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A comparison of the costs of delivering conservation through land sharing and land sparing 

Lydia Collas 

 

Summary 

 

Globally, drastic biodiversity declines and the worsening climate crisis demand overhaul of existing land use 

policies which have failed to reconcile food production and environmental conservation. In Europe, most 

existing policies compensate farmers to voluntarily implement land-sharing measures, commonly referred to 

as wildlife-friendly farming, which seeks to deliver conservation benefits on the farmed land through  agri-

environment schemes (AES) offering a fixed price per hectare. Investment into sharing has continued despite 

the accumulation of evidence showing that, for the same amount of lost food production, substantially more 

would be delivered for conservation and climate change mitigation with the contrasting approach of land 

sparing, where high-yield farming allows large areas to be spared elsewhere in the landscape as (semi-

)natural habitat. Following Brexit, the UK has the opportunity to rethink this approach; but until now policy 

decisions have had to be made without estimates of the relative taxpayer costs of using sharing and sparing 

to deliver target conservation outcomes. Addressing this critical research gap was the primary aim of this 

thesis, as follows.  

 

In this thesis, I sought to uncover the taxpayer and food production costs of delivering meaningful 

conservation outcomes with land sharing and sparing. First, I conducted a novel comparison of the costs of 

monitoring sharing and sparing schemes for compliance and effectiveness. Monitoring is a fundamental, 

though often overlooked, taxpayer cost. In terms of effectiveness monitoring, I found current monitoring 

levels to be insufficient to precisely determine the effects on wild species of sharing schemes; in contrast, 

the same effort could deliver relatively precise estimates of the much larger effects of sparing. Furthermore, 

turning to compliance monitoring, I found the cost-effectiveness of existing English AES could be vastly 

improved with more compliance monitoring; however, this may be politically unpopular with farmers. It is 

therefore notable that I also found relatively less money was wasted when monitoring sparing at a sub-

optimal rate compared to sharing. Second, I used a discrete choice experiment involving 118 arable farmers 

to establish their willingness to accept (WTA) payment to participate in sharing and sparing schemes that 

delivered the same biodiversity and carbon outcomes. I found that all but the most farmland-tolerant 

outcomes were delivered at less taxpayer expense with sparing. Third, combining this assessment of farmer 

WTA with knowledge of how much schemes must be monitored, I compared the taxpayer costs of delivering 

the same environmental outcomes with fixed-price sharing and sparing schemes which paid all recruits at 

the WTA of the least-willing farmer required in the scheme to deliver the target outcome. I found that sparing 

delivered the same outcomes at less than half the taxpayer cost of sharing; and, importantly, sparing saw 

only 79% of the food production lost under sharing. Fourth, I examined the distribution of farmer stated 
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WTA, finding that variation in responses was mostly driven by factors other than lost gross margin. Given 

marked inter-farmer variation in their stated WTA, variable-price schemes, which pay farmers their stated 

WTA rather than the rate required by the least-willing participant, offered savings to both sharing and sparing 

schemes. However, even under variable pricing, sharing was not cheaper than sparing in delivering our more 

farmland-sensitive outcomes. Finally, I examined whether a land-purchase strategy, where the government 

purchases land and then contracts organisations to manage and create habitat on it, would deliver sparing 

at less expense than a farm-subsidy approach. I found land purchase was more cost effective than the farm-

subsidy approach if long timeframes, low discount rates and large budgets were considered; however the 

impacts on farming communities of largescale ownership changes warrant further consideration.  

 

To conclude, I found overwhelming evidence for UK arable farming that land sparing can deliver biodiversity 

and carbon outcomes at substantially lower cost than land sharing both in terms of taxpayer costs and lost 

food production. The relative costs of sharing would increase even more with consideration of species that 

do not tolerate farmland, in a country with a shorter history of agriculture where fewer habitat specialists 

have gone extinct compared the UK, and if the production required elsewhere to compensate greater volume 

of food production lost under sharing was taken into account. Furthermore, the effects of sharing may be 

near-impossible to precisely determine with current monitoring efforts and continued sub-optimal 

compliance monitoring would increase the costs of sharing-like options relatively more than the more 

sparing-like options of existing AES. Whilst variable pricing and land purchase may further reduce the costs 

of sparing, the costs of delivering meaningful environmental outcomes are most substantially reduced by 

pursuing a land-sparing, rather than land-sharing, approach. This work is of considerable significance to the 

UK government, given that prevailing land-sharing policy approaches can at best deliver less than half the 

environmental outcomes delivered by the same budget spent on land sparing.  
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Preface 
 
This thesis is presented by manuscript. Each chapter received invaluable contributions beyond my own. A 

statement of contributions can be found for each chapter below. Given the contributions of others, 

throughout Chapters 2-6, I refer to what "we" did. 

 

Chapter 2 

The idea to assess and compare the costs of monitoring sharing and sparing schemes originated from Pete 

Carey. I developed the ideas, led the data collection (which was from existing studies and via Freedom of 

Information requests to the UK government), analysed the data and wrote the paper. Andrew Balmford and 

Pete Carey gave feedback throughout.  

 

Chapter 3 

Rhys Green initially proposed this study. I developed the idea in collaboration with Rhys Green and Andrew 

Balmford, with contributions from Tom Finch, Nick Hanley and Alex Inman. I designed the experiment, 

collected the data, analysed it, and wrote the paper, with feedback from Andrew Balmford throughout. Rhys 

Green, Nick Hanley and Tom Finch also provided feedback on written drafts. This paper will be submitted to 

Ecological Economics. 

 

Chapter 4 

This chapter brought together the ideas of Chapters 2-3. I analysed the data, with assistance on the choice 

experiment analysis from Romain Crastes dit Sourd. I wrote the paper; Andrew Balmford, Rhys Green, Nick 

Hanley and Romain Crastes dit Sourd gave feedback and all appear as authors on this paper which is under 

review at Global Change Biology. 

 

Chapter 5 

Rhys Green conceived the idea for this chapter. I developed the idea, conducted the analysis and wrote the 

paper with input from Andrew Balmford throughout. This paper will be submitted to Land Use Policy. 

 

Chapter 6 

The idea for this chapter came from a discussion I had with Richard Bradbury. I developed the idea, collected 

the data, conducted the analysis and wrote the paper. Andrew Balmford gave advice throughout and 

Anthony Waldron gave feedback on written drafts. This paper will be submitted to Biological Conservation.  

 

Finally, a note on my appendices. The contents of Appendix A are common to all chapters. To prevent 

repetition, it appears as a separate appendix to those that come afterwards, Appendices B-F, where one 

appendix corresponds to each chapter.   
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Chapter 1: Introduction 
Every year, farming produces more than 7.9 quadrillion calories of food (Bahadur et al. 2018). This enormous 

feat is achieved at the expense of the environment: agriculture has altered over 70% of the Earth's ice-free 

land surface (IPCC 2020), is the single greatest threat to biodiversity (Tilman et al. 2017) and accounts for a 

third of global anthropogenic greenhouse gas emissions each year (Crippa et al. 2021). As biodiversity loss 

and climate change accelerate, so too does the demand for food. Continued present trends may see a further 

billion hectares of land (an area the size of Canada) cleared to deliver an anticipated potential doubling of 

demand for crops by 2050 from a population growing in both size and wealth (Tilman et al. 2011). At a time 

when already more than 28% of all assessed species are threatened with extinction (IUCN 2020), and well-

monitored populations of vertebrates have fallen in size by 68% since 1970 (WWF 2020), continued 

agricultural expansion at this scale is untenable. Changes in diet and food waste could substantially decrease 

the pressure on land by reducing demand (Tilman & Clark 2014; Williams et al. 2021), but unprecedented 

change is needed to meet the remaining demand without gravely threatening the integrity of Earth’s life 

support systems.  

 

Strategies for reconciling food production and environmental conservation can be characterised along a 

spectrum between land sharing, i.e. wildlife-friendly farming, and land sparing, where high yield farming is 

combined with the restoration or protection of large areas of (semi-)natural habitat elsewhere in the 

landscape (Green et al. 2005). Given these strategies operate at large scales, and aim to deliver public goods, 

that would not be delivered by markets without intervention, the decision to pursue either strategy often 

falls to governments. In Europe, much more has been invested in the land-sharing approach, mainly through 

fixed-price (i.e. where the same per-ha, annual price is paid to all participants) agri-environment schemes 

(AES), one element of the UK's Common Agricultural Policy, that compensate farmers for the yield reductions 

associated with implementing wildlife-friendly farming techniques (Defra 2019a). More than £5 billion is 

invested across Europe in these policies annually, with over £600m spent every year in the UK (Kettunen et 

al. 2011). Unfortunately, evidence suggests these schemes have delivered little for farmland birds, a major 

target of these schemes (Kleijn & Sutherland 2003; Kleijn et al. 2006; Pe’er et al. 2014; Batáry et al. 2015), or 

carbon sequestration, a more recent focus (Pe’er et al. 2019, 2020). Some have suggested insufficient 

monitoring has failed to detect effects that are present (MacDonald et al. 2019); though in already co-opting 

vast citizen science datasets (e.g. Baker et al. 2012; Gillings et al. 2005; MacDonald et al. 2019), it is difficult 

to see how monitoring efforts could be greatly increased without a much larger budget. 

 

The alternative strategy of land sparing has received much less public investment despite growing evidence 

that, for a given level of food production, it delivers far more than land sharing in terms of  biodiversity, 

carbon sequestration, recreation, and water quality(Phalan et al. 2011; Gilroy et al. 2014; Lamb et al. 2016a; 

Dotta et al. 2016; Williams et al. 2017; Finch et al. 2019, 2020, 2021; Feniuk et al. 2019). This pattern has 
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been reported in studies from five continents and nine countries (Balmford 2021), including the UK (Finch et 

al. 2019, 2020, 2021) where the history of agriculture dates back 6000 years (Collard et al. 2010). Some 

sparing-like interventions are found in existing English AES, but these tend to be relatively small-scale, and 

collectively receive only 12% of the budget spent on the sharing interventions that spread production over a 

larger area (Rural Payments Agency, pers. comm.). Land sparing remains the only viable approach for 

simultaneously meeting food demand without substantially increasing imports while also conserving the 

many species in the UK (and relatively more elsewhere in the world) that cannot persist on land farmed at 

any yield (Lamb et al. 2019). Despite the apparent merits of sparing, investment into sharing has continued 

without explicit consideration of the relative taxpayer costs. This thesis addresses this major shortcoming by 

conducting the first assessment of the taxpayer costs of delivering the same environmental outcomes with 

sharing and sparing. I established the payments required by farmers to implement sharing and sparing 

interventions using a choice experiment and combined this with estimates of monitoring and administration 

costs. I compared the taxpayer and food production costs of delivering the same outcomes with sharing and 

sparing. I then explored the drivers of the payments required by farmers, as well as the cost implications of 

changing other aspects of scheme design.   

 

Paying farmers to participate in AES 

The most substantial taxpayer cost of sharing and sparing schemes are the payments made to farmers who 

voluntarily enrol in schemes that typically offer a fixed-price payment to cover the production costs of an 

action intended to benefit the environment (Defra 2019b). Amongst the criticisms of sparing is the suggestion 

that farmers are unwilling to implement large-scale habitat creation (Fischer et al. 2008). Advocates of this 

opinion have discounted sparing as too unpalatable, and therefore expensive (given the higher levels of 

required compensation), to implement despite there being no empirical evidence comparing the costs of 

paying farmers to share and spare. Sparing interventions may indeed require more compensation per unit 

area, given that production typically ceases, rather than continuing in a wildlife-friendly way, and possibly 

also since it is less familiar, and requires more drastic change. However, a cost-benefit analysis, of which none 

exists, may find this to be offset by the greater benefit delivered per unit area for many outcomes (Finch et 

al. 2019). Furthermore, in the UK, the greater permanency and larger spatial scale of sparing interventions 

may be attractive given uncertainty in future policy prescriptions, with many areas of the UK expected to 

become unprofitable to farm (Acs et al. 2010; Arnott et al. 2021). Clearly, for policymakers to make the 

important decision between taking a sharing or sparing policy approach, farmers' willingness to participate 

in sharing vs sparing schemes must be empirically compared. 
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Exploring the distribution and composition of payments required by farmers 

To investigate the compensation required by farmers to participate in sharing and sparing schemes, I 

undertook a choice experiment with 118 arable farmers in England. Choice experiments can be used to 

uncover the distribution of preferences amongst a population by asking participants to make a series of 

choices between sets of options that differ in several attributes including the payment rate (Hanley et al. 

1998). This allows estimation of participants' willingness to accept (WTA) payment to participate in a scheme 

with a prescribed set of attributes (Villanueva et al. 2015). Much variation in farmers' willingness to 

participate in AES has been uncovered using choice experiments (e.g. Kuhfuss et al. 2016). Past studies have 

found that farmers generally require greater compensation, per year and per unit area, to implement options 

over longer timescales and larger areas and also to accept higher monitoring rates (Ruto & Garrod 2009; 

Espinosa-Goded et al. 2010; Christensen et al. 2011; Villanueva et al. 2015; Kuhfuss et al. 2016b; Gómez-

Limón et al. 2019). Despite this work on relative preferences, no study of farmers has scaled-up their findings 

to estimate the relative costs of competing approaches, as I do here. In comparing sharing and sparing, given 

the great variation between farmers, and given that schemes tend to pay all farmers at the rate required by 

the least-willing participant, it may be important that sparing generally delivers greater benefit per unit area, 

such that fewer participants are required to deliver the same benefit compared to a sharing scheme. 

 

The compensation paid to farmers is intended to cover the value of forgone production (Defra 2019b). Given 

yields and profits vary across space, fixed-price schemes cannot avoid paying some participants above their 

lost gross margin. Furthermore, lost gross margin is unlikely to be the only driver of WTA, though I know of 

no study that has dissected its composition beyond preliminary calculations reported in Armsworth et al. 

(2012) that only $0.12-$0.46 per dollar paid to farmers in upland English AES compensated forgone income. 

In addition to compensation for lost gross margin, we might expect farmers to require compensation to cover 

the labour and administration costs of participating in the scheme. Farmers might simply not particularly 

want to participate in government schemes, or dislike the compromised flexibility, or indeed the appearance 

of the implemented changes (reviewed in Dessart et al. 2019). Whilst these factors may increase WTA beyond 

the value of lost gross margin, positive effects of interventions and the guarantee of income may decrease 

the payment which farmers, who are typically risk-averse (Groom et al. 2008), are willing to accept. To 

provide novel insight into the relative importance of these factors in driving WTA, in my study of farmer 

preferences I dissected individual farmers' WTA into that to cover their lost gross margin and the remaining 

difference.  

 

We term the difference, which may be positive or negative, between WTA and lost gross margin the residual 

requirement and explored whether its size differs between sharing and sparing schemes. This is primarily of 

interest since it may lead to differences in the taxpayer costs of sharing and sparing schemes, but also for 

three other related reasons. First, we consider the residual requirement to be a measure of underlying 
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preferences, besides those related to forgone returns, for sharing or sparing when the same gross margin is 

lost to either approach. This is important to debate of the relative merits, and feasibility, of sharing and 

sparing. Not least since, second, taxpayers may be less keen to spend on this residual requirement, compared 

to the value of lost production. Third, lost gross margin, but not residual requirement, would be expected to 

correlate to lost food production which is indicative of the overseas impacts associated with the imports 

required to make-up for domestic production forgone. Therefore, taxpayer costs may mischaracterise 

overseas impacts if the cost of paying farmers is dominated by their residual requirement, rather than lost 

gross margin. For all these reasons, the relationships between WTA, lost gross margin and the fixed-price 

payment are of interest.  

 

Other AES costs: Monitoring, administration and lost food production  

The taxpayer costs of AES do not end with payments to farmers; successful schemes must be monitored for 

both compliance and effectiveness. Without monitoring, the rate of non-compliance can be expected to 

increase, with consequent negative impacts for the benefit delivered (Hart & Latacz-Lohmann 2005). 

However, monitoring is expensive; so the optimal rate of monitoring is a trade-off between the cost of 

monitoring more participants and the cost of paying more participants to enrol in the scheme to make-up 

the benefit lost to non-compliance (Keane et al. 2008). Existing research has modelled this trade-off following 

utility theory and explored the implications to scheme outcomes of monitoring at varying rates (Ozanne et 

al. 2001), as I do here in the first comparison of sharing and sparing schemes. Whilst this modelling can 

identify the most efficient monitoring rate, issues of unfairness and the possibility that monitoring may deter 

participants from entering schemes may keep monitoring rates low, despite non-compliance (Keane et al. 

2008; Broch & Vedel 2012). Indeed, in England, only 6% of AES participants were monitored each year 

between 2015-2017, and 46% of those monitored were fined for being in breach of scheme requirements 

(Rural Payments Agency, pers. comm.). Therefore, it may be pragmatic to consider the cost of monitoring at 

sub-optimal rates. Whilst they have never been studied, the costs of compliance monitoring may differ 

between sharing and sparing, given differences in the payoff from non-compliance and the number of 

participants required to deliver the same outcome, as well as the relative permanency and spatial scale of 

the options. Because non-compliance reduces the benefit delivered, spend on compliance monitoring may 

also impact the costs of effectiveness monitoring, discussed next.    

 

To compare the cost-effectiveness of different approaches, and establish whether targets have been 

delivered, we must monitor the effects of AES. Governments should be concerned both with the size of 

effects, and the associated costs of achieving them. Many existing studies consider whether effects are 

statistically significant (e.g. Baker et al. 2012; Bright et al. 2015; Davey et al. 2010; Gillings et al. 2005; 

MacDonald et al. 2019), but ignore their size; therefore, such studies cannot be used to assess cost-

effectiveness. Measurements of effect sizes are inherently not certain; and whilst the precision of estimates 
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increases with sample size, so do costs of effectiveness monitoring. Given existing suggestions that current 

AES are inadequately monitored (MacDonald et al. 2019), I considered the amount of data needed to 

determine effects with adequate certainty and to assess the feasibility, and therefore costs, of delivering this. 

Despite the vast spend on AES, and on monitoring programs, I am aware of no study that has done this, 

except in terms of statistical significance (Geijzendorffer et al. 2016). Likewise the relative costs of monitoring 

the effectiveness of sharing and sparing schemes have not been compared, until now, but are potentially 

variable, given the larger effects of sparing and potential differences in variability between sites. Given that 

current monitoring approaches are failing to determine concrete effects of most current AES investments, 

my assessment of the scale of monitoring necessary to deliver precise estimates should be of great interest 

to governments in deciding their policy approach.  

 

As well as likely differences between sharing and sparing approaches in the payments required by farmers 

and the costs of compliance and effectiveness monitoring, administration costs may also differ, given likely 

differences in the number of participants required to deliver particular outcomes. Last, and alongside these 

taxpayer costs, it is critical that policymakers consider the food production lost in implementing AES, since 

any domestic production losses are likely compensated by increased imports, with potentially significant 

taxpayer, political and environmental consequences (including for conservation in food-exporting countries) 

(Smith et al. 2019).  

 

Impacts on scheme costs of variable pricing and land purchase 

There are other aspects of scheme design that affect taxpayer costs, besides whether the scheme encourages 

sharing or sparing, In my thesis, I explore two key aspects. First, most existing schemes use fixed pricing to 

pay all participants at the same per-hectare annual rate. This might be considered fair, until differences in 

the value of lost food production are considered. Under fixed pricing, farmers may differ widely in the subsidy 

they receive for a given action, net of its direct and opportunity costs. Variable pricing, where participants 

are paid at their true supply price, rather than the rate of the least-willing participant, has been suggested as 

a more efficient payment structure (Armsworth et al. 2012). An even more efficient payment structure would 

also take into account spatial variation in the benefits delivered per unit compensation (Gibbons et al. 2011), 

though that is beyond the scope of this thesis.  The relative savings offered by variable pricing will depend 

on the distribution of farmer WTA and the number of participants that must be recruited into the scheme to 

deliver a given outcome. Again, this may differ between sharing and sparing, but has not been studied. Here, 

I compare the cost of delivering the same environmental outcomes first with fixed-price, and then with 

variable-price, schemes. Second, I explored the implications of altering a different aspect of the scheme: 

whether sparing could in principle be delivered not by paying farmers to undertake specified actions but by 

purchasing land and then contracting conservation organisations for habitat creation and maintenance. 

Whilst land purchase clearly involves high up-front costs, over a long enough timeframe it may become 
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cheaper than paying farmers who must be compensated for the value of lost production every year. Given 

the different timescales over which these costs are incurred, it follows that the timescale and value 

associated with future costs/benefits, i.e. the discount rate, might drive conclusions, as the few existing 

studies comparing these approaches elsewhere in the world have found (Curran et al. 2016; Schöttker et al. 

2016; Schöttker & Wätzold 2018). Therefore, in my thesis, I explore the timescales, discount rates, as well as 

the budgets, over which land purchase is more cost effective than the annual farm-subsidy approach. Large-

scale public purchase of land may deliver additional benefits that I do not quantify: the greater permanence 

may facilitate restoration of longer-term ecological processes thereby generating greater benefits, it may 

facilitate agglomeration of spared habitat, which would likely increase the benefit delivered per unit area of 

spared land (Lamb et al. 2016b), as well as potentially offering other benefits, such as recreation (Seddon et 

al. 2020). However, a programme of purchases would take income away from farming communities, amongst 

other potentially negative effects.  

The challenge addressed by this thesis 

At this moment, the UK has the opportunity to launch an agricultural policy that delivers much needed action 

to address biodiversity declines and reduce the net emissions associated with agriculture. A complete 

assessment of the costs of delivering the same outcomes with sharing and sparing could facilitate a transition 

away from a policy that has disproportionately supported large landowners (Bateman & Balmford 2018), 

mostly for action entirely devoid of environmental benefit (Pe’er et al. 2014). Despite the previously 

discussed evidence from the UK that conservation would be delivered with less lost food production under 

sparing, and acknowledgements of the merits of sparing in some high-level plans (National Food Strategy 

2021), initial policy outlines of the UK's forthcoming Environmental Land Management Scheme suggest much 

more funding might be available for the sharing-like approach of the 'Sustainable Farming Incentive' than for 

sparing-style action such as the 'Landscape Recovery Program', while the 'Local Nature Recovery' AES may 

continue to invest largely in sharing (Defra 2022). Here I provide the first comparison of the taxpayer costs 

of sharing and sparing schemes to provide the first insight into whether less taxpayer money would be 

needed to deliver the same outcomes by sharing or sparing. 

 

Thesis aims 

In light of this, this thesis provides the first ever assessment of the taxpayer costs of delivering the same 

outcomes by sharing and sparing (Chapter 4), through explorations of the required level of monitoring 

(Chapter 2) and farmer preferences (Chapter 3). Having established the relative costs of contrasting 

approaches that deliver the same levels of a suite of agri-environmental outcomes, I examine the savings 

offered by running schemes with variable pricing (Chapter 5) and delivering sparing with land purchase 

(Chapter 6). The aims of this thesis are thereby summarised as follows: 

o Establish appropriate levels of monitoring for current schemes 
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o Identify and then compare the payments required by farmers to implement sharing and 

sparing via a large-scale choice experiment 

o Estimate the total taxpayer (compensation, monitoring and administration) costs of 

delivering the same environmental outcomes via sharing and sparing, and compare this to 

lost food production 

o Explore how the distribution of WTA varies across farmers, including how much of it is driven 

by lost gross margin, to consider whether variable pricing offers a fairer and more cost-

effective payment structure   

o Examine how the costs of sparing change under a land-purchase approach  

 

Thesis structure 

The structure of my thesis is described below. Much of this study considers four key environmental 

outcomes: supporting populations of three species of conservation concern that differ in their response to 

farming, the red-listed Yellowhammer (Emberiza citrinella), the amber-listed Eurasian Bullfinch (Pyrrhula 

pyrrhula) and the red-listed Northern Lapwing (Vanellus vanellus) (Finch et al. 2019); and delivering net 

carbon emission reductions, a growing focus of AES. All outcomes can be delivered on farmland which, given 

the many species and services that cannot be delivered on land farmed at any yield, biased this study in 

favour of sharing. My findings are interpreted in this light.  

 

In Chapter 2, I examine how cost efficiency varies with the compliance monitoring rate and study how the 

rate of effectiveness monitoring affects our knowledge of scheme performance. For compliance, I identify 

sharing and sparing options in current schemes. Then, I use an approach grounded in utility theory to assess 

the monitoring rate at which the combined monitoring and compensation costs of these options are 

minimised, as well as the cost of monitoring at sub-optimal rates. For effectiveness, I use the findings of 

current monitoring schemes to assess the sample size required to deliver estimates of effects to a target level 

of precision, and the cost of delivering these. I also discuss the limitations of my effectiveness monitoring 

analysis, which preclude it from contributing to the overall estimates of taxpayer costs developed in Chapter 

4.  

 

Chapter 3 examines the payments required by farmers to implement sharing and sparing interventions that 

deliver target biodiversity (increased populations of bullfinches, lapwings and yellowhammers) and carbon 

outcomes. I use a choice experiment to establish the distribution of farmer WTA compensation to implement 

sharing and sparing options across arable farms in England. I use this distribution to simulate the delivery of 

my focal outcomes for the same spend on sharing and sparing. I also examine some of the reasons behind 

farmers' willingness to engage in sharing and sparing options.  
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Having established the costs of monitoring schemes for compliance, and the payments required by farmers, 

in Chapter 4 I present my estimates of the combined taxpayer costs of delivering the target biodiversity and 

carbon outcomes with sharing and sparing. Using data collected during the choice experiment, I also estimate 

the food production lost by farmers in delivering these outcomes, and compare these, alongside the taxpayer 

costs, for sharing and sparing schemes.  

 

I explore the distribution and composition of farmer WTA in Chapter 5. I examine the relative contribution 

of lost gross margin to WTA and quantify the remaining difference – the residual requirement. For sharing 

and sparing schemes, I compare the spend on this residual requirement relative to the target delivered and 

lost gross margin. From the WTA distribution, I also estimate the savings achievable by using variable, rather 

than fixed, pricing.   

 

Finally, in Chapter 6, I explore how the taxpayer costs of delivering land sparing change when the government 

purchases land, which is then managed by contracted organisations, rather than paying farmers in AES. To 

recognise the difference in the temporal distribution of costs, I explore the timescales and discount rates, as 

well as budgets, under which land purchase is more cost effective than the farm-subsidy approach.   
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Chapter 2: How much should we monitor agri-environment schemes, and 

do monitoring costs differ between land-sharing and land-sparing 

interventions? 

 

Abstract 

To address the severe and urgent threats posed by climate change and continued biodiversity loss, 

governments must re-assess agricultural policies that have so-far failed to reconcile food production and 

conservation. The UK’s withdrawal from the European Common Agricultural Policy offers an opportunity to 

reconsider the current approach which mainly involves encouraging landscape-wide so-called wildlife-

friendly farming (i.e. land sharing). Critical to scheme success is monitoring, both for compliance (whether 

participants meet scheme requirements) and effectiveness (whether the intended benefit is delivered). We 

examined the appropriateness of current levels of monitoring and explored the likely cost of applying current 

monitoring approaches to English schemes illustrative of both land sharing and land sparing, in which high-

yield farming is combined with the conservation of non-farmed land for nature. For an array of target 

environmental outcomes delivered through sharing- and sparing-style measures in the current Countryside 

Stewardship Scheme (CSS), we found monitoring costs trade-off dramatically with scheme payments. 

Increasing the present ~6% monitoring rate – under which there is high non-compliance which must be offset 

with many more scheme participants – up to ~34% would reduce combined monitoring and payment costs 

by between 33-47% for sharing- and sparing-style interventions. Given CSS payment rates, sparing always 

delivered these environmental outcomes at less cost than sharing, whether considering combined costs or 

monitoring costs alone. We found high uncertainty in the known effectiveness of sharing interventions for 

bird species, despite extensive monitoring; current volunteer efforts must generally triple, likely at high cost, 

to be confident the true effect lies within 50% of the mean measurement. The same precision can be reached 

for most types of sparing interventions with no increase in current sampling, though differences in the design 

of studies available for parameterising our estimates account for an unquantified portion of this difference. 

Overall, our results show that sparing would be cheaper to monitor than sharing; but also, for both sharing 

and sparing, that increasing current levels of monitoring would cut total costs and increase confidence in 

scheme effectiveness. 

 

Introduction 

The UK Government spends ~£600m each year subsidising farmers in English agri-environment schemes 

(AES) to deliver environmental outcomes at the cost of food production (Natural England 2009). The severe 

threats posed by continued biodiversity loss and climate change demand that England’s post-Brexit 

Environmental Land Management Scheme is both more ambitious and more effectively implemented than 
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existing AES. While scheme costs are dominated by payments to farmers, monitoring is a fundamental – but 

commonly overlooked – aspect of implementation. Schemes require monitoring for compliance (whether 

participants meet scheme requirements) and effectiveness (whether the intended benefit is delivered). 

Monitoring for compliance is costly but deters cheating so participants deliver more of the intended benefit 

(Keane et al. 2008). With greater compliance, fewer participants are required to deliver the target benefit; 

so the total costs of delivering a target outcome may be reduced by spending more on compliance monitoring  

(Ozanne et al. 2001). Effectiveness monitoring determines the impact of the implemented actions and must 

be sufficiently extensive to deliver estimates with some certainty. Knowledge of effects allows schemes to 

be revised; and schemes are thought more likely to deliver the intended benefit given this regular review and 

revision (Geijzendorffer et al. 2016).  

 

Current schemes mainly incentivise wildlife-friendly farming by subsidising farmers for the yield reductions 

and other costs that arise from measures intended to benefit the environment. This so-called land-sharing 

approach (Green et al. 2005) has delivered little for biodiversity (Kleijn & Sutherland 2003; Kleijn et al. 2006; 

Dicks et al. 2014; Batáry et al. 2015; Pe’er et al. 2020), despite great investment (Kettunen et al. 2011). Some 

have suggested that monitoring is insufficient to detect effects that are present (e.g. MacDonald et al. 2019); 

but in already co-opting vast citizen science datasets (e.g. Baker et al. 2012; Gillings et al. 2005; MacDonald 

et al. 2019), it is difficult to see how sample sizes could be vastly increased without great investment into a 

bespoke monitoring program. Therefore, it is important to compare the feasibility of concretely estimating 

the effects of sharing schemes to the alternative approach of land sparing where high-yield farming allows 

large areas of land to be left unfarmed and spared for nature (Green et al. 2005); in England, this requires 

restoration of farmland to (semi-)natural habitat. Growing evidence from England suggests that, for a given 

level of overall food production from a landscape, land sparing may deliver greater benefits for biodiversity 

(Lamb et al. 2019; Finch et al. 2019, 2020), carbon sequestration, nature-based recreation and water quality 

(Finch et al. 2021), particularly when some spared land is managed for nature as low-yielding farmland. 

However, the costs of implementing these contrasting strategies have not been compared. Here, we conduct 

a novel exploration of the costs of monitoring sharing and sparing schemes for compliance and effectiveness.  

 

The costs of monitoring are largely determined by the number of participants that must be monitored. For 

compliance monitoring, this is driven by the number of participants required to deliver the target given the 

per-area benefit of the intervention as well as the relative payoffs, and detectability, of non-compliance 

(Ozanne et al. 2001). For effectiveness monitoring, required sample sizes will vary according to the size of 

the effect of the intervention, how much this varies across sites, and differences in monitoring design 

(Nakagawa & Cuthill 2007).  
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Here, we used information from the Countryside Stewardship Scheme (CSS), the AES currently in operation 

across England, to explore the efficacy of current monitoring and assess the likely costs of using existing 

approaches to monitor hypothetical sharing and sparing schemes in England. We studied interventions 

supported under current schemes that illustrate what may be pursued under sharing and sparing; though, in 

principle sparing may involve larger-scale actions than considered here. Thus, for these contrasting sharing 

and sparing interventions, we examined the following: 

a. Compliance monitoring: Is increased spend on compliance monitoring made worthwhile by reductions 

in the number of farms needed to deliver environmental targets? At different monitoring rates, what is 

the cost of delivering target environmental outcomes with sharing- and sparing-style approaches? What 

is the additional financial cost of delivering the target outcomes with monitoring below the optimal rate? 

How sensitive are the relative costs of sharing- and sparing-style schemes to variation in assumed 

parameter values?  

b. Effectiveness monitoring: How certain are existing estimates of the effectiveness of AES? What sample 

sizes are required to determine the effects of schemes to target degrees of certainty? What sample sizes 

are required to determine statistical significance?  

 

Methods 

o Compliance monitoring  

Under current European AES, farmers deliver environmental benefits at a cost which is compensated by the 

scheme payment. However, farmers may accept the payment without complying with requirements, thereby 

avoiding the cost of participation (the so-called principal-agent problem in the moral-hazard literature; 

Ozanne et al. 2001). Utility theory has often been applied to model compliance behaviour in AES (e.g. Gómez-

Limón et al. 2019; Hart and Latacz-Lohmann 2005; Ozanne et al. 2001), and argues that farmers adopt the 

strategy that confers greatest utility. Increased monitoring reduces the utility of non-compliance due to the 

increased risk of being caught and fined (Ozanne et al. 2001). However, monitoring is expensive: in England, 

it is typically conducted with in-person visits, though improvements in remote sensing may offer a less 

expensive option in the near-future (Sadlier et al. 2018). Thus the economically efficient monitoring rate is a 

trade-off between the costs of monitoring more participants and the costs of paying more farmers to 

participate to make up the benefit lost to non-compliance. This means the costs of compliance monitoring 

can only meaningfully be assessed in combination with scheme payments, plus the associated administrative 

costs and recovery of payments through fines.  

 

Here, we applied insight from utility theory, and adopted the payment rates of the CSS (Defra 2019), to study 

the efficacy of current monitoring. For a range of monitoring rates, we compared the costs (considering 

scheme payments, administrative costs and compliance monitoring) of delivering the same environmental 

outcomes with sharing- and sparing-style options. In doing so, we studied two types of sharing-style 
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intervention: in-field (which sees changes to practices that do produce food, e.g. post-harvesting stubble 

retention) and field-edge (which sees a habitat added to farmed land that does not produce food, e.g. 

hedgerows). We considered sparing as habitat creation in large blocks. Based on this, we categorised CSS 

options as in-field sharing, field-edge sharing, and sparing: then, in order to make meaningful comparisons, 

we selected environmental outcomes for study which can be delivered by all three intervention types. This 

led us to focus on three bird species which vary in their habitat requirements and sensitivity to farming (Finch 

et al. 2019): the most farmland-tolerant species studied were Yellowhammers (Emberiza citronella) which 

require scrub habitat, next most tolerant were Eurasian Bullfinches (Pyrrhula pyrrhula), which require scrub 

or early-woodland habitat, and the most farmland-sensitive species studied were Northern Lapwings 

(Vanellus vanellus) which require wetlands.  We also studied interventions that reduce net carbon emissions 

(Table 2.1). We calculated the per-area delivery of our four environmental outcomes by these identified 

interventions based on existing literature (Appendix A). For context, of the options in Table 2.1, sharing 

receives 89% of CSS payments, while sparing receives only 11% (Rural Payments Agency (RPA), pers. comm.; 

though other sparing schemes, primarily for woodland creation, do exist).   

 

Setting targets for study in a hypothetical landscape of farmers  

Next we established a hypothetical landscape of 1000 farmers and set environmental targets to deliver with 

sharing and sparing action. To set these targets, we calculated the maximum benefit delivered by each option 

in the CSS assuming current participation rates and full compliance (Table B1). The benefit delivered by 

existing sharing and sparing options varied (Table 2.1). We were careful not to set targets above these 

maximum benefits because this would necessitate greater-than-current payments (and we do not know how 

participation varies with payment rate). Furthermore, we wanted to be able to meet our targets despite 

some participants not complying with requirements. So, for each outcome, we identified the poorest-

performing option (that which delivers the lowest total benefit at present); in all cases this was field-edge 

sharing (see Table B1, for full details). Then, to allow the target outcome to be delivered despite non-

compliance amongst participants, we set our targets at 50% of the benefit delivered by total compliance 

amongst participants of the existing field-edge sharing option. 

 

Table 2.1. Interventions that deliver the studied outcomes1, the maximum benefit deliverable amongst 1000 farmers 

(assuming 100% compliance and current CSS participation rates) and, from this, the target set for each outcome.  

 

Environmental 

outcomes 

Intervention type Intervention Max benefit delivered in 

landscape of 1000 farmers 

Target adopted 

in study 

              (birds or tonnes carbon/y) 

Yellowhammer In-field sharing Stubble, spring cropping 627 94 
Field-edge sharing Winter bird cover 1239 94 
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 Hedgerows 188 94 

Sparing Scrub 333 94 

Bullfinch Field-edge sharing Hedgerows 36 18 

Sparing Scrub  91 18 

Sparing Woodland 39 18 

Lapwing In-field sharing Stubble, spring cropping 63 10 

Field-edge sharing Fallow 19 10 

Sparing Wet grassland 86 10 

Carbon In-field sharing Nil fertiliser use  81 41 

Field-edge sharing Hedgerows  124 41 

Sparing Woodland 3139 41 
1 No in-field sharing option was identified as beneficial for bullfinches. 

 

Modelling the strategies adopted by farmers  

Next, we sought to determine which of our 1000 farmers would participate in each option in turn. We 

assumed farmers would join a scheme when the net benefits of participation outweighed the costs. To reflect 

the great variation in the cost to farmers of joining these schemes, we assumed costs varied within the farmer 

population and generated a cost for each farmer (as a multiple of mean cost) by sampling from a normal 

distribution with a mean of 1 and standard deviation of 0.2. We next set the mean cost for each intervention 

such that the participation rate generated matched that seen in the CSS (see Table B1 for current 

participation rates). Then, following Ozanne et al. (2001), we assumed not participating offers a utility of 0, 

so farmer n would participate in a scheme that cost cn (£/y) and is compensated at rate P (£/y) when: 

 

𝑃 −	𝑐! > 0       [1] 

 

We then considered who would participate but fail to comply. Following Gómez-Limón et al. (2019), we 

explored different degrees of non-compliance: total (where farmers incur 0% of the cost and deliver 0% of 

the benefit) and minor (where farmers pay 70% of the cost and deliver 70% of the benefit). Minor non-

compliance may be deliberate or accidental (e.g. arising from not fully studying the agreement terms; Finn 

et al. 2009). The 70% bound is arbitrary but was set according to the extent to which we judged it possible to 

accidentally not comply (P. Carey, pers. obs.). We assumed the utility of non-compliance is the payoff given if 

it is undetected, less the cost if caught and fined; and farmers will cheat when this exceeds the utility of 

complying (as in Ozanne et al. 2001), i.e.: 

 

(𝑃 − 𝑥𝑐!)(1 − 𝑙)	– 𝑃𝑓𝑙 > 𝑃 − 𝑐!     [2] 
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where 𝑥 is the extent to which cheating reduces the cost of compliance (for total non-compliance, 𝑥 = 0, 

and for minor non-compliance, 𝑥 = 0.7), 𝑙 is the likelihood that detected non-compliance is fined, and 𝑓 is 

the fine as a proportion of the payment rate. Last, following Hart and Latacz-Lohmann (2005), we assumed 

some ‘honest’ farmers simply do not consider cheating an available strategy. Based on reported non-

compliance in the CSS and the Environmental Stewardship Scheme of 46% in 2015-2017 (RPA, pers. comm.; 

Table B2), we set the proportion of honest farmers at 54% (to accurately predict the current non-compliance 

rate given the present 6% monitoring rate). This is well below the 82.5% of Hart and Latacz-Lohmann (2005), 

but a sensitivity test of this assumption did not change our conclusions (Figure B1).  

Parameterising these equations  

We parameterised equations [1] and [2] using the best available parameter estimates, as follows.  

Payment rates: CSS payment rates were used (Table B1; Defra 2019).  

Fines: We set fines at 1x and 2x the annual payment rate for minor and major non-compliance respectively. 

This approximately follows the fines applied when participants overstate the area enrolled in an option (Defra 

2019, p.78).   

Areas: For each option, we assumed all participants enrolled the mean area currently enrolled by CSS 

participants (Table B1).  

Administrative costs: We assumed a per-agreement administrative cost of £458/y, based on the reported 

£6.48m spent administering 19,118 CSS agreements in 2009 (Natural England 2009, p. 26), less IT costs (which 

were assumed independent of the number of participants) and adjusted for inflation. 

Probability non-compliance is fined: We assumed that majorly non-compliant participants would always be 

fined when monitored (following Gómez-Limón et al. 2019). For in-field sharing and sparing, we assumed 

minor non-compliance (e.g. removing stubble early, over-grazing of grassland, etc.) would only be detected 

in 50% of cases. Given differences in the nature of the interventions, minor non-compliance of field-edge 

sharing options was considered detectable in 100% of cases (since it would most probably involve actions 

being implemented over less than the required area, which should be detected during in-person visits).  

Remote monitoring: Given recent developments in remote sensing, we assumed major non-compliance 

could be detected remotely (as well as in-person) for field-edge sharing and sparing but assumed detection 

of minor non-compliance required in-person checks. For in-field sharing options, we assumed remote sensing 

could not detect non-compliance at all (J. Griffin, pers. comm.).  

Monitoring costs: We used cost estimates of current CSS monitoring to estimate the costs of monitoring 

participants (P. Carey; pers. obs.; Appendix B).  

To acknowledge the uncertainty in many of these parameters, we explored the sensitivity of our conclusions 

to variation in the input parameters in terms of: (i) the proportion of honest farmers, (ii) the rate of fines, (iii) 

monitoring costs, (iv) the area enrolled by each participant, (v) the biodiversity benefit delivered per unit 

area and (vi) the availability of remote monitoring (Appendix B).   
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Simulating total costs  

Based on this parameterisation, we simulated the costs of 10-year schemes which delivered the target 

outcomes assuming a 3.5% discount rate (following HM Treasury 2018); all costs were adjusted to 2020, using 

a UK GDP deflator index (Bank of England 2021). We explored costs for a range of monitoring rates and varied 

the proportion of monitoring that was conducted remotely vs in-person. We calculated total costs as the sum 

of scheme payments and administrative costs, plus monitoring costs, less fines (Appendix B).  

 

o Effectiveness monitoring  

Despite much study (e.g. Baker et al. 2012; Bright et al. 2015; Davey et al. 2010; Gillings et al. 2005; 

MacDonald et al. 2019), there is considerable discussion around whether the land-sharing approach 

emphasised in much of recent UK agricultural policy has been effective (Chamberlain 2018). Despite 

indication that some interventions may have had positive impacts on some species (Davey et al. 2010b; Baker 

et al. 2012; MacDonald et al. 2019), there has been little, if any, impact on overall population trends: 

populations of farmland bird species, the major focus of AES, continue to decline (Hayhow et al. 2017). If 

current monitoring efforts are insufficient to deliver conclusive results (as suggested by MacDonald et al. 

2019), it would seem prudent to establish the monitoring effort required to determine the effect of 

interventions with adequate certainty. To date, studies have typically focused on proving statistical 

significance (e.g. Baker et al. 2012; Bright et al. 2015; Davey et al. 2010; Gillings et al. 2005; MacDonald et al. 

2019); i.e. whether the intervention has had an effect, regardless of its size. This approach cannot be used to 

assess cost-effectiveness, for which the size of effects is important (Amrhein et al. 2017). Since we, and 

presumably policymakers, are interested in cost-effectiveness, here we take a different approach. We 

consider the size of effects (i.e. the additional birds delivered per unit area by the sharing or sparing 

intervention) and the associated uncertainty, quantified using confidence intervals (CI’s). If a population were 

repeatedly resampled and 95% CI’s calculated, we would expect 95% of these CI’s to contain the true 

population mean. The width of CI’s is dictated by variation in the data (reflected in standard error), the 

sample size and the target accuracy (here set at 95%), according to: 

 

𝐶𝐼	𝑤𝑖𝑑𝑡ℎ = 𝑧 × 𝑆𝐸     [3] 

 

where z is the test statistic dictated by the desired accuracy (for 95% CI’s, z = 1.96) and SE is the standard 

error, calculated as: 

𝑆𝐸 = !
√#

      [4] 

 

where 𝜎 is the standard deviation and n the sample size.  
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Here, we consider uncertainty as the width of the CI as a proportion of the estimated mean effect; so 

differences in effect size also drive uncertainty. We rely on existing studies to compare the certainty of 

sharing and sparing effects and, somewhat problematically, these studies differ in their approach. Sharing is 

typically monitored by studying population growth rates over time on intervention and non-intervention land 

(e.g. Baker et al. 2012; Bright et al. 2015; Gillings et al. 2005). Trend-based studies typically deliver smaller 

estimates of effect, and greater uncertainty, than the single-time studies comparing population density on 

intervention and non-intervention land (Christie et al. 2019) that are typically applied to monitor sparing. 

However, given that we could find no studies of population density for sharing interventions that reported 

standard errors, we had to compare studies of different demographic metrics. To explore whether current 

monitoring approaches are appropriate, we calculated the uncertainty associated with estimates produced 

by these studies. Then, we manipulated sample size (i.e. the number of squares surveyed) – the feature of 

study design that has a readily calculable effect on CI width – to determine the minimum required to deliver 

estimates to the target degrees of certainty.  

 

Compared to the compliance monitoring analysis, a different set of environmental outcomes are considered 

here because data were not available for all the species/interventions considered for compliance monitoring. 

We did not study interventions that reduce net carbon emissions since the empirical values used in the 

compliance monitoring analysis (from IPCC 2019) do not readily allow quantification of uncertainty. 

 

Identifying existing studies  

For sharing, we used data from Baker et al. (2012) as this reports on a wide range of interventions and species. 

The authors use data from the Breeding Bird Survey (BBS) to estimate the additional population growth rate 

(a!*, and associated 95% CI’s) attributable over a 9-year period to sharing interventions in arable, mixed and 

pastoral farming systems. Sample sizes were not explicitly stated but could be inferred from other 

information reported (Appendix B). For sparing, we used data from Newson et al. (2005), which provides 

estimated population densities, and bootstrapped 95% CI’s, in farmland and (semi-)natural habitat using BBS 

data. The BBS is not explicitly designed for monitoring AES; however, its volunteers collect huge amounts of 

data so it is often co-opted for this purpose, saving the government the great expense of a bespoke 

monitoring program.  

  

Table 2.2. The in-field sharing, field-edge sharing and sparing interventions selected for analysis of effectiveness 

monitoring, along with the species that they benefit in the given farmland system (arable, mixed or pastoral). WBC= 

winter bird cover. 

 

Environmental 

outcome 

System Intervention 

In-field sharing  

 

Field-edge sharing 

 

Sparing 

Bullfinch  Arable  Hedgerow management Woodland 
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 Mixed  Hedgerow management Woodland 

 Pastoral  Hedgerow management Woodland 

Lapwing Arable Grass management  Wet grassland 

Mixed Grass management  Wet grassland 

Reed bunting Arable Stubble,  

grass management 

WBC, grass margins, hedgerow management, 

ditch management 

Wet grassland 

Mixed Stubble,  

Grass management 

WBC, grass margins, hedgerow management, 

ditch management 

Wet grassland 

Pastoral Stubble WBC, grass margins, hedgerow management, 

ditch management 

Wet grassland 

Skylark Arable Grass management WBC Dry grassland 

Mixed Stubble WBC Dry grassland 

Pastoral Stubble WBC Dry grassland 

Song thrush  Arable Grass management WBC, hedgerow management Woodland 

 Mixed  WBC, grass margins, hedgerow management Woodland 

 Pastoral  Grass margins, hedgerow management Woodland 

 

We next used these estimates to identify species that benefitted from at least one sharing and one sparing 

option (Table 2.2). Despite having to use different effect-size metrics for sharing (the additional population 

growth rate attributable to the intervention) and sparing (the density difference between intervention and 

non-intervention land), we can still compare the certainty of these estimates by calculating the width of the 

corresponding CI’s as a proportion of the mean; from this we can calculate the sample sizes required to 

reduce those CI’s to a specified target width. We explored the first of these issues – the certainty of 

estimates given existing monitoring protocols – by calculating CI’s (from Equation [3]), using each study’s 

standard errors and adjusting our CI’s to account for the increase in monitoring effort seen through to 2018 

(Appendix B). We then estimated the sample sizes required to determine effects to two target degrees of 

certainty: a precise degree where CI’s were no wider than 20% of the mean and a less precise interval of 

50%. We assumed standard deviation and effect size do not change with increasing sample sizes, such that:   

𝐶𝐼	𝑤𝑖𝑑𝑡ℎ	 ∝ "
√$

      [5] 

 

from which we calculated the change in n (sample size; i.e. the number of squares monitoring by volunteers 

in the Breeding Bird Survey) required to deliver CI’s of the desired widths. To illustrate the feasibility of 

obtaining these sample sizes, we estimated them as a proportion of current sampling effort (see Appendix 

B). Last, to estimate sample sizes required to show statistical significance, rather than to deliver certain 

estimates of effect sizes, we calculated the minimum sample sizes required to deliver a CI that does not 

overlap 0.  

 

Results 

o Compliance monitoring  
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1. Is increased spend on compliance monitoring made worthwhile by reductions in the number of 

farms needed to deliver environmental targets? 

 
We explored the costs of sharing and sparing schemes that deliver the same environmental outcome at a 

range of monitoring rates. Differences among schemes are explored in detail below, but all schemes followed 

the schematic pattern in Figure 2.1: costs varied dramatically with monitoring rates but were lowest for all 

schemes when approximately a third of participants were checked for non-compliance – far more than the 

current 6% monitoring rate (RPA, pers. comm.). Monitoring costs were a relatively small – but extremely 

important – component of total cost. Overall costs fell dramatically with relatively smaller increases in spend 

on monitoring because this reduced non-compliance, so fewer participants were required to deliver the 

target benefit. Indeed, monitoring costs actually fell when monitoring was increased from 25% to 35% since 

there are fewer participants in the scheme, so monitoring a greater proportion equated to fewer actual 

checks. Overall costs did increase when monitoring was increased further since little non-compliance 

remained.  

 

Heavier fines could reduce the monitoring required; but for the current monitoring rate to deliver the lowest 

scheme costs, our model suggested fines for major non-compliance would need to be >11x the payment rate 

(Figure B7).   

 

 
Figure 2.1. Schematic illustrating the total cost of a hypothetical scheme (black circles) broken down into scheme payments 

(orange), monitoring costs (grey), administrative costs (green), less recouped fines (blue).  

 

2. At different monitoring rates, what is the cost of delivering target environmental outcomes with 

sharing- and sparing-style approaches? 

The costs of schemes that delivered the target outcomes in terms of yellowhammers, bullfinches, lapwings 

and net carbon emission reductions are shown in Figure 2.2. At the optimum monitoring rate, the target 

outcomes were always delivered at least cost by sparing, whether considering all costs together (scheme 
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payments, monitoring costs, administrative costs and fines) or monitoring costs alone (dotted lines; Figure 

2.2).  

 

  
Figure 2.2. For varying monitoring rates, the total cost (solid lines; i.e. scheme payments and monitoring plus administrative 

costs less fines) and monitoring costs only (dotted lines) for 10-year schemes involving in-field sharing (orange), field-edge 

sharing (pink) and sparing (blue), where the schemes deliver the same amount of (a) yellowhammers, (b) bullfinches, (c) 

lapwings and (d) reduced net carbon emissions. Here we only plotted costs for the ratio of in-person to remote monitoring 

that delivered lowest cost: 0.4 for winter bird cover and fallow plots, 0.9 for hedgerows and sparing and 1 for in-field sharing 

(remote monitoring not possible). Of the two field-edge sharing interventions for yellowhammers, the lighter line is winter 

bird cover and the darker line is hedgerow creation. Of the two sparing interventions for bullfinches, the lighter line is scrub 

and the darker is woodland creation. Black vertical line shows present monitoring rate. Target outcomes are shown in brackets 

in the headings – units are birds or tonnes carbon/y. 

 

In-field sharing 
Field-edge sharing 
Field-edge sharing 
Sparing 
Sparing 
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3. What is the cost of monitoring at a suboptimal rate?  

Monitoring at the present suboptimal rate is extremely costly (Figure 2.2; y-axis variation). We estimated 

that increasing the current monitoring rate from its current level of 6% to 34% would reduce the cost of 

delivering the target outcomes by between 33-47%. In absolute terms, it was relatively far more costly to 

monitor sharing-style interventions at a suboptimal rate compared to sparing. Furthermore, the costs of 

monitoring at a suboptimal rate would rise further if the prevalence of ‘honest’ farmers was lower than 

considered here (Figure B1).  

 

4. How sensitive are the relative costs of sharing- and sparing-style schemes to variation in assumed 

parameter values?  

We parameterised this model using our best estimates of real-life values of a number of parameters. To 

recognise the uncertainty in these values, we explored the sensitivity of the relative costs of sharing vs 

sparing to variation in key parameters (presented in full in Appendix B). Varying the proportion of farmers 

assumed to be honest, the rate of fines, monitoring costs, the area enrolled by participants and the 

availability of remote monitoring did not substantially alter the patterns presented above. However, and 

unsurprisingly, the least expensive strategy did change from sparing to sharing if the sparing payment rate 

was made substantially greater (or the benefit of sparing was substantially reduced; Figure B5) while the 

sharing values were unchanged – by 2.6x for yellowhammers, 10x for bullfinches, 4.0x for lapwings and 3.1x 

for carbon (Figure 2.3; intersections between blue and other coloured lines).   
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Figure 2.3. The cost of sharing schemes presented as a proportion of sparing schemes when the sparing payment rate was 

increased by the range of factors shown (whilst sharing payment rates do not change). Within each plot, schemes deliver the 

same amount of (a) yellowhammers, (b) bullfinches, (c) lapwings and (d) carbon.  

 

o Effectiveness monitoring  

When identifying sharing- and sparing-style interventions to compare for effectiveness, we found that some 

species benefitted from multiple interventions of a single type (where the types were in-field sharing, field-

edge sharing and sparing). In presenting the results for each species, we show only the most certain 

intervention of each type, i.e. the intervention with the CI that is the smallest proportion of the mean effect. 

Furthermore, Baker et al. (2012) monitored some sharing interventions at multiple spatial scales; we present 

only the scale at which we are most certain. The benefit delivered by stubble for skylarks in pastoral systems 

was excluded owing to the huge associated uncertainty which obscured other patterns on these plots. 

 

1. How certain are existing estimates of the effectiveness of AES?  

There is considerable uncertainty in estimates of the effects of all studied interventions, though more so for 

sharing than sparing for every species and every farm system studied (where uncertainty is defined as CI 

width as a percentage of the mean effect; Figure 2.4). CI width was <50% of the mean for only one sharing 

intervention (out of 20), but for most sparing interventions (10 of the 14 studied).   

In-field sharing 
Field-edge sharing 
Field-edge sharing 
Sparing 
Sparing 
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Figure 2.4. The uncertainty associated with reported estimates of the effect of sharing (in-field – orange; field-edge – pink) 

and sparing (blue) schemes, presented as a % of the mean estimated effect, for a range of species and farming systems 

(A=arable, M=mixed, P=pastoral). Calculations assume 2018 BBS sampling effort in England. 

 

2.  What sample sizes are required to determine the effects of schemes to target degrees of certainty? 

To estimate the mean effects of sharing with associated CI's no wider than 20% of the mean, current effort 

must increase >20x for 15 of the 20 studied species-farm system combinations (Figure 2.5a). Sparing required 

smaller – though still substantial – increases to deliver this level of precision (10 out of 14 require <5x 

increases). For sharing interventions, achieving a less-demanding CI width of 50% of the mean would still 

require >3x increases in the 2018 sampling effort for 17 of the 20 studied species (Figure 2.5b). For sparing, 

this certainty was often obtained without increasing current sampling (10 out of 14; Figure 2.5b).  

 

In-field sharing 
Field-edge sharing 
Sparing 

In-field sharing 
Field-edge sharing 
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 Figure 2.5. The sample sizes required to determine the effect of sharing (in-field – orange; field-edge – pink) and sparing (blue) 

schemes with CI width (a) <20% of the mean and (b) <50% of the mean presented as a multiplier of 2018 BBS sample size in 

England for a range of species and farm systems (A=arable, M=mixed, P=pastoral). 

 

3. What sample sizes are required to determine statistical significance?  

Far smaller samples sizes were needed to find statistically significant – rather than precise – effects. Typically, 

sample sizes below the 2018 BBS sampling effort in England delivered statistical significance (14 out of 20 

sharing interventions, all 14 sparing interventions; Figure 2.6).  

 
Figure 2.6. The sample sizes (presented as multipliers of 2018 BBS sample sizes in England) required to determine the effects 

of sharing and sparing schemes as statistically significant.  

 

Discussion  

 

We found that a dramatically more farmland must be monitored to precisely determine the effect of sharing-

style agri-environment schemes. The costs of this increase, though not quantified, are probably substantial 

compared to the costs of monitoring sparing, where effects are already known with far greater certainty, 

albeit via a study design that may be less robust (see below).Furthermore, for compliance monitoring, our 

results suggest the current low levels of monitoring in English AES deliver environmental outcomes 

inefficiently and with great uncertainty. Despite the cost of additional monitoring, increasing the rate of 

current compliance monitoring from ~6% to ~34% would greatly reduce the costs of delivering biodiversity 

and net reductions in carbon emissions by 33-47% for in-field or field-margin improvements (characteristic 

of land sharing) and schemes delivering habitat restoration (as envisaged in land sparing). We found the same 

outcomes to conservation were always delivered at less cost with sparing-style interventions compared to 

sharing, whether considering combined costs or monitoring costs alone, given current CSS payment rates.  

 

In-field sharing 
Field-edge sharing 
Sparing 
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Our compliance monitoring analysis was limited in the payment rates, and therefore environmental targets, 

that could be studied. Given current CSS payment rates, the costs of sparing were lower because greater 

benefit is delivered per unit compensation and, in most cases, per unit area (Appendix A). Therefore, our 

focal environmental targets could be met with fewer participants, which reduces spend on scheme payments 

and monitoring, compared to sharing schemes. However, in some cases, CSS payment rates delivered greater 

participation than required; so presumably a lower payment rate would have sufficed. In testing the 

sensitivity of our conclusions, we predictably found that sharing does become the less expensive strategy 

when the sparing payment rate is increased substantially, or the benefit delivered by sparing interventions 

is decreased, whilst that of sharing is held constant (Figure 2.3 & B5). The relative performance of sharing 

and sparing did not, however, change with variation in the proportion of honest farmers, size of fines, 

monitoring costs, area enrolled by participants or the availability of remote monitoring (Figures S3-8). Given 

current AES have failed to reverse biodiversity declines (Hayhow et al. 2017; Chamberlain 2018), 

policymakers may well be interested in delivering more ambitious conservation targets than those 

considered here, which would require wider uptake of interventions. A separate study, that explores how 

participation varies with payment rate, would be needed to quantify the costs of delivering greater 

environmental outcomes and how these may vary across contrasting intervention types (Chapters 3 & 4). 

 

That the effects of sharing are difficult to determine precisely is well known (McCracken et al. 2015). 

Uncertainty is affected by study design: the design of Baker et al. (2012), which compares population growth 

rates through time relative to the area of intervention, would be expected to deliver less biased results than 

the single-time control-impact design of sparing studies which cannot control for differences between control 

and impact sites that may exist prior to the intervention (Christie et al. 2020). From our study, we cannot 

quantify the difference in required sample sizes that is attributable to these aspects of study design; however, 

we should factor additional uncertainty into the findings of sparing studies given the likely biases introduced 

by study design. Independent of study design, fundamental differences in species’ responses are probably 

also important. Sharing interventions are smaller in spatial- and temporal-scale than the larger-scale habitat 

restoration characteristic of sparing; this means that the scale of sharing may be insufficient to influence 

national population changes of farmland birds in England (Bright et al. 2015). Their small scale may also mean 

there is greater variation within BBS squares, since features of the surrounding land may dilute effects 

(Scheper et al. 2013). For these reasons, further study of sharing interventions with existing protocols will 

probably continue yielding highly uncertain results; and single-time studies of population density (as we used 

for sparing) may not be appropriate (Nielsen et al. 2009; Baker et al. 2012). Past monitoring of sparing, on 

the other hand, has delivered precise estimates; though we should consider whether more robust 

approaches are required (e.g. before-after control-impact design; Christie et al. 2020).  
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Policymakers must consider whether monitoring for compliance and effectiveness can be upscaled to the 

levels required. Current compliance monitoring results in high levels of cheating (46% of participants 

monitored in English AES between 2015-2017 did not comply with all requirements; RPA, pers. comm.; Table 

B2). However, the government may not recognise that the cost of increased monitoring would be outweighed 

by the benefit delivered by greater compliance since their policy does not in practice set out to deliver 

quantified environmental outcomes (Pe’er et al. 2014). Furthermore, increased monitoring may be 

undesirable: farmers may require more compensation to enrol in schemes with higher monitoring rates 

(Broch & Vedel 2012) or be discouraged from participating at all (Keane et al. 2008). The need to monitor 

more may be reduced if more farmers than the 54% considered here are in fact ‘honest’ (though this is 

unlikely given the current rate of non-compliance) or if fines are increased; although, again, this may 

discourage participation (Keane et al. 2008).   

 

The extent to which effectiveness monitoring must be increased depends on the level of certainty sought. It 

is unlikely that the 2018 BBS volunteer effort could be upscaled to deliver precise estimates of the effects of 

sharing, though it is generally sufficient for monitoring sparing. The BBS is not explicitly designed to monitor 

sharing and sparing schemes but the vast amount of data collected by its volunteers mean it is often usefully 

co-opted for this purpose; collecting data through bespoke monitoring schemes would be far more 

expensive. Studying for statistical significance (e.g. Baker et al. 2012; Bright et al. 2015; Dadam and 

Siriwardena 2019; Gillings et al. 2005), rather than precision, does dramatically reduce the required sample 

size but is prone to Type I errors (false positives; as identified by Baker et al. (2012)), ignores the issue that 

statistically significant effects may be extremely small (Nakagawa & Cuthill 2007), and negates our ability to 

set targets or compare cost-effectiveness. Therefore, precise determination of effects is better than focusing 

on statistical significance (Nakagawa & Cuthill 2007). Finally, non-compliance may contribute to high 

variability in the data since some survey areas considered to have implemented the interventions may not in 

practice have done so. Therefore, increased compliance monitoring may reduce the required spend on 

effectiveness monitoring.  

 

Our results indicate that current monitoring for both compliance and effectiveness is insufficient. 

Policymakers should consider the feasibility, and estimate the costs, of upscaling monitoring to an 

appropriate level when considering potential approaches to delivering conservation on farmland. Our study 

was the first to compare the efficacy of using current approaches to monitor compliance and effectiveness 

for interventions characteristic of sharing and sparing. Our findings suggest that future policy should not be 

constrained by the sharing approach that has dominated AES to-date. Indeed, not only does sharing deliver 

less for conservation (Lamb et al. 2016a; Finch et al. 2019): our results indicate it is also more expensive to 

monitor for compliance (given current payment rates) and policymakers are largely in the dark about its 

effectiveness. However, comparison of farmers’ attitudes towards the implementation of sharing and 
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sparing, and estimation of how both approaches impact food production, are needed to fully compare the 

relative costs of delivering the ambitious environmental targets required to reverse biodiversity declines and 

realise the potential for farmland to store carbon. Therefore, in Chapter 3, we estimate farmers' willingness 

to accept compensation for implementing sharing and sparing agri-environment options before combining 

this, in Chapter 4, with estimates of monitoring costs, administration costs and lost food production in the 

most complete known comparison of the costs of delivering environmental outcomes with sharing and 

sparing.    
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Chapter 3: Exploring the relative preferences of farmers for land sharing 

and land sparing as revealed by a choice experiment 

 

Abstract 

Action to address biodiversity declines and climate change in Europe relies largely on farmers who voluntarily 

accept compensation for yield-reducing management designed to benefit the environment. In England, such 

schemes have so far mostly encouraged so-called wildlife-friendly farming within land still managed for food 

production; a land-sharing approach. However, despite annual investment in excess of £600m, conservation 

gains from this strategy appear limited as wildlife declines continue  Land sparing, in contrast, involves 

concentrating food production into a smaller, higher-yielding farmland area, and safeguarding or restoring 

land for conservation elsewhere. To understand the relative costs to the taxpayer of land sharing and land 

sparing, we assessed farmer preferences for contrasting land-sharing and land-sparing interventions. We 

conducted an online choice experiment with 118 farmers in England. Using latent class modelling, we found 

preferences for sharing and sparing varied widely. Given equal compensation, more farmers were willing to 

enrol in sharing-style interventions. However, since sparing often delivers greater environmental benefit per 

unit area, spending our budget paying farmers to spare delivered more of two farmland bird species targeted 

in our hypothetical scheme, bullfinches (at low budgets) and lapwings, as well as greater reductions in carbon 

emissions. In contrast, for a given budget, sharing delivered more yellowhammers, which are found at 

comparable densities on farmland and semi-natural habitat, and bullfinches when the budget was large. The 

farmers most willing to spare land farmed, on average, a larger area and currently participated in stewardship 

schemes. This is the first evidence that farmer preferences do not preclude the adoption of a land-sparing 

policy approach: indeed, they may require less compensation to spare than share to deliver all but the most 

farmland-tolerant environmental outcomes. 

 

Introduction 

There are calls to reform agricultural policies across Europe in light of continued biodiversity declines and the 

threats posed by climate change (Pe’er et al. 2020). The UK’s withdrawal from the European Union’s Common 

Agricultural Policy presents an opportunity to redefine a long-term policy which has broadly failed to stem 

biodiversity declines (Kleijn & Sutherland 2003; Kleijn et al. 2006; Dicks et al. 2014; Batáry et al. 2015; Pe’er 

et al. 2020) or realise the potential for farmland to store carbon (Pe’er et al. 2019). Contrasting supply-side 

approaches to reconciling food production with environmental conservation can be conceived as lying along 

a continuum between land sharing, i.e. wildlife-friendly farming across the landscape, and land sparing where 

high-yield, biodiversity-poor farming is combined elsewhere in the landscape with large blocks of natural or 

(semi-)natural habitat. Sparing requires retention of natural habitats or, in regions with little remaining 
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natural habitat, restoration of (semi-)natural habitat on previously farmed land (Green et al. 2005). In 

England, land sparing has been estimated to deliver more biodiversity and carbon sequestration than land 

sharing, when comparing across landscapes producing the same total amount of food (Finch et al. 2019; 

Lamb et al. 2019; Finch et al. 2020; Lamb et al. 2016b). Despite this, English agri-environment policy has 

continued to invest predominantly in land sharing, such as through Pillar 2 of the Common Agricultural Policy.  

 

One objection to land sparing, and a possible driver of the continued land-sharing approach, is the 

assumption that wildlife-friendly farming is a lower cost option for farmers (Fischer et al. 2008) and therefore 

cheaper to compensate. However, no previous study has compared the payments required by farmers to 

implement sharing and sparing interventions. Current AES in England predominantly fund sharing options; 

sparing-like interventions receive only 12% of what is spent on sharing (Appendix B), with far lower 

compensation rates, whether considered per unit area or per unit of lost production, reflected in much lower 

participation rates. To compare the cost-effectiveness of sharing and sparing, we must consider the benefit 

delivered when the same budget is spent on sharing and sparing; and, for this, we require a novel study of 

how participation in sharing- and sparing-style options varies with the subsidy offered to farmers.  

 

Farmers are known to vary widely in their willingness to alter their practices and forgo food production for 

the benefit of the environment (e.g. Broch and Vedel 2012). Relative preferences will vary due to differences 

in the value of forgone production,  because of attitudes towards specific impacts of the intervention (e.g. 

associated  benefits, the time required for management, visual implications and effects on pest and disease 

control), and behavioural characteristics such as risk aversion or inclinations towards conservation (reviewed 

in Dessart et al. 2019). Variation amongst farmers is of particular interest when, as in English AES, fixed-price 

schemes see all farmers paid at a uniform rate per hectare instead of payments being differentiated based 

on individual willingness to accept compensation (Ferraro 2008). If sparing delivers, on average, greater 

environmental benefit per unit area, then delivery of a specified outcome would require fewer participants 

than if sharing approaches were adopted. The larger spatial scale of each sparing intervention may also make 

it attractive to farmers. However the novelty and unfamiliarity of sparing approaches might result in farmers 

requiring large payments per hectare than more familiar  sharing approaches (Defra 2018a).  

 

Stated preference choice experiments have often been used to explore farmer preferences towards 

alternative AES prescriptions, including aspects of pesticide management, afforestation, and varying area and 

duration requirements (Ruto & Garrod 2009; Broch & Vedel 2010; Villanueva et al. 2015; Kuhfuss et al. 

2016a). In eliciting stated preferences, choice experiments are a useful tool; however, in relying from 

statement of intent rather than actual behaviour, error is introduced (Christie & Azevedo 2009). However, 

we do not know of a choice experiment that has compared preferences towards sharing- and sparing-style 
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interventions, nor combined that with data on environmental benefits in order to assess the relative cost-

effectiveness of alternative approaches.  

 

Here, we used a choice experiment to explore the preferences of arable farmers towards land-sharing and 

land-sparing interventions. We used our findings to compare the delivery of a range of outcomes when 

paying the farmers in our sample to enrol in fixed-price schemes with a budget of up to £20m over a 20-year 

period. We investigated how far these results held among different types of environmental outcomes 

(populations of three bird species; carbon sequestration), which varied in their response to sharing and 

sparing interventions. Finally, we explored how farmer preferences varied with observable characteristics of 

farmers and the land they manage.  

 

Methods 

First, we identified environmental outcomes that could be delivered by both sharing and sparing on arable 

farms in the UK. Since not all of these interventions would apply to pastoral systems, we limited our study to 

farmers who managed at least some arable land. We chose populations of three bird species of conservation 

concern that differ in their response to farming, the red-listed Yellowhammer (Emberiza citrinella), the 

amber-listed Eurasian Bullfinch (Pyrrhula pyrrhula) and the red-listed Northern Lapwing (Vanellus vanellus). 

The population densities of these species are affected in different ways by farming practices (Finch et al. 

2019); we speculated that sharing was most likely to favour yellowhammers whilst sparing was most likely 

to favour lapwings. Given the importance of farmland in government net-zero plans (Committee on Climate 

Change 2020), we also studied interventions that reduce, and in several instances reverse, on-farm carbon 

emissions. For sharing, we considered a 50% reduction in inorganic fertiliser use, which avoids carbon 

emissions, as well as the creation of hedgerows, which sequesters carbon emissions. For sparing, we studied 

woodland creation. We identified sharing and sparing interventions (changes to land management) 

applicable to arable farms that deliver these outcomes. In doing so, we divided sharing interventions into 

two types: "in-field sharing" methods, which affect food-producing practices across the whole field, and 

"field-edge sharing" methods, which involve an intervention outside the area used to produce food, often 

the field margin. We identified sharing and sparing interventions that delivered our biodiversity and climate 

mitigation outcomes and, from existing literature, estimated their per unit area delivery of the outcome 

(Table 3.1; calculations presented in Appendix A). All interventions had a close analogue in England’s 

Countryside Stewardship Scheme (CSS) and we calculated the annual spend on the equivalent sharing and 

sparing options in the CSS: as of 2019, 89% of payments compensated sharing options whilst sparing received 

11% (Rural Payments Agency; pers. comm.).  

 

Table 3.1. The sharing and sparing interventions that deliver the environmental outcomes studied and their per-area 

benefit. 
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Environmental 
outcome 

Intervention type Intervention Environmental 
Benefit  
(birds/ha or 
tC/ha/y) 

Source  

Yellowhammer In-field sharing Stubble, spring 
cropping 

0.26 Hancock and Wilson 
(2003) 

Field-edge sharing Winter bird cover 0.83 Henderson et al. (2012); 
Parish and Sotherton 
(2004); Stoate et al. 
2003) 

Sparing Scrub 0.59 Donovan (2013); Morgan 
(1975) 

Bullfinch Field-edge sharing Hedgerows 0.92 Macdonald and Johnson 
(1995) 

Sparing Scrub  0.20 Morgan (1975); Knepp 
Estate 

Sparing Woodland 0.05 Gregory and Baillie 
(1998); Lamb et al. 
(2018); Newson et al. 
(2005) 

Lapwing In-field sharing Stubble, spring 
cropping 

0.05 Shrubb et al. (1991); 
Wilson et al. (2001) 

Field-edge sharing Fallow 0.17 Chamberlain et al. (2009) 

Sparing Wet grassland 0.49 Ausden and Hirons 
(2002); Eglington et al. 
(2007); RSPB Reserves 
data 

Reduced net carbon 
emissions 

In-field sharing 50% reduction of 
inorganic N fertiliser  

0.271 Kindred et al. (2008) 

Field-edge sharing Hedgerows  1.84 IPCC (2019) 

Sparing Woodland 3.77 Falloon et al. (2004) 
1 Value here is based on mean fertiliser application on English cereal farms but values used in analyses were calculated 

individually for each participant according to their reported fertiliser application rates (Appendix A).  

 

Next, we developed a choice experiment to explore the minimum payments farmers would be willing to 

accept (WTA) to implement each of these interventions. Each round of the choice experiment asked farmers 

to choose between AES contracts involving an in-field sharing, field-edge sharing and sparing option which 

differed in several attributes: the type of intervention, and its area, duration and payment rate. Participants 

could also choose not to accept any contract offer (Figure 3.1). The attributes and levels used in the 

experimental design were as follows (Table 3.2): 

(i) Areas were set to be achievable on most arable farms. In-field and sparing areas were set at 10, 20 

and 50ha (with 50ha excluded for farms <100ha), and all field-edge sharing options set at 5, 10 and 

20ha (except hedgerow creation, where we set smaller areas of 2, 4 and 8ha which, for simplicity, 

were presented to participants as km lengths).   

(ii) Contract Durations were set at 10, 20 and 50 years for all sparing options and (given their 

permanence) for creation of hedgerows; and 5, 10 and 20 years for all other sharing options.  

(iii) Payment rates were set such that the compensation offered reflected the costs of implementing 

each intervention on an average English arable farm. Payment rates (in GBP/y) were set at 

approximately 0.33x, 0.67x, 1x, 1.33x and 2x the estimated lost gross margin based on the 

average farm reported by the Farm Business Survey (calculated as output minus input costs 
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based on means from the Farm Business Survey (2019)). Where appropriate, capital costs 

were stated to be covered separately and in full.  

 

Table 3.2. The attributes and levels used in the choice experiment.  

Attribute Levels 

Type of 

intervention 

 

In-field sharing Field-edge sharing Sparing 

Within type 

intervention 

 

 

Stubble 50% N 

fertiliser 

reduction 

Winter 

bird cover 

Fallow 

plots 

Hedge1 Scrub Woodland Wet grass 

2Area(ha) 

 

10, 20, 50 10, 20, 50 5, 10, 20 5, 10, 20 2, 4, 8 10, 20, 50 10, 20, 50 10, 20, 50 

Duration(year

s) 

 

5, 10, 20 5, 10, 20 5, 10, 20 5, 10, 20 10, 20, 50 10, 20, 50 10, 20, 50 10, 20, 50 

Payment 

rates £/ha 

40, 80, 

120, 160, 

240 

130, 260, 

400, 550, 

800 

175, 350, 

525, 700, 

1050 

170, 340, 

500, 700, 

1000 

459, 918, 

1360, 

1700, 

2720 

300, 600, 

900, 1100, 

1700 

300, 600, 

900, 1100, 

1700 

300, 600, 

900, 1100, 

1700 

1For hedgerow creation, areas and payment rates were presented per km length hedgerow.  
250ha area requirements were not presented to participants farming <100ha.  

 

 
Figure 3.1. Sample choice card.  

 

We asked each participant to make a sequence of 12 contract choices (Greiner et al. 2014). These attributes 

and levels were combined in an efficient design generated using Ngene with priors obtained from a pilot 

study (as per Rose and Bliemer 2013). This design comprised 12 blocks, each containing 12 choices, with each 

participant randomly assigned to a specific block. 
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The choice experiment was set within an online Qualtrics survey. Before presenting the 12 choice tasks, we 

asked participants for information on their farm size so that larger area requirements could be removed for 

participants with small farms. After the choice tasks, questions explored why those choices were made and 

gathered information to allow estimation of lost food production and gross margins for each crop. Finally, 

we asked about several characteristics of the participant and their farm: age, education, perceived likelihood 

of future profitability, proportion of land owned vs rented, and present participation in AES.  

 

We gained ethics approval from the University of Cambridge Psychology Research Ethics Committee 

(HVS/2018/2582) and informally piloted our survey in May 2019 to gather preliminary feedback. Formal 

piloting took place in June/July 2019 with 11 respondents. The final survey was launched in September 2019 

and generated 118 useable responses from farmers in England and bordering arable areas in Wales, who 

between them farmed 1.7% of all English lowland arable land (Defra 2019c) by June 2020. Since we studied 

interventions applicable to arable land, some of which could not be undertaken in pastoral systems, 

participant farmers had to manage some arable land to be eligible. Participants were recruited through a 

variety of channels including farming newsletters and magazines, Twitter, and online fora. Our therefore non-

random sample is over-representative of younger farmers and larger farms (Figure C1). Participants were 

offered a summary of the findings, personalised estimates of the cost of implementing the studied options 

on their land, and the chance to win a subscription to Farmers Weekly.  

 

Analysis 

The choice data were analysed in R using Apollo (Hess & Palma 2019). We were interested in understanding 

the heterogeneity of preferences across the studied population and exploring the characteristics associated 

with that distribution. A latent class model is well suited for this purpose (Hess 2014). Latent class modelling 

assumes preferences can be grouped into a discrete number of classes (Hess 2014). The appropriate number 

of classes for a given choice dataset can be determined using a number of criteria. Each participant was 

assumed to belong to these classes according to a set of probabilities. Individuals were assumed to choose 

between alternative options based on their relative utility (Luce 1959). The utility of alternative j to individual 

n who belonged to class c, i.e. Vjnc, was assumed to be the sum of the individual’s preference towards each 

attribute S (as per Lancaster 1966): 

 

𝑉%$& =	𝛽' +	𝛽&"𝑆"% +	𝛽&(𝑆(% 	+	. . . +	𝛽&)𝑆)%     [1] 

 

Where the coefficients b  reflect sensitivity to each attribute and 𝛽' is a constant which accounts for 

preference heterogeneity unexplained by the other attributes. The modelling process estimated values for 
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the  b coefficients that best predict the observed choices where the probability of respondent n choosing 

alternative j in choice situation t, assuming they belong to class c, i.e. 𝑃$%*(𝛽) was: 

 

𝑃$%*(𝛽&) = 	
𝑒+!"#

∑ 𝑒+!"#,
%-"

 

     [2] 

where J is the total number of alternatives: i.e., the probability of a choice is the utility (given membership in 

class c) associated with that alternative divided by the summed utility of all alternatives. Exponential 

transformations are simply used to avoid division by zero or negative numbers.  

 

However, no individual belonged perfectly to a single class; thus the likelihood with which farmers belonged 

to each class must be incorporated into the model. We assumed individual n belonged to class c with 

probability 𝜋$&  where 0 ≤ 	𝜋$& ≤ 1 and ∑ 𝜋$&.
&-" = 1. These class allocation probabilities were assigned 

during modelling to maximise the likelihood with which the model reproduced respondents’ stated choices. 

So, the likelihood of an individual (Ln) making their set of choices for a given set of 𝛽 coefficients (𝐿$(𝛽))	was: 

𝐿$(𝛽) = @𝜋$&

.

&-"

AB𝑃$%*

/!

*-"

(𝛽&)C 

 [3] 

Where njt refers to the alternative j chosen by individual n in choice task t and T=12. So, the likelihood of an 

individual’s choices was the product of the probabilities of making their choices in each of the 12 tasks given 

their membership in class c. Then, to recognise that participants belonged partially to all classes, that product 

was calculated for all C classes and multiplied by the probability that the individual belonged to that class. 

Finally, these results were summed across classes. 

 

We assessed the performance of the model in terms of its log-likelihood (LL), which across all N sampled 

individuals was given by: 

𝐿𝐿 = @ ln𝐿$(𝛽)
0

$-"

 

      [4] 

The modelling process iteratively sought to find the 𝛽 coefficients and the class membership probabilities 𝜋 

that reproduced the respondents’ choices with the greatest LL.   

 

In specifying our model, we linear-coded the area, duration and payment attributes, so that the output 

parameters indicated the utility of a one-unit change. We dummy-coded the “type of intervention” 

parameters, so that the output parameters indicated their utility relative to not participating in any contract.  



 43 

 

We excluded the six participants that opted out of every contract choice from our analysis as this improved 

model fit. These participants were less likely to be participating in current AES (17% vs 62% across the 

remainder of the sample) and were more confident of that they will be profitable in the future (3.2 vs 2.4 on 

a five-point scale where higher numbers indicate greater confidence), compared to the sample mean.  

 

To determine the appropriate number of classes, we considered LL, McFadden’s pseudo-R2, Akaike 

Information Criterion (AIC) and minimum Bayesian Information Criterion (BIC) statistics (Table 3.3). All 

statistics improved by increasing the number of classes from two to three, but there was no clear 

improvement across model statistics for the four-class model compared with the three-class model (LL, R2 

and AIC improved but BIC worsened). Therefore, we selected the three-class model (following Villanueva et 

al. 2015), since this allows a more parsimonious description of preference heterogeneity. The three-class 

model has a pseudo R2 of 0.22; in such models, values between 0.20-0.40 are thought to indicate excellent 

fit (McFadden 1973). 

 

Table 3.3. Criteria used for setting the optimal class number. Higher values of LL and R2 and lower values of AIC and 

BIC imply better fit. 

No. classes Parameters (P) LL 
McFadden’s  

pseudo-R2 
AIC BIC 

1 11 -1363 0.12 2748 2803 

2 22 
 

-1298 0.21 2640 2700 

3 33 -1215 
 

0.22 2495 2661 

4 44 -1178 0.24 2462 2698 

 

Parameter estimates for each non-price attribute were converted into WTA estimates, which reflect the 

amount by which contract offer prices must change for farmers to be willing to participate in a specific 

contract, by taking the ratio of non-monetary contract parameters (𝛽01) to the payment parameter (𝛽1), 

and since this is a study of willingness-to-accept, rather than willingness-to-pay, the negative of this ratio 

must be found such that farmers prefer higher payment rates i.e.: 

𝑊𝑇𝐴01 =	−	
𝛽01
𝛽1

 

[5] 

This gave the compensation required to offset a unit change in that parameter if linear-coded (area, 

duration), or a shift to the baseline state if dummy-coded (type of intervention).  

 

Finally, we estimated the environmental benefit that would be delivered for a range of budgets over 20 years. 

We discounted future spend at a rate of 3.5% (following HM Treasury 2018). Given continued biodiversity 
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declines and the scale of the climate crisis, we wanted to explore ambitious action, so we considered a budget 

of up to £1m/y, so up to £20m spent across the 20-year period, for each of our four outcomes 

(yellowhammers, bullfinches, lapwings, carbon). Current spend is relatively lower: interventions that benefit 

yellowhammers receive the greatest combined compensation but even then only £4.03m would be spent 

across an equivalent area in a 20-year time period (RPA, pers. comm.).  

 

We calculated the confidence intervals associated with our estimates of the environmental benefit delivered 

to reflect uncertainty in our assessment of farmer preferences. To do so, we estimated the 95% confidence 

intervals associated with our estimates of class WTA using the delta method in Apollo (Bliemer & Rose 2013). 

We then re-ran our simulation of the environmental benefit delivered for a given spend assuming first the 

lower, and then the upper, CI bound of WTA for each class. We did not consider other costs associated with 

these schemes such as capital, administration and monitoring costs, or lost food production.  

 

Results 

 

The three classes characterising farmer preferences differed markedly in the payments required for different 

types of interventions (see Table 3.4 for parameter values, converted to marginal WTA estimates in Figure 

3.2). We found that farmers most likely to belong to Class 2 were the most willing to participate in all 

interventions, with sharing options generally requiring lower compensation payments than sparing. Class 3 

were quite unwilling to participate in any intervention, particularly in land-sparing options. Class 1 were 

relatively willing to participate in some sharing options, though they required more compensation than Class 

3 for interventions designed to reduce fertiliser and create hedgerows, suggesting some specific aspects of 

these interventions divided preferences within the sample. Longer durations and larger areas required more 

compensation across all classes; Class 2 required the least additional compensation to enrol an additional 

hectare or year.  

 

Table 3.4. Parameters derived from latent class modelling. Standard errors are given in brackets.  
 

Intervention Area Duration Payment Mean probability 

of class 

membership 
Stubble 50% 

fertiliser 

reductio

n 

Winter 

bird cover 

Fallow 

plots 

Hedgerow Scrub Wood Wetland  

Class 1 0.3376 -1.5897* -1.1663* -0.9940* -3.8626* -2.0011* -2.4607* -4.0123* -0.0123 -0.0223* 0.0022* 0.37 

 (0.3369) (0.3519) (0.3889) (0.3184) (0.4924) (0.4944) (0.4726) (0.72) (0.0071) (0.0085) (0.0001)  

Class 2 1.4689* 0.5650 1.1621* 1.1576* -0.6892* 0.1747 -1.4903* 0.3815 -0.0045 -0.0059* 0.0022* 0.39 

 (0.4261) (0.3684) (0.4199) (0.4399) (0.4004) (0.4892) (0.4809) (0.5391) (0.0051) (0.005) (0.0001)  

Class 3 -2.5655* -1.3462* -1.8161* -2.5824* -2.4011* -3.4637* -4.7106* -6.0601* -0.0082 -0.0232* 0.0022* 0.24 
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 (0.6406) (0.4299) (0.3791) (0.4951) (0.4436) (0.6988) (0.952) (1.9477) (0.0143) (0.0124) (0.0001)  

*  Significant at 5% level 

  
Figure 3.2. The marginal WTA compensation, for each class of farmers, to implement a range of in-field sharing 

(orange labels), field-edge sharing (pink labels) and sparing (blue labels) interventions, relative to not participating, 

and the additional compensation for each hectare (area) and year (duration) with 95% confidence intervals calculated 

by the delta method in Apollo (Bliemer & Rose 2013).  

 

We next used the distribution of preferences amongst the sample to estimate the environmental outcomes 

delivered by fixed-price 20-year schemes, at successive budget increments up to £20m. Any negative WTA 

values were treated as zeros, i.e. we assumed such farmers would participate at a zero subsidy. This is visible 

on Figure 3.3 where lines do not begin at the origin. For all outcomes, we found a rapid increase in the area 

enrolled, and therefore the environmental benefit delivered, at low budgets. As the total budget increased, 

participants required higher payments to be recruited; i.e. the marginal supply price increased with the area 

of land enrolled. Since fixed-price schemes pay all participants the same subsidy, large increases in spending 

delivered little additional environmental benefit. We found that more yellowhammers, the species found at 

highest densities on farmland, could be delivered with a given budget than any other species, and that field-

edge sharing delivered the greatest number; for a £20m spend, hedgerow creation delivered 2.6x more 

yellowhammers than sparing (Figure 3.3a). In contrast, more lapwings and greater reductions in carbon 

emissions were delivered for a given spend with sparing (Figure 3.3c-d): £20m delivered 3.8x and 4.6x more 

lapwings and carbon respectively than the best sharing strategy. At budgets below £10m, more bullfinches 

were delivered by sparing, but field-edge sharing (in this case creating hedgerows) became the more cost-
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effective strategy at higher budgets (far in excess of what is currently spent; Figure C2). Hedgerow creation 

does, however, involve considerable capital costs which are not considered here.  

 

 
 

 Figure 3.3. The number of (a) yellowhammers, (b) bullfinches, (c) lapwings and (d) tonnes carbon/y delivered amongst 

the studied 118 farmers by spending up to £20m across 20 years on in-field sharing (orange), field-edge sharing (pink) 

and sparing (blue) schemes. 95% confidence intervals were calculated by the delta method in Apollo (Bliemer & Rose 

2013) and are jittered along x-axis where necessary to make all visible. 

 

Next we explored the farm and farmer characteristics associated with latent classes of preference. To do so, 

we assigned each participant to the class they belonged to with the highest probability and then explored 

differences in mean characteristics between classes (Figure 3.4; Table 3.5). Membership of Class 2, the most 

willing to share and spare, was associated with farming a larger area of land than Class 3 (Figure 3.4a). The 

proportion of land owned differed little across classes (Figure 3.4b). Class 2 was associated with significantly 

higher current participation in AES than membership in either Class 1 or 3 (Figure 3.4c). Despite the unveiled 

differences across farmers in willingness to engage in our AES, all classes were highly uncertain of future 

profitability (Figure 3.4d). Age and education differed little across classes (Figure 3.4e&f). 
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Figure 3.4. Mean characteristics associated with the classes identified by latent class analysis. For likelihood of remaining 

profitable despite forthcoming policy change (d), 1= disagree, 2= somewhat disagree, 3= neither agree nor disagree, 4= 

somewhat agree, 5= agree; for age group (e), 1= 18-24, 2= 25-34, 3= 35-44, 4= 45-54, 5= 55-64, 6=65+ and for education 

(f), 1= secondary school, 2= Higher National Certificate/Diploma, 3= college/undergraduate degree, 4= postgraduate 

qualification;. Letters indicate significant differences between classes according to Kruskal-Wallis (linear variables) and 

chi-squared tests (categorical variables; see Table 3.5).  

 

Table 3.5. Posterior analysis of the distribution of characteristics across latent classes using chi-squared tests for 

categorical variables and Kruskal-Wallis testing for continuous variables.  

Characteristic  Chi-squared, c2 Kruskal-Wallis, H P-value Degrees 

freedom 

Farm size 
 

5.2 0.07 2 

Prop owned  0.4 0.82 2 
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Stewardship 5.8 
 

0.05 2 

Profit 13.1 
 

0.11 8 

Age 12.7  0.24 10 

Education 6.4  0.78 10 

 

 

Discussion 

 

Land sharing and land sparing are contrasting approaches to delivering improved biodiversity outcomes from 

farmland. Our study uncovered great variation in farmer preferences for participating in sharing- and sparing-

style contracts. A portion of farmers were very willing to participate, particularly in sharing, but also in sparing 

schemes; these participants offered very cost-effective delivery of the target outcomes. Due to the greater 

environmental benefit delivered per unit area, sparing saw the most bullfinches, lapwings and carbon 

delivered at low budgets. Larger budgets could recruit less-willing farmers, but we found cost-efficiency 

declined dramatically because in a fixed-price scheme all must be paid at the rate demanded by the least-

willing participant. At budgets well above current spend in the case study country (England), hedgerow 

creation delivered up to 1.3x more bullfinches than sparing – although note that the substantial associated 

capital costs were not considered here. At the max £20m budget, across the 20-year period, sparing delivered 

3.8x and 4.6x more lapwings and carbon respectively than the best sharing strategy. Across all budgets, more 

yellowhammers, which are found at similar densities on farmland and in (semi-)natural habitat, were 

delivered by sharing, and a given budget delivered more yellowhammers than any other species. 

 

Our ability to make policy recommendations based on these results is limited in that they are based on 

hypothetical choice situations rather than observed behaviour. Estimates of minimum supply prices derived 

from choice experiments are typically associated with large errors (Hensher 2010). Indeed, our 95% 

confidence intervals for the first and second-best strategy for delivering our target outcomes overlap for 

bullfinches and at low budgets for yellowhammers. Moreover, these intervals do not incorporate the 

uncertainty associated with the estimates of the environmental benefit delivered by the studied changes in 

farm management, because errors were not reported in all studies from which these estimates were derived. 

Our modelling predicted some farmers would participate in some options without any compensation. Whilst 

this would be expected for stubble/spring cropping, which is commonly practised not for conservation but 

for weed/pest control, it is unclear whether our projections of participation in other options without 

compensation is due to the existence of other such benefits for farmers, such as utility derived from on-farm 

improvements in biodiversity (Kuhfuss et al. 2016b). We did compare the outcomes predicted by our model 

to those of current schemes (Figure C2). Based on the area enrolled in options of existing AES that are most 

analogous to those studied here, we predicted the outcome generated by the government's current spend 
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given the compensation rates offered. We compared this to our model predictions for that spend and found 

most matched relatively well; though we did overestimate the environmental benefit delivered for a given 

spend on stubble/spring cropping and winter bird seed plots (Figure C2), suggesting these sharing 

interventions may, in practice, be more costly to implement than our results suggest. 

 

Our results are limited in two further ways. First, our conclusions may not hold if farmers are willing to enrol 

far larger areas than we considered. This could delay the plateau in environmental benefit delivered for a 

given scheme spend (Figure 3.3). And second, we cannot make projections for all environmental outcomes 

since we studied only three bird species and one ecosystem service (reduced net carbon emissions). Species 

commonly found on farmland are, like yellowhammers, likely to do better under sharing than sparing. Some 

of these species have declined as farming practices have intensified, and so are of conservation concern. 

However, these species which live at higher densities on farmland than natural habitats ('winner' species; 

Finch et al. 2019) should perhaps receive less priority. Our study did not consider specialists of (semi-)natural 

habitat, which cannot persist on land farmed at any yield, and for which land sparing constitutes the only 

feasible approach (Finch et al. 2019).  

 

That farmers are heterogenous in their attitudes towards participating in AES is well known (e.g. Broch and 

Vedel 2012). We found those most willing to participate typically farmed a larger area of land and were more 

likely to be currently participating in stewardship schemes. These associations make intuitive sense but other 

important drivers probably exist. Personal traits, values and attitudes towards specific aspects of 

interventions are likely important (Dessart et al. 2019; Cortés-Capano et al. 2021; Kuhfuss et al. 2022). We 

briefly explored the latter in follow-up questions which asked participants’ reasoning for not implementing 

any of the studied interventions as well as reasons for being encouraged/discouraged from implementing 

specific options. In general, participants reported more reasons not to implement sparing than sharing, with 

particular concerns for cultivating land after contracts end; and, as expected, wet grassland was not 

considered possible to create on some farms (Figure C3). Time was the most common reason for not 

implementing field-edge sharing whilst results for in-field sharing were mixed (Figure C3). Participants found 

more reasons to be discouraged (Figure C4b) than encouraged (Figure C4a) from implementing both sharing 

and sparing interventions. Participants were far more encouraged to implement stubble/spring cropping 

than any other intervention due to the associated benefits for weed/pest control and soil health; this follows 

that farmers were most willing to implement stubble/spring cropping of all the studied interventions. Further 

exploration of the reasons underlying preferences could aid understanding of variation in preferences across 

farmers whilst also identifying ways to increase uptake; for example, longer-term contracts for sparing 

interventions may alleviate concerns about cultivating land after contracts end.     
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Knowledge of the distribution of farmers’ WTA payment to participate in land-sparing and land-sharing 

schemes, which we have uncovered here for arable farmers in England for the first time, can help 

policymakers develop more effective and more efficient AES policies in future. Here, as in much current policy 

practice in the European Union, we modelled fixed-price schemes. However, particularly if larger 

environmental targets are sought, governments should consider the substantial savings potentially achieved 

by offering variable, rather than fixed, pricing (Ferraro 2008; Armsworth et al. 2012); although transaction 

costs and perceptions of fairness may limit how far this can be pursued (Latacz-Lohmann & Schilizzi 2005). A 

further alternative could see the government deliver land sparing by purchasing land which is then 

contracted to conservation organisations for management (an idea explored in detail in Chapter 6) However, 

lack of capital may constrain use of this approach. Such land purchase could also facilitate the otherwise 

costly spatial agglomeration of spared areas with the potential to deliver greater environmental benefit 

(Lamb et al. 2016b).  

 

In conclusion, we have demonstrated, for the first time, that farmers are willing to participate in sparing-style 

schemes such that they deliver more of several environmental outcomes than when the same budget is spent 

paying farmers to land-share. This contradicts widely held but empirically unquantified beliefs that farmers 

are not willing enough to spare to make land sparing a viable approach. Current policy debates are arguably 

the most important in recent history, given the increasingly urgent need for action to slow climate change 

and mitigate the unfolding biodiversity crisis. This work should prompt policymakers to fully consider the 

potential for land sparing to deliver the outcomes that sharing-style interventions, which dominate the 

current policy landscape, have to date generally failed to deliver (Pe’er et al. 2014, 2019; Harris et al. 2019). 

In doing so, policymakers should seek to add consideration of other scheme costs, such as monitoring, 

administration, capital payments and lost food production, to this assessment of the payments required by 

farmers, as we do next in Chapter 4.    
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Chapter 4: The costs of delivering environmental outcomes with land 

sharing and land sparing 
 

Abstract 

The biodiversity and climate crises demand ambitious policies for lowering the environmental impacts of 

farming. Most current interventions incentivise so-called land-sharing approaches to addressing the 

widespread trade-off between farm yields and on-farm environmental outcomes, typically compensating 

farmers who adopt yield-reducing interventions that encourage wildlife or reduce net emissions within 

farmed land. Here, we present the first quantification of the likely costs of land sharing compared with land 

sparing, in which large areas are removed from production altogether because of high-yielding practices 

elsewhere in the landscape. Focusing on arable production in the UK, we used a choice experiment to explore 

farmer preferences and estimate the overall costs of contrasting agri-environment schemes that delivered 

populations of well-studied farmland birds and reduced net carbon emissions in England. We included 

capital, administration and monitoring costs, and lost food production. Sparing delivered our target 

outcomes for bullfinches, lapwings, yellowhammers and carbon emissions at 79% of the food production cost 

and 48% of the taxpayer cost of sharing. The difference in subsidy payments required by farmers roughly 

tracked lost food production but other costs favoured sparing even more strongly. The cost-related merits of 

sparing would probably increase further in studies incorporating (1) the many species and ecosystem services 

not deliverable on farmland, (2) the costs of food imports to compensate domestic lost production and (3) 

countries without as long and extensive a history of agriculture as the UK. Our results suggest that continuing 

a land-sharing approach in countries such as the UK is not only an inefficient use of government funds but 

also undermines conservation and food security in food-exporting countries who bear the burden of 

compensating domestic production forgone in the name of conservation. 

 

Keywords: land use policy; land sharing; land sparing; environmental economics; choice experiment; agri-

environment schemes; biodiversity conservation; carbon emissions 

 

Introduction  

Globally, agriculture is the greatest threat to biodiversity (Tilman et al. 2017), accounts for an estimated 34% 

of annual anthropogenic carbon emissions (Crippa et al. 2021), and covers roughly 50% of all habitable land 

(Ritchie 2019). The vast area under farming production offers huge opportunity for interventions that deliver 

biodiversity and carbon storage. To date, most policies for reconciling food production and environmental 

outcomes have promoted a land-sharing approach, where wildlife-friendly measures are implemented on 

farmed land, usually at the cost of yield (Green et al. 2005). However, 15 years of empirical data from five 
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continents suggests that the same quantity of food could be produced at substantially lower cost to 

biodiversity, the climate and a suite of ecosystem services, if it was instead met through land sparing (Phalan 

et al. 2011; Kamp et al. 2015; Dotta et al. 2016; Williams et al. 2017; Finch et al. 2019, 2020; Balmford 2021), 

with higher yields on already-cleared land freeing-up land elsewhere for the retention or restoration of 

natural habitats (Godfray et al. 2014; Williams et al. 2021). However, to date, there has been no attempt to 

estimate and compare the costs, particularly to taxpayers, of pursuing these alternative approaches to 

reducing the environmental footprint of farming.  

 

Here we address this important gap using data for the UK. Agriculture constitutes only 0.58% of the UK’s GDP 

(World Bank 2021), yet covers over 70% of its land surface (Defra 2018b). Brexit offers an opportunity to 

review current sharing-oriented environmental policies which are widely perceived, in the UK and the 

European Union, as having delivered relatively little for biodiversity (Kleijn & Sutherland 2003; Kleijn et al. 

2006; Dicks et al. 2014; Batáry et al. 2015; Pe’er et al. 2020), despite public expenditures of €3.2bn/y across 

Europe (Batáry et al. 2015) and >£600m/y in the UK (RSPB 2020a). Importantly, Europe sources most of its 

food from overseas; nearly 60% of the land needed to meet demand for agricultural and forestry products 

comes from elsewhere (Friends of the Earth 2011), so any conservation efforts that reduce domestic 

production risk increasing off-shored demand and thus exacerbating, rather than alleviating, the global 

extinction and climate crises.   

 

A key component of the overall costs of current policy is the payment required by farmers to change their 

practices for the benefit of the environment. Compensation payments are expected to cover the opportunity 

costs of forgone profits which, if biodiversity outcomes for a given level of food production are greater under 

land sparing, are anticipated to be lower with sparing than sharing interventions. However the payments 

farmers require also reflect attitudes towards the time, expense and effects of participating in such agri-

environment schemes (AES) (Dessart et al. 2019). Farmer attitudes towards sharing and sparing interventions 

may differ; the larger scale of sparing may be attractive, given uncertainty over the future profitability of 

farming (Defra 2018a), but sharing may be more familiar, which may reduce the payments farmers require 

to participate. Indeed, past criticisms of land sparing have included the unquantified suggestion that farmers 

prefer wildlife-friendly farming (Fischer et al. 2008). There are other important costs to consider: these 

include one-off capital costs of changing production methods, the administration costs of scheme delivery, 

and the costs of monitoring schemes. All may differ between sharing and sparing but so far none have been 

compared in a like-for-like manner. Last, in addition to these costs to taxpayers, the relative amount of food 

production lost in delivering environmental outcomes on currently farmed land is important. If any scheme 

leads to a reduction in farmed land, yields must increase or demand for imported food would rise with 

consequences for biodiversity, carbon emissions and people elsewhere (Lenzen et al. 2012; Smith et al. 2019). 
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One might expect levels of food production forgone to co-vary with payments required by farmers (see 

above), but it is important to explore whether the same is true of the other costs to taxpayers.  

 

Here, we present a novel comparison of the taxpayer and food production costs of sharing and sparing 

schemes that deliver equivalent environmental outcomes. We studied outcomes deliverable by both sharing- 

and sparing-style interventions on arable land. We used a stated preference choice experiment to establish 

the minimum payments required by farmers to implement sharing (stubble/spring cropping, reduced 

fertiliser, winter bird cover, fallow plots and hedgerow creation) and sparing (scrub, woodland and wet 

grassland creation) interventions, and the variation in this minimum supply price across farmers. From this, 

we simulated fixed-price AES, where a uniform subsidy is paid to all farmers who participate, that delivered 

the target outcomes, and calculated the associated capital, administration and monitoring costs. Finally, we 

compared these taxpayer costs with the amount of food energy lost in delivering the same outcomes through 

sharing and sparing.  

 

Methods 

Identification of sharing and sparing interventions 

We assessed the costs of meeting hypothetical but plausible targets for conserving three bird species and 

delivering net reductions in carbon emissions. We chose species that all occur on farmland but that differ in 

their response to changes in farm yield (Finch et al. 2019): Northern Bullfinch (Pyrrhula pyrrhula), Northern 

Lapwing (Vanellus vanellus) and Yellowhammer (Emberiza citrinella). Using existing literature, we identified 

sharing and sparing interventions which increase populations of these species by boosting a limiting life-

history parameter (without necessarily meeting all of a species' needs year-round; Table 4.1). We studied 

two different types of sharing intervention: in-field, which affects food-producing practices across the whole 

field, and field-edge, which involves addition of an intervention outside the area used to produce food, 

typically the field margin. We calculated the associated per-area benefit delivered by the in-field sharing, 

field-edge sharing and sparing options (Table 4.1; Appendix A). In line with evidence of the rapid recovery of 

birds on previously farmed land restored to natural habitat (Vanhinsbergh et al. 2002; Eglington et al. 2007; 

Marren 2016), we assumed our estimated per-area benefits would emerge within the 20-year timeframe of 

the schemes. We could not incorporate the uncertainty associated with these estimates since many of the 

studies from which they were derived did not report their standard errors. 
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Table 4.1. The sharing and sparing interventions that deliver the environmental outcomes studied and their estimated 

per-area benefit.  

Environmental 
outcome 

Intervention type Intervention Benefit  
(birds/ha or 
tC/ha/y) 

Source  

Yellowhammer In-field sharing Stubble, spring cropping 
on wheat, barley and/or 
oats 

0.26 Hancock and Wilson 
(2003) 

Field-edge sharing Winter bird cover 0.83 Henderson et al. 
(2012); Parish and 
Sotherton (2004); 
Stoate et al. (2003) 

Field-edge sharing Hedgerow creation 4.67 Macdonald and 
Johnson (1995); 
Bradbury et al. (2001) 

Sparing Scrub 0.59 Morgan (1975); 
Donovan (2013) 

Bullfinch Field-edge sharing Hedgerows 0.92 Macdonald and 
Johnson (1995) 

Sparing Scrub  0.20 Morgan (1975); Knepp 
Estate 

Sparing Woodland 0.05 Lamb et al. (2019); 
Newson et al. (2005); 
Gregory and Baillie 
(1998) 

Lapwing In-field sharing Stubble, spring cropping 0.05 Wilson et al. (2001); 
Shrubb et al. (1991) 

Field-edge sharing Fallow 0.17 Chamberlain et al. 
(2009) 

Sparing Wet grassland 0.49 Ausden and Hirons 
(2002); Eglington et al. 
(2007); RSPB Reserves 
data 

Reduced net carbon 
emissions 

In-field sharing 50% reduction of 
inorganic N fertiliser on 
wheat, barley, oil seed 
rape, sugar beet and/or 
potatoes  

0.27 1 Kindred et al. (2008) 

Field-edge sharing Hedgerows  1.84 IPCC (2019) 
Sparing Woodland 3.77 Falloon et al. (2004) 

1 Benefit shown here was estimated according to mean rates of fertiliser application (Farm Business Survey 2020); our 

study estimated the benefit delivered based on participants' reported fertiliser application rates. 

 

Choice experiment setup 

We conducted a choice experiment to establish the payments required by farmers to implement these 

sharing and sparing interventions. The experiment was run via an online Qualtrics survey, though participants 

had the option to use paper, which eight did. Participants were asked to make 12 choices, each of which 

involved an in-field sharing, field-edge sharing and sparing option, plus the option not to select any of the 

contracts (see Figure 4.1 for a sample choice card). As well as varying in the type of intervention, these 

options differed in area, duration and payment rate, since a large number of other studies have shown 

farmers’ willingness to participate to depend on these contract attributes (e.g. Barreiro-Hurlé et al. 2010; 

Christensen et al. 2011; Villanueva et al. 2016). These attributes were set at the following levels (summarised 

in Table D1): 
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a. Areas were set to be achievable on most arable farms. In-field and sparing areas were set at 

10, 20 and 50ha (with 50ha excluded for farms <100ha), and all field-edge sharing options 

set at 5, 10 and 20ha (except hedgerow creation, where we set smaller areas of 2, 4 and 8ha 

which, for simplicity, were presented to participants as km lengths [assuming 6m hedgerow 

width]).   

b. Durations were set at 10, 20 and 50 years for all sparing options and (given their 

permanence) for creation of hedgerows; and 5, 10 and 20 years for all other sharing options. 

c. Payment rates were set such that the compensation offered reflected the costs of 

implementing each intervention on an average English arable farm. Payment rates (in GBP/y) 

were set at approximately 0.33x, 0.67x, 1x, 1.33x and 2x the average participant’s estimated 

lost gross margin from participating in the scheme (calculated using means from the Farm 

Business Survey (Farm Business Survey 2020); Appendix D). Where appropriate, capital costs 

were stated to be covered separately and in full.  

 

 
Figure 4.1. Sample choice card.  

 

Given this number of attributes and levels, a large number of combinations was possible. Using pilot data, 

we used Ngene (Metrics 2018) to generate an efficient design. The resulting design consisted of 12 blocks 

each comprising 12 choices, with each participant randomly assigned to one block. The survey began by 

asking participants whether they preferred to answer in acres or hectares, followed by the area they farmed 

(to allow 50ha interventions to be removed for those farming <100ha). Participants then completed the 12 

choices and some follow-up questions about their reasons for their choices (not explored here). Then, 

participants were asked to detail the crops/livestock they produced, and the associated areas, yields, selling 

prices and input costs, in order to allow calculation of each farmer’s food energy and gross margin lost by 

implementing each of the studied options. 

 

Choice experiment data collection 



 56 

We obtained ethics approval from the University of Cambridge Psychology Research Ethics Committee 

(HVS/2018/2582) and piloted the study with 11 participants in June/July 2019. We then launched the final 

version of the survey and obtained 118 responses from individuals in England and bordering areas in Wales 

between September 2019 and June 2020 who farmed a total of 76,072ha, i.e. 1.7% of lowland arable land in 

England (Defra 2019c). We recruited participants through a variety of means including farming newsletters, 

magazines, Twitter and online fora. Respondents were offered a summary of the findings, a personalised 

estimation of their costs of implementing the studied interventions, and the opportunity to win a 

subscription to Farmers Weekly.  

 

We used the choice experiment data to simulate fixed-price schemes which enrol only the most-willing 

participants, so we were interested in the distribution of preferences across our sampled farmers. Therefore, 

we used a mixed logit model which assumes that preferences vary within the population according to a 

specified distribution. We assumed preferences towards all parameters were normally distributed in the 

population except the payment parameter for which we assumed a u-shifted negative log-normal 

distribution (Crastes dit Sourd 2021) to ensure that no participant disliked greater payments (see Table D2 

for variations, all of which worsened model fit). Under mixed logit, the probability of individual n choosing 

alternative j is:  

𝑃$% = J
e+23,5!"6

∑ e+23,5!"6,
%

𝑓(𝛽|𝜃)𝑑𝛽 

[1] 

 

where Xni is the vector of explanatory variables for alternative j faced by participant n, and 𝛽 the vector of 

taste coefficients, and the function V(𝛽, 𝑋$%) gives the observed utility of alternative j (Train 2009). For mixed 

logit, the vector 𝛽 is distributed randomly across participants, with density 𝑓(𝛽|𝜃) where 𝜃 is a vector of 

parameters to be estimated that represent the mean and variance of preferences in the population. 

Modelling then seeks to find the parameters that maximise the log-likelihood, LL, of the model across all N 

participants who complete T choice situations, i.e.:  

 

𝐿𝐿 = @ lnB𝑃$%
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      [2] 

Choice experiment analysis 

We calculated participants’ WTA compensation for implementing a scheme with specific attribute values first 

for the sample mean, and then for each individual using the posterior sensitivities produced by Apollo. These 

individual-level estimates of each participant’s mean WTA (rather than the whole survey sample) were 

obtained by conditioning the model estimates on survey choices for each respondent, as further detailed by 
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Train (2009). To do so, we assumed WTA payment for a non-monetary parameter (WTANM) was given by the 

ratio of non-monetary parameters (𝛽01) to the payment parameter (𝛽1), i.e.: 

𝑊𝑇𝐴01 =	−	
𝛽01
𝛽1

 

[3] 

Based on individual-level estimates of participants' WTA and the benefit delivered by each intervention, we 

next simulated the cost of delivering different amounts of our target outcomes with fixed-price schemes of 

20 years’ duration in 2019 GBP and using a 3.5% discount rate (as advocated by HM Treasury (HM Treasury 

2018)) to reflect society’s tendency to perceive future payoffs as lower in value. For sharing, we costed the 

combination of in-field and field-edge sharing interventions that achieved the target outcomes at least 

expense to the taxpayer. Similarly, because bullfinches could be delivered by two sparing interventions, we 

allowed both to contribute to the outcome, based on what was least expensive. Across all sharing and sparing 

interventions, we assumed farms could implement multiple interventions where the area enrolled in any one 

intervention was not extrapolated beyond the areas presented in the choice experiment.  

 

Simulating the costs of delivering the target outcomes 

We set the target for the three bird species as increasing the adult population size by 300 in the area farmed 

by our participants. This was set to be ambitious but also, according to the choice experiment output, 

deliverable within our sampled group with payments below £2000/ha/y. We then set the net carbon 

emissions reductions target so that, under sharing interventions, the same amount was spent on carbon as 

on our three biodiversity outcomes combined. We treated the small number of negative WTA values derived 

from the choice experiment analysis as zeros (negative values imply that a farmer would be willing to pay to 

enrol in the scheme); they mostly arose for stubble/spring cropping which is commonly practised for 

weed/pest control and was often found to require no additional compensation. We then found the 95% 

confidence intervals of our estimates of delivering all the targets with sharing and sparing by bootstrapping. 

We produced 1000 bootstrap samples of our choice experiment data by selecting results from respondents 

at random, with replacement. We fitted the model to the data from each bootstrap sample and calculated 

the cost of sharing and sparing schemes, and the difference between sharing and sparing schemes, from the 

parameters of the fitted model for each sample. We took the lower and upper 95% confidence limits of these 

modelled outcomes to be the 2.5th and 97.5th percentiles of the 1000 bootstrap values of each outcome.    

 

In setting the compensation payment rates required to deliver our targets within the sample, we also need 

to consider non-compliance; this reduces the benefit delivered by scheme participants, such that the target 

may not be delivered in full. Increased monitoring deters non-compliance but is costly. The financially optimal 

monitoring rate depends on the trade-off between increased spend on monitoring and the cost of paying 

additional participants to enrol in the scheme to make up the benefit lost to non-compliance (Ozanne et al. 
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2001). In summary, our approach to estimating non-compliance, and the cost of delivering targets in spite of 

it (detailed in Appendix D), used utility theory to assess the non-compliance arising at given compensation 

payment and monitoring rates for each intervention. Based on this, we found the payment and monitoring 

rates that delivered the target outcomes at least cost despite non-compliance and found the cost of 

delivering these monitoring rates using cost estimates from current schemes.  

 

Knowing the area enrolled by each participant in each intervention, we then estimated the associated capital 

and administration costs. Capital costs were estimated for hedgerows, scrub, wet grassland and woodland 

creation based on per-ha cost estimates published in the grey and white literature (Appendix D). The per-

agreement administration costs were set at £458/y, estimated from the reported £6.48m spent on 

administering 19,118 agreements in 2009 (Natural England 2009), and adjusting for inflation through to 2019 

(Bank of England 2021). 

 

Finally, we estimated the food lost in delivering our outcomes through the interventions assessed, based on 

participants’ reported yields (Appendix D). In doing so, we took account of the fact that yields vary across 

farms; and that yields vary within fields, with field-edge sharing options probably being implemented on the 

least productive parts of the field. We assumed spared land would come from all crop/livestock types 

produced by the farmer, in proportion to their relative areas, to allow for rotation. In this way, we likely 

overestimated the food production lost to sparing since, in reality, farmers may be able to disproportionately 

detract land from less profitable aspects of the rotation. Given these assumptions, we estimated the tonnes 

of each crop/livestock type lost given the area enrolled in each intervention. We converted from tonnes to 

food energy given, for each crop/livestock type, the proportion consumed by humans vs livestock, the edible 

proportion, and the per-weight energy content (as per Finch et al. 2019; Appendix D).  

 

Results 

Mixed logit analysis of our choice experiment data revealed preferences for contracts varying in the 

intervention required and the area and duration over which it was implemented (Table 4.2). To eliminate the 

effects of protest votes (Adamowicz et al. 1998) we excluded six participants who opted out of every choice 

as this improved model fit (Table D2). On average, these participants were less likely to be participating in 

current schemes (17% vs 43%) and were more confident of their future profitability (3.2 vs 2.4 on a five-point 

scale where higher numbers indicate greater confidence).  

 

 Aside from the price offered, the resulting mean parameter estimates reflecting average farmers’ 

preferences towards each contract attribute were negative. This indicates, as expected, that farmers require 

monetary compensation to implement any AES option, with greater compensation required for contracts 

with larger areas and longer durations. The sparing contract attribute parameters were more negative than 
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the sharing parameters (except for hedgerow creation), indicating that, for a given size and duration of 

intervention, more compensation was required for the average participant to participate in a sparing scheme 

than a sharing scheme. Participants demonstrated significant preference heterogeneity for all contract 

attributes, as reflected by the sizeable standard deviations of our parameter estimates. This heterogeneity is 

important since those farmers with the lowest minimum WTA are those which are more willing to participate 

in fixed-price AES, with the number of participants required for each option to achieve a given outcome 

driven by the area required to deliver that outcome (Appendix D).  

 

 Table 4.2. Mixed logit model excluding participants that opted out of every choice and assuming all parameters were 

normally distributed besides the payment parameter which is presented here back-transformed from its negative log-

normal specification (see Table D2 for other distributional assumptions). Standard errors for mean WTA calculated via 

bootstrapping. * = significant at 5% level 

 Contract 
Attribute 

Mean  SE Standard 
deviation   

SE Mean WTA 
/£ 

SE /£ 

Sharing  

Stubble/spring 
cropping 

-0.357 0.273 1.235* 0.250 75.58 74.58 

Reduced 
fertiliser 

-1.616* 0.373 1.851* 0.405 370.11* 83.72 

Winter bird cover -1.686* 0.342 1.560* 0.358 405.59* 71.49 
Fallow plots -1.968* 0.341 1.223* 0.431 447.43* 84.30 
Hedge -6.687* 1.001 4.750* 0.810 1498.49* 279.50 

Sparing 
Scrub -5.190* 0.825 2.574* 0.624 1190.45* 156.04 
Woodland -6.014* 0.866 3.122* 0.870 1445.48* 254.61 
Wet grass -8.128* 1.565 -6.082* 1.141 2007.44* 488.14 

 Area -0.020* 0.008 -0.047* 0.011 4.88* 1.96 
Duration  -0.047* 0.011 0.058* 0.010 11.85* 3.47 
Payment 0.004* 0.001 0.006* 0.001   
Log-likelihood -1109 
R2 0.29 
AIC 2264 
BIC 2374 

 

Figure 4.2 shows our estimates of the cost of fixed-price AES, including payments to farmers, capital costs, 

compliance monitoring costs and administration costs, that delivered varying proportions of the target 

outcomes. The combined target outcomes of 300 Northern Bullfinches (Pyrrhula pyrrhula), 300 Northern 

Lapwings (Vanellus vanellus), 300 Yellowhammers (Emberiza citrinella) and a reduction in net greenhouse 

gas emissions of 1557tC/y is shown as being delivered when the ‘Proportion of Target’ equals 1. We present 

costs for outcomes smaller than our targets since the government may opt for actions less ambitious that 

ours, as indeed is the case in current schemes (Figure D1).  

 

Our calculations revealed that sparing interventions were less expensive than sharing in terms of each 

component of taxpayer costs, regardless of the proportion of the targets delivered (Figure 4.2). Although the 

average farmer was willing to accept less compensation per hectare for sharing interventions (Table 4.2), the 
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overall costs of the compensation payments to farmers needed to deliver our target outcomes were 

substantially lower for sparing because of the greater environmental benefits delivered per unit area. Capital 

costs, which are paid to farmers at the start of a contract, were greater for sharing because hedgerow 

creation, the only sharing intervention that involved capital costs, was far less efficient at sequestering 

carbon than woodland, the equivalent sparing option (Figure 4.2b). Administration and compliance 

monitoring costs were also both substantially cheaper for sparing interventions because the greater benefit 

delivered per unit area meant our target outcomes could be delivered with far fewer scheme participants 

compared to those needed to meet the same outcomes through sharing interventions (Figure 4.2c&d).     

 

 
Figure 4.2. The component taxpayer costs of sharing (pink; stubble/spring cropping, 50% reduction in N fertiliser, winter 

bird seed plots, fallow plots and hedgerow creation) and sparing (blue; creation of scrub, wet grassland and woodland) 

schemes that delivered varying proportions of the combined target outcomes of yellowhammers, lapwings, bullfinches 

and net carbon emissions. 95% bootstrapped confidence intervals reflect uncertainty in compensation payments to 

farmers only. Costs expressed in 2019 GBP and with a 3.5% discount rate, following HM Treasury (HM Treasury 2018).  

 

Combining all of the component taxpayer costs presented in Figure 4.2, we found that sparing delivered the 

target outcomes at 48% of the cost of sharing (Figure 4.3). These taxpayer costs were dominated by 

compensation payments to farmers (Figure 4.4; orange area). Capital costs were a sizeable component, 

particularly for sharing, where substantial hedgerow creation was needed to deliver the carbon emissions 

reduction target. Administration costs were a relatively small component, though they reflect only the 
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processing costs associated with each agreement; other running costs were not explored since they were not 

thought to differ substantially between sharing and sparing schemes. Compliance monitoring was a small, 

but very important, component of scheme costs. With inadequate monitoring scheme costs would increase 

dramatically since many more participants must be paid to enrol to make up the benefit lost to non-

compliance.  

 

 
Figure 4.3. The overall costs to the taxpayer (compensation payments, capital, administration and compliance 

monitoring) of 20-year sharing (pink) and sparing (blue) schemes that delivered a range of proportions of the combined 

target outcomes of biodiversity and net carbon emissions. 95% bootstrapped confidence intervals reflect uncertainty in 

compensation payments to farmers; other sources of error exist but were not quantified (see Discussion).  

 

 
Figure 4.4. The proportion of taxpayer costs of (a) sharing and (b) sparing schemes that delivered varying proportions 

of the combined target outcomes that were compensation payments to farmers (orange), capital costs (grey) 

administration costs (green) and compliance monitoring (pink).  

 

Turning to lost food production, we found sparing delivered the target outcomes with loss of <3% of the total 

food produced by the sampled farmers; this is 79% of the food lost in delivering the same outcomes with 

sharing (Figure 4.5a). This difference is approximately in line with the relative difference in compensation 

payments to farmers (Figure 4.5b, orange vs black line). The relative difference, between sharing and sparing 
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schemes, was greater for other costs (capital, administration and compliance monitoring; Figure 4.5b, grey, 

green and lilac lines). As a result, the overall difference in taxpayer costs between sharing and sparing 

schemes was greater than the difference in the energy value of lost food production (Figure 4.5b, red vs black 

lines).  

 
Figure 4.5. (a) The food energy lost, as a proportion of the total produced by the sampled farmers, in delivering the 

target environmental outcomes with sharing (pink) and sparing (blue). (b) The costs of sharing as a proportion of sparing.  

 

Discussion 

We found sparing interventions delivered our target environmental outcomes at less than half the overall 

cost to the taxpayer of sharing interventions. The difference in compensation payments to farmers between 

sharing and sparing was roughly in line with the energy costs of lost food production. However, though 

payments to farmers comprise the majority of taxpayer cost, other types of cost favoured sparing even more 

strongly; thus, the savings to the taxpayer offered by sparing, relative to sharing were greater than the 

difference in lost food production (48% vs 79%). To our knowledge this is the first evidence that sparing 

schemes cost the taxpayer less than sharing schemes to deliver the same environmental outcome, and 

importantly that the extent to which sparing is cheaper is greater than the difference in lost food production. 

That we found this conclusion in a country with a history of agriculture as long as the UK suggests that even 

greater cost efficiencies may be afforded by land sparing rather than sharing in countries where many 

farmland-sensitive species are not already extinct (see below). 

 

Inevitably our study has several important limitations. First, whilst the difference between the cost of sharing 

and sparing schemes is substantial, not all sources of uncertainty were incorporated. In particular, we could 

not incorporate the uncertainty in estimates of the environmental benefits delivered per unit area of each 

intervention type since these estimates were derived from existing studies, many of which did not report 

standard errors of effect sizes (Appendix D). We did however explore the extent to which the relative benefits 

estimated to be delivered by sparing would need to be reduced before conclusions changed: we found 

sharing became the less expensive strategy when the benefit delivered by sparing was >33% lower than our 

original estimates (Figure D6). Second, our assessment of costs is incomplete. In particular our combined 

total did not include the costs of monitoring schemes to assess intervention effectiveness. This is challenging 
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because existing studies have not sought to compare the costs of monitoring the effectiveness of sharing and 

sparing schemes in a like-for-like way. Third, we were limited in the areal extent of the interventions 

considered, given what is feasible for the “typical” English arable farmer. A comprehensive exploration of the 

relative costs of contrasting approaches would ideally involve the cost of implementing interventions over 

larger areas across multiple adjacent farms, particularly for sparing interventions, whose conservation 

benefits are likely to increase disproportionately in larger, and better connected, patches (Lamb et al. 2016b); 

however, such an analysis would also have to consider the financial incentives needed to encourage spatial 

coordination (Liu et al. 2019; Banerjee et al. 2021). Finally, some stakeholders might only be interested in 

either delivering biodiversity or carbon emission outcomes (which here we have presented together). 

However, we did explore the relative costs of delivering each in turn; again we found sparing cheaper, though 

for biodiversity it was 77% the cost of sparing, compared to 11% when only carbon was considered (Figure 

D4). This underscores the huge efficiency gains generated by using sparing rather than sharing interventions 

to reduce net carbon emissions, particularly at higher targets (Figure D5). 

 

Although much research has explored the factors driving the adoption of different farming practices 

(reviewed in Dessart et al. 2019), we had little prior knowledge of farmers’ willingness to implement  the less 

familiar and larger-scale sparing interventions relative to sharing. Indeed, on average, farmers did require 

less compensation to implement sharing options. That the difference in compensation payments to farmers 

roughly tracked lost food production implies that the payments required are driven by the value of lost 

production, and other attitudes that affect farmer’s minimum supply price (WTA) do not substantially differ 

between sharing and sparing. However, elsewhere, we have shown that to deliver higher targets than those 

assessed here, schemes must recruit farmers who require more compensation above the value of lost 

production (i.e. lost gross margin), with this effect substantially more marked for sharing than for sparing 

(Chapter 5). This suggests that, provided their lost gross margins are covered, farmers can be considered to 

prefer sparing (ibid). This is an important evidence-based challenge to the long-held belief that farmers prefer 

sharing (Fischer et al. 2008) . We found more divergence between sparing and sharing for compliance 

monitoring costs. Elsewhere we have shown that current schemes are inadequately monitored for 

compliance and effectiveness which both increases costs and reduces the likelihood that schemes deliver 

target outcomes (Chapter 2; see also Pe’er et al. 2020); policymakers should thus be encouraged that sparing 

interventions require less monitoring than sharing.  

 

Given that some species, particularly in countries with long histories of agriculture such as the UK, depend 

on farmland for all or part of their lifecycle, Finch et al. (2019) found bird densities were highest under a 3-

compartment strategy where high-yield farming is used to enable large areas to be spared for nature both in 

the form of (semi)-natural habitat and low-yield farmland. In the first assessment of the relative costs, we 

found that this 3-compartment sparing strategy, which combined sparing- and sharing-style interventions, 
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was two-thirds the taxpayer cost of the purely sparing strategy, though it offered little savings in terms of 

lost food production (Figure D2). These taxpayer savings largely arise because yellowhammers, the species 

found at highest densities on farmland of those considered, were readily delivered by sharing interventions 

which some farmers were willing to implement at little cost (Figure D3a), whilst other species and carbon 

were delivered at less cost with predominantly sparing interventions.  

 

Importantly, our analysis underestimates the costs of sharing relative to sparing in at least three ways. First, 

we do not explicitly consider the taxpayer and environmental consequences of increasing imports to 

compensate for the 1.3x greater loss, relative to sparing, in domestic food production. Food imported to 

meet consumer demand in developed countries is known to threaten biodiversity (Lenzen et al. 2012) and 

increase carbon emissions (Smith et al. 2019) elsewhere in the world. Second, our assessment was 

deliberately conservative in considering only those environmental outcomes that are deliverable on 

farmland. However, nearly one in four of the lowland bird species found in England/Wales do not occur on 

land farmed at any intensity (Lamb et al. 2019) (Appendix D), many of which are in need of conservation 

(Finch et al. 2019); and land sharing cannot aid the recovery of these species at all. Therefore, the inclusion 

of other habitat specialist species, which often show much more market differences in population densities 

on spared vs farmed land, would greatly increase the estimated cost-efficiency of sparing relative to sharing. 

This is an important consideration in the UK, but likely even more so in countries where habitat conversation 

for agriculture is more recent and less widespread such that habitat specialists are likely to make up a higher 

proportion of the biota. Third, the cost-efficiency of sparing may be further improved with the agglomeration 

of spared areas, possibly achieved through changes in AES to encourage spatial coordination (Liu et al. 2019). 

Differentiated pricing, or the competitive tender of contracts through auction, may further improve cost 

efficiency (Armsworth et al. 2012; Elliott et al. 2015); though it is unclear whether any such improvement in 

cost efficiency would differ systematically between sharing and sparing.  

 

In conclusion, we found strong economic evidence in favour of a land-sparing approach to reconciling 

environmental conservation and food production. Consideration of the consequences of increased food 

imports, the species/services that do not persist on land farmed at any yield, and efficiency-improving 

measures, would only serve to increase the margin by which sparing would cost taxpayers less than sharing 

interventions that achieve the same outcomes. Prolonging the current predominance of land-sharing 

interventions risks delivering environmental outcomes at a greater cost to the taxpayer while potentially 

increasing environmental damage in food-exporting countries and reducing the space available for wild 

species that do not tolerate conditions on farmed land. 
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Next, this thesis will further examine the distribution of the payments required by farmers to share and spare 

with exploration of how much of their WTA is to cover lost gross margin and, based on the distribution of 

WTA across farmers, explore the savings that could be achieved by using fixed, rather than variable, pricing. 
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Chapter 5: Understanding what farmers seek in agri-environment 
payments and how to make payments more cost-efficient 

 

Abstract 
 

Action to reconcile food production and environmental conservation in Europe relies on farmers to 

voluntarily participate in agri-environment schemes (AES) that typically offer a fixed-price payment in return 

for management actions that reduce production. Fixed pricing is inefficient because farmers vary in the 

payments they are willing to accept (WTA), both due to differences in lost gross margin and in other factors 

that may increase or decrease WTA. For the first time, we studied the relative contribution of a farmer's lost 

gross margin to their WTA and quantified the WTA net of lost gross margin, which we termed the farmer's 

residual requirement. We compared spend on lost gross margin vs this residual requirement, and estimated 

the costs added by fixed compared with variable pricing, where each farmer is paid their WTA. We focused 

on schemes that delivered the same environmental outcomes (bullfinches, lapwings, yellowhammers, and 

reduced net carbon emissions) through either the currently predominant land-sharing approach of wildlife-

friendly farming, or the alternative land-sparing approach where farmers are paid to create or maintain large 

areas of habitat for nature. To do so, we studied a distribution of farmers' WTA payments for sharing and 

sparing interventions obtained from a choice experiment conducted with 118 English arable farmers in 

2019/20. We found, firstly, that the differences between farmers in their WTA compensation for sharing and 

sparing interventions was shaped more by the payment they required above lost gross margin, i.e. their 

residual requirement, than by their lost gross margin. Second, for all of our target outcomes, we found that 

less was spent compensating the residual requirement in sparing compared to sharing schemes. Relatedly, 

third, for the same spend on lost gross margin, we found less was almost always spent on the residual 

requirement under sparing than under sharing. Fourth, because our farmers varied widely in their WTA, we 

found variable pricing did offer substantial savings for the Exchequer; however, for most of our outcomes, 

scheme costs differed more according to whether a sharing or sparing approach was taken than whether the 

scheme used fixed or variable pricing. Our results suggest that, irrespective of pricing structure, both farmers 

and taxpayers may prefer a land-sparing approach in AES designed to deliver ambitious biodiversity and 

climate mitigation targets in the UK. 

 

 

Introduction 
 

Publicly funded agri-environment schemes (AES) constitute the main approach to reconciling biodiversity loss 

and food production in Europe (Batáry et al. 2015). Climate mitigation is also a growing focus of AES given 

the importance of farmland-based sequestration to national net-zero targets (Committee on Climate Change 
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2020; Pe’er et al. 2020). AES offer a payment for a given action which farmers can voluntarily choose to 

accept. In Europe, most compensation is offered for so-called wildlife-friendly farming (i.e. land-sharing 

interventions) which typically reduce farm yields (Green et al. 2005). Much research suggests that the 

alternative land-sparing approach, where high-yield farming is combined with the sparing of large areas for 

nature elsewhere within the landscape, would deliver more biodiversity and carbon sequestration for a given 

level of lost food production (Phalan et al. 2011; Gilroy et al. 2014; Lamb et al. 2016a; Dotta et al. 2016; 

Williams et al. 2017; Finch et al. 2019, 2020, 2021; Feniuk et al. 2019). However, investment into sharing 

continues, partly due to the entirely untested assumption that farmers are less willing to adopt land sparing 

(Fischer et al. 2008).   

 

Farmer attitudes towards AES are reflected in the payment they are willing to accept (WTA) to voluntarily 

participate. Meeting farmers’ WTA is the major taxpayer cost of AES. We know that WTA varies dramatically 

across farmers (e.g. Kuhfuss et al. 2016). This presumably reflects, at least in part, differences in the value of 

the production forgone in implementing the action (i.e. the farmer's lost gross margin), which we would 

expect to vary across space, as yields and profits do. Variation in WTA may also arise from differences in the 

additional compensation farmers require to cover other aspects of implementation, such as the associated 

time and labour, the changed look of the land, and transaction costs (reviewed in Lastra-Bravo et al. 2015; 

Pavlis et al. 2016; Wilson and Hart 2016). It is also possible that WTA may be reduced (potentially even below 

lost gross margin) if there is some benefit associated with the action, or because AES payments offer an 

appealing guaranteed income source to typically risk-averse farmers (Iyer et al. 2020). Despite much interest 

in the factors influencing AES participation, no study has sought to explore the relative contribution of lost 

gross margin to WTA i.e. to quantify WTA net of lost gross margin (which we term farmers’ residual 

requirement). We suggest that this residual requirement is an appropriate measure of farmers' underlying 

preferences for sharing and sparing, given that it nets out forgone returns from farming. More positive 

residual requirements may be seen where farmers feel there is more risk associated with implementing the 

agri-environment option or where it is deemed to be inconvenient or visually unappealing. A negative 

residual requirement may indicate a farmer who is willing to take on the net costs of enhancing the 

environment.  

 

Beyond simply quantifying the residual requirement, we are interested in the relative contribution of lost 

gross margin and the residual requirement to WTA. Governments justify spending taxpayer money on AES 

with the reasoning that compensation covers the value of forgone production (Defra 2022). It follows that 

taxpayers may be less keen on interventions for which farmers require compensation well above their lost 

gross margin. Moreover, the relative contribution of lost gross margin and residual requirement to WTA may 

differ between sharing and sparing schemes. Lost gross margin is typically greater per unit area under sparing, 

since all production is forgone whilst under sharing the land is not entirely removed from production, instead 
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it continues to be farmed in a wildlife-friendly way. Attitudes affecting residual requirement may also differ: 

sharing is perhaps more familiar, but the more concentrated spatial scale and greater permanency of sparing 

may be attractive given declining farm profitability and uncertainty in forthcoming policy changes. Here, for 

the first time, we explore whether the relative contribution of lost gross margin and residual requirement 

differs between sharing and sparing schemes that deliver the same environmental outcomes.  

 

Whether schemes used fixed or variable pricing adds a third element, in addition to lost gross margin and 

residual requirement, to the costs of paying farmers. Under fixed pricing, all participants are paid at the rate 

required by the least-willing participant (i.e. the highest fixed price sufficient to get sufficient engagement to 

satisfy targets). The costs of fixed, relative to variable, pricing will thus increase where WTA is more different 

amongst farmers, and where more participants, and therefore participants with a greater range of WTAs, 

must be recruited into a scheme. Given that land-sparing schemes deliver more benefit per unit area 

(Appendix A), they typically require fewer participants (Chapter 4), so whilst variable pricing will still offer 

savings under sparing, there is likely less difference in costs compared to sharing. the relative savings 

available from variable pricing may be lower compared to sharing. Moreover, the relative composition of 

WTA is important here too: variable pricing may be considered fairer if WTA largely covers lost gross margin, 

for which it could be argued that all farmers deserve full compensation (Armsworth et al. 2012). However, 

this argument may be less valid if WTA is dominated by farmers’ residual requirements, for which differential 

compensation may be harder to justify. In any case, governments may be unlikely to pursue variable-price 

schemes given the high implementation costs (Ferraro 2008) and the resultant disproportionate payment 

cuts to farms in the least profitable areas (Acs et al. 2010).  

 

To address these issues, we conducted a novel investigation into the distribution and makeup of farmers' 

WTA compensation for implementing a suite of sharing and sparing interventions. We sought to (i) 

characterise WTA as the compensation required to cover lost gross margin and farmers’ residual 

requirements; (ii) compare the cost of compensating the residual requirement for sharing vs sparing schemes 

that deliver the same environmental outcome; (iii) compare the residual requirement when the same value 

of gross margin is lost to sharing vs sparing; and (iv) explore the savings offered by delivering the same 

environmental outcomes with sharing and sparing schemes using variable vs fixed pricing. We based our 

assessment on estimates of farmers' WTA compensation to implement sharing and sparing interventions 

derived from a choice experiment conducted in 2019/20 with 118 farmers in England and bordering areas in 

Wales. The choice experiment assessed farmers' WTA payment to undertake contrasting actions that 

delivered a common set of environmental outcomes: increased populations of yellowhammers, bullfinches, 

lapwings, and reduced net carbon emissions.  
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Methods 
 
We wanted to compare the distribution and composition of the payments required by farmers to undertake 

sharing vs sparing approaches to delivering the same environmental outcomes. To do this, we first 

established environmental outcomes that can be delivered by both approaches using the literature and in 

consultation with relevant experts. We decided to study three bird species which differ in their responses to 

farming: Yellowhammer (Emberiza citrinella), Eurasian Bullfinch (Pyrrhula pyrrhula) and Northern Lapwing 

(Vanellus vanellus), which decrease in that order in their abundance on farmed land relative to that on (semi-

)natural habitats (Newson et al. 2005). Given the importance of farmland as a carbon sink in the UK's plan to 

meet net-zero targets (Committee on Climate Change 2020), we also studied interventions that reduce net 

carbon emissions. Next, we used the literature to identify sharing and sparing interventions that delivered 

these target outcomes on arable farms in the UK. Given potential differences in farmer attitudes, we divided 

sharing interventions into two types: field-edge, which sees the addition of habitat to farmed land that does 

not produce food (e.g., hedgerows), and in-field, which sees changes to practices that do produce food (e.g., 

post-harvesting stubble retention). Sparing required farmers to create and maintain areas of (semi-)natural 

habitat up to 50ha in size. For each intervention we assessed the per-area benefit it delivered in terms of the 

additional number of birds or tonnes carbon per year. We did this by systematically reviewing the white 

literature, and thoroughly searching the grey literature, to identify all relevant estimates, from which we 

calculated the mean effect of each intervention on the relevant outcome(s) (Table 5.1; full details in Appendix 

A).  

 

Table 5.1. The sharing and sparing interventions that deliver the environmental outcomes studied and their estimated 

per-area benefit (expanded in Appendix A).  

Environmental 
outcome 

Intervention type Intervention Benefit  
(birds/ha 
or tC/ha/y) 

Source  

Yellowhammers In-field sharing Stubble, spring 
cropping on wheat, 
barley and/or oats 

0.26 Hancock and Wilson 
(2003) 

Field-edge sharing Winter bird cover 0.83 Henderson et al. (2012); 
Parish and Sotherton 
(2004); Stoate et al. (2003) 

Field-edge sharing Hedgerow creation 4.67 Macdonald and Johnson 
(1995); Bradbury et al. 
(2001) 

Sparing Scrub 0.59 Morgan (1975); Donovan 
(2013) 

Bullfinches Field-edge sharing Hedgerows 0.92 Macdonald and Johnson 
(1995) 

Sparing Scrub  0.20 Morgan (1975); Knepp 
Estate 

Sparing Woodland 0.05 Lamb et al. (2019); 
Newson et al. (2005); 
Gregory and Baillie (1998) 
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Lapwings In-field sharing Stubble, spring 
cropping 

0.05 Wilson et al. (2001); 
Shrubb et al. (1991) 

Field-edge sharing Fallow 0.17 Chamberlain et al. (2009) 
Sparing Wet grassland 0.49 Ausden and Hirons (2002); 

Eglington et al. (2007); 
RSPB Reserves data 

Reduced net carbon 
emissions 

In-field sharing 50% reduction of 
inorganic N fertiliser 
on wheat, barley, oil 
seed rape, sugar beet 
and/or potatoes  

0.27 1 Kindred et al. (2008) 

Field-edge sharing Hedgerows  1.84 IPCC (2019) 
Sparing Woodland 3.77 Falloon et al. (2004) 

 

 

Estimation of farmer WTA 

To estimate the payments farmers required to implement these interventions we used the results of a choice 

experiment (Chapter 4). This estimated farmers' WTA payment to implement these sharing and sparing 

interventions (Table 5.1) across a range of areas set to be achievable on the average arable farm in the UK 

(up to 50ha for in-field sharing and sparing; up to 8ha for hedgerow creation and up to 20ha for other field-

edge sharing options) and contract durations. Delivered online, using Qualtrics, the survey ran between 

September 2019 and June 2020 and was completed by 118 farmers in arable England, and bordering areas 

in Wales, who were responsible for farming 1.7% of England's lowland arable farmland. Participants were 

informed that capital costs would be covered separately, and in full (the methods for their estimation can be 

found in Chapter 4). Since we wanted to explore preferences at an individual, rather than group, level, we 

analysed this choice data with a mixed logit model (see Chapter 4). Mixed logit modelling uses a maximum 

likelihood approach to estimate the parameters that describe each participant's sensitivity to each of the 

attributes studied in the choice experiment (type of intervention, area, duration, payment rate; Train 2009). 

The ratio of each parameter to the payment rate parameter illustrates the additional compensation required 

for the individual to accept a marginal change in that parameter. We used this relationship, known as the 

marginal rate of substitution, to estimate each participant's WTA payment to accept a contract that requires 

the implementation of a given intervention over a stated area and duration. Throughout this thesis, we have 

examined the delivery of quantified target outcomes; here we again consider the baseline target outcomes 

of delivering an additional 300 yellowhammers, 300 bullfinches, 300 lapwings and 1557 tC/yr across our 118 

study farms. 

 

Estimation of lost gross margin 

Next, we estimated how much of the payment farmers were WTA was to compensate the gross margin lost 

in implementing each intervention using information gathered in the choice experiment survey. We asked 

farmers about the crop/livestock types they produced as well as the associated areas, yields, selling prices 

and variable costs for the 2018 harvest year. Participants provided an amalgamated value of variable costs 
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which included fertiliser, crop protection, seed, water and haulage (where relevant), as well as reporting 

fertiliser use and fertiliser costs separately. Any missing information was completed using averages from the 

Farm Business Survey (FBS 2020). In summary, we found lost gross margins by multiplying lost production by 

its selling price and subtracting the associated variable costs (following FBS 2020). In estimating lost 

production we assumed that yields vary within and between fields and, where possible, that farmers would 

implement interventions on the least profitable parts of the farm (see below). We also recognised that 

crops/livestock are rotated such that interventions cannot only take land away from the least profitable 

crop/livestock type, unless the interventions can also be moved each year. Where relevant, we also added 

any implementation costs to our lost gross margin estimates; here we included only the cost of materials, 

and not the associated labour (which is instead captured in farmers' residual requirements). The full methods 

for each intervention are described in detail below.   

 

i. In-field sharing: Stubble retention followed by spring cropping 

We specified to farmers that, in line with expert guidance, this intervention can only be applied to wheat, 

barley and/or oats (RSPB 2022). We assumed the area would be met by taking area, in order, from the barley, 

oats and then wheat grown by the farmer (based on the order in which least gross margin is lost, on average, 

in data reported in the FBS (2020)). We estimated the gross margins of winter-sowing these crops according 

to the standard method of multiplying the participant's reported production (yield x area) by selling price 

and subtracting their variable costs (FBS 2020). Winter-sown crops typically yield more, and have higher gross 

margins, than spring-sown crops (FBS 2020). We assumed that participants' winter-sown gross margins would 

be reduced by switching to spring-sowing in line with average national trends. So, using the FBS (2020), we 

found the average spring-sown gross margin for each crop type as a proportion of the average winter-sown 

gross margin for the same crop type. Then, for each participant, we multiplied their winter-sown gross margin 

by this proportion to estimate their spring-sown gross margin. In this way, we estimated lost gross margin as 

the difference between gross margins for winter- and spring-sown crops.  

  

ii. In-field sharing: 50% reduction in use of N fertiliser 

In the choice experiment this intervention required farmers to reduce their current use of inorganic nitrogen 

fertiliser by 50% on wheat, barley, oil seed rape, sugar beet and/or potatoes. Participants were asked to state 

their current fertiliser use, either per tonne of product or per unit area, in the survey. Since this option can 

be rotated each year, we assumed farmers would choose to enrol their crop(s) with the lowest gross margin. 

We established the relationship between fertiliser use and yield using Kindred et al. (2008). This paper 

studied only winter wheat, and average fertiliser rates differ across crops, but no comparable studies were 

available for other crops. To allow us to make inferences for the other relevant crops, we first took the 

relationship between yield and fertiliser application rate for winter wheat from Kindred et al. (2008; Figure 

5.1a). We calculated the fertiliser application rates as a proportion of the FBS (2020) national mean 
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application rate for winter wheat. According to this relationship, we then estimated the yield that would be 

lost by reducing fertiliser use by 50%. We plotted this new yield that is realised with 50% reduced fertiliser 

use, as a proportion of the initial yield (i.e. with 100% fertiliser application), against the initial fertiliser 

application rate, before it was reduced by 50% (Figure 5.1b). Second, for each participant and crop type, we 

found their stated fertiliser application rate as a proportion of the mean reported by the FBS (2020) for that 

crop. Third, given this fertiliser use, we used Figure 5.1b to predict their yield when fertiliser use is reduced 

50%, as a proportion of their initial yield. We multiplied their initial yield by this proportion to find their new 

yield at the 50% lower application rate. Then, we calculated lost gross margin by multiplying the difference 

in yield by the area enrolled in our scheme and their selling price, assuming it was unchanged, before 

subtracting the variable costs assuming 50% lower spend on fertiliser.  

 

 
Figure 5.1. (a) From Kindred et al. (2008), the yield associated with varying rates of inorganic N-fertiliser application to 

winter wheat . (b) Derived from (a),  winter wheat yield (as a proportion of the initial yield) when the fertiliser application 

rate is halved, plotted against the initial fertiliser application rate (as a proportion of the 2018 mean fertiliser application 

rate reported by FBS (2020) for winter wheat).  

 

 

iii. Field-edge sharing: Winter bird seed and fallow plots 

The choice experiment stated that fallow and winter bird seed plots must be created in arable areas. Since 

these plots can be moved each year, we assumed they would only be implemented in the crops with the 

lowest gross margins, though to ensure that plots are well spaced out, we assumed no more than a quarter 

of each crop type could be plots (as recommended by RSPB (2021)). Because we therefore assumed plots 

would be located in the least profitable crops as they get rotated around the farm each year, we did not 

consider between-field variation to be important (as we do below for hedgerows and sparing below). It made 

sense to allocate plots to the least profitable crops, rather than to the least profitable fields, because our 
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data suggested that crops varied more in their gross margins than fields. We did, however, assume the plots 

would be allocated to the least profitable parts of fields, as described below.  

 

We assumed farmers would allocate plots to the lowest-yielding, and therefore least profitable, parts of fields 

first, and that the amount of this more marginal land would scale with the size of the farm. We explored the 

cumulative production, as a percentage of the total field production, that would be lost by taking 

incrementally larger areas of the field out of production in Figure 5.2, given likely variation within fields. We 

plotted the production lost against the area taken out of production according to the yields measured in 

5x5m patches across a field reported by Muhammed et al. (2016), plotting the lowest-yielding 5x5m patches 

first, and the highest-yielding patches last (blue line). This showed that cumulative production is not directly 

proportional to field area: some parts of a field yield far less than others. However, we assumed that not all 

the lowest-yielding 5x5m patches would be adjacent to each other such that in implementing a fallow or 

winter bird seed plot, some higher-yielding land would unavoidably be taken out of production. We assumed 

that 2/3rds of the area for the plot would be the lowest-yielding patches, and 1/3 would yield the average 

field-wide yield: we again plotted this relationship in Figure 5.2 (green line). Then, to estimate the production 

lost by participants, we calculated the area of plots they implemented as a percentage of the area of the least 

profitable crop(s) in which we assumed they were established. We used the green-line relationship in Figure 

5.2 to establish the production lost on the crop area taken out by the plots, as a percentage of the total field's 

production. We multiplied this by farmer's reported yield, and the area of plots, to find the lost production 

from the area enrolled in our schemes. We assumed that all yield was lost where plots were established, with 

no yield lost in surrounding areas. We estimated the value of this lost production using farmers' reported 

selling prices and variable costs, assuming these did not vary across the field. Last, we allowed allocation to 

move to the next least profitable crop if less gross margin was lost by adding to the worst parts of those 

fields, rather than continuing to use more land in the fields growing the least profitable crop. We estimated 

lost gross margin in this way for fallow plots and for winter bird seed plots where we also added the cost of 

seed, which Nix (2018) reported at £48/ha/yr.  
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Figure 5.2. The cumulative production lost by taking incrementally larger proportions of a field out of production when 

assuming (a) that yields vary according to Muhammed et al. (2016) and blocks of only the lowest-yielding patches can 

be taken out of production (blue line) and (b) that only two-thirds of blocks can be established in the lowest-yielding 

patches, and one-third established in areas supporting the field-average yield (green line). We assumed interventions 

could only take-up one quarter of field area, so the dotted box shows the part of the graph relevant to our calculations. 

The relationship shown by the dashed black line would be seen if yields did not vary within fields.  

 

 

iv. Field-edge sharing: Hedgerow creation 

In the choice experiment farmers were told that hedgerows could only be created in arable areas (since this 

affected the carbon sequestered; IPCC 2019). In creating hedgerows, we assumed all production was lost in 

the area occupied by the hedge and some production was lost in the area surrounding the hedge due to 

shading (Raatz et al. 2019); we deal with each loss in turn below.   

 

We estimated the production lost to the hedge based on it being 6m wide. To allow for crop rotation, and 

given the hedge cannot be moved each year, we assumed this area would come from all crop types, weighted 

by their relative areas. To minimise lost gross margin, we assumed farmers would create hedges in the 

lowest-yielding fields. We established how yields vary between fields using data from Muhammed et al. 

(2016) who reported wheat yields for a number of fields across one farm. We plotted the production across 

the whole farm against farm area, assuming that fields did vary in their production potential according to 

Muhammed et al. (2016; Figure 5.3). In applying Figure 5.3 to our data, first we assumed all crops/livestock 

were rotated around all the fields on the farm, where the relative areas of each crop/livestock remained the 

same as in the year we collected data. Second, we calculated the area of fields that would be bordered by 
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hedgerows, assuming fields were 9ha in area (Marshall et al. 2006) and square. Third, we calculated this area 

of fields as a percentage of the total farm area and used Figure 5.3 to estimate the percentage of the 

production that would be lost assuming the hedgerows were allocated to the lowest-yielding fields. In 

addition, we assumed the edges of fields, where hedges were located, would yield less than field centres. As 

for fallow and winter bird seed plots, we used the dimensions of the hedge and Figure 5.2 (green line) to 

estimate the difference in yield between where the hedge would be implemented and the field-average yield. 

We thus assumed that the production lost was from the area occupied by the hedge from all crops, weighted 

by their relative areas, and adjusted for both between-field and within-field yield variation. We used farmers' 

reported crop-specific selling prices and variable costs to estimate the gross margin associated with this lost 

production, assuming crop-specific selling prices and variable costs did not vary within or between fields.  

 

 
Figure 5.3. Cumulative production, as a percentage of total production, across the whole farm plotted for incrementally 

larger proportions of the total farmed area assuming that yields vary between fields (blue line). In plotting this, we 

averaged across the rotation assuming all crops/livestock were rotated around all fields (derived from Muhammed et 

al. (2016)). Only between-field, and not within-field, variation is included here. The relationship shown by the dashed 

would be seen if yields did not vary across the farm. 

 

Hedgerows not only cause production to be lost from the area they cover: yields also decline in surrounding 

areas due to shading. We calculated the production lost from hedgerow shading based on Raatz et al. (2019) 

who found yields adjacent to hedgerows were 14.5% lower, on average, than the in-field yield up to 17.85m 

from the field edge. However, that the field-edge yielded less than the middle was not wholly attributable to 

the hedgerow: due to edge effects, in a field without a bordering hedgerow, 7.8% of yield was estimated to 

be lost up to 6.93m into the field. So we assumed the production lost to shading from the hedgerow was the 

difference between these two estimates. However, this was based on full-size hedgerows. Therefore, we 

assumed that the full shading effect would not be realised until year 7 (based on a growth rate of 0.6m/y and 

that the full effect occurs when the hedges are 4m high (Raatz et al. 2019)) with yield lost to shading 
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increasing linearly in years 1-6. Furthermore, we assumed half of hedges would border one field, and half of 

the hedges created would border two fields and thereby shade twice as much crop. Given these estimates 

of yield loss to shading and the area of each crop affected by shading for each year of the 20-year scheme, 

we used farmers' reported selling prices and variable costs to estimate the value of this lost production. 

Finally, we estimated lost gross margin by adding the value of production lost to shading to that lost to 

creation, and added in average annual maintenance costs of £40/ha/y (Nix 2018).  

 

v. Sparing 

Sparing results in total loss of gross margin on the land taken out of production. Given rotation, we assumed 

land for sparing would come from all crops/livestock, weighted by their relative areas. We also assumed that 

fields vary in their profitability, and that the least productive fields would be spared first; within-field 

variation was not relevant here since the whole field is taken out of production. We used the extent of yield 

variation across fields again based on Figure 5.3 (blue line; derived from Muhammed et al. (2016)). Using this 

relationship, we adjusted the production of the relevant crop/livestock types lost according to the proportion 

of the farm that was spared. We used this to estimate the crop/livestock-specific tonnes of product lost and 

calculated the output forgone given participants’ reported selling prices. We assumed variable costs did not 

differ across fields, and therefore used the reported mean variable costs for the relevant crop/livestock types. 

We also added the annual maintenance costs associated with materials for the spared habitats in our 

estimates of lost gross margin. These were estimated, in 2018 GBP, at £0/ha/y for scrub (given restoration 

typically involves natural regeneration; RSPB 2020) , £50/ha/y for woodland (based on Nix 2018) and 

£50/ha/y for wet grassland (based on Ausden and Hirons 2002).  

 

Estimation of the residual requirement 

The above estimations of lost gross margin allowed us to calculate the difference between WTA and lost 

gross margin, which we termed farmers’ residual requirement. To explore the relative spend on this residual 

requirement between sharing and sparing schemes, we simulated fixed-price schemes that delivered varying 

amounts of our target outcomes (estimated using the per-area benefit estimates reported in Appendix A). In 

these schemes, participants with the lowest WTA were enrolled first; larger targets were met either by 

existing participants enrolling more land or with more scheme participants. Knowing the overall enrolment 

needed to meet our target, we then quantified how much of the compensation required by the participants 

(i.e., their combined WTA) covered lost gross margins vs residual requirements.  

 

Estimation of the additional costs of fixed pricing  

To explore the relative merits of fixed vs variable pricing we first estimated the total costs of our sharing and 

sparing schemes when participants were all paid the same rate. On top of WTA payments, we included 

capital, compliance monitoring, and administration costs in these estimates (for which the methods can be 
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found in Chapter 4). Next, we estimated the costs of the same schemes run instead with variable pricing, 

assuming each enrolled participant was paid at their WTA. The difference in cost between schemes that 

delivered the same outcomes with fixed vs variable pricing is what we term the additional cost of fixed 

pricing. 

 

 

Results 
 

1. Characterising WTA as lost gross margin and residual requirement 

In Figure 5.4, we ranked our 118 participants in order of their WTA payment (grey line) to implement sharing 

(top two rows, except woodland creation for bullfinches) and sparing (bottom row) for 20 years and over the 

maximum areas studied in the choice experiment (50ha for in-field sharing and sparing; 8ha for hedgerow 

creation and 20ha for other field-edge sharing options). We plotted individuals participants' WTA against the 

cumulative outcome delivered by the area enrolled by each participant.  

 

We found WTA varied dramatically (Figure 5.4). Breaking down participants’ WTA values into lost gross 

margin (blue) and residual requirement (green) showed that for all but the most-willing farmers (with the 

lowest WTA), farmers' residual requirement exceeded their lost gross margin. Therefore, when ranking 

participants in order of their WTA, the distribution of WTA was shaped more by differences in residual 

requirement than lost gross margin. In Figure 5.4 it is also evident that sparing could typically deliver our 

baseline targets (black lines) with far fewer participants compared to sharing; hence the black lines in Figure 

5.4 are substantially further to the left of the x-axis in the bottom, vs other, rows.  



 

 

 
Figure 5.4. Surveyed participants' willingness-to-accept (WTA; grey line) compensation, split into that to cover lost gross margin (blue bar) and the residual requirement above lost 

gross margin (green bar) to participate in 20-year schemes that deliver increased populations of (i) yellowhammers, (ii) bullfinches, (iii) lapwings and (iv) reduced net carbon 

emissions. Note x- and y-axis scales differ between plots. Vertical lines show baseline target outcomes: 300 yellowhammers, 300 bullfinches, 300 lapwings, and 1557 tC/yr.
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2. Costs of farmers’ residual requirements 

We simulated schemes that offered a fixed payment rate and, based on the area enrolled by each of 

our 118 participants at that payment rate (Chapter 4), estimated the amount of our environmental 

outcomes delivered. As we increased the offered payment rate, more participants enrolled more land, 

and so the outcome delivered also increased. We ran simulations of fixed price schemes offering 

successively higher payment rates until all farmers were enrolled; for some interventions, this 

delivered outcomes far in excess of our baseline targets. Then, across our simulations, we estimated 

the absolute spend to meet the residual requirement of all participants and plotted this for 

incremental increases in the outcomes delivered (Figure 5.5a-d; for comparability, we calculated the 

delivered outcomes as a proportion of our baseline target outcomes of 300 bullfinches, 300 lapwings, 

300 yellowhammers and 1557tC/yr). Since sparing schemes generally delivered greater benefit per 

unit area, the total outcome that could be delivered by enrolling all our farmers in sparing schemes 

was greater; hence in each case the sparing lines extend further along the x-axis.  

 

For all environmental outcomes, we found achieving higher targets required more to be spent 

compensating farmers' residual requirements (the lines in Figure 5.5a-d generally curve upwards). In 

delivering the same outcome, we found more was always spent compensating residual requirements 

under sharing, compared to sparing, across all of the outcomes considered (within a plot in Figure 

5.5a-d the lines describing sharing interventions lie above those for sparing interventions).  

 

Next, for the same set of simulations, we plotted spend on residual requirement against the enrolled 

participants' lost gross margins (Figure 5.5e). We generally found that for the same spend on lost gross 

margin, more was spent on meeting farmers’ residual requirements under sharing, compared to 

sparing, interventions (sharing curves again lie above sparing curves). This did not always hold at low 

lost gross margin values for stubble/spring cropping and hedgerow creation, where less was 

sometimes spent on residual requirements compared to woodland and scrub schemes. Again, the 

sparing lines extend much further along the x-axis, this time because more gross margin is lost when 

implementing a sparing action, since production is entirely halted (rather than continuing in a wildlife-

friendly way).  
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Figure 5.5. Annual spend on the residual requirements (WTA net of lost gross margin) of farmers participating 

in in-field sharing (orange), field-edge sharing (pink) and sparing (blue) schemes that deliver incrementally more 

ambitious outcomes plotted as a proportion of our baseline target outcomes of (a) 300 yellowhammers, (b) 300 

bullfinches, (c) 300 lapwings and (d) 1557 tC/yr. Plot (e) shows the spend on residual requirement plotted 

against the gross margin lost by enrolling increasingly less-willing farmers to in-field sharing (orange/yellow), 

field-edge sharing (pink/purple) and sparing (blue) schemes. 

 

 

3. Costs of fixed vs variable pricing  

In the final analysis we estimated the total costs to the taxpayer (including capital costs, administration 

costs, compliance monitoring costs and payments to farmers) for delivering a range of our target 

outcomes via schemes run with fixed- and variable-price structures. As we would expect, scheme costs 

were always greater with fixed pricing, where all participants are paid at the rate required by the least-

willing participant required in the scheme to deliver the conservation target (Figure 5.6, upper bounds 

for each intervention type) compared with variable pricing, where participants are paid at their WTA 

(Figure 5.6, lower bounds). The additional costs of fixed pricing (the shaded areas between bounds) 

were often substantial and increased at higher targets (shown by the widening of the shaded area 

moving left to right). However, even if sharing schemes for lapwings (Figure 5.6c) and carbon (Figure 

5.6d) were run with variable pricing, they would not be cheaper than sparing schemes run with fixed 

pricing. Similarly, yellowhammers were always delivered at least cost by in-field sharing, regardless of 

the pricing structure. The only case where the pricing structure changed whether sharing or sparing 

was cheaper was for bullfinches: we found a sparing scheme ran with variable pricing delivered 

bullfinches at less cost than fixed-price but not variable-price sharing.  
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Figure 5.6. The difference in costs of fixed-price (upper bound) and variable-price (lower bound) schemes that 

deliver varying proportions of (a) 300 yellowhammers, (b) 300 bullfinches, (c) 300 lapwings, and (d) 1557tC/yr 

with in-field sharing (orange), field-edge sharing (pink) and sparing (blue) interventions. Shading shows the 

difference in cost between a fixed-price and variable-price scheme (the additional cost of fixed pricing). Lines do 

not extend across the x-axis if required payments exceeded £2000/ha/yr (which is well above spend on 

comparable options in current AES).  

 

 

Discussion 
Here we have shown for the first time that farmers vary substantially in their WTA payment to 

implement sharing and sparing interventions for reasons other than simply the costs of lost 

production. For schemes that delivered the same environmental outcome, we found that more 

compensation was always required to meet farmers' residual requirement (the difference between 

WTA and lost gross margin) under sharing, compared to sparing. Furthermore, when we explored 

farmers' residual requirements and lost gross margins together, we found that the residual 

requirement was generally greater under sharing compared to when the same gross margin was lost 

to sparing (Figure 5.5e). Given the great variation in farmer WTA, we found that fixed pricing does, as 
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anticipated, add substantially to scheme costs. However, the overarching decision of whether to 

pursue a sharing or sparing approach had more marked consequences for overall AES costs than the 

pricing structure. Even with variable pricing, sharing could not deliver lapwings or carbon at less cost 

than a fixed-price sparing scheme, whilst sharing was always cheaper for yellowhammers (the species 

studied that is most abundant on farmland), regardless of pricing structure. Indeed, the only outcome 

for which the price structure changed conclusions was bullfinches, where a variable-price sparing 

scheme was cheaper than a fixed-price, but not variable-price, sharing scheme.  

 

Inevitably, our study is limited. Three key limitations stand out. First, our estimates of lost gross margin 

were based on information from a single year, but we compared them to the annual payments 

required by participants to take part in 20-year schemes. This was unavoidable since we considered it 

unreasonable to ask farmers to enter this large amount of information for more than one year. Inter-

annual profit variation may explain why some farmers appeared willing to participate at payment rates 

below what we estimated to be their lost gross margin. Farmers are generally risk-averse (Iyer et al. 

2020), so in deciding whether to participate they may assume their future gross margins to be those 

of poorer years (whereas in 2018 harvest, whilst yields were down, high prices saw above-average 

gross margins for major arable crops; Lang 2020). Second, our estimates of the benefit delivered by 

interventions involve unquantified uncertainty; we could not estimate this since standard errors were 

missing from many of the studies on which our estimates were based (Appendix A). Third, there is 

uncertainty in our estimates of the payments that farmers were willing to accept (Chapter 4). Choice 

experiments offer an approximation of the payments farmers would be observed to accept in real-life 

situations (Christie & Azevedo 2009). Nonetheless, the participation we predicted at the payment 

rates of current schemes did match observed participation rates quite well (Figure E1).  

 

Our findings are important to governments seeking to justify the spending of taxpayer money. 

Taxpayers may find sparing more palatable than sharing since a greater proportion of the 

compensation required by farmers is for lost gross margin; and we found this difference only increased 

for more ambitious action. Furthermore, under sparing, since more of farmer WTA is lost gross margin, 

action to limit spend would have the additional benefit of limiting forgone production (which is 

predicted by lost gross margin but not by residual requirement) and hence the need to increase food 

imports. In time, our novel dissection of WTA could facilitate understanding of the drivers that change 

WTA over time. Whilst lost gross margin would be expected to fluctuate with selling prices, input costs 

and yield, residual requirement may vary for other reasons, such as changing attitudes to government 
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and to the roles of land ownership. Neither lost gross margin nor residual requirement are necessarily 

more predictable, but both are important to WTA. s 

 

Perhaps our most important finding is that when we controlled for the costs of implementing sharing 

and sparing, farmers generally required less compensation to spare than to share. For equal spend on 

lost gross margin, our schemes always spent more compensating the residual requirement for 

fertiliser, winter bird cover and fallow schemes, compared to any sparing scheme. This also held for 

stubble/spring cropping and hedgerow creation for all but the least ambitious schemes (which saw 

relatively little lost gross margin). This first dissection of farmer preferences thus suggests that, when 

controlling for forgone returns, farmers can largely be considered to prefer sparing to sharing. This 

contradicts the untested assumption, prevalent among some critics of sparing, that sparing is unviable 

because farmers are unwilling to do it (Fischer et al. 2008). It would be inappropriate to justify a 

continued sharing approach to agricultural policy based on unsupported – indeed apparently incorrect 

– notions of farmer preferences.  

 

Given the variation in farmer WTA, it is unsurprising that variable pricing offered cost savings. For 

some time research has discussed variable pricing as a more efficient pricing structure (Armsworth et 

al. 2012). Variable pricing could also be considered fairer on the basis that farmers deserve full 

compensation for the costs of forgone production (Ferraro 2008), which differ widely across farms. 

However, this argument is weakened by our finding that much of the difference in farmer WTA does 

not appear to be driven by lost gross margin. Variable-price schemes would likely be implemented 

with auctions, where farmers bid the price they are WTA to participate in the scheme. In such 

circumstances, their residual requirement may be fickle and increase, for example, on learning that 

another farmer has been paid more for the same action. This may lead farmers to increase their bids 

over successive rounds towards the maximum price they know is likely to be accepted, as has been 

observed in practice (Khanna & Ando 2009).  

 

There is much interest in the pros and cons of variable and fixed pricing. However, governments 

should perhaps be even more interested in the merits of sharing vs sparing approaches, given that we 

found this choice had more marked consequences for AES costs than the pricing structure of either 

scheme. The most efficient policy designs may be those that consider costs and benefits together, 

e.g., through outcome-based payments (Hanley et al. 2012). Such an approach would likely favour the 

creation of larger areas of habitat, since these would deliver disproportionately greater conservation 

benefit per unit area (Lamb et al. 2016b). Given participants required, on average, greater 
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compensation to spare larger areas (Chapter 4), governments could consider paying premiums for 

existing participants to enrol additional land, rather than recruiting new participants. This style of 

variable pricing may be justifiable, though it may disproportionately favour large landowners. 

 

In conclusion, for the first time we have examined the contribution of lost gross margin to the 

payments farmers require to implement agri-environment options. Contrary to apparent government 

intentions, we have shown that large amounts of the compensation required by farmers is to 

compensate above lost gross margin; and this is more pronounced for more ambitious targets, and in 

land-sharing (compared with land-sparing) schemes. In addition, farmers tend to require more 

compensation to cover their residual requirement for sharing schemes compared to sparing 

interventions that result in the same lost gross margin. Altogether, we suggest this is evidence that 

both taxpayers and farmers may prefer policymakers to take a sparing approach to delivering 

conservation in the UK.  

 
Finally, this thesis will explore the implications of changing yet another aspect of scheme design in 

comparing the relative cost-effectiveness of delivering sparing with a land-purchase policy approach, 

rather than paying farmers through agri-environment schemes.      
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Chapter 6: Comparing the cost-effectiveness of delivering 

environmental benefits through subsidies to farmers vs land 

purchase 

 

Abstract 

Action to address biodiversity declines and climate change must be taken on farmland, which covers 

half of all habitable land on Earth. In Europe, governments have predominantly invested in fixed-price, 

voluntary agri-environment schemes (AES) which pay farmers to change their management to the 

benefit of the environment. We conducted the first UK-based comparison of the cost-effectiveness of 

this approach, in terms of the environmental benefit delivered for a fixed spend, with an alternative 

land-purchase strategy in which we assumed organisations were contracted to manage land for nature 

that had been purchased by government. To estimate the relative costs of these approaches, we took 

the novel approach of using the results of a discrete choice experiment conducted among 118 farmers 

in the UK arable sector to establish the payments they required to create and manage habitat. To 

establish the costs of land purchase and its subsequent management we used estimates based on the 

literature. Given an equal annual spend on both strategies, we estimated the benefit delivered in 

terms of a suite of environmental outcomes (bullfinches, lapwings, yellowhammers and carbon 

sequestration) and explored how relative cost-effectiveness varied in relation to the total available 

budget, discount rates and timescales. We found that at budgets in line with current spend, AES that 

paid farmers to manage land were more cost effective in delivering biodiversity outcomes, provided 

the evaluated timescale was <50 years. Low discount rates and larger budgets, however, favoured 

land purchase; and because we assumed climate mitigation would receive more funding than any 

single biodiversity outcome, a land-purchase strategy was most cost effective in delivering carbon at 

all timescales and discount rates considered. Sensitivity testing revealed that the effectiveness of the 

land-purchase strategy was affected by fluctuations in future land prices which, given their inherent 

uncertainty, presents a challenge to long-term policymaking, which must also consider the impacts on 

farming communities of large-scale changes in land ownership.  

 

Introduction 

Addressing the twin biodiversity and climate crises will require extensive and costly government 

intervention. Given that agriculture covers half of Earth's habitable land (Ritchie 2019), action to 

increase the biodiversity and carbon sequestered on currently farmed land is essential. Indeed, 
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governments, particularly in Europe, have invested substantially since the 1980s in a subset of agri-

environment schemes (AES) that pay farmers to alter their management practices for the benefit of 

the environment (Batáry et al. 2015). However, attracting farmers into such schemes requires 

compensation for, amongst other things, the forgone profit of lost production. As such, it might 

instead be more cost effective to buy currently farmed land outright and contract organisations to 

manage it for environmental outcomes. AES have been favoured by European governments over 

larger-scale habitat creation approaches: between 2007-2013, the Natura 2000 scheme, which 

creates protected areas, received just 1% of what was invested by the UK, and 10% of what was 

invested across Europe, in smaller-scale AES approaches (Kettunen et al. 2011). Clearly, a land-

purchase strategy involves high up-front costs. These costs may, however, be overcome by relatively 

cheaper long-term maintenance costs which may arise both because there is no need to pay for 

forgone production and because organisations contracted to manage the land may achieve economies 

of scale that farmers cannot. 

 

One way of assessing the cost-effectiveness of these two approaches is to compare the long-run 

environmental outcomes they achieve when they both receive the same level of annual investment. 

Because the schedule of environmental benefits delivered by these approaches differs through time, 

we must consider how to value future benefit. In economics, discount rates are commonly applied to 

reflect our preference for more immediate gains (Gowdy et al. 2010). The same approach can be 

deployed when assessing long-run environmental outcomes: the concept of the social cost of carbon, 

for example, is based on the damage over time of carbon emissions, expressed (using discounting) in 

present-day terms (Stern 2008). Of the very few studies to have explored the relative merits of 

ongoing farm subsidies vs land purchase, there is some evidence that the discount rate affects the 

relative cost-effectiveness of the two strategies we explore here: Curran et al. (2016) found low 

discount rates favoured a land-purchase strategy given its initial high costs. Since the discount rate 

may therefore be central to conclusions, it is important to assign a discount rate that is appropriate 

and relevant to the UK government, though there is much discussion over what this should be 

(Armsworth 2018).  

 

Conclusions may also change based on available budget and timescale. Larger budgets allow purchase 

of more expensive patches or, in the alternative AES approach, recruitment of less-willing farmers. 

Therefore, larger budgets may favour land purchase, where each patch is bought at its true price, 

compared to fixed-price AES where all participating farmers are paid at the rate required  
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by the least-willing farmer (Schöttker et al. 2016). A land-purchase strategy may also be favoured 

when outcomes are compared over longer timescales, since this allows for more years of relatively 

cheaper maintenance costs to outweigh the initial high cost of land purchase (Curran et al. 2016; 

Schöttker & Wätzold 2018).  

 

In what we believe to be the first UK-based comparison of its kind, we explored the relative cost-

effectiveness of a one-off land-purchase strategy and an agri-environment style annual farm-subsidy 

strategy in delivering biodiversity and carbon sequestration outcomes through habitat creation and 

maintenance. We estimated the costs of the land-purchase strategy based on the literature and the 

subsidies required by farmers from a discrete choice experiment (Chapter 4). Combining this with 

literature-based estimates of the biodiversity and carbon sequestration delivered by our habitat types, 

we explored how the relative performance of our contrasting approaches varied with total available 

budget, discount rate, and the timescale over which outcomes were evaluated. Importantly, in using 

the results of a choice experiment to establish the subsidy payments they require, our study provides 

the most accurate assessment to date of the outcomes delivered by a range of budgets. This is an 

important advance on previous studies which have assumed either the subsidy payment rates of 

current AES (thus limiting potential to make inferences at different budgets) or estimates of the value 

of lost production (which represent only a portion of the compensation required by farmers; Chapter 

5). 

 

 

Methods 

Scenario set-up 

To begin, we established our environmental outcomes of interest. We selected three bird species for 

study which differed in their habitat requirements and response to farming (Newson et al. 2005; Finch 

et al. 2019):, Yellowhammer (Emberiza citrinella), Eurasian Bullfinch (Pyrrhula pyrrhula) and Northern 

Lapwing (Vanellus vanellus). Given plans for interventions on farmland to deliver climate mitigation in 

the UK (Committee on Climate Change 2020), we also studied carbon sequestration. We used existing 

studies to identify the (semi-)natural habitats that deliver each of these four outcomes in greater 

quantity than conventionally managed farmland: scrub for bullfinches and yellowhammers, wet 

grassland for lapwings and woodland for carbon sequestration (Appendix A). From all relevant studies, 

we found the difference in the delivery of our four outcomes (in terms of birds, or tonnes carbon, per 

unit area) on the relevant (semi-)natural habitat vs on farmland. We then calculated the benefit 
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delivered in converting a unit of farmland to (semi-)natural habitat by taking the mean of these 

difference-in-density estimates (Appendix A).  

 

A government could seek to deliver these environmental outcomes either with AES that pay farmers 

to create and maintain habitat (the "farm-subsidy strategy"), or by purchasing land on which 

organisations are contracted to create and maintain habitat (the "land-purchase strategy"). We 

explored the cost-effectiveness of these two strategies, in terms of our four key environmental 

outcomes, when the same budget was spent on both strategies each year. The outcomes delivered by 

each strategy depended on how much habitat our budget could afford to create, and then maintain, 

each year. As described in detail below, for the farm-subsidy strategy, we estimated habitat 

maintenance costs from a choice experiment (Chapter 4) and habitat creation costs from the 

literature. For the land-purchase strategy, we estimated the costs of purchasing land according to 

market prices, and based creation and maintenance costs on the literature. For the same budget spent 

on both strategies every year, we found the benefit delivered by summing the birds/carbon delivered 

across all years of the fixed-length scheme (with future benefit discounted according to our choice of 

discount rate). In our analysis, we expected the relative cost-effectiveness of the two strategies to 

differ, given the presumed higher initial costs of land purchase potentially offset by lower on-going 

maintenance costs. Since we also expected that the area under conservation management, and 

therefore benefits, would accumulate at different rates under the two strategies, we also expected 

the assumed discount rate and timescale to alter conclusions. Our analysis considered each habitat 

type separately; complexities not considered here would arise if all outcomes were pursued 

simultaneously. We did not include the administration costs which we would expect to differ across 

strategies but to be a small proportion of the overall costs of either strategy. I 

 

Costs: Farm-subsidy strategy 

First, we considered the costs of habitat maintenance under the farm-subsidy strategy. This strategy 

required farmers to voluntarily choose to participate in an agri-environment style scheme that paid a 

fixed price to all participants, as in most existing AES across Europe (Armsworth et al. 2012). Farmers 

vary in their willingness-to-accept a payment to enter such a scheme (Ruto & Garrod 2009). Therefore, 

we used the findings of a choice experiment (detailed in Chapter 3) to establish the relationship 

between the maintenance payment offered and the area likely to then be enrolled in the scheme 

across a given population. For arable farmers managing 1.7% of the total area of lowland arable 

farmland in England, this experiment estimated their willingness-to-accept payment to create scrub, 

wet grassland and woodland habitats over varying areas and scheme durations (Appendix F; Chapter 



 

 89 

4). Using the preferences of the participant farmers revealed by this experiment, we simulated the 

area enrolled across all studied farmers for a given maintenance payment rate for a range of scheme 

durations; the area-payment distribution (Figure 6.1 shows the area enrolled for 20-year schemes). 

The area enrolled increased with the maintenance payment rate both because new farmers entered 

the scheme and because existing participants enrolled more land (Appendix F). For a given scheme 

duration and available budget, we set the rate paid to farmers by identifying from the area-payment 

distribution the maximum area that could be afforded given its cost. For example (black crosses on 

Figure 6.1), a £100,000 annual budget enrolled 204 ha of woodland in a 20-year scheme at a payment 

rate of £490/ha/y, whilst doubling the budget to £200,000 enrolled 303ha for a payment rate of 

£660/ha/y. Since farmers typically required more compensation to enrol in longer schemes (Appendix 

F; Chapter 4), and we were interested in exploring conclusions across a range of timescales, we 

repeated these estimations given the payments required by farmers across all studied timescales 

(established below). 

 
Figure 6.1. Across all studied 118 farmers, the cumulative area enrolled in scrub, wet grass and woodland 

creation schemes lasting 20 years for a range of maintenance payment rates. Curves were derived from the 

results of a choice experiment (Appendix F; Chapter 4) which estimated the payments required by farmers to 

enrol varying areas in schemes of varying duration. Black crosses are for illustration only (see text). 

 

In addition to these habitat maintenance costs, the farm-subsidy strategy also involved habitat 

creation costs. These creation costs were not reflected in the maintenance payment since participants 

of the choice experiment were told that one-off capital costs of habitat creation would be covered 

separately, and in full (Appendix F; Chapter 4). Instead we used the literature to estimate the habitat 

creation costs associated with planning, infrastructure and labour (Table 6.1).  
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Costs: Land-purchase strategy 

Turning to the land-purchase strategy, we estimated the costs of purchasing land by assuming that 

our scenarios would purchase the cheapest land first. We also assumed that the benefit delivered per 

area of habitat was uniform across land regardless of its sale price, and that all land was suitable for 

creating each of the habitat types studied. We established a distribution of land prices in 2019 GBP 

according to data from Strutt & Parker (2021; Figure 6.2). To make our two strategies comparable, we 

assumed the land-purchase strategy to also apply to 1.7% of arable land in England – the area studied 

in the choice experiment. Therefore, we assumed the area available for purchase each year was 1.7% 

of the mean arable area marketed annually in England across the last 10 years (Savills UK 2020). Given 

the trend in land prices through time (Savills UK 2020), we assumed future land prices would increase 

only with inflation, but explored the sensitivity of our conclusions to steeper increases.   

Figure 6.2. The assumed distribution of land prices in the study region based on Strutt & Parker (2021).  

 

Next we estimated the costs of paying contracted organisations to create and maintain habitat on the 

purchased land. We assumed that the costs of paying contracted organisations to create habitat were 

the same as for farmers, though we tested the sensitivity of our conclusions to this assumption. 

However, the costs of maintaining habitat were assumed to differ, both because the payments 

required by farmers, and not contracted organisations, included compensation for forgone 

production, and because contracted organisations may have access to economies of scale that reduce 

maintenance costs. We therefore used estimates of annual maintenance costs reported by 
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organisations specialised in habitat management, where these included the costs of infrastructure 

(including materials) and labour (Table 6.1). 
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Table 6.1. The costs under the farm-subsidy and land-purchase strategies of purchasing land, and then creating and maintaining scrub, wet grassland and woodland 

habitats. All estimates are in 2019 GBP; we used an inflation calculator (Bank of England 2021) to adjust estimates made in different years. 

Habitat 
type 

Farm-subsidy strategy Land-purchase strategy 
Creation costs Maintenance 

costs 
Land 
purchase 
costs 

Creation 
costs 

Maintenance costs 

Scrub Planning: Scrub is typically created by allowing natural regeneration (RSPB 2020). The costs 
associated with planning scrub creation were not well documented in the literature, so we 
employed generic values taken from Ausden and Hirons (2002) who estimated the planning 
costs for three wet grassland sites as £278/ha.  
Infrastructure/labour: We assumed there to be no infrastructure or labour costs because 
scrub was assumed to regenerate naturally.  
Combining these estimates, the creation costs for scrub creation were estimated as 
£278/ha. 

Based on 
choice 
experiment; 
vary 
depending 
on area 
enrolled (Fig. 
5.1). 

Based on 
distribution 
of land 
prices; vary 
depending 
on area 
bought 
(Fig. 5.2). 

As for 
farm-
subsidy 

We did not find estimates of the costs 
of maintaining scrub in the UK. 
However, a study from Denmark 
examined the annual maintenance costs 
of heathland from which we took the 
mean cost of £69/ha/y. 

Wet 
grassland 

Planning/infrastructure/labour: The creation costs of planning, infrastructure were 
estimated at £1454/ha based on Ausden & Hirons (2002) who explored the costs 
associated with creating three wet grassland sites.  
 

As for creation, the annual maintenance 
costs for wet grassland were taken from 
Ausden & Hirons (2002). Combining the 
management, staff and ‘other’ costs 
associated with habitat maintenance 
gave an estimate of £419/ha/y.   

Woodland We assumed woodland creation required planting since natural regeneration is slow and 
can only be achieved with exclusion of grazers.  
Planning: Planning costs were not well documented so we again used the estimate of 
£278/ha from Ausden & Hirons (2002).  
Infrastructure: We estimated infrastructure costs according to the Countryside Stewardship 
Woodland Creation Grants Scheme (Natural England 2018). The costs of trees, planting, 
weeding and guards, plus replacements following mortality, gave an estimated 
infrastructure cost of £1732/ha.  
Labour: CJC Consulting (2014) estimated the labour costs of woodland in Wales at £457/ha 
and at £1652/ha for a broadleaved woodland managed for game/biodiversity in south-west 
England. We took the mid-point of these estimates.  
Combining these costs, the creation costs of woodland creation were estimated at 
£2976/ha. 

Nix (2018) estimated the costs of 
maintaining woodland at £60-90/ha/y 
but it was unclear whether this included 
labour costs. Therefore, to ensure 
labour costs were included, we 
estimated maintenance costs at the 
£200/ha/y rate paid under the 
Countryside Stewardship Woodland 
Creation Grant Scheme for woodland 
maintenance (Natural England 2018).  
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Estimating the benefit delivered by a given budget 

Given these costs, our two strategies were conceptualised as follows:  

• Under the annual farm-subsidy strategy, in the first year, all budget was spent paying farmers 

to create habitat; in subsequent years budget was first allocated to paying farmers to maintain 

existing habitat before any surplus was allocated to generate further habitat creation.  

• In the land purchase strategy, to avoid introducing long-term repayments and the associated 

complexities into only one strategy, we assumed land was purchased outright (following 

Schöttker et al. 2016). So, in the first year, we assumed all budget was spent purchasing land 

and then paying for habitat creation; in the following years, budget was first spent maintaining 

habitat that had been bought and created in previous years, before any surplus budget was 

allocated to further land purchase and creation of habitat.  

Based on all budget being spent in all years, we estimated the area under each strategy each year. We 

assumed costs would increase with inflation, as would the budget, so our relative purchasing power 

remained constant through time. 

 

For each of our four outcomes, we defined the benefit as the sum of the additional birds/tonnes 

carbon delivered on maintained habitat across each and all years of the scheme; this assumed the 

change in birds/tonnes carbon was realised in full in the first year following habitat creation. We 

compared the long-run benefits achieved by each approach, capturing the present value of future 

benefits using a discount rate. We explored how these benefits varied with differences in discount 

rate, budget and timescale relative to a baseline scenario with fixed discount rate and budget, as 

follows: 

1. Environmental discount rates were varied between 0 and 5% following Curran et al. (2016), 

and to incorporate the 3.5% economic discount rate advocated by HM Treasury (2018). In line 

with this, we fixed the discount rate at 3.5% in the baseline scenario.  

2. Given uncertainty in what the government would be willing to spend on delivering these 

outcomes, we explored difference arising when between £0-£10m/y (an upper bound of what 

might be spent, particularly on carbon sequestration; Committee on Climate Change (2018)) 

was spent amongst our population of farmers, who farmed 1.7% of lowland arable England. 

For illustration, we considered a baseline scenario where we set these budgets in line with 

spend in current AES. We wanted to consider ambitious conservation action, so we based our 

baseline budget on current spend on interventions that deliver yellowhammers since our 

other outcomes receive less funding (RPA, pers. comm.). Therefore, in the baseline case, we 

set the budget for each biodiversity outcome as 1.7% (i.e. the percentage of arable farmland 
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studied here) of the current spend on interventions in the Countryside Stewardship Scheme 

that deliver yellowhammers (RPA, pers. comm.); this gave a budget of £0.3m/y. We assumed 

the combined budget for our biodiversity outcomes would be spent on carbon sequestration, 

i.e. £0.9m/y.  

3. We varied the timescales over which outcomes were evaluated between 10 and 100 years; 

this upper limit corresponds to that applied in other environmental planning exercises (Defra 

& Environment Agency 2006; Rayment et al. 2011). 

In addition, to recognise the uncertainties in other parameters involved in our analysis, we 

explored the effect on relative cost-effectiveness of changing our assumptions in four key ways. 

Relative to the baseline scenario, we explored the effects of when: (1) the maintenance costs and 

(2) the creation costs on purchased land were halved, in order to reflect the economies of scale 

that may be achieved by contracted organisations; (3) 10% more benefit was delivered per unit 

area on purchased land, given the potential for more experienced contractors to deliver greater 

outcomes than farmers, and; (4) land prices increased at 1%/y above inflation. We evaluated the 

impacts of each of these changes across a range of timescales and discount rates.   

 

Results 

 

First, we found that the relative cost-effectiveness of our two strategies differed markedly depending 

on the budget and timescale considered. For a 3.5% discount rate, the farm-subsidy strategy was more 

cost effective at very small budgets and short timeframes (Figure 6.3). This is because small budgets 

could only enrol the most-willing farmers who sought less compensation for habitat maintenance than 

contracted organisations, particularly for wet grassland (Figure 6.3c). Given our farm-subsidy strategy 

involved fixed-price payments, increasing budgets saw all farmers paid at the rate of the least-willing 

participant, so cost-effectiveness declined. Thus, the land-purchase strategy, where the per-ha 

maintenance payments made to contracted organisations were assumed to remain unchanged 

regardless of how much land was purchased, was more cost effective at all but the lowest budgets. 

Land purchase became favourable at longer timescales because the high up-front costs of land 

purchase delayed the rate at which benefit accumulated relative to the farm-subsidy strategy.  
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Figure 6.3. The difference in benefit delivered under the farm-subsidy strategy and the land-purchase strategy, 

for budgets up to £10m/y (2019 GBP), a range of scheme durations, and a fixed discount rate of 3.5%, in terms 

of (a) yellowhammers, (b) bullfinches, (c) lapwings and (d) carbon. Positive (blue) values indicate greater benefit 

was delivered by the farm-subsidy strategy; negative (green) values indicate greater benefit was delivered by 

the land-purchase strategy. Note: colour scales vary across plots. 

 

Turning now to explore the impacts of varying discount rates, when we fixed the budget in line with 

current spend on existing AES at £0.3m/y for each of the three biodiversity outcomes, we found it was 

more cost effective to deliver biodiversity outcomes with the farm-subsidy strategy at all but the 

longest timescales and lowest discount rates (Figure 6.4). Higher discount rates gave more weight to 

the environmental benefits accumulated early on which were lower under the land-purchase strategy 

(due to the high up-front costs of land purchase). However, in line with our findings on the effects of 

available budgets (Figure 6.3), because in this analysis we assumed a larger budget was allocated to 

carbon sequestration (£0.9m/y, to match the combined spend on biodiversity outcomes), we found 

Yellowhammers 

Lapwings 

Bullfinches 
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the land-purchase strategy to be more cost effective in delivering carbon sequestration across a wider 

range of discount rates and timescales than for our biodiversity outcomes. 

 

Figure 6.4. The difference in benefit delivered by the farm-subsidy strategy and the land-purchase strategy, for 

a range of scheme durations and discount rates, and a fixed budget (£0.3m/y for each biodiversity outcome and 

£0.9m/y for carbon in 2019 GBP), in terms of (a) yellowhammers, b) bullfinches, (c) lapwings and (d) carbon. 

Positive (blue) values therefore indicate greater benefit was delivered by the farm-subsidy strategy; negative 

(green) values indicate greater benefit was delivered by the land-purchase strategy. Note: colour scales vary 

across plots. 

 

 

Last, we explored the sensitivity of our findings to changes in other parameters relative to the baseline 

scenario (the black line in Figure 6.5). In the baseline scenario, land purchase was favoured by higher 

durations and lower discount rates (i.e. the top-left corner of Figure 6.5). We found the land-purchase 

strategy became more cost effective at shorter timescales and higher discount rates when we 

assumed purchased land would deliver greater benefit per unit area relative to farmers' land (Figure 
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6.5; black vs green line). Reducing the costs of creating habitat on purchased land by 50% (Figure 6.5; 

black vs blue line) only slightly lowered the discount rates and timescales at which the land-purchase 

strategy became more cost effective; the effect was slightly larger when maintenance costs were 

assumed 50% lower (Figure 6.5; black vs orange line), but the impact was only marked for lapwing 

conservation (Figure 6.5c). Assuming the price of land marketed for sale increased at 1% each year 

above inflation (red line) substantially reduced the relative cost-effectiveness of the land-purchase 

strategy for delivering yellowhammers, bullfinches and lapwings, though even over quite short 

timescales it remained favourable for carbon sequestration across a wide range of discount rates (Fig. 

5d).    

 

 
Figure 6.5. The duration and discount rate at which the more cost-effective strategy switched from land 

purchase (top left corner on each plot) to farm subsidy (bottom right corner) for: the baseline condition (black); 

when 10% more benefit was assumed to be delivered per unit area of habitat under the land-purchase strategy 
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compared with the farm-subsidy strategy (green); when the costs of creation (blue) and maintenance (orange) 

in the land-purchase strategy were halved, and; when the price of land for sale was assumed to increase by 1%/y 

in addition to inflation (red). (For lapwings (c), the farm-subsidy strategy was always more cost effective than 

land purchase when land prices increased at 1% above inflation, hence there is no red line). 

 

Discussion 

Using a combination of new choice experiment data, market prices for land purchase and literature-

based habitat creation and maintenance costs, we discovered that the current AES approach of paying 

farmers to create and maintain habitat was less cost effective than purchasing land at long timescales, 

low discount rates and high budgets. This, the first UK-based study, mirrored the direction in which 

these parameters have been found to favour land purchase in other studies based elsewhere (Curran 

et al. 2016; Schöttker et al. 2016; Schöttker & Wätzold 2018). Our work advances previous studies by 

basing the payments required by farmers on the results of a choice experiment. Recognising that 

farmers vary in their willingness to accept (WTA) payment to participate gives rise to a more accurate 

picture of the benefit delivered by a range of budgets compared to other studies that have assumed 

the payment required by all potential participants is that offered by current schemes or the 

participant's lost gross margin, which is known to not be the only determinant of WTA (Chapter 5).  

 

Our conclusions are limited in three key ways. Firstly, land prices and land availability vary 

unpredictably through time (Savills UK 2020; Strutt & Parker 2021) and fluctuations in either (which 

could arise if government was purchasing large areas of land) would change the relative cost-

effectiveness of the two strategies, potentially quite substantially (Figure 6.5). Second, we used the 

best available cost estimates for creating and maintaining habitat on purchased land but information 

was scarce (White et al. 2022). Moreover, contracted organisations may require compensation above 

their costs, though competitive tendering of contracts may limit the extent of this and our sensitivity 

analysis did suggest that conclusions were fairly robust to even large deviations in these payment rates 

(Figure 6.5). Third, we did not explore the administration costs associated with delivering either 

strategy, which may differ under the two approaches (Ferraro 2008), but are a small component of 

scheme costs (administration costs account for <4% of the annual spend on AES; Natural England 

2009). 

  

Given we found that conclusions changed depending on the timescale, discount rate and budget 

assumed, it is important to consider how the parameter values we considered reflect UK government 

practice. An evaluation timescale of 100 years, which would favour land purchase, does appear to be 
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considered when planning land purchase for flood mitigation or offsetting the biodiversity impacts of 

development (e.g. Defra and Environment Agency 2006; Rayment et al. 2011). A 3.5% economic 

discount rate is commonly advocated (HM Treasury 2018); however we also explored lower discount 

rates which may be more appropriate for environmental outcomes (Gollier 2010; Armsworth 2018) 

and which favour land purchase, though there is little consensus around an appropriate 

environmental discount rate (Groom et al. 2022). At the budgets currently spent in AES, farm-subsidy 

schemes would likely be more cost effective at all but the longest timescales and lowest discount rates 

for delivering bullfinches, lapwings and yellowhammers. However, climate mitigation action may see 

spend on carbon sequestration even in excess of what was explored in Figure 6.4 (e.g. as outlined in 

Committee on Climate Change (2018)), which would favour land purchase regardless of the timescale 

and discount rate considered. We did not consider together the costs of simultaneously delivering our 

biodiversity and carbon outcomes. Habitat creation for carbon sequestration can deliver some 

biodiversity benefits (Griscom et al. 2017; Chausson et al. 2020; Di Sacco et al. 2021), but may also 

increase the costs of delivering other biodiversity benefits by increasing competition for land; and we 

should be wary of land management practices that may deliver net zero at the expense of biodiversity 

(Bradfer-Lawrence et al. 2021).  

 

A land-purchase strategy presents several possible advantages. First, per-area costs fall when a large 

area is managed (Armsworth et al. 2011). Indeed, pursuing this strategy may unlock economies of 

scale; our analysis may therefore be conservative in assuming that the per-ha costs of paying 

conservation organisations to manage land do not change as more land is purchased. Second, land 

purchase may facilitate the agglomeration of spared land which might increase the benefit delivered 

per unit area (Lamb et al. 2016b). Third, the land purchase strategy offers the advantage of future 

environmental programs being potentially able to address other environmental concerns using land 

already under government ownership (Schöttker & Wätzold 2018). 

 

Whilst land purchase presents some advantages, there are also potential risks. We did not explore the 

implications of the lost livelihoods by the farming community in selling land which is then not primarily 

managed for food production (Fairhead et al. 2012). Lost cultural value, which is not considered in our 

analysis, may not be compensated by other possible co-benefits such as flood alleviation and 

recreation (Kirchhoff 2012). The alternative farm-subsidy strategy of paying farmers to manage 

habitat has potentially less risky implications for farming communities: farmers retain land ownership 

and so benefit from the payments issued to manage it whilst retaining the capacity to make future 

land-management decisions.  
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In conclusion, we found that if the UK government assumes short timescales, high discount rates and 

prevailing budget allocations, they would deliver more yellowhammers, bullfinches, lapwings and 

carbon sequestration with their predominant strategy of offering payments to farmers to create and 

maintain habitat through voluntary AES. However, if environmental goals become more ambitious 

into the future and are supported by correspondingly larger budgets, land purchase becomes 

favourable, particularly if AES continue to use fixed, rather than discriminatory, pricing (Ferraro 2008), 

and if land prices do not rise above inflation. Especially for carbon sequestration, growing interest and 

investment may deliver the conditions which make land purchase more cost effective, though impacts 

on farming communities of large-scale land ownership changes must be explored further.  
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Chapter 7: Discussion 

Summary of results 

In this thesis, the first-ever exploration of the relative costs of implementing land-sharing and land-

sparing interventions to achieve environmental outcomes on farmed land, I have presented evidence 

that land sparing is more cost effective to implement than land sharing in my UK study system. First, 

in Chapter 2 I showed that the sample size required to precisely estimate the effects of sharing may 

be near- impossible to deliver, whilst sparing effects can be determined with little increase to current 

efforts. Furthermore, I found it to be relatively less costly to monitor compliance in sparing schemes 

at current low and financially sub-optimal rates, accounting for the increased level of farmer 

participation needed to make up non-compliance. In Chapter 3, I found that despite more farmers 

being willing to share than spare for the same compensation payment, conservation outcomes that 

are less tolerant of farming (lapwings and reduced net carbon emissions) were delivered at much less 

expense by sparing, because of the far greater benefit sparing schemes delivered per unit area. 

Combining farmer preferences with monitoring requirements, in Chapter 4 I found that sparing 

delivered my combined target outcomes in terms of increased populations of bullfinches, lapwings, 

yellowhammers and reduced net carbon emissions at <50% of the taxpayer cost, and 79% of the food 

production cost, of sharing. In Chapter 5, I discovered that more compensation was needed to cover 

farmers' residual requirement (WTA net of lost gross margin) under sharing vs sparing; this suggests 

farmers could actually be considered to prefer sparing when the same returns are forgone to either 

approach.  I also found the cost of these fixed-price schemes would be reduced by instead paying 

farmers their true supply price under variable pricing; however, whether a sharing or sparing approach 

was taken had a greater impact on taxpayer costs than the pricing structure. Finally, in Chapter 6 I 

showed that ambitious sparing action may be delivered at less cost with a land-purchase strategy, 

rather than making indefinite compensation payments to farmers, provided policymakers assumed 

long timescales and low discount rates. Altogether, this first exploration of their relative taxpayer costs 

showed land sparing may deliver a range of environmental outcomes at substantially less taxpayer 

cost than land sharing. 

 

The implications of our monitoring studies  

I conducted this work at a time when European and UK AES are dominated by land-sharing measures 

(evident from the relative spend on sharing vs sparing interventions; Rural Payments Agency, pers. 

comm.) which have uncertain effects (Kleijn & Sutherland 2003; Kleijn et al. 2006; Pe’er et al. 2014; 

Batáry et al. 2015). My effectiveness monitoring analysis sheds some light on why this uncertainty 
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persists, despite extensive monitoring efforts (e.g. Baker et al. 2012; Bright et al. 2015; Davey et al. 

2010; Gillings et al. 2005; MacDonald et al. 2019): very large sample sizes are required to deliver 

precise estimates of sharing actions because effects are relatively small and vary between sites. Many 

existing studies measure significance (e.g. Baker et al. 2012; Bright et al. 2015; Davey et al. 2010; 

Gillings et al. 2005; MacDonald et al. 2019), for which I found current monitoring efforts are near-

sufficient. However, focusing only on whether an effect is present, and ignoring its size, totally 

precludes comparison of the cost-effectiveness of different measures (Nakagawa & Cuthill 2007; 

Amrhein et al. 2017) – a key focus of this thesis, and presumably also of policymakers.  

 

That said, whilst I found that sparing required smaller sample sizes to deliver precise estimates, 

because I based my analysis on existing studies, I unavoidably had to compare studies of population 

density for sparing (Newson et al. 2005) with studies of population growth rate for sharing (Baker et 

al. 2012). Precise estimates of population growth rates would be expected to require larger sample 

sizes relative to studies of population density; therefore, we cannot know how much of the difference 

in my results was due to this methodological difference, rather than fundamental differences between 

sharing and sparing. I did use existing studies, which probably have good reasons for taking different 

approaches to monitoring sharing and sparing, but this shortcoming prevented the inclusion of 

effectiveness monitoring in my combined assessment of taxpayer costs (Chapter 4), a key limitation 

of my work. We might reasonably expect some of the difference in cost between sharing and sparing 

to be retained even if a common metric was measured, given that sparing generally delivers larger 

effects. In this case, the inclusion of effectiveness monitoring in the combined cost estimate would 

likely only increase the extent to which sparing was cheaper than sharing. In addition to reducing the 

benefits delivered, the low compliance monitoring rate at present may also be adding to the variability 

between sites, which increases the sample size of the effectiveness monitoring required to deliver 

precise results.  

 

We found that the cost efficiency of current schemes could be dramatically increased if participants 

were monitored more for compliance, but that the relative costs of sub-optimal monitoring were 

lower for sparing. As I have discussed, increasing the compliance monitoring rate to what I found to 

be financially optimal in Chapter 2 may be undesirable since it may discourage farmers from joining 

schemes altogether (Keane et al. 2008), or increase the payments they require (Broch & Vedel 2012). 

My estimate of the financially optimal rate is limited in that it does not include these potential 

feedbacks, and so I may be underestimating the financial costs of increased monitoring. There may 

also be political costs to increasing monitoring rates; farmers may perceive increased monitoring as 
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unfair, intrusive, or a sign of mistrust (Vedel et al. 2015), and therefore oppose it. Given how unpopular 

increasing monitoring may be, it is important that I found sparing was relatively less costly to monitor 

below the optimal rate, compared to sharing. Again, the extent to which sparing is less costly than 

sharing would only increase with the assumption that the current low compliance monitoring rate 

would continue. 

 

Farmer preferences and the related costs of delivering each environmental outcome 

Perhaps the most important aspect of this work is the finding that farmers are willing enough to spare 

that larger-scale habitat creation delivered less farmland-tolerant outcomes at much less cost than 

sharing. Opponents of land sparing have cited, without empirical evidence, farmers' unwillingness to 

spare as a reason for it not to be pursued (Fischer et al. 2008). Per unit area, farmers generally did 

require more compensation to spare, presumably because more gross margin was typically lost by 

sparing interventions. However, controlling for this lost gross margin by estimating farmers’ residual 

WTA, net of lost gross margin, showed that farmers required more compensation to implement 

sharing. I suggest this is preliminary evidence that, when the same gross margin is lost to either 

approach, farmers may actually prefer to spare – which begs the question of why sparing is not being 

pursued in government policy.  

 

Sparing was not cheaper for delivering every outcome studied. In Chapter 3, I showed more 

yellowhammers, and narrowly bullfinches, would be delivered for equivalent spend on sharing, 

compared to sparing. Yellowhammers were particularly cheap to deliver given they benefit from 

retention from stubble prior to spring cropping (Hancock & Wilson 2003; Baker et al. 2012) which is a 

practice many farmers implement annually for weed/pest control (AHDB 2018). That farmers could 

be paid to deliver bullfinches by hedgerow creation, a sharing option, at slightly less cost than scrub 

creation follows from literature-based estimates that bullfinches are quite abundant in hedgerows 

(Macdonald & Johnson 1995). All my estimates of the biodiversity benefit of options are limited in that 

I did not estimate associated uncertainties, as these were not reported in many of the studies from 

which I extracted data. The studies available on hedgerow creation for bullfinches were particularly 

limited, so I am cautious of this particular result.  

 

Combining costs for all outcomes 

In Chapter 4, for the benefit of policymakers who must consider the best approach for all 

environmental outcomes, we combined the costs of paying farmers to deliver each outcome, as 

presented separately in Chapter 3, and added in the associated capital, monitoring and administration 
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costs. Despite farmers requiring lower payments for yellowhammers and bullfinches in Chapter 3, 

when we combined costs for all outcomes in Chapter 4, we found sparing was overwhelmingly less 

expensive for the following reasons. Both yellowhammers and bullfinches, which are cheaper to 

deliver by sharing, are relatively abundant on farmland (Newson et al. 2005), and so the absolute 

difference between the cost of sharing and sparing was less than for lapwings and carbon, which are 

far more costly to deliver with sharing. For carbon and lapwings, sharing interventions delivered much 

less benefit per unit area, so in order to achieve my target outcomes, a fixed-price scheme had to 

appeal to relatively less-willing farmers with a higher WTA. Given farmers varied greatly in their WTA, 

such schemes therefore had to pay all participants the price of a farmer relatively far along the supply 

curve. Therefore, when I combined the costs of paying farmers to deliver lapwings and carbon with 

yellowhammers and bullfinches, I found sparing was the cheaper strategy by a considerable margin. 

This difference only increased when I included the capital costs, the costs of monitoring and the 

administration costs, which scaled with the number of required participants, and were therefore less 

under sparing.  

 

The present analysis is the only estimate of which I am aware of the relative taxpayer costs of sharing 

and sparing. It builds on evidence that more biodiversity and carbon sequestration is delivered when 

the same volume of food production is lost by sparing compared to sharing (Phalan et al. 2011; Gilroy 

et al. 2014; Lamb et al. 2016a; Dotta et al. 2016; Williams et al. 2017; Finch et al. 2019, 2020, 2021; 

Feniuk et al. 2019). I found that, at the target levels studied, the payments required by farmers roughly 

tracked lost food production. Residual payments, that cover the surplus required by farmers above 

lost gross margin, were substantial, particularly if more ambitious conservation targets were 

considered. To deliver higher targets, less-willing farmers must be recruited who require much more 

compensation not, as I have shown, because they lose more gross margin, but for entirely different 

(and unknown, in my work) reasons. Importantly, the amount spent compensating the residual 

requirement, i.e. factors other than gross margin, was increasingly greater under sharing compared 

to sparing. The importance of this is two-fold: one, the relative costs of sharing will only increase 

relative to sparing at higher targets, and two, taxpayers may be less sympathetic towards 

compensating factors aside from the value of lost production. So, if the government were to pursue 

more ambitious action, I suggest that not only farmers, but also taxpayers, could be expected to prefer 

a land-sparing approach. 
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Other drivers of scheme costs: Variable pricing and land purchase 

Variable pricing, where farmers are paid at their true supply price, is more cost effective than fixed 

pricing provided participants vary in their WTA. Indeed, previous research has shown fixed pricing to 

be a hugely important cause of cost inefficiency in current schemes (Armsworth et al. 2012). However, 

even with variable pricing, the costs of delivering lapwings and carbon via sharing interventions were 

not reduced to those of fixed-price sparing schemes. Furthermore, proponents of variable pricing 

justify the need for differential payments on the grounds of farmers losing different amounts of gross 

margin, which deserves equal compensation (Armsworth et al. 2012). This argument is perhaps 

weakened, therefore, by my finding that a large portion of WTA is driven by factors besides lost gross 

margin. The nature of these factors – not identified here, but potentially including labour costs, risk 

aversion and attitudes towards the government – probably influences whether taxpayers consider 

them sufficient grounds to differentiate payments. Residual requirements may also be fickle, 

potentially fluctuating, for example, with the knowledge that another farmer is being paid more for 

the same action. This may explain why bids made in reverse auctions, designed to reveal farmers' true 

supply prices, increase through time toward the maximum bid accepted (Hailu and Schilizzi 2004; 

reviewed in Ferraro 2008). Given perceptions around fairness, and probably also the operating costs 

(Ferraro 2008), variable-price schemes may be unlikely to be pursued.  

 

Factors aside from taxpayer costs may also drive whether land sparing might be implemented via land-

purchase or ongoing farm subsidy. I found land purchase offered some cost savings over a farm-

subsidy approach; however, policymakers may be unlikely to consider the ambitious targets, long 

timeframes and low discount rates under which land purchase is cheaper. Indeed, land purchase is 

not a new possibility, yet it has received little investment (Kettunen et al. 2011). Perhaps this is due to 

the marked and lasting effects that land purchase could have on farming communities who are left 

with no control over future land management; even under long-term land sparing some degree of 

control would be retained, given that contracts would be time limited.  

 

There may be benefits associated with land purchase that were not captured in our analysis. Land 

purchase may offer a way to deliver the agglomeration of spared areas that would likely increase the 

benefit per unit area of sparing (Laurance et al. 2011; Didham & Ewers 2012; Lamb et al. 2016b), while 

potentially decreasing taxpayer costs, of sparing. Indeed, in my thesis I considered spared areas up to 

50ha in size since this was achievable on most English arable farms; however, environmental gains 

may be much greater with the creation of much larger areas of semi-natural habitat (Lamb et al. 

2016b). This could perhaps be delivered with bonus payments that reward the creation of larger 
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spared areas, including through coordination across farms (e.g. Banerjee et al. 2014; Hanley et al. 

2012; Liu et al. 2019); but may also arise to a totally unstudied extent without explicit compensation 

due to the spatial coarseness of farm profitability across the UK (Defra 2018b). 

 

Changes in ownership may arise in any case due to the forthcoming downscaling of the Basic Payment 

Scheme (Defra 2022) that has maintained the profitability of farming in less productive areas of the 

UK. Alternatively, a sparing scheme may offer a continued way of life for these farms; sharing may 

also do that but, as I have shown, it would be far less cost effective. Growing interest in private 

biodiversity and carbon offsets may also be a lifeline (Green Alliance 2022); though this market should 

be regulated, for many reasons (Victor & Cullenward 2007; Wara 2007; Haya et al. 2020), including so 

that the most cost-effective measures are implemented to avoid increasing the pressure on land by 

using inefficient sharing approaches.  

 

Implications of our findings for other species, ecosystem services and locations 

Given that the relative performance of sharing and sparing varies across different conservation 

outcomes it is important to consider whether more species are like yellowhammers or like lapwings, 

and whether our findings for reduced net carbon emissions would be mirrored across other ecosystem 

services. Whilst the taxpayer costs of using sharing and sparing to deliver outcomes beyond the four 

considered here have not been studied, we do know from studies that have assessed >2,500 species 

across 5 continents (Balmford 2021) that less food production would be lost when using a sparing, 

rather than sharing, approach to deliver biodiversity, as well as carbon sequestration, nature-based 

recreation, nitrogen pollution abatement and phosphorus pollution abatement (Finch 2021). In 

Chapter 4 we found sparing to be both the strategy that resulted in the least lost food production and 

the least costly strategy to the taxpayer; this alignment might be expected to hold across other 

outcomes, since taxpayer costs are, in part, compensation for the value of forgone production 

(Chapter 5). This provides a basis to suggest that we might expect sparing to be the least costly strategy 

to the taxpayer for delivering this much broader array of outcomes for which we know sparing sees 

less forgone production compared to sharing.  

 

Furthermore, for two reasons, I argue that my assessment of taxpayer costs was biased in favour of 

sharing. First, one in four lowland species in the UK cannot be delivered on farmland at all (Lamb et 

al. 2019). These species are therefore even more costly than lapwings to deliver with sharing. Including 

any of these species, which I deliberately did not do, would drive conclusions further in favour of 

sparing. Evidence that sparing delivers nature-based recreation as well as nitrogen and phosphorus 
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pollution mitigation more efficiently than sharing suggests that this is likely also true for many 

ecosystem services (e.g. Finch et al. 2021). Second, conservation targets that do not persist well on 

farmland are arguably more in need of conservation, given the strikingly limited area under semi-

natural habitat in the UK vs the domination of 70% of the land surface by farming (National Food 

Strategy 2021). The prevalence of habitat-specialists that do not tolerate conditions on farmed land is 

likely to be greater elsewhere in the world where countries typically have a shorter history of 

agriculture than the UK, and thus have not already driven many such species to extinction (Balmford 

1996). Consequently, the relative costs of sharing would likely only increase were this study conducted 

in a different country.  

 

We should also be aware that the domestic conservation efforts studied here may themselves have 

impacts on species/services in other countries via the consequences of such actions for domestic food 

production, and hence for food imports (Lambin & Meyfroidt 2011; WWF & RSPB 2020). Unless 

sharing-style conservation efforts and linked to marked changes in diets and/or food waste (Van 

Zanten et al. 2018; Springmann et al. 2018) and sparing efforts are not, sharing will inevitably see a 

greater rise in food imports, to keep pace with demand. My work suggests sparing is less expensive 

both in terms of its domestic cost and its impacts overseas. This framing is important in the context of 

net-zero targets: countries such as the UK will likely meet their target by offshoring the production of 

carbon-intensive products and therefore the associated emissions overseas (WWF & RSPB 2020). 

Indeed, research suggests the emissions associated with the imports needed to compensate yield 

losses to organic farming, a land-sharing approach, would entirely outweigh on-farm emissions 

reductions (Smith et al. 2019). Further work should look to conduct the same assessment for 

biodiversity: global biodiversity will not benefit if policymakers ignore the offshored impacts that arise 

from their decisions. 

 

Conclusion 

In summary, I have provided new evidence showing that a sparing approach would deliver meaningful 

biodiversity and climate mitigation in the UK at around half the taxpayer cost and 79% the food 

production cost of sharing. My taxpayer cost assessment is wide-ranging, encompassing farmer 

attitudes as well as capital, monitoring and administration costs. Consideration of the costs of 

compensating lost food production would only increase the extent to which sparing is cheaper, as 

would consideration of the many species/services that cannot be delivered on farmland, those that 

are most in need of conservation, and those living in regions likely to see increased agricultural activity 

to meet shortfalls in UK production. Variable pricing and land purchase may reduce taxpayer costs, 
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but I have shown that the most important decision is whether or not to pursue a land-sparing 

approach. I have refuted suggestions that farmers are not willing enough to spare to make this 

approach viable; moreover, sparing would in practice see a greater proportion of payments spent 

compensating the value of lost food production than addressing other aspects of farmer preferences 

– something which is likely to be more palatable to the taxpayer. Additional work is needed: in 

deciding the direction of future policy, governments would be helped by clearer estimates of the costs 

of comparable effectiveness monitoring, by explicit comparison of the taxpayer and environmental 

costs of compensating domestic production losses, and by analyses of the likely costs of delivering 

larger-scale spared areas. However, even without this information, I have provided robust evidence 

that sparing is a much cheaper approach to delivering biodiversity conservation and reducing carbon 

emissions in the UK.  
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Appendices 

Appendix A: Conservation benefit of interventions 

We estimated the benefit delivered by our studied sharing and sparing interventions using existing 

literature, as detailed below.  

 

Method 

We identified sharing and sparing interventions for delivering the target outcomes (increased 

populations of yellowhammers, bullfinches and lapwings as well as reduced net carbon emissions) 

through consultation with experts and the literature (Table 2.1) and sought to quantify the outcome 

delivered per unit area of each intervention. These estimates are based on a different method for the 

biodiversity outcomes (where effects are studied by sampling the target species on intervention and 

non-intervention land) and for reducing net carbon emissions (where effects are quantified from 

empirical calculations). For biodiversity, we systematically searched the literature to identify all 

relevant, comparable studies and collated these into a single estimate for each intervention. For 

interventions that lower net carbon emissions, we took estimates from a single paper for each 

intervention, typically those used in IPCC reports.  

 

a) Quantifying the effect of interventions that deliver biodiversity  

We first systematically searched the white literature, and thoroughly searched the grey literature, for 

studies investigating the effects of the interventions in Table 2.1. All these interventions increase the 

populations of the target species by addressing a limiting life-history parameter; in this way, 

interventions need not meet all of a species' needs year-round. In searching the white literature, we 

identified search terms for each intervention that would return relevant studies (Table A1) and 

entered these into the Web of Science in April 2020. We screened the returned papers plus any 

relevant grey literature for relevance by scanning abstracts (Table A2). To be relevant, papers must 

have studied our target species in the UK. We read all the papers with promising abstracts and noted 

those that reported, and then those that quantified, the effects of interventions (Table A3). Finally, 

we judged whether a paper was ‘usable’. Reasons for not being usable were varied, but included 

multiple interventions being implemented at once or study of a metric other than population density. 

The effects of sharing interventions were often measured with study of population growth rates, but 

these studies consistently returned smaller estimates of effects compared to studies estimating the 

effects of sharing from differences in population density. To ensure our estimates of sharing and 

sparing effects were comparable, in estimating the effects of sharing and sparing interventions we 

excluded studies of population growth rate, and only used studies of population density. From those 
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that we deemed usable, we extracted estimates in terms of the additional birds delivered per unit 

area of the intervention. Few additional usable studies were found in the grey literature, though three 

estimates from the grey literature did contribute to the final estimates (Table A3).  

 

To collate the identified estimates into a single estimate, we first addressed the issue that most of the 

identified studies were conducted during the breeding season, but several were conducted during the 

winter. All bird populations are subject to annual mortality, so population densities for species 

resident in an area would be expected to be highest at the end of the breeding season and then to 

decline through the autumn and winter to reach a minimum during the following breeding season. To 

compare results from studies of the same species conducted at different times of year, we adjusted 

density estimates according to species-specific estimates of annual adult survival probability, S. We 

obtained these from the compilation in Bird et al. (2020): 0.43 for bullfinch, 0.79 for lapwing and 0.53 

for yellowhammer. To do so, we established the midpoint of survey dates in each winter study tW and 

breeding season study tB. The latest midpoint date at which sampling occurred during the breeding 

season in any study was the 31 May and there would be very few full-grown young of the year present 

in populations of these species by that date. We therefore adjusted the estimated densities to those 

expected on 31 May. To do this, we assumed that the daily probability of death was constant through 

the year. For each density survey, we determined the number of days elapsed tD between the survey 

midpoint date and 31 May and calculated the adjusted density Dadj from the observed density D as: 

 

Dadj = D.S (tD/365.25)
. 

 

These results are presented in Table A4. We note that populations of birds surveyed in winter will 

consist of a mixture of adults and first-year birds hatched in the previous breeding season. For most 

species, we would expect the annual mortality rate of first-year birds to be somewhat higher than that 

for adults. Hence, our method will probably overestimate adjusted densities derived from winter 

surveys to a certain extent because we used only the adult value for S.  However, in the absence of 

detailed data on the age composition of the population in winter, we suggest that our method is a 

reasonable approximation.  

 

From Table A4, we calculated the additional birds delivered per-ha of each intervention by subtracting 

the ‘without intervention’ density from the ‘with intervention’ density. Where papers did not report 

the without-intervention density, we used densities from Newson et al. (2005) assuming 87.5% of land 

on arable farms is tilled and 12.5% is improved grassland (based on national averages for arable farms 
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in England (Defra 2019d)); this gives densities of 0.013, 0.017 and 0.23 birds/ha for bullfinches, 

lapwings and yellowhammers respectively.  

 

We collated these estimates into a single estimate for each intervention-species combination by 

finding the mean (Figure A1). In doing so, we assumed present-day effects were no different to those 

detected in the years in which these studies were conducted. Furthermore, we assumed the benefit 

delivered per unit area did not change according to the patch size of the intervention. For the sparing 

interventions, we excluded some less relevant studies before calculating the mean. For scrub and wet 

grassland, we excluded studies that used BBS sampling which allocated land to broad habitat classes 

including habitat types that would not benefit the target species. For example, the BBS habitat class 

for scrub includes “young, regenerated woodland, downland scrub, heath scrub, young coppice, young 

plantation and clear-felled woodland” whilst the class of wet semi-natural grassland includes 

“machair, water meadow, grazing marsh, reed swap, saltmarsh and other open marsh” (Newson et al. 

2005). These definitions are far broader than the habitat specified to participants of the choice 

experiment, which involved management to prevent succession. We did use BBS-based estimates in 

determining the effect of woodland creation on bullfinches since there were no alternatives available; 

therefore, this effect may be underestimated. We assumed these densities would arise within the 20-

year timescales studied, following evidence of the rapid recovery of birds on previously farmed land 

restored to natural habitat (Vanhinsbergh et al. 2002; Eglington et al. 2007; Marren 2016) 
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Table A1. The search terms entered into Web of Science for each intervention to identify relevant papers.  

Intervention Search terms  

Stubble, spring cropping (Spring cropping OR spring sowing OR stubble OR winter cover) AND (Britain OR UK OR United Kingdom OR England OR 

Wales OR Scotland) AND (bird OR bullfinch OR yellowhammer OR lapwing) 

 

Winter bird cover (Britain OR UK OR United Kingdom OR England OR Wales OR Scotland) AND (bird OR bullfinch OR yellowhammer) AND 

(winter bird cover OR winter bird food OR wild bird cover OR wild bird food) 

 

Fallow plots (Britain OR UK OR United Kingdom OR England OR Wales OR Scotland) AND (bird OR lapwing) AND (fallow OR lapwing 

plots) 

 

Hedgerow creation (Britain OR UK OR United Kingdom OR England OR Wales OR Scotland) AND (bird OR bullfinch OR yellowhammer) AND 

(hedge OR hedges OR hedgerow OR hedgerows) 

 

Scrub creation (Britain OR UK OR United Kingdom OR England OR Wales OR Scotland) AND (bird OR bullfinch OR yellowhammer) AND 

(scrub OR scrubland) 

 

Wet grassland creation (Britain OR UK OR United Kingdom OR England OR Wales OR Scotland) AND (bird OR lapwing) AND (wet grassland OR 

wetland) 

 

Woodland creation (Britain OR UK OR United Kingdom OR England OR Wales OR Scotland) AND (bird OR bullfinch) AND (wood OR woodland) 
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Table A2. A summary of the number of papers that met the criteria set to identify estimates of the effect of sharing and sparing interventions on yellowhammers (YH), 

bullfinches (BF) and lapwings (L).  

 

Stubble, spring cropping 

Winter 

bird cover Hedge creation Fallow Scrub creation 

Wood 

creation 

Wet grass 

creation Total 

YH BF L YH BF YH L YH BF BF L All  

Met search criteria 206 206 206 390 117 117 42 63 63 521 212 1551 

Relevant abstract 36 36 36 28 26 26 11 20 20 49 37 206 

Reported direction of 

effect  

7 2 5 7 6 8 5 3 4 7 5 51 

Quantified effect per 

unit area 

2 0 2 4 3 2 1 3 4 4 5 28 

Estimate is usable  2 0 2 3 1 2 1 3 4 3 5 24 
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Table A3. Exploration of the papers identified through Web of Science which were thought to potentially contain estimates of the effect of the studied interventions 

based on their abstracts. In the following, Y=yes, N=no, SE=standard error, YH=yellowhammer, L=lapwing and BF=bullfinch. In the ‘Effect reported?’ column, ‘-‘ refers 

to papers that could not be located. The table ceases to be completed if any paper does not report an effect, does not quantify an effect or is not usable.  

a. Papers studying stubble for bullfinches, lapwings and yellowhammers. 

  Reference 

Effect 
reported
? 

Is effect: Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes on being 
usable 

Uncertaint
y 
reported? 

Contributes 
to final 
estimate? 

Notes on if 
contributing + -- = 

1 

Stubble 

Aebischer et al. 
2016(Aebischer et al. 
2016) N            

2 Bright et al. 2014   (Bright et al. 2014) N            

3 Baker et al. 2012 

(Baker et al. 2012) Y YH   Y  Popn growth rates N N Popn growth rate    

4 

Westbury et al. 
2011(Westbury et al. 
2011) N            

5 Field et al. 2011( 

Field et al., 2011)Z N            

6 
Geiger et al. 2010(Geiger 
et al. 2010) N            

7 
Hinsley et al. 2010(Hinsley 
et al. 2010) N            

8 Siriwardena 2010(Siriwardena 2010) Y YH   Y  N N     

9 
Butler et al. 2010(Butler et 
al. 2010) N            

10 
Douglas et al. 
2010(Douglas et al. 2010) N            

11 Perkins et al. 2008(Perkins et al. 2008) Y YH   N  N N     

12 

Siriwardena et al. 
2008(Siriwardena et al. 
2008) N            

13 
Gillings et al. 2008(Gillings 
et al. 2008) Y YH  BF, L N  N N     

14 Siriwardena et al. 2007 (Siriwardena et al. 2007) N            
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  Reference 

Effect 
reported
? 

Is effect: Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes on being 
usable 

Uncertaint
y 
reported? 

Contributes 
to final 
estimate? 

Notes on if 
contributing + -- = 

15 

Chamberlain et al. 
2007(Chamberlain et al. 
2007) N            

16 

Whittingham et al. 
2006(Whittingham et al. 
2006) N            

17 
Sage et al. 2005(Sage et al. 
2005) N            

18 
Butler et al. 2005(Butler et 
al. 2005) N            

19 
Gillings et al. 2005(Gillings 
et al. 2005) Y 

YH   

Y Popn growth rates 

Y N Popn growth rate    

L   N  

 

   

BF   N     

20 

Whittingham et al. 
2005(Whittingham et al. 
2005) N            

21 Fuller et al. 2004(Fuller et al. 2004) N            

22 Bradbury et al. 2004(Bradbury et al. 2004) N            

23 
Critchley et al. 
2004(Critchley et al. 2004) N            

24 Parish & Sotherton 2004(Parish & 

Sotherton 2004) N            

25 

Hancock & Wilson 
2004(Hancock & Wilson 
2003) Y YH   Y Popn density Y Y  N 

 
Y  

26 

Moorcroft et al. 
2002(Moorcroft et al. 
2002) N            

27 Siriwardena et al. 2000(Douglas et al., 201  N            

28 Bradbury et al. 2001(Douglas et al., 2(Bradbury et al. 2001) N            
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  Reference 

Effect 
reported
? 

Is effect: Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes on being 
usable 

Uncertaint
y 
reported? 

Contributes 
to final 
estimate? 

Notes on if 
contributing + -- = 

29 
Mason & Macdonald 
2000(Mason & Macdonald 2000) N            

30 Bradbury & Stoate 2000 -            

31 Buckingham et al. 2010(Buckingham et al. 1999) Y YH   N  N N     

32 

Mason & Macdonald 
1999(Mason & Macdonald 
1999) N            

33 
Wilson et al. 2001(Wilson 
et al. 2001) Y L   Y Popn density Y Y  N Y  

34 Evans 1997 -            

35 Shrubb et al. 1991(Shrubb et al. 1991) Y L   Y Popn density Y Y  N Y  

36 Tucker 1992(Tucker 1992) Y   L N  N N     
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b. Papers studying winter bird cover (WBC) for yellowhammers and bullfinches. 

  Reference 

Effect 
reported
? 

Is effect: 

Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes on 
being 
usable 

Uncertaint
y 
reported? 

  

+ -- = 

Contributes 
to final 
estimate? 

Notes on if 
contributing 

1 

W
inter Bird Cover  

Aebischer et al. 2016(Aebischer et al. 2016) N            

2 Baker et al. 2012(Baker et al. 2012) Y YH   Y 
Popn growth 
rates N N     

3 Henderson et al. 2012(Henderson et al. 

2012) Y YH   Y Popn density Y Y  N Y  

4 Field et al. 2011(Field et al. 2011) N            

5 Geiger et al. 2010(Geiger et al. 2010) N            

6 Hinsley et al. 2010(Hinsley et al. 2010) Y YH   N  N N     

7 Siriwardena 2010(Siriwardena 2010) Y YH   Y 

Habitat 
selection 
relative to 
availability N N     

8 Butler et al. 2010(Butler et al. 2010) N            

9 Perkins et al. 2008(Perkins et al. 2008) N            

10 

Siriwardena et al. 
2007(Siriwardena et al. 
2007) N            

11 Siriwardena et al. 2006(Siriwardena 

et al. 2000) N            

12 Sage et al. 2005(Sage et al. 2005) N            

13 Atkinson et al. 2005(Atkinson et al. 2005) N            

14 Robinson et al. 2004(Robinson et al. 2004) N            

15 

Bradbury et al. 
2004(Bradbury et al. 
2004) N            

16 Stoate et al. 2004(Stoate et al. 2004) N            
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  Reference 

Effect 
reported
? 

Is effect: 

Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes on 
being 
usable 

Uncertaint
y 
reported? 

  

+ -- = 

Contributes 
to final 
estimate? 

Notes on if 
contributing 

17 

Parish & Sotherton 2004 

(Parish & Sotherton 2004)  Y 

YH   Y Popn density Y Y  
N (not 
readable) Y  

 BF   N        

18 

Henderson et al. 2004(Henderson et al. 

2004) Y 

YH   Y Popn density Y N 
No control 
farms. 

   

 BF   Y Popn density Y N    

19 

Hancock & Wilson 
2004(Hancock & Wilson 
2003) N            

20 Stoate et al. 2003(Stoate et al. 2003) Y YH   Y Popn density Y Y  Y Y  

21 Bartram & Perkins 2002 -            

22 Moorcroft et al. 2002(Moorcroft et al. 2002) N            

23 
Moreby 2002(Moreby 
2002) N            

24 Morris et al. 2001(Morris et al. 2001) N            

25 Vickery et al. 2001(Vickery et al. 2001) N            

26 Henderson et al. 2000(Henderson et al. 

2000) N            

27 Boatman et al. 2000 -            

28 Bradbury & Stoate 2000 -            
  



 

 141 

c. Papers studying fallow plots for lapwing. 

  Reference 

Effect 
reported
? 

Is effect: Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? Notes on being usable  

Uncertaint
y 
reported? 

Contributes 
to final 
estimate? 

 

+ -- = 
Notes on if 
contributing  

1 

Lapw
ing plots 

Schmidt et al. 2017(Schmidt 
et al. 2017) N        Not UK    

2 
Bright et al. 2015(Bright et 
al. 2015) Y Y   N  N N     

3 
Henderson et al. 
2012(Henderson et al. 2012) Y Y   N  N N     

4 
Chamberlain et al. 
2009(Moreby, 2002 Y Y   Y 

Popn 
density Y Y 

Authors report 
proportion of plots used 
by lapwing but size of 
plots is not given. Plots 
reported to be 2-5ha. 
Assumed midpoint plot 
size of 3.5ha.  
  N Y  

5 
Sheldon et al. 2010(Sheldon 
2002) Y Y   Y  N N     

6 Critchley et al. 2004(Critchley et al. 2004) N            

7 Taylor & Grant 2004(Taylor & Grant 2004) N            

8 Siriwardena et al. 2000(Siriwardena et al. 2000) N            

9 Chamberlain et al. 2000(Chamberlain et al. 2000) N            

10 Buckingham et al. 1999(Buckingham et al. 1999) N            

11 Sheldon et al. 2004(Sheldon et al. 2004) Y Y   Y  N N     
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d. Papers studying hedgerow creation for yellowhammers and bullfinches. 

  Reference 

Effect 
reported
? 

Is effect: Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes on 
being 
usable 

Uncertaint
y 
reported? 

Contributes 
to final 
estimate? 

 

+ -- = 
Notes on if 
contributing  

1 

Hedgerow
s 

Dadam & Siriwardena 
2019(Dadam & Siriwardena 
2019) Y 

YH   

Y 
Popn growth 
rates Y N 

Studied 
hedge 
mgmt., 
not 
creation   

  

 BF     

2 Carrasco et al. 2018(Wilson et al. 2001)(Carrasco et al. 2018) N            

3 Sullivan et al. 2017(Sullivan et al. 2017) N            

4 Sage et al. 2015(Sage et al. 2015) N            

5 Norton et al. 2012(Norton et al. 2012) N            

6 

Baker et al. 2012(Baker et al. 2012) Y 

  YH 

Y 
Popn growth 
rates Y N 

Popn 
growth 
rate  

  

 BF     

7 
Draycott et al. 2012(Draycott 
et al. 2012) N            

8 Siriwardena et al. 2012(Siriwardena et al. 2012) N            

9 
Cornulier et al. 2011(Cornulier 
et al. 2011) N            

10 Davey et al. 2010(Davey et al. 2010b) N            

11 Walker et al. 2005(Walker et al. 2005) N            

12 
Perkins et al. 2002(Perkins et 
al. 2002) N            

13 Moreby 2002 -            

14 Chamberlain et al. 2010(Chamberlain et al. 1999) N            

15 
Fuller et al. 2001(Fuller et al. 
2001) Y YH  BF N  N N     

16 
Bradbury et al. 2000 (Bradbury 
et al. 2000) Y YH   Y Popn density Y Y  Y Y  
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  Reference 

Effect 
reported
? 

Is effect: Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes on 
being 
usable 

Uncertaint
y 
reported? 

Contributes 
to final 
estimate? 

 

+ -- = 
Notes on if 
contributing  

17 Mason & Macdonald 2000(Mason & Macdonald 2000) Y YH   Y 

Habitat 
preference 
index N N     

18 Chamberlain & Wilson 1999 -            

19 Chamberlain et al. 1999(Chamberlain et al. 1999) N BF  YH N  N N     

20 Kyrkos et al. 2010(Kyrkos et al. 1998) Y YH   Y 

Regression to 
explain 
habitat 
associations N N     

21 
Fuller et al. 1997(Fuller et al. 
1997) Y YH   Y 

Regression to 
explain 
habitat 
associations N N     

22 
Hinsley et al. 1995(Hinsley et 
al. 1995b) Y BF  YH Y 

Regression to 
explain 
habitat 
associations N N     

23 Parish et al. 1995(Parish et al. 1995) N            

24 
Green et al. 1994(Green et al. 
1994) Y YH   Y 

Regression to 
explain 
habitat 
associations N N     

25 Parish et al. 1994(Parish et al. 1994) N            

26  

Macdonald & Johnson 
1995(Macdonald & Johnson 
1995) Y 

BF   Y Popn density Y Y  N Y  

YH   Y Popn density Y Y  N Y  
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e. Papers studying scrub creation for yellowhammers and bullfinches. 

  Reference 

Effect 
reported
? 

Is effect: 

Effect 
quantified
? How? 

Per-area 
effect 
quantified
? 

Usable
? 

Notes on being 
usable 

Uncertaint
y 
reported? 

  

+ -- = 

Contributes 
to final 
estimate? 

Notes on if 
contributing  

1 

Scrub  Dadam & Siriwardena 
2019 K(Dadam & Siriwardena 2019) N        

Growth rates 
studied for scrub 
management, not 
creation    

2 Sage et al. 2010(Sage et al. 2010) N            

3 

Hewson & Noble 
2009(Hewson & Noble 
2009) N            

4 Dolman et al. 2007(Dolman et al. 2007) N            

5 Fuller et al. 2006(Fuller et al. 2006) N            

6 Fuller et al. 2004(Fuller et al. 2004) N            

7 

Hancock & Wilson 
2003(Hancock & 
Wilson 2003) N            

8 

Mason & Macdonald 
2000(Mason & 
Macdonald 2000) N            

9 Peach et al. 2010(Peach et al. 1998) N            

10 Newson et al. 2005(Newson et al. 2005) Y 

YH   

Y 
Popn 
density Y 

  

Y  

N 
Crude habitat 
designation – 
includes habitat 
other than that 
studied. BF     N 

11 Gillings et al. 1998(Gillings et al. 1998) N            

12 
Blackstock et al. 
1996(Blackstock et al. 1996) N            

13 Peach et al. 1996(Peach et al. 1996) N            

14 
Thompson et al. 
1995(Thompson et al. 1995) N            
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  Reference 

Effect 
reported
? 

Is effect: 

Effect 
quantified
? How? 

Per-area 
effect 
quantified
? 

Usable
? 

Notes on being 
usable 

Uncertaint
y 
reported? 

  

+ -- = 

Contributes 
to final 
estimate? 

Notes on if 
contributing  

15 

Usher & Thompson 
1993(Usher & 
Thompson 1993) N            

16 
Fuller & Crick 
1992(Fuller & Crick) N            

17 Morgan (1975) (Morgan 1975) Y 

YH   

Y 
Popn 
density Y Y 

 

N 

Y  

BF    Y  

18 

Donovan (2013)  
(Donovan 2013) 
(grey literature) Y YH   Y 

Popn 

density Y Y  N Y  

19 

Gregory & Baillie 
1998(Gregory & Baillie 
1998) Y BF   Y 

Popn 
density Y Y  Y N 

Crude habitat 
designation – 
includes habitat 
other than that 
studied. 

20  
Knepp Estate (grey 
literature) Y BF   Y 

Popn 
density Y Y  N Y  
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f. Papers studying wet grassland to deliver lapwings. 

  Reference 

Effect 
reported
? 

Is effect 

 Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes 
on 
being 
usable 

Uncertaint
y 
reported? 

  

+ -- = 

Contributes 
to final 
estimate? 

Notes on if 
contributing 

1 

W
et grassland 

Lamb et al. 2019 (Lamb et al. 2019) Y Y   Y 
Popn 
density  Y Y  N 

N 

Crude habitat 
designation – 
includes habitat 
other than that 
studied. 

N 

Crude habitat 
designation – 
includes habitat 
other than that 
studied. 

2 Laidlaw et al. 2017 (Laidlaw et al. 2017) N            

3 
Leigh et al. 2017(Leigh et al. 
2017) N            

4 Zmihorski et al. 2016(Zmihorski et al. 2015) N            

5 
Mendez et al. 2015(Méndez et 
al. 2015) N            

6 Laidlaw et al. 2015(Laidlaw et al. 2015) N            

7 
Hiley et al. 2014(Hiley et al. 
2014) N            

8 Smart et al. 2014(Smart et al. 2014) N            

9 Smart et al. 2013(Smart et al. 2013) N            

10 
Malpas et al. 2013(Malpas et 
al. 2013) N            

11 
Mendez et al. 2012(Mendez et 
al. 2012) N            

12 
O'Brien & Wilson 2011(O’brien 
& Wilson 2011) N            

13 
Rhymer et al. 2010(Rhymer et 
al. 2010) N            



 

 147 

  Reference 

Effect 
reported
? 

Is effect 

 Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes 
on 
being 
usable 

Uncertaint
y 
reported? 

  

+ -- = 

Contributes 
to final 
estimate? 

Notes on if 
contributing 

14 
Eglington et al. 2009(Eglington 
et al. 2009) N            

15 MacDonald & Bolton 20089) 9) (MacDonald & 

Bolton 2008) N            

16 
Eglington et al. 2007(Eglington 
et al. 2007) Y Y   Y 

Popn 
density Y Y  Y  Y  

17 Fuller et al. 2007(Fuller et al. 2007) N            

18 Tichit et al. 2007(Tichit et al. 2007) N            

19 
Bolton et al. 2007(Bolton et al. 
2007) N            

20 
Wilson et al. 2007(Wilson et al. 
2007) Y            

21 Gillings et al. 2006(Gillings et al. 2006) N            

22 
Jackson et al. 2006(Jackson et 
al. 2006) N            

23 
Wilson et al. 2005 (Wilson et 
al. 2005) Y            

24 
Wilson et al. 2007(Wilson et al. 
2007) N            

25 
Newson et al. 2005(Newson et 
al. 2005) Y Y   Y 

Popn 
density Y Y  Y  N 

Crude habitat 
designation – 
includes habitat 
other than that 
studied. 

26 
Rehfisch et al. 2003(Rehfisch et 
al. 2003) N            

27 Kershaw & Cranswick 2003(Kershaw & Cranswick 2003) N            

28 
Robinson & Pollitt 
2002(Robinson & Pollitt 2002) N            
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  Reference 

Effect 
reported
? 

Is effect 

 Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes 
on 
being 
usable 

Uncertaint
y 
reported? 

  

+ -- = 

Contributes 
to final 
estimate? 

Notes on if 
contributing 

29 
Ausden & Hirons 2002(Ausden 
& Hirons 2002) 

 
Y Y   Y 

Popn 
density Y Y  Y 

Y  

Y  

30 Milsom et al. 2000) ) ) (Milsom et al. 2000) N            

31 

Wakeham-Dawson & Smith 
1999(Wakeham-Dawson & 
Smith 1999) N            

32 
Peach et al. 1998(Peach et al. 
1998) N            

33 Vickery et al. 1997(Vickery et al. 1997) N            

34 Peach et al. 1996(Peach et al. 1996) N            

35 Kirby 1995(Kirby 1995) N            

36 O'Brien & Wilson 1992 (O’brien & Smith 1992) N            

37 
RSPB Reserves data (grey 
literature) Y Y   Y  Y Y  Y Y  
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g. Papers studying woodland creation for bullfinches 

  Reference 

Effect 
reported
? 

Is effect: 

Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes on 
being usable 

Uncertaint
y 
reported? 

  

+ -- = 

Contributes to 
final 
estimate? 

Notes on if 
contributing 

1 

W
oodland 

Dadam & Siriwardena 2019(Gregory and Baillie, 1998 Y Y   Y 
Popn growth 
rate N N     

2 Gardner et al. 2019(Gardner et al. 2019) N            

3 
Lamb et al. 2019(Lamb et al. 
2019) Y Y   Y Popn density Y Y  N Y  

4 Broome et al. 2019(Gregory and Baillie, 199 N            

5 Calladine et al. 2019  N            

6 Alder et al. 2018(Alder et al. 2018) N            

7 Ellis & Taylor 2018(Ellis & Taylor 2018) N            

8 Neumann et al. 2016(Neumann et al. 2016) N            

9 Sullivan et al. 2015(Sullivan et al. 2015) N            

10 
Harrison et al. 2014(Harrison 
et al. 2014) N            

11 Norton et al. 2012(Norton et al. 2012) N            

12 Siriwardena et al. 2012(Siriwardena et al. 2012) N            

13 Sage et al. 2011(Sage et al. 2011) N            

14 Thaxter et al. 2010 (Thaxter et al. 2010) N            

15 Hewson & Noble 2009(Hewson & Noble 2009) N            

16 Hewson et al. 2007(Hewson et al. 2007) N            

17 Fuller et al. 2007(Fuller et al. 2007) N            

18 Dolman et al. 2007(Dolman et al. 2007) N            
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  Reference 

Effect 
reported
? 

Is effect: 

Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes on 
being usable 

Uncertaint
y 
reported? 

  

+ -- = 

Contributes to 
final 
estimate? 

Notes on if 
contributing 

19 Hewson & Fuller 2006(Hewson & Fuller 2006) N            

20 Fuller et al. 2005(Fuller et al. 2005) N            

21 Newson et al. 2005(Newson et al. 2005) Y Y   Y Popn density Y Y  Y  Y  

22 
Gregory et al. 2005(Gregory et 
al. 2005) N            

23 Proffitt et al. 2004(Proffitt et al. 2004) N            

24 
Bennett et al. 2004(Bennett et 
al. 2004) N            

25 Bellamy & Hinsley 2004 -            

26 Vanhinsbergh et al. 2002(Vanhinsbergh et al. 2002) Y Y   Y Popn density Y N 

Most 
woodlands 
<2ha    

27 Hinsley et al. 2002(Hinsley et al. 2002) N            

28 Mason 2001(Hewson and Fuller, 200 N            

29 Fuller et al. 2001(Fuller et al. 2001) N            

30 Perrins & Overall 2001 (Perrins & Overall 2001) N            

31 Mason & Macdonald 2000(Mason & Macdonald 2000) N            

32 Hinsley & Bellamy 2000 -            

33 Gregory & Baillie 1998(Gregory & Baillie 1998) Y Y   Y Popn density Y Y  Y Y  

34 Donald et al. 1998(Donald et al. 1998) N            

35 Hinsley et al. 1998(Hewson and Fuller, 200 N            

36 Gillings et al. 1998(Hewson and Fuller, 200 N            

37 Donald et al. 1997(Hewson and Fuller, 200 Y Y   Y Timed counts N N     
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  Reference 

Effect 
reported
? 

Is effect: 

Effect 
quantified
? How? 

Per-area 
effect 
quantified
? Usable? 

Notes on 
being usable 

Uncertaint
y 
reported? 

  

+ -- = 

Contributes to 
final 
estimate? 

Notes on if 
contributing 

38 Fuller et al. 1997(Hewson and Fuller, 200 N            

39 Bellamy et al. 1996(Bellamy et al. 1996) N            

40 Kirby et al. 1995(Kirby et al. 1995) N            

41 Hinsley et al. 1995(Hewson and Fuller, 200 N            

42 Hinsley et al. 1995(Hewson and Fuller, 200 N            

43 McCollin 1993 (Mccollin 1993) N            

44 
Fuller & Crick 1992(Fuller & 
Crick) N            

45 Bevington 1991(Bevington 1991) N            

46 Hill et al. 1991(Hill et al. 1991) Y Y   Y Timed counts N N     

47 McCollin et al. 1987 -            

48 
Williamson 1974(Williamson 
1974) N            

49 Elton 1935(Elton 1935) N            
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Table A4. The intervention and non-intervention bird densities reported in the identified ‘usable’ studies with adjustment for annual mortality.   

Species  Intervention type Intervention  Source publication With or without 

intervention (Y/N) 

Density, D 

(birds/ha) 

Survey date 

midpoint 

Days elapsed from 

survey to 31st May 

Adjusted density, 

Dadj (birds/ha) 

Bullfinch Field-edge sharing Hedgerow creation Macdonald and 

Johnson (1995) 

Y 0.91c 31/05 0 0.91 c 

Sparing 

 

Scrub creation Morgan (1975) Y 0.20 31/05 0 0.20 

T. Finch (pers. 

comm.) 

Y 0.33 15/05 16 0.31 

Woodland creation Lamb et al. (2019) 

– BBS  

N 0.0069 15/05 16 0.0066 

Y 0.051 15/05 16 0.049 

Lamb et al. (2019) 

– RSPB 

N 0.0069 15/05 16 0.0066 

Y 0.086 15/05 16 0.083 

Newson et al. 

(2005) 

N 0.013 15/05 16 0.013 

Y 0.055 15/05 16 0.053 

Gregory and Baillie 

(1998) 

N 0.010 15/05 16 0.0096 

Y 0.041 15/05 16 0.040 

Lapwing In-field sharing Stubble, spring 

cropping 

Wilson et al. (2001) N 0.0017 15/04 46 0.0017 

Y 0.031 15/04 46 0.030 

Shrubb et al. 

(1991) 

N 0.0056 15/04 46 0.0054 

Y 0.056 15/04 46 0.055 

Field-edge sharing Fallow plots Chamberlain et al. 

(2009) 

N 0.017 15/05 16 0.017 

Y 0.18 15/05 16 0.18 

Sparing Wet grass creation Eglington et al. 

(2007) 

Y 0.68 31/05 0 0.68 

Ausden and Hirons 

(2002) –ESAs 

Y 0.056 15/05 16 0.055 
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Ausden and Hirons 

(2002) – RSPB 

reserves 

Y 0.46 15/05 16 0.46 

M. Ausden (pers. 

comm.) 

Y 0.81 15/05 16 0.80 

Yellowhammer In-field sharing Stubble, spring 

cropping 

Hancock and 

Wilson (2003) 

N 0  09/01 142 0 

Y 0.5 09/01 142 0.39 

Field-edge sharing Winter bird seed 

plots 

Henderson et al. 

(2012) 

N 0.07 15/05 16 0.068 

Y 0.14a 15/05 16 0.14 a 

Parish and 

Sotherton (2004) 

N 0 30/12 152 0 

Y 0.8 30/12 152 0.61 

Stoate et al. (2003) N 0.04 30/12 152 0.031 

Y 0.2b 30/12 152 0.15 b 

Hedgerow creation Macdonald and 

Johnson (1995) 

Y 6.1 c 31/05 0 6.1 c 

Bradbury et al. 

(2001) 

N 10 c 31/05 0 10 c 

Sparing Scrub creation Morgan (1975) Y 0.74 31/05 0 0.74 

Donovan (2013) Y 1.2 15/05 16 1.2 

a Density is birds/ha across entire 100ha farm with 10ha winter bird cover 
b Density is birds/ha across entire 100ha farm with 32.2ha winter bird cover 

c Hedge per-ha densities assume hedges are 6m wide.  
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b) Quantifying the effect of interventions that deliver net carbon emissions reductions  

We searched the literature to find papers that quantified the carbon emissions avoided, or the carbon 

stored, by the interventions identified in Table 2.1. Where possible, we used papers that were 

referenced in IPCC reports, as detailed below.  

 

i. Reducing fertiliser use  

The method for estimating the reductions in net carbon emissions delivered by cutting use of inorganic 

nitrogen fertiliser differs between Chapter 2, where we study total cessation of fertiliser use by the 

average farmer enrolled in current schemes, and Chapters 3-5 where we study a 50% reduction by the 

farmers recruited by our choice experiment. Therefore, here we first describe the method for when 

we assume the average English arable farmer enrolled in the scheme stops using fertiliser, and then 

repeat the method for studying a 50% reduction in fertiliser use by participants of the choice 

experiment. 

 

Method for Chapter 2 

To quantify the carbon emissions avoided by eliminating use of inorganic nitrogen (N) fertiliser, we 

followed Kindred et al. (2008) who studied the emissions associated with the manufacture and 

application of fertiliser to winter wheat in the UK. The authors reported the greenhouse gas emissions 

(in kg CO2e) per-tonne of crop yield for a range of fertiliser application rates (Figure A1a). At low levels 

of fertiliser use, the authors reported low crop yields; thus they quantified the emissions associated 

with the land-use change necessary to sustain food production. We omitted these emissions since we 

do not include these rebound effects in calculating the sequestration associated with any other 

interventions. We converted this plot of emissions per-tonne to emissions per-ha given reported 

yields. This revealed a linear relationship: i.e., the carbon emitted per unit fertiliser was constant 

regardless of the application rate. From this, we calculated the tonnes of carbon saved by reducing N-

fertiliser use (Figure A1b). The gradient of this line (0.0032) gives the per-ha tonnes carbon saved per-

KgN of fertiliser which is not applied.  
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Figure A1. (a) From Kindred et al. (2008), the GHG emissions per-tonne of crop yield associated with varying 

rates of N-fertiliser application to winter wheat (left axis), and the associated yield (right axis). Derived from 

Kindred et al. (2008), (b) the tonnes carbon saved by reducing per-ha fertiliser application by varying amounts.   

 

To calculate the emissions avoided by eliminating fertiliser use, we had to establish the rate at which 

fertiliser is applied on typical arable farms. In doing so, we assumed all crops would behave as winter 

wheat does here (since comparable data did not exist for other crops). We assumed this option would 

be applied to areas of wheat, barley and oil seed rape (the most commonly grown crops on UK arable 

farms) in proportion to the relative area occupied by each crop on an average arable farm (Defra 2019; 

Table A5). To do so, we took crop-specific fertiliser application rates from Benford (2016; Table B2.1, 

p. 29) and calculated the average fertiliser application rate (weighted by relative areas; Table A5). We 

then calculated the carbon emissions saved per-ha by assuming this average application rate 

(171kgN/ha/y) would be avoided (i.e., 0.0032	 × 	171).  

 

Table A5. Fertiliser application rates and average crop areas on an average cereal farm.  

 Crop 

 Winter wheat Spring barley Oil seed rape  

Crop-specific average fertiliser 

application rate (kgN/ha/y) 

190 105 193 

Proportional crop area on average 

cereal farm 

0.60 0.23 0.16 

Average fertiliser application rate 

(kgN/ha/y) 

171 
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Method for Chapters 3-5:  

To quantify the carbon emissions avoided by the participants of our choice experiment reducing their 

use of inorganic nitrogen fertiliser by 50%, we followed Kindred et al. (2008) which studied the 

emissions associated with the manufacture and application of fertiliser to winter wheat in the UK. The 

authors reported the greenhouse gas emissions (in kg CO2e) per-tonne of crop yield for a range of 

fertiliser application rates (Figure A2a). We converted this plot of emissions per-tonne to emissions 

per-ha given reported yields. This revealed a linear relationship: i.e., the carbon emitted per unit 

fertiliser was constant regardless of the application rate. From this, we calculated the tonnes carbon 

saved by reducing N fertiliser (Figure A2b). The gradient of this line (0.0032) gives the per-ha tonnes 

carbon saved per-KgN of fertiliser not applied. Participants were told this intervention was only 

applicable to wheat, barley, oil seed rape, sugar beet and potatoes (crops that typically have high 

fertiliser requirements) and were asked to report their use of inorganic N fertiliser. We used these 

reported values to calculate the emissions saved by a 50% reduction, assuming that the crop with the 

lowest gross margin would be enrolled first. Where respondents did not report fertiliser use, we used 

average, crop-specific values from the 2019/2020 Farm Business Survey.  

 

The data in Kindred et al. (2008) show that at low levels of fertiliser use yields are reduced; just as 

with other interventions, meeting the resulting reduction in food production arising from the 

intervention will thus involve increased GHG emissions and impacts on biodiversity elsewhere, which 

we did not quantify, but which we note (Main text, Discussion) would be greater the larger the food 

production forgone. 
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Figure A2. (a) From Kindred et al. (2008), the GHG emissions per-tonne of crop yield associated with varying 

rates of N-fertiliser application to winter wheat (left axis), and the associated yield (right axis). Derived from 

Kindred et al. (2008), (c) the tonnes carbon saved by reducing per-ha fertiliser application by varying amounts.   

 

 

ii. Hedgerow creation  

Hedgerows sequester carbon above and below ground. In temperate regions, the maximum above-

ground biomass carbon stock at maturity is 26.1 tC/km hedgerow (IPCC 2019). The maturity cycle is 

estimated at 30 years, which gives an average annual sequestration rate of 0.87tC/km/y for the first 

30 years following creation (IPCC 2019). Arable land, in comparison, stores no above-ground carbon. 

In addition, planting hedgerows on arable land sequesters 0.23tC/km/y below ground (IPCC 2019). 

Therefore, for the first 30 years after establishment, we estimate that hedgerows sequester, on 

average, 1.10tC/km/y.  

 

iii. Woodland creation  

Creating woodland on arable land also stores carbon above and below ground. To quantify above-

ground sequestration of woodland, we used the estimate of Falloon et al. (2004; based on data from 

the  IPCC), at an average sequestration rate 2.8tC/ha/y. The same authors estimated soil carbon to 

accumulate annually at an average rate of 1.17% when arable land is converted to woodland (Falloon 

et al. 2004). Assuming soil in arable areas of the UK has a carbon content of 84tC/ha (Smith et al. 

2000), the amount of soil carbon sequestered annually over a 20-year period is: 

 

1.17"#

100 × 	84	 

= 19.04tC/ha 

Therefore, for the 20 years following woodland creation, on average 0.97tC/ha/y is sequestered in soil 

carbon each year. The average carbon sequestered annually is the sum of that sequestered in the soil 

and above ground, i.e.: 

2.8 + 0.97 

= 3.77tC/ha/y 

 

Results  

Estimates of the effect of the studied sharing and sparing interventions on bird densities and net 

carbon emissions reductions are reported in Figure A3. 
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Figure A3. The mean effect of in-field sharing (orange bars), field-edge sharing (pink bars) and sparing (blue 

bars) interventions that deliver increased populations of (a) yellowhammers, (b) bullfinches, (c) lapwings and 

(d) net carbon emissions reductions with results from individual studies (from which the mean was derived) 

plotted as crosses (where necessary jittered on the x-axis to make all visible). Hedgerow results are plotted 

per-ha hedgerow, i.e. per 1.7km length hedge with width of 6m. Reduced fertiliser is plotted for the average 

English arable farm ceasing use of inorganic nitrogen fertiliser. 
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Appendix B: Chapter 2 
Additional methods for the compliance analysis 

(i) Current scheme participation and outcomes delivered  

Table B1. The options from the CSS studied in the compliance monitoring analysis, their payment rates and current uptake amongst CSS participants (data from RPA, pers. 

comm.), plus the benefit delivered by the current scheme assuming 100% compliance. (Two codes are given where options have different creation and maintenance payment 

rates. Woodland creation is funded by the Woodland Creation Grant Scheme which we assumed to cost, on average, £2000/ha). 

Type of outcome Option CSS Code Payment   
 £/ha/y  
(or km hedge)  

Total area enrolled 
/ ha  
(or km hedge)   

Average area 
enrolled per 
agreement /ha 
(or km hedge)  

Proportion of CSS 
agreements with 
option 

Benefit delivered / 
birds (or tonnes 
carbon per year) 

Yellowhammer Stubble AB2 84 22447 13.39 0.120 8754 

Winter bird cover AB9 640 18336 4.39 0.409 12651 

Hedge BN11a / BE3 11600 / 80 692 0.68 0.099 1937 

Scrub WD8b / WD7 87 / 74 786 11.39 0.04 574 

Bullfinch Hedge BN11a / BE3 11600 / 80 692 0.68 0.099 374 

 Scrub WD8b / WD7 87 / 74 786 11.39 0.04 161 

 Woodland WCGa / WD1 2000 / 200 1434 7.71 0.108 67 

Lapwing Stubble  AB2 84 22447 13.39 0.120 875 

Fallow AB5 524 1225 4.00 0.030 196 

Wetland GS11c / GS9 406 / 264 307 16.06 0.011 149 

Carbon Nil fertiliser SW14 131 1481 14.96 0.010 859 

Hedge BN11a / BE3 11600 / 80 692 0.68 0.099 763 

Woodland WCGa / WD1 2000 / 200 1434 7.71 0.108 5405 

a Creation rate paid for 1 year. b Creation rate paid for 5 years. c Creation rate paid for 10 years.  
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(ii) Non-compliance in current schemes 

Table B2. Rates of monitoring and non-compliance, plus the value of fines awarded to participants of the Countryside Stewardship Scheme (CSS) and Environmental 

Stewardship Scheme (ESS) between 2015-2017 (data from RPA, pers. comm.).  

 

Year Scheme  Section of 

scheme 

% Properties 

checked for non-

compliance  

% Failing checks Total fines   / £ Mean fine 

£/property 

Mean rate of 

monitoring across 

all schemes % 

Mean rate of non-

compliance across 

all schemes % 

2015 

 

ESS ELS 5.9 26.1 636,000 1483 6.0 45.5 

 HLS 4.4 70.8 658,000 1485   

2016 CSS Mid Tier 3.0 67.9 67,000 1861   

 High Tier 4.9 65.0 38,000 2923   

ESS ELS 3.8 13.6 24,000 320   

 HLS 13.2 58.1 1,043,000 1009   

2017 CSS Mid Tier 4.8 48.0 220,500 1853   

 High Tier 6.6 44.1 61,500 2050   

ESS ELS 4.3 12.9 7,200 171   

 HLS 9.3 48.9 498,000 857   
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(iii) Monitoring costs 

We estimated the costs of monitoring each intervention following estimates of the cost of monitoring 

participants in current schemes (P. Carey, pers. obs.). The time and mileage of professional surveyors 

travelling to the site and conducting the inspection was valued at £240. Habitat monitoring was 

estimated at £700 per km2; so this was adjusted according to the area of the option in question. Finally, 

aerial analysis was assumed to be used to quantify the area under in-field sharing and sparing options, 

at the cost of £60. Remote monitoring was assumed to cost £180/site, regardless of the option in 

question (approximately in line with RPA 2012). 

 

(iv) Calculating total costs  

We calculated total costs as the sum of scheme payments and administrative costs, plus monitoring 

costs, less fines, as follows: 

 

(𝑃 + 𝐴)𝑛 +𝑚7𝑟7𝑛 +𝑚8𝑟8𝑛 − (𝑟7𝑑7" + 𝑟8𝑑8")𝑏"𝑛𝑃𝑓" − (𝑟8𝑑8()𝑏(𝑛𝑃𝑓( 

 

Where P is the payment rate, A is the administrative cost per property, n the number of scheme 

participants, mr and mi the costs of monitoring a participant remotely and in-person, rr and ri are the 

proportions monitored remotely and in-person, f1 and f2 are the fines for major and minor non-

compliance, dr1 and di1 are the proportion of majorly non-compliant properties fined for non-

compliance if monitored remotely and in-person respectively, and di2 is the proportion of minorly non-

compliant properties fined for minor non-compliance if monitored in-person, and b1 and b2 are the 

proportion of scheme participants majorly and minorly not complying. 
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Sensitivity testing of compliance monitoring analysis 

We tested the sensitivity of the results from the compliance monitoring analysis to variation in the 

following key parameters: 

i. Proportion of honest farmers (Figure B1) 

ii. Fines (Figure B2) 

iii. Monitoring costs (Figure B3) 

iv. Area entered by participants (Figure B4) 

v. Biodiversity benefit (Figure B5) 

vi. Availability of remote monitoring (Figure B6) 

We also explored the rate of fines required to make present monitoring rates effective in deterring 

non-compliance (Figure B7).  
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(i) Proportion of farmers assumed honest 

Assuming more farmers were honest did reduce scheme costs at low rates of non-compliance but had 

little impact at higher monitoring rates when little non-compliance occurred (Figure B1). Sparing (plots 

with blue shading) remained the least costly scheme at each rate of honest farmers.  

 
Figure B1. The cost of ten-year schemes at varying rates of monitoring that delivered fixed amounts of (a) 

yellowhammers, (b) bullfinches, (c) lapwings and (d) carbon with in-field sharing (orange), field-edge sharing 

(pink) and sparing (blue). The black line shows the baseline condition where 54% of farmers were assumed 

honest; the red line assumed 10% were honest and the blue line assumed 82.5% were honest. Shaded area 

shows difference in costs between 10% and 82.5% farmers being honest. Of the two field-edge sharing 

interventions for yellowhammers, the lighter line is winter bird cover and the darker line is hedgerow creation. 

Of the two sparing interventions for bullfinches, the lighter line is scrub and the darker is woodland creation. 

(Costs are not plotted where monitoring rate is so low that current AES payment rates would be incapable of 

meeting the specified target, and hence lines and shading are variable in length.)  
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(ii) Fines 

Higher fines reduced scheme costs at low levels of monitoring and reduced the level of monitoring 

required (Figure B2). Sparing (plots with blue shading) remained the least expensive scheme in all 

cases, regardless of the rate of fines.  

 
Figure B2. The cost of ten-year schemes at varying rates of monitoring that delivered fixed amounts of (a) 

yellowhammers, (b) bullfinches, (c) lapwings and (d) carbon with in-field sharing (orange), field-edge sharing 

(pink) and sparing (blue). The black line shows the baseline condition; the blue line shows costs when fines were 

doubled and the red line when fines were halved. Shading shows difference in costs between fines of 0.5x and 

2x the payment rate. Of the two field-edge sharing interventions for yellowhammers, the lighter line is winter 

bird cover and the darker line is hedgerow creation. Of the two sparing interventions for bullfinches, the lighter 

line is scrub and the darker is woodland creation.   
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(iii)  Monitoring costs 

Scheme costs increased when monitoring was more expensive (Figure B3). However, sparing 

remained the least expensive scheme in all cases. 

 
Figure B3. The cost of ten-year schemes at varying rates of monitoring that delivered fixed amounts of (a) 

yellowhammers, (b) bullfinches, (c) lapwings and (d) carbon with in-field sharing (orange), field-edge sharing 

(pink) and sparing (blue). The black line shows the baseline condition; the blue line shows costs when monitoring 

costs were halved and the red line when monitoring costs were doubled. Shading shows difference in overall 

cost when monitoring costs were halved and doubled. Of the two field-edge sharing interventions for 

yellowhammers, the lighter line is winter bird cover and the darker line is hedgerow creation. Of the two sparing 

interventions for bullfinches, the lighter line is scrub and the darker is woodland creation. 
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(iv) Area entered by participants 

In the baseline analysis, we assumed all participants entered the mean area currently enrolled by 

participants in the CSS (Table B1). Allowing participants to enter larger areas reduced scheme costs 

since fewer participants were required in the scheme and so monitoring costs – which largely scaled 

with the number of participants, rather than area – were lower (Figure B4). 

 
Figure B4. The cost of ten-year schemes at varying rates of monitoring that delivered fixed amounts of (a) 

yellowhammers, (b) bullfinches, (c) lapwings and (d) carbon with in-field sharing (orange), field-edge sharing 

(pink) and sparing (blue). The black line shows the baseline condition whilst the red line shows costs when the 

area entered by each participant was doubled and the blue line when it was quadrupled. Shading shows 

difference in costs when area enrolled was increased 4x vs the baseline. Of the two field-edge sharing 

interventions for yellowhammers, the lighter line is winter bird cover and the darker line is hedgerow creation. 

Of the two sparing interventions for bullfinches, the lighter line is scrub and the darker is woodland creation. 
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(v) Biodiversity benefit  

Scheme costs were reduced when the anticipated benefit delivered by each intervention was 

increased (Figure B5). The cost of sparing exceeded sharing when the benefit associated with sharing 

was increased by the following factors while that of sparing is held constant: Yellowhammer-stubble, 

1.9x; Bullfinch-hedge, 6.5x; Lapwing-stubble, 3.8x; Carbon-nil fertiliser, 2.3x. 

 
Figure B5. The cost of ten-year schemes at varying rates of monitoring that delivered fixed amounts of (a) 

yellowhammers, (b) bullfinches, (c) lapwings and (d) carbon with in-field sharing (orange), field-edge sharing 

(pink) and sparing (blue). The black line shows the baseline condition whilst the red line show when the per-area 

conservation benefit associated with each intervention was doubled; and shading shows the difference in costs. 

Of the two field-edge sharing interventions for yellowhammers, the lighter line is winter bird cover and the 

darker line is hedgerow creation. Of the two sparing interventions for bullfinches, the lighter line is scrub and 

the darker is woodland creation. 
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(vi) Availability of remote monitoring  

We explored the cost implications of using remote monitoring in addition to in-person checks. However, remote monitoring offered only limited cost savings: 

Figure B6 shows the difference between costs at this level of remote monitoring vs all in-person (difference indicated by shaded area).  

 

Figure B6. Total costs of in-field sharing (orange), field-edge sharing (pink) and sparing (blue) schemes for a range of monitoring rates that delivered the same amount of (a) 

yellowhammers, (b) bullfinches, (c) lapwings and (d) carbon with the optimal rate of remote monitoring (bottom of shaded band) and without remote monitoring (top of 

shaded band). (All pink and blue lines have some shading but in some cases it is barely visible). Of the two field-edge sharing interventions for yellowhammers, the lighter 

line is winter bird cover and the darker line is hedgerow creation. Of the two sparing interventions for bullfinches, the lighter line is scrub and the darker is woodland creation. 

In-field sharing 
Field-edge sharing 
Field-edge sharing 
Sparing 
Sparing 
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(vii) Fine rates required for current monitoring rate to be effective  

We explored the extent to which fines must increase for the current monitoring rate to be 

associated with the lowest scheme cost (Figure B7). Scheme costs were minimised at the current 

monitoring rate (6%; dotted line) only when fines were increased between 11-18 times the present 

payment rates. 

 
Figure B7. The optimal rate of monitoring for major non-compliance for a range of fine rates (presented as 

multipliers of the payment rate). All monitoring is in-person. Dotted line shows the current rate of monitoring 

in the Countryside Stewardship Scheme. Of the two field-edge sharing interventions for yellowhammers, the 

In-field sharing 
Field-edge sharing 
Field-edge sharing 
Sparing 
Sparing 
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lighter line is winter bird cover and the darker line is hedgerow creation. Of the two sparing interventions for 

bullfinches, the lighter line is scrub and the darker is woodland creation. 

 

Additional methods for the effectiveness monitoring analysis 

i. Estimating sample sizes of Baker et al. (2012) 

Baker et al. (2012) did not explicitly report sample sizes. Instead, they reported the number of unique 

1km squares in which each species was recorded across all years separately for the arable, mixed and 

pastoral farmland classifications. These figures may underestimate sample sizes since any studied 

squares in which the species was not recorded are excluded. However, they may also overestimate 

sample sizes due to different squares being studied in different years. Therefore, we calculated sample 

sizes using the authors’ statement that approximately 2000 lowland farmland squares were 

monitored each year. We assumed these 2000 squares are split between the arable, pastoral and 

mixed categories according to the ratios of the highest number of squares of each farmland type that 

any species was recorded in. At the 1km2 scale, the species reported in the most mixed and pastoral 

squares was the chaffinch (771 squares for mixed, 610 squares for pastoral farmland) whilst the 

skylark was reported in the most arable squares (936 squares). Using these raw numbers would give 

a total of 2317 squares (a suspected overestimate), and so scaling-down such that the total is 2000 

(whilst maintaining relative proportions) gives sample size estimates of 808, 666 and 527 squares for 

arable, mixed and pastoral respectively. We therefore assumed these were the number of squares of 

each farmland type surveyed, on average, in each year of the study. Without this scaling-down, the 

same confidence interval (CI) width would be assumed delivered with a larger sample size, so the data 

requirement for precise CI’s would increase.  

 

ii. Estimating the standard errors of Newson et al. (2005) 

 

Newson et al. (2005) reported bird population densities in a range of habitat types with bootstrapped 

CI’s. Bootstrapped CI’s are not calculated from the CI formula, but by repeatedly sampling the data, 

with replacement, and calculating the associated sample mean. The bootstrapped CI is then dictated 

by the range of these mean values having removed the most extreme from the distribution, e.g. the 

lower and upper 2.5% for a 95% CI. We can, however, assume the width of the confidence interval to 

reflect its standard error (multiplied by the z statistic at the level of accuracy studied), provided the 

upper and lower CI’s are roughly equal in width (Haukoos & Lewis 2005). Here, we assumed all CI’s to 

be adequately normally distributed (Figure B8). So, we calculated standard errors by assuming the 

width of the CI was equal to 1.96 (the z score at 95% confidence) multiplied by the standard error.  
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Figure B8. Species-specific densities reported in a range of habitats by Newson et al. (2005). The authors’ 

bootstrapped 95% confidence intervals are shown. 

 

iii. Estimating the sample sizes of Newson et al. (2005) 

 

In Newson et al. (2005), the sample sizes reported are the number of 200m transects of each habitat 

type surveyed in all of the UK and not the number of 1-km squares surveyed. To be comparable to 

Baker et al. (2012), we found the number of 1-km squares surveyed by assuming ten 200m transects 

were surveyed for each square (as per BBS protocol). 

 

iv. Estimating present-day sampling effort in BBS 

 

In the main paper, we explored the precision of estimates delivered by the 2018 BBS volunteer effort. 

The BBS report the overall increase in area sampled (Harris et al. 2019), but do not provide a 

breakdown by habitat type. Therefore, for each farmland type, and each category of (semi-)natural 

habitat, we assumed the sample size had increased by the same factor of increase as the total area 

sampled in England.  
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Appendix C: Chapter 3 

 

1. Comparisons to national averages 

First, we assessed how representative our sample was of arable farmers in England before considering 

how well our models predicted participation in the closest analogues to the options studied in existing 

AES.  

 

i. Assessing how representative our sample is of English arable farmers 

We found that our sample over-represented younger farmers and under-represented older farmers 

compared to the ages of UK farmers (Figure C1a; Defra 2018; data was not available for only arable 

farmers in England). Our sample also over-represented larger farms compared to data for arable 

farmers in England (Defra 2019a; Figure C1b). 

 

 
Figure C1. The (a) age groups and (b) farm sizes of our sampled farmers compared to national averages. 

 

ii. Assessing the accuracy of our model in predicting current participation in AES  

To assess the accuracy of preferences revealed by stated preference experiments (e.g. choice 

experiments), it is useful to compare results to preferences revealed by real behaviour (Hanley et al. 

2003). To provide some insight into the accuracy of our predictions, we compared our predictions of 

the benefit, and therefore the participation, delivered for a given spend to the observed participation 

in current English AES. Here we are only considering spend on maintenance payments to farmers. We 

obtained data on the participation rates in current AES in England via Freedom of Information requests 

to the Rural Payments Agency. We received information on the area enrolled in the closest analogues 

to our studied interventions in the Countryside Stewardship Scheme (CSS) and Environmental 

Stewardship Scheme (ESS) in 2019. Based on our estimates of the per unit area benefit delivered by 

each of our interventions (Appendix A), we estimated the total benefit delivered by the area enrolled 
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in each intervention in the CSS and ESS combined. We calculated the cost of delivering that benefit 

based on the payment rates offered by the CSS and ESS (Natural England 2013; Defra 2019b) over 20 

years using a 3.5% discount rate (following HM Treasury 2018). We then adjusted these cost and 

benefit figures by 0.017, because our sample of 118 farmers managed ~1.7% of the arable land in 

England (Defra 2019c). The resulting cost/benefit for each intervention was plotted as a black cross in 

Figure C2, with our model output shown as a coloured line.  

 

Our model explored far greater environmental outcomes than those delivered by current schemes 

which in many cases are very small (many of the black crosses appear near-zero on the y-axis). We did 

overestimate the benefit that would be delivered by stubble/spring cropping and winter bird cover 

for yellowhammers, suggesting we may be overestimating the participation delivered by a given 

payment rate; so sharing may in practice be more costly than implied by our results.
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Figure C2. The conservation benefit in terms of (a) yellowhammers, (b) bullfinches, (c) lapwings and (d) tonnes C/y projected, based on choice experiment modelling, to be 

delivered with a budget up to £20m spent over 20 years on maintenance payments to farmers who implement in-field sharing (orange), field-edge sharing (pink) and sparing 

agri-environment interventions. Black crosses indicate the benefit delivered by equivalent interventions in the Countryside Stewardship and Environmental Stewardship 

Schemes and the associated costs, given scheme payment rates for an area of England in 2019 equivalent in size to the land farmed by our study farmers.

In-field sharing 
Field-edge sharing 
Sparing 
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2. Reasons participants like and dislike sharing and sparing options 

 

Participants found more reasons to not implement sparing options than sharing options (Figure C3; 

participants could select multiple reasons for each intervention). The most common concern for 

sparing was cultivating the land after the contract ended. For field-edge sharing, the time required 

was most concerning while the reasons stated for not implementing in-field sharing were diverse.  

 
Figure C3.  Reasons for which participants would not implement sharing and sparing options in terms of it being 

something they would never do (red), the time taken (dark blue), changes in how the land would look (grey), 

concern cultivating the land after the contract ended (pink) and it not being possible on the land farmed (light 

blue). Participants could select multiple reasons for each option.   

 

In general, participants found more reasons to be discouraged (Figure C4b) than encouraged (Figure 

C4a) from implementing sharing and sparing options. Of the options studied, the most positive 

benefits were associated with stubble/spring cropping, namely in terms of weed/pest control and soil 

health. Far fewer benefits were perceived to be associated with other options. Participants were most 

commonly discouraged from in-field sharing due to impacts on crop yields. Many were discouraged 

from field-edge sharing and sparing due to both crop yield and weed/pest control effects. For sparing, 

impacts on soil health were also concerning.  
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Figure C4. The reasons participants were (a) encouraged and (b) discouraged from participating in sharing and 

sparing options due to impacts on crop yields (grey), soil health (pink) and weed/pest control (blue). 
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Appendix D: Chapter 4 

 

Comparison to current schemes of estimated payments required by farmers 

Stated preference methods, such as choice experiments, rely on participants’ stated intentions rather 

than actual behaviour; that intentions may not reflect actual behaviour is a clear limitation of this 

approach. Therefore, it is useful to assess the accuracy of estimates derived from stated preference 

experiments to preferences revealed by decision-making in the real world (Hanley et al. 2003). We 

compared our predictions of the benefit, and therefore the participation, delivered by a given spend 

to the benefit delivered given existing participation and payment rates in current English AES. Here 

we are considering the cost of maintenance payments to farmers only. We obtained data on the 

participation rates in current AES in England via Freedom of Information requests to the Rural 

Payments Agency. We received information on the area enrolled in the closest analogues to our 

studied interventions in the Countryside Stewardship Scheme (CSS) and Environmental Stewardship 

Scheme (ESS) in 2019. Based on our estimates of the per unit area benefit delivered by each of our 

interventions (Appendix D), we estimated the total benefit delivered by the area enrolled in each 

intervention in the CSS and ESS combined. We calculated the cost of delivering that benefit based on 

the payment rates offered by the CSS and ESS (Natural England 2013; Defra 2019b) over 20 years using 

a 3.5% discount rate, following HM Treasury (2018). We then adjusted these cost and benefit figures 

by 0.017, because our sample of 118 farmers managed ~1.7% of the arable land in England (Defra 

2019c). The resulting cost/benefit for each intervention is plotted as a black cross in Figure D1, with 

our model output shown as a coloured line.  

 

Our model was generally good at predicting participation at the payment rates offered by existing 

schemes. However, our model poorly predicted the cost of delivering yellowhammers with 

stubble/spring cropping and winter bird seed plots, which we found to require far less than the 

compensation currently offered. This suggests that, for these two sharing interventions, we may be 

overestimating the participation delivered by a given payment rate in our sampled farmers; so sharing 

may in practice be more costly than implied by our results.
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Figure D1. The projected costs based on choice experiment modelling of the maintenance payments made to farmers who participate in 20-year schemes that deliver (a) 

yellowhammers, (b) bullfinches, (c) lapwings and (d) reduced net carbon emissions with in-field sharing (orange), field-edge sharing (pink) and sparing (blue) interventions. 

Black crosses show the benefits delivered by equivalent interventions in current Countryside Stewardship and Environmental Stewardship Schemes and associated costs 

given scheme payment rates for an area of England in 2019 equivalent in size to the land farmed by our surveyed farmers. Some targets could not be delivered even with all 

the studied farmers enrolled hence lines are not plotted across full range of x-axis: lapwings by stubble/spring cropping (in-field sharing), carbon by reduced fertiliser (in-field 

sharing) and bullfinches with woodland creation (sparing). 

In-field sharing 
Field-edge sharing 
Sparing 
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Sensitivity tests 

We assessed the sensitivity of our overall findings to different land-use approaches and 

environmental outcomes in five main ways, as follows. 

 

iv. In addition to land sharing and simple (2-compartment sparing), we explored the costs of 

achieving environmental outcomes via a third strategy: 3-compartment sparing, where high-

yield farming sees land spared and managed as low-yield farmland, and other land restored 

to (semi)-natural habitat (Finch et al. 2019; Feniuk et al. 2019). In the context of our study, 3-

compartment sparing used both sharing and sparing interventions to deliver the target 

outcomes. To do so, we used our existing estimates of the cost of delivering the target 

outcomes with the studied sharing and sparing interventions to establish the combination of 

interventions that delivered the outcomes at least cost. We assessed the cost of delivering 

each incremental increase in the target outcomes with each intervention. We assumed the 

intervention that cost least to the taxpayer would be used to deliver that increment. Given 

the contribution of sharing and sparing interventions towards delivering the target outcomes, 

we estimated the food production lost by the enrolled farmers as detailed elsewhere 

(Methods; Appendix D) 

 

Combining sharing and sparing interventions in 3-compartment sparing delivered the 

outcomes at less cost than 2-compartment sparing, whether considering biodiversity 

outcomes alone (Figure D2a) or including carbon (Figure D2b). Whilst we previously found 

that delivering all outcomes purely with sharing was more expensive than sparing, there was 

variation across outcomes when considering each individually: yellowhammers and high 

numbers of bullfinches were delivered at less expense with sharing compared to sparing 

(Figure D3a-b). Furthermore, using both sharing and sparing interventions to deliver lapwings 

offered cost savings; the upper 30% of the lapwing target was delivered at less cost with 

stubble/spring cropping and fallow plots, compared to sparing (Figure D3c). Sparing alone was 

least costly for carbon (Figure D3d). Therefore, a combination of sharing and sparing options 

delivered all our conservation targets (i.e., when proportion of target = 1; Figure D2b) at 61% 

the cost to the taxpayer of simple 2-compartment sparing (Figure D2). The food production 

lost under 3-compartment sparing was also lower compared to sparing, though by a smaller 

margin (Figure D2, red line). Indeed, for all outcomes at high targets, the food lost approaches 

that of 2-compartment sparing despite 3-compartment sparing continuing to offer savings to 

the taxpayer.   
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Figure D2. For (a) biodiversity outcomes only and (b) biodiversity and carbon outcomes, the difference in 

taxpayer costs (black; compensation payments, capital, administration and compliance monitoring), and lost 

food production (red), of 3-compartment sparing schemes relative to classical (2-compartment) sparing schemes 

that delivered a range of proportions of the target outcomes.  

 

 

 

(a) Biodiversity only (b) All outcomes 

In-field sharing 
Field-edge sharing 
Field-edge sharing 
Sparing 
Sparing 
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Figure D3. The taxpayer costs for 20 years schemes (including maintenance payments to farmers, capital costs, 

administration costs and compliance monitoring costs) that deliver varying proportions of each outcome with 

in-field sharing (orange), field-edge sharing (pink) and sparing (blue) interventions. Two field-edge sharing 

interventions were studied for yellowhammers (hedgerows, darker pink; winter bird cover, lighter pink) and two 

sparing interventions were studied for bullfinches (woodland creation, darker blue; scrub creation, lighter blue). 

Some interventions could not deliver the targets even with all studied farmers enrolled in the scheme hence not 

all lines plotted across x-axis range.  

 

v. We also explored the consequences for our overarching findings of considering only 

biodiversity outcomes and excluding action to lower net carbon emissions. We found sparing 

remained less expensive than sharing but was 77% the cost of sharing (Figure D4) compared 

to 48% when action to reduce net carbon emissions was included. This demonstrates the 

disproportionate efficiency offered by delivering carbon, versus biodiversity, with sparing 

which we explored further in Figure D4.   

 
Figure D4. The taxpayer costs (compensation payments to farmers, plus capital, admin and compliance 

monitoring costs) of 20-year schemes that deliver varying proportions of (a) the target biodiversity outcomes 

and (b) the carbon emissions reduction target. 95% bootstrapped confidence intervals reflect uncertainty in 

compensation payments to farmers. 

 

vi. We explored the consequences of varying the size of the carbon target. Figure D5 shows the 

taxpayer cost of delivering the combined biodiversity and reduced net carbon emissions 

outcomes when the carbon target was varied between 0 and the original target (1557tC/y; 

set such that the spend on biodiversity and carbon outcomes was equal under sharing) 

whilst the biodiversity targets were held constant at 300 bullfinches, lapwings and 

yellowhammers. For all targets, sparing was less expensive than sharing, though the margin 

by which sparing was less expensive increased at higher carbon targets. We also explored 

scheme costs when increasing the carbon target to 12x the original target given the scale of 
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action required to reach net-zero emissions, assuming payments for any intervention could 

not exceed £3000/ha/y (Figure D5b). The cost of delivering targets with sharing 

interventions increased rapidly at higher targets; it was not possible to deliver >2x the 

original target without exceeding payments of £3000/ha/y, which is far more than current 

payment rates, whilst sparing could deliver up to 12x the original target.  

 
Figure D5. The combined taxpayer cost (compensation payments to farmers, plus capital, admin and compliance 

monitoring costs) of 20-year schemes that deliver biodiversity and carbon whilst biodiversity target was held at 

300 bullfinches, lapwings and yellowhammers and the carbon target was varied as a proportion of the original 

target of 1557tC/y between (a) 0 and 1 and (b) between 0 and 12 where payments for any intervention could 

not exceed £3000/ha/y.   

 

vii. Given the uncertainty in our estimates of the per-area benefit delivered by the studied 

interventions, we explored the extent to which the benefit delivered by sparing could be 

degraded before sharing became the cheaper strategy. We found sharing cost the taxpayer 

less in delivering the target biodiversity and carbon outcomes only when the benefit delivered 

by sparing was reduced by more than a third (Figure D6). 
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Figure D6. The taxpayer costs (compensation payments to farmers, plus capital, admin and compliance 

monitoring costs) of 20-year schemes that deliver the target biodiversity and carbon outcomes by sharing and 

sparing where the benefit assumed to be delivered by sparing is degraded by varying amounts.   

 

viii. To confirm whether the difference between sharing and sparing schemes was significant, we 

found the 95% confidence interval of the difference following the bootstrap method (Figure 

D7). The difference is significant whether considering all outcomes or only biodiversity 

outcomes. 

 
Figure D7. The cost of delivering (a) all outcomes and (b) biodiversity outcomes only with sharing less the cost 

of sparing. 95% bootstrapped confidence intervals were calculated from finding the difference across 1000 

replicates and excluding the top and bottom 2.5%.  

 

Methods: Figures and tables cited in the main text 
 

Table D1. The attributes and levels studied in the choice experiment. In the main text, ‘sharing’ incorporates 

both in-field options which affect food-producing practices across the whole field, and field-edge which involve 

addition of an intervention outside the area used to produce food, often the field margin. 
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Attribute Levels 

Type of 

intervention 

 

In-field sharing Field-edge sharing Sparing 

Within type 

intervention 

 

 

Stubble, 

spring 

cropping 

50% N 

fertiliser 

reduction 

Winter 

bird cover 

Fallow 

plots 

Hedge1 Scrub Woodland Wet grass 

2Area/ha 

 

10, 20, 50 10, 20, 50 5, 10, 20 5, 10, 20 2, 4, 8 10, 20, 50 10, 20, 50 10, 20, 50 

Duration/ 

years 

 

5, 10, 20 5, 10, 20 5, 10, 20 5, 10, 20 10, 20, 50 10, 20, 50 10, 20, 50 10, 20, 50 

Payment 

rates £/ha 

40, 80, 

120, 160, 

240 

130, 260, 

400, 550, 

800 

175, 350, 

525, 700, 

1050 

170, 340, 

500, 700, 

1000 

459, 918, 

1360, 

1700, 

2720 

300, 600, 

900, 1100, 

1700 

300, 600, 

900, 1100, 

1700 

300, 600, 

900, 1100, 

1700 

1For hedgerow creation, areas and payment rates were presented per km length hedgerow.  
250ha area requirements were not presented to participants farming <100ha.  

 

Table D2. Fit for a range of mixed logit models: those that included all participants, and that excluded participants 

who opted out of every choice; and those assuming either a normal, log-normal (as presented in the main text), 

distribution or fixed value for the payment parameter. 

 All participants Opt-outs excluded 

 Normally 

distributed 

payment  

Log-normally 

distributed 

payment 

Normally 

distributed 

payment  

Log-normally 

distributed 

payment 

Fixed 

payment 

Log-likelihood -1147 -1121 -1125 -1129 -1132 

R2 0.29 0.29 0.28 0.26 0.26 

AIC 2339 2264 2294 2303 2305 

BIC 2452 2374 2405 2414 2411 

 

Capital costs 

Capital costs are one-off expenses incurred when creating a habitat. Participants were told that capital 

costs would be paid in-full, in addition to the annual compensation payments. The options studied 

that involved capital costs were the creation of hedgerows, wet grassland, scrub and woodland. Our 

estimates of capital costs are as follows: 

 

i. Hedgerow creation 
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The capital costs of hedgerow creation were estimated at £9.40/m following the rate paid by the CSS 

in 2019 (Defra 2019a). For the sparing options, we considered capital costs to be those associated with 

planning, infrastructure and labour.  

 

ii. Wet grassland creation 

The costs of planning, infrastructure and labour for wet grassland creation were estimated at 

£1454/ha (2019 GBP) based on Ausden and Hirons (2002) who explored the costs associated with 

creating three wet grassland sites.  

 

iii. Scrub creation 

Scrub is typically created by allowing natural regeneration (RSPB 2020b). The costs associated with 

planning scrub creation were not documented in the literature, so they have been taken from Ausden 

and Hirons (2002) who estimate the planning costs for three wet grassland sites as £278/ha. We 

assumed there to be no infrastructure or labour costs because scrub regeneration is assumed to occur 

naturally. Therefore, the capital costs assumed associated with scrub creation were £278/ha.  

 

iv. Woodland creation 

We assumed woodland creation requires planting since natural regeneration is slow and can only be 

achieved with exclusion of grazers. Again, planning costs were not well documented so the £278/ha 

from Ausden and Hirons (2002) was again used. We estimated infrastructure costs according to the 

Countryside Stewardship Woodland Creation Grants Scheme (Natural England 2018). The costs of 

trees, planting, weeding and guards (but no fencing), plus replacements following mortality, gave an 

estimated infrastructure cost of £1613/ha. These costs do not appear to include the associated labour. 

CJC Consulting (2014) estimated the labour costs of woodland in Wales at £423/ha and at £1530/ha 

for a broadleaved woodland managed for game/biodiversity in south-west England. We took the mid-

point of these estimates. Allowing for inflation, and combining these costs, the capital costs of 

woodland creation were estimated at £2976/ha. 

 

Compliance monitoring  

The costs of compliance monitoring were studied together with spend on compensation payments 

since with less monitoring, non-compliance increases, and more participants must be paid to enrol in 

the scheme to make up the benefit lost to non-compliance (Ozanne et al. 2001). In summary, our 

approach (detailed below) used utility theory to assess the non-compliance arising at given payment 

and monitoring rates for each intervention. Based on this, we found the payment and monitoring rates 
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that delivered the target outcomes at least cost despite non-compliance and found the cost of 

delivering this rate of monitoring using cost estimates from current schemes.  

 

Following Ozanne et al. (2001), for a given sharing or sparing intervention, we assumed farmer n will 

participate in a scheme that costs cn (£/y) and is compensated at rate P (£/y): 

 

𝑃 −	𝑐$ > 0       [1] 

 

Here, we assumed the cost, cn, to a participant of enrolling in the scheme was their willingness to 

accept payment as calculated in the choice experiment. Participants could enrol varying areas; we 

assumed they would enrol the maximum area given the payment offered, subject to Equation [1] 

holding true. 

 

To determine the level of non-compliance at any given monitoring and payment rate, we assumed the 

utility of non-compliance is the payoff given it is undetected, less the cost if caught and fined; and 

farmers will cheat when this exceeds the utility of complying (as in Ozanne et al. (2001)), i.e.: 

 

(𝑃 − 𝑥𝑐$)(1 − 𝑙)	– 𝑃𝑓𝑙 > 𝑃 − 𝑐$    [2] 

 

where 𝑥 is the extent to which cheating reduces the cost of compliance, 𝑙 is the likelihood that non-

compliance is fined, and 𝑓 is the fine as a proportion of the payment rate. Following Gómez-Limón et 

al. (2019), we explored different degrees of non-compliance: total (where farmers incur 0% of the cost 

and deliver 0% of the benefit) and minor (where farmers pay 70% of the cost and deliver 70% of the 

benefit). Minor non-compliance may be deliberate or accidental (e.g. arising from not fully studying 

the agreement terms (Finn et al. 2009)). The 70% bound is arbitrary but was set according to the extent 

to which we judged it possible to accidentally not comply (P. Carey, pers. obs.).  

Parameterising these equations  

We parameterised equations [1] and [2] using the best available parameter estimates, as follows.  

Fines: We set fines at 1x and 2x the annual payment rate for minor and major non-compliance 

respectively. This approximately follows the fines applied when participants overstate the area 

enrolled in an option (Defra 2019b).   

Probability non-compliance is fined: We assumed that majorly non-compliant participants would 

always be fined when monitored (following Gómez-Limón et al. 2019)). For in-field sharing and 

sparing, we assumed minor non-compliance (e.g., removing stubble early, over-grazing of grassland, 
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etc.) would only be detected in 50% of cases. Minor non-compliance of field-edge sharing options was 

considered detectable in 100% of cases (since it would most probably involve interventions being 

implemented over less than the required area, which should be detected during in-person visits).  

Remote monitoring: Given recent developments in remote sensing, we assumed major non-

compliance could be detected remotely (as well as in-person) for field-edge sharing and sparing but 

assumed detection of minor non-compliance required in-person checks. For in-field sharing options, 

we assumed remote sensing could not detect non-compliance at all (J. Griffin, pers. comm.).  

Monitoring costs: We used cost estimates of current CSS monitoring to estimate the costs of 

monitoring participants (P. Carey; pers. obs.). The time and mileage of professional surveyors 

travelling to the site and conducting the inspection was valued at £240. Analysis of habitats was 

estimated at £700 per km2; this was adjusted according to the area of the option in question. Finally, 

aerial analysis was assumed to be used to quantify the area under in-field sharing and sparing options, 

at the cost of £60. Remote monitoring was assumed to cost £180/site, regardless of the option in 

question (approximately in line with the Rural Payments Agency (RPA 2012). 

 

Identifying the most efficient payment and monitoring rate  

Based on this parameterisation, we simulated the costs of 20-year schemes which delivered the target 

outcomes assuming a 3.5% discount rate (following HM Treasury (HM Treasury 2018)); all costs were 

adjusted to 2019, using a UK GDP deflator index (Bank of England 2021). We explored costs for a range 

of monitoring rates and varied the proportion of monitoring that was conducted remotely vs in-

person. We calculated total costs as the sum of compensation payments, capital costs, administration 

costs, and compliance monitoring costs, less fines. Having explored a range of payment and 

monitoring rates, we identified that which delivered the target outcomes at least cost. This payment 

rate informs Figure 4.2a, the cost of compensation payments to farmers, with the cost of delivering 

the required monitoring rate then detailed in Figure 4.2d.   

 

Estimating lost food production and lost gross margin 

Next, we estimated the food energy and gross margin lost by the surveyed group of farmers in 

delivering out target environmental outcomes. We asked farmers about the crop/livestock types they 

produced as well as the associated areas, yields, selling prices and variable costs for the 2018 harvest 

year. Participants provided an amalgamated value of variable costs which included fertiliser, crop 

protection, seed, water and haulage (where relevant), as well as reporting fertiliser use and fertiliser 

costs separately. Any missing information was completed using averages from the Farm Business 

Survey (FBS 2020). We used this information to estimate the food energy and gross margin lost by 
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farmers participating in our schemes. Methods differ for each intervention type. In summary, we 

found the tonnes of production and converted this to food-energy using standard conversion ratios 

(see below). We then found the value of this lost production by multiplying by participants' selling 

prices and subtracting their associated variable costs (following FBS 2020). In estimating lost 

production we assumed that yields vary within and between fields and, where possible, that farmers 

would implement interventions on the least profitable parts of the farm (see below). We also 

recognised that crops/livestock are rotated such that interventions cannot only take land away from 

the least profitable crop/livestock type, unless the interventions can also be moved each year. Where 

relevant, we also added any implementation costs to our lost gross margin estimates; here we 

included only the cost of materials, and not the associated labour. The full methods for each 

intervention are described in detail below; in explaining our approach to estimating lost food-energy, 

we provide the method for estimating the tonnes of each crop/livestock type lost for each intervention 

before explaining afterwards, for all interventions together, how this was converted to lost food-

energy. 

 

i. In-field sharing: Stubble retention followed by spring cropping 

We specified to farmers that, in line with expert guidance, this intervention can only be applied to 

wheat, barley and/or oats (RSPB 2022). We assumed the area would be met by taking area, in order, 

from the barley, oats and then wheat grown by the farmer (based on the order in which least gross 

margin is lost, on average, in data reported in the FBS (2020)). To estimate lost food production, we 

found the average spring-sown yield as a proportion of the winter-sown yield of the same crop and 

assumed lost production was initial production (i.e. area x winter-sown yield) multiplied by this 

proportion. The method for converting this lost production to lost food-energy is provided later. 

 

To estimate lost gross margin, we estimated the gross margins of winter-sowing these crops according 

to the standard method of multiplying the participant's reported production (yield x area) by selling 

price and subtracting their variable costs (FBS 2020). Then, using the FBS (2020), we found the average 

spring-sown gross margin for each crop type as a proportion of the average winter-sown gross margin 

and assumed that each participant's winter-sown gross margin would be reduced by this proportion. 

In this way, we estimated lost gross margin as the difference between gross margins for winter- and 

spring-sown crops.  

 

ii. In-field sharing: 50% reduction in use of N fertiliser 
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In the choice experiment this intervention required farmers to reduce their current use of inorganic 

nitrogen fertiliser by 50% on wheat, barley, oil seed rape, sugar beet and/or potatoes. Participants 

were asked to state their current fertiliser use, either per tonne of product or per unit area, in the 

survey. Since this option can be rotated each year, we assumed farmers would choose to enrol their 

crop(s) with the lowest gross margin. We established the relationship between fertiliser use and yield 

using Kindred et al. (2008). This paper studied only winter wheat, and average fertiliser rates differ 

across crops, but no comparable studies were available for other crops. To allow us to make inferences 

for the other relevant crops, we first took the relationship for winter wheat from Kindred et al. (2008; 

Figure D7a) and found the fertiliser application rates as a proportion of the FBS (2020) mean 

application rate for winter wheat. We plotted this against the yield reported in Kindred et al. (2008) 

when fertiliser application was reduced 50% as a proportion of the yield associated with the initial 

fertiliser application rate (Figure D7b). Second, for each participant and crop type, we found their 

stated fertiliser application rate as a proportion of the mean reported by the FBS (2020) for that crop. 

Third, given this fertiliser use, we used Figure D7b to predict their new yield, as a proportion of their 

initial yield, given a 50% reduction in their fertiliser use. We multiplied their initial yield by this 

proportion to find their new yield at the 50% lower application rate, and multiplied this by the area 

enrolled in our scheme to find lost production. Then, we calculated lost gross margin by multiplying 

the difference in yield by the area enrolled in our scheme and their selling price, assuming it was 

unchanged, before subtracting the variable costs assumed changed only by the 50% lower cost of 

fertiliser.  

 

 
Figure D7. (a) From Kindred et al. (2008), the yield associated with varying rates of inorganic N-fertiliser 

application to winter wheat and, derived from (a), in (b) we plotted the winter wheat yield (as a proportion of 
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the initial yield) when the fertiliser application rate is halved against the initial fertiliser application rate (as a 

proportion of the 2018 mean fertiliser application rate reported by FBS (2020) for winter wheat).  

 

 

iii. Field-edge sharing: Winter bird seed and fallow plots 

The choice experiment stated that fallow and winter bird seed plots must be created in arable areas. 

Since these plots can be moved each year, we assumed they would only be implemented in the crops 

with the lowest gross margins, though to ensure that plots are well spaced out, we assumed no more 

than a quarter of each crop type could be plots (as recommended by the RSPB 2021). Because we 

therefore assumed plots would be located in the least profitable crops as they get rotated around the 

farm each year, we did not consider between-field variation to be important (as we do below for 

hedgerows and sparing below). It made sense to allocate plots to the least profitable crops, rather 

than to the least profitable fields, because our data suggested that crops varied more in their gross 

margins than fields. We did, however, assume the plots would be allocated to the least profitable 

parts of fields, as described below.  

 

We assumed farmers would allocate plots to the lowest-yielding, and therefore least profitable, parts 

of fields first, and that the amount of this more marginal land would scale with the size of the farm. 

We first considered the cumulative production, as a percentage of the total field production, that 

would be lost by taking incrementally larger areas of the field out of production, assuming yield was 

constant across the field. Then, in Figure D8, we plotted this relationship according to the yields 

measured in 5x5m patches across a field in Muhammed et al. (2016), plotting the lowest-yielding 5x5m 

patches first, and the highest-yielding patches last (blue line). This showed that cumulative production 

is not directly proportional to field area: some parts of a field yield far less than others. However, we 

assumed that not all the lowest-yielding 5x5m patches would be adjacent to each other such that, due 

to blocking constraints, in implementing a fallow or winter bird seed plot, some higher-yielding land 

would unavoidably be taken out of production. We assumed that 2/3rds of the area for the plot would 

be the lowest-yielding patches, and 1/3 would yield the average field-wide yield: we again plotted this 

relationship in Figure D8 (green line). Then, to estimate the production lost by participants, we 

calculated the area of plots they implemented as a percentage of the area of the least profitable 

crop(s) in which we assumed they were established. We used the green-line relationship in Figure D8 

to establish the production lost on the crop area taken out by the plots, as a percentage of the total 

field's production. We multiplied this by farmer's reported yield, and the area of plots, to find the lost 

production from the area enrolled in our schemes. We assumed that all yield was lost where plots 

were established, with no yield lost in surrounding areas. We estimated the value of this lost 
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production using farmers' reported selling prices and variable costs, assuming they did not vary across 

the field. Last, we allowed allocation to move to the next least profitable crop if less gross margin was 

lost by adding to the worst parts of those fields, rather than continuing to use more land in the fields 

growing the least profitable crop. We estimated lost gross margin in this way for fallow plots and for 

winter bird seed plots where we also added the cost of seed which Nix (2018) reported at £48/ha/yr.  

 

 

 
Figure D8. The cumulative production lost by taking incrementally larger proportions of a field out of production 

when assuming (a) that yields vary according to Muhammed et al. (2016) and blocks of only the lowest-yielding 

patches can be taken out of production (blue line) and (b) that only two-thirds of blocks can be established in 

the lowest-yielding patches, and one-third established in areas supporting the field-average yield (green line). 

We assumed interventions could only take-up one quarter of field area, so the dotted box shows the part of the 

graph relevant to our calculations.  

 

 

iv. Field-edge sharing: Hedgerow creation 

In the choice experiment farmers were told that hedgerows could only be created in arable areas 

(since this affected the carbon sequestered; IPCC 2019). In creating hedgerows, we assumed all 

production was lost in the area occupied by the hedge and some production was lost in the area 

surrounding the hedge due to shading (Raatz et al. 2019), dealing with each loss in turn as set out 

below.   
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We estimated the production lost to the hedge based on it being 6m wide. To allow for crop rotation, 

and given the hedge cannot be moved each year, we assumed this area would come from all crop 

types, weighted by their relative areas. To minimise lost gross margin, we assumed farmers would 

create hedges in the lowest-yielding fields. We established how yields vary between fields using data 

from Muhammed et al. (2016) who reported wheat yields for a number of fields across one farm. We 

plotted the production across the whole farm relative to farm area, assuming that fields vary in their 

production potential according to Muhammed et al. (2016; Figure D9). In applying Figure D9 to our 

data, first we assumed all crops/livestock were rotated around all the fields on the farm, where the 

relative areas of each crop/livestock remained the same as in the year we collected data. Second, we 

calculated the area of fields that would not be bordered by hedgerows, assuming fields were 9ha in 

area (Marshall et al. 2006) and square. Third, we calculated this area as a percentage of the total farm 

area and used Figure D9 to estimate the percentage of the production that would be lost assuming 

the hedgerows were allocated to the lowest-yielding fields. In addition, we assumed the edges of 

fields, where hedges were located, would yield less than field centres. As for fallow and winter bird 

seed plots, we used Figure D8 to estimate the within-field difference in yield between where the hedge 

would be implemented and the field-average yield. We thus assumed that the production lost was 

from the area occupied by the hedge from all crops, weighted by their relative areas, and adjusted for 

both between-field and within-field yield variation. We used farmers' reported crop-specific selling 

prices and variable costs to estimate the gross margin associated with this lost production, assuming 

crop-specific selling prices and variable costs did not vary within or between fields.  

 
Figure D9. Cumulative production, as a percentage of total production, across the whole farm plotted for 

incrementally larger proportions of the total farmed area assuming that yields vary between fields. In plotting 
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this, we averaged across the rotation assuming all crops/livestock were rotated around all fields (derived from 

Muhammed et al. (2016)). Only between-field, and not within-field, variation is included here. 

 

We then calculated the production lost from hedgerow shading based on Raatz et al. (2019) who found 

yields adjacent to hedgerows were 14.5% lower, on average, than the in-field yield up to 17.85m from 

the field edge. For a boundary that didn’t contain a hedgerow, 7.8% of the yield was estimated to be 

lost up to 6.93m into the field. However, this was based on full-size hedgerows. Therefore, we 

assumed that the full shading effect would not be realised until year 7 (based on a growth rate of 

0.6m/y and that the full effect occurs when the hedges are 4m high (Raatz et al. 2019)) with yield lost 

to shading increasing linearly in years 1-6. Furthermore, we assumed half of hedges would border one 

field, and half of the hedges created would border two fields and thereby shade twice as much crop. 

We estimated the production lost by shading by multiplying these anticipated yield losses by the area 

affected and averaging across each year of the 20-year scheme. We estimated lost food production 

by adding the production lost to shading to the production lost on the area occupied by the hedge. To 

estimate the value of this lost production, we multiplied lost production by farmers' reported selling 

prices and subtracted costs for each relevant crop/livestock type. Finally, we estimated lost gross 

margin by adding this value of lost production to the average annual maintenance costs of £40/ha/y 

(Nix 2018).  

 

v. Sparing 

Sparing results in total loss of production and gross margin on the land taken out of production. Given 

rotation, we assumed land for sparing would come from all crops/livestock, weighted by their relative 

areas. In this way, we may overestimate the food production lost to sparing since farmers may be able 

to spare land without affecting the more profitable parts of the rotation. We also assumed that fields 

vary in their profitability, and that the least productive fields would be spared first; within-field 

variation was not relevant here since the whole field is taken out of production. Here, we may again 

be overestimating food production lost to sparing since we assumed that all crops/livestock were 

rotated around all fields when, in reality, the most profitable aspects of the rotation may be less often 

grown on the fields with the least production potential. We used the extent of yield variation across 

fields again based on Figure D9 (derived from Muhammed et al. (2016)). Using this relationship, we 

adjusted the yield of the relevant crop/livestock types lost according to the proportion of the farm 

that was spared. To estimate lost food production, we used this, and farmers' reported yields, to 

estimate the crop/livestock-specific tonnes of product lost.  
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To estimate lost gross margin, we found forgone output by multiplying lost production by participants’ 

reported selling prices and subtracting variable costs. We assumed variable costs did not differ across 

fields, and therefore used the reported mean variable costs for the relevant crop/livestock types. In 

estimating lost gross margin, to the value of lost production we also added the annual maintenance 

costs associated with materials for the spared habitats in our estimates of lost gross margin. These 

were estimated, in 2018 GBP, at £0/ha/y for scrub (given restoration typically involves natural 

regeneration; RSPB 2020) , £50/ha/y for woodland (based on Nix 2018) and £50/ha/y for wet grassland 

(based on Ausden and Hirons 2002).  

 

Converting lost tonnes to lost food energy 

We followed the method of Finch et al. (2019) to convert our estimates of lost tonnes of harvested 

products to lost food energy. For crops, this involved using fixed, crop-specific estimates of the 

proportion of the total harvested production used for human consumption versus animal feed and 

adjusting for the proportion of the crop that is edible. Then, estimates of the energy content of specific 

crops, incorporating feed-conversion ratios where crops are fed to livestock, were used to estimate 

lost food energy. For livestock products, we converted estimates of tonnes product to food energy by 

multiplying by the edible fraction and the estimated energy content of each product. 

 

 

Responses of unstudied species to sharing and sparing 

We estimated the proportion of bird species that occur in the UK but not on land farmed at any yield 

according to the densities reported in Lamb et al. (2019). For every species with a breeding population 

above 50 pairs, Lamb et al. (2019) presented species densities in a range of habitats calculated from 

data collected by both the RSPB and the Breeding Bird Survey (BBS). We used the RSPB dataset since 

this included 16 species for which BBS-based density estimates could not be obtained. We excluded 8 

species with breeding season distributions that did not include lowland areas in England/Wales; we 

assumed these species would not be found on the land of the farms studied, regardless of whether it 

was managed as farmland or (semi-)natural habitat. For the remaining species, we estimated the 

proportion not found on farmed land. We considered a species not to be present in a given habitat 

when their density was <0.1 birds/km2. Lamb et al. (2019) studied a range of farmland habitats: arable, 

improved grassland and rough grassland. Of the 114 species considered, 23% were not found on any 

of these farmland habitat types whilst 36% were not found on arable land.  
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Appendix E: Chapter 5  

 

Comparison to current schemes of estimated payments required by farmers 

Stated preference methods, such as choice experiments, rely on participants’ stated intentions rather 

than actual behaviour; that intentions may not reflect actual behaviour is a clear limitation of this 

approach. Therefore, it is useful to assess the accuracy of estimates derived from stated preference 

experiments to preferences revealed by decision-making in the real world (Hanley et al. 2003). We 

compared our predictions of the benefit, and therefore the participation, delivered by a given spend 

to the benefit delivered given existing participation and payment rates in current English AES. Here 

we are considering the cost of maintenance payments to farmers only. We obtained data on the 

participation rates in current AES in England via Freedom of Information requests to the Rural 

Payments Agency. We received information on the area enrolled in the closest analogues to our 

studied interventions in the Countryside Stewardship Scheme (CSS) and Environmental Stewardship 

Scheme (ESS) in 2019. Based on our estimates of the per unit area benefit delivered by each of our 

interventions (Appendix D), we estimated the total benefit delivered by the area enrolled in each 

intervention in the CSS and ESS combined. We calculated the cost of delivering that benefit based on 

the payment rates offered by the CSS and ESS (Natural England 2013; Defra 2019b) over 20 years using 

a 3.5% discount rate, following HM Treasury (2018). We then adjusted these cost and benefit figures 

by 0.017, because our sample of 118 farmers managed ~1.7% of the arable land in England (Defra 

2019c). The resulting cost/benefit for each intervention is plotted as a black cross in Figure D1, with 

our model output shown as a coloured line.  

 

Our model was generally good at predicting participation at the payment rates offered by existing 

schemes. However, our model poorly predicted the cost of delivering yellowhammers with 

stubble/spring cropping and winter bird seed plots, which we found to require far less than the 

compensation currently offered. This suggests that, for these two sharing interventions, we may be 

overestimating the participation delivered by a given payment rate in our sampled farmers; so sharing 

may in practice be more costly than implied by our results. 
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Figure E1. The projected costs based on choice experiment modelling of the maintenance payments made to 

farmers who participate in 20-year schemes that deliver (a) yellowhammers, (b) bullfinches, (c) lapwings and (d) 

reduced net carbon emissions with in-field sharing (orange), field-edge sharing (pink) and sparing (blue) 

interventions. Black crosses show the benefits delivered by equivalent interventions in current Countryside 

Stewardship and Environmental Stewardship Schemes and associated costs given scheme payment rates for an 

area of England in 2019 equivalent in size to the land farmed by our surveyed farmers. Some targets could not 

be delivered even with all the studied farmers enrolled hence lines are not plotted across full range of x-axis: 

lapwings by stubble/spring cropping (in-field sharing), carbon by reduced fertiliser (in-field sharing) and 

bullfinches with woodland creation (sparing). 

 

  

In-field sharing 
Field-edge sharing 
Sparing 
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Appendix F: Chapter 6 

Choice Experiment Summary  

Here, we based our estimates of the payments required by farmers to participate in our habitat 

creation/maintenance schemes on the results of a discrete choice experiment which is detailed in full 

in Chapter 4 but summarised here. The experiment was conducted with 118 arable farmers in England 

and bordering areas of Wales who farmed 1.7% of English arable farmland. Participants were recruited 

through a variety of channels, including through farming organisations, newsletters, Twitter and 

online forums. The experiment was designed to compare farmers' willingness to accept (WTA) 

payment to participate in a broader range of interventions; here we use only the results for the 

creation of areas up to 50ha in size of scrub, woodland and wet grassland.   

 

The experiment was conducted online using Qualtrics and asked participants to make 12 choices 

between options that differed in terms of the intervention involved, the area and duration over which 

it must be implemented and the offered payment rate.  Participants were able to choose not to accept 

any of the options presented. We analysed the results using mixed logit modelling which allows for 

participants to vary in their preferences. We converted the preferences produced by mixed logit 

modelling to WTA estimates (Chapter 4) and this gave a distribution of farmers' WTA payment to 

participate in scrub, woodland and wet grassland schemes across varying areas and durations.  

 

In the analysis presented in the main paper, we extracted the appropriate WTA estimates based on 

the timescale considered, which was varied between 10-100 years. We assumed participants enrolled 

the maximum area they were willing given the offered payment rate and scheme duration. 


