage. This was conducted to control for 

the effect of rotational stage or crop selection. It was not always possible to match 
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field sites exactly9 as the two systems vary in their rotations and cropping 

selection (Barbieri, Pellerin and Nesme, 2017). However, it was considered most 

important to select study fields representative of management of each system 

under the same soil and climatic conditions.  

The performance of the farms managing both the organic and conventional study 

fields were similar (average/slightly above average) within their respective group 

(i.e. compared to other organic and conventional farms in UK). For example, in 

2019, mean organic spring wheat yields were 4.13 t ha-1, whereas the national 

average for organic spring wheat that year was 4 t ha-1 (Scott, 2020). Mean 

conventional winter wheat yields were 9.69 t ha-1, also above the national 

average of 9 t ha-1 (DEFRA and National Statistics, 2021). Organic fields were 

managed on a five-to-six year rotation, with three years under grass-clover ley 

(cut for silage) before spring cultivation and two to three years sown as spring 

whole-crop cereals (primarily triticale and wheat). The conventional fields were 

typical of management on the organic farm before 2007 (dominated by maize and 

winter cereals) and had a shorter cropping rotation, typically a reduced length of 

time under grass leys, a higher turnover of crops and higher inputs of nutrients 

(as shown in Table 5.1). All the fields selected (ORG and CON) were planted with 

crops typically used as feed for dairy animals.  

Table 5.1 provides a summary of the cropping, cultivations, frequency of 

cropping, use of legumes and the organic and inorganic inputs for each study 

field. Based on farm records and discussions with each farmer, estimates were 

made of annual inputs in the six years prior to the study, of organic and inorganic 

N, P and organic matter (OM). Stable organic matter inputs were calculated as 

the proportion of applied OM expected to be transformed into soil humus and are 

based on isohumic coefficients for slurry and FYM used in Büchi et al., (2019). 

All fields were on the same soil association (Bromsgrove 0541b), in an effort to 

minimise variability caused by variation in soil parameters, and were selected to 

have a similar aspect and slope (using Grouping analysis in ArcGIS 10.5.1 (ESRI, 

Redlands, CA, USA)).  

                                            
9 Some rotation stages are different between the organic and conventional fields selected. This 
relates to differences in previous management or the crops selected. Most notably the grass leys 
(in the grass – arable phase) were typically longer on the organic fields compared to on the 
conventional fields.  
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Three replicate sites were selected within each field, informed by previous 

sampling results (sub-set of sites from Chapter 4) for the measurements of soil 

NC condition and soil function. Nutrient filtering and retention (linked to the 

provision of clean drinking water) was determined on a smaller sub-set of six 

fields (three organic and three conventional) (sites shown in Figure 5.2).  
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Table 5.1:  Overview of the management of the study fields, including crop details; current crops, previous crop, primary cultivation method, number of all crops and 

number of years with legume crop (including clover in leys) included in the six years prior. The organic and inorganic fertiliser inputs for 2019 are shown along with the 

estimated average annual inputs leading up to sampling (2013 – 2018); for organic and inorganic fertilisers, dry organic matter and likely stable OM that will be retained 

in the soil. The table reports higher frequency of cropping of the conventional system, the reduced reliance on legume crops, higher annual inorganic nitrogen inputs 

and lower organic matter applications. P1 – relates to the grass-grass phase, P2 – the arable-arable phase and P3 – the grass-arable phase of the rotation. 

        2013 - 2018 cropping details  2019 crop inputs (kg ha-1) 
Pre-sampling estimated average annual 

inputs (kg ha-1) 

Field 
code P 

2019 
Crop 

Previous 
crop  

Primary 
culti-vation 

No. 
cro-
ps 

No. 
legu-
mes 

Inorg N 
input 

Inorg P 
input 

Org N 
input 

Org P 
input 

Inorg& 
org N 
input 

Inorg
& 

org P 
input 

Organic 
DM input 

Stable OM 
inputs 

Organic fields:  
O1 P3 Spring 

wheat 
Grass ley 
(clover) 

MB Plough 5 3 0 0 9 29 56 26 2360 657 

O2 P3 Spring 
wheat 

Grass ley 
(clover) 

MB Plough 4 4 0 0 18 57 47 30 2270 635 

O3 P3 Spring 
wheat 

Grass ley 
(clover) 

MB Plough 4 4 0 0 18 57 47 30 2270 635 

O4 P2 Spring 
triticale  

Stubble 
turnips  

MB Plough 7 5 0 0 51 47 78 32 2303 626 

O5 P2 Spring 
triticale  

Stubble 
turnips  

MB Plough 7 5 0 0 51 47 78 32 2303 626 

O6 P2 Spring 
triticale  

Stubble 
turnips  

MB Plough 7 5 0 0 51 47 72 31 2192 598 

O7 P1 Grass ley 
(clover) 

Grass ley 
(clover) 

MB Plough 6 3 0 0 111 26 67 24 2250 630 

O8 P1 Grass ley 
(clover) 

Grass ley 
(clover) 

MB Plough 6 3 0 0 111 26 67 24 2250 630 

O9 P1 Grass ley 
(clover) 

Grass ley 
(clover) 

MB Plough 6 3 0 0 111 26 67 24 2250 630 

Organic summary:     5.78 3.89 0 0 59 40 64 28 2272 629 
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Conventional fields:  
C1 P1 Grass ley 

(clover) 
Grass ley 
(clover) 

MB Plough 6 1 205 0 0 0 139 35 1544 667 

C2 P1 Grass ley 
(clover) 

Grass ley 
(clover) 

MB Plough 5 2 125 0 0 0 141 34 1081 667 

C3 P1 Grass ley 
(clover) 

Grass ley 
(clover) 

MB Plough 5 2 128 0 0 0 167 35 1081 667 

C4 P3 Fodder 
beet  

Grass ley 
(clover) 

MB Plough ? 3 104 0 23 38 102 16 560 140 

C5 P3 Maize  ley (winter 
only) 

TD & MB 9 0 97 0 95 33 190 34 1247 206 

C6 P3 Maize  ley (winter 
only) 

TD & MB 9 0 97 0 95 33 188 34 1247 206 

C7 P2 Maize  Stubble 
turnips  

MB Plough 9 1 62 31 6 37 142 36 1544 667 

C8 P2 Maize  Stubble 
turnips  

MB Plough 8 1 148 0 6 37 155 30 1029 445 

C9 P2 Maize  Stubble 
turnips  

MB Plough 7 2 62 31 6 37 127 33 1029 445 

Conventional summary:  
  7.25 1.33 114 7 26 24 150 32 1151 456 

Acronyms: MB = mould board plough, TD = top down cultivator, Org = organic (from FYM or slurry), Inorg = inorganic (from synthetic or mineral fertiliser), DM = 
dry matter and OM = organic matter  
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5.2.3 Indicators and functions selected to measure soil-based ES  
As highlighted in the introduction, there are difficulties associated with linking 

measurements of soil condition and soil functions to soil-based ES. In this study, 

a suite of ecosystem goods and services were investigated. The selection of 

metrics used as indicators of these ES are shown in Table 5.2. The objective was 

to select soil properties or, where more appropriate, soil functions which could be 

linked to soil-based ES, attempting to trace these through the framework 

presented in Figure 5.1. Further justification for each of the study indicators is 

provided in Chapter 3, Section 3.5. Additional justification of why each of these 

indicators/measurements is important can be found in Appendix C.1. 
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Table 5.2: Soil properties and soil functions measured in this study and the associated link to soil 

NC and soil-based ES. Acronyms include: SOM (soil organic matter), SOC (soil organic carbon), 

P (phosphorus), K (potassium), Mg (magnesium), TC (total carbon), TN (total nitrogen) and con 

(conventional fields). 

NC 
component Soil function Soil-based 

ES 
Study 

NC indicators 
Study 

Soil functions 
Soil structure 
and stability 

Filter and store 
water 

Support plant 
growth 

Flood and 
drought 

alleviation 
Food provision 

Bulk density 
(BD) 

N-potential 
(Clay:SOC 

ratio)* 

NA 

Soil fertility 
and medium 

for plant 
growth 

Plant growth Production of 
market 

good/Food  

Soil 
components 
important for 
crop growth; 
soluble P, K, 

Mg, SOM, pH, 
BD, TC, TN, 
TC:TN ratio 

Crop biomass 
yield 

Carbon stock Carbon 
sequestration 

Climate 
regulation 

Carbon stocks; 
SOC and BD 

Carbon storage 
potential: 

N-potential* 

Carbon stocks 
above con 
baseline 

considered as 
sequestered 

carbon 
Soil biological 

activity 
Decomposition of 

organic matter 
Cycling of 

nutrients and 
carbon 

Production of 
market 

good/Food  
Climate 

regulation 

NA Tea Bag Index 
Method (litter 

decomposition)**  

Nutrient 
storage 

Filtering and 
storage of 
nutrients 

Supporting 
provision of 

clean drinking 
water 

NA Nitrate leaching 

*N-potential indicator presented by Merante et al., (2017)  
** Tea Bag Index introduced by Keuskamp et al., (2013) 
NA – Not measured in this study   
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5.2.4 Soil sampling 
54 soil samples were collected between November - December 2018, following 

the completion of the majority of the cropping, final silage cut and main grazing 

season across the sites. Sites were located in the field using a hand-held GPS 

(Nomad Trimble, Sunnyvale, CA, USA) (1 – 2m accuracy). 

Soil samples were collected and processed following methods outlined in 

Chapter 3, Section 3.6.1.  

5.2.5 Measuring soil-based ecosystem service indicators   

5.2.5.1 Measuring soil structure and stability (linking to water cycle regulation and 

food provision)  

BD, the mass of a unit volume of dry soil, is an important indicator in the level of 

pore space (i.e. the space available for air and water) within a soil, providing 

information on the level of compaction (Cardoso et al., 2013) and is frequently 

used in soil-based ES studies (Greiner et al., 2017). Soil compaction has been 

associated with significant flooding and crop productivity issues (Graves et al., 

2015). Soil BD was calculated as shown in Chapter 3, Section 3.6.1.    

N-potential, is a measure of soil stability and the carbon storage potential of a soil 

and is calculated as the ratio of clay (%) to SOC (%). Soil stability is closely linked 

to the content of SOC and fine soil particles (clay and silt), which become 

associated in the development of soil aggregates (Merante et al., 2017). A high 

n-potential (>10) suggests lower soil stability and greater capacity to store more 

carbon. A low n-potential (<10) suggests higher soil stability and lower capacity 

to store more carbon (Merante et al., 2017). N-potential was calculated as shown 

in Chapter 3, Section 3.6.1.  

5.2.5.2 Measuring soil fertility and crop yield (linking to production of market good 

and food provision)  

Crop growth and yield potential is strongly influenced by the macro and micro-

nutrients including N, P, K and Mg available to the plant and the pH of soil (which 

limits the uptake of nutrients) (Brady and Weil, 2008; Dungait et al., 2012). SOM 

is critical in the release and storage of these nutrients (Brady and Weil, 2008): 

such as carbon (C) and nitrogen (N).  
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5.2.5.2.1 Soil fertility 

Soil pH, bioavailable-P, K and Mg, total C and total N were analysed following 

methods in Chapter 3, Section 3.6.1.  

5.2.5.2.2 Crop biomass yield  

Crop biomass data were collected as a measure of crop yield in order to compare 

the productive output from organic and conventional field sites. All crops were 

grown as forage crops for dairy feed and the simplified assumption was made 

that higher forage biomass production (in dry matter (DM) tonnes per hectare) 

would equate to higher milk provision. The assumption does not account for 

quality differences in the forage produced. It is also important to note here that 

whilst biomass yields for different organic and conventional crop types are 

compared, they are all important feed crops and whole-crop cereals in organic 

dairy systems are a typical starch rich replacement to the maize used in 

conventional dairy systems.  

Crop biomass yield was determined following methods in Chapter 3, Section 

3.6.4.  

5.2.5.3 Measuring carbon stocks (linking to climate regulation)  

Carbon stocks are a frequently used indicator in soil-based ES studies (Greiner 

et al., 2017) and provide information on the current carbon and CO2 equivalents 

stored in soil. The assumption is made here that organic field conditions were 

very similar to neighbouring conventional fields prior to conversion in 2007, 

allowing an assessment of whether conversion to organic agriculture has 

increased carbon storage over time.   

Carbon storage (t ha-1) was calculated following Poeplau, Vos and Don (2017) as 

𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑆𝑆𝑆𝑆𝐶𝐶 ∗ 𝐵𝐵𝐵𝐵 ∗ 𝑑𝑑 

where SOC is SOC (%), BD is the BD of the soil (g cm-3) (corrected for stone 

content) and d is the depth of the soil core (15cm).  

The capacity for the soil to store carbon (N-potential) was calculated following 

Merante et al., (2017).  
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5.2.5.4 Measuring organic matter decomposition (linking to nutrient and carbon 

cycling and contributing to climate regulation and food production)  

The decomposition of organic material (e.g. plant litter or farm manures) by soil 

biota is an important soil process, ensuring the bioavailability of nutrients and 

determining whether soils become a carbon sink or source (Keuskamp et al., 

2013; Ghaley et al., 2014a; Paustian et al., 2019a; Ray et al., 2020).  

Organic matter decomposition rate was determined using the standardised and 

globally applied Tea Bag Index (TBI) method (Keuskamp et al., 2013). Detailed 

explanation of the method can be found in Chapter 3, Section 3.6.2.  

5.2.5.5 Measuring nitrate leaching (linking to the provision of clean drinking water)  

The current loss of nitrate from agricultural soils is an ecosystem disservice, with 

management strategies to reduce nitrate leaching (below the drinking water limit 

of 50 mg NO3 l-1) offering the potential to improve the quality and provision of 

drinking water.  

Three organic and three conventional study fields were selected to compare 

nitrate leaching and assess the capacity of each system to enhance the delivery 

of clean drinking water. The three fields that were selected on the organic land 

were chosen to represent the full range of the 6 year organic rotation (albeit over 

the two seasons).  Three conventional fields were selected to match, as closely 

as possible, the cropping transitions of the organic rotation. A summary of these 

is provided in Table 5.3 (for further comparative details for each field pair see 

Appendix C.2). All sites were on the same soil association (Bromsgrove 0541b) 

and an initial scoping field exercise was conducted to confirm that the topsoil 

texture was the same at all sites (i.e. a sandy loam).  
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Table 5.3: Field pairs selected for porous pot sites and the crop transitions over the sample 

seasons: 2018 – 2019 and 2019 – 2020. The table also shows the rotation stage (either grass-

grass, grass – arable, arable – arable or arable – grass) that the sampling was conducted at over 

the two seasons. Acronyms: Org = organic and Con = conventional. 

Field pairs  Crop transition for 2018 - 2019 Crop transition for 2019 – 2020 
Org field Con field Org field Con field 

Field Pair 1 
(FP1)  

Rye-grass 
clover mix 

staying in rye-
grass clover 

(grass – grass) 

Rye-grass 
clover mix 

staying in rye-
grass clover 

(grass – grass) 

Rye-grass 
clover mix 

staying in rye-
grass clover10 
(grass – grass) 

Rye-grass 
clover mix 

staying in rye-
grass clover 

(grass – grass) 
Field Pair 2 
(FP2) 

Grazed cover 
crop following 
spring cereal, 
into second 

spring cereal 
(arable – arable) 

Grazed stubble 
turnips flowing 
winter cereal, 

into maize 
 

(arable – arable) 

Rye-grass 
clover ley 

following spring 
cereal, staying 

in rye-grass 
clover ley 

(arable – grass) 

Winter wheat 
following maize, 
staying in winter 

wheat11 
 

(arable – arable) 

Field Pair 3 
(FP3)  

Rye-grass 
clover ley, into 
spring wheat 

(grass – arable) 

Rye-grass 
clover ley, into 

fodder beet 
(grass – arable) 

Grazed cover 
crop following 
spring cereal, 
into second 

spring cereal 
(arable – arable) 

Grazed fodder 
beet following 

fodder beet, into 
maize12 

 
(arable – arable) 

 

Porous pots were used to quantify nitrate leaching, with soil pore water collected 

on a fortnightly basis over two winter drainage seasons (2018 – 2019 and 2019 

– 2020) (as in Lord and Sheperd, 1993; Stopes et al., 2002). The cumulative loss 

of nitrate (kg N ha-1) over the drainage season was calculated using a field scale 

water balance model ADAS IRRIGUIDE (Baily and Spackman, 1996), 

underpinned by field collected data on nitrate concentration from porous pot 

samples and additional information on soil type, crop details, ground cover, 

rooting depth and daily agrometeorological data.  

Detailed methods on soil pore water sample collection and analysis and on the 

field scale water balance model are described in Chapter 3, Section 3.6.3. The 

                                            
10 The management of this field was actually scheduled to change. With a spring cereal crop 
introduced prematurely into the organic rotation due to poor grass performance. All porous pot 
sampling took place before these cultivations took place however and therefore the site is still 
considered representative of the grass –grass phase of the rotation.  
11 This was the closest comparison between the organic and conventional rotation at the time of 
site selection. Whilst there was some talk of the conventional field at the time going into grass it 
was instead put to winter wheat.  
12 The plans for this conventional field were altered due to a change in farm management but 
remained fairly comparable.  
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final output calculated was nitrogen (as nitrate, NO3 - N) leached in kg N ha-1 

across each of the six study fields (three organic, three conventional) for two 

drainage seasons.  

5.2.6 Statistical analysis  
Field means of soil properties, carbon storage, nitrate leaching, crop production 

and for organic and conventional fields were analysed for significant differences 

using Wilcoxon-rank/Mann Whitney-U tests in R (R Core Team, 2020). The 

impact of system (organic or conventional) on each soil function was determined 

using all data (n = 54). Linear or generalized linear mixed effects models were 

selected depending on the data distribution. System (organic and conventional) 

and rotation stage (grass-arable, grass-grass, arable-arable) were included as 

fixed effects and study field as a random effect. Rotation stage was included as 

a fixed effect to control for potential variance attributed to the phase of the 

rotation. It was not included as a random effect as it is not considered prudent to 

include random effects that have less than five levels (Harrison, 2015). Analyses 

were conducted using the lme4 package (Bates et al., 2015). Post-hoc analysis 

for pairwise comparisons for each rotation stage were conducted in the emmeans 

package (Lenth, 2020). Significance was tested at p<0.05. All analyses were 

conducted in R (R Core Team, 2020). 

5.3 Results  
Figure 5.3 displays data on the key measurements of soil condition and function 

between the two systems and across the rotation stages. Table 5.4 provides a 

summary of all soil data collected from the different rotational stages sampled 

across organic and conventional field sites and includes a pairwise comparison 

of the means between organic and conventional across all field sites. Mixed effect 

model outputs can be seen in Appendix C.3.  

5.3.1 Soil structure and stability  
Organic field sites on average showed slightly more compaction than 

conventional sites, though there was no significant difference observed between 

the two systems (p = 0.4). The lowest BD values were found under the 

conventional arable-arable phase of the rotation (1.29 g cm-3), with the highest 

(i.e. most compacted soils) found under the grass-grass phase of the organic 

rotation (P1) (1.44 g cm-3) (Figure 5.3A).  



 

147 
 

The difference in N-potential between the two systems was not significant (p = 

>0.9). N-potential was marginally lower across the grass-arable and arable-

arable phases of the organic rotation (Figure 5.3B), suggesting higher soil stability 

with more of the available clay in the soils bound to SOC. However, the grass-

grass phase of the organic rotation had a higher n-potential, which coincides with 

the highest compaction (BD) and suggests impaired soil physical structure. The 

conventional arable-arable phase of the rotation had the highest overall n-

potential, suggesting lower soil stability despite reduced levels of compaction.  

5.3.2 Soil fertility and crop production  

5.3.2.1 Soil nutrients and pH  

Addressing crop nutrients, conventional sites had higher bioavailable-P (Olsen-

P, 32 mg l-1) and K (124 mg l-1) when compared to organic fields sites, 20 mg l-1 

and 99 mg l-1 respectively (Table 5.4). Olsen-P differences were close to being 

significant (p = 0.077) and the high levels may reflect the ready application of 

inorganic phosphate fertilisers by conventional growers. Organic fields, however, 

had significantly higher levels of Mg (77 mg l-1, p = 0.003) than conventional fields 

(53 mg l-1). pH was significantly higher across organic fields (6.61, p = 0.008), 

with conventional field sites having a fairly low pH (6.07). Particularly low pH was 

observed under conventional arable-arable and grass-grass fields, 5.91 and 5.83 

respectively. Under such low pH these fields could show signs of reduced nutrient 

availability and as a consequence, diminished yields.  

Whilst mean SOM (%), TC (%) and TN (%) were higher across organic fields 

there was no significant difference between the two systems. However, when 

calculating TN (kg N ha-1) and carbon stocks (kg SOC ha-1) (incorporating soil 

bulk densities), organic field sites had significantly higher TN and carbon storage 

(p = 0.01). This suggests greater quantities of TN and organic matter within the 

topsoil (0 – 15cm) across the organic field sites.     

Under organic management, bio-available P (mg l-1), SOM (%), TC (%), TN (%) 

and Mg (mg l-1) were highest in the grass-arable stage of the rotation (P3, Table 

5.4). Samples were taken from fields before cultivation and prior to this, they had 

been under grass clover ley management for three years. Whilst the same 

response was not seen for K (mg l-1) this could highlight the important role that 

the grass phase of the rotation plays in building soil fertility.  
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5.3.2.2 Biomass yields  

Conventional biomass yields (13.93 t DM ha-1), as expected, were significantly 

higher than organic yields (8.93 t DM ha-1, p = <0.001) (Figure 5.3C). This shows 

that mean organic dry matter biomass yield (across grass silage and wholecrop 

cereals) was around 36% lower than the conventional dry matter biomass yield 

(across grass silage, maize and fodder beet yields). The same pattern is seen 

across all stages of the rotation. The highest biomass yields (16.4 t DM ha-1) 

were observed in conventional forage crops (maize and fodder beet) following 

the grass phase of the rotation and the lowest from organic grass ley silage cuts 

(7.2 t DM ha-1). Comparing yields from the conventional grass clover leys (mean 

12.4 t DM ha-1) with the organic clover leys (mean 7.2 t DM ha-1), we see that 

conventional biomass is 42% higher.  
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Figure 5.3: Soil properties and soil functions across the different stages of the rotation for 

conventional (orange) and organic (green) field sites. The charts are as follow: A) BD (g cm-3); 

B) N-potential (ratio of clay to SOC); C) Biomass yield (t ha-1); D) Carbon stocks (t ha-1); E) 

decomposition rate (TBI k); and F) Nitrate leaching (kg N ha-1). Nitrate leaching shows the 

comparisons across the three field pairs (FP1 – FP3) and the rotation stages these relate to can 

be found in Table 5.3.  



 

150 
 

5.3.3 Soil carbon storage  
Carbon stocks were significantly higher under organic fields (30.28 t ha-1) than 

under conventional fields (27.15 t ha-1) when controlling for differences between 

rotation stages and within fields (p = 0.01). Similar to the results for SOM and TC, 

Figure 5.3 and Table 5.4 show that the highest mean levels of carbon stocks are 

under the organic grass-arable phase of the rotation (32.8 t ha-1), sampled after 

the fields had been under grass-clover ley management for three years. Again, 

this highlights the potential role that the grass ley rotation phase of the rotation is 

having in increasing carbon storage. The lowest levels of carbon stocks were 

observed in the arable-arable phase of the conventional rotation (26.8 t ha-1), 

after a period where soils for most fields had been under continuous arable 

cropping for some time (four years).  

There were no significant differences in the n-potential between conventional and 

organic field sites. However, the higher n-potential values (>10) observed in the 

conventional arable-arable and the organic grass-grass phases of the rotation 

show that these field sites, in particular, have the potential to store more carbon 

(I.e. a higher abundance of clays not bound to soil carbon).  

5.3.4 Organic matter decomposition rate 
Conventional field sites show signs of having a higher decomposition rate (0.022) 

compared with the organic sites (0.020) and there was a greater mass loss of 

organic material from both red and green teabags.  However, there was 

considerable variability between sites and decomposition rate constant (k) was 

not significantly different between each system (p = 0.14).  The pattern of higher 

decomposition rates is seen under all rotation stages but the difference is most 

distinct between treatments in the arable-arable phase of the rotation (Figure 

5.3E).   

5.3.5 Nitrogen storage and nitrate leaching  
The mean loss of nitrogen (as nitrate) was much higher from conventional sites 

52.64 kg N ha-1, compared to organic field sites 19.85 kg N ha-1 (over the 2018-

19 and 2019-20 drainage seasons). Wilcoxon Rank Sum test results show that 

the difference between systems, however, is not significant (p = 0.18). Figure 

5.3F shows the pairwise comparison of nitrogen lost from the fields for the 2018-

19 and 2019-20 seasons. There is considerable variability between different 
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sites, with high losses under the conventional grass-arable stage of the rotation 

(FP3) in 2018-19 (where heavy winter grazing was observed) and the arable-

arable phase (FP2) of the rotation in 2019-20 (a winter wheat crop following 

maize). It is likely that the low sample size and the significant variability in N 

leaching data between sites explains the insignificance of the statistical test.  As 

previously discussed, TN stocks were significantly higher (p = 0.01) across 

organic field sites (3.08 t ha-1) compared with conventional field sites (2.57 t ha1). 

The pattern matches that of carbon stocks and it is likely that much of the stored 

nitrogen is in organic matter form as opposed to bioavailable and water-soluble 

forms (which are more easily lost due to leaching or runoff).  
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Table 5.4: Summary statistics (mean and standard deviations) for each sampled soil property and soil function across the different paired stages of the conventional 

and organic rotations. Means for each system and pairwise statistical analysis results (using Wilcoxon Rank Sum test) are also shown. 

 Pairwise comparison between rotation stages  System comparison (field means)   
  Conventional    Organic      

Variable Arable-Arable 
(P2) (c), N = 91 

Grass-Arable 
(P3) (c), N = 91 

Grass-Grass 
(P1) ((c), N = 

91 
Arable-Arable 
(P2) (o), N = 91 

Grass-Arable 
(P3)  (o), N = 91 

Grass-
Grass (P1) 
(o), N = 91 

Organic ,  
N = 91 

Conventional, 
N = 91 p-value2 

SOM (%) 2.75 (0.68) 2.64 (0.51) 2.60 (0.23) 2.67 (0.55) 3.20 (0.52) 2.69 (0.16) 2.85 (0.39) 2.66 (0.40) 0.5 
SOC (%) 1.43 (0.35) 1.37 (0.27) 1.35 (0.12) 1.39 (0.29) 1.66 (0.27) 1.40 (0.08) 1.48 (0.20) 1.38 (0.21) 0.5 
TC (%) 1.45 (0.34) 1.36 (0.23) 1.30 (0.16) 1.42 (0.36) 1.63 (0.30) 1.40 (0.18) 1.48 (0.22) 1.37 (0.20) 0.2 
TN (%)  0.14 (0.04) 0.13 (0.02) 0.13 (0.03) 0.14 (0.03) 0.17 (0.06) 0.14 (0.02) 0.150 (0.035) 0.131 (0.021) 0.2 
C:N Ratio 10.88 (0.85) 10.23 (0.54) 10.55 (1.51) 10.53 (1.36) 9.79 (1.88) 10.05 (1.28) 10.12 (0.97) 10.55 (0.61) 0.5 
BD (g cm-3) 1.29 (0.21) 1.36 (0.19) 1.35 (0.11) 1.36 (0.14) 1.33 (0.13) 1.44 (0.06) 1.38 (0.10) 1.33 (0.11) 0.4 
pH  5.91 (0.16) 6.48 (0.25) 5.83 (0.38) 6.78 (0.50) 6.40 (0.37) 6.64 (0.18) 6.61 (0.30) 6.07 (0.39) 0.008** 
Olsen-P (mg l-
1)  28 (15) 50 (12) 20 (9) 19 (13) 27 (8) 14 (5) 20 (8) 32 (16) 0.077 

K (mg l-1)  137 (65) 129 (91) 106 (25) 143 (154) 102 (34) 54 (13) 99 (66) 124 (57) 0.2 
Mg (mg l-1)  52 (16) 59 (16) 47 (4) 74 (20) 74 (27) 82 (13) 77 (17) 53 (12) 0.003** 
Clay (%)  16 (4) 14 (3) 13 (2) 13 (4) 16 (4) 15 (1) 14.70 (1.87) 14.15 (2.45) 0.6 
N-potential 11.43 (3.05) 9.88 (1.20) 9.65 (1.21) 9.62 (2.83) 9.67 (1.91) 10.84 (1.08) 10.04 (1.21) 10.32 (1.42) >0.9 
DM biomass 
yield (t ha-1) 12.9 (2.8) 16.4 (3.6) 12.4 (2.0) 9.5 (1.9) 10.0 (1.3) 7.2 (2.0) 8.93 (1.79) 13.93 (2.99) <0.001*** 

Carbon stocks 
(t ha-1) 26.8 (3.5) 27.4 (2.4) 27.2 (2.0) 27.8 (3.8) 32.8 (3.1) 30.2 (2.4) 30.28 (2.67) 27.15 (1.95) 0.011* 

Nitrogen 
stocks (t ha-1)  2.52 (0.39) 2.66 (0.28) 2.52 (0.49) 2.73 (0.59) 3.46 (1.23) 3.05 (0.57) 3.08 (0.60) 2.57 (0.23) 0.019** 

TBI_k 0.023 (0.003) 0.023 (0.005) 0.021 (0.002) 0.019 (0.004) 0.022 (0.003) 0.020 
(0.002) 

0.020 
(0.0028) 0.022 (0.0021) 0.2 

N leaching (kg 
N ha yr-1)        19.85 (8.67)3 52.64 (30.67)3 0.18 

1Mean (SD) 
2Wilcoxon rank sum exact test; Wilcoxon rank sum test 
3 n for nitrate leaching means is 6 per system (3 fields * 2 years)  
(c) denotes conventional rotational stage and (o) denotes organic rotational stage  
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5.4 Discussion  
The results from this study show that conversion to organic agriculture has the 

capacity to significantly increase soil carbon stocks.  However, this comes with a 

clear trade-off in crop biomass yield. Applying a suite of different indicators of 

soil-based ES, findings showed that whilst conversion to organic agriculture can 

deliver some benefits, it did not systematically improve soil NC condition or soil 

function. The discussion over the impacts of organic conversion first on NC 

condition and second on soil function is expanded below, considering what land 

management practices might explain these differences and the potential 

trajectory of soil conditions into the future. To finish, the use of different metrics 

as indicators of soil-based ES is discussed identifying those that were more or 

less useful in evaluating the impacts of land management change.  

5.4.1. Addressing Research question 1: Do organic field sites have better 
NC conditions than conventional sites and what practices might explain 
these differences?  

5.4.1.1 Soil structure and stability (Indicators of water cycle regulation and good 

crop growing conditions) 

Despite literature suggesting organic farming (Gomiero, Pimentel and Paoletti, 

2011; Williams et al., 2017) and the practices commonly incorporated within 

organic management (e.g. grass-clover leys) (Berdeni et al., 2021) can enhance 

soil structure, there was no significant improvements in BD or n-potential in this 

case-study. Williams et al., (2017) also found no significant differences in bulk 

densities between conventional and organic treatments during a 40-year study 

and it seems reasonable to suggest that appropriate soil management, 

particularly appropriately timed management (e.g. timing of cultivations, harvest, 

applications) is arguably more important than agricultural system.   

This study observed poor soil structure and soil stability across both conventional 

and organic field sites at different stages of the rotation. Poor soil structure here 

is judged against the National Soils Research Inventory (NSRI, 2005)13 for the 

same soil series (Bromsgrove). NSRI (2005) shows a mean BD of 1.34 g cm-3 

                                            
13 Note even NSRI (2005) soil conditions are likely to show a shifting baseline, representing soil 
conditions typical across agricultural landscapes that have been intensively managed for at least 
a couple of decades.  
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and calculated n-potential14 of 7 (clay:SOC) for arable land and 1.21 g cm-3 and 

7 (SOC:clay) for ley grassland.  

Results show that during the arable phases of both organic (1.36 g cm-3) and 

conventional (1.29 g cm-3) rotations, soil BD data were in-line with the NSRI 

(2005) soil database. Conversely, in the grass ley phase of the rotation, BD data 

were on average higher (Conventional, 1.35 g cm-3; Organic, 1.38 g cm-3).  The 

grass-grass phase of the organic rotation had a notably high mean BD (1.44 g 

cm-3). These fields had been under grass for only one year with one unobserved, 

but potentially important, factor being whether the grass ley was established or 

had been tracked in wet field conditions, where the latter could have contributed 

to this compaction. Furthermore, it would be interesting to observe whether BD 

declines (i.e. there is a recovery in soil structure) over time under ley 

management, in fitting with the grass-arable phase of the rotation (where organic 

field sites had been in grass for three years). Under current conditions, the grass-

grass field sites show impaired soil structure, likely to reduce infiltration and 

exacerbate run-off. N-potential (Clay:SOC) was typically higher across both 

organic (10.04) and conventional (10:32) field sites than the NSRI (2005) 

database, highlighting the typically low levels of SOC reported in this study. N-

potential was notably high across conventional arable sites which, whilst having 

the lowest BD, had an n-potential of 11.43. This suggests a high proportion of 

non-complexed clay, increasing vulnerability of the soil to erosion (Merante et al., 

2017), which could exacerbate the loss of soils and the pollution of surface 

waters. The arable-arable soils were subject to the most frequent disturbance 

(regular cultivations), compared to other phases of the rotation and it is likely that 

this is driving the loss of SOC and contributing to reduced soil stability (Powlson 

et al., 2012; Squire et al., 2015; Büchi et al., 2017; Jarvis and Woolford, 2017). 

This is covered in more detail in Chapter 4. 

The study provides some positive evidence of organic management improving 

soil structure with relatively low mean BD (1.33 g cm-3) and low n-potential (9.67) 

during the organic grass-arable phase of the rotation (following three years under 

grass-clover ley). This finding supports evidence that incorporating longer-term 

grass-clover leys in a rotation can support improvements in soil structure and 

                                            
14 N-potential figures are not presented in the NSRI (2005) data but can be calculated using 
figures on soil organic carbon (%) and clay (%).  
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could contribute to improving the delivery of water storage and flood attenuation 

ES (Berdeni et al., 2021). 

5.4.1.2 Soil nutrients (Indicators of supporting crop growth and provisioning 

services) 

The results showed that organic conversion did not systematically increase all 

soil nutrients that play an important role in influencing crop production. Whilst 

some important nutrients were significantly higher at organic field sites (e.g. 

bioavailable Mg), other properties (e.g. bioavailable P and K) were not 

significantly different between the two systems.   

Findings did report significantly higher nitrogen stocks under organic 

management (in agreement with Birkhofer et al., (2008)).  However, given the 

similar C:N ratios of the two systems, this is likely to be down to the higher SOM 

content. Despite higher presence of nitrogen, mineralisation is required in order 

for it to become available to the plant, which typically does not coincide with when 

crops require it most (Berry et al., 2002; Wilbois and Schmidt, 2019). Wilbois and 

Schmidt (2019) report that natural sources of nitrogen therefore play a lesser role 

than mineral nitrogen fertilisers in determining crop yields and organic yields are 

often fundamentally limited by the availability of mineral N (Berry et al., 2002; 

Seufert, Ramankutty and Foley, 2012; Bilsborrow et al., 2013). Interestingly, the 

highest nitrogen stocks (3.46 t ha-1) and lowest C:N ratio (9.79) were observed 

under the organic grass-arable phase of the rotation (where the fields had been 

in rye-grass and white clover ley for three years). This supports the principles of 

including fertility building leys in the rotation, which are likely to provide further 

bio-available N following cultivation (Mäder et al., 2007). The same pattern was 

also observed under the conventional grass-arable phase of the rotation.  

Despite lower TN at the time of sampling15 , the conventional fields generally had 

higher mean bioavailable P and K. This is perhaps unsurprising given the lower 

inputs across organic compared to conventional field sites shown in Table 5.1. 

This trend is in keeping with Gosling and Shepherd (2005) who found significantly 

lower P and K on organic fields that had been under organic management for 15 

or more years. They argue that long term organic management runs the risk of 

                                            
15 It would be interesting to observe if sampling immediately after spring applications of fertilisers 
would alter results, showing higher N at conventional field sites. Note all sampling in this study 
was conducted in autumn.  
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mining existing P and K resources from previous conventional management 

(Gosling and Shepherd, 2005)  implying that without appropriate management 

these nutrients will become increasingly scarce in the organic system (Cooper et 

al., 2018). Interestingly, however, across the organic fields, the highest 

bioavailable P concentrations, along with higher SOM, TN and TC, were 

observed following the 3-year organic grass clover ley phase of the rotation. The 

finding demonstrates the capacity for extended grass and legume leys to build 

fertility and suggests that when incorporated into organic rotations, they can go 

some way to maintaining bioavailable P. This outcome is contingent on the fields 

being managed as a closed loop with the crop P removed (following silage 

harvest) being replaced via farmyard manures.    

5.4.2. Addressing Research question 2: Do organic field sites have 
enhanced soil function when compared to conventional sites and what 
practices might explain these differences?  

5.4.2.1 Crop biomass production (Indicator of the market good production and 

provision of food)  

As would be expected, crop biomass production was significantly lower from 

organic sites. This is in agreement with the majority of the literature comparing 

the outputs from organic and conventional farming (De Ponti, Rijk and Van 

Ittersum, 2012; Seufert, Ramankutty and Foley, 2012; Ponisio et al., 2014; 

Wilbois and Schmidt, 2019). Organic DM biomass yields in this study were 68% 

of those achieved on the conventional field sites. Although it is difficult to make 

comparisons of yield quantity between some of the different crops in this study 

(such as maize and cereals), when comparing like-for-like conventional and 

organic grass-clover leys relative organic yield were 58% of conventional yields 

(although this was skewed by one particularly low yielding organic site). The 

relative yield findings in this case-study are lower than those reported by De 

Ponti, Rijk and Van Ittersum (2012) in their meta-analysis of the difference in 

yields between the two systems (79%), though they highlight that there is a 

considerable difference between crops across different regions.  

The lower biomass yields are likely to be explained by one or a combination of 

fertility management, weed competition and pests and disease (Mäder et al., 

2007; Seufert, Ramankutty and Foley, 2012; Bilsborrow et al., 2013; Wilbois and 

Schmidt, 2019). Mäder et al., (2007) in a 21-year comparative study of wheat 
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yields in central Europe attributed lower organic yields to the organic system 

receiving a 71% lower input of soluble nitrogen inputs. A similar pattern was 

observed in this study, with nitrogen inputs being 57% lower on organic compared 

to conventional field sites (Table 5.1). Interestingly, the highest DM biomass 

yields were observed in the grass-arable phase of the rotation (i.e. following 

cultivation out of a grass ley and into a cereal/maize crop) across both the organic 

(10 t DM ha-1) and conventional (16.4 t DM ha-1) field sites. As discussed 

previously, these field sites also had the highest nitrogen stocks (t N ha-1) and 

lowest C:N ratios within both systems. The data supports other studies where 

higher yields followed cultivation out of grass/clover leys and further highlights 

the importance of the grass ley phase of a rotation in building soil fertility (Mäder 

et al., 2007; Bilsborrow et al., 2013).  

5.4.2.2 Carbon storage (Climate regulation)   

Organic field sites showed significantly higher soil carbon stocks than 

conventional field sites, which supports other literature showing that organic 

systems typically store more soil carbon (Mondelaers, Aertsens and 

Huylenbroeck, 2009; Snapp, Gentry and Harwood, 2010; Gattinger et al., 2012; 

Tuomisto et al., 2012).  

If the assumption is made that conventional and organic soil sites were the same 

at CDE immediately ahead of conversion to organic agriculture in 2007, it is 

possible to consider the potential sequestration rate across organic field sites 

during that time. This is a reasonable assumption given the sites were on the 

same soil association, sharing the same climate and previously being subjected 

to similar farm management practices. Taking the difference between carbon 

stocks between conventional and organic field sites (mean increase of 3.13 t ha-

1) and the time since conversion (11 years), it can be estimated that organic 

conversion has sequestered around 285 kg C ha-1 yr-1. This is lower than the 

mean carbon sequestration rate used in Harris et al., (2006) (479 kg-1 C ha-1) to 

estimate the ES benefits of organic conversion in the UK but it is well within the 

range of the findings from the Gattinger et al., (2012) global meta-analyses (mean 

= 450 ± 1005 kg C ha-1  yr-1). 

A meta-analysis by Tuomisto et al., (2012), show that higher carbon 

sequestration in organically managed soils is mainly explained by higher inputs 



   
 

158 
 

of organic matter (which can be seen for the study fields, Table 5.1). It would also 

appear that the incorporation of longer grass clover leys into the organic rotation 

is contributing to higher carbon storage (alongside other nutrients) and the 

highest carbon stocks and lowest n-potential (<10) were observed at sites that 

had been under ley management for the previous three years (the grass-arable 

phase of the rotation). Long-term studies incorporating grass leys into 

conventional arable rotations in the UK (on similar sandy soils), have also found 

that the intervention significantly improves carbon stocks (Poulton et al., 2018). 

This finding supports the principles that reduced soil disturbance, particularly in 

sandy-loam soils improves carbon storage and stability (Haddaway et al., 2017; 

Merante et al., 2017). 

Interestingly, under the organic arable-arable phase of the rotation reduced 

carbon stocks and higher n-potential (in-line with conventional arable-arable 

sites) were observed. This could suggest that following soil disturbance 

(ploughing out the grass clover ley) much of the stored carbon becomes 

mineralised, potentially caused by the destruction of soil aggregates and the 

exposure of the previously “protected” carbon stored within aggregates (Paustian 

et al., 2019b). However, due to the relatively shallow soil sampling depth (15cm) 

used in this study it could be that the soil carbon accumulated during the grass 

ley phase has actually been ‘buried’ following ploughing. As both organic and 

conventional fields were primarily cultivated using traditional mouldboard 

ploughing with a plough depth of ca.20cm, it could be that the inverted soil carbon 

was below the sampled depth. This is a limitation of the 15cm sample depth used 

in this study, which, whilst selected to match the Countryside Survey (Emmett et 

al., 2010) and be resource efficient, fails to detect SOC changes at depth. 

Optimising sampling depth in soil carbon sequestration studies is an ongoing 

debate (Baker et al., 2007; Olson and Al-Kaisi, 2015; Vandenbygaart et al., 2011) 

and should be considered in future studies. A deeper sampling core, for example 

to 30cm (Vandenbygaart et al., 2011), would be needed in the future to validate 

whether the carbon accumulated during the organic grass phase of the rotation 

is being mineralised or is actually being stored at depth at the study sites.  
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Whilst higher carbon stocks were observed at organic field sites, levels across 

both systems were relatively low and in all but the organic grass-phase of the 

rotation, n-potential was greater than 10 suggesting that there is some capacity 

for greater carbon storage. It is reasonable to expect that the sandy-loamy soils, 

typical of the study area, would have fairly low carbon storage potential (Merante 

et al., 2017) but the carbon stock levels fall within the central to lower end of the 

range reported for the sandy soils (13% clay) at the long-term Woburn Trials, 22.7 

t ha-1 – 40 t ha-1 (0 – 23cm) (Poulton et al., 2018). They are also considerably 

lower than mean stocks, reported in topsoil (0 – 15cm) across the UK, as part of 

the Countryside Survey 2007 for arable (46.9 t SOC ha1) and improved grassland 

(64.6 t SOC ha-1) (Emmett et al., 2010). Given the changes made under organic 

management (e.g. longer rotation, the incorporation of grass clover leys and 

higher farmyard manures (FYM) inputs), it is surprising that the differences in 

carbon stocks between the two systems are not more noticeable. There is, 

however, a chance that the impact of management changes are still coming into 

effect. Poulton et al., (2018) report consistent carbon sequestration under the 

addition of FYM for 40 – 60 years at Broadbalk and Hoosfield experimental sites, 

gradually slowing after this period as a SOC stock equilibrium was reached. This 

suggests that over decadal time scales, continued organic management, 

incorporating FYM and extended grass clover leys could deliver enhanced 

benefits in the form of carbon storage. Merante et al., (2017) are explicit, 

however, that on sandy-loamy soils, one of the most critical practices to improve 

carbon storage and to reduce n-potential is to protect the soil through reduced 

tillage, suggesting that subsequent practices to increase SOC (e.g. FYM 

additions) must be carried out under no-till or minimum tillage systems. Reduced 

and, particularly, no-tillage systems present a significant challenge for organic 

farmers, who cannot use herbicides and rely on cultivations for weed control 

(Tully and Mcaskill, 2020). Continued tillage under organic systems, to reduce 

weed burdens and maintain crop yields could therefore limit the capacity to store 

more carbon in light sandy and sandy-loamy soils.  

Considering the efficacy of organic management on different soil textures to 

deliver soil-based ES is important and the findings highlight the need for the wider 

expansion of comparative farm studies on other soil types in the UK. This case-

study has also demonstrated the importance of long-term monitoring, to identify 
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whether the practices adopted under organic management will continue to 

increase carbon storage over time. Further research would also be beneficial to 

understand carbon fluxes (perhaps using recent advances in low-cost eddy 

covariance (see Ramshorst et al., 2020)) through organic rotations to determine 

whether, despite losses between grass leys, the rotation has a net benefit on soil 

carbon stocks.  

5.4.2.3 Organic matter decomposition (supporting nutrient cycling and carbon 

sequestration)  

Decomposition rates were not significantly different between organic and 

conventional field sites. Whilst it had been predicted that decomposition rates 

might be higher on organic soils - in-line with meta-analyses showing organic 

farming enhanced soil microbial abundance and activity (Domínguez et al., 2014; 

Lori et al., 2017) - this was not the case.  DiekOtter et al., (2010) also found no 

significant differences in litter-bag decomposition between conventional and 

organic sites in arable fields in Germany, in contrast to other studies which have 

found higher decomposition rates under organic agricultural management 

(Domínguez et al., 2014; Martinez-Garcia et al., 2021). Whilst not significantly 

different, conventional sites actually had higher mean decomposition rates across 

all phases of the rotation and there was a notable contrast in rates during the 

organic arable-arable and conventional arable-arable phase of the rotation.  

Significantly higher application of nitrogen fertiliser (shown in Table 5.1) could be 

contributing to higher decomposition rates at conventional sites. Research has 

suggested that, whilst the scale and processes are still not fully understood, 

nitrogen fertilisation can alter SOM decomposition and carbon storage (Man et 

al., 2021). Birkhofer et al., (2008) suggest that SOC is more accessible to 

microorganisms in conventional systems, with excess nutrients in the soil shifting 

the structure of the microbial community towards early successional species with 

higher turnover rates, at the expense of competitive species more efficient in the 

use of nutrient and carbon resources. Their findings support early studies that 

show applying mineral nitrogen fertilisers increased the decomposition rate of 

organic matter residues by satisfying the N requirements of microorganisms 

(Jenkinson, Fox and Rayner, 1985; Birkhofer et al., 2008). Furthermore, Poulton 

et al., (2018) reported that the exclusive use of mineral fertilisers on long-term 

arable trials resulted in degraded carbon stocks.  The higher decomposition rates 
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observed under conventional management could, along with lower organic matter 

inputs and differences in ley management, help explain the significantly lower 

carbon stocks observed across conventional field sites.   

It is important to note here that some studies investigating the differences 

between organic and conventional management have only reported higher 

decomposition of organic material after extended study durations. Martinez-

Garcia et al., (2021) only reported higher decomposition (higher C loss) in organic 

sites after two months and they suggest that this could explain why shorter 

studies (e.g. DiekOtter et al., (2010)) found no significant differences. Domínguez 

et al., (2014) kept their litter bags in for considerably longer in their field-based 

experiments (up to 12 months), in which they identified increased decomposition 

rates under organic agriculture. It is therefore possible that a longer incubation 

time, more than the 52 days used in this study, could have detected changes over 

time and this should be considered when applying the Tea Bag Index method 

(Keuskamp et al., 2013) in other agricultural experiments.  

5.4.2.4 Nutrient storage and filtration (the provision of drinking water)  

The results show that organic field sites retained more nitrogen and leached, on 

average, 62% less nitrogen (19.85 kg N ha-1 ± 8.67) than conventional fields sites 

(52.64 t N ha-1 ± 30.67).  Whilst the difference between leaching from 

conventional and organic fields was not significant, the findings support other 

literature on the reduced losses of nitrogen per unit area from organic land 

(Snapp, Gentry and Harwood, 2010; Tuomisto et al., 2012; Benoit et al., 2014; 

Biernat et al., 2020). It is likely that the high variability in the data (Org sites, 8 – 

34 kg N ha-1, con sites 15 – 150 kg N ha-1) and the limited replication (sites and 

years) reduced  statistical power of the analysis.  However, the leaching 

calculations are within the range of other studies. Benoit et al., (2014) found 

organic leaching rates ranged from 14 – 50 kg NO3-N ha-1 , compared to 32 – 77 

kg NO3-N ha-1 on coventional farms across 37 fields in the Seine Basin. 

Rakotovololona et al., (2019) report a mean nitrate leaching of 15 kg N ha-1 (3 – 

46 kg N ha-1) across 35 organic fields in Northern France and Zhou and 

Butterbach-bahl (2014) meta-analyses show nitrate losses ranging from 0.3 – 

325 kg N ha-1 across conventional maize and wheat fields.  
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The main explanation for reduced nitrogen losses under organic agriculture is 

lower nitrogen fertiliser applications (both as organic and inorganic nitrogen), 

which is also evident at CDE (see Table 5.1) (Knudsen et al., 2006; Tuomisto et 

al., 2012). Harris et al., (2006), however, also highlight the importance of good 

soil structure, adequate SOM, good biological functioning and cation exchange 

capacity (CEC) in attenuating pollution export from soil, including nitrates. 

Additionally, the timing of nitrogen fertiliser application is important.  When taking 

into account total N inputs (including inorganic and organic inputs) for each field 

monitored for nitrate leaching, organic fields lost on average 33% and 

conventional fields sites 38.6% of the N inputs applied. Given that the percentage 

losses are not equitable between organic and conventional fields sites (i.e. a 

higher percentage of nitrogen applied on conventional sites), it could be that at 

organic field sites the higher organic matter and the application of nitrogen in 

combination with organic material (i.e. as FYM) are contributing to reduced nitrate 

leaching. It is recognised that significant losses can occur in organic systems 

following the cultivation out of the grass ley phase (Stopes et al., 2002) but this 

was not observed in this study. 

Whilst nitrate leaching was not significantly different between the two systems, 

the finding of lower nitrate leaching under organic agriculture is important as it 

contributes to growing evidence that the system can lower nitrate losses per unit 

area. Some critics raise concerns over drawing comparisons in nitrate leaching 

losses based on per unit area measurements (Kirchmann et al., 2016). Arguing 

that when using a measure of N leached per unit crop produced, lower yielding 

organic systems typically perform less favourably than conventional systems (i.e. 

higher nitrate leaching per unit of crop produced) (Kirchmann et al., 2016). 

However, based on the potential positive implications for drinking water quality 

and a globally sustainable rate of organic farming conversion, there is significant 

scope for strategic, spatially targetted implementation of organic agriculure to 

improve drinking water supply, with limited impact on agricultural production.  

5.4.3 Indicators that inform the quantification of soil-based ecosystem 
services  
The use of indicators of soil-based ES and soil functions is common in the 

assessment of the goods, services and disservices that could be derived from 

soil NC (see review from Greiner et al., (2017)). Findings highlight that some of 
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these indicators or measurements of soil functions can provide more information 

on final soil-based ES than others and it is important to consider this in future 

assessments of soil quality. Three key measurements were identified as being 

useful in providing underpinning evidence to quantify soil-based ES; carbon 

stocks, nitrate leaching and biomass production. All  were used as a measure of 

soil-function in this study, highlighting the importance of functional measurement 

of soil condition rather than static properties that cannot directly inform an 

understanding of soil-based ES delivery (Baveye, Baveye and Gowdy, 2016). 

Whilst measurements of soil condition (such as indicators relating to fertility and 

decomposition rates), might be useful in providing other information such as 

informing fertiliser management plans, they are unlikely to advance the 

quantification of soil-based ES.   

Measuring soil carbon is common in agricultural studies (Greiner et al., 2017) and 

this kind of data is increasingly being collected by farmers during soil-testing. 

However, it is important to be explicit here about what is beneficial in 

understanding the soil-based ES of climate regulation. Carbon stocks (t ha-1), 

rather than SOC (%), are required to understand how much carbon is stored in 

topsoil and this requires both data on percentage carbon content in the soil (SOC 

%) and BD (g soil cm-3). Collecting BD data is more time consuming and therefore 

less frequently measured. However, without a measure of BD, it is impossible to 

determine the stock of carbon within the topsoil and the subsequent soil-based 

ES of climate regulation. Interestingly, the results from this study show that under 

organic management, whilst SOC (%) levels were higher, they were not 

significantly different to conventional fields, whereas carbon stocks (t ha-1) were. 

SOC (%) alone did not provide information on the differences in carbon storage 

and limits the capacity to make conclusions about the climate mitigation potential 

of different agricultural practices. Furthermore, as discussed previously, 

monitoring of carbon stocks (t ha-1) is ultimately needed to quantify carbon 

sequestration over time.  Other studies have acknowledged that given a good 

understanding of carbon stocks it is relatively straightforward to then understand 

the value of the soil-based ES of climate regulation (Harris et al., 2006; Keeler et 

al., 2012; Duncan, Thompson and Pettorelli, 2015). 

Similar to measurements of carbon storage, an understanding of crop biomass 

production can inform crop yields and from this, it is relatively straightforward to 
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understand the value of the soil-based ES of food provision. Measuring crop 

yields is not always conducted in agricultural studies comparing different land 

management solutions, but it is critical in understanding the trade-offs or win-wins 

between environmental and agricultural performance.  

In contrast to carbon stocks and measurements of crop yield, nitrate leaching is 

a valuable measure to assess environmental performance.  However, it is 

important to note that it is not straightforward to then understand how it will 

subsequently impact on the provision of final ES (such as the provision of clean 

drinking water). Whilst higher nitrate leaching was observed under conventional 

management in this study (as in others: Snapp, Gentry and Harwood, 2010; 

Tuomisto et al., 2012; Benoit et al., 2014; Biernat et al., 2020), this data alone is 

insufficient to understand whether there is a significant impact on surface or 

groundwater drinking water quality, something which is spatially specific (Wang 

et al., 2011, 2016). Whilst this measure is relevant at the case-study site 

presented, where there is a significant drinking water aquifer with a nitrate 

contamination issue, it might not be as important elsewhere. This highlights the 

need for spatially specific targeting in the selection of indicators of soil-based ES 

when assessing the sustainability of different land management practices.  

Through applying a suite of indicators, carbon stocks (t ha-1), biomass production 

(t ha-1) and nitrate leaching were recognised as providing important information 

to understand the output of soil-based ES. This highlights the importance of 

functional assessment of soil condition rather than static properties that cannot 

directly inform an understanding of soil-based ES delivery. Even with robust 

indicators, it is difficult to establish whether higher carbon storage but lower yield 

is “better” or “worse”, than having lower carbon storage but higher yields. When 

considering trade-offs between soil-based ES it is useful to have a common 

measure, with advocates supporting the economic valuation of these goods and 

services. Valuation of soil-based ES was beyond the scope of this chapter but is 

explored further in Chapter 7.  

5.5 Conclusion  
This study provides a robust UK case-study comparing a suite of indicators of soil 

NC condition, soil functioning and soil-based ES under two management 

systems. The study found that despite significantly higher carbon stocks (t ha-1), 
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organic field sites did not have systematically improved NC condition compared 

to conventional field sites. There was no significant difference in soil structure 

and stability and despite higher mean SOM, Mg and total N, organic field sites 

had lower mean bioavailable-P and K. Significant differences were observed in 

soil function between organic and conventional field sites, with organic field sites 

having significantly higher carbon storage (t ha-1) but significantly lower biomass 

production (t ha-1) than neighbouring conventional field sites. No significant 

differences were observed in organic matter decomposition or nitrate leaching, 

although mean nitrate leaching at conventional field sites was notably higher than 

at organic field sites.  

The differences in soil NC condition and function can probably be explained by 

differences in fertiliser regime (much higher N inputs at conventional field sites), 

organic matter inputs (much higher at organic field sites) and the management of 

the rotation. It was particularly interesting to observe that under the organic 

rotation and to some extent the conventional rotation, some measurements of 

soil fertility (bioavailable-P, total N and C:N ratio), soil carbon stocks and biomass 

production were highest in the grass-arable phase of the rotation16. Under organic 

management, this involved three years under a grass-clover ley and it provides 

compelling support for other studies that have also recognised the benefits of this 

management practice in improving soil conditions in both organic and 

conventional systems (Conant, Paustian and Elliott, 2001; Johnston et al., 2017; 

Bliss, 2018; Berdeni et al., 2021).  

It evident from the research presented here that organic agriculture can enhance 

some aspects of soil function (e.g. reduced nitrate leaching and increased carbon 

storage) but systematic improvements were not observed in other aspects of soil 

NC condition (e.g. soil structure and stability). Given the interest in the expansion 

of organic agriculture, with calls for the UK Government to match the European 

Union’s Farm to Fork strategy target of 25% of agricultural land to be under 

organic management by 2030 (ORC, 2021), further work is required to better 

understand how organic agriculture impacts the flows of soil-based ES. 

Specifically, this work should be applied to a variety of management situations, 

under different soil conditions (e.g. across different soil texture classes) and over 

                                            
16 Here soil samples were taken in autumn before the grass ley was cultivated out in spring and 
put to maize in conventional field sites and to wholecrop spring wheat in organic field sites  
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longer time frames. This research should additionally focus on harder to measure 

soil-based ES such as the impacts to flood regulation and water storage, due to 

changes in soil structure and soil erosion. 
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Chapter 6: Organic conversion and long-term pollinator 
stocks: A landscape-scale analysis using the BEE-
STEWARD software  
6.1 Introduction  
The annual value of pollination services to UK agriculture have been estimated 

at £430 - £603 million (Smith et al., 2011; Hanley, Ellis and Breeze, 2013) and 

globally,  from US$195 to US$387 billion   (Porto et al., 2020). Pollinator 

populations are important NC stocks (Hanley et al., 2015) and pollinating insects 

such as honeybees, bumblebees, solitary bees, wasps and hoverflies deliver a 

critical ecosystem service (ES) pollinating both commercial crops and wild plants 

(Klein et al., 2007; Potts et al., 2010; Ollerton, Winfree and Tarrant, 2011). In 

addition, healthy pollinator populations have been shown to boost crop yields 

(Garratt et al., 2014; Pywell et al., 2015; Knapp et al., 2019). Despite recognition 

of their importance, pollinators, their habitats and the floral resources that support 

them, have experienced significant declines in the last 100 years (Carvell et al., 

2006; Potts et al., 2010; Baude et al., 2016). One of the main drivers of pollination 

declines has been agricultural intensification through the 20th century (Ollerton et 

al., 2014), resulting in the simplification of landscapes, the loss of semi-natural 

habitats and the increased use of agri-chemicals (Potts et al., 2010). Whilst 

declines in pollinators are thought to have slowed in recent years (Carvalheiro et 

al., 2013), there is still urgent need for agricultural solutions that restore pollinator 

stocks whilst (ideally) balancing the delivery of other ES.  

A number of different practices can potentially improve pollinator abundance and 

diversity on farmland. These include targeted, within-field habitat interventions 

(Pywell et al., 2006; Carvell et al., 2007; Pywell et al., 2015; Dicks et al., 2015; 

Wood et al., 2015) and systematic changes: such as shifting to organic agriculture 

(Kennedy et al., 2013; Hardman et al., 2016a; Geppert et al., 2020). The capacity 

for these practices to restore pollinator stocks whilst balancing the delivery of 

other ES is, however, not fully understood. Contributing to this understanding is 

the focus for this study, which aims to investigate the capacity for these practices 

to enhance bumblebee populations on a lowland estate in South West England 

using the recently published BEE-STEWARD software (Twiston-Davies, Becher 

and Osborne, 2021). The study considers the consequences of organic 



   
 

168 
 

conversion and within-field habitat interventions on provisioning ES, quantifying 

the impact on productive output and producer surplus (a measure of farm 

profitability). The study finishes by investigating the cost-effectiveness of the 

different practices in making bumblebee population improvements. An 

introduction to the themes of the study is provided below before outlining the 

detailed objectives.  

6.1.1 Organic agriculture: a solution to address pollinator declines and 
balance productive output?  
Organic agriculture is the most widely acknowledged alternative to conventional 

farming (Ponisio et al., 2014). Whilst the distinctions can be broad, the key 

difference is that organic agriculture does not use synthetic fertilisers, herbicides 

or pesticides (Ponisio et al., 2014). A number of meta-analyses have identified 

the environmental and ecological benefits of organic agriculture (Tuomisto et al., 

2012; Tuck et al., 2014; Stein-Bachinger et al., 2021) and recent studies have 

found that it has the capacity to enhance resources for pollinators (Hardman et 

al., 2016a), increase pollinator abundance and diversity (Holzschuh, Steffan-

dewenter and Tscharntke, 2008; Kennedy et al., 2013), improve bumblebee 

colony development (Geppert et al., 2020) and increase pollination services 

(Hardman et al., 2016a). The beneficial effect of organic management on 

pollinators has been found to vary depending on landscape structure and 

heterogeneity (Holzschuh et al., 2007; Rundlöf, Nilsson and Smith, 2008) and 

despite growing evidence, the impacts on biodiversity are still subject to 

significant debate (Tuck et al., 2014). Tuck et al., (2014) argue that there is still a 

need to understand the precise benefits delivered by organic farming. There is 

also continuing debate over the role organic agriculture might play in  the 

transition to a more sustainable economic system particularly in light of the widely 

accepted belief that organic agriculture has lower yields (De Ponti, Rijk and Van 

Ittersum, 2012; Ponisio et al., 2014; Röös et al., 2018; Smith et al., 2019). Lower 

yields translate into more land needed to produce food, raising concerns that 

organic farming may precipitate higher environmental impacts per unit produced 

(Connor and Mínguez, 2012). On the other hand, others advocate its expansion, 

highlighting the positive delivery of multiple environmental benefits and higher 

profitability for producers (Crowder and Reganold, 2015; Wilbois and Schmidt, 
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2019). There is a clear need to better understand the scales of potential 

biodiversity benefits, trade-offs in yield and profitability for producers.  

6.1.2 Habitat interventions on farmland: a targeted method to enhance 
pollinator populations?  
Pollinator-friendly interventions, including those that create nesting areas 

(tussocky grass margins) and foraging resources (flower rich margins and plots), 

are considered a reliable way to improve habitats on farmland (Dicks et al., 2015). 

Forage resource availability has been closely aligned with the fate of pollinators 

(Baude et al., 2016), with increasing resources offering the potential to enhance 

a wide range of species (Sutter et al., 2017) and improve pollination services 

(Hardman et al., 2016a). Studies have found that sowing flower-rich habitats 

(particularly those targeted at providing pollen and nectar) can increase 

bumblebee abundance and diversity (Pywell et al., 2005; Carvell et al., 2007; 

Holland et al., 2015). More recently, studies have identified improved bumblebee 

colony development next to sown flower rich margins (Geppert et al., 2020) and 

increased bumblebee population sizes on farms with targeted habitat 

interventions (Wood et al., 2015). As with organic agriculture, pollinator response 

to habitat interventions has been shown to be strongly influenced by landscape 

heterogeneity (Carvell et al., 2011; Geppert et al., 2020). Wood et al., (2015) 

provide one of the few examples that have considered population-level change 

as a response to habitat interventions. They highlight that a problem with earlier 

studies has been that it is unclear whether increased bumblebee abundance in 

and around sown flower habitats is simply due to attracting workers to that 

location or corresponds with a genuine population increase. Further work is 

required to understand the impact of interventions on population-level change 

and advances in bee models (Becher et al., 2014, 2016, 2018) present a 

resource-efficient means to do this.  

6.1.3 The cost-effectiveness of agri-environment interventions   
Both organic farming and habitat interventions are supported through 

government payments in the UK and European Union through agri-environment 

schemes (AES). Introduced in Europe in the late 1980s, AES has the aim of 

tackling the environmental impacts of industrial agricultural practice (Batáry et al., 

2015). Conversion to organic farming and annual support payments are 

distributed in the UK and across Europe (Latacz-Lohmann and Renwick, 2002) 
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and the European Union have recently set a target to have 25% of the utilisable 

agricultural area under organic management by 2030 (European Commission, 

2021). Recent developments of the UK AES, the Countryside Stewardship 

Scheme (CSS), has resulted in the creation of the Farm Wildlife and Pollinator 

Package (FWPP), specifically targeted at creating a minimum baseline habitat to 

support pollinators on farmland (Dicks et al., 2015). Despite studies comparing 

the efficacy of the two different solutions in delivering benefits for pollinators (e.g. 

Hardman et al., 2016; Geppert et al., 2020) and some hinting at the possible 

trade-offs in yield (Hardman et al., 2016a) few have quantified yield trade-offs or 

synergistic benefits for other ES. Furthermore, studies typically do not include an 

assessment of the cost-effectiveness of the different AES strategies, i.e. what 

scale of pollinator response is seen for the investment. This could be relevant to 

the costs or benefits to the farmer (if undertaking practices voluntarily) or to 

society (if payment is made through AES streams). Ansell et al., (2016), in their 

review of the literature on cost-effectiveness of AES, report that very few studies 

have considered economic as well as ecological data in the evaluation of different 

strategies. They call for the inclusion of cost-effectiveness assessments in future 

evaluation studies to aid conservation strategy.  

6.1.4 Study objectives  
There is a clear need to develop understanding on the role of organic agriculture 

and habitat interventions in sustaining healthy pollinator populations in different 

landscapes. Given the scarcity of conservation funding, it is important to 

understand the cost-effectiveness of these AES approaches and the financial 

implications for land managers. Such information will be particularly important as 

the government exits the European Union and develops its new Environmental 

Land Management Scheme. The following work contributes to these knowledge 

gaps by building understanding of forage resource availability, bumblebee 

population response and the trade-offs and benefits to farmers under different 

realistic landscape scenarios on a SW England farming estate. A large part of the 

study area was converted to organic agriculture in 2007 and this study considers 

the response to this change, collecting ecological and economic data from 

neighbouring conventional fields as a baseline (before 2007) and organic fields 

that represent current conditions. Pollen and nectar rich plots and margins, 

tussocky grass margins and un-cut clover strips were added into the landscape 
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between 2018 – 2021 and now cover an area in line with the FWPP target (>1ha 

pollen and nectar habitat per 100ha mixed or arable farm land). The study 

incorporates these changes into a second scenario, considering the role that 

habitat interventions play in generating changes in a baseline conventional 

landscape or in the new majority organic landscape. The cost-effectiveness of 

each approach in delivering benefits to bumblebee populations is considered.  

The study focuses on bumblebee populations due to their importance as a 

keystone species (Goulson et al., 2011) and the recent publication of the user-

friendly BEE-STEWARD software (Twiston-Davies, Becher and Osborne, 2021) 

which enables the modelling of bumblebee population dynamics over time. The 

BEE-STEWARD software brings together the bumblebee model Bumble-

BEEHAVE (Becher et al., 2018) and the bee foraging model BEESCOUT (Becher 

et al., 2016). It is not the only method to model bumblebee populations (see 

Becher et al., (2018) for a review of existing models) but has the advantage of 

taking into account multiple stressors within realistic landscapes. The software 

has been used in other studies considering bumblebee population response to 

different agricultural practices (Knapp et al., 2019) and two earlier models 

focusing on honeybees, the BEEHAVE and BEE-SCOUT models (Becher et al., 

2014, 2016) have been used to investigate honeybee response to farming 

changes (Horn et al., 2016, 2021).  

The study had three key objectives:  

1. To apply the BEE-STEWARD model to answer the following questions:  

A. Does a landscape-scale shift from conventional to organic agriculture 

enhance floral resources available to insect pollinators?  

B. Does the addition of pollen and nectar habitat interventions enhance 

floral resources within conventional and organic dominated 

landscapes? 

C. Does a landscape-scale shift from conventional to organic agriculture 

enhance long-term bumblebee populations?  

D. Do pollen and nectar habitat interventions enhance long-term 

bumblebee populations at a landscape scale?  

2. To quantify the trade-offs in yield and the returns to farming associated with: 

A. A landscape scale shift from conventional to organic agriculture  
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B. The addition of pollen and nectar habitat interventions in the farmed 

landscape  

3. To estimate the cost-effectiveness of different land management changes 

in enhancing pollinator stocks, tackling the question: What is the most cost-

effective strategy to increase bumblebee populations?  

 

6.2 Methods  

6.2.1 Study site  
The study was conducted on Clinton Devon Estate (CDE) in South West England 

(Figure 6.1) (a full description can be found in Chapter 3, Section 3.1). A large 

holding on the estate, the Home Farm (ca. 900ha), is farmed in-hand and was 

converted from conventional arable and dairy to organic arable and dairy in 2007. 

The agriculture before conversion was typical of neighbouring conventional 

farms, with winter cereals, maize, rye grass/clover silage leys and improved 

pasture.  

The modelled landscape (3km x 3km model grid; Figure 6.1) centres around the 

Home Farm. Figure 6.1 shows the land use in 2019, habitat interventions on the 

farm and locations of survey transects. The 3km x 3km black square shows the 

extent of the model landscape used in floral resource, economic trade-off 

calculations and bumblebee modelling. The current organic extent is marked in 

hatch and whilst it covers most of the cropped area, some conventional fields 

remain in the study landscape.  
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Figure 6.1: Map of the study area showing the land use in 2019, the location of habitat 

interventions on the Home Farm (e.g. habitat blocks and margins), flower count transect sites 

and the area of the 3km x 3km landscape used in floral resource and economic trade-off 

calculations and in bumblebee modelling. 

6.2.2 Data inputs for the BEE-STEWARD software  
Landscape-scale floral resources (pollen and nectar availability) and bumblebee 

colony development were modelled using the BEE-STEWARD software 

(Twiston-Davies, Becher and Osborne, 2021). BEE-STEWARD has a user-

friendly interface and brings together the bumblebee model Bumble-BEEHAVE 

(Becher et al., 2018) and the bee foraging model BEESCOUT (Becher et al., 

2016). Bumble-BEEHAVE is an agent-based model that simulates colony growth 

and survival in landscapes where pollen and nectar resources can be calculated 

from habitat maps. The model accounts for multiple stressors and competition 

that take place in realistic landscapes, modelling nest establishment and colony 
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development, brood needs, bee foraging and reproduction (Becher et al., 2018). 

For the purposes of this study, it provides valuable information on the number of 

different individual bumblebees and bumblebee colonies (population stocks) that 

a landscape can support over time. A full description of the model can be found 

in Supplementary Material S03 (“ODD protocol”) of (Becher et al., 2018).  

The BEE-STEWARD software has three main inputs that can be tailored to a 

study landscape: 

1. a landscape map(s) to classify the crop and non-crop habitats used in the 

model (these can be for a single year or include a suite of maps for each 

year of a farm rotation); 

2. a habitat input file which defines the density of each flowering species in 

each crop or non-crop habitat; and 

3. a flower species input file which defines the daily pollen and nectar 

resources available for each flowering species along with details of flower 

phenology and corolla depth17  

 

Generating the inputs for BEE-STEWARD therefore required the following data:  

• Spatial data: information on the spatial location and extent of crop and 

non-crop habitat for each year of the rotation; 

• Flower density data: number of flowering units for each insect-rewarding 

flowering species per m2 for each land use type mapped in the study 

landscape; and 

• Flowering plant data: daily quantity of nectar (ml) and pollen (g), quality 

of nectar sugar (mol/l) and pollen (percentage protein), corolla length and 

period of flowering (start and stop dates) for each flowering species 

included in the model 
The methods used to collect the required data are outlined below.  

6.2.2.1 Spatial data – creating habitat maps  

All mapping was conducted in ArcGIS 10.5.1 (ESRI, Redlands, CA, USA). 

Polygon data from the OS Vector Local dataset was used to classify non-crop 

habitats: woodland, scrub, heathland and unimproved grassland (Ordnance 

Survey, 2020). An automated LiDAR filtering protocol was used to extract woody 

                                            
17 Corolla depth plays an important role in determining whether nectar resources can be accessed 
by bumblebees of different tongue lengths (Rollin et al., 2016).  
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landscape feature geometries (i.e. hedgerows, trees and woodland) from basic 

gridded LiDAR data products following the method in Luscombe et al., (2022)18. 

Non-crop habitats remained unchanged for all model scenarios and for each year 

of the rotation.  

Cropping and grazing land were mapped using farm management records 

provided by the Home Farm and neighbouring tenant farmers for 2016 – 2021. 

Data from these 6 years was used to create six crop maps, one for each year, 

which were used in the model to represent the years of the landscape rotation. 

Where cropping data was not available from farm records, polygon data from the 

CEH Land Cover plus Crops map dataset (CEH, 2020) was used to define field 

crops.  

Recent habitat interventions voluntarily installed on the Home Farm were 

digitised from a paper map provided by the farm manager. All un-defined habitats 

(e.g. urban areas and pine woodland) were considered devoid of resources. 

Heathland habitat was omitted from the habitat maps as local data was 

unavailable for flowering densities and no existing data for this habitat type are 

present in the BEE-STEWARD software.  

Using the actual farm management data and non-crop habitats, four landscape 

scenarios were mapped. Each of which had a set of six maps, one for each year 

of the rotation. The four cropping scenarios were:  

• Con_Base: representing a ‘business as usual’ scenario, which would have 

persisted had the estate not converted the Home Farm to organic 

agriculture in 2007. The pasture area and grass ley areas remain the same 

as for the actual organic maps but the cropping of the Home Farm area 

includes more maize (as forage for the dairy herd) and less cereal 

production. Cropping areas were generated following a discussion with the 

Home Farm manager as to the likely crop plan, were the farm still under 

conventional management.  

• Org_Base: the actual rotation as it was following conversion in 2007. It 

does not include the more recent voluntary habitat interventions.  

                                            
18 This work was kindly conducted using a new model (currently awaiting publication) developed 
by Dr David Luscombe at the University of Exeter.   
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• Con_Hab: combines the Con_Base landscape with the habitat 

interventions that have been adopted on the Home Farm. 

• Org_Hab: represents the current crop rotation and includes the voluntary 

habitat interventions that have been installed on the Home Farm over the 

past few years.  

All features were mapped as polygons before being converted to raster files (15m 

x 15m grid cells) and then to ASCII Text files. ASCII text maps, with cell codes 

specific to each crop and non-crop habitat, were then fed directly into the BEE-

STEWARD model to generate food source maps.  

6.2.2.2 Flower density data  

Flower density data (flowering units per m2) are available for a suite of farmland 

non-crop (e.g. hedgerows) and crop habitats (e.g. oilseed rape) in the original 

Bumble-BEEHAVE model (Becher et al., 2018). The existing flower density data 

for unimproved grassland, woodland, hedgerow and scrub habitats in the farm 

landscape were used. As the study was testing the role that organic cropping and 

habitat interventions play in pollinator population dynamics, empirical field data 

was collected on flowering density for all frequently grown conventional and 

organic crops and habitat interventions in the study landscape. Empirical data 

collection methods are outlined below.  

Field and transect selection:  
Field selection followed the same method described in Chapter 4. Crop plans and 

any habitat interventions were first discussed with the study farmers and mapped 

in GIS. The main crop in 2019, along with the proceeding and following crop, 

were recorded. Details of the previous and following crop were noted, as they 

were considered to impact on arable weed/flower densities. Frequently grown 

crop types were then short-listed (see Table 6.1). Grouping analysis using ArcGIS 

10.5.1 (ESRI, Redlands, CA, USA) was conducted on fields of the desired 

cropping so that, wherever possible, fields shared a similar slope and aspect. 

Three fields for each crop type were selected (Figure 6.1). Habitat interventions 

were only applied on the organic farm and included grass margins, pollen and 

nectar margins, three pollen and nectar plots and un-cut strips on grass-clover 

leys. Three grass and three pollen and nectar margins were selected for transects 

and were mapped as polylines. The three pollen and nectar plots were mapped 
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as polygons19. The Create Random Points tool was used in ArcGIS (ESRI, 

Redlands, CA, USA) to select a random point in each field and habitat plot and a 

25m line mapped due east and west of each centre point creating a 50m transect. 

A random point was also assigned to each habitat margin and 25m was 

measured in each direction, following the orientation of the margin, to establish a 

50m transect.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                            
19 Following the selection process two of the three pollen and nectar habitat blocks were 
compromised; one was re-sown in May 2019 with a different flower mix and the other re-sown in 
May 2019 as a wild bird cover mix. This was not communicated prior to the changes being made 
and as no other alternative pollen and nectar plots were established at the time the monitoring 
continued with the existing transect selection.  
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Table 6.1: Summary of main crops identified in the study area. For each crop/land use type, three 

replicate fields were selected and a 50m x 2m transect was randomly assigned. The main crop 

along with the previous winter and following winter crop/land use are shown 

System Main crop/land use type Previous 
crop 

Following crop No. 
trans 

Organic 
  

Grass ley: Rye-grass white 
clover  

Same Same  3 

Cereal 1: Spring wheat  Grass ley Overwinter stubbles   3 
Cereal 2: Spring triticale (into 
grass) 

Stubbles  Stubble turnips  3 

Cereal 3: Spring triticale (into 
cover) 

Stubble 
turnips  

Grass ley 3 

Pasture: Rye-grass clover 
pasture  

same same  3 

Conventional  
  

Grass ley: rye-grass/some 
clover  

Same Same  3 

Maize 1 Stubble 
turnips  

Winter wheat  3 

Maize 2 Grass ley  Winter wheat 3 
Cereal 1: Winter wheat/barley   Maize  Stubble 

turnips/mustard  
3 

Cereal 2: Winter wheat  Maize Grass ley  3 
Pasture: Rye-grass clover 
pasture  

Same Same  3 

Habitat 
  

Flower margin (pollen and 
nectar)   

NA NA  3 

Grass margin  NA NA  3 
Ley margin: grass ley left 
uncut  

NA NA  - 

Flower plot: Pollen and 
nectar mix*  

NA NA  2 

 Flower plot (wild bird cover)*  NA NA 1 
Total transects  42 
*Changes in land management altered the species sown in the habitat blocks. Further details 
in Methods.    
- Transect data was used from flower densities for the existing conventional and organic 
grass ley crops  

 

Flower count surveys:  
Survey transects were visited monthly, over five visits between the end of 

May/early June and the end of September/early October. Canes were installed 

at each transect end and all open flowering units were counted along the 50m x 

2m transect. Flowering units were defined and counted following the same 

method in Baude et al., (2016), with a flowering unit representing one or a number 

of flowers that can be visited by an insect without taking flight. Full details on how 
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flowers from each species were counted can be found in Appendix D.1. Flower 

density (flower units per m2) was calculated by dividing total flower count data by 

the total area of the survey transect (100m). Bumblebee species were noted 

during the flower count surveys to ensure that the bee species used in the model 

were present within the study landscape.  

Calculating crop and habitat intervention flower densities:  
The mean flower density for each plant species was calculated from the replicate 

transects for each survey month: May – September. Where the data revealed 

little difference in the flower counts of similar crop types, the flower count data 

were merged to simplify the number of different crop types in the model. In 

particular, Maize 1 was merged with Maize 2, conventional Cereal 1 with Cereal 

2 and organic Pasture with conventional Pasture.  The mean flower densities for 

those crop types were estimated from the merged data. For crops/land uses 

where flower density appeared to be unaffected by management, the average 

annual density of each flowering species was then calculated from the mean of 

the five survey visits. This method applied to conventional cereals, maize, 

pasture, organic cereal 3 (which was harvested but left as stubbles) and all 

habitat margins. 

For four crop types there was clearly an obvious impact of management: organic 

clover silage leys, conventional grass leys, organic cereal 2 and organic cereal 

3. For these crops, a ‘mowing’ function was developed in the BEE-STEWARD 

software to account for the impact of grass cutting or cereal harvesting on floral 

resources. The mowing function allows the specification of the date of cutting, the 

date of recovery and the relative abundance of flowering plants in the interim. 

Details on the calculation of mean flower density for these habitats in preparation 

for the ‘mowing’ function is explained in more detail in Appendix D.2.  

Two of the three pollen and nectar habitat blocks were compromised by a change 

in management in May 2019. The uncompromised transect was used to calculate 

the average annual density of flower units for pollen and nectar plot habitats in 

BEE-STEWARD. Of the two compromised transect locations, one was dropped 

from the calculations for flower densities for pollen and nectar plot habitat. The 

other was re-categorised and included in BEE-STEWARD to calculate the flower 

densities for a different habitat flower plot type ‘game cover mix’.  
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6.2.2.3 Flowering plant data 

Pollen and nectar data for the insect-rewarding plants recorded across the survey 

transects was obtained from the literature. Flowering species that were recorded 

in very low densities were not included. Data for 35 flowering plants and four 

crops that represent important floral resources for bumblebees are already 

included within the Bumble-BEEHAVE model (Becher et al., 2018). Pollen and 

nectar data were collated for a further 62 plant species, primarily using data from 

Hicks et al., (2016) and Baude et al., (2016)20. Where data were not available 

within these datasets, a wider range of literature was consulted and if still 

unavailable, pollen and nectar data were estimated using the most similar plant 

or group of plants. Flower phenology data were collected from Baude et al., 

(2016) and where necessary, dates were updated to reflect field observations 

made in this study. Flowering plants were classified as being: 1) Important for 

bumblebees and/or 2) important for other pollinating insects. All flowering plants 

classified as being important for pollinating insects were included in calculations 

for total floral resource provision of pollen and nectar. Only plants classified as 

being important for bumblebees were retained for the BEE-STEWARD runs to 

determine population dynamics. A full list of flowering plants recorded in the study 

are included in Appendix D.1, including literature sources for pollen, nectar and 

any assumptions made during data collection. The final flower species lists used 

for bumblebee simulations and to determine landscape pollen and nectar are 

presented in Appendix D.3 and D.4 respectively.  

6.2.3 Model simulations using the BEE-STEWARD software  
Two models were generated using BEE-STEWARD, one to calculate pollen and 

nectar resource availability and one to run bumblebee population dynamics for 

each landscape scenario.   

Pollen and nectar resource calculations were conducted by running the model 

with the mowing protocol switched on for six years with all insect-rewarding 

plants. Annual pollen (kg year-1) and nectar sugar (kg year-1) for each year of the 

rotation was then calculated by summing daily pollen and nectar calculations 

                                            
20 Data from Hicks et al., (2016) and Baude et al., (2016) are presented in different units (nectar 
sugar; μg day-1 and pollen; μL day-1) to the format used in Bee-Steward (nectar; ml day-1  and 
pollen; g day-1). They therefore required conversion to meet BEE-STEWARD requirements. 
Further details in Appendix D.5.   
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generated in the model. Pollen was converted from grams to kilograms and 

nectar was converted from litres to kilograms of sugar using the following 

equation:  

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁𝑁𝑁 =  NectarLitres * 0.342. 

where sucrose concentration of the nectar was assumed to be 1 mol/l, with a 

molar weight of 0.342 kg sucrose per mol.  

BEE-STEWARD simulations were conducted separately for two common species 

of bumblebee: Bombus terrestris and Bombus hortorum. B. terrestris was chosen 

as a subject for this analysis as it is ubiquitous in the UK and has the most robust 

documentation on bee and colony behaviour and development for modelling. B. 

hortorum has a longer tongue length and slightly later emergence time in the 

model than B. terrestris and was selected to examine whether these features 

impact on the suitability of each landscape in supporting a separate bee species 

with a different ecology. Both species use the same nesting habitats, and typical 

of all bumblebees, require a continuous supply of pollen and nectar through the 

spring and summer months (Pywell et al., 2005). Nectar is the critical energy 

source for adult bees, whereas pollen is used as a source of protein for larvae, 

freshly emerged workers and the queen (Konzmann and Lunau, 2014). Both 

species are known to be present in the case-study landscape and this was 

confirmed during the 2019 field work season.  

The number of starting queens for both species was set at 400, based on an 

assessment of the carrying capacity of the study landscape and on the time it 

took for populations to stabilise (simulation tests reported in Appendix D.6). 

Tailoring the number of starting queens to the study landscape reduces the time 

it takes for the population to stabilise, reducing computational time and improving 

confidence in the likelihood that populations have reached equilibrium during the 

analysis period. Following these test simulations, it was decided that all models 

(i.e. for each landscape scenario and for each bee species) would be run for 24 

years, allowing 12 years for the population to stabilise (two full cycles of the 

rotation) and then analysing the data thereafter (from 12 – 24 years). Each model 

was run 30 different times (i.e. 30 set seeds). Specified outputs included the 

number of adult bees, hibernating queens and nesting colonies, nest density and 

time to extinction. The number of nesting colonies is important as it represents a 
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true measure of effective population size in bumblebees, each nest representing 

a breeding pair (Knight et al., 2005).   

6.2.4 Measuring yield and economic impacts  
Data were collected on crop biomass, converted into saleable yield and a crop 

producer surplus (defined in Section 2.4.2) calculated for all rotational crops, 

including conventional cereal, grass and maize and organic cereals and silage 

grass. Data on pasture productivity were not collected and were omitted from the 

analysis and reporting of biomass yield (tonnes year1) and producer surplus (£ 

year-1) from each landscape scenario. It was beyond the resources of this study 

to include outputs from pasture (e.g. grazed forage/livestock/milk) and this will 

inevitably have resulted in underestimating total producer surplus across the 

study landscape under both organic and conventional scenarios.  Further work 

would be required in the future to estimate productive outputs from pasture and 

improve calculations of total producer surplus. In the meantime, the assumption 

is made that the same pattern, when comparing between organic and 

conventional outputs, would be observed for pasture and the rotational crops 

measured here.  

The methods for collecting biomass data and calculating producer surplus for 

each landscape are explained below.  

6.2.4.1 Crop biomass measurements  

The collection of data on crop yields is described in detail in Chapter 3. The 

method is briefly summarised below.  

Yield sites 
Forage biomass was collected from conventional cereal, grass and maize and 

organic cereals and silage leys in 2019 immediately ahead of harvest (or as close 

as possible). The same fields used for floral resource transects were used to 

calculate crop yields, with the exception of organic grass silage (where additional 

yield data were also collected from six fields). A summary of the data collected 

for each habitat is provided in Table 6.2. As conventional grass ley management 

altered during the season (the farmer managed the fields for haylage, not silage), 

industry average yield for conventional silage was used in landscape scale 

biomass calculations.  
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Table 6.2: Field types from which yield data was collected for forage biomass and producer 

surplus calculations  

System Main crop/land use type No. yield 
fields  

No. yield cut plots 

Organic 
  

Grass ley: Rye-grass white 
clover  

9 54 

Cereal 1: Spring wheat  3 17 
Cereal 2: Spring triticale (into 
grass) 

3 20 

Cereal 3: Spring triticale (into 
cover) 

3 24 
 

 
 

Conventional  
  

Grass ley: rye-grass/some clover  - - 
Maize 1 3 17 
Maize 2 3 36 
Cereal 1: Winter wheat/barley   2 14 
Cereal 2: Winter wheat  3 25 

- Conventional grass ley fields were used alternatively in 2019 (for hay) and 
therefore industry standard data was used instead for crop yield figures  

 

Most of the rotational crops used in the study landscape are used as forage for 

dairy animals, with the exception of some small areas of conventional combinable 

cereals. Yield data were therefore collected and reported as if it was being 

harvested as forage biomass (DM tonnes yr-1).  

Field sampling  
Yield samples were collected from pre-determined points on an 84m x 84m 

square sampling grid, located in the field using a hand-held GPS (Nomad Trimble, 

Sunnyvale, CA, USA).  

Samples were collected and processed following the methods in Chapter 3, 

Section 3.6.4.  

Calculating forage biomass at a landscape scale  
Forage biomass yield data were combined and simplified for maize, conventional 

cereals and organic cereals. Minimum, maximum and mean biomass yields (DM 

t ha-1) were then calculated from field data for conventional maize and cereal 

crops and organic silage and cereal crops. Conventional silage productivity 

ranges were taken from the literature (AHDB, 2021). The area of each crop for 

each year of the rotation in each landscape scenario was calculated in ArcGIS. 

Crop areas (ha) were multiplied by minimum, maximum, mean and industry 
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average biomass yields (t DM ha-1) to give the total annual biomass output (DM 

tonnes) for each landscape scenario.  

6.2.4.2 Producer surplus calculations  

Producer surplus is the measure that economists use in cost-benefit analysis to 

summarise the benefits of productive activity in monetary terms. It is calculated 

as the total revenue made through the sale of goods minus the total variable costs 

of production. Whilst gross margins for crops are often reported in the industry 

handbooks (e.g. Nix, 2018; ORC, 2017) these measurements differ from 

producer surplus in so much as they do not include the full field costs of producing 

the crops: for example, land preparation, crop management and harvest costs. 

The measure of producer surplus used here is essentially a measure of operating 

profit, that is to say the revenues generated by the sale of the crop minus all field-

based management costs incurred in the crops production. It combines saleable 

yield data, crop market values and production cost information. The methods for 

data collection for each are explained below.  

Calculating saleable yield and crop revenues  
Fresh weight biomass yields from field data were used to calculate organic silage 

and conventional maize saleable crop yields. As cereal crops are typically sold 

as grain and straw, a conversion factor was applied to cereal DM forage biomass 

to calculate these values. The following equation was used:  

𝐺𝐺𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺 𝑦𝑦𝐺𝐺𝑁𝑁𝑦𝑦𝑦𝑦 =
(𝐵𝐵𝐵𝐵 −𝑊𝑊) 

𝐺𝐺𝐺𝐺𝐺𝐺
 

where BY is the dry matter biomass yield (t ha-1), W is the estimated dry matter 

weed content crop (estimated at 1.28 t ha-1 based on Bulson et al., 1996 for 

organic crops and as 0 t ha-1 for conventional crops) and GCF is the grain 

conversion factor. A grain conversion factor of 2.31 was used for organic spring 

cereals, 2.51 for conventional wheat and 2.27 for conventional barley. All 

conversion factors were based on the mean ratio of grain to straw from a range 

of different agricultural studies presented in Scarlat, Martinov and Dallemand 

(2010). Straw yield was calculated based on the remaining DM biomass.  

Total crop revenue (£ ha-1) was calculated by multiplying the saleable yield (t ha-

1) by the projected market value using the John Nix Pocketbook 2019 edition (Nix, 

2018) for conventional crops and The Organic Farm Management Handbook 
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(ORC, 2017) for organic crops. Conventional and organic grass silage prices 

were taken from online marketplace sources and data collected from local 

agricultural auctioneers.  

Calculating cost of crop production  

Farm management data for the establishment and harvest of the 2019 crop was 

used to estimate a crop Cost of Production (CoP, £ ha-1). Costs for each 

management activity were either provided by the farm or they were estimated, 

based on local contractor costs or data in the Nix Farm Pocket Handbook (2018). 

All fertilizer and spray costs were estimated using Nix (2018). Further details can 

be found in Chapter 3, Section 3.6.5.  

Calculating producer surplus at a landscape scale  

Producer surplus was first calculated per ha (£ ha-1) for each crop in each field 

by subtracting the total cost of crop production from the total crop revenue. The 

minimum, maximum and mean producer surplus (£ ha-1) was then calculated for 

each crop across all study fields. Producer surplus (£ ha-1) was also calculated 

using average yields from industry handbooks (Nix, 2018; ORC, 2017). Producer 

surplus (£ ha-1) was multiplied by the area of each crop type, in each rotation year 

for each landscape scenario to give the total producer surplus (£ yr-1).  

6.2.5 Data analysis  
The effect of land management type (organic, conventional and habitat) on flower 

abundance data and the effect of landscape scenario (Con_Base, Org_Base, 

Con_Hab and Org_Hab) on bumblebee colony abundance was tested using 

generalized linear models (GLMs). Land management type or landscape 

scenario were used as fixed effects. All models were fitted with a negative 

binomial error structure. Zero-inflated negative binomial models were used for 

flower count data and B.terrestris colony number data, following guidance in 

Blasco-Moreno et al., (2019). All GLMs were run using the glmmTMB package 

(Brooks et al., (2017) in R (R Core Team, 2020). Model residuals were reviewed 

and models were checked for zero inflation and over dispersion to confirm 

appropriate error structure using the DHARMa Package (Hartig, 2021). Post-hoc 

analysis of land management type impacts on flower abundance were conducted 

in the emmeans package (Lenth, 2020). Significance was tested at p<0.05.  
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6.3 Results 

6.3.1 Floral resources under different land uses  

6.3.1.1 Flower count and density data  

Significant differences were detected in the number of insect-rewarding flowering 

units between organic field sites, conventional field sites and habitat 

interventions. Flower numbers were significantly higher on organic farmland than 

on neighbouring conventional farmland (pairwise post-hoc analysis; p = <0.0001). 

Habitat interventions also had significantly higher flowering units than on 

neighbouring conventional farmland (pairwise post-hoc analysis; p = 0.002). No 

significant difference, however, was detected between the number of flowering 

units on organic farmland and habitat interventions (i.e. flower plots, margins and 

grass margins) (pairwise post-hoc analysis; p = 0.77).  

Figure 6.2 provides a summary of the data for each surveyed crop and habitat 

intervention type. Insect-rewarding flowers were often absent or in very low 

densities on conventional maize (mean ± SD, 0.40 ± 0.68 flower units m-2) and 

cereal cropland (0.05 ± 0.28 flower units m-2). On neighbouring organic cereal 

crops there were higher densities of flowering plants (mean across three organic 

cereal types, 61.89 ± 110.20 flower units m-2), though there was large variability 

between some organic field sites and during different times of the year. Flowering 

densities were typically low in conventional and organic pasture but higher in 

conventional ley and higher again in organic ley grassland, where they were 

dominated by flowering Trifolium repens (white clover). Flowering density was 

variable between habitat interventions, with low flower counts on grass margins 

(2.44 ± 3.04 flowers m-2) and high counts in flower plots (73.19 flower units m-2).   
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Figure 6.2: Flower density (flower units per m2) bar plot for each of the surveyed crop and 

habitat types. Error bars show standard deviation. Conventional cropped land (CON) exhibits 

lower flower densities in nearly all comparable crop types to organic farmland (cropped land and 

grass leys). Marginally higher densities were observed in conventional pasture. Habitat types 

(HAB) show variable flower densities, significantly higher than those observed in conventional 

farmland but not on organic farmland (ORG) where flowering densities, particularly in cereal 

crops, were high.  

 

6.3.1.2 BEE-STEWARD floral resource outputs    

The outputs from annual pollen and nectar resource calculations made in the 

BEE-STEWARD software are shown in Figure 6.3. Figure 6.3 shows the mean 

annual pollen and nectar resources provided by all insect-rewarding plants 

across the 6-year rotation for conventional and organic scenarios with habitat 

interventions (Con_Hab and Org_Hab) and without (Con_Base and Org_Base).  

The BEE-STEWARD software reports that all landscape scenarios are limited by 

nectar resources, suggesting that bumblebee development is more likely to be 

limited by nectar than pollen availability. Focusing on that resource, therefore, the 

model suggests that nectar resources (kg sugar yr-1) are considerably higher 
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across organic scenarios when compared to conventional scenarios, showing a 

623% increase from the conventional scenario without interventions (Con_base) 

to the organic scenario without interventions (Org_base) and a 359% increase 

between the conventional scenarios with interventions (Con_Hab) to the organic 

scenario with interventions (Org_Hab). In contrast, it is evident that pollen 

resources are greater in the conventional landscapes. The higher total annual 

pollen availability can be explained by larger areas of cropped maize, accounting 

for 96% of the total pollen in the conventional scenario. Maize plants in the model 

generate a large amount of pollen but this is only available for a limited amount 

of time in mid to late July. Such a limited window of supply is unlikely to be 

particularly useful in sustaining bumblebee populations.     

Figure 6.3 shows that habitat interventions increased pollen and nectar resources 

in both organic and conventional landscapes. In terms of proportional increase, 

those habitat interventions were more effective at increasing nectar availability 

on conventional farmland, with marginal increases observed on organic farmland. 

Nectar resources showed an increase of 59% between the conventional baseline 

to conventional habitat scenarios (Con_Base to Con_Hab), compared to only a 

7.05% increase between the organic baseline and organic habitat scenarios 

(Org_Base and Org_Hab). Despite the addition of habitat interventions more than 

doubling the available nectar sugar in the conventional landscape, there is still a 

large gap in nectar resource availability when compared to even the baseline 

organic scenario.  
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6.3.2. BEE-STEWARD Bumblebee population outputs  
BEE-STEWARD outputs show that the landscape scenario had a significant 

impact on B.hortorum population stocks, with the organic baseline landscape 

supporting significantly higher numbers of B.hortorum colonies (p = <0.001) than 

the conventional landscape (Figure 6.4A). The addition of habitat interventions 

also significantly increased B.hortorum colony numbers in both conventional and 

organic landscapes (Con_Base to Con_Hab p = 0.002, and Org_Base to 

Org_Hab p = 0.009). Whilst the same general trends were observed for 

B.terrestris, there were no significant differences in colony numbers between 

landscape scenarios. One trend that was different between B.terrestris and 

B.hortorum outputs was for organic baseline and organic habitat scenario 

comparisons. Here, model outputs show a slight decrease in mean B.terrestris 

colony numbers due to habitat interventions (Table 6.3).  However,  the 

differences between the two scenarios were not significant.  

Figure 6.3: The availability of A.) Total annual pollen (kg yr-1) and B.) Nectar sugar (kg yr-1) 

across the six year rotation within the 3km x 3km landscape used in the Bee-Steward model. 

Due to slightly different areas of crops being grown each year in the rotation nectar and pollen 

resources fluctuate. Error bars show the standard deviation from the mean across the six years 

of the rotation. ORG_Base and CON_Base refer to baseline scenarios, without habitat 

interventions. ORG_Hab and CON_Hab refer to the baseline scenario plus habitat 

interventions. Considerably higher nectar sugar is produced in the organic compared to 

conventional scenarios. Whereas, pollen, primarily a function of maize growing, is higher in the 

conventional scenarios. Habitat interventions show marginal increases in resources in most 

scenarios, apart from for conventional nectar where there is a 59% increase in nectar sugar 

availability at the landscape scale through the addition of pollen and nectar habitats. 

A. Pollen  B. Nectar  
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All landscape scenarios showed greater suitability for B.hortorum with much 

higher reported nesting densities when compared to B.terrestris. For example, 

mean (± SD) peak colony density for B.hortorum in the organic baseline scenario 

was 59.9 ± 4.6 colonies km-2, over ten times higher than densities for B.terrestris, 

4.97 ± 3.20 colonies km-2 in the same landscape. Furthermore, B.terrestris 

populations went extinct in multiple runs across all landscape scenarios. A 

summary of model results are presented for both species in Table 6.3.  

 

 

 

 

 

 

Table 6.3. shows that mean colony numbers, colony density, adult bees produced 

and, where applicable, the time to extinction were all higher in organic compared 

to conventional simulations. The model outputs suggest that landscape-scale 

conversion from a majority conventional (Con_Base) to a majority organic 

agriculture (Org_Base) increases mean colony density by 44% for B.terrestris 

and by 38% for B.hortorum. With more adult bees supported in the organic 

scenario without interventions (Org_Base), on average 85.66% more B.terrestris 

and 41.02% more B.hortorum. Changes in colony and bee numbers were 

relatively smaller following the addition of habitat interventions, with the addition 

of habitats having the greatest positive effect within the conventional landscape 

scenario. Here increases in mean colony density from convention scenario 

without intervention to the conventional scenario with interventions were 6.25% 

A. Bombus hortorum  B. Bombus terrestris 

Figure 6.4: B.hortorum (A.) and B.terrestris (B.) colony nesting density in the four landscape 

scenarios across the 30 model runs. ORG_Base and CON_Base refer to baseline scenarios, 

without habitat interventions. ORG_Hab and CON_Hab refer to  he baseline scenario plus 

habitat interventions. Significant differences were detected in colony numbers for Bombus 

hortorum between the Con_Base and Org_Base scenarios. Habitat interventions had a 

significant impact on increasing Bombus hortorum from Con_Base to Con_Hab and for 

Org_Base to Org_Hab. No significant differences were detected in Bombus terrestris colony 

numbers between landscape scenarios. 
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for B.terrestris and 9.45% for B.hortorum. Interestingly, B.terrestris colonies 

declined (-7.44%) with the addition of habitat interventions in the organic 

landscape and B.hortorum colony density increased by 5.68%. 

Table 6.3: Summary data of model outputs for B.terrestris and B.hortorum across the four 

landscape scenarios. Data are summarised as the mean number of colonies (at the peak during 

each model run) and adult bumblebees and the mean peak colony density from year 12 – 24, 

across all 30 model runs. The number of model runs where the bee populations survived are 

shown (surviving runs), along with the mean time to extinction for those runs where a bumblebee 

population was not sustained for the full model duration (24 years). 

Characteristic ORG_BASE 
 N = 301 

ORG_Hab 
 N = 301 

CON_BASE 
 N = 301 

CON_Hab 
 N = 301 

Bombus terrestris  
No. colonies 
(peak) 45 (29) 42 (34) 31 (28) 34 (28) 

Colony Density 
(peak) (km2)  4.97 (3.20) 4.6 (3.7) 3.45 (3.04) 3.68 (3.12) 

No. bees 1,158,905 
(1,058,480) 

1,087,717 
(1,052,775) 

624,212 
(736,889) 

665,490 
(716,258) 

Time to extinction 5,282 (2,076) 5,220 (2,441) 5,032 (2,084) 4,805 (2,037) 
No. surviving runs  18 14 8 11 
Bombus hortorum  
No. colonies 
(peak) 546 (42) 577 (51) 396 (44) 433 (49) 

Colony Density 
(peak) 59.9 (4.6) 63.3 (5.6) 43.4 (4.8) 47.5 (5.4) 

No. bees 13,765,280 
(1,232,258) 

14,325,272 
(1,226,075) 

9,782,821 
(958,092) 

10,611,695 
(1,006,910) 

Time to extinction NA  NA  NA  NA  
No. surviving runs  30 30 30 30 
1Mean (SD) 
 

6.3.3 Provisioning ecosystem services; trade-offs and benefits  

6.3.3.1 Forage biomass yields  

The mean annual production of forage crop biomass (DM t yr-1) are presented for 

each of the four landscapes across four productivity range scenarios21 in Figure 

6.5. As predicted, there is a clear trade-off in agricultural production when shifting 

                                            
21 The productivity ranges to calculate forage biomass are based on the following: 
Low: Uses the lowest forage crop biomass figure observed from the study fields for each crop 
type; Mean: Uses the mean forage crop biomass figures observed from the study fields for each 
crop type; Max: Uses the highest forage crop biomass figure observed from the study fields for 
each crop  type; IndStd: Uses the average forage crop biomass figures provided in organic and 
conventional industry handbooks  
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the majority of the landscape to organic agriculture. The gap in production is 

largest when organic and conventional yields are at their lowest (29% lower 

forage crop biomass production) and smallest when both organic and 

conventional yields were observed at their peak (5% lower forage crop biomass). 

Using average yields presented in industry handbooks (Nix, 2018; ORC, 2017) 

shows a 22% reduction in forage crop biomass production when shifting the 

majority of the landscape to organic agriculture. The addition of habitat 

interventions shows a reduction in forage yields of around 3% for both organic 

and conventional scenarios across all ranges.  

 

 

Figure 6.5: Forage biomass production (DM tonnes yr-1) across the four landscape scenarios 

and for four ranges of productivity. Error bars show the standard deviation from the mean 

across the six years of the rotation. ORG_Base and CON_Base refer to baseline scenarios, 

without habitat interventions. ORG_Hab and CON_Hab refer to the baseline scenario with 

habitat interventions. Low, mean and max calculations are based on the lowest, average and 

maximum field yields for all sampled crops observed in organic and conventional study sites. 

IndStd forage biomass is calculated using average yield figures reported in industry handbooks 

for conventional (Nix, 2018) and organic (ORC, 2017) farms. 

6.3.3.2 Producer surplus  

Producer surplus (£ yr-1), at the landscape scale, generally appears to increase 

or remain similar under a majority shift to organic agriculture across most 
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productivity ranges22 (Figure 6.6). Despite the lower yields observed in Figure 

6.5, the organic landscape scenarios (Org_Base and Org_Hab) show a higher 

producer surplus than conventional landscape scenarios (Con_Base and 

Con_Hab) in mean and maximum productive ranges. The largest gap between 

producer surplus arises in the comparison of conventional baseline (Con_Base) 

to organic baseline (Org_Base) scenarios where organic crop producer surpluses 

were at their highest (max), showing a 61% increase in producer surplus at the 

landscape scale. Using industry standard yields (IndStd) and the crop costs of 

production, the producer surplus change was marginal, on average generating a 

1.4% increase following a shift from the conventional baseline scenario 

(Con_Base, £181,106 yr-1) to the organic baseline scenario (Org_Base, £183,708 

yr-1) . When using industry standard yields to calculate producer surplus, it was 

evident that some years the conventional baseline scenario and other years, the 

organic scenario had higher producer surplus. Whilst producer surplus increased 

under organic agriculture for mean, maximum and marginally for industry 

standard (IndStd) scenarios, this was not the case when organic crop yields were 

at their lowest. Here, the organic baseline scenario showed a 21% lower producer 

surplus than the conventional baseline scenario.  

Saleable yield and crop producer surplus data used in the calculations are 

presented in Table 6.4. As a reminder, saleable yields refer to the crop as sold 

(i.e. cereal grain and fresh weight maize and grass silage), as opposed to the DM 

forage biomass used in the calculations for Figure 6.5.  

Habitat interventions reduced producer surplus at a landscape scale by between 

2.76-3.77% from the baseline scenarios across the difference ranges. Annual 

costs of habitat installation and management were relatively low, calculated at 

£1,586 yr-1 for organic farmland and £1,562 yr-1 for conventional farmland. 

Coupled with losses in production, the reduction in producer surplus from habitat 

installation ranged from £4,863 - £8,567 yr-1 in the conventional landscape and 

from £4,663 - £16,080 yr-1 in the organic landscape. Using industry standard 

                                            
22 The productivity ranges to calculate producer surplus are based on the following: 
Low: Uses the lowest producer surplus figure observed from the study fields for each crop type  
Mean: Uses the mean producer surplus figures observed from the study fields for each crop type  
Max: Uses the highest producer surplus  figure observed from the study fields for each crop  type  
IndStd: Is calculated using the average yields provided in organic and conventional industry 
handbooks to calculate crop revenue less the costs observed for the study fields for each crop 
type  



   
 

194 
 

yields, the mean annual loss was calculated at £6,090 yr-1 for the conventional 

landscape and £6,862 yr-1 for the organic landscape.  

 

 

Figure 6.6: Producer surplus (£  yr-1) across the four landscape scenarios and for four ranges of 

crop gross margins. Error bars show the standard deviation from the mean across the six years 

of the rotation. ORG_Base and CON_Base refer to baseline scenarios without habitat 

interventions. ORG_Hab and CON_Hab refer to the baseline scenario with habitat interventions. 

Low, mean and max calculations are based on the lowest, average and maximum field gross 

margins for all sampled crops observed in organic and conventional study sites. IndStd forage 

biomass is calculated using average yield figures reported in industry handbooks for 

conventional (Nix, 2018) and organic (ORC, 2017) farms. 
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Table 6.4: Summary of the yield and crop producer surplus data collected in this study and used in the calculation of producer surplus at the landscape scale. 2019 

Low and 2019 Max data were generated from the lowest and highest yielding field and lowest and highest producer surplus at a field scale. 2019 Mean shows the 

mean across all sampled fields of that crop type and IndStd refers to average yield data taken from industry handbooks (Nix, 2018; ORC, 2017). IndStd yields were 

combined with actual crop costs of production to calculate IndStd producer surplus.  

  Crop Price  Saleable yield (t ha-1) Gross margin (£ ha-1) 

  (£ t-1) 
2019 
Low  

2019 
Mean 

2019 
Max IndStd 2019 Low 2019 Mean 2019 Max IndStd 

Organic silage £50.55 21.79 37.07 62.44 28 £258.45 £685.02 £1,300.71 £448.18 
Organic cereal (grain) £230.50 3.04 3.99 5.23 3.2 £241.29 £621.33 £1,028.81 £361.38 
Organic cereal (straw) £65.00 3.99 5.22 6.85 3.5 na na na na 
Conventional cereal 
(grain)  £147.60 7.72 9.29 10.51 8.2 £736.74 £1,056.88 £1,230.41 £543.47 
Conventional cereal 
(straw)  £65.00 9.81 13.66 15.87 3.5 na na na na 
Conventional maize £34.00 38.20 49.32 56.29 40 £586.23 £877.22 £1,079.14 £560.46 
Conventional silage* £36.42 36.00 48 48.00 47 £83.57  £     280.61   £     280.61  £264.19 
* Taken from industry data (AHDB, 2020; Nix, 2018) (max used for comparisons due to high yielding year in 2019)   
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6.4 Discussion  
The BEE-STEWARD outputs show that the landscape-scale shift to organic 

agriculture in this case study has the capacity to significantly increase bumblebee 

population stocks and generates a large amount of pollen and nectar which is 

likely to support a wide range of other pollinators. Despite a clear trade-off in 

yield, the case-study shows that improvements in bumblebee stocks can coincide 

with similar or even improved economic surplus from farm outputs. Habitat 

interventions had a less marked impact on bumblebee stocks and came with a 

clear trade-off in terms of yield and producer surplus. An expanded discussion on 

floral resource provision, bumblebee populations and trade-offs is provided 

below, before considering the cost-effectiveness of different strategies in 

delivering bumblebee improvements.  

6.4.1 BEE-STEWARD outputs; Do pollen and nectar habitat interventions 
and/or a landscape-scale shift from conventional to organic agriculture 
enhance floral resources available to insect pollinators? 
The higher floral abundance and the corresponding increase in nectar availability 

on organic land, particularly on cropped areas, was unsurprising given 

restrictions on the use of herbicides and as a result, higher densities of ‘weeds’ 

(Geppert et al., 2020). Flower density was also expected to be higher on habitat 

intervention plots and margins, where a targeted mix of flowers are sown 

(Hardman et al., 2016a; Geppert et al., 2020). The finding is important, as higher 

floral resources have been closely associated with the state of pollinator 

abundance and diversity (Roulston and Goodell, 2011; Baude et al., 2016; Sutter 

et al., 2017).   

Despite higher overall pollen provision in the conventional landscape, this can 

almost entirely be attributed to an abundance of maize pollen (96%). Landscapes 

dominated by maize and offering such a homogenous source of pollen have 

actually been found to adversely impact bumblebees (Hass et al., 2019). The 

result supports other studies that have observed higher floral diversity and 

abundance on organic farmland (Tuck et al., 2014) and this has been associated 

with higher pollinator abundance and diversity and pollination services 

(Holzschuh, Steffan-dewenter and Tscharntke, 2008; Hardman et al., 2016a; 

Geppert et al., 2020). Some of the observed weed species - such as 

Tripleurospermum inodorum (scentless mayweed) - were particularly abundant 
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in some organic crops (e.g. organic cereals 1 and 2) and habitat interventions 

(flower margins and plots). Whilst T. inodorum is not utilised by bumblebees, it 

has been identified as being particularly important for other bee pollinators 

(Nichols, Goulson and Holland, 2019). It seems reasonable to suggest therefore, 

that in the case study area, the shift to organic agriculture could considerably 

increase wider pollinator abundance and diversity from the conventional baseline.  

Whilst the addition of habitat interventions to both conventional and organic 

landscapes did increase floral resources, the magnitude of that increase was 

lower than when shifting from the conventional to the organic landscape scenario. 

The area of habitat interventions added to the case-study landscape were in-line 

with Countryside Stewardship (CS) Farm Wildlife and Pollinator Package (FWPP) 

advice (>1ha pollen and nectar resources per 100ha of arable/mixed farmland) 

(Dicks et al., 2015) but it is clear that a greater area of pollen and nectar rich 

habitat interventions would need to be added to a conventional landscape to 

match the resource availability provided by the model organic landscape. Other 

studies have also observed that organic farmland has the capacity to provide 

floral resources over a far wider area, than smaller dense flower plots and 

margins (Geppert et al., 2020). Relative increases in pollen and nectar were 

greatest on conventional farmland, compared to organic farmland. The finding 

makes sense, given that sowing pollen and nectar flower plots on organic 

farmland results in the loss of some weedy crop habitat, which already has some 

pollinator benefits. The same observation was made in the proportional response 

of bumblebee populations, which is discussed further in the next section.  

6.4.2 BEE-STEWARD outputs: do pollen and nectar habitat interventions 
and/or a landscape-scale shift from conventional to organic agriculture 
enhance long-term bumblebee populations? 
BEE-STEWARD outputs show that a shift to organic agriculture significantly 

increases B. hortorum populations, compared to the conventional landscape 

scenario. The addition of habitat interventions, in line with the CS FWPP, to 

baseline conventional and organic landscapes also had a smaller but still 

significant impact on B. hortorum populations. The results are in line with other 

studies that have found higher bumblebee abundance and colony development 

on organic compared to conventional farmland (Rundlöf, Nilsson and Smith, 
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2008; Geppert et al., 2020) and on farmland with added habitat interventions 

(Pywell et al., 2006, 2015; Carvell et al., 2007; Wood et al., 2015).  

Whilst, the same patterns were generally seen for B. terrestris, it was interesting 

to observe that these differences were not significant and were small compared 

to other modelled (Becher et al., 2018) and empirical studies reporting B. 

terrestris colony density (Wood et al., 2015). Surprisingly, no significant 

difference in B. terrestris populations between the different landscape scenarios 

were observed, particularly when shifting to the organic landscape scenario 

where there was a 623% increase in nectar resources (Figure 6.3 in Results). 

Interestingly, Wood et al., (2015), in their field observation based study, also 

found significant increases in B. hortorum colonies but no significant differences 

in B. terrestris colonies, as a response to agri-environment scheme management. 

Further testing of the model parameters would be required to fully understand 

model results for B. terrestris but it is probable that it is a consequence of 

differences in species tongue length and emergence dates. B. terrestis have a 

shorter tongue length than B. hortorum and therefore, cannot access plants with 

deeper corolla tube’s, some of which - such as Raphanus raphanistrum (wild 

radish) - were particularly abundant in some organic crops (organic cereals 1 - 3) 

and habitat interventions (flower plots). Furthermore, B. terrestris tend to emerge 

earlier in the model (1st April ± 28 days) compared to B. hortorum (30th April ± 8 

days), during a period when low floral resource availability was observed in the 

case-study landscape (see Appendix D.7 for annual pollen and nectar availability 

chart). Floral resources tend to increase in the model around the 30th April and 

into May as bramble and clovers start to come into flower so the scarcity of floral 

resources through April is reducing the establishment and resilience of modelled 

B.terrestris populations. Further work would be required to establish whether this 

is a genuine problem in the case-study landscape (i.e. is there a lack of early 

season forage) or an artefact of the model parameters.  

The BEE-STEWARD results for B. hortorum are important as they provide strong 

evidence to show that organic farming and the addition of habitat interventions 

can, at the very least, increase populations of some bee species at the landscape 

scale. Wood et al., (2015) highlight that to date a consistent problem in evaluating 

bumblebee response to agri-environment schemes (and the same could apply to 

bumblebee transects on organic farmland) has been that it is not clear whether 
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high bumblebee abundance recorded on flower patches is a function of attracting 

lots of workers to flower rich areas or due to a population increase in the wider 

landscape. BEE-STEWARD offers the advantage of providing insight into the 

landscape scale population response. Both strategies clearly have the capacity 

to support greater bee populations, which are likely to be more resilient to change 

and deliver more pollination services. Changes in B. hortorum populations are 

clearly greater following a shift to organic agriculture (38% increase in colony 

density) when compared to the addition of small habitat patches on conventional 

farmland (9.45% increase in colony density). Coupled with evidence to suggest 

that organic agriculture could generate more producer surplus for the farmers 

provides a compelling case for its role in improving pollinator stocks.  

As with proportional change in floral resources it was found that adding habitat 

interventions to conventional land had a greater impact than interventions on 

organic land. It supports Scheper et al., (2013) suggestions concerning the 

impact of ecological contrasts, with the largest changes in pollinators generated 

by large contrast changes in resources. The study found that AES interventions 

were most effective when incorporated into “structurally simple, resource-poor 

landscapes dominated by arable fields”. The finding suggests that adding habitat 

interventions to enhance floral resources for pollinators would be best targeted at 

conventional, not organic farmland.  

It is important to highlight that the results here represent a single case-study 

landscape and a number of studies have identified the importance of landscape 

heterogeneity on the response of bumblebees to organic management (Rundlöf, 

Nilsson and Smith, 2008) and to habitat interventions (Carvell et al., 2007; 

Geppert et al., 2020). Bumblebee colony density has been found to closely align 

with surrounding semi-natural habitat (Knight et al., 2009) and field size also 

impacts on wild bee abundance (Hass et al., 2018). The case-study landscape 

had a mean field size of 5 ± 2.46 ha, an annually-tilled arable area of 24 % and a 

pasture area of 20%, which is closer to the (Rundlöf, Nilsson and Smith, 2008) 

classification of the heterogenous landscapes used in their study (although the 

mean field size and arable area was larger in this study than in theirs: 3.11 - 

3.21ha and 15-16% respectively). The case-study average field size of 5ha is 

slightly higher than the Devon average (4ha; Britt et al., 2011) but still significantly 

smaller than the homogenous landscapes of Cambridge (16ha; Robinson and 
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Sutherland, 2002). Semi-natural habitat areas (woodland, hedges, scrub and 

unimproved grassland) defined in the model were relatively low (8.24%) 

compared to Knight et al., (2009) (19.4%) but within range of the study sites used 

by Carvell et al., (2011) (4.4% - 33.4%; median 13.85%). These details are 

relevant as organic agriculture has been found to be most effective at supporting 

higher numbers of bumblebees in more homogenous landscapes (Holzschuh et 

al., 2007; Rundlöf, Nilsson and Smith, 2008). Further work would be required to 

validate these finding in other areas but it could be the case that in more 

homogenous landscapes (larger fields, less semi-natural habitats) the contrast in 

bumblebee populations supported between organic and conventional with/or 

without habitat interventions could be greater.  

6.4.3 The trade-offs and/or benefits of different land management scenarios  
A common criticism levelled at organic systems is that ecological benefits 

typically come with the trade-off of reduced yield (Tuck et al., 2014). The same 

was observed in this case-study, with a majority shift from conventional to organic 

agriculture reducing DM biomass (tonnes DM year-1) output between 5 – 29% at 

the landscape scale. However, despite lower yields, premiums paid for organic 

products, and in some cases the lower cost of production, typically resulted in 

increased or very similar producer surplus at the landscape scale. Where organic 

yields were at mean, max or industry standard ranges, there was no observed 

trade-off between increased pollinator resources/bumblebee populations and the 

economic surplus from agricultural outputs for farmers.  

In some instances, there is evidence that organic conversion can deliver a ‘win-

win’, with increasing producer surplus alongside benefits in pollinator resources 

and bumblebee populations. However, this was based on yield data from 2019 

only (for mean and max producer surplus ranges). Using the industry standard 

figures for yield (average yields from multiple years and farms) and the costs 

calculated in this study, the organic scenario generates a very similar annual 

producer surplus (£183,708.07 ± £1639.32) compared to the conventional 

(£181,105.98 ± £4415.25). As such,  data using industry standard yields shows 

that organic conversion is more likely to create a ‘break-even and win’ situation, 

with the farmer observing limited changes in average economic surplus (without 

taking agri-environment scheme payments into account)) and there being 

significant increases in pollinator resources and bumblebee populations.  
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Maintaining a ‘win-win’ or ‘break-even and win’ scenario is contingent on good 

organic crop yields and the state of the organic market, with the profitability of 

organic farming typically dependent on the price premium paid for products 

(Crowder and Reganold, 2015; Röös et al., 2018). It will also be impacted by the 

scale of government support for organic conversion and management (as 

discussed in Section 4.4). The impact of lower yields on profitability was observed 

in this study, with low yield ranges resulting in the contrary outcome where 

producer surplus is lower for the organic versus conventional scenario (Figure 

6.6 in Results). The volatility in yields is recognised as having a large impact on 

the profitability of other organic farms (Smith et al., 2019) and presents a 

significant risk for organic producers, being cited as a key reason why farmers 

have chosen not to convert to organic agriculture (Stochlic and Sierra, 2007; 

Łuczka and Kalinowski, 2020). In addition, there is a risk that expansion of 

organic agriculture, whilst improving pollinator stocks, could adversely impact 

organic farmers under circumstances where supply outstrips demand and 

organic crop prices and as such producer surplus declines. Crowder and 

Reganold (2015) however, identify that whilst organic agriculture’s profitability 

relies on price premia (currently 29 – 32% higher than conventional products), 

these could still be reduced to 5 – 7% and organic farms would still be as 

profitable as conventional farms. Furthermore, demand for organic produce is in 

a state of growth within the UK, Europe and USA (Scott, 2020) and a number 

of other European countries already have a far greater proportion of their 

utilisable agricultural land (7 – 15%) under organic production (UK, 2.6%) (Scott, 

2020). It seems reasonable, therefore, to argue that there is room for the 

expansion of productive organic agriculture in the UK whilst delivering benefits 

for both pollinators and producers.  

In contrast to organic conversion, in this study taking land out of production to 

enable habitat interventions, whilst increasing B. hortorum populations, display a 

clear trade-off in terms of reduced yield and producer surplus. However, the 

simple calculation of the yield loss from such interventions (habitat area 

created*standard yield) could overstate yield reductions. For example, Pywell et 

al., (2015)  found that the addition of agri-environment scheme interventions can 

offset the loss in area by generating increased yield in remaining field areas of 

winter wheat, oil seed rape and field beans.  
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Trade-offs in producer surplus could also be offset by increases in other ES. It 

was beyond the scope of this study to conduct a cost-benefit analysis of the 

different scenarios and account for the value of other ES, including pollination. 

Valuation of pollination services is complex and was further complicated by the 

fact that the case-study landscape is dominated by wind pollinated crops. The 

yields of these crops are not dependant on pollinator abundance. However, it 

raises the question of the value of pollinators in such landscapes and further 

research is therefore advised on the commercial (crop production function) and 

social values of pollinators. This is further explored in Chapter 7.  

6.4.4 What is the most cost-effective strategy to increase bumblebee 
populations?  
As highlighted in the introduction, previous studies investigating ecological 

outputs of agri-environment scheme interventions rarely consider cost-

effectiveness (Batáry et al., 2015). Such cost-effectiveness calculations are 

important in developing future agri-environment schemes and understanding how 

changes in food markets (e.g. for organic produce) could impact land use and the 

delivery of ES. As detailed in Table 6.5, in this study the cost-effectiveness of two 

scenarios in generating changes to B.hortorum populations has been 

investigated. Considered in the context of payments for ecosystem services 

(PES) and assuming that more bumblebees equates to more pollinator services 

then Table 6.5 considers the most efficient way of achieving these changes taking 

into account 1.) current government payments and 2.) the costs borne by the 

farmer to intervene voluntarily. 

Panel A of Table 6.5 shows the payments made by government to farmers to 

support organic conversion and the addition of habitat interventions based on 

current agri-environment schemes (Mid-Tier CSS).  Panel B shows the costs to 

the farmer(s) of switching to organic agriculture or adding habitats without 

government support payments, using data collected in this study. The costs to 

the farmer include the costs of installing and maintaining habitats and the losses 

made in crop producer surplus (using industry standard yields) from taking areas 

out of production (for habitats) or switching to organic management. Panel C 

offers additional insight into the net benefit/cost to the farmer of each scenario, 

calculated as potential agri-environment scheme payment less the costs to the 

farmer (as detailed above).  
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Table 6.5: Proportional costs per uplift in annual mean number of colonies and adult bees based 

on the shift from CON_Base to CON_Hab, ORG_Base to ORG_Hab and from CON_Base to 

ORG_Base. The cost of generating changes in populations of B. hortorum are based on a) the 

payments made by government to incentivise the land manager to install habitat or shift to organic 

agriculture (the latter includes both conversion and management payments and is based on the 

average annual cost over a 20-year period); b) based on the annual costs incurred by the farmer 

when installing similar habitat interventions and the annual cost (or in this case profit – shown as 

a minus) of changing to organic; and c) the net cost to the farmer, calculated as the payments 

made under Countryside Stewardship less (A.) and the costs to the farmer (B.) Costs for table B 

are based on using industry average yields in the calculation of producer surplus.  

A.) Applying the payments made under the Countryside Stewardship Scheme:  

  
CON_BASE - 

CON_HAB 
ORG_BASE - 

ORG_HAB 
CON - 
ORG 

Annual costs of intervention (per 
year) £5,476.42 £5,476.42 £36,593.23 
Change in colony number (per 
year) 28.02 19.29 139.61 
Change in adult bee number 
(per year)  1039.50 730.42 5306.58 
Cost per colony increase (per 
year)  £195.45 £283.92 £262.12 
Cost per bee increase (per year)  £5.27 £7.50 £6.90 
B.) Applying the costs to the farmer from this study:  

  
CON_BASE - 

CON_HAB 
ORG_BASE - 

ORG_HAB 
CON - 
ORG 

Annual costs of intervention (per 
year) £6,089.60 £6,861.70 -£2,602.09 
Change in colony number (per 
year) 28.02 19.29 139.61 
Change in adult bee number 
(per year)  1039.50 730.42 5306.58 
Cost per colony increase (per 
year)  £217.33 £355.73 -£18.64 
Cost per bee increase (per year)  £5.86 £9.39 -£0.49 
C.) Accounting for the costs/benefit to the farmer after Countryside Stewardship 
payments: 
Annual payments minus annual 
costs:  -£613.18 -£1,385.28 £39,195.31 

 

Table 6.5, panel A shows that under current CSS payments the most cost-

effective way for the government to deliver changes to B.hortorum populations is 

through the addition of habitat to conventional land. The cost per increase in 

modelled B. hortorum populations is similar across scenarios (£5.27 - £7.50 per 

bee; £195.45 - £283.92 per colony). Whilst organic conversion delivered a 
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significantly greater change in B. hortorum population (increase of 140 colonies), 

the addition of habitats to the conventional landscape offered a more cost-

effective way to increase populations per colony and per bee. As a rough 

calculation, to match the modelled mean B. hortorum, colony numbers under the 

organic scenario (456 colonies) would require an additional 46.44ha of habitat 

interventions, with an estimated total annual payment of £27,213.59. Further 

model simulations would be required to validate these rough calculations. but 

these payments would be 34.47% lower than those associated with the 

conversion and management of organic land (£36,593.23). Accordingly, the data 

suggests that government payments might be better targeted at a sparing 

approach (i.e. sparing areas for habitats) rather than a sharing approach (i.e. 

supporting bees and cropping on the same area) when it comes specifically to 

improving pollinator abundance. This is perhaps unsurprising given that habitat 

interventions here are targeted to improve pollinators whereas organic agriculture 

provides general environmental benefits (Latacz-Lohmann and Renwick, 2002). 

It is therefore important to caveat this finding by noting that such policy decisions 

should also consider the wider ES that might arise from organic agriculture or 

habitat interventions.  

Interestingly, it was observed in the field that organic and conventional pasture 

provided very similar floral resources. Based on the similarities in flower densities 

the same data were used to categorise both conventional and organic grass 

pasture in the model. Whilst organic pasture might have other environmental 

benefits (e.g. higher soil carbon storage (see Chapter 4), payments for organic 

management on pasture fields have, therefore, failed to deliver any improvement 

in pollinator floral resources. What is also clear from Table 6.5 Panel 1A is that 

the addition of habitat interventions on organic farmland were the least cost-

effective, generating a lower change in B. hortorum colonies (as discussed in 

Section 4.2). The data suggest that habitat interventions are most cost-effective 

when targeted at conventional rather than organic farms, particularly when taking 

into account the fact that habitat intervention payments on organic farms are in 

addition to baseline conversion/management payments.  

In contrast to Panel A, Table 6.5, Panel B and Panel C show that the most cost-

effective means for the farmer to deliver changes to B.hortorum populations is 

through conversion to organic agriculture. Panel B presents an assessment of 
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the annual costs/benefits borne by the farmer, in establishing the habitat 

interventions and of converting to organic agriculture. Alongside Panel C, it shows 

that the installation of habitats on conventional and organic land comes at a cost 

to the farmer (even with CSS payments), whereas conversion to organic 

agriculture shows a small mean annual profit to the farm (shown as a minus; 

£2,602.09 per year).  

Whilst the annual costs of habitat interventions on conventional land (£6,089.60) 

are fairly similar to the annual CS scheme payments made (£5476.42 yr-1), there 

is still a loss of £613.18 per year and the loss is even greater when adding habitat 

to organic land (£1,385.28). In theory, CSS payments are made on an ‘income 

foregone’ basis and it might be the case that the field management costs in this 

study are lower than those for other ‘typical’ UK farms used to calculate CSS 

payments. However, the finding of inadequate compensation for agri-

environment scheme interventions has been reported by others, resulting in a 

lack of uptake of CSS (DEFRA, 2020; Little et al., 2021). Little et al., (2021) report 

that farmers and farming organisations have indicated that ‘income foregone’ 

based payments do not provide sufficient compensation and that the payment 

rates fail to consider regional variability or the skill of the farmer (being based on 

a ‘typical farm’). Table 6.5, Panel B supports the assertions made by Little et al., 

(2021) and highlights the need to re-evaluate the current payment mechanisms 

to encourage farmers to deliver benefits to pollinators, alongside other ecosystem 

goods and services.  

In contrast to habitat interventions, the pattern of producer surplus under organic 

conversion is different where it generates, on average, a small profit (not a loss) 

to the farmer alongside improvements in pollinator stocks. As discussed in 

Section 6.4.2, it is more reasonable to suggest that organic conversion would, 

therefore, deliver a very similar economic surplus to the farm (without taking into 

account CSS payments). Table 6.5, Panel B shows that the incentives provided 

by market returns on organic produce can sustain the organic farm but the 

profitability of conversion, when using industry standard yields at least, is likely to 

be similar to that of the conventional enterprise. The data suggests that organic 

agriculture supported through organic markets could deliver a strategy to 

enhance bumblebee populations that is both cost-effective for the farmer and 

cost-free for the government. However, given the risk based on wider variability 
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in organic yields (discussed in Section 6.4.2), the relatively meagre increase in 

producer surplus (when using industry standard yields) it unlikely to offer 

sufficient incentive for widespread conversion. Indeed, significant increases in 

profitability (from £2,602.09 to £39,195.31) are only observed when adding 

government CSS payments (Table 6.5 Panel C). Latacz-Lohmann and Renwick 

(2002), in their review of organic subsidy support in the UK, argue that reliance 

on the organic market has typically resulted in sub-optimal delivery of ecosystem 

goods and services. Despite signs of growing demand and profitability, farmers 

have held back from organic conversion due to concerns over yield volatility (risks 

of pests and diseases), production costs, losses during transitional period, limited 

access to technical assistance, certification costs and importantly, either a lack 

of, or difficulties in accessing, organic price premiums and markets (Stochlic and 

Sierra, 2007; Łuczka and Kalinowski, 2020). Therefore, despite the data 

suggesting that organic agriculture supported by the organic market alone could 

be a cost-effective strategy to increase pollinator populations, it is unlikely that 

expansion will occur without government support. Further understanding of the 

future of organic markets and the necessary scale of government support is 

required to understand the potential of widespread organic conversion in the UK, 

as a strategy to deliver a cost-effective solution to enhance pollinators and benefit 

producers.  

6.5 Conclusion  
This study found that both the shift to organic agriculture and the addition of 

habitat interventions had the capacity to increase floral resources and bumblebee 

populations when applying the BEE-STEWARD software (which combines the 

Bumble-BEEHAVE and BEESCOUT models). In this case-study landscape it was 

found that a majority shift to organic agriculture increased floral resources 

available to insect pollinators and had the capacity to significantly increase 

B.hortorum populations. Whilst habitat interventions in-line with the areas 

required under the current Mid-Tier Countryside Stewardship Scheme for the 

Farm Wildlife and Pollinator Package also had the capacity to increase floral 

resources and significantly increase B.hortorum populations, changes were less 

pronounced than under the organic conversion scenario. Furthermore, they were 

more effective on conventional rather than organic land supporting the concept 

of ecological contrasts. Changes in B.terrestris species were not significant with 



   
 

207 
 

the addition of habitat interventions or organic conversion.  Further research and 

testing is required to understand if this is a genuine problem in the study 

landscape, investigating whether there is a lack of early season forage or if the 

results are an artefact of the model parameters. It would be valuable to also run 

the model for other bumblebee species with different ecological traits and across 

a wide range of different landscapes.  

By incorporating data on crop yield, costs of production and cost revenues, it was 

possible to calculate producer surplus and establish the trade-offs or ‘win-win’ 

scenarios that might arise under organic conversion or adding habitat 

interventions. This was a valuable exercise and demonstrates that in the case-

study landscape whilst organic conversion reduced crop yield, it had the potential 

to deliver increased or very similar economic surpluses for the farmer alongside 

the benefits to bumblebees. This is in contrast to the addition of habitat 

interventions on both conventional and organic land, with benefits in pollinator 

resources and bumblebee populations coming with the trade-off in farmer 

producer surplus. The continued delivery of a ‘win-win’ scenario under organic 

management is dependent on maintaining good organic crop yields.  Such 

actions will be vulnerable to changing price premiums for organic produce. This 

case study provides a positive example of organic farming balancing healthy 

pollinator stocks with producer income.  However, further validation work is 

required which extends the same accounting method across other farm 

landscapes and over multiple years.  

When considering the most cost-effective strategy to enhance bumblebee 

populations, the study illustrates how organic agriculture, supported by organic 

price premiums, has the potential to be cost-effective for the farmer and, in 

principle, cost-free for the government. That is the organic farm appears to be 

profitable without government support, which could suggest that government 

subsidies could be dropped whilst still delivering enhancements in pollinators as 

a positive externality of the organic market. It is unlikely, however, given reports 

from the literature and observations made in this study (high yield volatility and 

only marginal profit increase), that expansion of organic agriculture in the UK will 

occur without government support. As being developed under the Farm to Fork 

strategy in the EU (European Commission, 2021), further research is required on 

organic yield volatility, organic markets and the scale of government support 
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required to understand the capacity for widespread expansion of organic 

agriculture as a cost-effective strategy to deliver biodiversity benefits. It is 

important to note that adding targeted pollen and nectar habitat interventions had 

the potential to be more cost-effective than organic conversion under the current 

Countryside Stewardship Scheme payments. Taking into account PES, the data 

suggests that current government payments might be better targeted at a sparing 

approach, rather than a sharing approach, when it comes specifically to improving 

pollinator services. However, such policy decisions also need to consider wider 

ES that might arise from organic agriculture or habitat interventions. Incorporating 

these ES assessments into future work on organic and habitat intervention 

scenarios would be valuable to optimise future agri-environment schemes. 

To conclude, it is recognised that the estimations of cost-effectiveness presented 

here are coarse and will depend on farm management cost data, the performance 

of different habitat interventions (i.e. flowering densities) and differences in weed 

densities on organic farms. However, the study provides one of only a few 

examples that have examined the cost-effectiveness of different agri-

environment schemes in generating biodiversity benefits. It provides an example 

for other studies to examine the cost of on farm interventions and biodiversity 

benefits and contributes to the debate over future payment scales for AES. 
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Chapter 7: A systematic application of the natural capital 
approach at the farm scale: Is it a practical tool for 
routine land management decision-making?  
7.1 Introduction  
The NC approach holds out the promise of being the long-awaited panacea to 

sustainable land management decision-making and evaluation. It presents a 

structured framework for understanding the impact of land management on NC, 

the response in EF and the resulting change in value flows from ES. This 

approach to decision-making is commensurate with other sustainability 

objectives; supporting the principle that decisions should not be single-focused 

(say on profits from food production) but should consider the full range of benefits 

derived from land. Indeed, it embeds land management decision-making in the 

long-established practices of social cost-benefit analysis, providing a toolbox 

through which land managers can account for both the market (e.g. crops, timber 

and water) and non-market (e.g. climate regulation and flood alleviation) goods 

and services that are impacted by their decisions (Hanley et al., 2015; Bateman 

and Mace, 2020; Ovando, 2021).  

Given this potential, it is not surprising that there is growing advocacy for 

application of the NC approach in land management decision-making.  Influential 

organisations such as the Natural Capital Committee and Natural Capital 

Coalition have actively encouraged its adoption at local and organisational scales 

(e.g. for individual farm or estate businesses) (Natural Capital Coalition, 2017; 

Natural Capital Committee, 2017). This is perhaps unsurprising given the critical 

role that farms and estates play in the preservation of the natural environment 

(Faccioli et al., 2020). Since around 70% of the UK is managed as farmland 

(Connors, 2016) and in England roughly 91.5% of land is thought to be privately 

owned and managed (Shrubsole, 2019), meaningful change in the condition of 

the UK's NC will only be affected by realizing a fundamental change in the 

decision-making processes at the farm scale. 

Despite positivity around the application of the NC approach, the vast majority of 

applications at the farm scale have been partial. Often, these partial applications 

focus solely on a detailed assessment of the physical condition of a farm’s NC, 
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without attempting to estimate value flows (e.g. Smukler et al., 2010; Gabriel et 

al., 2013; Williams and Hedlund, 2013). Alternatively, applications may focus only 

on ecosystem valuation, simply proxying a farm’s NC by assuming it resembles 

broadly similar habitat types for which approximate value flows have been 

estimated elsewhere (Silcock and Russ, 2018; Ovando, 2020) (although see 

Sandhu et al., 2008; Porter et al., 2009; Ghaley, Sandhu and Porter, 2015; Fan, 

Henriksen and Porter, 2016). This chapter presents details of one of the first 

attempts to implement a complete application of the NC approach at the farm 

scale in the UK. The study takes four ES pathways and applies the complete NC 

approach to a case-study farm estate contrasting a reality in which large parts of 

the farm estate converted to organic management from 2007 (referred to herein 

as the ‘organic scenario’), to a counterfactual in which that land remained under 

conventional management (referred to herein as the ‘conventional scenario’). 

This study demonstrates that it is possible to undertake an analysis of this nature 

but there are a number of significant challenges. In summary, these challenges 

include selecting meaningful metrics, accessing data and models and meeting 

the long-term data, resource, expertise and cost requirements involved in 

conducting this work at the farm scale. In some cases, the data required just does 

not exist, particularly when trying to value ES linked to biodiversity. The research 

raises a significant challenge to those advocating the application of the NC 

approach at the farm scale. It raises questions over whether, given the resources 

currently available it: 1) is practically possible for farm-managers to undertake the 

analyses required to do this properly; and 2) provides suitably robust information 

to inform field to farm management decision-making?   

7.1.1 What is the natural capital approach?  
The NC approach arises from the premise that stocks of NC (e.g. soil, air, water, 

ecosystems) can be replenished or degraded. The quality and quantity of these 

stocks (NC condition), along with various anthropogenic drivers and 

environmental processes (defined here as EFs), underpins the delivery of goods, 

services and disservices (ES) that directly impact on the welfare of individuals in 

society. A number of similar cascade frameworks have been presented that 

apply this thinking, conceptually linking NC condition to EF and the delivery of ES 

(Haines-young and Potschin, 2008; Dominati, Patterson and Mackay, 2010; 

Maseyk et al., 2017). The components of these frameworks typically comprise 
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three tiers: NC stocks (Tier 1), EF (Tier 2) (sometimes called processes) and ES 

(Tier 3). The ultimate goal of the NC approach is to utilise the necessary data 

from each tier to quantify the economic value of the multiple ES derived from NC. 

The intention is to conduct a holistic appraisal of the ES benefits and trade-offs 

that arise from a land management decision, including both market goods (e.g. 

food and water) and non-market services (e.g. climate regulation and recreation). 

Expressing these benefits and trade-offs in monetary terms (ES values), 

facilitates application of cost-benefit analysis as a decision-support tool; ES 

values can be examined in the same units as the financial costs and the economic 

returns of different land management scenarios. In doing so, advocates suggest 

that the NC approach can be utilised to select land management practices which 

are cost-effective and maximise the output of benefits to humans (Maseyk et al., 

2017; EFTEC, 2019; Bateman and Mace, 2020; Defra, 2020a).   

7.1.2 How have land management decisions been evaluated in the past?  
In the past natural scientists have typically measured properties from Tier 1 (NC 

condition) to characterise and compare environmental conditions or have tried to 

understand how ecological systems operate through measurements of Tier 2 

(EF). It is at these tiers that change usually occurs due to alterations in land 

management. With respect to NC condition, metrics such as species richness 

have been used to evaluate changes in biodiversity (Kremen and Miles, 2012; 

Duncan, Thompson and Pettorelli, 2015), nutrient pollutant status (e.g. P or N) to 

assess water quality (Keeler et al., 2012; Peukert et al., 2014) and soil structure 

or nutrient levels (N, P, K) to evaluate soil condition (Peukert et al., 2012; Rickson 

et al., 2012; Glendell et al., 2014; Greiner et al., 2017).  Likewise, measurements 

of EF have included pollination (Hardman et al., 2016a), carbon sequestration 

(Poulton et al., 2018) or nitrate leaching (Stopes et al., 2002; Benoit et al., 2015). 

A wide range of similar properties or functions have been identified by natural 

scientists as useful in providing quantitative evidence on the impact that different 

land management decisions might have on the environment, typically at fairly 

small spatial scales. However, a mechanistic understanding of how different land 

management alters NC condition and EF is still lacking for some management 

practices (Smith et al., 2017), with contradictory outcomes  observed occasionally 

in  response to changes (e.g. Snapp, Gentry and Harwood, 2010 compared to 

Williams and Hedlund, 2013). Furthermore,  many of these current metrics do not 
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necessarily provide the data required to assess ES values and the impacts to 

human well-being (Keeler et al., 2012; Duncan, Thompson and Pettorelli, 2015; 

Smith et al., 2017).  

7.1.3 What are the challenges of applying the natural capital approach?  
A full application of the NC approach at the farm scale does not, of course, stop 

at the identification of biophysical measurements of changing NC condition and 

EF. Rather those measurements must somehow be linked to impacts on ES flows 

that can be valued.  The final step of the approach is not without difficulties.  To 

start, these ES values are  lacking for a range of potentially important ES, 

particularly those derived from biodiversity and the enjoyment of the natural 

environment (CCI, 2016; Faccioli et al., 2020). Moreover, placing ES values on a 

number of services can be complex, particularly as the role that EF play in 

delivering ES can be highly spatially specific (Rodríguez et al., 2006; Bartkowski 

et al., 2020). Indeed, this spatial specificity can prevent the simple application of 

value transfer methods (e.g. applying values estimated in different spatial 

contexts by other studies), typically used in broad scale studies (e.g. Costanza et 

al., 1997) at the farm scale.  

Alongside valuation difficulties it is evident that local-scale applications of the NC 

approach are resource intensive, requiring data at a resolution that is not currently 

available in existing datasets (Smith et al., 2017; Faccioli et al., 2020). In addition, 

the holistic principles behind the NC approach ideally require the quantification of 

all flows of ES from NC that might be affected by a land management decision, 

from carbon storage to recreation. Accordingly, practical applications demand a 

multi-disciplinary approach that demands wide-ranging expertise, across multiple 

disciplines within the natural and social sciences. It has become widely accepted, 

therefore, that decision makers currently lack the tools or evidence needed to 

apply a NC approach to the assessment of management decisions (Guerry et al., 

2015; Maseyk et al., 2017; Smith et al., 2017). Indeed, in the recently published 

‘Enabling a Natural Capital Approach guidance’ by the UK Government, it is 

acknowledged that applications using the available materials may be too “broad-

brush” to inform spatially specific land management decisions, highlighting the 

need for a more detailed appraisal (Defra, 2020a). Such detailed appraisal is 

likely to require empirical data collection at an appropriate spatial scale and 

collaboration with a range of specialists and stakeholders.  
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7.1.4 Applications of the natural capital approach at local scales   
Given these complications, most practical applications of the NC approach at the 

farm-management level have been partial: either only constructing a Tier 1 NC 

asset register or taking the subsequent Tier 2 step of quantifying or predicting a 

change(s) in EF (e.g. Silcock and Russ, 2018; Silcock et al., 2018; Ovando, 2020, 

2021). Those studies that have conducted an asset register of NC condition have 

typically focused on the quantity of NC and have not collected data on the quality 

of NC for most NC assets (e.g. EFTEC, 2018; Silcock and Russ, 2018; Silcock et 

al., 2018) an undertaking which requires greater resource and expertise. NC 

condition (e.g. soil condition) can be critical in determining how farm management 

decisions will impact on EF and ultimately, ES value.  

In lieu of practical ES valuation methods, some academic studies have proposed 

the use of indicators to infer ES delivery in agro-ecosystems, based on 

measurements of either NC condition or EF (Dale and Polasky, 2007; Williams 

and Hedlund, 2013). In principle, changes in indicators should signal changes in 

ES values. Understanding which metrics might be useful in signalling final ES 

value is, however, still limited and suitable metrics are likely to be spatially specific 

(Dale and Polasky, 2007). Furthermore, these indicators are not measured in 

units commensurate with the financial values used to assess the potential market 

and non-market impacts of farm-management decision-making.  

A small number of local studies that have sought to value ES that flow from NC, 

at the farm (e.g. Dominati et al., 2014) or national park scales (e.g. Faccioli et al., 

2019)  have not necessarily used the NC approach to evaluate a land 

management decision. In contrast a small number of detailed academic studies, 

focusing typically at the field or plot scale, have incorporated measurements of 

NC condition, some EF and some ES in evaluating specific land management 

decisions or practices (Sandhu et al., 2008; Porter et al., 2009; Fan, Henriksen 

and Porter, 2016). These studies, primarily in Denmark and New Zealand, have 

conducted what is essentially the start-to-end application of the NC approach, 

however, they have tended to rely on relatively coarse assumptions in order to 

link NC condition to EF (e.g. earthworm abundance to soil formation) and used 

replacement cost methods as hard-to-justify proxies for the actual ES values (e.g. 

the price of top soil if no earthworms were present) (Sandhu et al., 2008). 

Furthermore, these studies have focused on informing the literature on the merits 
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of different agricultural practices, rather than how measurements of NC, EF and 

ES can be used by land managers to inform sustainable land management 

decision making. There remains a need, therefore, to develop a much better 

understanding of the data and methods needed to execute the NC approach at 

farm scales in a way that allows the meaningful application to land management 

decision-making. Until this is achieved the practical application of holistic NC 

frameworks at management-appropriate scales will be limited. 

7.1.5 Study objectives 

The aim of this study was to help address these gaps in understanding through 

a systematic application of the NC framework on the farm scale, quantifying NC 

condition, EF and ES value for four important ES types: soil carbon storage and 

climate regulation; crop growth and food provision; nitrate leaching and clean 

drinking water supply; and pollinator stocks and pollination services. In applying 

the method to a real farm, the study explores the practical challenges faced when 

attempting to apply the NC approach to farm-management decision-making. The 

study tackled the following research questions:  

1. What are the data and science requirements of the NC approach when 

applied at the farm scale? Do these requirements make it practical for 

routine use in farm-management decision-making?  

2. Given the costs and complexities of the full NC approach, can we rely 

simply on biophysical measurements of NC and EF to assess the likely 

scale of ES values delivered by farm management decisions? 

3. When applying the NC approach, can conversion to organic agriculture 

deliver greater benefits to humans (ES value) than conventional 

agriculture? 

7.2 Methods 

7.2.1 The natural capital approach - methodological principles and 
ecosystem services   

7.2.1.1 Adopting a natural capital-ecosystem services framework  

The NC approach framework applied is presented in Figure 7.1. The principles 

behind the framework are that stocks of NC can be replenished or degraded - the 

quality and quantity of these stocks, along with various environmental processes, 

underpins the delivery of ES and this, in turn, has a direct impact on the welfare 
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of individuals in society. Changes to the state of NC as a result of natural or 

anthropogenic drivers will have a direct consequence on EF and could, 

depending on spatial and temporal factors, impact the delivery of ES. The 

framework has been used to select measurements of NC, EF and ES that are 

considered within the literature to be connected. It has been adapted from 

Haines-young and Potschin (2008) and is very similar to other frameworks linking 

stocks, functions and services (e.g. Dominati, Patterson and Mackay, 2010; 

Keeler et al., 2012)  

 

Figure 7.1: Natural capital approach framework applied in the study showing the component 

parts and how they theoretically link to deliver benefits to humans. Measurements applied in the 

study are shown and include: 1) soil carbon stocks relating the function of carbon dioxide 

storage/sequestration and the service of climate regulation; 2) soil NC properties that support 

plant growth relating to the function of crop growth and the provision of food; 3) soil NC 

properties associated with nitrogen retention relating to the function of nitrate leaching and the 

provision of clean drinking water 4) pollinator stocks relating to the pollination of crops and wild 

plants contributing to food production and biodiverse areas. Framework adapted from Haines-

Young and Potschin (2008). Acronyms used: SOM (Soil organic matter), BioP (bioavailable 

phosphorus), K (potassium), Mg (magnesium), N (nitrogen), DecompR (decomposition of 

organic material) and TN:TC (nitrogen to carbon ratio). 

Four ‘routes’ have been selected to follow through the cascade framework, in 

order to understand how well measurements at each stage of the framework (NC, 
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EF or ES) are connected and the different conclusions that might be drawn when 

analysing data on each stage in isolation. Those selected are: soil carbon storage 

and climate regulation; crop growth and food provision; nitrate leaching and 

contamination of drinking water supply; and pollinator stocks and pollination 

services. It is recognised that this is not a comprehensive suite of ES or 

disservices that arise in agricultural landscapes. Rather than breadth of 

coverage, the purpose of the study was to examine in detail the steps through 

the cascade for particular service flows. The importance of the four selected 

service flows and rationale behind the measurements used in each stage of the 

NC framework are covered in Chapter 3, Section 3.4.  

7.2.3 Introducing the case study  
The study was conducted at Clinton Devon Estate in South West England. In 

2007, a large part of the estate (the estate Home Farm, ca. 900ha) was converted 

to organic agriculture, primarily for dairy and arable production. The decision was 

made on financial grounds but there has been considerable interest since in 

understanding whether the transition has led to an improvement in estate NC and 

the enhanced delivery of ES on and off the farm. The framework presented above 

was applied to the context of the case-study, examining what conclusions could 

be drawn about the benefits/trade-offs of converting to organic agriculture when 

assessing different measurements of NC, EF and ES.  

A full description of the case-study site can be found in Chapter 3, Section 3.1. In 

summary, the study has the advantage of presenting a number of different 

opportunities and challenges in the application of the NC approach to evaluate 

land management change. These are summarised below:  

Change over time: Prior to organic conversion in 2007, the land was managed 

in a similar way to neighbouring conventional fields, which are on the same soil 

association (Bromsgrove association [541b]) and within the same landscape 

setting, experiencing the same climate. Using these conventional sites as a 

baseline of conditions prior to organic conversion enables an assessment of 

change in NC, EF and ES as a response to a shift in land management.   

Link to water quality: The majority of the converted part of the estate drains to 

the Otter Sandstone or Budleigh Salterton Pebblebed Heaths Formation and 

these aquifer units represent a major groundwater drinking water resource in SW 
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England (Bearcock and Smedley, 2012). Water is abstracted from the 

groundwater aquifer from boreholes within the study area, treated and pumped 

for public drinking supply. In 2006, due to increasing concentrations and spikes 

in nitrate concentrations in abstracted raw groundwater, the water company 

installed a nitrate anion exchange plant at the local water works. Similar plants 

have had to be installed across the UK and internationally due to agricultural 

nitrate contamination (Waterworld, 2015; UK Water Projects, 2015; EFTEC, 

2018; Southern Water, 2018). Communication with the local water company 

enabled an assessment of the costs of water treatment and how these might vary  

on account of changing nitrate concentrations arising from organic conversion.  

Wind pollinated crops: The case-study landscape is dominated by wind-, not 

insect-, pollinated crops (e.g. maize, cereals and rye-grass clover leys). The yield 

of these crops is not influenced by pollinator populations and this represents a 

serious challenge in evaluating the value of pollinator services using common 

methods (e.g. crop dependency ratios or replacement costs). It is important to 

note that areas dominated by wind-pollinated crops are not unusual in the UK. 

For example, in England in 2019, cereal, temporary grass and pasture areas 

combined cover over 74% of the agricultural land base. In contrast, potential 

insect pollinated crops (e.g. oilseed, horticultural and other crops) covered just 

13.87% (Defra, 2019).  

Targeting these opportunities at Clinton Devon Estate the study aimed to apply 

the complete NC approach to the four selected ES pathways, contrasting a reality 

in which a large part of the farm estate was converted to organic management 

from 2007 (referred to as the ‘organic scenario’), to a counterfactual in which the 

land remained under conventional management (referred to as the ‘conventional 

scenario’).  

7.2.4 Site selection and sampling  
For detailed methods on site selection and sampling, please see Chapter 5, 

Section 5.2.2 for soils and Chapter 6, Section 6.2.1 for pollinators. A summary 

follows.  

7.2.4.1 Soil properties, biomass production and nitrate leaching sites  

Nine conventional (con) and nine organic (org) fields were selected for the 

collection of soil and crop biomass data. A similar number of fields have been 
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used in other studies comparing organic and conventional ES delivery (Sandhu 

et al., (2015); 10 org and 10 con fields). These chosen fields reflect the main 

rotational land uses at the case-study location. Three replicate fields for each 

system were selected that were within the grass ley phase of the rotation, the 

arable phase of the rotation and transitioning out of the grass phase and into 

arable. Three replicate sites were selected from each field, informed by pervious 

sampling results (see Chapter 4) for the measurements of soil properties and 

biomass yield. 54 soil samples were collected for the analysis of soil carbon 

stocks, fertility indicators and nutrient retention indicators between November - 

December 2018, following the methods outlined in Chapter 3 Section 3.6.    

Nitrate leaching was determined on a smaller sub-set of six fields (three organic 

and three conventional) and were matched based on the stage each field was at 

in the rotation. Further details on site-selection are provided in Chapter 5, Section 

5.2.5.5.  

7.2.4.2 Pollinator sites  

A 3x3 km grid centred on the organic case-study farm office was mapped to 

define the spatial extent of the BEE-STEWARD outputs. The main crop types 

were identified, including details of the main crop in 2019 and the proceeding and 

following crops. Three fields for each crop type (33 fields in total) were selected 

and a 50m x 2m transect was randomly assigned to each field. Transects were 

used to count flowering units from which to determine floral resource availability. 

Fields were selected so that they shared a similar slope and aspect.  

7.2.5 Quantifying natural capital condition, ecosystem function and 
ecosystem service value  

7.2.5.1 Soil carbon and climate change mitigation  

7.2.5.1.1 Carbon stocks  

Carbon stocks (t ha-1) were calculated following Poeplau, Vos and Don (2017) as 

𝐺𝐺 𝑠𝑠𝑁𝑁𝑠𝑠𝑁𝑁𝑠𝑠 = 𝑆𝑆𝑆𝑆𝐺𝐺 ∗ 𝐵𝐵𝐵𝐵 ∗ 𝑦𝑦  

where SOC is soil organic carbon (%), BD is the BD of the soil (g cm-3) (corrected 

for stone content) and d is the depth of the soil core (150 mm). BD and SOC were 

calculated following methods in Chapter 3, Section 3.6.1.  
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7.2.5.1.2 Greenhouse gas storage 

Carbon stored within soil can be calculated in carbon dioxide equivalents 

(CO2eq.) - a commonly used metric in measuring greenhouse gas emissions. 

Carbon stocks were converted to CO2eq by multiplying carbon storage (t ha-1) by 

3.67, the atomic weight of carbon dioxide in relation to carbon (Paustian et al., 

2019a).  

7.2.5.1.3 Valuation of avoided greenhouse gas emissions  

The value of avoided emissions of carbon dioxide (CO2eq.) was calculated by 

multiplying stored CO2eq. by the projected non-traded price of carbon following 

the guidance of the UK Government Green Book (Hurst, 2019). The prices 

include a sensitivity analysis depending on climate outcomes and provide figures 

on a low, central and high price estimate which for 2019 were £34, £68 and £102 

per tonne of CO2eq. The total value for each price sensitivity range, (assuming 

all CO2eq. remained stored within the soil) was annualised with a discount rate 

of 3.5% (following the UK Government Green Book; Hurst (2019)) over an infinite 

time period to give a final ES value for carbon sequestration in £ per ha yr-1.  

7.2.5.2 Plant growth and provisioning services  

7.2.5.2.1 Soil fertility indicators  

Soil samples were sent off for the identification of soil fertility indicators (lab 

accreditation; BS EN ISO/IEC 17025.): pH, SOM, bioavailable-P (BioP), Mg, K 

and particle size distribution (PSD). A sub-sample was retained for the analysis 

of total carbon (TC), total nitrogen (TN) and carbon to nitrogen ratio (TC:TN). Lab 

analysis methods are described further in Chapter 3, Section 3.6.1.  

Organic matter decomposition rate (as an indicator of biological activity) was 

determined in the field using the standardised and globally applied Tea Bag Index 

(TBI) method (Keuskamp et al., 2013). The method is described in full in Chapter 

3, Section 3.6.2.  

7.2.5.2.2 Biomass production  

Biomass production was quantified at each field site for the main season crop, 

immediately ahead of harvest (or as close as possible) in 2019. The full method 

is described in Chapter 3, Section 3.6.4.   
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7.2.5.2.3 Valuation of provisioning services  

Producer surplus was calculated by combing saleable yield data, crop market 

values and production cost information. The detailed method used to calculate 

producer surplus is covered in Chapter 6, Section 6.2.4 and is summarised below.   

Saleable crop yields were calculated using data collected on biomass for each 

crop in order to determine crop revenue. Fresh weight biomass data was used to 

calculate organic silage and conventional hay, maize and fodder beet saleable 

crop yields. As cereal crops are typically sold as grain and straw, a conversion 

factor was applied to cereal DM forage biomass to calculate these values, as 

described in Chapter 6, Section 6.2.423.  

Total crop revenue (£ ha-1) was calculated by multiplying the saleable yield (t ha-

1) by the projected market value (Table 7.1). Conventional fodder beet and 

organic grass silage prices were taken from online marketplace sources and data 

collected from local agricultural auctioneers.  

Table 7.1: Data used on standard yields and market prices taken from industry farm handbooks 

(or where specified alternative sources) and used in the calculation of crop revenues  

Crop  Market price (t) Std. yield (t ha-1) Price/Yield Source 
 Grain Straw Grain (straw)  
Spring triticale 
(organic) £220 (feed) £65 3.0 (3 - 4) ORC (2017) 

Spring wheat (organic)  £235 (feed) £65 3.2 (3 - 4) ORC (2017) 
Silage (organic)  £50.55 (as 

bales) 
 28 (2 cuts) Online sales/ORC 

(2017) 
Hay (conventional)  £79  8.89 (42 t FW) BHSMA (2019)/Nix 

(2018) 
Maize (conventional) £34  40 Nix (2018) 
Fodder beet 
(conventional)  £25  70 Online sales/Nix 

(2018) 
Silage (conventional)  £36.42 (as 

bales) 
 47 (11.75 t DM) Online sales/Nix 

(2018) 
 

                                            
23 It is important to note here that in the organic system cereal straw and grain would usually be 
harvested as wholecrop cereal and used as dairy feed. This adds a layer of complexity when 
considering soil carbon cycling at the farm. Whilst straw is not typically incorporated into the soil 
on either organic or conventional field sites, on the organic farm this straw is harvested as 
wholecrop cereal and fed to cows. In turn the cows manure is returned to the field and plays a 
role in contributing to building soil carbon stocks at organic field sites. This is discussed in 
further detail in section 7.4.3.2.  
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Crop management data were gathered for each study field from the participating 

farmer to quantify the crop cost of production. The method is described in detail 

in Chapter 3, Section 3.6.5.   

Producer surplus was calculated per ha (£ ha-1) for 2019 for each crop in each 

field by subtracting the total cost of crop production from the total crop revenue. 

Producer surplus was also calculated per ha using data on industry standard 

yields (shown in Table 7.1 as “Std. Yields”). Using these data derived from 

average crop yields is important in considering how producer surplus might vary 

between different years (i.e. it accounts for variability in crop performance 

between years due to climate factors).  

7.2.5.3 Nitrate leaching and clean drinking water provision  

7.2.5.3.1 Nutrient retention indicators  

Soil structure (using BD as an indicator), texture (based on particle size 

distribution), SOM and pH were used as indicators of nutrient retention. Detailed 

methods for analysis of each can be found in Chapter 3, Section 3.6.1. Particle 

size distribution provides relevant information on sand (2.00 – 0.063mm), silt 

(0.063 – 0.002mm) and clay (<0.002mm) components. Clay mineralogy is 

particularly important in determining nutrient retention. Whilst cation exchange 

capacity (CEC)

𝐺𝐺 𝑠𝑠𝑠𝑠 𝐺𝐺 𝑁𝑁 𝑁𝑁 𝑁𝑁

𝑦𝑦

24 is an important measure of nutrient retention quantifying, it was 

beyond the resources of this study. CEC is strongly influenced by clay and soil 

carbon content (Calzolari et al., 2016) which are both reported. Soil TN (%) and 

total nitrogen stocks (t ha-1) are also included in the analysis of soil properties 

since higher nitrogen levels may increase the scale of leaching. TN stocks were 

calculated in the same way as carbon stocks: 𝑁𝑁 𝑁𝑁𝑁𝑁 𝑁𝑁  𝑠𝑠 𝑠𝑠 𝑠𝑠 = 𝑇𝑇  (%) ∗ 𝐵𝐵𝐵𝐵 ∗

.  

7.2.5.3.2 Nitrate leaching  

Field measurements of nitrate leaching provides accurate data on the soil 

function of nutrient retention. Rates of nitrate leaching in freely draining soils play 

a critical role in determining groundwater aquifer contamination. Nitrate leaching 

                                            
24 Cation Exchange Capacity is the sum of the total exchangeable cations that a soil can adsorb 
(Brady and Weil, 2008). The CEC plays an important role in agricultural soils as it dictates the 
exchange of macro-and micro-nutrients with the soil solution, influencing both the efficient 
uptake of nutrients to plant roots and their potential to leach out of the soil (Brady and Weil, 
2008). 



   
 

222 
 

was quantified following the method in Chapter 3, Section 3.6.3. The final output 

was calculated as the total nitrogen (as nitrate – NO3 - N) leached in kg N ha-1 

across each of the six study fields (3 organic, 3 conventional) and across each 

drainage season (2018 – 2019 and 2019 – 2020).  

7.2.5.3.3 Valuation of clean drinking water supply  

To value changes in nitrate contamination within the aquifer, data were collected 

on nitrate treatment costs at the nitrate anion exchange plant operated by the 

local water company. These included material costs (salt to recharge ion 

exchange cells), total power usage since 2006 and estimated labour hours per 

month. A brief overview is provided below and more detail on treatment protocols 

and costs are presented in Appendix E.1. Average annual salt usage was 

calculated from salt purchase records from 2012-2019 and multiplied by the salt 

price of £130 per tonne (price provided by water company). Total plant power 

usage (kwH) was divided by the plant operating years to calculate an average 

annual energy usage. Energy rates per kwH were taken from the UK Government 

Department for Business, Energy and Industrial dataset on the Non-Domestic 

Energy Prices per Quarter for 2019 (BIES, 2020). Annual plant power costs were 

calculated by multiplying average annual usage (kwH) by the average 2019 

energy price for an ‘Extra Large Business’ (>150,000 MWH) of £0.114 per kwH. 

Labour employed in managing the anion exchange plant was estimated by 

company staff to be 1 – 2 days per month, which was costed over three different 

scenarios: 1 day (8 hours), 1.5 days (12 hours) and 2 days (16 hours). Labour 

costs were estimated using industry standards taken from the UK Government 

Office for National Statistics (ONS): Index of Labour Costs per Hour dataset 

(ONS, 2020). A mean 2019 labour cost per hour of £25.40 for the Electricity, Gas 

and Water Supply Industry (including Wages and Salaries, National Insurance 

Contributions, Employer Pension Contributions, Sickness, Maternity and 

Paternity Payments and Benefits in Kind) was multiplied by annual labour hours 

to give an estimated labour cost per year. Central labour cost estimates (at 1.5 

days per month) were used in nitrate treatment cost saving scenarios.  

The costs of constructing the nitrate anion exchange plant in 2006 were not 

available from current water company staff. Accordingly, cost estimates were 

drawn from information on similar plants installed in the UK. Summarising data 

on the installation costs of three different size plants (small, medium, large) a 
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mean cost per m3 of daily treatment capacity was estimated at £349.41 (SD 

£77.46). Taking that figure and multiplying by the plant maximum capacity of 

3,600m3 gave an installation cost for the study site plant of £1,257,876 which was 

rounded to £1.25 million. Installation costs were annualised over 20 years (the 

plant expected life time) using the government recommended discount rate of 

3.5%.  

Table 7.2 provides an overview of the costs of nitrate treatment at the local 

drinking water supply plant.  

 

Table 7.2: Estimated costs of nitrate treatment at the nitrate anion exchange plant local to the 

case study area. Mid-range operational costs were calculated based on material costs, power 

costs and the central range estimate for labour costs. T = time over which the capital has been 

annualised (20 years) and r = the discount rate applied (3.5%).  

  Cost Comment 
Capital Cost (£) £1,250,000 Estimate  
Annualised Capital Cost (£/year) £87,951.35 r = 3.5%, T = 20 
Operational Cost (£/year) £23,437.69 Mid-range 
Total Cost per year (£/year) £111,389.03 Combined  

 

To understand how changes in organic management could impact on nitrate 

treatment costs, it was necessary to link nitrate leaching inputs in the ‘aquifer 

catchment’ to the aquifer nitrate response. A simple model was developed to link 

potential nitrate leaching inputs (calculated in this study) to aquifer nitrate 

concentrations. The calculations are explained in detail in Appendix E.2 and a 

summary of assumptions follow below:  

• The ‘aquifer catchment’ or recharge area - from which water drainage was 

considered to recharge the aquifer - was derived from the area of Otter 

Sandstone and Budleigh Salterton Pebble Beds formations that lie in the 

Lower Otter surface water catchment. Combined, these formations 

essentially act as one aquifer and share a common water table (Allen et 

al., 1997).  

• The ‘aquifer capacity’ - or how much the aquifer is likely to be storing at 

any one time - was taken as the average annual effective rainfall. Identified 

using MORECS data in Perl et al., (2004) at 427mm. Perl et al., (2004) 
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identify that the main recharge to the Otter Sandstone aquifer is through 

rainfall recharge and this aligns with the water company groundwater 

model data.   

• The ‘aquifer response time’ - or the time it takes for the aquifer nitrate 

concentrations to respond to leached nitrate at the surface - is at least 

longer than 10 years, estimated initial response between 10 – 15 years 

(estimates based on data in Wang et al., (2012) and Wang et al., (2016)). 

It is an important assumption, as it means that the conversion of 895ha of 

agricultural land to organic agriculture in the aquifer area in 2007 is yet to 

have had a significant impact on aquifer nitrate concentrations. It is widely 

recognised that aquifers take time to respond to changes in nitrate 

leaching at the surface (Wang et al., 2011) and in another Permo-Triassic 

Sandstone formation (Eden Valley), Wang et al., (2013) modelled a mean 

travel time from the surface through the un-saturated zone of 12 years 

(range = 0 – 61 years).  

• Nitrate leaching only occurs across the agricultural area within the aquifer 

catchment. Whilst it is recognised that other land uses (such as woodland 

or heathland) can leach deposited nitrogen, these losses are typically 

much lower than on agricultural land (Herrmann and Pott, 2005).   

• Land use has remained largely similar in the aquifer catchment throughout 

the period of nitrate monitoring.  

With these assumptions, it is possible to estimate the response of nitrate 

concentrations in the aquifer to current nitrate leaching rates and forecast the 

likely change in these following land management within the aquifer catchment 

area. It is then possible to estimate the change in treatment costs that those land 

management changes imply for the water company. Predicting future changes in 

nitrate treatment costs are necessary in lieu of long-term monitoring to quantify 

actual response over time.  

7.2.5.4 Pollinator stocks, pollination and pollinator services  

7.2.5.4.1 Pollinator stocks  

The full method applied to model bumblebee populations is explained in Chapter 

6, Section 6.2.  
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Simulations were conducted using the recently published BEE-STEWARD 

modelling software (Twiston-Davies, Becher and Osborne, 2021). The 

simulations were conducted separately for two common species of bumblebee: 

Bombus terrestris and Bombus hortorum. B. terrestris is ubiquitous in the UK and 

has the most robust documentation on bee and colony behaviour and 

development for modelling. B. hortorum has a longer tongue length and slightly 

later emergence time than B. terrestris and was selected to observe whether 

these features would have an impact on the suitability of each landscape in 

supporting species with a different ecology. Each model was run 30 different 

times to give a distribution of possible colony densities (along with additional data) 

under the conventional scenario (pre-organic conversion) and the organic 

scenario (post-organic conversion).  

7.2.5.4.2 Pollination and pollinator services  

The intention was to utilise the BEE-STEWARD software to identify visitation to 

crops that benefit from bumblebee pollination. Despite intentions, it became 

apparent that insect pollinated crops (e.g. field beans, oil seed rape, vegetable 

crops) are infrequently or never grown within the case-study area. The 

consequences of this are discussed later in this chapter as it is an important 

dilemma for NC and ES studies.   

7.2.5.5 Farm-scale scenarios  

As measurements of crop biomass yield, producer surplus, nitrate leaching, 

carbon stocks and floral resources (used to inform BEE-STEWARD) were taken 

at the field scale, it was necessary to scale up measurements to estimate 

changes across the whole farm. The two contrasting farm scenarios (organic 

scenario vs conventional scenario) were then used to compare nitrate leaching 

and changes across the aquifer, the response in bumblebee populations, 

changes in soil carbon stocks and yield and producer surplus outputs.  

Measurements of mean nitrate leaching (kg N ha-1) from organic and 

conventional field sites were scaled up over 895.20ha (i.e. X kg N ha-1 multiplied 

by 895.20 to estimate annual inputs). 895.20ha is the area of the converted 

organic farm covering the aquifer catchment. Floral resource data was also 

scaled up across the majority of the farm area and this process is explained in 

detail in Chapter 6, Section 6.2. Producer surplus and carbon outputs, however, 
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are only considered for the rotationally managed part of the farm (396.36ha). It 

was beyond the resources of the study to measure pasture yields, livestock 

outputs and producer surplus from the remaining area of permanent grazed 

pasture (498.84ha).  The rotationally managed part of the farm was divided into 

two areas: the area in the grass ley phase of the rotation (191.42ha) and the area 

in arable phase (204.94ha)25. Field data on carbon storage and crop provisioning 

services were scaled up to the rotational farm area by calculating the mean and 

standard deviation for CO2eq storage, economic value of carbon stored, DM 

biomass and producer surplus under grass ley and arable field conditions. Mean 

values were then multiplied by the respective area of grass ley and arable across 

the farm and combined to give total outputs at the farm scale26.  

7.2.5.6 Statistical analysis  

Soil fertility, nutrient retention indicators and nitrate leaching data were analysed 

for significant differences across the two land management scenarios using mean 

values for each field and applying Wilcoxon-rank/Mann Whitney-U tests in R (R 

Core Team, 2020). Carbon stocks, carbon values and biomass yields were 

analysed using linear or generalized linear mixed effects models which were 

selected depending on the data distribution. Distribution was characterised by 

plotting data distributions and the use of Shapiro-Wilk tests. Farm system 

(organic or conventional) was always used as a fixed effect and study field as a 

random effect. In carbon models’ rotation stage (grass-arable, grass-grass, 

arable-arable) were included as fixed effects to control for potential variance 

attributed to the phase of the rotation. In biomass production models crop type 

(grass or arable) was included as a fixed effect to control for variance that could 

be caused by different crop type. Rotation stage and crop type were not included 

as random effects, as it is not considered prudent to include random effects that 

have less than five levels (Harrison, 2015). Producer surplus data were analysed 

using linear models, using mean data for each field. System and crop type were 

included as fixed effects. Analyses used the lme4 package in R (Bates et al., 

2015). The effect of farm system on bumblebee colony abundance was tested 

                                            
25 Areas were taken from actually cropping and ley areas across the organic farm in 2019 but 
remain fairly constant year on year throughout the rotation.   
26 It worth noting here that the conventional grass ley fields selected were managed for hay and 
haylage in 2019 rather than silage. Harvest and farm management data for hay was still collected 
and is presented at the field scale. However, when scaling up to the conventional farm-scale 
scenario industry figures for conventional silage yield and costs of production were used.  
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using generalized linear models (GLMs). Here, farm system was used as a fixed 

effect. All models were fitted with a negative binomial error structure. Zero-inflated 

negative binomial models were used for B.terrestris colony number data, 

following guidance in Blasco-Moreno et al., (2019). All GLMs were run using the 

glmmTMB package (Brooks et al., (2017) in R (R Core Team, 2020).  

Model residuals were reviewed and models were checked for zero inflation and 

over dispersion to confirm appropriate error structure using the DHARMa 

Package (Hartig, 2021). Significance was tested at p<0.05. All analyses were 

conducted in R (R Core Team, 2020). 

7.3 Results  

7.3.1 Carbon stocks and climate change mitigation  

7.3.1.2 Natural capital, ecosystem function and ecosystem service value at the 

field scale: soil carbon    

Data on the carbon stocks from conventional and organic field sites are presented 

in Figure 7.2. Plot C1 shows the measure of NC stock (SOC in tonnes ha-1), C2 

shows an indicator of function (sequestered CO2 equivalents in tonnes ha-1) and 

C3 displays the value of the ES (stored carbon in £ ha yr-1), showing the outcome 

from the three different carbon price scenarios. Mixed effect model outputs show 

that organic field sites had significantly higher carbon stocks (p = 0.008), 

significantly higher storage of CO2eq (p = 0.008) and significantly higher ES value 

(p = 0.008). What is clear from Figure 7.2 is that measurements of carbon stocks, 

CO2eq sequestration and value follow the same pattern through each tier of the 

NC framework, with the measurement of the NC condition directly relating to the 

measurement of ES value27. As such, for this ES pathway, conclusions made in 

the evaluation of soil carbon stocks for each system will be qualitatively identical 

to conclusions drawn from the evaluation of ES value data using non-traded 

carbon prices.  

 

 

                                            
27 Data from a larger soil dataset on the estate (across 225 data points, 16 conventional and 18 
organic fields) shows the same pattern and same significantly higher carbon storage under 
organic field sites. Data from the full dataset is presented in Appendix E.3.  
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Figure 7.2: Three measurements of soil carbon across the NC approach, from soil carbon 

stocks (t ha-1) (Plot C1), to stored CO2eq (t ha-1) (Plot C2), to the value of carbon sequestration 

(£ ha yr-1) (Plot C3). The pattern of increasing carbon stocks, CO2eq and ecosystem service 

value under organic agricultural field sites is apparent throughout each plot. With soil carbon 

stocks directly relating to final ecosystem service value. Dashed lines show the average across 

conventional field sites with increases from this baseline, i.e. following organic conversion, 

showing enhanced soil carbon storage. Error bars show standard deviation. 

7.3.1.3 Ecosystem service estimates at the farm scale: soil carbon  

The potential social benefits derived from soil carbon storage have been scaled 

up to the farm level (Figure 7.3). Based on soil carbon levels at the arable phase 

of the rotation and under the grass phase of the rotation, the total CO2eq stored 

have been estimated across the farm, considering a conventional baseline 

scenario and the new organic scenario. Under the organic scenario, the data 

show an average additional 3681.84 tonnes CO2eq are stored. Over the 11 years 

since conversion, this equates to a sequestration rate from 2007 – 2018 of around 

334.71 t CO2eq yr-1.  

The additional value of the stored carbon is presented in Figure 7.3 (C5). The 

additional value from stored carbon under the organic farm scenario is shown in 

green (i.e. organic CO2eq minus conventional CO2eq) for each of the three non-

traded carbon price scenarios. These economic benefits range from a mean of 

£4381.38 per year under the low-price scenario (£34 t CO2eq-1), to £13,143.69 

under the highest price scenario (£102 t CO2eq-1). As a reminder, these figures 

relate to the net present value of carbon storage as of 2019 and assume no 

further annual sequestration.  
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Figure 7.3: Soil carbon storage (as CO2eq) (Plot C4) and the uplift in economic value of organic 

agriculture (above the conventional baseline) (Plot C5) at the farm scale. Storage of carbon at 

the grass and arable phases of the rotation were multiplied across the respective areas of the 

farm in 2019 to give the results. Under the current organic scenario there is greater carbon 

storage and this equates to an uplift in value (shown in £ yr-1). Error bars show standard 

deviation and highlight the variability in carbon values depending on storage within both 

conventional and organic systems.  

7.3.2 Soil fertility and provisioning services 

7.3.2.1 Natural capital, ecosystem function and ecosystem service value at the 

field scale: provisioning services  

The data relating to the provision of food and fibre at the field site scale are 

presented in Figure 7.4. Plot Y1 shows a comparison of the average re-scaled 

values for each fertility indicator across both systems, Y2 shows the biomass 

production outputs (tonnes DM ha-1) for each system combining all stages of the 

rotation and Y3 shows producer surplus (£ ha yr-1). All fertility indicators are 

scaled 0 – 1, with 1 representing the highest values and 0 the lowest observed in 

the data, apart from BD which is inverted (i.e. higher BD results in a lower value). 

Summary data for all fertility indicators is also shown in Table 7.3.  
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Figure 7.4: Measurements from each stage of the NC approach for provisioning services. Plot 

Y1 shows measurements of soil NC, displaying means of re-scaled (0 – 1) fertility indicators 

important in influencing plant growth. BD is inverted with high BD showing as a lower score (i.e. 

closer to zero). Y2 shows the biomass production (t DM ha-1) including data on grass and arable 

crops and Y3 shows producer surplus (£ ha-1). Significant differences are observed between 

DM Biomass production between the conventional (con) and organic (org) field sites but no 

significant differences are observed for producer surplus, where there is evidently more overlap 

in the data. Acronyms: TBI_k (decomposition rate), SOM (soil organic matter), BD (bulk 

density), TC (total carbon), TN (total nitrogen), BioP (bioavailable phosphorus), K (potassium) 

and Mg (magnesium). 

In contrast to the pattern for carbon stocks, it is apparent from figure 7.4 that the 

measurements used for NC condition (fertility indicators), EF (crop biomass 

production) and ES value (producer surplus) show different relationships at each 

tier of the NC approach. Measurements of soil fertility indicators (Figure 7.4 Plot 

Y1 and Table 7.3) do not show that conventional or organic field sites are 

systematically ‘better’ or ‘worse’ in terms of soil NC condition. Whilst organic field 

sites had a higher mean SOC, TC and TN, only Mg and pH were significantly 

different to conventional field sites: p = 0.003 and 0.008 respectively. Whereas, 

conventional field sites had a higher mean bioavailable-P, K and biological activity 

(decomposition rate, TBI k) when compared to organic field sites but differences 

are not significant: p = 0.077, 0.2 and 0.2 respectively. The data do not provide 

clear evidence that NC condition is systematically improved in relation to 

producing crops under organic management as compared to conventional 

management. 

In contrast, measurements of EF (crop biomass production) shown in Figure 7.4 

(Plot Y2), show a clear difference between the two systems with conventional 

biomass yields significantly higher (p = 0.002) than organic biomass yields, 
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despite there being no systematic difference across the measurements of soil 

fertility. Biomass production was consistently higher across all but one 

conventional field, which had a marginally lower biomass output under maize than 

the highest performing organic cereal fields. Measurements of EF (crop biomass 

production) also do not align directly with the measure of ES value (producer 

surplus). Whilst there is a similar pattern with higher mean producer surplus 

across conventional field sites (£628.80±200.48 ha-1), compared to organic field 

sites (£465.30±195.46 ha-1) there is no significant difference in producer surplus 

between the two systems (p = 0.133). There is considerable overlap in the range 

of values between the two with producer surplus across conventional fields 

ranging from £387.79 - £958.34 ha-1 for arable and £558.88 – £470.99 ha-1 for 

grass leys and organic field sites from £263.54 - £776.25 ha-1 for arable and 

£247.88 – £697.55 ha-1 for grass leys. In contrast to the pattern for biomass 

production, 66% of conventional fields (6 fields) had lower producer surplus than 

the highest performing organic cereal field (£776.25 ha-1). 

Therefore, the data indicates that there is no simple linear relationship between 

fertility indicators (NC), biomass production (EF) and producer surplus (ES 

value).  Examination of the data comparing organic and conventional sites at 

each tier of the NC approach has the potential to result in different interpretation 

of either systems’ capacity to deliver higher provisioning services28. Examining 

just the NC condition data, the conclusion would be that organic management is 

not systematically better than conventional management. In contrast, interpreting 

the EF data it would be straightforward to conclude that conventional 

management was significantly better than organic. It turns out that a detailed 

assessment of the actual value of food provisioning ES paints a more nuanced 

picture with a change to organic management delivering value loss in some 

locations and value gain in others.  

 

 

                                            
28 Data from a larger dataset on the estate (across 225 data points, 16 conventional and 18 
organic fields) shows the same patterns with limited significant difference between an albeit 
smaller suit of fertility indicators, yet significantly higher biomass production under conventional 
fields. No significant difference is reported for producer surplus. Data from the full dataset is 
presented in Appendix E.3. 
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Table 7.3: Summarising soil data collected across conventional and organic field sites. Statistical 

analysis on a comparison of the means for each field for each parameter across the 9 

conventional and 9 organic field sites. Acronyms: TBI_k (decomposition rate), SOM (soil organic 

matter), SOC (soil organic carbon) BD (bulk density), TC (total carbon), TN (total nitrogen), BioP 

(bioavailable phosphorus), K (potassium) and Mg (magnesium). 

Soil property Conventional,  
N = 91 

Organic, 
 N = 91 p-value2 

BD (g cm-3) 1.33 (0.11) 1.38 (0.10) 0.4 
SOM (%) 2.66 (0.40) 2.85 (0.39) 0.5 
SOC (%)  1.38 (0.21) 1.48 (0.20) 0.5 
TC (%) 1.37 (0.20) 1.48 (0.22) 0.2 
TN (%)  0.131 (0.021) 0.150 (0.035) 0.2 
C:N Ratio 10.55 (0.61) 10.12 (0.97) 0.5 
pH  6.07 (0.39) 6.61 (0.30) 0.008** 
BioP (mg l-1)  32 (16) 20 (8) 0.077 
K (mg l-1)  124 (57) 99 (66) 0.2 
Mg (mg l-1)  53 (12) 77 (17) 0.003** 
N-potential 10.32 (1.42) 10.04 (1.21) >0.9 
Clay (%)  14.15 (2.45) 14.70 (1.87) 0.6 
Sand (%)  67.5 (7.4) 68.8 (5.1) 0.8 
Carbon stocks 
(t ha-1) 27.14 (1.94) 30.27 (2.67) 0.011* 

Nitrogen 
stocks t ha-1)  2.57 (0.23) 3.08 (0.60) 0.019* 

TBI_k  0.0223 (0.0021) 0.0204 (0.0028) 0.2 
1Mean (SD) 
2Wilcoxon rank sum test; Wilcoxon rank sum exact test 

 

7.3.2.2 Ecosystem service estimates at the farm scale: provisioning services  

Field crop yield data collecting in 2019, industry standard crop yield data from 

industry handbooks and cost of production data collected in 2019 were used to 

estimate outputs of crop biomass (EF) and producer surplus (ES) at the farm-

scale. This was conducted across the arable (204.94ha) and temporary ley 

grassland (191.42ha) areas, for organic and conventional cropping scenarios. 

Figure 7.5 shows outputs of biomass producer surplus based on field crop yield 

data29 (Y5) and producer surplus based on industry standard crop yield data (Y6) 

                                            
29 Apart from for conventional grass silage biomass production which was taken from industry 
standards  
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at the farm scale30. Industry standard data are used for comparison (Figure 7.4 

Y6) and provide an insight into the likely producer surplus based on average 

yields (calculated over multiple years). Figure 7.5 shows a similar pattern to that 

seen in Figure 7.4, with the measure of EF (farm biomass output) different 

between organic biomass outputs at the farm scale and conventional biomass 

outputs at the farm scale. The organic farm scenario has a lower biomass output 

(36.15% lower). In contrast, producer surplus generated under organic 

management or conventional management is very similar. Whilst mean organic 

producer surplus is marginally lower than conventional producer surplus, when 

using both field data (£15,924.50 yr-1 or 8.18% lower) and industry standard data 

(£16,669.10 yr-1 or 9.96% lower), the standard deviation around the mean is such 

that it is difficult to discern with any certainty whether one system delivers greater 

provisioning ES value than the other. For example, using the industry standard 

yields, standard deviation is £16,105.80 and £25,301.21 for conventional and 

organic scenarios, respectively. The variability in crop yield performance and 

costs of production explain the variance between fields, with the organic scenario 

showing greater variability in producer surplus than conventional fields.  

The estimations at the farm scale further highlight the disparity between 

measurements of biomass production and measurements of producer surplus. 

Differences in management costs and higher price premiums under organic 

management are the primary reason for the change in pattern when moving from 

measurements of farm biomass production (EF) to farm producer surplus (ES 

value).  

 

 

 

                                            
30 These estimates use the sub-set field data from this study; 9 conventional and 9 organic fields. 
This differs to the wider dataset used in Chapter 6 and as shown here gives a slightly different 
impression of producer surplus at the farm scale.   
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Figure 7.5: Estimated biomass production (Y4), producer surplus (Y5) and producer surplus 

using industry standard yields at the farm scale. Calculations are based on cumulative output of 

DM biomass/Producer surplus for grass and arable crops when multiplying them by the 

respective grass and arable areas on the farm. Error bars show standard deviation. Whilst 

differences in farm scale crop biomass are significantly different, there is considerable overlap 

in producer surplus when using primary crop yield data and industry standard crop yield data. 

7.3.3 Nutrient retention and the provision of clean drinking water  

7.3.3.1 Natural capital, ecosystem function and ecosystem service value from the 

field to the farm scale: nitrate leaching and clean drinking water supply  

Figure 7.6 shows data relating to the field scale measurement of soil nutrient 

retention indicators (Plot N1), nitrate leaching (Plot N2) and the estimated savings 

in treatment costs at the farm scale under the conventional and organic scenarios 

(Plot N3). Nutrient retention indicators are scaled 0 – 1, with 1 representing the 

highest values and 0 the lowest values, apart from BD which is inverted. 

Summary data for each indictor are displayed in Table 7.1.  

Interpretation of Figure 7.6 (Plot N1) and Table 7.3 suggests that soil properties 

that could influence nitrate retention or leaching are similar between organic and 

conventional field sites. Organic field sites had higher mean SOM, clay and TC - 

all of which contribute to increasing nutrient retention.  However, differences were 

not significant. Organic field sites did have significantly higher nitrogen stocks (p 

= 0.019) and pH (p = 0.008) which could suggest greater risk of nitrogen losses. 

However, higher nitrogen stocks coincide with higher carbon stocks (Table 7.3) 

and a similar TC:TN ratio between conventional and organic sites. These factors 

likely suggest that higher soil nitrogen is bound to SOM, rather than being in 

water-soluble form and vulnerable to leaching. The data do not provide clear 

evidence that soil NC condition is systematically improved, in relation to retaining 

nitrate and delivering clean drinking water under organic management as 
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compared to conventional management.  Furthermore, as the results show, 

indicators do not appear useful predictors of EF (nitrate leaching, Plot N2) or ES 

value (measured as water treatment savings Plot N3). Both of which show a more 

defined difference in the potential ES output under organic versus conventional 

management.  

 

Figure 7.6: Measurements made at each stage of the NC approach for clean drinking water 

provision services/disservices. Y1 shows the measurement of soil condition indicators 

considered important in nutrient retention. Y2 shows nitrate leaching across the two sample 

seasons as a measure of EF. Y3 displays potential costs (minus) and cost savings (positive) 

associated with Low, Medium and High range scenarios at the water treatment plant scale (i.e. 

not per ha). Low assumes no response in aquifer nitrate following conversion to organic and no 

cost savings. Medium assumes reduction in aquifer nitrate concentrations and reversion to only 

baseline nitrate treatment costs. High assumes reduction in aquifer nitrate concentrations and 

sufficient water company confidence to decommission the plant. 

Measurement of nitrate leaching (EF) show that mean nitrogen (as nitrate) loss 

across the two sample seasons is higher on conventional fields (mean 52.64 kg 

N ha-1) than organic field sites (mean 19.85 kg N ha-1) (Figure 7.6 Plot N2). 

Wilcoxon Rank Sum test results indicate that the difference between systems, 

however, is not significant (p = 0.18). The lack of significance is, in part, due to 

considerable variability between sites and the restricted sample size. Even so, 

the ceiling for nitrate leaching losses appears to be much higher for conventional 

fields, which were as great as 150 kg N ha-1, four times greater than the highest 

losses under organic management of 33.88 kg N ha-1.  

Calculation of nitrate treatment savings (ES value) as a response to conversion 

(from conventional to organic agriculture), show that there could be a similar 

pattern to nitrate leaching results, with organic conversion offering the potential 

to reduce nitrate treatment costs (Figure 7.6 Plot N3).  This outcome, however, 
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is contingent on the exact aquifer response to the change in nitrate inputs and 

the future nitrate treatment strategy utilised by the water company. As explained 

in method Section 7.2.5.3.2, there is a delay in the aquifer response to nitrate 

leaching at the surface (initial response estimated at 10 – 15 years). Conversion 

to organic management in 2007 and associated reductions in nitrate leaching 

have not yet had a significant impact on the aquifer nitrate concentrations 

routinely measured by the water company. In lieu of being able to monitor the 

long-term changes in aquifer nitrate concentration and assess the changes in 

treatment practices, it is necessary to forecast the potential response to 

reductions in nitrate leaching. Figure 7.6 Plot N3, therefore, shows the cost 

savings associated with three potential outcomes that could arise due to reduced 

nitrate leaching. Table 7.4 shows that there is a strong likelihood that Medium 

and High range outcomes could occur in the future.   

Figure 7.6 Plot N3 identifies no water treatment cost savings under the low range 

scenario31, which assumes that, despite changes in nitrate leaching, there is little 

to no effect on aquifer nitrate concentration and treatment costs remain as usual.  

The treatment cost savings are moderate under the mid-range scenario32 

(£11,681.58 yr-1), which shows the reduction in costs if the water company were 

to retain the treatment plant but operate only at baseline level. Under the high 

range scenario33, savings are significant (£111,389.03 yr-1), with the reduction in 

nitrate concentration in the aquifer prompting the water company to 

decommission the nitrate treatment plant. It is important to note that the three 

ranges do not relate to different scales of nitrate leaching from conventional or 

organic land and the model that informs Plot N3 uses the same mean values 

taken from Plot N2 (52.64 kg N ha-1 for conventional and 19.85 kg N ha-1 for 

organic).  

Whilst there is uncertainty in the exact aquifer response to reduced nitrate 

leaching, data presented in Table 7.4 show that organic conversion could have 

                                            
31 Low range ES value: Assumes no response in the aquifer nitrate concentration due to reduced 
nitrate leaching from organic agriculture.  
32 Mid range ES value: Aquifer nitrate concentrations fall below treatment thresholds but the water 
company out of caution retain the plant, which requires constant operation at a baseline level.  
33 High range ES value: Aquifer nitrate concentrations fall sufficiently below treatment thresholds, 
giving the water company confidence that they no longer require anion exchange treatment and 
decommission the plant. Management of spikes in nitrate concentrations is reverted to pre-anion 
exchange plant (2006) methods, blending water from multiple boreholes.  
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the capacity to achieve Medium and High range water treatment savings. That is 

that reducing leaching to a mean level of 19.85 kg N ha-1 across the organic land 

management area could reduce nitrate concentrations to below the water 

company nitrate treatment threshold. The information requirements of Table 7.4 

provide an insight into the level of complexity in understanding how nitrate 

leaching (EF) links to nitrate treatment savings (ES value). It combines 

information on nitrate leaching, rainfall recharge, aquifer catchment and water 

company treatment thresholds.
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Table 7.4: Data calculations used to estimate the aquifer response to nitrate leaching changes 

under conventional (baseline scenario) and organic scenarios. Calculation methods and data 

sources are shown. Expected business as usual concentrations are closely aligned with actual 

mean nitrate aquifer concentrations (measured by the water company in 2019). Organic 

conversion, assuming nitrate inputs of 19.85 kg N ha-1 reduces aquifer nitrate concentrations 

below the nitrate treatment trigger level of 37 mg NO3 l-1.  

Component  Value Units Calculation method 
Aquifer information: 
Aquifer 'area' 81,947,054 m2 Otter Sandstone and Budleigh PBs 

area 
Rainfall recharge  0.427 m MORECS data from Perl et al., 

(2004) 
Aquifer 'capacity'  34,991,392 m3 Aquifer area * rainfall recharge 
Agricultural area of aquifer 
(AA) 

5605.55 ha Agricultural area (AA) from CEH LCM 
(2019) 

Conventional scenario (BAU): 
Nitrogen input per ha 52.64 Kg N ha-

1 
Field work data (FWD) 

Nitrogen input over agri. 
area 

295,076.41 Kg N AA * nitrogen input per ha 

Expected BAU conc. in the 
aquifer 

0.008433 kg N m3-

1 
Total N input / aquifer capacity 

Expected BAU conc. in the 
aquifer* 

37.27 mg NO3 
l-1 

Conversion from kg N m3 to mg NO3 
l-1 

Organic scenario: 
Organic nitrogen input per 
ha  

19.85 Kg N ha-

1 
Field work data (FWD) 

Organic agricultural area 
(OA) 

895.32 ha Farm data 

Remaining conventional 
area (CA) 

4710.24 ha AA - organic agricultural area 

Conventional total N input 
over area  

247,947.00 Kg N CA * con nitrogen input per ha 

Organic total N input over 
area 

17,772.01 Kg N OA * org nitrogen input per ha 

Total input from both  265,719.01 Kg N Org nitrogen input + Con nitrogen 
input     

Change in nitrate conc.  -3.71 mg NO3 
l-1 

New aquifer conc. - BAU aquifer 
conc. 

Expected future conc. in 
the aquifer 

33.56 mg NO3 
l-1 

Total N input / aquifer capacity 
(converted) 

*Actual mean conc. in 
aquifer  

37.16 mg NO3 
l-1 

Mean of all aquifer borehole samples 
in 2019 

Nitrate treatment trigger level is at 37 mg NO3 l-1 
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Table 7.4 presents a summary of the calculations used to link nitrogen inputs and 

the potential changes to aquifer nitrate concentrations. Full calculations and 

justification of input figures can be found in Appendix E.2.  Reassuringly, there is 

good agreement between the estimated nitrate concentrations under a ‘business 

as usual’ conventional scenario (study estimation, 37.27 mg NO3 l-1), with the 

mean actual concentrations reported in water company aquifer samples in 2019 

(water company data mean, 37.16 mg NO3 l-1). The agreement between the two 

figures suggests that calculations relating to inputs and aquifer capacity are 

reasonable. The calculations allow the link to be made between nitrate input and 

aquifer nitrate concentration and enables an assessment of what happens if 

nitrate inputs change (e.g. as a response to organic conversion). Table 7.4 shows 

that organic conversion at the case study site (over roughly 16% of the 

agricultural area draining to the aquifer) has the capacity to reduce aquifer nitrate 

concentrations to 33.56 mg NO3 l-1. This would reduce concentrations below the 

current nitrate treatment threshold (37 mg NO3 l-1) by 3.44 mg NO3 l-1. It is 

expected that there will be a lag in initial response of aquifer nitrate 

concentrations (10–15 years) following changes in nitrate inputs. It is likely that it 

will be longer before significant changes in nitrate concentrations occur. 

Unsurprisingly, the impact of organic conversion in 2007 is yet to show in current 

aquifer concentrations. It is reasonable to assume however, based on the data 

calculations and an understanding that aquifer nitrate concentrations lag behind 

land management change that cost savings in Figure 7.6 (Plot N3) could accrue 

in the future.  

The results highlight the complexities of not only linking soil condition to nitrate 

leaching but also nitrate leaching to drinking water contamination and treatment. 

The relationship between nitrate leaching and the cost of water treatment will be 

contingent on a suite of different factors, requiring far more data than just 

measurements on properties or function.  The indicators of NC condition, linked 

to nitrate retention, provide little indication of the likely response in nitrate leaching 

(EF). Whilst the measure of nitrate leaching (EF) is essential in understanding 

whether land management change might effect change in the provisioning of 

clean drinking water (ES), it is only one element in a highly complex calculation 

needed to determine the scale of that value. The value of the ES depends as 
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much on decisions made in the economic and political world (i.e. regulated water 

company decisions), as it does to flows from the natural world.  

7.3.4 Pollinator stocks and pollination services at the farm scale  
The BEE-STEWARD outputs show an increase in pollinator stocks following 

conversion to organic agriculture. Table 7.5 details how mean colony numbers, 

colony density, adult bees produced and, where applicable, the time to extinction 

were all higher in organic compared to conventional simulations. The model 

outputs suggest that organic conversion at the case-study site significantly 

increases B.hortorum (38% increase in number of colonies, p = <0.001). Whilst 

there is a higher mean number of colonies and adult B.terrestris in the organic 

compared to the conventional scenario, the difference is not significantly different.  

Both conventional and organic model scenarios showed better suitability for B. 

hortorum with higher reported nesting densities than B. terrestris. For example, 

mean (± SD) peak colony density for B.hortorum in the organic scenario was 59.9 

± 4.6 colonies km-2 - over ten times higher than densities for B.terrestris - and 4.97 

± 3.20 colonies km-2 in the same landscape. Furthermore, multiple B. terrestris 

model runs went extinct (i.e. not a single population was sustained for the 24-

year model duration) across both landscape scenarios, although population 

extinction was far more common in the conventional scenario (only 8 surviving 

runs out of 30) than the organic scenario (18 surviving runs out of 30).    
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Table 7.5: Summary data of model outputs for B.terrestris and B.hortorum across the four 

landscape scenarios. Data summarise mean number of colonies (at the peak during each model 

run) and adult bumblebees and the mean peak colony density from year 12 – 24, across all 30 

model runs. The number of model runs where the bee populations survived are shown (Surviving 

runs), along with the mean time to extinction for those runs where a bumblebee population was 

not sustained for the full model duration (24 years). 

Characteristic Organic, 
 N = 301 

Conventional,  
 N = 301 

Bombus terrestris    
No. colonies (peak) 45 (29) 31 (28) 
Colony Density (peak) 
(km2)  4.97 (3.20) 3.45 (3.04) 

No. bees 1,158,905 
(1,058,480) 

624,212 
(736,889) 

Time to extinction 5,282 (2,076) 5,032 (2,084) 
No. surviving runs  18 8 
Bombus hortorum    
No. colonies (peak) 546 (42) 396 (44) 
Colony Density (peak) 59.9 (4.6) 43.4 (4.8) 
No. bees 13,765,280 

(1,232,258) 
9,782,821 
(958,092) 

Time to extinction NA  NA  
No. surviving runs  30 30 
1 Mean (SD)    

 

The data on pollinators has been presented using the same framework as for 

carbon storage, provisioning services and clean drinking water supply (Figure 

7.7.). Data on bumblebee populations (indicators of pollinator stocks) is 

presented for each system and for each species in plot B1, showing the increase 

in populations following organic conversion, as discussed above. In contrast, 

Figure 7.7 plots B2 and B3 show that despite higher population stocks there is no 

evidence of crop pollination and therefore no value can be attributed to crop 

pollination services within the study area. Crops that typically benefit from insect 

pollination (e.g. oil seed rape, field beans and horticultural crops) were not 

recorded within the study landscape (which is dominated by wind pollinated 

crops), preventing modelling of crop visitation and any estimation of the value of 

crop pollination services. Measurement of pollination of wild plants was not 

conducted and other service values of pollinators are unknown. Based on the 

available data, it was not feasible to identify whether the observed increases in 

pollinator stocks under organic management result in increased ES value.  
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Figure 7.7: Measurements from each stage of the NC approach for pollinator stocks and 

services. B1 shows max nest densities (km2) for the two species of bumblebee used as 

indicators of pollinator stocks. B2 shows the gap in available data on wild plant pollination (not 

collected in the study) and the lack of crop pollination (as a result of no crops being grown that 

typically benefit from insect pollination). B3 shows that unsurprisingly there is no value in 

increased crop pollination services and that other service values are unknown. Despite 

significantly higher B. hortorum and marginal higher B. terrestris populations under organic 

management, there is no evidence to support an increase in ES value. 

 

7.4 Discussion  
This study presents one of the first studies that has systematically applied the 

complete NC approach at the farm management scale using detailed field data. 

The methods and results presented here provide a valuable insight into the data 

and science requirements needed when conducting the NC approach at the farm 

management scale – demonstrating the wide range of expertise and resource 

needed to undertake an analysis of this kind. The results highlight that often 

biophysical measurements of NC and EF do not necessarily signal the likely scale 

of ES values delivered by farm management decisions. They show that proving 

NC condition has "improved" may tell you nothing about whether there is a 

change in the value of ES flows. The discussion is expanded on below regarding 

the data and science requirements needed in conducting the NC approach at the 

farm scale, asking the questions: 

1) whether it is practical, given the challenges of collecting this data, for the 

routine use of the approach in farm-management decision-making? 

2) whether, to avoid some of these challenges, it is possible to rely simply on 

biophysical measurements of NC and EF to assess the likely scale of ES values 

in response to land management change? 
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The discussion finishes by presenting the value of ecosystem goods and services 

measured at the farm-management scale.  This showcases how completing the 

full NC approach can be useful in evaluating land management decisions and 

addressing the question: can conversion to organic agriculture deliver greater 

benefits to humans (ES value) than conventional agriculture? 

7.4.1. Addressing research question 1: What are the data and science 
requirements of the NC approach when applied at the farm scale? Do these 
requirements make it practical for routine use in farm-management 
decision-making?  
This section tackles research question one.  Firstly, it identifies the data and 

science requirements of applying the NC approach for the four selected ES 

pathways, before highlighting the challenges associated with meeting these data 

and science requirements. Finally, it discusses whether, based on the findings 

here, the routine use of the NC approach is practical for farm-management 

decision-making and/or evaluation.  

Figure 7.8 brings together a summary of the data required to generate the results 

in this study for each of the four ES flow pathways. Data that were successfully 

collected are shown in black and data that could not be collected are shown in 

red. A non-exhaustive list of beneficial data is also provided for metrics 

recognised as also being important indicators of NC condition or measurements 

EF and could be useful in future studies. The empirical measurements collected 

in the study are shown for NC condition, EF and ES, alongside the additional data 

required to understand either environmental processes linked to EF or the value 

of ES. Figure 7.8 is presented for two purposes: 1) to act as a resource that others 

can use to understand the data requirements associated with valuing each tier of 

the NC approach for these four ES flow pathways; and 2) to illustrate the resource 

intensive nature of analyses that wish to measure NC condition through to 

quantifying ES value at the farm scale.  
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Figure 7.8: The information requirements for measuring NC condition, EF and ES value in the 

context of A) soil carbon storage and climate regulation; B) soil fertility and crop production; C) 

nitrate leaching and clean drinking water provision; and ) pollinator stocks and pollination 

services. Block lines show where there is a clear link between NC condition, EF and ES value. 

Dashed lines highlight where further information and/or different information is required to 

understand EF and ES value. Red text shows measurements of NC condition, EF and ES value 

that were not conducted. Coloured boxes represent the core data attributed to NC condition, EF 

or ES, boxes above marked with DR+ show the additional data requirements needed to 
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understand EF and ES value and boxes below highlight other drivers aside from NC condition 

that drive EF and ES value. 

Meeting the data and science requirements shown in Figure 7.8 presents a range 

of challenges. For some ES pathways, the full application of the NC approach is 

relatively straightforward. Measuring soil carbon and the valuation of the climate 

regulation service involves a direct transfer from an understanding of carbon 

stocks through to the value of carbon sequestered. In contrast, measurements of 

crop production, nitrate contamination and pollination services are more complex, 

requiring further information, data and expertise. Some of the generalisable data 

and science challenges encountered during this study, with examples, are 

discussed below. Further detailed discussion of the challenges specific to each 

of the four pathways traced through the NC approach in this study can be found 

in Appendix E.4.  

Challenge 1: Selecting the right metrics There is no standardised suite of 

metrics for applying the NC approach at the farm scale and it is, therefore, 

necessary to go through the process of selecting appropriate metrics relevant to 

the study location. Even for relatively simple measurements - such as soil carbon 

stocks - some studies disagree over the optimum soil sampling depth for 

measuring changes in carbon storage (Baveye, Baveye and Gowdy, 2016). 

Some suggest the need to measure both labile and recalcitrant fractions of 

carbon in carbon storage calculations, distinguishing between those fractions that 

are more stable within the soil and those that more easily decompose (Yeluripati 

et al., 2018). Whilst this is not generally the norm in other ES studies, it highlights 

that even apparently simple measurements of NC condition linked to EF and ES 

value are open to debate. Advances are required in establishing a standardised 

suite of metrics that can be applied through the NC approach to evaluate land 

management decisions.  

Challenge 2: Meeting the resource requirements for collecting high-
resolution data  

Other studies have highlighted that  local scale NC approaches have been 

hindered by the availability of data at a suitable resolution (Smith et al., 2017; 

Faccioli et al., 2020). The same was identified in this study, which found that even 

data that might be expected to be available (such as crop yield data) was not at 
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a sufficient resolution34 to be relevant at the management appropriate scale. 

Meeting these high-resolution data requirements, as shown throughout this study 

is undeniably resource intensive. The collection of crop yield data alone, a 

relatively simple measure in this study, required multiple visits to the field and, for 

some crops (grass silage), involved multiple visits to the same sites throughout 

the year to calculate cumulative yield. Furthermore, to understand producer 

surplus required collecting data on the farm management at each study field, 

costing each operation and calculating crop revenues. There have been 

advances in streamlining data collection across some of the metrics used in this 

study (e.g. automated tractor or combine yield calculators) but much of the data 

collection suitable for application at the farm management scale remains 

resource intensive.  

Challenge 3: Collecting data over multiple years  

Many of the measurements of ES applied in this study would benefit from 

monitoring over time. This includes monitoring soil carbon to improve the 

accuracy of the assessment of carbon sequestration, crop yields and costs of 

production.  This would provide more robust estimations of climate regulation, 

producer surplus and aquifer nitrate concentrations. For example it would enable 

a transition from predicting water treatment savings to actually measuring them. 

Monitoring over multiple years would, however, significantly increase resource 

requirements.  

Challenge 4: The cost of data collection and analysis  

Given the resource intensity of applying the NC approach at the farm scale it is 

unsurprising that it is fairly costly. This is an obvious challenge in expanding the 

application to farm management decision-making. The perceived costs of more 

advanced soil testing (beyond standard measurement of P, pH and Mg) is already 

recognised as a barrier to farmers conducting soil health assessments (Briggs 

and Eclair-Heath, 2017). The costs in this study were most pronounced in the 

labour collecting and processing the primary data but also included paying for the 

installation of porous pots and sending soils off for analysis. All ES valuation was 

                                            
34 At the study farms where yield data, where it was collected at all, was restricted to arable crops 
and was only recorded at the field, field group (i.e. a number of fields all with the scale crop) or 
farm scale (i.e. a mean yield for a crop across the whole farm for that season). This is not 
uncommon across other farm holdings.   
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conducted in-house with support from an experienced environmental economist. 

Obtaining similar expertise privately, as provided by companies such as EFTEC 

(EFTEC, 2019), is likely to be expensive and beyond the resources available to 

most farmers.  

Challenge 5: Missing data  
The data for some measurements of EF - and particularly ES value - do not 

currently exist. It was beyond the resource capabilities of this study to collect 

some of these data. For example, in landscapes dominated by wind pollinated 

crops, valuation of pollination services is impossible by standard methods used 

for insect pollinated produce (e.g. production function methods). Whilst 

pollinators have been recognised as being important in pollinating wild plants 

such as hedgerow fruiting plants, critical in supporting farmland birds (Jacobs et 

al., 2009), the value of this service is unknown. These wild plants and farmland 

birds alongside pollinating insects are all likely to be enjoyed by the people who 

access farmland for recreation.  However, there is no transferable data on the 

value of public enjoyment of farm biodiversity. This study supports others that 

have noted this lack of data relating to the value of biodiversity. It is a significant 

stumbling block for many studies applying the NC approach, remaining a 

fundamental restriction in its holistic application (Faccioli et al., 2020).  

Challenge 6: Accessing data and models  

Even data that does not require primary collection is not always publicly available. 

A good example of this is aquifer nitrate data, water treatment practices and 

information on the materials, power and labour used in nitrate treatment. This 

information is held by the local water company and required extensive 

engagement to gather. Even then further data processing was required because 

the water company did not compile exact costs of labour, power, materials and 

installation expenditure for the nitrate treatment plant. Similar access restrictions 

also apply to some of the models used in this study. Whilst access to the ADAS 

IRRIGUIDE model was kindly provided, with permission from ADAS, through the 

Wessex Water collaboration, it would typically require a licence agreement to 

access. Some of the other models, such as that used to map hedgerows for 

bumblebee landscape modelling, are also not currently publicly available.  

 



   
 

248 
 

 

Challenge 7: Meeting scientific expertise requirements  

Meeting the data requirements shown in Figure 7.8 requires a range of scientific 

input and expertise. The lead PhD student required interdisciplinary skills in soil, 

water quality and biomass field sampling, soil and water lab analysis, arable plant 

and bumblebee identification and survey. They were supported by academic and 

industry colleagues with extensive expertise in agricultural land management, soil 

science, catchment hydrology, bumblebee ecology and environmental 

economics. In addition, further scientific support was required from external 

stakeholders. For example, undertaking the work on nitrate leaching and nitrate 

aquifer concentrations required support from water quality and groundwater 

experts at SWW, to understand aquifer dynamics, current data patterns and 

treatment protocols.  Additionally, water quality experts at Wessex Water 

provided training in porous pot monitoring and undertook IRRIGUIDE drainage 

modelling. These expertise requirements are a challenge for the application of 

the NC approach at the farm scale, where it is evident that collaboration with a 

range of stakeholders that bring a suite of different scientific expertise is 

necessary to complete the process. 

Given these challenges, is it practical to expand the complete application 
of the NC approach to decision-making at the farm-management scale?  

The attempted quantification of four ES has highlighted the challenges 

associated with the application of the NC approach at local scales. The study 

supports another at the local organisational scale, which identified that for smaller 

spatial scale applications of the NC approach be informative, support is required 

to supply or collect fit-for-purpose data (Faccioli et al., 2020). Without the 

collection of primary empirical data in this case-study, there would have been 

limited capacity to evaluate the effects of land management change. As 

highlighted previously, data collection is resource intensive and requires a range 

of expertise. Furthermore, this data collection was for just four ES flow pathways. 

Following the holistic principles of the NC approach, it would be necessary to at 

least attempt to incorporate information on the many other ES benefits and trade-

offs that could arise following a land management decision (Bateman and Mace, 

2020). Therefore, despite the aspirations of those encouraging adoption of the 
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NC approach, its application at the farm scale is currently largely impractical 

within the resources and expertise available to most farmers. To facilitate wider 

application will require advances in and open access to: tools, data and support 

from a range of specialists at management-appropriate scales.  

Furthermore, there is currently limited incentive for land managers to apply the 

NC approach, aside from them understanding the private benefit flows from NC. 

At present, there are only limited opportunities in the UK through which land 

managers might be rewarded for the enhanced monitoring of NC and delivery of 

public ES. Whilst there are examples of reward schemes to support land 

managers achieving ES benefits - such as Australia’s Carbon Farming Scheme 

(Verschuuren, 2017)  - these are currently few and far between. There is potential 

through the new UK Environmental Land Management Scheme (ELMS), which 

appears to be moving towards a payment for ecosystem goods and services 

structure (Bateman and Balmford, 2018), that there will be incentives to support 

land managers incorporating the NC approach into management decisions. 

Indeed, some farming estates such as Clinton Devon Estate and others are keen 

to advance their understanding on the application of the NC approach, in 

preparation for a new ELMS centred around payments for ecosystem goods and 

services. How this new scheme will unfold, however, remains unclear. If the UK 

government are serious about, “leading the world in using this approach [natural 

capital approach] as a tool in decision-making” (pg. 9 UK Government 25 year 

Environment Plan, Defra 2020) then it is clear that significant work will be required 

to support the data, resource and support needs of the NC approach within the 

new ELMS. In doing so, the new ELMS would be ground-breaking in supporting 

holistic agri-environmental practices that deliver a suite of ES.  

7.4.2 Addressing research question 2: Given the costs and complexities of 
the full NC approach, can we rely simply on biophysical measurement of 
NC and EF to assess the likely scale of ES values delivered by farm 
management decisions? 
The previous section outlines the depth of information required to understand NC 

condition, EF and ES value. Given the complexities associated, particularly with 

deriving ES values, it is  recognised that there is a need for a set of metrics that 

can be used as indicators to signal how changes in land management will directly 

impact on ES value and human well-being (Dale and Polasky, 2007). Results 
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presented in this study highlight how some relatively simple measurements of NC 

condition link well with final ES value (i.e. soil carbon stocks and climate 

regulation). In contrast, other measurements - such as crop biomass production 

and nitrate leaching - are important but do not directly align with producer surplus 

benefits of the costs of drinking water treatment. The connections between each 

tier of the NC approach, alongside which measurements are useful in signalling 

the scale of ES benefits, are discussed below for each of the four ES.  

7.4.2.1 Measuring soil carbon and carbon sequestration  

The results on carbon show a simple pattern through the NC framework, with 

measurements of carbon stocks facilitating a simple calculation of ES value, a 

fact that has been noted  by other studies (Harris et al., 2006; Keeler et al., 2012; 

Duncan, Thompson and Pettorelli, 2015). In addition, measurements of soil 

carbon are recognised as offering additional value in terms of understanding soil 

health (Lal, 2016) and, as such, provide a valuable metric in the evaluation of 

land management decisions that impact soils.  

7.4.2.2 Measuring soil fertility, crop biomass production and producer surplus  

In contrast to measurement of carbon, results on soil NC condition offered limited 

obvious information on biomass yield and producer surplus with few significant 

differences in soil NC properties between the two systems. Whilst higher bio-

available P in the conventional system could have supported improved plant 

growth, organic field sites were shown to have higher SOM and higher Mg, which 

are also important for plants. As Figure 7.8B shows there are other drivers 

influencing crop growth with crop selection being an obvious one (influenced by 

soil type and system but also dependent on economic drivers) and management 

practices (e.g. pest control and fertiliser applications). Even when comparing the 

same crop, studies have also struggled to find links between baseline soil 

conditions and yields (Miner et al., 2020). Some of these measurements are still 

useful to land managers (e.g. P, K, Mg, pH), as they are critical in informing 

fertiliser and lime application rates.  However, they were not useful metrics for 

understanding biomass production or signalling ES value.  

Measuring crop biomass production or crop yield, which is common in multiple 

other ES studies (Smukler et al., 2010; Snapp, Gentry and Harwood, 2010; 

Gabriel et al., 2013; Williams and Hedlund, 2013; Pywell et al., 2015), is important 
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in understanding crop production.  However, as shown in this study, crop biomass 

or yield is not directly related to ES value (measured as producer surplus). In 

effect, crop yield is not necessarily a good correlate with the value of crop 

provisioning services. This was interesting to observe, as it has been identified 

that farmers and farm advisors often pursue crop yields without thorough 

investigation of crop gross and net margins (Jarvis and Woolford, 2017). 

Differences in crop market prices due to premiums paid for organic crops and 

differences in costs of production meant that, despite significantly higher biomass 

production in the conventional scenario, there was no significant difference 

between producer surpluses. This is an important finding as many studies stop 

short of valuing ES and consider the provision of food based on the quantity of 

crop yield (e.g. Snapp, Gentry and Harwood, 2010; Gabriel et al., 2013; Williams 

and Hedlund, 2013; Pywell et al., 2015). Although this may have some relevance 

when evaluating land management change in the same farming system - for 

example, comparing different tillage operations on a conventional farm -  it does 

not when comparing different systems. Using only crop yields does not allow a 

meaningful comparison between outputs of different crops and without 

considering differences in the costs of production it fails to capture information 

regarding the actual benefits to the producer.  

In studies comparing ES from organic and conventional agriculture, the lower 

crop yields from organic sites are often considered as a ‘trade-off’ (e.g. Snapp, 

Gentry and Harwood, 2010; Gabriel et al., 2013; Williams and Hedlund, 2013).  

However, this fails to capture information on how people value the crops derived 

from the two different systems. Given the price premiums paid, some individuals 

evidently value organic produce more, which is  linked to perceived health, 

nutritional, environmental, taste and welfare benefits (Hoffmann and Wivstad, 

2015). These price premiums are not exclusive to organic produce, with other 

systems (such as pasture fed livestock) also achieving higher prices (Stampa, 

Schipmann-Schwarze and Hamm, 2020). Future studies comparing ES from 

different farming systems, where one may obtain a price premium, should 

acknowledge these market differences when making assertions about 

provisioning ES without conducting valuation of these goods. In these instances, 

it is clear that to adequately understand differences in ES value outputs, it is 

necessary to undertake the complete NC approach, including the valuation of ES.  
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7.4.2.3 Measuring nitrate leaching and the delivery of clean drinking water  

Analyses show that undertaking all stages of the NC approach is also necessary 

to understand how changes in land management impact on the delivery of clean 

drinking water. Soil NC condition offered a poor proxy for nitrate leaching. Whilst 

improved soil conditions such as SOM under organic field sites could have 

contributed to the enhanced retention of nitrogen (Harris et al., 2006), it is more 

likely that management drivers played a greater role in nutrient losses - such as 

crop selection, grazing management and in the second season (2019 – 2020) 

additional applications of nitrogen fertiliser. Other data, however, such as 

measurements of soil mineral nitrogen ahead of the drainage season could 

improve understanding of the potential for losses of nitrogen (Webb, Harrison and 

Ellis, 2000) and should be considered in future studies. Ultimately, however, to 

understand the impacts to the delivery of clean water it is necessary to measure, 

or at least model (Environment Agency, 2021), nitrate leaching. These data are 

essential in connecting leaching with aquifer nitrate concentrations and 

understanding how change in leaching affects change in the aquifer.  

Whilst measurements of leaching do suggest that one management type 

(conventional in this case) might be more likely to pollute drinking water supply, 

it is impossible to identify the scale of which this will affect treatment costs. The 

impact of nitrate leaching on drinking water provision is spatially specific (is there 

even a local drinking water supply to pollute?) and depends on the scale of 

changes in aquifer nitrate concentrations, in response to new land management. 

In this study it is evident that over the scale of the organic farm (ca.900ha), 

reducing the inputs of nitrate could generate threshold changes in aquifer nitrate 

concentrations, circumventing the need for costly treatment. It would be possible 

for these cost savings to be considered at the ‘per ha’ scale (i.e. costs of treatment 

divided by area of farm).  However, changes in leaching over 1ha will not 

generate a proportional change in costs compared to changes over 900ha. This 

dependence on scale makes an understanding of nitrate losses and treatment 

costs at one location difficult to transfer to another. Indeed, different aquifers 

perform differently in terms of nitrate response to leaching (Wang et al., 2016) 

and different water company protocols are likely to affect the costs of treatment. 

Additionally, results show that projections are temporally uncertain. Whilst 

changes in leaching might show an instant response to change in management, 
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when that will start to generate changes in aquifer nitrate levels and changes in 

nitrate treatment is hard to predict. To this end, nitrate leaching provides valuable 

information about the potential environmental impacts of land management 

decisions.  However, currently, it is not sufficient to advance understanding of the 

scale of impact to the delivery of clean drinking water or predict when this impact 

may manifest.  

7.4.2.4 Measuring pollinator stocks and pollination services  

Pollinators add additional complications to understanding the connections 

between NC stocks and ES value. It is clear that whilst it is possible to model 

some pollinator populations this does not provide any information about the value 

of pollination services in landscapes dominated by wind pollinated crops. This 

would require further information on how individuals value the changes in 

pollinator populations or how they value wild plants. Pollinator population stocks 

are likely to be a valuable metric for pollination services in landscapes that include 

insect pollinated crops (field beans, oil seed rape, horticultural crops) . However,  

until further information on the social enjoyment of pollinators and wild plants is 

advanced, it cannot be used to predict pollination services in large parts of the 

UK. That is not to say that these measurements are unimportant and they do 

advance understanding on the impact of land management decisions on farm 

wildlife. However, the compatibility of these measurements with the NC approach 

is restricted unless applied within landscapes with insect pollinated crops.  

7.4.3 Addressing research question 3: When applying the NC approach, can 
conversion to organic agriculture deliver greater benefits to humans (ES 
value) than conventional agriculture? 
This section highlights some of the ES accounting that can be done when 

completing a full application of the NC approach. The example presented 

demonstrates how valuation of ESs enables an assessment of the cumulative 

benefits or trade-offs that might arise under conversion to organic agriculture. The 

same approach could be used to compare multiple different agricultural land 

management scenarios. The section first explores whether organic conversion 

delivers greater ES benefits to humans and secondly, discusses whether the 

delivery of external ecosystem goods and services is cost-effective, in terms of 

agri-environment scheme payments. Finally, the discussion highlights some of 

the uncertainty in the accounting process.  
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The cumulative benefits derived from each system (scaled to the farm level) and 

a measure of the change following conversion to organic agriculture, are 

presented in Table 7.6. Three range scenarios for benefits are considered: 1) the 

Low range scenario uses the low carbon price data (£34 t CO2eq-1) and no 

reduction in water treatment costs; 2) the Central range scenario uses medium 

carbon price data (£68 t CO2eq-1) and the medium nitrate treatment cost savings; 

and 3) high range scenario using high carbon price data (£102 t CO2eq-1) and 

maximum nitrate leaching cost savings. All producer surplus data is based on 

industry standard yields to make figures more transferable across multiple years 

(i.e. accounting for yield variability). Table 7.6 also includes details of the agri-

environment scheme payments available under the current Countryside 

Stewardship Scheme for organic conversion and management (annualised over 

20 years) across just the rotationally managed part of the farm (used to calculate 

producer surplus and carbon stocks) and over the entire organic farm (used to 

determine the impact of reduced nitrate leaching).  

Addressing the question posed at the start of this section, Table 7.6 shows that 

yes, conversion to organic agriculture in this case-study, can deliver greater 

benefits to humans (ES value) than conventional agriculture. However, this is 

contingent on the potential savings in drinking water treatment costs that could 

accrue due to changes in reduced nitrate leaching. As explained in results section 

7.3.3.1, due to a lag in aquifer response to nitrate leaching, the impact of 

conversion to organic agriculture in 2007 has had to be predicted. Modelled 

results suggest that it is probable aquifer nitrate levels will reduce sufficiently 

below treatment threshold levels delivering moderate (£11,681.58 yr-1) to 

significant cost saving benefits for the water company (£111,389.03 yr-1). Even 

with moderate savings at the water treatment works (+£11,681.58 yr-1: the central 

economic benefit scenario), organic agriculture delivers greater benefit for society 

which, alongside improvements in carbon stocks (+£8,763 yr-1), offsets the loss 

in producer surplus (-£16,668.40). Under the high scenario, decommissioning of 

the nitrate water treatment works (returning to the pre-2006 water management 

system) would create, alongside improvements in carbon stocks, significant uplift 

in the benefits derived from organic conversion (+£107,864.33 yr-1). Outcomes 

from Central and High range scenarios support other studies that show organic 

agriculture can increase carbon storage (Mondelaers, Aertsens and 
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Huylenbroeck, 2009; Snapp, Gentry and Harwood, 2010; Gattinger et al., 2012; 

Tuomisto et al., 2012) and lower mean nitrate leaching (Snapp, Gentry and 

Harwood, 2010; Tuomisto et al., 2012; Benoit et al., 2014; Biernat et al., 2020). 

These scenarios align with other studies showing that organic agriculture can 

significantly increase ES value and reduce the costs of ecosystem disservices 

(Sandhu et al., 2008; Sandhu, Wratten, Costanza and Pretty, 2015).  

In contrast to High and Central scenarios, the Low range scenario does not show 

an ES value increase under organic management. The Low range scenario is 

included to show what could occur if nitrate aquifer concentration model 

predictions are incorrect and provides insight into the implications of organic 

conversion in a catchment without nitrate drinking water treatment issues. The 

scenario shows that the lower mean producer surplus (-£16,668.40 yr-1) is not 

offset by CO2eq stored (+£4,381.38 yr-1) or savings in water treatment costs. 

Interestingly agri-environment payments under the Countryside Stewardship 

Scheme (CSS) for organic conversion and management, as shown in Table 7.6, 

would more than cover the losses to the farm from reduced crop producer 

surplus.   
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Table 7.6: Farm-scale annual economic benefits derived from the ES valued as part of this study: Soil carbon storage and climate regulation, producer surplus (using 

industry standard yields) and nitrate water treatment savings. Pollination services is included to highlight the absence of ES values. Conventional figures are presented 

as a proxy for baseline conditions, organic figures show outputs under current farming practice and change shows the differences between the two. Three economic 

benefit scenarios are presented; Low uses the low carbon price data (£34 t CO2eq-1) and no reduction in water treatment costs; Central uses medium carbon price 

data (£68 t CO2eq-1) and the medium nitrate treatment cost savings; High uses high carbon price data (£102 t CO2eq-1) and maximum nitrate leaching cost savings. 

The annual Countryside Stewardship Payments (annualised over 20 years) available for organic conversion/management are included below.  

  Con SD (Con) Org SD (Org) Change 
Low range scenario      
Climate regulation (CO2eq stored)       £  46,837.49      £    3,560.74   £    51,218.87    £    4,277.45      £      4,381.38  
Producer surplus (IndStd) £  167,282.20  £  16,105.80   £  150,613.80   £  25,301.21  -£   16,668.40  
Water treatment saving (min)  £                    -      £                   -      £                   -    
Pollination services   £                    -      £                   -      £                   -    

Total   £  214,119.69     £  201,832.67    -£   12,287.02  

Central range scenario      

Climate regulation (CO2eq stored)  £     93,675.19   £    7,121.45   £  102,438.19   £    8,555.08   £      8,763.00  
Producer surplus (IndStd) £  167,282.20   £  16,105.80   £  150,613.80   £  25,301.21  -£   16,668.40  
Water treatment saving (Med)  £                    -      £    11,681.58    £    11,681.58  
Pollination services   £                    -      £                   -     £                   -    

Total £  260,957.39     £  264,733.57     £      3,776.18  

High range scenario      

Climate regulation (CO2eq stored) £  140,512.90   £  10,682.51   £  153,656.60   £  12,832.07   £    13,143.70  
Producer surplus (IndStd) £  167,282.20   £  16,105.80   £  150,613.80   £  25,301.21  -£   16,668.40  
Water treatment saving (Max)  £                    -      £  111,389.03    £  111,389.03  
Pollination services   £                    -      £                   -             £                   -    

Total £  307,795.10     £  415,659.43     £  107,864.33  

Annual Countryside Stewardship Scheme payments for organic conversion and management:  
Over rotational farm area only (396.36ha) used for producer surplus/carbon calculations: £    32,699.70 
Over entire farm area incl. pasture (895.32ha) used for nitrate leaching assessment: £    56,400.30  
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Taking data on CSS payments and comparing them to external ES values (i.e. 

everything but producer surplus) provides an insight into whether the public 

investment that supported the conversion to organic agriculture was cost-

effective when adopting the ethos of “public money for public goods”. Taking 

average annual payments (incorporating conversion and area payments over 20 

years) these public investments amount to £32,699.70 ha yr-1 over the rotationally 

managed part of the farm (396.36ha) and £56,400.30 over the whole farm area 

(including pasture used in nitrate leaching modelling; 895.32ha). Under Low and 

Central range scenarios, using the measurements of carbon, drinking water and 

pollinators applied in this study the scheme would not appear to be cost-

effective35. Whilst CSS payments made across the farm offset losses to the 

farmer in producer surplus (-£16,668.40), there is not a significant increase in the 

external value of other ES. It is only under the High range scenario, with 

maximum water treatment cost savings, that the CSS payments would be cost-

effective, delivering greater external benefits (£124,532.73 yr-1) alongside 

improved profitability for the farmer. Here for every £1 spent annually on 

supporting organic management across the entire farm area, there would be an 

uplift in external ES benefit of £2.21 yr-1.  

The information on cost-effectiveness highlights the benefits of trying to account 

for market and non-market goods in the evaluation of land management decisions 

at a policy level. It provides 1) useful information on evaluating the effectiveness 

of agri-environment schemes; and 2) insight into support structures into the 

future.  It is not the intention of this study to discuss these in detail but based on 

the data here there is a potential win-win for the environment and for producers 

following organic conversion supported by CSS payments. Despite this, organic 

agriculture remains undersubscribed in the UK compared to other European 

Countries (Scott, 2020) and it is recognised that land managers have been 

reluctant to convert to organic agriculture on account of concerns over yield 

volatility (risks of pests and diseases), production costs, losses during transitional 

period, limited access to technical assistance, certification costs and importantly, 

either a lack of or difficulties accessing organic price premiums and markets 

                                            
35 It is important to note here, however, that carbon storage and producer surplus is only 
calculated across the rotationally-managed part of the farm (based on data limitations for the 
pasture area). Accounting for these benefits/trade-offs could change the interpretation of whether 
low or medium range benefit scenarios would be cost-effective. 
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(Stochlic and Sierra, 2007; Łuczka and Kalinowski, 2020). The changing state of 

agri-environment schemes and land-based payments following Brexit to a ‘public 

money for public goods’ approach (Bateman and Balmford, 2018) could offer 

cost-effective payments to organic farmers to deliver many of the existing ES that 

they already support. Such payments, assuming demand for organic produce 

continues to remain in a state of growth (Scott, 2020), might offer a greater 

incentive to conventional farmers to convert to organic agriculture when existing 

fixed support payments (i.e. basic payment scheme) are scrapped. Consideration 

should also be given to the spatial targeting of payments made for organic 

conversion to maximise cost-effective use of public funds. As the findings 

highlight, the benefit flows from organic agriculture are spatially heterogeneous 

(e.g. depending on proximity of local drinking water supply and impacts to water 

quality) and strategic application of organic management will maximise the 

delivery of ES benefits.  

7.4.3.2 Uncertainties associated with ecosystem service value calculations  

Some uncertainty exists around the potential of organic conversions  to deliver 

greater benefits to society and, in common with other NC or ES valuation studies 

(Sandhu et al., 2008; Porter et al., 2009; Fan, Henriksen and Porter, 2016; 

Faccioli et al., 2020), the figures presented in Table 7.6 rely on numerous 

assumptions. These assumptions include the principle that mean carbon and 

producer surplus for arable and grass land use types can be scaled up across 

the rotational part of the farm, that carbon value and producer surplus are the 

same over the remaining pasture area and that nitrate leaching is uniform across 

the agricultural part of the aquifer catchment. There is sensitivity in the prices 

used to calculate producer surplus and slight changes in both conventional and 

organic markets and crop performance between the two systems could impact 

on producer surplus comparisons between years. Further monitoring on the 

directional changes in aquifer nitrate concentrations and water treatment costs 

over time, carbon sequestration and inter-annual variability in crop yields, crop 

prices and costs of crop production, would improve the certainty over the likely 

outcome of organic conversion.  

Improving understanding on producer surplus would, for example, enable a more 

definite conclusion to be made about whether there is actually a trade-off in 

producer surplus when converting from conventional to organic agriculture. In 
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common with the results presented in Chapter 6 for landscape scale producer 

surplus (using industry standard yields), the standard deviation from mean 

producer surplus is greater than the difference between organic and conventional 

scenarios. Indeed, results section 7.3.2.2 shows no significant difference 

between producer surplus from each system. The wide variability in yield, 

particularly organic yields, suggests that crop performance has a large impact on 

whether organic producer surplus is greater or lower than conventional producer 

surplus. Further work at the case-study site over multiple years and field sites 

would improve the confidence in which system delivers higher producer surplus 

but it seems reasonable to suggest based on the data here that differences are 

probably marginal and vary year on year. That is, organic conversion might not 

necessarily result in a trade-off in producer surplus. Indeed, a number of studies 

have identified that organic agriculture is often more profitable than conventional 

farms (Crowder and Reganold, 2015; Röös et al., 2018; Smith et al., 2019; Scott, 

2020) (though this does vary between crop type; Scott, (2020)).  

Even when making conclusions about producer surplus there are complexities 

around the assumptions made about the crops being sold off farm and how that 

might have implications on the carbon cycle on the land. The vast majority of the 

organic cereals at CDE are used as wholecrop cereals for dairy feed and these 

products are not commonly traded on markets. In this study the revenue 

generated from cereal crop production, therefore, had to be estimated on the 

basis that the grain and straw were actually sold on established markets and 

transported off farm (Table 7.1). A similar approach is used to value standing 

cereal crops in Nix (2018). In reality at CDE, whilst organic cereal grain and straw 

is completely removed from the field, it is then fed to cattle on the farm. The 

manure from these cattle is then used across the farm to build soil carbon. The 

assumption that grain and straw is sold and transported off farm is therefore 

complicated and there is a risk of double counting ES values; with estimates 

made to calculate producer surplus, including crop material technically meant to 

leave field sites, potentially overlapping with calculations on the value of soil 

carbon and climate regulation ES. This limitation highlights the importance of 

exploring the full carbon cycle across field sites when making assumptions about 

the value of carbon storage alongside other assumptions on crop sales. This was 
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beyond the scope of this study but it is an important consideration for future 

research on quantifying the value of multiple ES from agriculture.  

Finally, an important principle of the NC approach is that all potential benefits and 

trade-offs that could affect human well-being are considered. Table 7.6 presents 

an incomplete set of the ES that flow from agricultural land, failing to quantify 

others – such as the value of recreational enjoyment, biodiversity, surface water 

regulation and greenhouse gas emissions from farming practices. There is, 

therefore, the chance that incorporation of these values (if this was possible) 

could alter the interpretation of the results. Given the reported benefits of organic 

agriculture on biodiversity (Tuck et al., 2014), however, it is likely that 

incorporation of these values will further validate the argument that organic 

agriculture can enhance ES delivery.  

7.5 Conclusion 
Whilst the NC approach holds out the promise of being the long-awaited panacea 

to sustainable land management decision-making, this study shows that currently 

its complete application is likely to be impractical for most farm managers. The 

study has highlighted that the information requirements needed to apply the NC 

approach at the farm-management scale are high. These needs are not met by 

existing datasets and currently require primary data collection to be of practical 

value to land managers making or evaluating decisions. Meeting these data 

requirements has various challenges including selecting meaningful metrics, 

accessing data and models and having the significant resources needed to cover 

long-term data, expertise and cost requirements. For the approach to be 

practically applied at the farm scale, multidisciplinary support networks will need 

to be developed  which incorporate  input from natural scientists, economists and 

other stakeholders, alongside advances in and open access to high-resolution 

data and tools.  

Given the challenges associated with the complete application of the NC 

approach (i.e. incorporating measurements of NC condition and EF to understand 

ES value), it is attractive to consider whether the direction or scale of ES value 

change can be inferred using biophysical NC and EF indicators. This study found 

that it is often impossible to rely on biophysical measurements of NC or EF alone 

to inform the likely scale of ES values. Despite advocates supporting the 
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monitoring of NC condition in response to land management change, the data 

presented here shows that proving NC condition has "improved" may tell you 

nothing about whether there is a positive or even any change in the value of ES 

flows. In most cases, it is necessary to collect additional data in order to 

understand the change in ES value and in some cases, particularly for ES linked 

to biodiversity, the data is currently not available (e.g. how people value seeing 

pollinators or the plants, birds and other farm wildlife that pollination supports).  

Whilst the study has highlighted the complexities of collecting data at each tier of 

the NC approach, if the end goal is to understand ES value flows under a change 

in management there are some metrics that could streamline this process. These 

include measurments soil carbon (%) and BD to calculate soil carbon stocks and 

better understand climate regulation services and crop yields, revenues and the 

costs of production to measure benefits from food provisioning services. These 

metrics are relatively straightforward to measure and could be collected by farms 

to monitor the delivery of public and private benefits. Data on nitrate leaching 

alongside information on aquifer nitrate concentrations and water treatment costs 

allowed an understanding of the drinking water provisioning services but were 

considerably harder to collect. The BEE-STEWARD software did not advance 

understanding on the value of ES linked to pollinators in this case-study, though 

it would certainly be useful in the context of landscapes with insect pollinated 

crops.  

Despite the challenges faced in completing an application of the full NC approach 

to farm management decisions, there are some clear advantages to pursuing 

such a goal. Collating the necessary data to understand the flows of ES values 

allows academics, policy makers and farmers to answer some interesting 

questions about different land management options. In this case-study, it allowed 

an evaluation of whether conversion to organic agriculture at Clinton Devon 

Estate had the capacity to deliver greater ES benefits to humans. Furthermore, it 

enabled an assessment of the cost-effectiveness of organic conversion in 

delivering external benefits, when considering agri-environment scheme 

payments. Whilst there are some uncertainties in this work, the study presents 

one of the first known examples of accounting for the change in multiple ES 

values in the UK when comparing organic and conventional agriculture at a farm 

scale. Showing that organic agriculture could have the capacity to enhance flows 
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of ES and, under the highest benefit scenario for every £1 spent to support 

organic management, an additional £1.21 yr-1 would be delivered in external 

benefits. The research provides a foundation that can be further developed by 

practitioners to refine its application in the future.  
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Chapter 8: Synthesis and conclusions  
This chapter synthesises the conclusions presented in chapters’ 4 to 7. It 

summarises the key findings and the novel contributions that this research makes 

to building understanding on: 1) the farm scale application of the NC approach; 

and 2) the impact of different land management practices on NC, EF and ES.    

In conducting this research the project has compiled a valuable suite of 

information for Clinton Devon Estate, Westcountry Rivers Trust and South West 

Water. Critically, it has established baseline NC conditions which the estate 

intend to use in future monitoring and it has identified that the estate’s decision 

to convert the Home Farm to organic agriculture has enhanced a number of NC 

conditions and ES. It appears that whilst conversion to organic agriculture has 

reduced yields, it has not significantly impacted producer surplus, validating the 

estate’s initial decision to convert to organic agriculture primarily on financial 

grounds. Furthermore, the research has provided valuable data on the potential 

reduction in nitrate contamination that could arise at South West Waters’ 

treatment works and has enabled communication with local farmers on the 

importance of land management practices that reduce degradation of soil, water 

and biodiversity NC.  

The key findings of the research are expanded below, with reference back to 

each of the four overarching objectives that were established with Clinton Devon 

Estate at the initial stage of this PhD. Additionally, this chapter  considers the 

relevance of these findings to the government’s recently published (2nd December 

2021) Sustainable Farming Incentive (SFI) policy paper (Defra, 2021). The 

chapter finishes by summarising important directions for future research.  

8.1 Objective one: To establish baseline natural capital conditions for 
soil, water and biodiversity natural capital at the farm scale  
Baseline NC conditions were established in chapters 4, 6 and 7 for soil, 

groundwater and pollinator resources and modelled bumblebee populations. An 

important finding in establishing baseline NC conditions was that, in most cases 

existing data was either not publicly available or was at an insufficient resolution 

to be meaningful in farm scale decision-making. Chapter four highlights the 

issues with using currently available existing soil data to categorise baseline soil 

NC conditions, such as over or under estimating soil carbon stocks. Chapter 6 
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shows that despite some existing data (e.g. on standard farm habitat floral 

resources), field collected data (e.g. on floral resources in organic fields) was 

critical in informing a local understanding of pollinator resources and bumblebee 

populations. Chapter 7 demonstrates that whilst some useful baseline data is 

available (e.g. groundwater quality), it is often held privately, requiring agreement 

to access it.  

In bringing this information together, this study presents one of the first farm scale 

NC studies where primary data has been combined with existing data to 

categorise baseline NC conditions. It is one of the first studies to apply the 

recently published BEE-STEWARD software (Twiston-Davies, Becher and 

Osborne, 2021) to estimate baseline pollinator resources and bumblebee 

populations at the farm scale. In doing so, it has provided additional floral 

resource data which can be used by future studies (i.e. on habitat plots and 

margins, organic arable crops and pasture). Improving the reference database 

used in the model will help academics, land managers and other stakeholders 

streamline applications of the software at other sites. The baseline NC conditions 

also present an important reference point for future monitoring.  

A key finding from Chapter 4 is that whilst establishing baseline NC condition at 

the farm scale can be resource intensive, the data can be used to build an 

understanding of the drivers of NC condition. When combined with data on field 

management practices, it was possible to identify some key drivers of baseline 

soil NC condition. This is discussed further in the next section.  However, it 

highlights the importance of baseline NC data not just for future monitoring but 

also for gaining rapid insight into what might be degrading or enhancing NC. The 

approach presented in chapter four can help guide other land managers, 

interested in establishing baseline soil NC conditions, in future decision-making 

and establishing research priorities.  

It is important to acknowledge here that this study did not categorise baseline NC 

conditions for all forms of NC on the estate. Neither did it monitor NC across every 

field or farm on the estate. Addressing this challenge was beyond the resources 

available to the PhD which instead focused on a defined area of the estate which 

spanned one soil association, drained directly to the groundwater aquifer and 

covered the main spectrum of farm management practices on the estate. The 
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intention was to provide the robust baseline data needed to underpin meaningful 

interpretation of NC condition and to be of use in addressing other research 

objectives. In doing so, it has provided both a foundation to tackle objectives two 

and three and has established metrics and methods that can be applied to other 

parts of the estate in the future.  

8.2 Objective two: To build understanding on how land management 
practices and intensity impact natural capital condition and 
productive output  
Clinton Devon Estate expressed a strong interest in understanding the impact of 

different land management practices, frequently applied across the estate, on NC 

condition. They were interested in the impact of farming intensity on their in-house 

and tenant farms and on the relationship between productive output and NC 

condition.  

In tackling this objective, the study has provided valuable local evidence for the 

estate to communicate with tenants about the implications of intensive land 

management practices. The findings are likely to help guide further investigations 

into the benefits of reduced tillage and the use of longer-term grass leys in arable 

rotations. In addition, findings provide evidence to validate the need for policy 

incentives that sustain and enhance soil NC.  

Chapter 4 shows that farm management intensity had a significant impact on soil 

carbon stocks, soil stability (N-potential (clay:SOC ratio)) and crop biomass yield. 

Increasing intensity coincided with decreasing soil carbon stocks and soil stability 

but increasing crop biomass production. Despite arguments made about the 

negative private impacts of degrading soil NC condition (i.e. reduced 

productivity), this was not observed in the study. No significant relationship was 

found between any of the measured soil properties and crop biomass yield. 

Disentangling the relationships between soil NC condition, inputs of 

manufactured capital and crop yield are undeniably complex but without evidence 

that degraded soil conditions (e.g. soil carbon) impact farmers, there appears to 

be limited private incentive for them to reduce intensive practices. The findings, 

therefore, validate the need for external mechanisms - such as the recently 

released SFI ‘Soil Standards’ -  to incentivise farmers to protect elements of soil 

NC that deliver public benefits (e.g. carbon storage and climate regulation).  
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The SFI policy paper was released on the 2nd December 2021 and is the first of 

three new environmental land management schemes to be rolled out in England 

from 2022. The ‘Soil Standards’ are integral to the SFI, with introductory and 

intermediate payments becoming available to farmers to support the monitoring 

of SOM, establishment of soil management plans and the protection of soils over 

winter. It will be important to monitor whether these protection practices go far 

enough to protecting soil NC condition. Whilst protecting soils over the winter will 

likely reduce soil erosion risk, it will not necessarily improve the storage of soil 

carbon. The most intensive farm in this study (Farm 1 in Chapter 4), for example, 

consistently ensured winter cover with either autumn sown crops or a fast-grass 

winter ley, satisfying the requirements of the introductory soil standard. The soil 

carbon stocks at Farm 1, however, were the lowest across all farms with evidence 

of degraded soil carbon following the categorisation presented in Prout et al., 

(2020). The findings suggest the need for an ‘Advanced standard’, which the 

government are working towards adding in 2023. They suggest that this will 

include support for no-tillage techniques which aligns well with the results 

presented in Chapter 4. There the research identified that the most likely drivers 

of soil carbon degradation are short-term rotations and frequent changes in 

cropping (necessitating primary tillage). Fields that had received less primary 

tillage operations over the six years prior to sampling and those that had been 

undisturbed for longer periods of time (e.g. long-term grass leys and pasture), 

stored more carbon and had a higher n-potential (clay:SOC ratio), suggesting 

greater soil stability. The findings support other literature on the benefits that arise 

from reduced tillage (Busari et al., 2015; Büchi et al., 2017; Haddaway et al., 

2017) and paddock grazed pasture (Whitehead, 2020).  

In summary, the research highlights the importance of getting the new SFI policy 

right. Its success will be important in restoring and sustaining NC conditions and 

avoiding the detrimental impacts that could arise under further intensification of 

agriculture following the loss of the Basic Payment Scheme in 2028 (Helm, 2017; 

Arnott et al., 2021).  
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8.3 Objective three: To explore the capacity for organic agriculture to 
balance food production, producer welfare and the enhancement of 
natural capital and ecosystem service delivery   
Objective three is tackled in chapters 5, 6 and 7, all of which show that organic 

agriculture can deliver a number of environmental benefits (increased soil carbon 

stocks, increased floral resources and reduced nitrate leaching) and depending 

on the location of these, could result in a significant increase in the value of 

external ES. Organic crops had significantly lower crop yields but there were no 

significant differences detected in producer surplus; that is, whilst benefits in NC 

and ES came at the expense of crop production, this did not translate into a trade-

off in producer welfare (measured as producer surplus).  

It is important to acknowledge here that despite improvements in soil NC, 

pollinator resources and bumblebee populations, not all measurements of NC 

and EF were systematically improved under organic management. The findings 

from Chapter 5 also highlight how improvements in soil conditions (e.g. carbon 

storage and soil structure) could be made in both organic and conventional 

systems. Furthermore, the study highlights that the scale of the benefits derived 

are spatially specific and can be dependent on the extent of the area under 

organic management. For example, the level of those benefits can depend on the 

types of cropping in a landscape (e.g. insect or wind pollinated crops) and the 

impact to important NC assets (e.g. the presence or absence of local drinking 

water resources). Even so, in addressing objective three, this study provides one 

of the first UK studies to have quantified differences in NC condition, EF and ES 

values under organic compared to conventional management. In doing so, it has 

provided compelling evidence that spatially-targeted organic conversion could 

contribute to improving the flow of ES in the UK, whilst not adversely affecting 

producer welfare.  

Chapters 6 and 7 identify that producer surplus was similar under organic and 

conventional management, an observation that is explained through the price 

premium commanded by organic produce and, in some cases the lower costs of 

organic production. Significant improvements in producer surplus under organic 

management, however, were only really observed when including subsidy 

payments from the existing Countryside Stewardship Scheme. Without this 

government support (as chapter 6 highlights), it is unlikely that farmers will take 
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the risk of converting to organic production. The government have only recently 

acknowledged that they are reviewing how to reward farmers for delivering 

environmental benefits through organic management and/or conversion in the 

new SFI (Soil Association, 2021b). Findings presented here provide evidence 

that support for organic management (particularly, spatially-targeted support) or, 

at the very least, support for management practices typical in organic systems 

(e.g. longer term fertility building leys), should be included in the new SFI scheme.  

8.4 Objective four: To undertake a complete application of the natural 
capital approach (from measurement of natural capital condition 
through to economic valuation of ecosystem services) using field-
based data and, by so doing, build understanding as to how the 
approach might be implemented at the farm scale and assess whether 
it is suitable for routine land management decision-making at that 
scale. 
Objective four was addressed in Chapter 7, building upon the data collected as 

part of chapters 5 and 6. In addressing this objective, it is the first known UK study 

to incorporate primary field data in the completion of the full NC approach 

(quantifying NC condition, EF and ES value) at the farm scale. In conducting this 

work it is also the first known study to attempt to link changes in nitrate leaching 

(in response to genuine land management change) to groundwater aquifer nitrate 

concentrations and the subsequent implications for water treatment costs.  

The study adds to recent evidence (Faccioli et al., 2020) highlighting that, despite 

interest in the application of the NC approach at local scales, the data, tools and 

resources are generally lacking to facilitate its routine use in land management 

decision-making. If the UK government are serious about realising their ambition 

of “leading the world in using this approach as a tool in decision-making” (HM 

Government, 2018, pg. 9) at management-appropriate scales, they will need to 

significantly improve the resources available to land managers. Resources need 

to include multidisciplinary support networks which incorporate input from natural 

scientists, economists and other stakeholders, as well as advances in and open 

access to high-resolution data and tools. Tools that could offer particular value 

are those that facilitate the rapid processing of bio-physical and farm 
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management data into ES value data (e.g. converting SOC data or crop yield 

data into values for climate regulation and producer surplus).  

The research has also contributed to learning on the implications of using 

‘indicators’ to signal changes in ES in partial applications of a NC approach. In 

collating and analysing data at the NC, EF and ES value tiers of the NC approach, 

it is evident that conclusions made when interpreting NC indicators might differ 

both quantitatively and qualitatively from those when interpreting ES values. 

Concluding that NC condition has "improved" may not explain whether there is 

any change in the value of ES flows. Measurements of EF (such as nitrate 

leaching or crop growth) are important in working towards valuing ES but drawing 

inference based on EF alone does not necessarily lead to the same conclusions 

as when completing ES valuation. For example, the measurement of crop yield 

(a commonly used indicator of provisioning ES) does not provide all the 

information required to evaluate a change in producer welfare (i.e. benefits to 

farmers). A measure of the profit derived from the production and sale of the crop 

is required to achieve this. Therefore, whilst it is an attractive option to use bio-

physical indicators of NC or EF to make predictions about ES value, this is often 

not a reliable method. The data supports other studies that have highlighted the 

need for both biophysical and economic metrics to evaluate ES flows from NC 

resources (Keeler et al., 2012).  

Despite the difficulties of using indicators in the NC approach, there are some 

metrics that are relatively easy to collect and provide a good foundational data-

base for land managers. Notably: SOC and BD to estimate carbon stocks and 

climate regulation services36; and crop yield and cost of production data to 

calculate producer surplus. Whilst it was originally assumed that crop yield data 

would be collected as standard at the estate, such data was not available at 

management-appropriate scales (i.e. at the field or field group scale). Data at this 

scale is important to understand field and crop performance and evaluate how 

changes in field management are likely to alter changes in soil carbon and 

producer surplus. It is positive to see that under the new SFI, farmers will be 

required to measure SOM. Such measurements will provide a good baseline on 

                                            
36 Whilst some measurements of SOC and BD are relatively easy (compared to other metrics to 
assess NC and ES) there is still a debate over how these properties should best be quantified, 
with some researchers arguing for more resource intensive and robust methods of analysis.  
This is discussed in more detail in Section 7.4.1 Challenge 1 and Appendix E.4.  
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which to evaluate change in SOC but, as highlighted in Chapter 5, this will need 

to be combined with some measure of BD to estimate contributions to climate 

regulation ES.    

These easy to measure ES should still be used with caution, however, as their 

exclusive use would fail to fulfil the holistic principles of the NC approach. For 

example, in Chapter 4 it was observed that the highest soil carbon stocks were 

under permanent organic grassland: a potential win for climate regulation 

services. In Chapter 6, however, it was observed that the same permanent 

grassland sites offered no significant difference in floral resource availability 

compared to conventional grassland sites and much lower floral resource 

availability compared to weedy organic arable fields. In this case, the two different 

management types (organic arable and organic pasture) support the 

maintenance of different NC stocks. Therefore, the focal point of any land 

management-based scheme needs to be carefully thought out to avoid such 

consequences. The finding highlights the importance of the holistic nature of the 

NC approach in avoiding biodiversity losses in pursuit of other public services 

(CCI, 2016).  

8.5 Further work  
In addressing the four objectives, this project has advanced understanding on the 

impact of different land management practices and on the application of the NC 

approach at management-appropriate scales. It has presented metrics and 

methods that could be taken forward in other applications of the NC approach. 

This study does not, however, represent an end point in this research arena. 

Further work is required to tackle the challenges faced in applying the NC 

approach and building understanding of how different land management 

practices impact on ES flows. A summary of further research suggestions is 

provided below (further details are found in the discussion/conclusion for each 

chapter).  

Long-term monitoring of NC, EF and ES values at the case-study site would 

improve confidence in the conclusions made around the impacts of organic 

conversion and different land management intensities. Notably, further 

monitoring of soil carbon, crop yields (over a variety of growing years) and aquifer 

nitrate contamination and water treatment costs would improve understanding at 



   
 

271 
 

the study site, on the role that conversion to organic agriculture has had on 

enhancing the delivery of ES. The outlook for on-going collection of some of this 

data looks promising with Clinton Devon Estate intending to continue to monitor 

soil carbon levels across the study fields, having joined the CASH (Carbon Assets 

for Soil Health) project being led by the Soil Association. Westcountry Rivers 

Trust are also continuing to monitor nitrate leaching in response to land 

management at the field sites installed in this study.  

There is a need to build understanding on the application of the NC approach 

across a suite of different management scenarios, across different soil types and 

across landscapes with differing scales of heterogeneity. In the context of organic 

agriculture, this will help improve understanding on the scale of benefits that can 

be expected to be achieved under organic management in the UK. It will also 

advance understanding of the application of the NC approach and wider testing 

will help identify other spatially-specific ES flows and the metrics that can be used 

to quantify change in them. Other case-studies should therefore be developed 

that incorporate primary data on NC condition, EF and ES values across the UK. 

Encouragingly, two geographically-distinct farming estates have already 

expressed an interest in applying the NC approach framework presented in this 

thesis to explore the benefits and trade-offs of adopting regenerative agricultural 

practices.  

Incorporating other measurements of NC, EF and ES value will be important in 

the future in order to fulfil the holistic requirements of the NC approach (Faccioli 

et al., 2020), particularly those that are harder to measure: flood protection 

benefits, landscape values and biodiversity. Further research would be useful, for 

example, to refine understanding on how individuals use and value farmland 

landscapes in a given state. It would be interesting to establish whether 

individuals derive more welfare benefit from exploring the public rights of way that 

intersect an organic or conventional farmed landscape.  

8.6 Concluding remarks  
Despite the challenges of applying the NC approach at the farm scale, this study 

shows that the approach has some clear advantages in evaluating farm 

decisions. Building towards the final valuation of ES has enabled the comparison 

of the flows of ES benefits from organic compared to conventional management. 
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Incorporating these economic values alongside financial costs (as presented in 

Chapter 6 and 7) enables policy makers and land managers to evaluate the cost-

effectiveness of different schemes. Using such cost and benefit data could 

become increasingly important for: 1) academics and policy makers to 

communicate with land managers about the private and external benefits of their 

actions; and 2) land managers to communicate the value of their NC assets and 

the costs of sustaining these to private and public funders. There does, however, 

remain a long way to go, with improved capacity for data collection and future 

developments in methods and tools to support applications at the farm scale. It’s 

complete or even partial application is therefore unlikely to be practical for most 

land managers at present. Furthermore, its development into a powerful support 

tool will be contingent not only on the challenges being addressed but also on 

there being a clear incentive for land managers to incorporate measurements of 

NC and the value of ES in their decision-making frameworks. It will be interesting 

to observe whether the incentive become stronger under the new ELMS scheme 

and as interest from private organisations in investing in farm NC (e.g. carbon 

credit schemes) develops.  
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Appendix A:  
Appendix A.1: Data used to calculate specific conversion figure to 
calculate percentage SOC from SOM  

Data used to collect local SOM to SOC conversion factor. The percentage of 

soil organic matter (SOM) as soil organic carbon (SOC) was first calculated 

based on the sub-set data using TC from elemental analysis. Calculated as:  

% 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎 𝑆𝑆𝑆𝑆𝑆𝑆 = (𝑇𝑇𝑆𝑆 ÷  𝑆𝑆𝑆𝑆𝑆𝑆) ∗ 100 

The mean of percentage SOC was then calculated to determine the conversion 

factor. This was rounded to 0.52 for simplicity. A similar method was conducted 

by linear regression equation and this yielded much the same result.   

Site SOM% (LOI) 
TC% (elemental 
analysis) 

% of SOM as 
SOC 

1 2.48 1.31 52.78 
2 2.26 1.17 51.95 
3 3.22 1.85 57.42 
4 3.19 1.67 52.19 
5 2.94 1.59 54.08 
6 3.35 1.85 55.13 
7 2.72 1.51 55.55 
8 2.01 0.99 49.45 
9 1.84 0.86 46.47 

10 2.74 1.38 50.51 
11 2.84 1.70 59.93 
12 2.98 1.46 48.89 
13 4.02 1.86 46.19 
14 3.46 1.67 48.15 
15 2.41 1.09 45.10 
16 2.88 1.30 45.21 
17 2.75 1.45 52.55 
18 2.53 1.16 45.73 
19 2.66 1.43 53.65 
20 2.66 1.37 51.65 
21 2.41 1.13 47.01 
22 2.93 1.69 57.68 
23 2.70 1.42 52.70 
24 2.70 1.61 59.67 
25 3.51 1.96 55.78 
26 3.05 1.51 49.48 
27 3.78 2.02 53.49 
28 2.62 1.31 50.11 
29 3.29 1.72 52.28 
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30 2.83 1.22 42.97 
31 3.13 1.49 47.64 
32 3.23 1.66 51.42 
33 2.40 1.40 58.50 
34 3.90 1.97 50.49 
35 2.73 1.44 52.71 
36 3.29 1.93 58.66 
37 2.51 1.18 46.89 
38 2.40 1.30 54.00 
39 3.50 1.57 44.89 
40 2.42 1.21 49.83 
41 2.20 1.25 56.86 
42 2.65 1.10 41.32 
43 1.79 0.95 53.24 
44 2.44 1.49 61.23 
45 2.17 1.21 55.62 
46 2.66 1.41 52.82 
47 2.60 1.34 51.58 
48 2.48 1.12 45.20 
49 2.80 1.32 47.29 
50 2.59 1.32 50.89 
51 3.01 1.61 53.42 
52 2.03 1.19 58.47 
53 1.94 1.04 53.35 
54 2.29 1.20 52.23 

Mean % SOM as SOC  51.71 
Standard deviation   4.60 
Figure was rounded to 52% (i.e. a conversion factor of 0.52) 
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Appendix A.2: Linear model outputs for predicting first cut silage 
yields on three fields (21 sites) on the organic Home Farm (Farm 3) 

Second silage crop yields (secondDMyield) were used to predict first silage crop 

yields across three study fields.  

Model output:  

Lm(firstDMyield ~ secondDMyield, data = data) 
Residuals: 
    Min      1Q  Median      3Q     Max  
-89.558 -23.389   1.018  28.230  90.745  
 
Coefficients: 
              Estimate Std. Error t value Pr(>|t|)     
(Intercept)    86.2750    18.6321   4.630 6.18e-05 *** 
secondDMyield   1.5139     0.4218   3.589  0.00113 **  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 39.44 on 31 degrees of freedom 
  (21 observations deleted due to missingness) 
Multiple R-squared:  0.2935, Adjusted R-squared:  0.2708  
F-statistic: 12.88 on 1 and 31 DF,  p-value: 0.001128 
 

Plot of linear model with real data (red), predicted values (blue) and the 
standard error of the model:  
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Appendix B:  
Appendix B.1: Farm management terms used to rank farm intensity  

Selecting management terms to rank farm intensity and/or model impact on 
soil properties:  

Indicators distinguishing different farm management practices were adapted from 

Buchi et al., (2019), using and/or tweaking those that were considered applicable 

in this context and where farm management data allowed. Buchi et al., (2019) 

investigate a suite of agricultural indicators that could be used to unveil the hidden 

side of cropping classification (e.g. the similarities and differences between 

conventional, no-till and organic systems) and in drawing conclusions about yield, 

environmental benefits or soil properties.  

A simplified selection of the indicators were used, with a-priori justification, to rank 

farm intensity and in model selection to explore what management practices 

might be driving soil natural capital condition. A composite index “Farm Intensity” 

was created by ranking the intensity for each farm for each of the management 

practices.  

Where possible the same/similar farm management data was collated for the 

farms in this study over a 6 year period from 2013 – 2018. The past six years was 

selected on the grounds of the length of the organic rotation for the Home Farm 

(Farm 3) and based on the reliability of some of the farm management data. 
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Mgmt. 
descriptio
n 

Definition  Scale  Farm data 
required  

Ref. 
material 
require
d 

Assumpti
on 
required 

Further details   

 
Ann_orgN  Annual 

available 
nitrogen (N) 
applied as 
slurry, FYM or 
grazing animals 
from 2013 – 
2018 
Units: kg ha-1 

Field Farm 
records 
Farm 1: 
2016 – 2019 
Farm 3: 
2018 – 2019  
Farm 2: 
Crop Std.  
Farm 4: Std. 
annual  
Farm 5: 
2018 – 2019 

  For Farm 4 and Farm 5 Farm N inputs from grazing animal 
excreta were estimated using DM input data for dairy cows 
from (Jacobs et al., 2020) and proportions of available N in 
FYM using data from AHDB Nutrient Mgmt guide (RB209).  
Slurry (pig or cattle) and FYM data was provided for the 
period specified for each farm. Assumptions were then 
made for the inputs for preceding years based on the 
cropping records. Where information on kg available N from 
slurry or FYM were provided (i.e. for Farm 1 and Farm 3 
Farms) then these values were used. Otherwise RB209 
(AHDB, 2020) values were used to calc. available N input 
from quantity of slurry or FYM input.  
Annual records for Farm 2 were based on inputs specific to 
maize crops following discussion with farmer. 

Ann_inorg
N  

Annual 
available N 
applied as 
inorganic 
fertilizer from 
2013 – 2018 
Units: kg ha-1 

Field  Farm 
records 
Farm 1: 
2016 – 2019 
Farm 3: NA 
organic   
Farm 2: 
2013 - 2018 
Farm 4: Std. 
annual  

  Assumptions were made for the years preceding the 
fertilizer records provided. These were based on existing 
applications for each crop and applied to each year using 
longer term cropping records.  
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Farm 5: NA 
organic  

Ann_totN Total of the two 
above   
Units: kg ha-1 

Field  Farm 
records 
Farm 1: 
2016 – 2019 
Home: 2018 
– 2019  
Farm 2: 
2013 - 2018 
Farm 4: Std. 
annual  
Farm 5: 
2018 – 2019  

  Combination of the two input above.  

Ann_orgP  Annual 
available 
phosphate (P) 
applied as 
slurry, FYM or 
grazing animals 
from 2013 – 
2018 
Units: kg ha-1 

 Farm 
records 
Farm 1: 
2016 – 2019 
Farm 3: 
2018 – 2019  
Farm 2: 
Crop Std.  
Farm 4: Std. 
annual  
Farm 5: 
2018 – 2019 

  For Farm 4 and Farm 5 Farm P inputs from grazing animal 
excreta were estimated using DM input data for dairy cows 
from Jacobs et al., (2020) and proportions of available P in 
FYM using data from AHDB Nutrient Mgmt guide (RB209).  
Slurry (pig or cattle) and FYM data was provided for the 
period specified for each farm. Assumptions were then 
made for the inputs for preceding years based on the 
cropping records. RB209 (AHDB, 2020) values were used to 
calc. available P input from quantity of slurry or FYM input.  
Annual records for Farm 2 were based on inputs specific to 
maize crops following discussion with farmer. 

Ann_inorg
P  

Annual 
available P 
applied as 
inorganic 

Field  Farm 
records 
Farm 1: 
2016 – 2019 

  Assumptions were made for the years preceding the 
fertilizer records provided. These were based on existing 
applications for each crop and applied to each year using 
the longer term cropping records.  
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fertilizer from 
2013 – 2018 
Units: kg ha-1 

Farm 3: 
2018 – 2019    
Farm 2: 
2013 - 2018 
Farm 4: Std. 
annual  
Farm 5: 
2018 – 2019   

Ann_totP Total of the two 
above   
Units: kg ha-1 

Field  Farm 
records 
Farm 1: 
2016 – 2019 
Farm 3: 
2018 – 2019  
Farm 2: 
2013 - 2018 
Farm 4: Std. 
annual  
Farm 5: 
2018 – 2019  

  Combination of the two P inputs above.  

Ann_OM_
kgha 
 

Annual organic 
matter (dry 
portion) applied 
as slurry, FYM 
or by grazing 
animals from 
2013 – 2018  
Units: kg ha-1 

Field  Farm 
records 
Farm 1: 
2016 – 2019 
Farm 3: 
2018 – 2019  
Farm 2: 
Crop std.  
Farm 4: Std. 
annual  

  Slurry and FYM input data was provided for the years 
specified. Assumptions were made for the years preceding 
organic matter input records. These were based on existing 
applications for each crop and applied to each year using 
the longer term cropping records. 
Annual records for Farm 2 were based on inputs specific to 
maize crops following discussion with farmer.  
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Farm 5: 
2018 – 2019 

Ann.  
stable OM 
Input (IC)  
 

Annual 
proportion of 
stable organic 
matter (slurry 
and FYM) likely 
to be 
incorporated 
into the soil as 
soil organic 
matter (based 
on isohumic 
coefficients)  
Units: kg ha-1 

Field  Using 
organic 
matter input 
data (as 
above)  

  The isohumic coefficient is defined as the fraction of applied 
organic matter which is ‘transformed’ into soil organic matter 
(Maillard and Angers, 2014). It was calculated using dry 
matter data and coefficients for each input type from (Büchi 
et al., 2019). See Appendix B.2.  
 
 

No. spray 
apps 2019 

The number of 
separate 
fungicide 
and/or 
herbicide 
applications 
conducted 
ahead of the 
harvest of the 
main crop in 
2019  

Field  Farm 
records:  
Farm 1: 
2019 
Farm 2: 
2019 
Farm 4: Std. 
annual  
NA on 
organic 
fields 

  Note: This does not account for the total number of different 
products. Multiple products were often in included in one 
spray operation.  
 

  
No. crops  Number of 

cultivated crops 
between 2013 

Field  Cropping 
data for all 
farms was 
provided 

  No assumptions required 
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and 2018 (incl. 
cover crops)  

from 2013 – 
2018  

No. 
different 
crops  

Number of 
different 
cultivated crops 
between 2013 
– 2018 (incl. 
cover crops)  

Field Cropping 
data for all 
farms was 
provided 
from 2013 – 
2018 

  No assumptions required 

Crop 
diversity  

Number of 
different crops 
divided by the 
total number of 
crops between 
2013 – 2018  

Field  Cropping 
data for all 
farms was 
provided 
from 2013 – 
2018 

  No assumptions required 

Yrs. grass  Number of 
whole years 
where field was 
in grass (excl. 
over wintered 
grass leys)  

Field  Cropping 
data for all 
farms was 
provided 
from 2013 – 
2018 

  No assumptions required 

No. yrs 
cover crop  

Number of 
times field has 
been in a winter 
cover crop 
(excl. grazed 
stubble turnips)  

Field  Cropping 
data for all 
farms was 
provided 
from 2013 – 
2018 

  No assumptions required  
 
Some gaps in ow cropping for Farm 3 Farm – filled in with 
assumptions based on rotation stage.  

No. 
grazing 
years  

Number of 
years field 
cattle grazed 
from 2013 – 
2018 (winter 
forage grazing 

Field  Cropping 
data for all 
farms was 
provided 
from 2013 – 
2018 

  Winter forage grazing was assumed to account for 0.25 of a 
year, with period running November, December, January.  
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was considered 
0.25 years)  

Crop 
sampled  

The crop at the 
time of soil 
sampling in 
2018/19  

Field  Field 
observation 
2018/19  

   

  
No. 
primary 
tillage ops   

Number of 
primary tillage 
operations 
conducted 
between 2013 
– 2018 
(includes 
mouldboard 
and  chisel 
ploughing, 
HEVA, top 
down and de-
stoning 
cultivations) 

Field  Farm 
records 
Farm 1: 
2016 – 2019 
Farm 3: 
2018 – 2019  
Farm 2: 
Crop std.  
Farm 4: Std. 
annual  
Farm 5: 
2018 – 2019 

  For the years preceding detailed farm records on cultivations 
then primary tillage had to be estimated on the basis of field 
cropping history. The type of tillage was assumed based on 
current practice and discussions with farmer.  
Secondary tillage operations were omitted as records were 
not kept for all farms.   

No. times 
mb plough  

Number of 
times 
mouldboard 
ploughing has 
been used as 
the primary 
tillage method 
between 2013-
2018  

Field  Farm 1: 
2016 – 2019 
Farm 3: 
2018 – 2019  
Farm 2: 
Crop std.  
Farm 4: Std. 
annual  
Farm 5: 
2018 – 2019 

  For the years preceding detailed farm records on cultivations 
then the use of the mouldboard plough had to be assumed 
on the basis of field cropping history. The assumption was 
made on the cropping history, current cultivation practices, 
discussion with the farmer and/or standard crop cultivation 
practice using Nix (2018).  
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Years 
since 
tillage  

Time between 
soil sample 
being collected 
and the time 
the field was 
last tilled  

Field  Detailed 
farm records 
with date of 
last tillage 
were 
available for 
Farm 1, 
Farm 3 and 
Farm 2 
Farm.  

  Assumptions had to be made about the exact date of when 
pasture fields at Farm 4 and Farm 5 Farms were last tilled 
as these pre-dated 2013 in some instances.  
Note: Originally calculated in days since tillage and re-
scaled to years to incorporate into model runs.  

Est_passe
s_2018 

The estimated 
number of field 
passes 
conducted in 
2018 ahead of 
the soil sample 
being collected 

Field  Detailed 
farm records 
for Farm 3, 
Farm 2, 
Farm 5 and 
Farm 1 
Farm.  

  Farm 4 passes were assumed on the basis of standard 
annual pasture management provided by farmer.  
Passes included were applications or organic and inorganic 
fertilizer, harvest operations, drilling passes, spray 
applications and additional miscellaneous passes.  

  
Yield 2019  Biomass yield 

data for all 
arable or silage 
scenarios on 
Farm 1, Farm 3 
and Farm 2 
Farm (see 
Methods) in t 
ha-1.  
Number of 
times field 
grazed for 
pasture.  

Variabl
e 

Field data  
Farm 
grazing 
records: 
Farm 5 
Farm: 2019  
Farm 4 
Farm: 2019  

  Crop samples over a known area were collected in 2019 
ahead of harvest to calculate DM t ha-1 crop biomass.  
Number of times the whole field was grazed in 2019 was 
determined from grazing records provided by the farmer for 
Farm 5 and Farm 4 Field.  
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CoP 2019  Cost of 
Production of 
the 2019 crop  
Units: £ ha-1 

Field Farm 
operation 
records for 
2019 crop   

  The same contractor costs were used for all farms based on 
local contractor pricing for standard operations. This 
included all cultivations, seed bed prep, fertiliser and spray 
application and harvest costs.  
Where local contractor details did not cover a particular 
operation then costs were taken from the Nix Farm 
Pocketbook (Nix, 2018).  
Spray and inorganic fertiliser costs were taken from Nix 
(2019) based on the active ingredients shown in farm 
records.  
The Farm 3 Farm provided most organic seed costs. All 
other seed costs were taken from Nix (2018).  
Grass seed costs were annualised and included in 
calculations for leys and pasture. Dairy herd management 
operations were not included in grazing pasture CoP.  
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Appendix B.2: Isohumic coefficients used to calculate soil organic matter input and data used to estimate grazing animal 
inputs  

FYM, Slurry and Dirty Water input data used for calculating nutrient and organic matter inputs  

Material 
Nitrogen (N) 

Kg N t-1 
Source of N 

data 
Phosphate (P) kg 

P2O5 t-1 Source P data 
Dry 

Matter Kg OM/t Dry Matter Source 
(IC) isohumic 

coefficient 

DM content used for 
IC calc. (kg t or kg 

m3) IC source 

Cattle Slurry 1.3 
CDE 

gatekeeper 0.3 
RB209 2020 (low 

band) 2% 20 
RB209 2020 (low 

band) 0.1 50 
(Büchi et al., 

2019) 

Cattle FYM 0.6 
CDE 

gatekeeper 1.9 
RB209 2020 
(standard) 25% 250 

RB209 2020 
(standard) 0.5 150 

(Büchi et al., 
2019) 

Horse FYM 0.5 RB209 2020 3 RB209 2020 25% 250 
RB209 2020 
(standard) 0.4 270 

(Büchi et al., 
2019) 

Pig Slurry 
Variable (1.31 - 

1.9) 
Farm 1 

Gatekeeper Variable (0.45 - 0.98) 
Farm 1 

Gatekeeper 2% 20 
RB209 2020 (low 

band) 0.1 33 
(Büchi et al., 

2019) 

Pig FYM  1.1 
Farm 1 

Gatekeeper 3.6 
Farm 1 

Gatekeeper 25% 25 
RB209 2020 
(standard) 0.35 40 

(Büchi et al., 
2019) 

Dirty Water 0.15 RB209 2020 0.05 RB209 2020 0.50% 5 
RB209 2020 
(standard) 0.1 5 

(Büchi et al., 
2019) 

 

Note: Low Band estimates from the AHDB RB209 Fertilizer manual (AHDB 2020) were used for both cattle and slurry data for estimating 

phosphate input and dry matter input of organic material. The low band estimates was applied rather than the standard on the basis of discussion 

with both of the farmers that applied these inputs and on any past slurry analysis. Both farmers suggested slurry was particularly ‘wet’, with a low 

dry matter content.  

 

Calculations of for organic matter and nutrient inputs from grazing animals  
Livestock 

animal 
DM inputs from 

excreta 

   
Nutrient inputs from excreta 

 
Mg DM animal -1 yr-1 kg DM excreta animal-1  

hr-1 
Carbon content of 

excreta DM 
Source excreta input and C 

content 
Nitrogen (N) Kg 

N t-1 
Source of N data Phosphate 

(P) kg P2O5 t-

1 

Source P data 

Dairy cow  1.425 0.16 0.38 Jacobs et al., (2020) 0.9 RB209 (for fresh 
FYM) 2020 

1.9 RB209 (for fresh FYM) 
2020 
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Appendix B.3: Field management terms used in models to determine drivers behind soil natural capital condition  

The same process was followed for selecting the model terms for each model selection run: 

1. Check distribution of the data. If non-normality detected, log transform data and identify if there is an improvement  

2. Plot all management terms alongside predicted variable in a scatterplot matrix (using Pairs Panels in R) to identify potential significant 

relationships and multi-collinearity issues  

3. Create a global linear mixed effects model of all terms that were considered could have an impact on the predicted variable based on 

literature and field experience. All terms were additive. Random terms were used to account for variance within field and variance within 

field replicates, terms ‘Field’ and ‘Field Group’ 

4. Run global model and identify any significant terms – re-scale variables if necessary  

5. Check for multicollinearity issues using the Performance package in R and singularity issues (check for risk of overfitting)  

6. Remove terms causing high multicollinearity (VIF > 10) in accordance with what terms were more significant or were considered to have a 

greater impact on predictor variable (based on literature and field experience)  

7. Finalise the linear mixed effects model terms  

8. Input selected terms and random effects into line code for the GLmulti model selection package in R. All terms were additive not 

interactive.  

9. Run model selection process  
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Model terms used to explain soil carbon storage and n-potential:   

Note singularity issue flagged in the refined model, as such Num_grazing_yrs and Num_mb_plough had to be removed – this seems to allow the 

model to run without issue. I.e. Variance for the random effects are shown (and are not 0 or basically 0).  

However, it is important to note that for the Glmulti run it throws up lots of singular fit warnings. They are not preventing the model run but it 

remains an issue unless Num_tillage is removed. It is odd that this is an issue in the multi model run however and not in the actual simple model 

run…. 

As the model runs properly for the complete terms and for the final ‘best’ model then Num_tillage has been retained in the model terminology.  

Management code 
used in model  

Defined as:  A priori justification Citations  Potential 
multicollinearity 
issues  

System  Organic or conventional  It is recognised that within different 
systems there might be more similar 
mgmt. and as such similar outcomes. To 
control for this effect, system is included 
as fixed effect. It is not considered viable 
to include random effects with less than 5 
groups (Harrison, 2015).  

(Loaiza-
Puerta et 
al., 2018) 

NA 

Num_tillage  Number of primary tillage operations 
conducted between 2013 – 2018 
(includes mouldboard and  chisel 
ploughing, HEVA, top down and de-
stoning cultivations).  

Frequency and intensity of soil 
disturbance has been associated with 
soil carbon losses.  

(Busari et 
al., 2015; R. 
Lal, 2015; 
Büchi et al., 
2017) 

Num_yrs_grass 
(high -)  
Mean_ann_tot_N 
(high +)  
Num_diff_crops 
(mod) 
Num_crops (high +)  
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Years_since_tillage Time between soil sample being 
collected and the time the field was 
last tilled (originally calculated in days 
and re-scaled to years for model run)  

It is widely recognised that tillage can 
lead to the losses of soil carbon. The 
influence of time since last tillage was 
therefore considered to have an impact 
on soil carbon storage.   

(Post and 
Kwon, 2000; 
Carolan and 
Fornara, 
2016) 

Num_tillage  
Num_grazing_yrs 
Num_yrs_grass 
Num_diff_crops 
Num_crops 

IC_input_tha Average annual proportion of stable 
organic matter (slurry and FYM) likely 
to be incorporated into the soil as soil 
organic matter (based on isohumic 
coefficients) between 2013 - 2018 
Units: t ha-1 

The level of soil organic matter input 
would be expected to impact on the 
amount of soil carbon storage. Higher 
expected stable organic matter inputs 
would be expected to result in higher 
carbon storage levels.  

(Powlson et 
al., 2012) 

Num_yrs_CC (high) 
Num_diff_crops 
(low) 

Num_diff_crops Number of different cultivated crops 
between 2013 – 2018 (incl. cover 
crops) 

Considered an indicator of ‘biodiversity’ 
in other studies. Could alter C dynamics 
and soil biology.  

(McDaniel 
et al., 2014) 

Num_yrs_grass 
Num_grazing_yrs 
Num_tillage 

Num_yrs_CC Number of times field has been in a 
winter cover crop (excl. grazed 
stubble turnips).  

CC recognised for retention of top soil 
and potential to build SOC.  

(Verzeaux 
et al., 2016) 

Mean_ann_IC_input  
Num_diff_crops 
(mod) 

Omitted parameters based on high multi collinearity issues:  
Num_mb_plough Number of times mouldboard 

ploughing has been used as the 
primary tillage method between 
2013-2018 

Inversion tillage has been associated 
with higher losses of soil carbon than 
lower disturbance tillage methods.  
Removed on account of singularity 
issues (assuming overfitting) – when 
removed from the carbon storage model 
it seemed to rectify the issue 

(Busari et 
al., 2015; R. 
Lal, 2015; 
Büchi et al., 
2017) 

None 

Num_grazing_yrs  Number of years field cattle grazed 
from 2013 – 2018 (winter forage 
grazing was considered 0.25 years) 

Cattle grazing can contributes soil 
organic matter into the soil through 
excreta and through trampling in 
senescent material.  
 

(Leach et 
al., 2014; 
Machmuller 
et al., 2015; 

Num_tillage 
Num_yrs_grass 
Num_diff_crops 
Num_crops 



   
 

 
 

324 

Removed on account of singularity 
issues (assuming overfitting) – when 
removed from the carbon storage model 
it seemed to rectify the issue 

Jacobs et 
al., 2020) 

Num_crops Number of cultivated crops between 
2013 and 2018 (incl. cover crops) 

The number of crops during a period 
provides information on the turnover of 
cropping during that time. More frequent 
cropping increases the potential for 
frequent soil disturbance and the removal 
of biomass from the field.   

(McDaniel 
et al., 2014) 

Num_tillage  

Num_yrs_grass Number of whole years where field 
was in grass (excl. over wintered 
grass leys) 

Including grass leys and putting fields to 
grass has been considered a way of 
building SOC. Separating from grazing is 
hard though! 

(Loaiza-
Puerta et 
al., 2018) 

Num_tillage (high) 
Num_diff_crops 
(low) 
 

Mean_ann_totN  Average annual total nitrogen input 
(the combination of average organic 
and inorganic N inputs)  
Units: kg ha-1 

Nitrogen plays an important role in the 
below ground carbon cycle and is 
important in the development of soil 
organic matter.  

(Van 
Groenigen 
et al., 2017) 

Num_tillage  

Num_yrs_wlegume Number of years or part years (if 
cover crop) that field had a legume 
as part of the crop (clover in the ley, 
pasture or included in cover crop)  

Legumes have been shown to increase 
the storage of soil carbon.  
 
High multicollinearity are unsurprising 
particularly with the number of years in 
grass as this accounts for most of the 
legume crop application on the estate.  

(Stagnari et 
al., 2017) 

Num_tillage  
Num_crops 
IC_input 
Num_yrs_grass  
Mean_ann_totN  
High VIF > 10 
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Model terms used to explain bulk density:  

Final ‘good’ model (incl. removed terms) still showed Num_yrs_grass with a VIF of 10.09. I.e. unacceptable  

With Num_yrs_grass removed this reduced the VIF and allowed for an acceptable model – albeit with no significant terms  

Management code 
used in model  

Defined as:  A priori justification Citations  Potential 
multicollinearity issues  

System  Organic or conventional  It is recognised that within different systems 
there might be more similar mgmt. and as 
such similar outcomes. To control for this 
effect, system is included as fixed effect. It is 
not considered viable to include random 
effects with less than 5 groups (Harrison, 
2015). 

  

Years_since_tillage Time between soil sample being 
collected and the time the field 
was last tilled (originally 
calculated in days and re-scaled 
to years for model run)  

Particularly on the sandy soil of the estate the 
soil can take time to ‘settle’ in the period after 
tillage. For example topsoil density would 
expected to be lower in the days after tillage, 
prior to processes of soil settling and 
consolidation.  
In the longer term (years), however, time 
since cultivation shows a decrease bulk 
density (e.g. under long term fallow or 
pasture).  

(Daigh 
and 
Dejong-
hughes, 
2017) 

Num_tillage  
Num_grazing_yrs 
Num_yrs_grass 
Num_diff_crops 
Num_crops 

Est_passes_2018 The estimated number of field 
passes conducted in 2018 ahead 
of the soil sample being collected 

Frequent field passes and trafficking with 
heavy machinery for cultivations, fertilizer 
application and harvest would be expected to 
increase soil compaction and bulk density.   

(Gregory 
et al., 
2015) 
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IC_input_tha Average annual proportion of 
stable organic matter (slurry and 
FYM) likely to be incorporated 
into the soil as soil organic 
matter (based on isohumic 
coefficients) between 2013 - 
2018 
Units: t ha-1 

Increased soil organic matter has been 
shown to improve soil structure and reduce 
compaction.  

(Pagliai 
et al., 
2004) 

Num_yrs_CC (high) 
Num_diff_crops (low) 

Num_tillage  Number of primary tillage 
operations conducted between 
2013 – 2018 (includes 
mouldboard and chisel 
ploughing, HEVA, top down and 
de-stoning cultivations). 

Frequency of tillage and how heavily the soil 
is worked can have a significant impact on 
soil structure.  
 
 

(Pagliai 
et al., 
2004; 
Büchi et 
al., 2017) 

Num_yrs_grass  
Years_since_tillage 
Num_grazing_yrs 
Num_crops 
Num_diff_crops 

Num_mb_plough Number of times mouldboard 
ploughing has been used as the 
primary tillage method between 
2013-2018 

Frequency of tillage and how heavily the soil 
is worked can have a significant impact on 
soil structure. Mouldboard ploughing in 
particular has been shown to increase 
compaction, reducing soil porosity. 

(Pagliai 
et al., 
2004; 
Büchi et 
al., 2017) 

None  

Crop_type_sampled The type of crop that was in the 
field during the collection of soil 
samples. Crops were grouped 
into four; grass (ley), pasture, 
winter forage (wforage; incl. 
stubble 
Mean_ann_totNann_totNturnips 
and grazed cover crops direct 
drilled to previous crop) and 
arable (winter cereal crops).  

It was identified that the other mgmt. terms 
might not capture different management 
associated with specific crop types. Crop type 
might have a short term impact on bulk 
density. For example crops experiencing 
differing levels of traffic or grazing 
disturbance.  
 
To control for potential influence of crop type 
it was included as a fixed effect. It is not 
considered viable to include random effects 
with less than 5 groups (Harrison, 2015). 

 None  
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Omitted parameters based on high multi collinearity issues:  
Num_yrs_grass Number of whole years where 

field was in grass (excl. over 
wintered grass leys) 

The length of time in grass has an impact on 
the frequency of soil disturbance in a field. In 
addition longer term grass leys have been 
shown to have lower BD than cropped fields 
(source).   
 
Num_yrs_grass was removed due to high VIF 
issues (particularly with number tillage).  

(Loaiza-
Puerta et 
al., 2018) 

Num_tillage (high) 
Num_diff_crops (low) 
Num_crops  

Num_crops Number of cultivated crops 
between 2013 and 2018 (incl. 
cover crops) 

The number of crops during a period provides 
information on the turnover of cropping during 
that time. More frequent cropping increases 
the potential for frequent soil disturbance.  
 
Note: Term significant in model but due to 
multicollinearity issues tillage retained.   

(Ball et 
al., 2005) 

Num_tillage 
Num_yrs_grass  

Num_grazing_yrs Number of years field cattle 
grazed from 2013 – 2018 (winter 
forage grazing was considered 
0.25 years) 

It is recognised that grazing can cause 
compaction issues and alter soil structure.  

(Bilotta 
et al., 
2007) 

Num_tillage 
Years_since_tillage 
Num_yrs_grass 
Num_diff_crops 
Num_crops 

Num_yrs_CC Number of times field has been 
in a winter cover crop (excl. 
grazed stubble turnips). 

Winter crops can have an impact on soil 
structure, protecting against soil erosion and 
potentially alleviating compaction.   
Inclusion in the model resulted in the term 
having a VIF > 10 and as such was removed.  

(Chen et 
al., 2014) 

Mean_ann_IC_input  
Num_diff_crops (mod) 
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Model terms used to explain Olsen-P:  

If Num_yrs_grass included then this has a VIF of >10 and as such was excluded.  

Management code 
used in model  

Defined as:  A-priori justification Citations  Potential 
multicollinearity issues  

System  Organic or conventional  It is recognised that within different systems 
there might be more similar mgmt. and as 
such similar outcomes. To control for this 
effect, system is included as fixed effect. It is 
not considered viable to include random 
effects with less than 5 groups (Harrison, 
2015). 

(Ohm et 
al., 2017) 

NA 

pH  Soil pH (from soil sample data) 
was used as a proxy for 
amendments (liming) to address 
reduced pH.  

Farm mgmt. records were not available for 
liming operations and as such pH was used. 
It is considered that those fields with a higher 
pH have been targeted in the past.   
 
It is widely recognised that pH can reduce the 
bioavailability of P and other nutrients in 
solution.  

(Dungait 
et al., 
2012) 

None  

Num_tillage  Number of primary tillage 
operations conducted between 
2013 – 2018 (includes 
mouldboard and chisel 
ploughing, HEVA, top down and 
de-stoning cultivations). 

Frequency of soil disturbance has the 
potential to increase vulnerability of the soil to 
run-off and erosion, which is recognised as 
the main pathway for soil P losses from 
agriculture (Dungait et al., 2012).  
 

(Sharpley, 
2016) 

Num_yrs_grass  
Years_since_tillage 
Num_grazing_yrs 
Num_crops 
Num_diff_crops 

OM_tha Annual organic matter (dry 
portion) applied as slurry, FYM 
or by grazing animals from 2013 
– 2018  

Organic matter inputs from slurry, FYM and 
excreta provide a valuable supply of 
bioavailable P as it is broken down and 

(Smith et 
al., 2001; 
AHDB, 
2020) 

Num_yrs_CC (high) 
Num_diff_crops (low) 
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Units: t ha-1 incorporated into the soil. Poorly timed 
applications can lead to significant P losses.  

Mean_ann_orgP Annual available phosphate (P) 
applied as slurry, FYM or grazing 
animals from 2013 – 2018 
Units: kg ha-1 

The scale of P both from fertilizer or organic 
matter inputs would be expected to have an 
impact on soil P.  

 None 

Mean_ann_inorgP Annual available P applied as 
inorganic fertilizer from 2013 – 
2018 
Units: kg ha-1 

The scale of P both from fertilizer or organic 
matter inputs would be expected to have an 
impact on soil P. 

 None 

Num_grazing_yrs Number of years field cattle 
grazed from 2013 – 2018 (winter 
forage grazing was considered 
0.25 years) 

It is recognised that grazing animal excreta 
can contain significant amounts of 
bioavailable P. One farmer explained that 
they consider themselves fairly self-sufficient 
on P based on cattle dunging during grazing.   

(Withers 
and Foy, 
2006) 

Num_tillage 
Years_since_tillage 
Num_yrs_grass 
Num_diff_crops 
Num_crops 

Num_yrs_CC  Number of times field has been 
in a winter cover crop (excl. 
grazed stubble turnips). 

It is recognised that main losses of soil P 
occur during soil surface run-off and erosion. 
Cover cropping is considered a way to 
reduce soil and P losses.  

(Sharpley, 
2016) 

None  

Omitted parameters based on high multi collinearity issues:  
Num_yrs_grass Number of whole years where 

field was in grass (excl. over 
wintered grass leys) 

Losses of soil P usually occur through run-off 
as opposed to leaching through the soil 
profile. It is recognised that grass crops can 
slow flow  
 
Num_yrs_grass was removed due to high 
VIF issues (particularly with number tillage).  

(Haygarth 
et al., 
2002) 

Num_tillage (high) 
Num_diff_crops (low) 
Num_crops  

Num_crops Number of cultivated crops 
between 2013 and 2018 (incl. 
cover crops) 

The number of crops during a period provides 
information on the turnover of cropping during 

 Num_tillage 
Num_yrs_grass  
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that time. Frequent crop turnover influences 
the risk of soil and P run-off.  
 
Note: Term causing high VIF and therefore 
removed.   

Mean_ann_totP Total of organic and inorganic 
inputs 

Removed due to high collinearity issues with 
organic P inputs 

 Mean_ann_orgP 
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Appendix B.4: Table showing pairwise comparison of soil properties 
across farm intensities – outputs from linear mixed effects models 
with post-hoc analysis  

Table:  Showing the p-values from the pairwise comparison of soil properties against intensity from post-
hoc analysis (tukey method) of linear mixed and generalised linear mixed effects models. Significant 
differences are shown with * p = <0.05, **p = <0.01 or *** p = <0.001. Trends that show potential 
significance are shown in bold.  

Intensity Pair BD Olsen-P Carbon stocks nPotential Biomass yield 

1 - 2 0.973 0.618 0.146 0.293 0.19 

1 - 3 0.814 0.04* 0.016* 0.083 0.01** 

1 - 4 0.908 1.000 0.046* 0.334 - 

1 - 5 0.307 0.854 0.001*** 0.050* - 

2 - 3 0.373 0.414 0.543 0.921 0.23 

2 - 4 0.673 0.798 0.511 0.990 - 

2 - 5 0.461 1.000 0.008** 0.337 - 

3 - 4 1.000 0.199 0.949 1.000 - 

3 - 5 0.079 0.773 0.018* 0.519 - 

4 - 5 0.179 0.911 0.133 0.697 - 
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Appendix B.5: Showing the relationship between time since tillage 
and bulk density  
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Appendix B.6: Showing the relationship between soil carbon storage 
and the different mgmt. variables exhibiting high multicollinearity  
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Appendix B.7: Model outputs of detailed linear regression of soil 
conditions against yield  

The model outputs analysing the relationship between soil properties and 

biomass yield for each sub set of fields are shown the table below. It is evident 

that only decreasing pH had a significant impact on the biomass yield of maize. 

This is counter to convention and further data exploration shows this could be 

skewed by an outlier.  One scenario where there looks to be a positive trend is 

between soil carbon stocks and conventional grass yield (p = 0.07), which is 

highlighted and underlined in the table. However, this was not seen across the 

other crops and no other soil properties had a significant effect on biomass yield.  
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Table: Showing linear and where G generalized linear model outputs (estimates and below standard error) 

of the relationship between soil properties and main crop yield for organic triticale (Org trit), conventional 

winter wheat (Con wwheat), organic silage, conventional haylage and conventional maize. All fields used 

in the model were under the same or very similar management.  

 Org trit  Con wwheat Org silage Con haylageG Con maizeG 
(Intercept) -3.44   12.49  46.61  -32.92  50.62 * 
 [-27.77, 20.88]  [-78.97, 103.95] [-19.56, 112.78] [-81.98, 16.14] [13.86, 87.37]  
BD_gcm3 2.84   5.71  8.48  -5.93  -3.46   
 [-6.70, 12.37]  [-30.35, 41.77] [-10.19, 27.14] [-17.27, 5.40] [-12.65, 5.73]  
Tot_SOC_tha 0.05   0.51  0.28  0.46  0.17   
 [-0.12, 0.22]  [-0.62, 1.63] [-0.19, 0.75] [0.05, 0.88] [-0.22, 0.56]  
nPotential_C_SOC 0.22   0.35  -0.25  -0.36  0.43   
 [-0.23, 0.68]  [-0.81, 1.52] [-1.64, 1.14] [-1.18, 0.45] [-0.34, 1.21]  
P_mgl -0.01   0.00  -0.11  0.04  0.02   
 [-0.14, 0.12]  [-0.29, 0.30] [-0.39, 0.18] [-0.06, 0.14] [-0.08, 0.13]  
pH_mgl 0.61   -1.88  -7.11  6.78  -6.11 * 
 [-2.46, 3.69]  [-9.62, 5.86] [-17.51, 3.29] [-0.42, 13.99] [-11.19, -1.04]  
FieldSelwoods_Bank  3.83 *                      
 [0.89, 6.78]                       
FieldSelwoods_Barn  1.32                        
 [-1.11, 3.76]                       
FieldPT_Behind_House        3.07                  
       [-5.39, 11.54]                 
FieldPT_Lane       -1.75                  
       [-8.00, 4.49]                 
FieldKnapps_Left_2nd            -5.99             
            [-12.99, 1.00]            
FieldKnapps_Left_3rd             -3.56             
            [-7.37, 0.24]            
FieldBackside                 -5.90        
                 [-11.44, -0.36]       
FieldGordons 2                 0.72        
                 [-3.05, 4.50]       
FieldGordons_1                  5.61        
                 [-0.25, 11.46]       
FieldResevoir_Field                       -2.06   
                      [-5.43, 1.31]  
N 24      23     21     15     23      
R2 0.38   0.19  0.38             
AIC 103.25   143.79  112.44  64.96  112.98   
BIC 113.86   154.01  121.84  72.04  122.06   
Pseudo R2                 0.74  0.32   

 *** p < 0.001;  ** p < 0.01;  * p < 0.05. 
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Appendix C:  

Appendix C.1: Measuring soil natural capital and soil-based 
ecosystem services  

It was highlighted in the introduction the difficulties associated with linking 

measurements of soil condition and soil functions to soil-based ES. This study 

set out to investigate a suite of ecosystem goods and services and the selection 

of metrics to measure these is detailed below. The objective was to select 

measurements of properties or where more appropriate soil functions, which 

could be linked to soil-based ES, attempting to trace these through the framework 

presented in Figure 1.  A number of these metrics, such as soil carbon, play an 

important role in the delivery of multiple soil-based ES, influencing soil structure, 

fertility and biological activity.  

 

Soil structure and stability (Water cycle regulation and the provision of 
food)  

The physical structure of the soil influences a range of soil functions and poor soil 

structure can reduce crop yields, increase soil erosion (causing pollution issues) 

and exacerbate flooding. This can have significant economic consequences 

(Graves et al. 2015); soil compaction in England and Wales estimated at costing 

£204 million, associated with losses in crop productivity and a further £168 million 

in flood damages (Graves et al., 2015). A frequent measure of soil structure, and 

one frequently used in soil-based ES studies is soil bulk density (Greiner et al., 

2017). Bulk density (BD), the mass of a unit volume of dry soil is an important 

indicator in the level of pore space (i.e. the space available for air and water) 

within a soil, providing information on the level compaction (Cardoso et al., 2013). 

BD is heavily impacted by soil management, with for example, long-term tillage 

considered to increase BD through depletion of soil organic matter (SOM), 

compaction and weakening soil structure (Brady and Weil, 2008).  

 

The stability of soil and its resilience to management or natural events (e.g. heavy 

rainfall) is also critical in the sustained delivery of soil-based ES. Soil stability is 
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thought to be linked to the content of soil organic carbon (SOC) and fine soil 

particles (clay and silt), which become associated in the development of soil 

aggregates (Merante et al. 2017). Micro and macro soil aggregates and their 

arrangement are critical in the support of soil functions dictating water retention 

and movement, soil aeration and biological activity (Merante et al., 2017). A high 

n-potential (>10) suggests a low SOC relative to clay content, suggesting the 

presence of non-complexed clays which are more easily dispersed in water and 

more vulnerable to soil degradation (e.g. compaction or erosion). A low n-

potential (<10) suggests a high SOC relative to clay content, showing that most 

of the clay is likely complexed with SOC which increases soil stability. The 

indicator has the additional benefit of providing insight into how much additional 

capacity a soil has to store carbon (i.e. high n-potentials with non-complexed clay 

have the capacity to bind to and store more carbon).   

In this study BD and n-potential are adopted as indicators of the capacity for soil 

to filter and store water (reducing run-off and flood risk), support crop growth 

(increasing the provision of food) and be resilient to management and soil erosion 

(impacting damages to other NC forms).  

Soil fertility and a medium for plant growth (The provision of food)  

The provision of food and fibre is a critically important ecosystem good and soil 

is the most important medium for plant growth, supporting the growth of crops 

and livestock forage. With global population set to exceed 9 billion by 2050 it is 

important that we understand the capacity for different agricultural systems to 

provide crops that support human nutrition (Muller et al., 2017).  

Crop growth and yield potential is strongly influenced by the macro and micro 

nutrients available to the plant and the pH of soil (which limits the uptake of 

nutrients). These nutrients are the building blocks of plant and animal life with, N, 

P, and K all of particular importance for plant growth (Brady and Weil, 2008; 

Dungait et al., 2012), along with other nutrients such as sulphur (S), calcium (Ca) 

and Mg. Soil organic matter is critical in the release and storage of these nutrients 

(Brady and Weil, 2008). These can be considered important properties of soil NC, 

contributing to the soil function of plant growth and ultimately the provision of 

food. The study combines measurements of these properties (as indicators of soil 
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fertility) alongside field collected data on crop biomass yield (i.e. the soil function) 

to consider the capacity for each system to deliver the provision of food.  

Carbon storage (Climate regulation)   

Interest in the capacity for soils to sequester carbon and mitigate climate change 

has been growing in interest in recent years (Minasny et al., 2017), with soil 

management recognised as being critical in determining whether soils act as a 

net sink or source of greenhouse gasses (FAO, 2017; Paustian et al., 2019a). 

Minasny et al., (2017) present the ‘4 per mille Soils for Food Security and Climate” 

launched by the COP21, which has the goal of increasing soil organic matter 

stocks by 0.4% per year. The paper highlights the significant role soils can play 

in storing carbon, suggesting that meeting the 4 per mille targets in the top 1m of 

global agricultural soils could lead to the sequestration of between 2 – 3 Gt C 

year-1, effectively offsetting 20 – 35% of global anthropogenic greenhouse gas 

emissions (Minasny et al., 2017). Whilst there is disagreement over whether the 

‘4 per mille’ target is feasible (Van Groenigen et al., 2017; Poulton et al., 2018) it 

is widely accepted that maintaining soil carbon storage and increasing 

sequestration will help regulate the climate (Paustian et al., 2019a), whilst 

contributing the delivery of other soil-based ES.  

It was beyond the scope of this study to measure soil carbon over time and as 

such it was not possible to measure the rate of carbon sequestration. Instead 

carbon stocks were calculated, a frequently used indicator in soil-based ES 

studies (Greiner et al., 2017), to compare current carbon storage between the 

two systems. The assumption was made that organic soil conditions were very 

similar to neighbouring conventional fields prior to conversion in 2007, enabling 

an assessment of whether conversion to organic agriculture has increased 

carbon storage over time. Carbon stocks are considered alongside n-potential to 

suggest whether soils have the capacity to store more carbon.  

Organic matter decomposition (Supporting nutrient cycling and carbon 
sequestration)  

The decomposition of organic material (e.g. plant litter or farm manures) by soil 

biota is an important soil process playing a critical role in the cycling of nutrients 

and carbon (Keuskamp et al., 2013; Ghaley et al., 2014a). The importance of 

each has been highlighted previously, relating to the contribution to the delivery 
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of soil-based ES, crop growth and the provision of food and the regulation of the 

climate. The breakdown of organic material is critical for the development of 

plants, ensuring that the nutrients become available through decomposition and 

mineralisation ( Ghaley et al., 2014a). The processing of organic material and the 

role of soil biota is also integral to the carbon cycle influencing whether soil 

becomes a carbon sink or source (Paustian et al., 2019a; Ray et al., 2020). There 

is a growing interest in the importance of soil biology in the delivery of soil-based 

ES (Ritz et al., 2009; Griffiths et al., 2016) and decomposition rate was measured 

in this study to gain an important insight into the biological activity of a soil.  

Nutrient storage and filtration (The provision of drinking water)  

Soil plays a critical role in filtering and storing nutrients, with soil condition and 

soil management determining the risk of nutrient losses to surface and ground 

waters (Beaudoin et al., 2005; Harris et al., 2006; Knudsen et al., 2006). A 

particular issue is the loss of nitrate, with nitrate contamination having both 

environmental and economic consequences, resulting a loss of valuable farm 

nutrients for land managers and increasing treatment drinking water treatment 

costs and prices paid by consumers (Stuart and Lapworth, 2016). Groundwater 

is a particularly important resource, supplying 30% of the UK’s drinking water 

(EA, 2018), but the quality of groundwater aquifers has declined significantly as 

a consequence of increased nitrate leaching from agricultural land (Wang et al., 

2016). Aquifers now regularly exceeding drinking water standards laid out in the 

EU Drinking Water Directive (Stuart and Lapworth, 2016). The current loss of 

nitrate from agricultural soils can therefore be considered an ecosystem 

disservice, with management strategies to reduce nitrate leaching (below the 

drinking water limit of 50 mg NO3 l-1) offering the potential to improve the quality 

and provision of drinking water. Nitrate leaching was measured to determine the 

scale of losses from each system and the implications this could have on drinking 

water supply.  
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Appendix C.2:  

Porous pot site comparisons  

The typical organic rotation at the Home Farm (Farm 3):  

Year Crop Following:  Entry into:   Field pair 
(seasons porous 
pots sampled)  

Summer 
1 

Spring wheat  Grass  CC or 
stubble 
turnips   

 

Winter 1 CC or Stubble 
turnips (grazed)  

Spring wheat Spring 
triticale  

Pair 3 (2019 – 
2020)  

Summer 
2  

Spring triticale  CC or 
stubble 
turnips  

CC or 
stubble 
turnips  

 

Winter 2 CC or stubble 
turnips (grazed)  

Spring 
triticale  

Spring 
triticale   

Pair 2 (2018 – 
2019)  

Summer 
3 

Spring triticale  CC or 
stubble 
turnips  

Grass clover 
ley  

 

Winter 3  Grass clover 
ley  

Grass clover 
ley 

 Pair 2 (2019 – 
2020)  

Summer 
4  

1st season 
Grass  

Grass clover 
ley  

  

Winter 4 Grass clover 
ley  

Grass clover 
ley 

 Pair 1 (2018 – 
2019)  

Summer 
5 

2nd season 
Grass 

Grass clover 
ley  

  

Winter 5 Grass clover 
ley  

Grass clover 
ley  

 Pair 1 (2019 – 
2020) 

Summer 
6 

3rd season 
Grass 

Grass clover 
ley  

  

Winter 6 Grass clover 
ley   

Grass clover 
ley  

Spring 
wheat  

Pair 3 (2018 – 
2019)  

 

Note: This is just the ‘general’ organic rotation and it is subject to adjustment 

based on field performance and cropping regime. For example the organic field 

selected in Pair 1 was not kept in grass for the full three seasons as planned. 

Instead it was ploughed in spring 2020 due to poor grass growth the previous 

year. All cultivations took place after the completion of porous pot sampling 
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however and therefore this field is considered as a reference site for grass 

staying in grass.  

Pair 1: Aiming to capture nitrate leaching data from the grass – grass 
phase of the rotation:  

2018/19 winter – Grass – grass phase of the rotation    

2019/20 winter – Grass – grass phase of the rotation  

Variable  Organic field (Behind 
Sawmills)  

Conventional field 
(Gordons 1)  

Years of organic 
rotation covered 

Winters 4 and 5  

Seed  Rye-grass white clover  Rye-grass white clover 
Ley age  Seeded summer 2017  Seeded winter 2016 
Cultivation 
depth/type  

6 to 10 inches. Mouldboard 
plough.  

8 – 10 inches. 
Mouldboard plough. 

Inputs  2018: 52 kg N ha (as dairy 
slurry)  
 
2019: 110.5 kg N ha (as 
dairy slurry)  

2018: 114.7 kg N ha as 
artificial fertiliser  
2019: 124.7 kg N ha as 
artificial fertiliser   

Outputs  3 cuts silage per year  2 haylage cuts per year  
Soil  Bromsgrove 541b  Bromsgrove 541b 
Slope  Field mean: 3.49 degrees  

But field variable, site 
selected would be fairly flat  

Field mean: 8.16 deg  
But field down sloping 
with fairly flat base which 
could be selected for 
pots. Apparent this was 
old ADAS site for NVZ 
research.  

Aspect  Field mean: 154 deg 
(south east)  
But site selected would be 
mostly south facing.  

Field mean: 299 deg 
(north west)  
But site selected is 
mostly west facing.  

Field size  3.52 ha  1.63ha  
Groundwater 
protection zone  

1 3 

 

Pair 2: Aiming to capture nitrate leaching data from the arable – arable 
and arable – grass (or as close as possible) phases of the rotation:  
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Variable  Organic field (Selwoods 
Barn)  

Conventional field 
(Staddons)  

Years of 
rotation 
covered 

Winters 2 and 3  

2018/19 
winter 
crop/cover  

Cover crop (grazed)  Stubble turnips (grazed)  

2019 harvest 
crop  

Spring wheat  Maize  

2019/20 
winter 
crop/cover 

Cover crop or into grass Winter barley (selected as 
being close as possible to 
recently established grass 
crop)  

2020 harvest 
crop 

Grass  Winter barley 

Cultivation 
depth/type  

6 to 10 inches for cover or 
turnips plough out in 
Jan/Feb. Stubble 
turnips/cover crop sown 
with single pass topdown 
cultivator. 

Plough first, 8 – 10inches 
unless left as maize stubble, in 
this case a Heva deep legged 
cultivator used to around 1ft 
depth.  
Followed by single pass 
cultivator, rotivator with a drill 
on it.  

N Inputs  2018: 42.2 kg N ha (as 
FYM)  
 
2019: 96.5 kg N ha (as 
FYM and dairy slurry)  

2018: 230.9 kg N ha (as FYM 
and artificial fertiliser)  
2019: 153.8 kg N ha (as FYM 
and artificial fertiliser)   

Outputs  Wholecrop wheat (2019) 
and silage grass (2020).  

Forage maize, combinable 
winter barley and grazed winter 
forage crops.  

Soil  Bromsgrove 541b  Bromsgrove 541b  
Slope  Field mean: 4.84 deg  

Fairly sloping field but 
flatter areas to top and to 
the west of the field that 
could be selected.  

 

Aspect  Field mean: 156 deg (south 
east)  
Mostly south east facing  

 

Field size  8.91ha   
Groundwater 
protection 
zone  

3 3 
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Pair 3: Aiming to capture nitrate leaching data from the grass – arable and 
arable – arable phase of the rotation (with winter grazing):  

Variable  Organic field (Chantry)  Conventional field 
(Bicton 3 – High Banks 
Lower)  

Years of organic 
rotation covered 

Winters 6 and 1   

2018/19 winter 
crop/cover  

Rye-grass clover ley 
(seeded 2016). Ploughed 
out Jan/Feb.  

Rye-grass clover ley 
(seeded in 2015). 
Potential ploughed out in 
April/May 

2019 harvest crop  Spring wheat (in 1st week 
Feb)  

Original plan: Forage 
rape. Grazed off by 
June/July.  
Actual cropping: Fodder 
beet kept in until spring 
2020  

2019/20 winter 
crop/cover 

Cover crop or stubble 
turnips (grazed)  

Original plan: Fast grass 
– rapid 1yr temporary ley 
(late autumn/winter 
grazed)  
Actual cropping: Fodder 
beet in until spring 2020  

2020 harvest crop Spring triticale  Maize  
Cultivation 
depth/type  

6 to 10 inches for grass 
plough out. Topdown one 
pass cultivator used for 
cover and stubble turnips.  

Mouldboard ploughed 
out of grass ley. Light 
cultivation. Triple k pig 
tines. Into forage. Triple 
K spring tine cultivator 
into maize.  

N Inputs   2018: 87.7 kg N ha (as 
dairy slurry)  
 
2019: 41.5 kg N ha (as 
FYM)  

2018: 106.4 kg N ha (as 
artificial fertiliser)  
 
2019: 110.5 kg N ha (as 
FYM and artificial 
fertiliser)   

Outputs  Combinable wheat crop 
(2019), wholecrop triticale 
(2020) and grazed winter 
forage crops over winter.  

Three silage cuts off long 
term grass leys. 1 spring 
cut and later 
autumn/winter grazing off 
1 yr leys.  
Silage maize for clamp 
and grazed fodder beet.   

Soil  Bromsgrove 541b  Bromsgrove 541b 
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Slope  Field mean: 4.3 degrees  
But highly variable.  
Site selected was fairly flat.  

Field mean: 3.7 deg. Site 
selected flat, lower part 
of people sloping.   

Aspect  Field mean: 162 deg (south)  
Site selected would be 
south/south west facing  

Field mean: 210 deg 
(south west)  

Field size  3.6ha  3.3ha  
Groundwater 
protection zone  

1 3 
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Appendix C.3: Results from mixed effects models comparing 
differences between organic and conventional field sites (As 
discussed in results Section 5.3)  

 Soil 
carbon 
stock 

Biomass 
yield 

Soil 
nitrogen 

stock 

N-
Potential 

TBI_K 
(glmer) 

BD 
(glmer) 

(Intercept) 25.77 *** 13.74 *** 2.44 *** 10.67 *** 46.70 *** 1.30 *** 
 [23.78, 

27.76]    
[11.80, 
15.68]    

[2.18, 
2.69]    

[9.40, 
11.93]    

[40.42, 
52.98]    

[1.18, 
1.42]    

treatmentorg 3.12 **  -5.00 *** 0.38 *   -0.28     4.68     0.04     
 [1.13, 

5.11]    
[-6.94, -

3.06]    
[0.12, 
0.64]    

[-1.54, 
0.99]    

[-1.60, 
10.96]    

[-0.08, 
0.16]    

sub_treatmentgrass_arable 2.74 *   2.00     0.24     -0.75     -4.34     0.02     
 [0.30, 

5.17]    
[-0.38, 

4.37]    
[-0.08, 

0.56]    
[-2.30, 

0.79]    
[-12.05, 

3.37]    
[-0.13, 

0.17]    
sub_treatmentgrass_grass 1.41     -1.43     0.16     -0.29     0.51     0.07     
 [-1.02, 

3.85]    
[-3.80, 

0.95]    
[-0.16, 

0.47]    
[-1.83, 

1.26]    
[-7.17, 

8.18]    
[-0.07, 

0.22]    
N 54        54        53        54        54        54        
N (field)      18             18             18             18             18             18        
AIC 273.37     240.85     84.81     238.73     -473.39     -46.59     
BIC 285.30     252.79     96.63     250.66     -461.46     -34.66     
R2 (fixed) 0.28     0.57     0.18     0.03                     
R2 (total) 0.45     0.80     0.22     0.15                     
 *** p < 0.001;  ** p < 0.01;  * p < 0.05. 

 



   
 

 
 

351 

Appendix D: 
Appendix D.1: Flower list including all recorded species, those used in the Bee-Steward (BS) model runs for determining 
bumblebee population (i.e. plants utilised by bumblebees) and those used to calculate nectar (N) and pollen (P) across the 
landscape. 

Latin Common Count Flower Count Method Incl. in BS 
model 

Used in N 
and P calcs. 

Pollen source Nectar source Pollen 
protein 
source 

Achillea millefolium Yarrow 16 single capitulum y y Hicks Hicks 
 

Aethusa cynapium Fools_parsley 1223 individual flower n y Hicks (Apiacaceae pollen data) Baude 
 

Anagallis arvensis Scarlet_pimpernel 5557 individual flower y y Gibbs and Talavera (2001) Baude 
 

Anchusa officinalis Common_bugloss 6616 individual flower y y Beehave Beehave Beehave 

Anthriscus 
sylvestris 

Cow_parsley 20 floral unit n n na na 
 

Arabidopsis 
thaliana 

Thale_cress 5 individual flower n n na na 
 

Capsella bursa-
pastoris 

Shepherds_purse 2501 individual flower n y Hicks Hicks 
 

Carduus nutans Musk_thistle 4341 Single capitulum y y BeeHave (spear thistle pollen data) BeeHave (spear thistle nectar 
data) 

BeeHave 
(spear thistle 
pollen data) 

Cerastium 
fontanum 

Common_Mousear 45 individual flower n y Hicks Hicks 
 

Cichorium intybus Chicory 5563 Single capitulum y y Jablonski and Koltowski (2000) Jablonski and Koltowski (2000) Jablonski 
and 

Koltowski 
(2000) 

Cirsium arvense Creeping_thistle 260 Single capitulum y y Hicks Hicks Hicks 

Crepis capillaris Smooth_hawksbeard 9249 Single capitulum y y Hicks Baude 
 

Daucus carota Wild_carrot 12068 floral unit y y Hicks Hicks 
 

Epilobium ciliatum American_willowherb 17 individual flower y y Hicks Hicks 
 

Erodium cicutarium Common_storks_bill 392 individual flower y y Hicks (Doves foot cranesbill pollen 
data) 

Hicks (Doves foot cranesbill 
pollen data) 

Ervilia hirsuta/Vicia 
hirsuta 

Hairy_tare 1172 individual flower n y Hicks Hicks 
 

Fagopyrum 
esculentum 

Buckwheat 2809 individual flower y y Hicks - (knotgrass pollen data) Baude (knotgrass nectar data) Hicks - 
knotgrass 

(same family) 
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Fumaria officinalis Common_fumitory 28318 individual flower y y Hicks Hicks 
 

Galium aparine Cleavers 153 individual flower n n na Baude 
 

Geranium 
dissectum 

Cut_leaved_cranesbill 184 individual flower y y Hicks (Doves foot cranesbill pollen 
data) 

Hicks (Doves foot cranesbill 
nectar data) 

Geranium molle Dovesfoot_cranesbill 270 individual flower y y Hicks Hicks 
 

Glebionis segetum Corn_marigold 10 individual flower n y Hicks Hicks Hicks 

Heracleum 
sphondylium 

Common_hogweed 78 floral unit n n na na 
 

Hypochaeris 
radicata 

Common_cats_ear 80 Single capitulum y y Hicks Hicks Hicks 

Lamium 
amplexicaule 

Henbit_dead_nettle 41 individual flower y y Beehave (Red dead nettle pollen data) Beehave (red dead nettle nectar 
data) 

Beehave 
(Red dead 

nettle pollen 
data) 

Lamium hybridum Cut_leaved_dead_nettle 77 individual flower y y Beehave (Red dead nettle pollen data) Beehave (red dead nettle nectar 
data) 

Beehave 
(Red dead 

nettle pollen 
data) 

Lapsana communis Nipplewort 7 Single capitulum n y Hicks Hicks 
 

Leucanthemum 
vulgare 

Ox_eye_daisy 346 Single capitulum y y Hicks Hicks Hicks 

Malva sylvestris Common_mallow 22 floral unit y y Hicks (musk mallow pollen data) Hicks (musk mallow nectar data) 
 

Matricaria 
discoidea 

Pineapple_weed 200 Single capitulum n y Hicks Hicks 
 

Matricaria recutita Scented_mayweed 128 Single capitulum n y Hicks (scentless mayweed pollen 
data) 

Hicks (scentless mayweed 
nectar data) 

Hicks 
(scentless 
mayweed 

pollen data) 
Medicago lupulina Black_medick 4680 individual flower y y no pollen data Baude 

 

Medicago sativa Lucerne 30 individual flower y y Calculated Baude Forcone et 
al., (2011) 

Mentha arvensis Corn_mint 145 individual flower y y Hicks - (mean pollen data for 
Lamiaceae) 

Baude (Thymus polytrichus 
nectar data) 

Roulston, 
Cane and 
Bucmann 

2000 - mean 
For 

Lamiaceae 
Misopates 
orontium 

Weasels_snout 354 individual flower y y no pollen data Baude (Common Toadflax 
nectar data) 

Myosotis arvensis Field_forgetmenot 112 individual flower y y Hicks Hicks 
 

Orobanche minor Common_broomrape 637 individual flower n n na Baude (Euphrasia agg. Nectar 
data) 

 

Papaver rhoeas Common_poppy 1372 individual flower y y Hicks Hicks Hicks 
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Persicaria 
maculosa 

Redshank 72 individual flower y y Hicks Hicks 
 

Phacelia 
tanacetifolia 

Lacy_phacelia 29417 individual flower y y Owyass et al., (2020) Owyass et al., (2020) - coarse 
estimate of sugar content 

Pernal et al., 
(2015) 

Polygonum 
aviculare agg. 

Knotgrass 142375 individual flower n y Hicks Baude 
 

Raphanus 
raphanistrum 

Wild_radish 80030 individual flower y y Hicks (charlock pollen data) Baude Hicks 
(charlock 

pollen data) 
Senecio vulgaris Groundsel 10607 Single capitulum n y Hicks Baude 

 

Sherardia arvensis Field_madder 688 individual flower n y Calculated Calculated 
 

Silene dioica Red_campion 37 individual flower y y Hicks Hicks 
 

Silene latifolia White_campion 39 individual flower y y Hicks (red campion pollen data) 
  

Sinapis alba L. White_mustard 256 individual flower y y Hicks - charlock Hicks - charlock Hicks - 
charlock 

Sisymbrium 
officinale 

Hedge_mustard 1111 individual flower n y Hicks Hicks Hicks 

Solanum nigrum Black_nightshade 974 individual flower y y Various - See Pollen spreadsheet Baude Roulston, 
Cane and 

Buchmann, 
(2000) 

Sonchus asper Prickly_sow_thistle 6913 Floral unit (inflorecence) y y Hicks Hicks 
 

Spergula 
arvensis/Spergulari

a rupicola 

Corn_spurrey 6884 individual flower n y no pollen data Baude 
 

Stachys arvensis Field_woundwort 2770 individual flower y y Beehave (hedge woundwort pollen 
data) 

Beehave - hedgewoundwort Beehave - 
hedgewound

wort 
Stellaria media Common_chickweed 271 individual flower n y Hicks Hicks 

 

Thlaspi arvense Field_penny_cress 60 individual flower n n na na 
 

Trifolium 
incarnatum 

Crimson_clover 17630 individual flower y y Beehave (red clover pollen data) Beehave - red clover Beehave - 
red clover 

Tripleurospermum 
inodorum 

Scentless_mayweed 20324 Single capitulum n y Hicks Hicks Hicks 

Veronica arvensis Wall_speedwell 2 individual flower n y Hicks Hicks 
 

Veronica persica Field_speedwell 4950 individual flower y y Hicks Hicks 
 

Veronica 
serpyllifolia 

Thyme_leaved_speedw
ell 

94 individual flower y y Hicks (field speedwell pollen data) 
  

Viola arvensis Field_pansy 7181 individual flower y y Calculated using other viola species Baude 
 

Cultivar - unknown 
latin name 

Mariana_vetch 14 individual flower y y Beehave (common vetch pollen data) Beehave (common vetch nectar 
data) 

Beehave 
(common 

vetch pollen 
data) 



   
 

 
 

354 

Helianthus annuus Sunflower 220 Single capitulum y y Beecher 2016 Beecher 2016 Pernal and 
Currie 2000 

Trifolium hybridum Alsike_clover 1045 individual flower y y Beehave Beehave Beehave 

Brassica napus Oilseed_rape 82 individual flower y y Beehave Beehave Beehave 

Centaurea nigra Common_knapweed 4339 Single capitulum y y Beehave Beehave Beehave 

Cirsium vulgare Spear_thistle 922 Single capitulum y y Beehave Beehave Beehave 

Lamium purpureum Red_dead_nettle 1650 individual flower y y Beehave Beehave Beehave 

Lotus corniculatus Birdsfoot_trefoil 7638 individual flower y y Beehave Beehave Beehave 

Ranunculus Buttercup 976 individual flower y y Beehave Beehave Beehave 

Jacobaea vulgaris Ragwort 74 individual flower y y Beehave Beehave Beehave 

Taraxacum agg. Dandelion 283 Single capitulum y y Beehave Beehave Beehave 

Trifolium pratense Red_clover 126905 individual flower y y Beehave Beehave Beehave 

Trifolium repens White_clover 726717 individual flower y y Beehave Beehave Beehave 

Vicia sativa Common_vetch 58 individual flower y y Beehave Beehave Beehave 
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Appendix D.2: Mowing protocol  

For organic and conventional grass leys the annual average flower density was 

calculated from the five survey visits. Abundance immediately after grass cutting 

was determined by conducting a pre and post-cutting test across six organic rye-

grass clover transects. Flower counts were conducted on each transect 

immediately prior and immediately after silage cutting in June to determine the 

relative abundance after grass cutting. For organic cereals 2 and 3 the impact of 

cereal harvest and cultivations for the following crop were captured through the 

five survey visits. The average annual flower density for each flower species was 

calculated using the May, June and September visits, which represent the flowers 

in the field prior to and after the disturbance period. Late July and August transect 

data were then used to calculate the mean relative abundance of flowering plants 

following harvest. An overview of the mowing protocol for the model can be found 

in Appendix 2. 

Flower name  Management 
date  

End date Date source for flower 
density 

Organic cereals 2 and 3:  
“Weed_species_1” Based on 

phenology  
200 (19th 
July/harvest 
date)  

Transect survey means from 
May and June 

“Weed_species_cut” 200 244 Calc. in model using mean 
relative abundance of 
flowers from late July and 
August transect surveys.  

“Weed_species_2” 244 Based on 
phenology 

Transect survey data from 
late September 

“Flower_S1” Based on 
phenology 

179 (end 
June.1st 
cut)  

Transect survey means May 
and June 

“Flower_cut_1”  179 200 3.5% density of existing 
plants in May/June surveys* 

“Flower_S2” 200 231 (mid 
August 2nd 
cut) 

Transect survey means for 
July and August 

“Flower_cut_2” 231 252 3.5% density of plants from 
July/August surveys 

“Flower_S3” 252 Based on 
phenology 
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*The 3.5% is based on field examination of the amount of clover and other 

plants remaining immediately before and immediately after silage cutting. The 

data suggests a 96.5% reduction in flowers.  
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Appendix D.3: Flower species list with pollen and nectar data used for BEE-STEWARD 
simulations  

Flowerspecies pollen_g/flow
er 

nectar_ml/flow
er 

proteinPoll
enProp 

concentrati
on_mol/l 

start
Day 

stopDay corollaDe
pth_mm 

intFlowerTi
me_s 

"Heather" 0.00114 0.000098 0.139 0.9436 182 273 3 0.6 

"Bell_heather" 0.000733 0.000249 0.139 0.9436 121 334 5.5 0.6 

"Alsike_clover" 0.000502 0.000616 0.208688 0.985977 181 242 10 0.6 

"Bugle" 0.00065 0.00081 0.072104 0.824738 120 211 10 0.6 

"Burdock" 0.00043 0.002289 0.11179 0.886487 181 272 3.9 0.6 

"Oilseed_rape" 0.001507 0.021032 0.256083 1.413034 120 242 5 0.6 

"Giant_bindweed" 0.00091 0.009954 0.264567 0.664622 181 272 0 0.6 

"Common_knapweed" 0.0024 0.002104 0.158971 1.340767 151 272 3 0.6 

"Greater_knapweed" 0.002023 0 0.29775 0 181 272 13.6 0.6 

"Rosebay_willowherb" 0.01145 0 0.205722 0 181 272 0 0.6 

"Marsh_thistle" 0.005053 0.000639 0.145379 0.892359 181 272 3 0.6 

"Spear_thistle" 0.003067 0.001825 0.190333 1.290291 151 303 6.2 0.6 

"Hawthorn" 0.000113 0.001875 0.153979 1.023306 120 180 0 0.6 

"Foxglove" 0.021637 0.001633 0.227517 0.824326 151 272 7 0.6 

"Wild_teasel" 0.014552 0.009761 0.198505 1.085792 181 242 10 0.6 

"Vipers_bugloss" 0.001737 0.000922 0.180278 0.668138 151 272 6.7 0.6 

"Ground_ivy" 0.000897 0.002618 0.190697 0.872367 59 150 7 0.6 

"Bluebell" 0.001877 0 0.363 0 90 180 0 0.6 

"St_Johns_wort" 0.0005 0 0.139074 0 151 272 0 0.6 

"Field_scabious" 0.00888 0 0.1195 0 181 272 0 0.6 

"White_dead_nettle" 0.00122 0.002168 0.228 0.756159 120 364 7.7 0.6 

"Red_dead_nettle" 0.000673 0.005453 0.228 1.012757 59 303 7 0.6 

"Birdsfoot_trefoil" 0.000983 0.000843 0.358 0.697634 120 303 9 0.6 

"Selfheal" 0.000341 0.000582 0.258046 0.662448 151 272 8 0.6 

"Blackthorn" 3.33E-05 9.33E-05 0.272 0.779652 59 150 0 0.6 

"Buttercup" 0.000766 0.000197 0.1206 0.715746 120 303 0 0.6 

"Dog_rose" 0.000669 0 0.090724 0 151 211 0 0.6 

"Bramble" 0.000479 0.006824 0.126 0.500418 120 272 0 0.6 

"Average_Willow" 0.010303 0.002607 0.257375 1.134482 59 119 0 0.6 

"Ragwort" 0.00017 0 0.155 0 151 303 0 0.6 

"Hedge_woundwort" 0.0008 0.001465 0.145433 1.044243 181 242 9 0.6 

"Comfry" 0.000953 0.004318 0.097107 0.989791 120 211 17 0.6 

"Dandelion" 0.000433 0.00047 0.091663 1.294673 1 364 1.2 0.6 

"Red_clover" 0.000502 0.000616 0.208688 0.985977 120 277 10 0.6 

"White_clover" 0.000413 0.000667 0.2307 0.980297 136 276 2 0.6 

"Tufted_vetch" 0.00085 0.001587 0.129583 0 151 242 6.8 0.6 

"Common_vetch" 0.00038 0.00086 0.428 0.81534 120 277 7 0.6 

"Crop_Field_beans" 0.00065 0.00086 0.2 1.28 153 182 19 0.6 

"Crop_Oilseed_rape" 0.000239 0.00055 0.2 1.5 114 136 5 0.6 

"Crop_Maize" 0.0353 0 0.2 0 197 210 0 0.6 

"Crop_Cereals" 0 0 0 0 0 0 0 0.6 
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"American_willowherb
" 

2.78E-05 0.000447 0.205722 0.9436 152 277 3.5 0.6 

"Black_medick" 0 0.000005 0.225 0.9436 91 243 2.5 0.6 

"Buckwheat" 0.000024 0.000009 0.2104 0.9436 182 276 0.53 0.6 

"Black_nightshade" 0.000002 0 0.514 0 182 277 0 0.6 

"Common_bugloss" 0.001737 0.000922 0.180278 0.668138 151 276 6 0.6 

"Common_cats_ear" 0.002972 0.005689 0.17 0.9436 152 274 6.2 0.6 

"Chicory " 0.029001 0.00261 0.1534 0.9436 172 276 6.33 0.6 

"Common_fumitory" 0.000039 0.000068 0.191 0.9436 121 303 7.5 0.6 

"Common_mallow" 0.018516 0.001669 0.21657 0.9436 152 274 0 0.6 

"Common_poppy " 0.048511 0.000002 0.191 0.9436 152 304 0 0.6 

"Common_storks_bill" 0.00027 0.000059 0.197396 0.9436 152 276 6.8 0.6 

"Corn_mint" 0.000136 0.000076 0.228 0.9436 121 303 4 0.6 

"Creeping_thistle" 0.000844 0.008052 0.219 0.9436 182 277 1.2 0.6 

"Crimson_clover" 0.000502 0.000616 0.208688 0.985977 121 175 8.2 0.6 

"Cut_leaved_cranesbill
" 

0.00027 0.000059 0.197396 0.9436 121 243 6.8 0.6 

"Dovesfoot_cranesbill
" 

0.00027 0.000059 0.197396 0.9436 91 273 6.8 0.6 

"Field_forgetmenot" 0.000001 0.000067 0.180278 0.9436 91 276 0 0.6 

"Field_pansy " 0.000968 0.000165 0.197396 0.9436 91 304 14 0.6 

"Field_speedwell" 0.000251 0.000014 0.197396 0.9436 1 365 0.7 0.6 

"Field_woundwort" 0.0008 0.001465 0.145433 1.044243 91 277 6.5 0.6 

"Henbit_dead_nettle " 0.000673 0.005453 0.228 1.012757 60 304 20 0.6 

"Lacy_phacelia " 0.000166 0.001355 0.301 0.9436 152 277 4.4 0.6 

"Lucerne " 0.000255 0.000451 0.225 0.9436 152 212 3.95 0.6 

"Musk_thistle " 0.003067 0.001825 0.190333 1.290291 152 276 12 0.6 

"Ox_eye_daisy" 0.008768 0.00159 0.28 0.9436 152 243 1.65 0.6 

"Prickly_sow_thistle " 0.000978 0.001833 0.243788 0.9436 152 277 5 0.6 

"Rapeseed" 0.001507 0.021032 0.256083 1.413034 120 242 5 0.6 

"Red_campion" 0.000936 0.000447 0.197396 0.9436 91 273 16.7 0.6 

"Redshank" 0.000019 0.000091 0.2104 0.9436 121 304 0.75 0.6 

"Scarlet_pimpernel " 0.000191 0 0.197396 0 152 276 0 0.6 

"Smooth_hawksbeard 
" 

0.001183 0.000028 0.243788 0.9436 152 277 3.8 0.6 

"Sunflower" 0.0287 0.00081 0.1486 1.25 237 264 3.29 0.6 

"Thyme-
leaved_speedwell" 

0.000251 0.000014 0.197396 0.9436 60 304 0.7 0.6 

"Weasels_snout " 0 0.001679 0 0.9436 152 277 12.5 0.6 

"White_campion " 0.000936 0.000447 0.197396 0.9436 91 273 16.7 0.6 

"Wild_carrot " 0.000018 0.000084 0.29 0.9436 152 277 0 0.6 

"Wild_radish" 0.000124 0.000355 0.338 0.9436 121 277 11.96 0.6 

"White_mustard" 0.000124 0.000018 0.338 0.9436 121 277 12 0.6 

"Yarrow " 0.002012 0.000096 0.243788 0.9436 152 276 2.2 0.6 

"Mariana_vetch" 0.00038 0.00086 0.428 0.81534 120 272 7 0.6 

"Cut_leaved_dead_net
tle" 

0.000673 0.005453 0.228 1.012757 60 304 14 0.6 
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Appendix D.4 Flower species list with pollen and nectar data used to determine 
pollen and nectar provision at the landscape scale  

Flowerspecies pollen_g/fl
ower 

nectar_ml/fl
ower 

proteinPollen
Prop 

concentration
_mol/l 

startD
ay 

stopD
ay 

corollaDepth
_mm 

intFlowerTi
me_s 

"Heather" 0.00114 0.000098 0.139 0.9436 182 273 3 0.6 

"Bell_heather" 0.000733 0.000249 0.139 0.9436 121 334 5.5 0.6 

"Alsike_clover" 0.000502 0.000616 0.208688 0.985977 181 242 10 0.6 

"Bugle" 0.00065 0.00081 0.072104 0.824738 120 211 10 0.6 

"Burdock" 0.00043 0.002289 0.11179 0.886487 181 272 3.9 0.6 

"Oilseed_rape" 0.001507 0.021032 0.256083 1.413034 120 242 5 0.6 

"Giant_bindweed" 0.00091 0.009954 0.264567 0.664622 181 272 0 0.6 

"Common_knapwee
d" 

0.0024 0.002104 0.158971 1.340767 151 272 3 0.6 

"Greater_knapweed
" 

0.002023 0 0.29775 0 181 272 13.6 0.6 

"Rosebay_willowher
b" 

0.01145 0 0.205722 0 181 272 0 0.6 

"Marsh_thistle" 0.005053 0.000639 0.145379 0.892359 181 272 3 0.6 

"Spear_thistle" 0.003067 0.001825 0.190333 1.290291 151 303 6.2 0.6 

"Hawthorn" 0.000113 0.001875 0.153979 1.023306 120 180 0 0.6 

"Foxglove" 0.021637 0.001633 0.227517 0.824326 151 272 7 0.6 

"Wild_teasel" 0.014552 0.009761 0.198505 1.085792 181 242 10 0.6 

"Vipers_bugloss" 0.001737 0.000922 0.180278 0.668138 151 272 6.7 0.6 

"Ground_ivy" 0.000897 0.002618 0.190697 0.872367 59 150 7 0.6 

"Bluebell" 0.001877 0 0.363 0 90 180 0 0.6 

"St_Johns_wort" 0.0005 0 0.139074 0 151 272 0 0.6 

"Field_scabious" 0.00888 0 0.1195 0 181 272 0 0.6 

"White_dead_nettle
" 

0.00122 0.002168 0.228 0.756159 120 364 7.7 0.6 

"Red_dead_nettle" 0.000673 0.005453 0.228 1.012757 59 303 7 0.6 

"Birdsfoot_trefoil" 0.000983 0.000843 0.358 0.697634 120 303 9 0.6 

"Selfheal" 0.000341 0.000582 0.258046 0.662448 151 272 8 0.6 

"Blackthorn" 3.33E-05 9.33E-05 0.272 0.779652 59 150 0 0.6 

"Buttercup" 0.000766 0.000197 0.1206 0.715746 120 303 0 0.6 

"Dog_rose" 0.000669 0 0.090724 0 151 211 0 0.6 

"Bramble" 0.000479 0.006824 0.126 0.500418 120 272 0 0.6 

"Average_Willow" 0.010303 0.002607 0.257375 1.134482 59 119 0 0.6 

"Ragwort" 0.00017 0 0.155 0 151 303 0 0.6 

"Hedge_woundwort
" 

0.0008 0.001465 0.145433 1.044243 181 242 9 0.6 

"Comfry" 0.000953 0.004318 0.097107 0.989791 120 211 17 0.6 

"Dandelion" 0.000433 0.00047 0.091663 1.294673 1 364 1.2 0.6 

"Red_clover" 0.000502 0.000616 0.208688 0.985977 120 277 10 0.6 

"White_clover" 0.000413 0.000667 0.2307 0.980297 136 276 2 0.6 

"Tufted_vetch" 0.00085 0.001587 0.129583 0 151 242 6.8 0.6 

"Common_vetch" 0.00038 0.00086 0.428 0.81534 120 277 7 0.6 

"Crop_Field_beans" 0.00065 0.00086 0.2 1.28 153 182 19 0.6 

"Crop_Oilseed_rape
" 

0.000239 0.00055 0.2 1.5 114 136 5 0.6 

"Crop_Maize" 0 0 0 0 0 0 0 0.6 



   
 

360 
 

"Crop_Cereals" 0 0 0 0 0 0 0 0.6 

"American_willowhe
rb" 

2.78E-05 0.000447 0.205722 0.9436 152 277 3.5 0.6 

"Black_medick" 0 0.000005 0.225 0.9436 91 243 2.5 0.6 

"Buckwheat" 0.000024 0.000009 0.2104 0.9436 182 276 0.53 0.6 

"Black_nightshade" 0.000002 0 0.514 0 182 277 0 0.6 

"Common_bugloss" 0.001737 0.000922 0.180278 0.668138 151 276 6 0.6 

"Common_cats_ear
" 

0.002972 0.005689 0.17 0.9436 152 274 6.2 0.6 

"Chicory " 0.029001 0.00261 0.1534 0.9436 172 276 6.33 0.6 

"Common_fumitory
" 

0.000039 0.000068 0.191 0.9436 121 303 7.5 0.6 

"Common_mallow" 0.018516 0.001669 0.21657 0.9436 152 274 0 0.6 

"Common_poppy " 0.048511 0.000002 0.191 0.9436 152 304 0 0.6 

"Common_storks_b
ill" 

0.00027 0.000059 0.197396 0.9436 152 276 6.8 0.6 

"Corn_mint" 0.000136 0.000076 0.228 0.9436 121 303 4 0.6 

"Corn_spurrey" 0.000005 0.000037 0.197396 0.9436 152 273 0 0.6 

"Creeping_thistle" 0.000844 0.008052 0.219 0.9436 182 277 1.2 0.6 

"Crimson_clover" 0.000502 0.000616 0.208688 0.985977 121 175 8.2 0.6 

"Cut_leaved_cranes
bill" 

0.00027 0.000059 0.197396 0.9436 121 243 6.8 0.6 

"Dovesfoot_cranesb
ill" 

0.00027 0.000059 0.197396 0.9436 91 273 6.8 0.6 

"Field_forgetmenot" 0.000001 0.000067 0.180278 0.9436 91 276 0 0.6 

"Field_madder" 0.000006 0.000029 0.197396 0.9436 91 304 4.5 0.6 

"Field_pansy " 0.000968 0.000165 0.197396 0.9436 91 304 14 0.6 

"Field_speedwell" 0.000251 0.000014 0.197396 0.9436 1 365 0.7 0.6 

"Field_woundwort" 0.0008 0.001465 0.145433 1.044243 91 277 6.5 0.6 

"Fools_parsley" 0.000018 0.000021 0.29 0.9436 182 277 0 0.6 

"Groundsel" 0.000227 0.000001 0.243788 0.9436 1 365 4 0.6 

"Hairy_tare" 0.000052 0.000083 0.261 0.9436 121 277 4 0.6 

"Hedge_mustard " 0.00002 0.000011 0.22 0.9436 152 277 0 0.6 

"Henbit_dead_nettle 
" 

0.000673 0.005453 0.228 1.012757 60 304 20 0.6 

"Knotgrass " 0.000024 0.000009 0.2104 0.9436 182 304 0 0.6 

"Lacy_phacelia " 0.000166 0.001355 0.301 0.9436 152 277 4.4 0.6 

"Lucerne " 0.000255 0.000451 0.225 0.9436 152 212 3.95 0.6 

"Common_Mousear 
" 

0.000287 0.000036 0.197396 0.9436 91 277 4 0.6 

"Musk_thistle " 0.003067 0.001825 0.190333 1.290291 152 276 12 0.6 

"Ox_eye_daisy" 0.008768 0.00159 0.28 0.9436 152 243 1.65 0.6 

"Pineapple_weed" 0.001089 0 0.243788 0.9436 152 212 0.87 0.6 

"Prickly_sow_thistl
e " 

0.000978 0.001833 0.243788 0.9436 152 277 5 0.6 

"Rapeseed" 0.001507 0.021032 0.256083 1.413034 120 242 5 0.6 

"Red_campion" 0.000936 0.000447 0.197396 0.9436 91 273 16.7 0.6 

"Redshank" 0.000019 0.000091 0.2104 0.9436 121 304 0.75 0.6 

"Scarlet_pimpernel 
" 

0.000191 0 0.197396 0 152 276 0 0.6 

"Scented_mayweed
" 

0.00283 0.004369 0.15 0.9436 152 243 0.87 0.6 

"Scentless_maywee
d " 

0.00283 0.004369 0.15 0.9436 152 277 0.87 0.6 

"Shepherds_purse " 0.000008 0.000028 0.271 0.9436 1 365 0 0.6 
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"Smooth_hawksbea
rd " 

0.001183 0.000028 0.243788 0.9436 152 277 3.8 0.6 

"Sunflower" 0.0287 0.00081 0.1486 1.25 237 264 3.29 0.6 

"Thyme-
leaved_speedwell" 

0.000251 0.000014 0.197396 0.9436 60 304 0.7 0.6 

"Weasels_snout " 0 0.001679 0 0.9436 152 277 12.5 0.6 

"White_campion " 0.000936 0.000447 0.197396 0.9436 91 273 16.7 0.6 

"Wild_carrot " 0.000018 0.000084 0.29 0.9436 152 277 0 0.6 

"Wild_radish" 0.000124 0.000355 0.338 0.9436 121 277 11.96 0.6 

"White_mustard" 0.000124 0.000018 0.338 0.9436 121 277 12 0.6 

"Yarrow " 0.002012 0.000096 0.243788 0.9436 152 276 2.2 0.6 

"Mariana_vetch" 0.00038 0.00086 0.428 0.81534 120 272 7 0.6 

"Common_chickwe
ed" 

0.000005 0.000037 0.197396 0.9436 1 365 4 0.6 

"Corn_marigold" 0.004962 0.002874 0.182 0.9436 152 194 3.5 0.6 

"Cut_leaved_dead_
nettle" 

0.000673 0.005453 0.228 1.012757 60 304 14 0.6 
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Appendix D.5: Converting data from Baude and Hicks et al., 

Data from Hicks et al., (2016) and Baude et al., (2016) are presented in different 

units (nectar sugar; μg day-1 and pollen; μL day-1) to the format used in Bee-

Steward (nectar; ml day-1  and pollen; g day-1). Data from Hicks et al., (2016) and 

Baude et al., (2016) were converted using the following calculations kindly 

provided by Grace Twiston-Davies:  

Nectar data:  

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑎𝑎 𝑚𝑚𝑚𝑚 𝑝𝑝𝑁𝑁𝑁𝑁 𝑑𝑑𝑁𝑁𝑑𝑑

= (((1 −𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑠𝑠𝑠𝑠𝑁𝑁𝑁𝑁 𝑝𝑝𝑁𝑁𝑁𝑁 𝑚𝑚) + 1 �
𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑎𝑎 𝑠𝑠𝑠𝑠 𝑝𝑝𝑁𝑁𝑁𝑁 𝑑𝑑𝑁𝑁𝑑𝑑

𝑎𝑎𝑠𝑠𝑁𝑁𝑁𝑁𝑚𝑚𝑎𝑎𝑁𝑁 � ∗ 1/1000 

Here mol/l (concentration of nectar sugar per litre) was calculated as 0.9436 mol/l. 

The amount of the sugar which was considered to be was calculated as sucrose 

= 342.3 g/mol.  

The following rational was used for the calculations:  

Convert nectar concentration [%] to mol/l: 
32.3% (w/v) concentration is 323g sucrose/l 
sucrose molar mass: 342.3 g/mol 
32.3% concentration as mol/l: 323[g/l] / 342.3 [g/mol] = 0.9436 mol/l 

 

Nectar volume (e.g.): 
342g sucrose of 1M = 
1l 
145g of 1M = 0.4236l 
145ug of 1M = 
0.4236ul 
145ug of 0.9436M = 
0.4489ul 
or 0.0004489ml per 
day 
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Pollen data:  

𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑁𝑛𝑛 𝑁𝑁𝑎𝑎 𝑠𝑠 𝑝𝑝𝑁𝑁𝑁𝑁 𝑑𝑑𝑁𝑁𝑑𝑑 = 𝑣𝑣𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑁𝑁 𝑚𝑚𝑜𝑜 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑁𝑛𝑛 (𝑁𝑁𝑎𝑎 𝑠𝑠𝑚𝑚) ∗ 𝑚𝑚𝑁𝑁𝑁𝑁𝑛𝑛 𝑤𝑤𝑁𝑁𝑤𝑤𝑠𝑠ℎ𝑁𝑁𝑚𝑚𝑜𝑜 1µ𝑚𝑚 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑁𝑛𝑛 

The mean weight of 1µl pollen was taken as 0.008142 g based on existing pollen 

data from a variety of plants used in Buchmann and Orouke 199137.  

 

 

 

                                            
37 Buchmann, S. L., & O’Rourke, M. K. (1991). Importance of pollen grain volumes for 
calculating bee diets. GRANA, 30(3-4), 591-595. https://doi.org/10.1080/00173139109427817  

https://doi.org/10.1080/00173139109427817
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Appendix D.6: BEE-STEWARD simulation population stabilisation 
tests  

Population stabilisation was determined based on the number of hibernating 

queens as in (Knapp et al., 2019). The point at which the population stabilised in 

the model was conducted visually using the mean number of hibernating queens 

from 30 model runs. This is shown in the plots below for both Bombus hortorum 

and Bombus terrestris. A 12 year stabilisation point was selected (shown by the 

black line in the plots) and only data after this point was analysed. The red number 

shows the number of surviving runs out of 30 model runs. Initial starting queens 

was set at 400 for both species based on advice from Grace Twiston-Davies and 

Matthias Becher (i.e. the BEE-STEWARD model development team).  

Bombus hortorum stabilisation:  

Organic scenario:  
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Conventional scenario:  

 

 

Bombus terrestris stabilisation:  

Organic scenario:  

 

 

 

 

Conventional scenario:  
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Appendix D.7: Nectar and pollen availability throughout a typical 
year  

Nectar throughout the year across the study landscape: 

Step changes show where silage mowing and/or organic wholecrop harvest 

have impacted nectar availability.  

 

Pollen throughout the year across the study landscape:  
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Appendix E:  
Appendix E.1: The cost of nitrate removal at WTW Water Treatment 
works 

The water treatment process:  

Figure one provides an overview of the water treatment process at WTW Water 

Treatment works. Further details can be found in a document titled: Ion Exchange 

Plant Operation. It is important to note that the ion exchange plant is always 

running water through one cell. More cells are bought into use and more water is 

processed through the plant incrementally when final blended water 

concentrations exceed 38 mg l-1. WTW try to have a buffer of around 25% 

between actual nitrate concentrations and the drinking water limit of 50 mg l-1).   

The costs associated with nitrate removal:  

Capital costs:  

The ion exchange plant at WTW Water Treatment Works was installed in 2006. 

WTW were unable to provide any information on how much the plant cost to 

install. The installation of ion exchange plants are recognised as being expensive 

(Environment Agency, 2019) with installation costs ranging from £250,000 for a 

small plant, up to £8million for larger plants (Table 1).  

Due to the expense of installation it is considered important to incorporate an 

estimate of the annualised capital costs into annual treatment cost saving 

scenarios. Data was therefore collected on the costs of other nitrate treatment 

plants installed in the UK. Where information is available, data can be combined 

on the scale of the plant (how much it treats each day) and the cost of installation 

in order to estimate indicative costs for the WTW Ion Exchange plant. These 

figures are presented in the table below. It is important to note that costs for other 

plants can be hard to come by, often cannot be separated from other capital costs 

(e.g. the building or infrastructure around the plant) or are not accompanied by 

data on the plant capacity. 
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Table 1: Cost data from the installation of other ion exchange nitrate removal plants in the UK. 

Year Cost 
(£’million

s) 

Amount of water 
*m3 / day) 

Cost per daily 
abstraction 

(£/m3) 

Water provider 

201
5 

7.5 22,000 340.9090909 Yorkshire Water 

201
5 

5.6 13000 430.7692308 Severn Trent 
Water 

201
6 

0.25 904 276.5486726 Cholderton Water 
Company      

Mean cost per m3 of capacity: £349.41 
 

 

Other plants installed with incomplete data: 
201
2 

1.7 - 2.5  ? ? Cambridge Water 
Company 

201
8 

4.1 - 8  ? ? Southern Water 

201
8 

7 ? ? Anglian Water 

? 4 10500 (?) 
 

Wessex Water 
? 3.73 ? ? NA cited in Green 

Alliance Doc 
202
0 

8  ? 
 

Wessex Water 
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FIGURE REMOVED – SHOULD NOT BE SHARED WITHOUT SWW APPROVAL 

 

 

 

 

 

 

 

 

 

 

Figure 1: Diagram of the nitrate treatment program at WTW Water Treatment Works  showing incoming 
boreholes and treatment protocol. Contanstant pumping through plant is conducted at  37 mg l-1with additional 

treatment when nitrate exceeds 38 mg l-1. 
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Based on a nitrate treatment capacity of 30m3 per hour for each cell (5 in total) at WTW 

Ion Exchange plant it is reasonable to estimate that the total daily treatment capacity 

for the plant is 3,600m3. Combined with a mean installation cost per m3 of daily 

capacity, this would equate to an estimated installation cost of £1,257,876 or around 

£1.25 million.  

An estimate of £1.25 million was therefore selected as the capital investment to install 

the plant. The capital expenditure was annualised over 20 years with a discount rate 

of 3.5%.  

Juntakut et al., (2020) use the same time period of 20 years in there accounting on 

nitrate treatment solutions in the US, albeit with a slightly higher discount rate of 5%. 
https://www.mdpi.com/2073-4441/12/2/428  

Operational costs:  

Operational costs for nitrate removal can be significant with typical ranges for larger 

plants of around £250,000 to £500,000 per year. The only data found for a smaller 

plant, operating at a similar scale (903 m3 per day) was for the Cholderton Water 

Company, which has an annual operation cost of £23,000 based on labour and power.  

Information to calculate operational costs were provided by WTW staff who works at 

the WTW.  

Salt:  

Salt is required to recharge each cell and enables nitrate to be removed from drinking 

water. WTW staff initially said that around 60 tonnes of salt is bought in each year at 

a price of roughly £130 per tonne. WTW staff has subsequently given me access to 

more accurate information on the actual salt purchases since 2012 (see Table 1). 

Whilst there is some overlap in stock between years this was fairly small and as such 

it was assumed that amount purchased, reflected the amount used in that year. A 

mean of 99.68 tonnes of salt per year was used in annual operation cost calculations.  

 

 

https://www.mdpi.com/2073-4441/12/2/428
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Table 2: Showing the sum of annual salt orders for WTW Anion Exchange Plant from 

2012 to 2019 

TABLE REMOVED – NOT TO BE SHARED  

Labour:  

WTW staff suggested that a rough estimate for their time spent working on the plant 

was between 1 – 2 days per month. Low (1 day, 8 hours), middle (1.5 days, 12 hours) 

and high (2 days, 16 hours) have therefore been applied in labour cost scenarios.  

No data on staff costs were available from WTW and therefore industry standards 

were taken from Office for National Statistics Labour Costs per Hour (ILCH) data: 

https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/earningsandwork

inghours/datasets/indexoflabourcostsperhourilchseasonallyadjusted  

A mean labour cost per hour of £25.40 was calculated for 2019 for the Electricity, Gas 

and Water Supply Industry (including Wages and Salaries, National Insurance 

Contributions, Employer Pension Contributions, Sickness, Maternity and Paternity 

Payments and Benefits in Kind). The figure was used in annual operation cost 

calculations.  

Electricity:  

Total electricity data for the plant was gathered from site in December 2020. Readings 

for the number of operation hours (129515 hours, 14.78 years) and the total energy 

consumption (737262 kwh) were recorded. The two figures combined allow a 

calculation of the average annual energy usage, 49866 kwh.  

No data on electricity rates was explicitly provided by WTW.  

Energy rates per kwh were instead taken from the National Statistics dataset on the 

Non-domestic Energy Prices by Quarter from the Department for Business, Energy 

and Industrial Strategy: https://www.gov.uk/government/statistical-data-sets/gas-and-

electricity-prices-in-the-non-domestic-sector  

Water companies are identified as some of the largest electricity consumers (Majid et 

al., 2020) and therefore prices were selected from the ‘Extra Large’ business band 

(>150,000 MWH). The prices shown in the dataset are fully delivered prices, including 

https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/earningsandworkinghours/datasets/indexoflabourcostsperhourilchseasonallyadjusted
https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/earningsandworkinghours/datasets/indexoflabourcostsperhourilchseasonallyadjusted
https://www.gov.uk/government/statistical-data-sets/gas-and-electricity-prices-in-the-non-domestic-sector
https://www.gov.uk/government/statistical-data-sets/gas-and-electricity-prices-in-the-non-domestic-sector
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all elements except VAT.  The mean from all quarters for 2019 was £0.114 per kwh 

and was used in the calculation of annual operation costs.  

 

Spreadsheet on estimates for operational and capital costs:  

Table 3 provides a lower, middle and higher estimate for the annual operational costs 

at WTW Anion Exchange Plant. The range of estimates is on the basis of differences 

in labour estimates. The middle estimate of £23,438 has been used in the calculations 

of the benefits under different land management scenarios.  

Table 3: Table showing the estimated annual operational costs for WTW anion Exchange plant including 
electricity, labour and salt 

  
Low estimate 

(£) Central (£)  
High estimate 

(£) VAT status  
Electricity 6821.69 6821.69 6821.69 Incl. 

Labour  2438.4 3657.6 4876.8 ?  
Salt  12958.4 12958.4 12958.4 Not provided  

Total  22,218.49 23,437.69 24,656.89   
 

It is important to note that operational costs do not include the disposal of the waste 

nitrate rich brine which depending on the disposal pathway can be expensive to deal 

with. E.g. https://marketplace.wessexwater.co.uk/challenges/ion-exchange-brine-

challenge/  

The combined capital and operations costs are shown in Table 4. The data shows an 

annual total cost of £111,389.03 per year.  

 

Table 4: Showing total annual costs including both operational and annualised capital cost estimates for WTW 
Ion Exchange Plant 

  Cost Comment 
Capital Cost (£) £1,250,000 Estimate  
Annualised Capital Cost (£) £87,951.35 

r = 3.5%, T = 
20 

Operational Cost (£) £23,437.69 Mid-range 
Total Cost per year (£) £111,389.03 Combined  

 

 

https://marketplace.wessexwater.co.uk/challenges/ion-exchange-brine-challenge/
https://marketplace.wessexwater.co.uk/challenges/ion-exchange-brine-challenge/
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Appendix E.2: Connecting nitrate leaching to aquifer nitrate 
concentrations – Otter sandstone and Budleigh Salterton Pebble Bed 
Aquifer 

 

Overview of nitrate leaching and potential benefits generated by the conversion to 

organic agriculture by Clinton Devon Estate  

Aims:  

• To link standard nitrogen inputs from farmland with current concentrations of 

nitrate in the aquifer  

• To establish the potential impact that conversion to organic farming in the Lower 

Otter Valley could have on future nitrate concentrations in the aquifer 

• To quantify the value of the benefits that might arise from past conversion to 

organic agriculture  

Key principles/caveats:  

• The study requires assumptions to be made about the extent of the aquifer, the 

annual recharge, nitrate leaching inputs and the length of time it takes for nitrate 

to reach the aquifer. These assumptions are backed up by relevant literature.  

• The study acknowledges that the groundwater aquifer is a complex system with 

significant spatial, temporal and depth variations found in nitrate 

concentrations. However, the study has had to simplify the system to a single 

unit that responds as one across the area  

• The study uses mean nitrate inputs from only three conventional and three 

organic fields over only two years. These fields represent a variety of typical 

crops and grass found in the area but the data set is small and highly variable 

between sites. Even so, the mean estimate taken is in line with other academic 

studies and previous local monitoring 

Aquifer ‘catchment’:  

• There was no unanimous agreement with South West Water on what 

represented the ‘aquifer catchment’, i.e. the area across which any leaching 

nitrate will reach the aquifer. Initial investigations looked at the source 



   
 

375 
 

protection zones around the borehole but on advice from WTW the Lower Otter 

catchment was identified as a more reasonable extent.  

• It is also noted that further north the Otter Sandstone becomes more fractured 

and there are clearer boundaries between aquifer units (Allen et al., 1997)  

• Parts of the bedrock in the Lower Otter catchment are Mercia or Aylesbeare 

Mudstone or Upper Greensand and were not considered to play a role in 

contributing to the aquifer.  

• The area assumed to be the aquifer catchment was therefore taken as the area 

defined as Otter Sandstone or Budleigh Salterton Pebble Beds formations that 

lie within in the Lower Otter surface water catchment (Figure 1). It is recognised 

that combined these formations essentially act as one aquifer and share a 

common water table (Allen et al., 1997)  

• This area also appears to be shown in the Lower Otter groundwater model 

outputs (provided by WTW) as receiving the highest density of rainfall recharge 

(the main pathway for nitrate entering the aquifer)  

• The total area is identified as 81947054m2 or 8194.71ha (including some minor 

overlaps outside the surface water catchment) and is shown as the Otter 

Sandstone layer in Figure 1A. 
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Figure 1: Showing spatial data used for the assessment of the aquifer 'catchment' and in determining land area that contributes to 

nitrate leaching.A. Shows the distribution of the otter sandstone and Budleigh Salterton pebble beds formations in the Lower Otter 

Valley used as the aquifer ‘catchment’. B. Shows the 2019 land cover map (CED, 2020) used in the assessment of arable and 

grassland areas contributing leached nitrate.  

A.  B.  
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Aquifer ‘capacity’:  

• No definitive data is available on the ‘capacity’ of the aquifer, i.e. how 

much it is likely to be storing at any one time  

• Bearcock and Smedley (2012) and Allen et al., (1997) cite pers. comm., 

information that suggests that the total allowable abstraction of 25,000m3 

is estimated to be half of the rainfall recharge in the aquifer. This was 

contested by WTW during discussions however and is likely to be coarse 

as it was prior to more detailed groundwater modelling  

• However, it is agreed that the main recharge to the Otter Sandstone is 

through rainfall recharge (Perl et al., 2004). See groundwater model 

outputs below, Figure 2.  

• The MORECS effective rainfall for the area is identified as 427mm per 

annum (Perl et al., 2004), which is very much in line with drainage 

calculations made as part of my field work (mean 443.4mm) 

• The Lower Otter groundwater model outputs support the information 

above and suggests that Total Available Water is aligned closely to 

rainfall recharge at around 400mm per year (see figures below)  

• The aquifer capacity was therefore estimated by multiplying the aquifer 

‘catchment’ by the annual rainfall recharge and came to 34,991,392m3   

 

Figure 2: DO NOT REPODUCE THIS FIGURE _ FOR INTERNAL GUIDANCE 

ONLY. PROVIDED BY WTW.  

 

 

 

 

FIGURE REMOVED  
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Aquifer ‘response time’ to nitrate leaching:  

• An important assumption for this study is that reduced nitrate leaching 

triggered by Clinton Devon Estates conversion of around 950ha to organic 

agriculture in the Lower Otter Valley in 2007 is yet to have had its full 

impact on the concentrations seen in the aquifer. This assumption appears 

valid in the context of the literature and in calculations predicting nitrate 

concentrations in the aquifer.  

• The assumption requires an understanding of how long it takes for nitrate 

loading to reach the aquifer  

• No standard response time for nitrate reaching the aquifer in the Lower 

Otter was provided/available and therefore estimates have to be made 

from the literature  

• It is widely recognised that aquifers take time to respond to changes in 

nitrate leaching (Wang et al., 2012). The response time varies depending 

on a number of factors including bedrock characteristics, depth to the 

bedrock, effective rainfall rate and local fracturing that can facilitate rapid 

transport. It varies both between aquifers and spatially across the same 

aquifer.  

• It is therefore reasonable to expect that the levels of nitrate we see in the 

aquifer today are reflective of inputs in the past….but how long ago?  

• Wang et al., (2012) identify that most aquifers received nitrate loads within 

20 years of surface leaching. They suggest that the Permo-triassic 

sandstones respond “fairly rapidly” to changes and that the majority of 

these types of aquifers had already achieved peak nitrate by 2012. Their 

national mapping of nitrate travel times indicates that response times in 

the Lower Otter Valley could be between ranges 1 – 5 years, 6 – 10 years, 

11 – 20 years (though the map is hard to zoom in on) (Wang et al., 2012)  

• Further work from Wang et al., (2016) suggest that the ‘turning’ point for 

the Permo-triassic sandstones of the South West was 2005. Coupled with 

their previous work which estimates a peak nitrate inputs ending in 1990 

(Wang et al., 2012), this could suggest around about a 15 year response 

time. 

• The key assumption here is that it is likely that it takes time to respond to 

nitrate changes, potentially in the range of 10 – 15 years (plus) and 
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therefore there is a good chance that the conversion to organic agriculture 

in 2007 across a large part of the Lower Otter Valley has not yet had a 

significant effect on the aquifer nitrate concentrations  

Estimating nitrate inputs (pre-organic conversion):  

• Field work conducted by this study identified mean nitrogen losses on 

three conventional fields and over a fairly dry and then very wet winter of 

52.64 kg N ha-1 

• This estimate is in line with local data on leaching collected by Yog Watkins 

(Westcountry Rivers Trust) in the early stages of his monitoring of nitrate 

leaching (see 2010-11 and 2011-12). It is recognised that the mean 

leaching levels are considerably lower from 2012-13 and it is thought that 

this is due to advice provided by Yog to the farmers participating on how 

to reduce losses. It is for this reason that the data has not been used as a 

mean of leaching across the catchment  
Table 1: Yog Watkins data on nitrogen losses by year (a minus represents a loss from the field) 

Row 
Labels 

Count of N Loss 
with crop est. 

Mean N loss  
(kg N ha-1) 

Min N loss (kg N 
ha-1) 

Max N loss (kg 
N ha-1) 

2010-
11 

9 -70.93 27.1 -234.1 

2011-
12 

9 -42.32 22.6 -115.8 

2012-
13 

9 -22.38 -10 -38.9 

2013-
14 

8 -19.96 14.4 -81.8 

2014-
15 

9 -12.98 5.9 -37.3 

2015-
16 

8 -24.16 12 -88.1 

2016-
17 

10 -5.75 34 -66.9 

 

• The figure of 52.64 kg N ha-1 is also in line with estimated inputs from 

Wang et al., (2012) on national nitrate losses in the mid to late 2000s, 

although they predicted that nitrate losses by 2020 would have reduced to 

around 40 kg N ha-1.  

• A figure of 52.64 kg N ha-1 was used as the inputs per ha of agricultural 

land within the area covered by the Otter Sandstone and Budleigh 

Salterton Pebble Beds formations. It is recognised that this is a significant 

simplification given the variability in leaching from different land 

management, under different farms and in different seasons. However, 
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such a simplification is in line with other studies (Wang et al., 2012) and, 

using the data available, allows a fairly rapid overview to be made about 

the likely accuracy of the figure in light of the actual mean aquifer 

concentration  

• Agricultural land was derived from the Land Cover Map 2019 (CEH, 2019) 

(Figure 1B). Agricultural land was taken as the total of arable and 

horticultural land, improved grassland and calcareous and neutral 

grassland (although the latter only made up around 50ha)  

• All other land uses, including heathland, forestry, urban and suburban land 

were not included in the area used to estimate nitrogen inputs (I.e. they 

were assumed to have a nitrogen input of 0 kg N ha-1). It is recognised that 

this is not necessarily accurate as such land uses do leach deposited 

nitrogen but these losses are typically much lower than on agricultural land 

(Herrmann et al., 2005) 

Putting it all together:  

Does our leaching estimate, assuming blanket conventional land use 
across the Lower Otter catchment align with current aquifer 
concentrations?  

• Table 1 shows that the estimate of aquifer nitrate concentration (37.27 mg 

NO3 l-1) made using a 52.64 kg N ha-1 input function and the assumed 

aquifer ‘catchment’ and aquifer ‘capacity’ is reassuringly close to the actual 

mean nitrate concentrations from all boreholes sampled in 2019 (37.16 mg 

NO3 l-1)  

• It seems reasonable therefore to suggest that, if the aquifer capacity 

assumption holds, leaching in this order of magnitude might be 

responsible for the concentration of nitrate in the aquifer  

• It also suggests that impacts of a significantly reduced nitrate input (from 

organic conversion) are unlikely to have had a significant impact on the 

aquifer concentration yet  

• NOTE: NOT ALL BOREHOLES ARE MONITORED EACH YEAR or 

consistently throughout the year (so some might be sampled more than 

others in one year or not at all). There is a good chance that without this 

systematic monitoring it is hard to get a good picture of comparable 
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concentrations year on year. Reassuringly however in 2019 all 14 WTW 

boreholes were sampled at least once.  
Table 2: Showing the key figures used in the estimation of current nitrate concentration in the aquifer and 
compared with actual mean data from WTW on the pumped water from boreholes  

Component  Value  Units  Calculation method 

Aquifer catchment  81,947,054 m2 
Otter Sandstone and Budleigh PBs 

area 
Annual rainfall recharge  0.427 m  MORECS data from Perl et al., (2004)  
Aquifer 'capacity'  34,991,392 m3  Aquifer catchment * rainfall recharge  
Agricultural area of aquifer 
(AA) 5,605.55 ha  

Agricultural area (AA) from CEH LCM 
(2019)  

Annual nitrogen input per ha 52.64 Kg N ha-1 Field work data (FWD)  
Annual nitrogen input over AA 295,076.41 Kg N  AA * nitrogen input per ha  

    
Expected aquifer 
concentration  0.008433 kg N m3-1 Total N input / aquifer capacity  
Expected aquifer 
concentration 37.27 mg NO3 l-1 

Conversion from kg N m3 to mg NO3 
l-1  

    
Actual mean concentration 
from aquifer borehole samples   37.16 mg NO3 l-1 

Mean of all WTW borehole samples in 
2019  

 

Given the reassuringly close predicted vs actual figures for nitrate concentrations 

in the aquifer it is possible to use the same aquifer characteristic assumptions to 

predict what impact reducing nitrate losses across this area could have on nitrate 

concentrations  

What impact will the conversion of the organic Home Farm have on nitrate 
leaching and aquifer concentrations? 

• Table 2 shows the calculations and reductions generated by the reduced 

leaching from the organic Home Farm and Dalditch Farm  

• The calculations use a mean organic nitrate loss mean of 19.85 kg N ha-1 

which was taken from field work conducted in this study across three fields 

over a dry and then relatively wet winter season. The estimate is in line 

with Yog’s study for an organic field from 2010-11 to 2017-18 of 19.61 kg 

N ha-1  

• The area of organic land is derived from Clinton Devon Estate maps and 

is clipped to only calculate the areas within agricultural use and within the 

aquifer ‘catchment’ area  

• The calculation assumes that reduced loading of nitrate generated from 

organic land management has NOT yet manifested itself in significant 

changes in the aquifer  
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• The shift from conventional to organic agriculture across 896ha (15.97% 

of the defined agricultural area) suggests there could be a decrease in the 

mean aquifer concentration of 3.71 mg NO3 l-1.  

• The drop from 37.27 mg NO£ l-1 under the predicted conventional only 

scenario to 33.56 mg NO3 l-1 would reduce the mean aquifer concentration 

below the threshold level for treatment (37 mg NO3 l-1).  

 

Table 3: Showing the projected concentration shift in the aquifer nitrate concentrations on the basis of the 
shift to organic land management by Clinton Devon Estate 

Scenario two (organic conversion):     Units  
Conventional Nitrogen input  52.64 Kg N ha-1 
Organic nitrogen input  19.85 Kg N ha-1 
Organic agricultural area 895.32 ha 
Remaining conventional area 4,710.24 ha 
Conventional input over conventional 
area  247,947.00 Kg N 

Organic input over the organic area  17,772.01 Kg N 
Total input from both  265,719.01 Kg N 
   

Expected aquifer concentrations:   

Expected concentration in the aquifer 0.00759384 kg N m3-1 
Expected concentration in the aquifer 
(converted to mg NO3 l-1) 33.56 mg NO3 l-1 
   

Conventional only scenario:  37.27 mg NO3 l-1 
   

Projected change in aquifer nitrate:    

Change in nitrate concentration  3.71 mg NO3 l-1 
   

Predicted mean aquifer 
concentration:  33.56 mg NO3 l-1 

 

Does the reduction in nitrate concentrations in the aquifer generate a 
financial benefit for WTW/society?  

Changes in the aquifer nitrate concentration have the capacity to alter the costs 

of treatment in different ways. Minor changes in concentration that reduce the 

need for further treatment (above baseline) will show in gradually lower salt, 

power and potentially labour costs. More significant changes, i.e. shifting 

concentrations consistently below the baseline operation present opportunities 

for either running at baseline only (for cautions sake) or decommissioning the 

plant all together.  
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The predicted long term impact of reduced nitrate leaching from organic land at 

Clinton Devon Estate is relatively significant with a mean aquifer nitrate 

concentration reduction from above the treatment threshold (37 mg l-1) to below 

it (estimated at 33.46 mg NO3 l-1). Two possible scenarios have therefore been 

explored relating to the financial benefits of this:  

A. The nitrate plant continues to operate at baseline (I.e. one cell is always 

running) with the expectation that it will rarely exceed baseline 

operation. The plant is still available should the need arise to increase 

treatment to tackle any occasional nitrate spikes.  

 

B. The nitrate plant can be decommissioned and the parts re-used 

elsewhere. Blending becomes the only way to tackle any possible 

nitrate spikes (as conducted prior to plant installation in 2006)    

 

The potential cost savings generated under scenario A:  

Details on calculating the costs of nitrate treatment at the WTW can be seen in a 

separate document, titled: Overview of Treatment Cost Calculations at WTW. 

Table 3 provides an overview of the workings to estimate the reduction from 

current average annual operation to baseline operation. As it was only possible 

to predict the impact of running at baseline on salt use the percentage change in 

this was used to calculate changes in the associated labour and electricity costs. 

I.e. if the plant was running at baseline it would require around 50% less salt, it 

has therefore been assumed that this equates to 50% less electricity and 50% 

less labour required to run the plant.  

The maximum reduction that could be generate by operating only at baseline 

level (using a mid-range estimate of labour costs) is estimated to be £11,681.58.  
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Table 4: Table showing workings to estimate the reduced costs associated with running the nitrate anion 
exchange plant throughout the whole year at baseline level (i.e. with one cell only). 

Requirements for baseline operation:  Value  Units 
Salt:    
Days operating per year  365 days 
Hours for recharge for one cell 18 hrs 
Recharge salt ammount  0.103 tonnes  
Number of recharges of one cell in a year 486.67 recharges  
Salt required for this amount of recharge  50.12667 tonnes  
Cost per tonne of salt  130 £ 
Total salt costs estimated if running only one 
cell 6516.47 £ 
Percentage differences to actual salt 
requirements:    
Acutal annual salt usage (mean) 99.68 tonnes  
Actual annual salt cost 12958.4 £ 
% differences between baseline and actual  50.29 % 
If we apply the same percentage reduction to electricity and 
labour costs:   
Labour (mid) x 0.50  1828.8 £ 
Electricity x 0.50 3410.844 £ 
Revised changes if plant ONLY operates 
at capacity:    
Labour (mid) 1828.8 £ 
Electricity 3410.844 £ 
Salt  6516.47 £ 
Total 11756.11 £ 
Savings from current run costs:    
Current running cost (mid)  23437.69 £ 
Saving from current (mid)  11,681.58 £ 

 

The potential cost savings generated by scenario B:  

The decommissioning of the nitrate treatment plant would result in annual savings 

on all operational costs. There is also the chance that the initial capital investment 

is not entirely sunk. That is, the components of the plant are not worthless. They 

might be able to be repurposed or sold on to another works. In this scenario the 

annualised capital costs are therefore included in the calculation of annual 

savings. The costs have been annualised over twenty years with a discount rate 

of 3.5%.  

 



   
 

385 
 

Table 5: Showing the estimated combined annual costs for annualised capital costs and operational costs. 
Capital costs are annualised using a discount rate of 3.5% and a time frame of 20 years.  

  Cost Comment 
Capital Cost (£) £1,250,000 Estimate  
Annualised Capital Cost (£) £87,951.35 

r = 3.5%, T = 
20 

Operational Cost (£) £23,437.69 Mid-range 
Total Cost per year (£) £111,389.03 Combined  

 

Water treatment cost savings and assumption caveats:  

Our study found that the conversion of 895ha of land to organic agriculture in the 

Lower Otter Valley in 2007 could have the capacity to reduce mean nitrate 

leaching below treatment thresholds and, depending on WTW’s response, could 

generate considerable nitrate treatment savings (up to £111,389 per year). Given 

the complexity of the groundwater system, it was reassuring to find that the mean 

nitrate leached (52.64 kg N ha-1) across our conventional fields was such an 

effective predictor of current aquifer nitrate concentrations (based on the 

assumptions made). Whilst based on limited replication this leaching estimate is 

in-line with simple nitrate input functions used in other studies. Wang et al., (2012) 

for example applied a basic variable nitrate input function from 1925 – 2050 

(ranging between 25 kg N ha-1 – 70 kg N ha-1) that changed in response to 

increased fertiliser use and regulations, to predict the arrival of peak nitrate 

concentrations across all UK aquifers. Harris et al., (2006) use a central estimate 

of 40 – 50 kg N ha-1 for conventional arable practices in evaluating the benefits 

of different land use conversion scenarios. 

We recognise that our assumptions simplify the functioning of a complex aquifer, 

with variable unsaturated zone depths, fracturing, saturated zone thickness and 

aquifer porosity, for example, all having an impact on nitrate transport and 

residence in the aquifer. The simple but justifiable assumptions, have however 

allowed us to forecast potential nitrate treatment scenarios and the costs 

associated with these. These costs of treatment are realistic and reflect real 

outcomes as opposed to hypothetical replacement cost scenarios. Other studies 

have also used simplified nitrate input functions and relatively basic information 

about aquifer functioning (e.g. unsaturated zone thickness and travel time 

through the unsaturated zone) in predicting peak nitrate arrival and aquifer 

concentrations across the UK (Wang et al., 2011, 2013, 2016). Whilst a number 
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of studies have either modelled or measured nitrate leaching under a range of 

different land management scenarios (including organic or conventional) no know 

studies have investigated how a specific local land use conversion scenario could 

impact on nitrate leaching and the costs of nitrate treatment in drinking water.   

Total costs of nitrate pollution have been reported with Sutton et al., (2011) 

estimating the social damage cost of nitrate losses to water in the EU at €15 – 70 

billion yr-1 and Pretty et al., (2000) reporting the annual UK cost of treating nitrate 

in drinking water at £20.1 m yr-1, estimated to increase to £199 m yr-1 over the 

next 20 years. However, these calculations are not spatially specific or related to 

per unit area or marginal changes in nitrate treatment costs (Harris et al., 2006). 

Harris et al., (2006) use a method of quantifying marginal costs of a loss of 

attenuation capacity of N in soils based on policy costs associated with WFD. 

They calculate costs associated with deviating from best practices or converting 

extensive grassland to arable between £1.2 - £253 ha-1 yr-1 but they do not place 

values on the potential benefits derived from scenarios that reduce nitrate 

leaching. They conclude that there is likely to be significant spatial variability in 

the costs of nitrate pollution and that there is a need for research on water 

company cost savings from the implementation of nitrate attenuation measures 

(Harris et al., 2006). We present such research here and whilst we recognise that 

there are improvements that could be made to the understanding of the 

groundwater system, we feel that it provides a methodological base to be built 

upon on in the ES evaluation of other land use change scenarios.  
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Appendix E.3: Data outputs for Yield and Carbon plotting using all 
soil and yield data points (as used in Chapter 4)  

Carbon plots:  

 

Figure 4: Showing carbon stocks (C1), CO2 eq. (C2) and carbon price (C3) differences between organic 
(green) and conventional (orange) across all field sites (as used in Chapter 4). It shows the same pattern 

as presented in the sub-set data showing in Chapter 7 with organic fields having significantly higher 
carbon storage than conventional fields. 

Yield plots:  

 

Figure 5: Showing fertility indicators (Y1), biomass yield (Y2) and producer surplus (Y3) differences 
between organic (green) and conventional (orange) across all field sites (as used in Chapter 4). The data 

shows the same pattern as presented in the sub-set data shown in Chapter 7 with limited significant 
differences in fertility indicators, organic having significantly lower biomass yield and no significant 

differences observed in producer surplus. 
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Appendix E.4: Detailed discussion on the specific challenges 
encountered when measuring the four pathways traced through the 
NC approach  

Carbon storage and climate regulation:  

In comparison to other ES flow pathways, measurements of carbon storage and 

the value of climate regulation are relatively straightforward to understand, a fact 

that has been noted  by other studies (Harris et al., 2006; Keeler et al., 2012; 

Duncan, Thompson and Pettorelli, 2015). The only empirical data requirements 

are NC conditions; soil carbon, the density of the soil (bulk density) and the depth 

of the sample (all used to calculate carbon stocks). Acknowledgement of the 

importance of data on soil organic matter (SOM) and soil carbon is growing 

amongst land managers (Farmers Weekly, 2021) and simple conversion factors 

(e.g. 0.55, 0.58 or 0.52; refs) can be used to calculate soil organic carbon (SOC) 

from SOM. Analysis for SOM can be incorporated into other routine agricultural 

soil testing for P and K and adds relatively little to the cost (£7 - £10 per sample 

or field). In principle therefore SOC can be calculated easily and it is realistic that 

land managers could make appraisals of SOC (%) independently over time. It is 

important to note that some researchers disagree over the optimum depth for 

measuring changes in carbon storage (Baveye, Baveye and Gowdy, 2016) and 

some suggest the need to measure both labile and recalcitrant fractions of carbon 

in carbon storage calculations; distinguishing between those fractions that are 

more stable within the soil and those that more easily decompose (Yeluripati et 

al., 2018) (more refs). Whilst this is not generally the norm in other ES studies it 

highlights that even apparently simple measurement of NC condition linked to EF 

and ES value are open to debate. Furthermore, measuring bulk density, whilst 

not necessarily requiring a huge amount of equipment or expertise, are 

particularly time consuming (especially on the stony soils at CDE). When it is 

even possible, sending soils off for BD analysis is expensive and for this reason, 

outside of academic studies, it is rarely measured by land managers. Available 

BD standards (e.g. for soil series or type) can be used in lieu of actual field data 

or modelled using other data but this does simplify the evident spatial and 

temporal variability of properties (Baveye, Baveye and Gowdy, 2016). Despite 

these complications the benefit of collecting data on carbon stocks is that once it 

has been quantified it can be easily converted to CO2eq and then valued using 
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non-traded carbon prices from the BEIS (2019) (suggested in the evaluation of 

schemes from sectors not covered by the EU Emissions Trading Scheme)38. 

These data can be compared and contrasted between different land 

management scenarios to evaluate change in the value of the ES climate 

regulation.  

Crop yields and producer surplus:  

In contrast to carbon stocks, understanding crop production requires information 

on EF and the additional calculations of the sellable proportion of the crop (e.g. 

converting to grain if previously measured as biomass)39. Measurements of NC 

condition were in fact not at all useful in determining crop biomass and whilst 

these conditions undoubtable impact crop yield these type of data are not 

necessary in determining crop production services. It is often projected that 

moving from measurement of yield to an understanding of ES value is 

straightforward and existing UK studies mostly use data on crop prices and 

variable costs of production from The John Nix Pocket Book (2019) (Bateman et 

al., 2013; Fezzi et al., 2014; Faccioli et al., 2020). The same starting principles 

were applied here but what became immediately apparent was that data on farm 

gross margin presented in Nix (2019) only include costs on fertiliser, sprays and 

seed, assuming all other costs such as cultivation, drilling and harvest are fixed 

costs. This is in contrast to the management systems applied on many farms (in 

this study all case-study sites used farm contractors for crop establishment, 

management and harvest); In these situations costs such as preparing the field, 

drilling the crop, applying fertiliser and sprays and harvesting the crop are only 

incurred by the farmer if they proceed with the production of the crop. In effect 

they are variable costs and they have been included in this study in the calculation 

of producer surplus. It was identified that using only basic gross margins as 

calculated in Nix (2019) or in the organic equivalent, the Organic Research 

                                            
38 It is worth noting that whilst carbon storage in one part of the world is generally considered to 
deliver the same benefits in another part of the world (Keeler et al., 2012) there is no consistent 
global method in the valuation of carbon storage (Bartkowski et al., 2020). Different methods used 
such as marginal abatement costs methods (as used by the BEIS) and the social cost of carbon 
(Tol, 2019) can result in the use of different ES values for the same scale of EF (Bartkowski et 
al., 2020). 
39 Conversion to grain is not necessary where data on grain yield is directly measured in the 
field/lab. This is however time consuming to do by hand. Technology exists to calculate real time 
grain yields during combining but this is not application where cereal crops are harvested for 
wholecrop silage feed.  
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Centre handbook (2017), inflated the value of conventional crops. These crops 

had higher yields and higher returns but the farm gross margin failed to account 

for the typically higher costs of production (e.g. labour and machine costs of 

applying the additional sprays and fertilisers). The producer surplus method has 

the advantage that the ES value of crop production is also more sensitive to 

changes in NC condition. For example, improved NC condition in the form of 

higher organic matter and biological activity could facilitate improved plant 

available nitrogen, reducing the rate of nitrogen fertiliser and the contract hours 

in spreading it, decreasing input costs and improving the producer surplus as a 

consequence.  

It is worth highlighting here that despite the relevance of crop yield, crop 

production costs or crop returns to the farm business it was observed that these 

were not data already collected at the crop or field scale by the study farms. Whilst 

this is no doubt done by some enterprises it was not conducted by most other 

tenant farms on the estate. Gathering this data in the future will be critical if land 

managers want to better understand the influence of NC condition on crop 

performance and producer surplus and if they wish to understand the private 

benefits of a change in land management from a baseline scenario (i.e. changes 

in crop producer surplus).  

Nutrient retention and the delivery of clean drinking water:  

The information requirements for measuring nutrient retention and clean drinking 

water provision are a significant step up from measuring carbon and crop 

provision ES. Indeed, whilst measurements of carbon/climate regulation and 

yield/crop production are frequent within ES and NC studies (Greiner et al., 2017) 

there are very few studies linking water quality contamination with ES delivery 

(Keeler et al., 2012). This is the first study of which we are aware, to link nitrate 

leaching at the individual aquifer scale to drinking water treatment costs and 

explore change under different scenarios. It is widely recognised that these links 

are poorly understood, both in terms of the biophysical data linking leaching with 

aquifer nitrate concentration and the economics data showing how changes in 

nitrate levels will effect drinking water treatment costs (Keeler et al., 2012). 

Chapter 7 Figure 7.8 shows the additional data required to go from an 

understanding of nitrate leaching to an understanding of aquifer concentration, 
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incorporating data on the extent of the groundwater aquifer (based on geological 

data), land cover (based on CEH Land Cover Map) and rainfall recharge (based 

on literature sources). It is important to add here that this represents a very 

simplified model compared to other groundwater models (e.g. (Wang et al., 

2013)) and does not consider the complexities of more detailed aquifer properties 

or the spatial and temporal variability of nitrate levels across the aquifer area. 

Whilst the model works in so much as the input data aligns well with predicting 

the aquifer concentrations, increasing confidence in model outputs would require 

further comprehensive work with groundwater hydrologists and water quality 

specialists. Furthermore, understanding of the links to the aquifer nitrate 

concentration are only part of the picture and determining the consequences of 

changes in nitrate levels on the cost of nitrate treatment required extensive 

engagement with the local water company. It required a detailed understanding 

of water treatment protocols and treatment thresholds to understand how 

changes in levels would influence changes in costs. Exact data on the costs of 

treatment were not collected by the water company and these therefore had to 

be calculated based on material order receipts, information on the average 

annual power usage and details of the staff time spent operating the nitrate anion 

exchange plant at the water works. The key point here is that building an 

understanding of the service flows of clean drinking water are resource intensive, 

requiring input and collaboration with other stakeholders and spanning a range 

of expertise.  

Pollinator stocks and pollination services:  

Pollination services, which are frequently identified as being important in the 

delivery of ES, could not be valued in this study. This is in common with other 

studies who have eluded to or even measured pollination functions but have not 

valued the ES (e.g. Hardman et al., 2016). Despite being able to model 

bumblebee population stocks under the two system scenarios, it became 

immediately apparent when producing farm and wider estate crop maps that very 

few, if any commercial crops are grown that depend upon insect pollination. 

Pollinator stocks therefore offer no/limited economic value to crop production in 

the local area. This issue has been noted by other researchers (Holland, 2017) 

and is likely to be a common problem across large parts of the UK, with the 

agricultural land area dominated by a combination of permanent grassland and 
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cereal crops, 58% and 18%, respectively (Defra, 2020b). It presents a real 

challenge for valuing pollinators in these landscapes and recognising their 

importance in land management decision-making use of the NC approach. It can 

be recognised that their presence has an important opportunity value, that is if 

they were to be eliminated it could restrict the growing of future insect pollinated 

crops. They have also been recognised as being important in pollinating wild 

plants such as hedgerow fruiting plants which are critical in supporting farmland 

birds (Jacobs et al., 2009). These wild plants and farmland birds, along with 

observations of the bumblebees, butterflies and more, are all likely to be enjoyed 

by a large number of people who access farmland. Valuing public enjoyment of 

wildlife and biodiversity, however, is a significant stumbling block for many studies 

applying the NC approach and remains a fundamental restriction in its holistic 

application (Faccioli et al., 2020). A recent study looking at public support for 

pollinators does provide information on how individuals value pollinators, based 

on willingness to pay for theoretical bee protection but it does not transfer well to 

other case-studies considering land management decisions (Mwebaze et al., 

2018). Ideally information would be available that links bee or wild plant or 

farmland bird abundance or diversity with individuals’ values (e.g. a value per 

bee, plant, bird), facilitating an estimation of the change in ES value as a 

response to change in the stocks of pollinators. This is perhaps an over simplistic 

outlook on valuing enjoyment of wildlife but such data would be extremely useful 

in connecting current wildlife monitoring or modelling with ES value.  

It is worth noting here that, even in landscapes dominated by insect pollinated 

crops, measuring pollination services that link bee visitation with actual crop 

production is time consuming and requires expertise (e.g. see Knapp and 

Osborne, (2017)). Whilst BEE-STEWARD model outputs can provide both 

pollinator stock data and potential information that can be applied to support 

economic valuation of pollinator services its application is resource intensive. In 

principle the model can be run on the default semi-natural habitat data (flower 

data for habitats like hedgerows and woodland) and combined with basic crop 

data without the need for empirical data collection. Only map inputs are required. 

However, in the context of different land management assessments such as 

comparing organic and conventional crops it currently has insufficient 

background data. It was therefore necessary to collect data on the weedy flower 
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rich organic arable fields and the species poor conventional arable fields as well 

as the grass-clover leys in order to offer a reasonable representation of the study 

farm. Applying the model also required input from the model development staff 

and experimental design required expertise from bumblebee specialists. In the 

context of pollinators, therefore, the information required is resource intensive to 

collect, is only partially available in some contexts (such as for our case-study) 

does not currently exist.  
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