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Abstract

In this thesis I assess the ability of biodiversity to provide a functioning pest control
ecosystem service to control moth pest species in UK apple orchards. [ assess the ability of
four types of farm management: organic, Linking Environment and Farming (LEAF),
integrated pest management (IPM) and conventional, to measure the ability of pest

predation from birds, and the impact that predation has on apple yields.

[ firstly describe the history and the landscape of the study area, an overview of the methods
used and the farming systems that the field study and experiments took place on in Chapter
2. In Chapter 3 I assess farmland biodiversity by monitoring birds and butterflies as
indicator species of biodiversity, to understand if farm management impacts biodiversity
levels. Biodiversity was highest on organic orchards, which supports the plethora of studies
in the literature. Using this information of biodiversity levels on orchard management types,
in Chapter 4 I investigate whether this biodiversity supports a pest control service, and to a
natural pest control service compares to a synthetic alternate used on non-organic
orchards, through using a sentinel prey experiment in field. Pest control services were
greater on organic farms, and followed the same patterns as insectivorous bird abundance,
species richness, diversity, and density. This chapter also compares moth pest levels to
understand the pest pressures across farms, which harbour different pest control strategies
and showed that moth pest levels were broadly similar across all farm management types.
Finally, in Chapter 5 I compare the farm management options available to famers, both the
natural pest control system and the synthetic control system, using economic valuation
methods. Although a natural pest control service from birds is present on organic orchards
(Chapter 4), the yield per hectare increased significantly on non-organic orchards (expect
LEAF) but is found to be in-different to yield value per hectare of organic orchards in
variable scenarios. Importantly, the synthetic alternative to a pest control service available
from wild insectivorous birds was found to be an insignificant farm management variable

that impacts apple yield and yield value on non-organic orchards.

Overall, I conclude that biodiversity can support a viable pest control ecosystem service
from wild insectivorous birds on organic orchards, to a level comparable to the yield value
of non-organic orchards that use high amounts of synthetic alternatives. There is a natural
pest control value of birds to farmers on organic orchards that is not available on non-

organic orchards.



Impact Statement

The insight discovered from this thesis is beneficial to the academic community as well as
farming and business communities. There are two main discoveries: that a pest control
service from birds on organic orchards does exist; and the value of this service per hectare
is comparable to the synthetic alternative when increased insecticides are used on non-

organic farms.

Through disseminating this information at orchard events in the UK and sharing in-depth
information to the farmers involved in this study, it will give farmers an insight into the
benefits organic farming has to biodiversity and the provision of a natural pest control
service, in comparison to non-organic farming. Although non-organic farming does provide
higher cider apple yields per hectare compared to organic - other than LEAF - yield value is
the same as non-organic. I give here evidence that organic farming can provide a
biodiversity-friendly farm management that can be as profitable per hectare as non-organic

farming when insecticide use is high.

In the face of environmental pressures and pest resistance to chemicals, organic farming is
a resilient system in which natural ecosystem processes are harboured, whilst providing
stable yield value for organic growers in comparison to the more volatile markets of
chemical insecticide use and reliance. Similar yield values on organic orchards to non-
organic enables organic farmers to benefit from a more environmentally friendly way of
farming, creating a landscape with less reliance on insecticides. Continued financial support
for organic farming is essential to ensure organic farming continues to prosper and paths
the way for insecticide-dependant farms to consider lower insecticide use that enhances

yield value per hectare.

Disseminating insights from this thesis will be by means of scholarly journal articles,
presentations within farming and the organic community, as well as collaborating with
business such as my collaboration with PepsiCo; to encourage primary producers within
global supply chains to farm in a way that enhances biodiversity and ecosystem services:
with lower use of insecticides. The impact of such mass scale transition to organic-inspired
farming will support global biodiversity and species worldwide that are currently

threatened by the increasing intensification of agriculture.
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CHAPTER 1

Introduction

1.1 OVERVIEW

1.1.1 Biodiversity loss, food production and growing demands

The loss of biodiversity due to human-driven agricultural expansion, logging and
development has caused major concerns for species declines, with extinction rates
increased to similar levels of the last five global mass-extinction events over the last 500
million years (Barnosky et al.,, 2011; Tilman et al.,, 2017). Agricultural practices have been
reported to occupy 40% of Earth’s land surface (Garfinkel & Johnson, 2015; Mclaughlin,
2011), with even higher percentages in Europe, where the UK classifies 71% of its land as
agriculture (DEFRA, 2014). Furthermore, it is estimated that 40% of the land that has
already been converted to agriculture is predicted to transform low into high intensity

agriculture (Munang et al., 2010; TEEB, 2008).

Pressures to increase agricultural production are further heightened by the global human
population increase, set to reach nine billion by 2050 (UN, 2010), alongside higher food
consumption (Cumming et al., 2014) and demand for a meat-rich diet, which both correlate
with wealth (Tilman et al,, 2001; 2002) as well as signifincaly increasing green house gases
(Tilman & Clark, 2014). This growing and affluent population requires a land-greedy
system. Approximately 30-50% of cereal production is used to feed livestock (FAO, 2006;
Tscharntke et al., 2012), rather than the growing human population. With this in mind,
under a business-as-usual model, species populations are expected to continue their decline
as a further 11% of natural habitats are estimated to either be converted to agriculture or

lost to infrastructure or climate change (TEEB, 2008).

Agriculture intensification aims to produce higher yields per unit, without the need for
agriculture expansion by means of increasing chemical inputs, mechanisation of
agricultural practises and innovations in crop developments such as insecticides usage,
tilling and improving crop varieties (Bommarco et al,, 2013; Tilman et al., 2011). However,
the degradation of environmental conditions and biodiversity through agricultural
intensification has been evident globally (Foley et al., 2005; Bommarco et al., 2013), with

negative impacts documented to ecosystem services and their providers such as pollinators

19



(Potts et al,, 2010); farmland birds in Europe and the UK (Donald et al., 2001; Butler et al,,
2007), with more intense threats to wild bird populations in developing countries (Green
et al., 2005). Similar declines in response to intensification to farming practices through
increased pesticide use, tillage and reduced crop varieties, have also been reported to

arthropods (Puech etal., 2014; Benton et al., 2002) and butterflies (Wilson et al., 1999).

Farmland bird populations have been declining in most European countries since 1970, due
to the increase in cereal production, with intensification of farming practices and reductions
in suitable bird habitat and food availability (Donald et al., 2001). From 1979 - 1999 British
farmland birds declined dramatically; ten million breeding birds from ten farmland bird
species disappeared from farmland in 20 years (Krebs et al., 1999), largely due to lack of
invertebrates due to increased insecticide use (Fuller, 2000). Furthermore, long term
historical studies have shown the positive correlation between bird numbers and farmland
arthropod numbers, both negatively affected by farming intensity (Benton et al,, 2002).
Similar declines in populations of bees (Kremen et al.,, 2002), arthropods and flowering
plants (Sotherton & Self, 2000) are documented due to agricultural intensification. The
diversity of butterflies decreases due to unstable habitat areas (Steffan-dewenter &
Tscharntke, 2000) and butterfly abundance declined 30% in a 16 year period in The
Netherlands (Van Dyck et al., 2009). The conservation of biodiversity should not be limited
to the 5% of remaining pristine habitat, instead, include these agricultural lands to assist in
global targets of improving the status of biodiversity worldwide (Tscharntke et al., 2005;
CBD, 2018).

The need for more sustainable farming methods to intensify food production has been
coined “sustainable intensification”, where increasing yields, without agricultural
expansion, can continue whilst reducing environmental impacts and degradation (Godfray
et al,, 2010; Royal Society, 2009). A variety of farming methods, such as organic and
integrated pest management (IPM) were developed (Stern, et al., 1959) with the aim to
reduce the use of chemical pesticides in farming practices and protect agro-ecosystems and

ecosystem services that support it (EC, 2017; EC, 2018).

1.1.2 Biodiversity and ecosystem services

Biodiversity is complex so the definition should reflect the multiple roles biodiversity has
in relation to ecosystem services. Biodiversity is referred to as an ecosystem service itself,

a good, and sometimes as a regulating process to provide other ecosystem services (Mace
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etal,, 2012). Mace et al. (2012) advises, rather than try to re-define biodiversity, to use the

overarching definition set out by the Convention on Biological Diversity:

“the variability among living organisms from all sources including, inter alia, terrestrial,
marine and other aquatic ecosystems and the ecological complexes of which they are part; this

includes diversity within species, between species and of ecosystems” (CBD, 2018).

The Millennium Ecosystem Assessment (MA) identifies the support that biodiversity gives
to ecosystem services of which society receives, including: the origins and yields of
pharmaceuticals from ecosystems rich in species diversity, such as the Tropics (MA 2005a);
regulating ecosystem services such as pollination, seed dispersal and carbon storage (MA
2005b); wild crop diversity for continued improvements in crop modifications (Jenkins et

al,, 2004) and resilience against agricultural pests (Mace etal., 2012; Cardinale et al., 2003).

The links between biodiversity and ecosystem services have been investigated to
understand how our ecosystems function and provide the services we rely on. There is
ample evidence suggesting that, directly or indirectly, biodiversity is correlated with, or has
influences on, ecosystem functions and therefore affecting the services we receive
(Cardinale etal., 2012; Isbell etal., 2011). Cardinale etal. (2006) provide a detailed analysis
of 111 studies that manipulated biodiversity to identify the effects on ecosystems. Their
conclusions found a correlation between species loss and loss of ecosystem functioning but
the particular species supporting functioning or ecosystem services is unknown, thus a
“precautionary approach” is suggested to “preserve as much biodiversity as possible”
(Cardinale et al., 2006: 991). Newbold et al. (2013) suggest this link between biodiversity
and the ecosystem functions and services should be investigated at local and landscape
scales, such as catchment areas, rather than global. Working at country-level is an obvious
scale to understand what biodiversity a country has, how much is needed to support human
population, how much needs to be protected to support that population, and what policies
should be implemented to do this. But to safeguard biodiversity, that supports ecosystem

services important to people and agriculture, local action is necessary.

The ecosystem services approach has started to build momentum in highlighting the
benefits we receive from nature, not just through the production of food but regulating
services such as pollination, pest regulation and supporting services such as soil formation
and nutrient cycling (MA, 2005b). However, Swift et al. (2004) discuss whether more

localised ecosystem functions are jeopardised, especially in relation to agro-ecosystems,
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when plot diversity is reduced. Often, under experimental conditions, only a single species
is necessary in delivering a specific ecosystem function (Swift et al.,, 2004). However, when
the resilience of an ecosystem is threatened by climate change or invasive species, then
higher biodiversity levels may allow ecological niches to be filled to continue to support

ecosystem functions (Swift et al., 2004; Vandermeer et al., 1998).

The current risks to natural pest control ecosystem services are high and highlighted by the
increased number of insecticides being used in the agricultural industry, demonstrating the
lack of this service in these agro-ecosystems. Pesticides are responsible for loss of insect
biodiversity and thus reduction in number of invertebrates and natural enemies in the
landscape (Power, 2010; Stoate et al., 2009), for birds to predate upon. If broad spectrum
insecticides are used this can have detrimental effects on non-target natural enemies (The
National Research Council, 2010), including birds (Krebs et al., 1999). Although pesticide
usage has increased since the 1960s, the percentage of crop loses have continued to
increase in the last 40 years (Oerke, 2006). Furthermore, uniform monocultures are still
highly susceptible to disease and insect attacks, due to disruption of biological pest control

services through increasing pesticide use (Thrupp, 2000; Tscharntke et al., 2005).

1.1.3 Valuing ecosystem services

The economic valuation of biodiversity has been identified as an “important tool to
illustrate the link between nature and human welfare” (Paul et al., 2020). It is used within

ecology to increase the awareness of biodiversity in decision-making processes.

In environmental economics, ecosystem services are goods, from nature, which people
value, that increase human welfare (Bateman et al,, 2011). As biodiversity is now
recognised as an essential but diminishing resource, it fits the definition of economics “the
efficient use of scarce resources” lending itself to being analysed economically (Edwards &
Abivardi, 1998: 240). The difference between value and price is important to distinguish,
as what something is priced at may not reflect its value to society or to an individual.
Bateman et al. (2010) give an insightful example of the value of walking through a
woodland park, although the price of entering may be zero it is not of zero value, as many

people choose to spend time there.
Silvertown (2015), outlines that the decision to value an ecosystem service is still in debate

between conservationists, with one side announcing there is no choice but to value

(Costanza et al., 1997), whilst others urge the pragmatic decision to value or not to value to
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be taken with caution (Kallis, Gdmez-Baggethun, & Zografos, 2013). Often what we value
becomes visible but conservationists, policy makers, and academics that oppose valuation
believe that what is valued and quantified ultimately becomes ‘for sale’ (Hungate &
Cardinale, 2017). It is important to consider the concerns surrounding the valuation of
nature; there is a risk of authorities and institutions being given permission to control
nature for the benefit of humans, rather than an authentic recognition that nature, itself, is
valuable and priceless (Foster, 1997; McCauley, 2006). Whether nature should be valued or
not is still debated between environmentalists today (Norton, 2017). Redford & Adams
(2009) set out seven arguments against the valuation of ecosystem services, which highlight
multiple scenarios where the value of ecosystems and nature may be undermined by
economic theory, human demand, changing markets and the development of engineered
ecosystem services that could undervalue intact ecosystems in favour of the most popular
services, where the economic justification “outweighs non-economic justification for
[biodiversity] conservation”, that serves humans only in the short term (Redford & Adams,
2009: 785). Redford & Adams also make a valid statement that not all ecosystem services
are of service in the short term, such as forest fires and floods, but are vital as part of global
ecosystem processes yet cause ill-health and death. If these were to be incorporated into
ecosystem service valuation, we could completely undervalue nature. An example of
undervaluation comes from the valuation of native wild bees using forest fragments, which
gave pollination services to coffee plantations in Costa Rica (Ricketts et al., 2004). The study
calculated native bees to be worth $62,000 per year, however following the study the farm
suffered from a crash in coffee prices, so they decided to plant pineapples. Pineapples do
not rely on pollination, so the decision to expand agriculture into surrounding forest
fragments was made easier, as the value of the forest fragments reduced by $62,000 when
the farm crop changed from a pollinator dependant crop to a non-pollinated crop
(McCaugley, 2006). Converting the remaining, low-valued, forest fragments to a more
profitable crop is an easy economic decision for farmers to make (Silvertown, 2015).
McCauley (2006) argues that if we speak to people’s hearts, rather than their wallets, it may

benefit longer-term nature conservation.

However, using only intrinsic values, such as protected areas - a traditional conservation
practice for conserving biodiversity without holding an economic value - also has its pitfalls.
[llegal hunting and agricultural practice expansions into protected areas cause further
species population declines to levels that, if continued at the same rate, would increase the

already high extinction rates (Packer et al,, 2013; Tilman et al,, 2017). Although the extent
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of protected areas and sustainable forests are increasing, these efforts have been

inadequate on their own at halting biodiversity loss (Butchart et al., 2010).

To strengthen the protection of biodiversity, economic value - made clear in policy and
decision making - could make up part of an imperative toolkit, alongside increased funding
for habitat protection and integration of biodiversity into land-use planning and
development decisions (Butchart et al., 2010; Wenny et al,, 2011). A multi-disciplinary
approach uses the collaboration of economists and ecologists to both explore outside the
usual limits of each discipline in order to try to represent complex ecosystem functioning,
and the services they provide, in terms of economic value (Barbier & Heal, 2005). Using a

variety of methods to protect biodiversity is necessary for different locations and situations.

To value goods where market prices are non-existent or are “imperfect reflections” of
market prices, a variety of valuation methods have been developed by economics to value
ecosystem services (Bateman et al., 2010). Bateman et al. (2011) give an in-depth review
on economic valuation methods available, including: Bateman, 2007; Bateman et al., 2002;
Freeman, 2003; Heal et al., 2005; Pagiola et al., 2004. However the description in Barbier,
(2007) synthesises Freeman (2003), Heal et al. (2005), and Pagiola et al. (2004) to describe
each valuation method, how they are applied and which ecosystem services are valued
through them (Barbier, 2007: 186, Table 2). Further reviews on valuation case studies, and
their decisions to value certain ecosystem services in the interest of biodiversity, have been

scrutinised in Kallis et al. (2013).

To further simplify Barbier (2007), in general, valuation methods can be split into three

categories, according to the Joint Nature Conservation Committee (JNCC, 2013):

1. Stated preference methods
2. Revealed preference methods

3. Cost based approaches

These are split into direct (1) and indirect valuations (2 & 3), where indirect approaches do
not rely on the answers to questionnaires or answers to questions about how much they
would be willing to pay/accept for an environmental change, instead the indirect technique
reveals the value of a service by relating the ecosystem service to a marketable good that

the individual purchases (Pearce & Moran, 1994).
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Stated preference methods provide surveys to ask individuals hypothetical questions to
assess how people make choices between levels of environmental goods at different prices.
This direct valuation approach reveals the extent of an individual’s willingness to pay for
certain ecological benefits and environmental goods (Bateman et al., 2011; JNCC, 2013;
Pearce & Moran, 1994). Contingent valuation and choice modelling are the valuation
methods to choose from within stated preference. Both are willingness-to-pay, survey-style
methods, the former based on environmental change and the latter based on combination
of attributes that are within environmental change where the participant ranks the
combinations (JNCC, 2013). However, stated preference methods are based upon the
general public opinion who may not be informed about biodiversity to make a decision

(Hougner, Colding & Soderqvist, 2006).

Revealed preference methods use indirect valuation (Pearce & Moran, 1994), by providing
real choices for people to understand what value they put on a particular ecosystem service.
Examples of these methods include: hedonic pricing - where environmental characteristics
are reflected in property value, used often within cities (Gémez-Baggethun & Barton, 2013),
and travel cost methods - where the cost in travel to reach a recreational site becomes the
proxy for the value of the site (JNCC, 2013; Bateman et al,, 2010). However, often revealed
preference is not practical as most species do not have a known market price (Daniels et al.,

2017).

Cost based approaches are used to value ecosystem services that have either been part of
the production or costs based on how much it would cost to replaced or restore them (JNCC,

2013; Pearce & Moran, 1994). For example:

- production function costs - isolates the effect of an ecosystem service to understand
its contribution to overall production, usually demonstrated in regulating services
of agriculture, where the ecosystem service can be indirectly inferred from the price
of the market products (crops) (Barbier, 2007; Bateman etal., 2011; Freeman, 2003;
Zhang & Swinton, 2012);

- replacement costs method, which evaluates the costs incurred by replacing an
ecosystem service, if totally lost, to its original state, such as pollination by
calculating hand pollination costs (Allsopp, de Lange, & Veldtman, 2008) or pest

control through the use of insecticides (Power, 2010); and
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- damage costs avoided - which calculates the costs avoided by not letting ecosystem
services degrade, usually in respect to flood and storm protection (Bateman et al.,

2011).

Replacement costs are often used in relation to ecosystem service valuation, especially
regulating ecosystem services such as pollination, water purification and pest control. A
good example of pollination valuation is by Allsopp (2008), who valued insect pollination
with replacement costs of four different methods of hand pollination and pollen dusting
techniques in the Western Cape, South Africa. Allsopp found that hand pollination costs are
so high that it would lead to a market failure in the grape industry if local landscapes
degraded enough to not supporting pollinators and the inputs of this industry would far
outweigh the profitability, impacting the international competitiveness of the industry.
Furthermore, different methods of replacement were valued very differently, depending on
the cost of each replacement method, which shows how assumptions used during

valuations strongly influence the end value (Allsopp et al., 2008).

However, many economists, including Bateman et al,, (2011), Barbier (2007), Freeman
(2003) and Heal et al. (2005) believe that replacement costs are not suitable for valuation
of ecosystem services and should be used with caution, because the costs of replacement
may not resemble the value they try to approximate. Replacement value methods often
overestimate the value of a service because usually an output price (i.e. yield) is not
included during analysis, where yield would increase with production costs, so costs
incurred through the replacement is spread over larger units of output (Letourneau et al,,

2015).

Although the above methods of valuation exist, and an increasing amount of papers
discuss the value of ecosystems and biodiversity, few give quantitative estimates of the
value of nature and out of that few the models are not convincing to be incorporated into

policy or farm management (Hungate & Cardinale, 2017).

There is a need to simplify the valuation approaches outlined above through focusing on
the final ecosystem services, rather than confusing ecosystem processes for ecosystem
services, is a vital concept within the ecosystem service valuation frameworks that needs
re-thinking to include the rational that to produce a final ecosystem service, like crop

yield, human and natural services must work together to make them beneficial for human
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wellbeing (Bengtsson, 2015; Lele et al., 2013). This has not been addressed enough within

academic literature, to date.

1.1.4 Business and biodiversity

Businesses can impact biodiversity through climate change induced by rising carbon
dioxide levels (Vitousek et al.,, 1997) and extractive processes, such as mining, logging and
agriculture (Tscharntke et al.,, 2005; Wood et al., 2000). However, it is less clear what
dependencies businesses have on biodiversity and how risks can be minimised through
identification of those dependencies. Although research highlights negative impacts
caused by agriculture, the ways in which businesses can interact with their supply chains
to minimise impacts has been less explored. Dyllick and Hockerts (2002) highlight this as
an environmental sustainability issue but also an economic sustainability issue, which
requires a business to meet the needs of current, and future, investors through sustainably

managing resources.

Multi-national corporations have started to focus efforts on sustainable farming, creating
global sustainability targets to reduce reputational damage and improve long-term
contracts, relationships, and environmental sustainability throughout their supply chain,
such as PepsiCo’s sustainable farming initiative (Pepsico, 2010). Without basic ecosystem
functions, increased synthetic inputs such as fertilisers, irrigation systems, and pesticides
are required. Ultimately, biodiversity loss to agricultural land may not be sustainable;
where increased pest resistance to chemicals present cases of decreased agricultural

resilience (Luck et al., 2009; Lewis et al., 1997).

Little is known about the influence of biodiversity loss on yield and therefore profit or yield
value (Chapter 5), and as the influence biodiversity has on ecosystem services that support
crops is not highlighted as important within short-term five ‘business’ years, it is often
overlooked by more pressing or tangible targets such as reducing water usage and carbon

emissions (Pepsico, 2013).

This project focuses on gaps in the academic literature to answer questions, not only posed
by academics and policy makers, but multinational corporations. Using PepsiCo as a case
study and Copella apple juice as a case brand within my study area, I present here new
research that investigates different farm management options available, their influence on

biodiversity and ecosystem services associated with it and compare the value of those
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ecosystem services between farming options, to assist decision makers at both the farm,

policy, and corporation level.

1.2 THESIS OVERVIEW

Biodiversity loss across the globe is not halting and the demands for providing more food
for a growing population without reducing biodiversity has been a popular and important
research field for decades. Yet, organic farming is declining in the UK, which is a known
farming method that reduces biodiversity loss. Ecosystem services have been a biological
tool that can highlight the benefits we receive from biodiversity. Although biodiversity is
greater on organic orchards, the functional consequences of this are not well known. In this
thesis, I focus on how a valuation method could better inform farmers to make economic
and environmental decisions about farm management options that could both serve them

financially and conserve biodiversity.

During this study I look at the provisioning of a pest control ecosystem service from birds
on apple orchards and compare this service’s value on organic orchards to the synthetic
alternative used on non-organic farms. Apple orchards were chosen as the system based on
ecological and practical reasoning. Ecologically, apple orchards are both varied in their
management and are known to support wildlife and biodiversity on low-intensity,
traditional orchards. Practically, the basis of this study was to use a PepsiCo supply chain,
Copella apple juice, to bring relevance to large multinational businesses in their quest to

understand the value of biodiversity.

In Chapter 2 I give an overview of the study area’s horticultural history and landscape, as
well as an introduction to the methods used throughout the thesis. This background
information about the study sites and study farms forms the basis of all data chapters that

follow.

In Chapter 3 I assess the biodiversity on four farm management types to understand the
baseline levels that exist on farms, to use this information for later chapters. Birds were
used as the primary biodiversity indicator species and results showed organic orchards

hosted the highest biodiversity than other farm management types in the study.

In Chapter 4 I use information from Chapter 3 to understand the level of pest control

services biodiversity can provide. Sentinel prey experiments and pest moth abundance
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methods were undertaken to provide results that link biodiversity with increased pest
control service from the functional group: insectivorous birds. Pest moth abundance was
broadly similar across all farm types, which suggest two types of farming systems are at
play: one where pests are controlled by a natural pest control system, and one controlled

by a synthetic alternative.

In Chapter 5 I compare these two types of farming systems, a natural pest control system
of organic farms and one that relies on synthetic alternatives, in terms of their ability to
provide the final ecosystem service of apple yield and yield value to farmers. Yield per tree
and per hectare is assessed in each farm system and insecticide volumes and apple prices
for non-organic and organic markets was used to decipher the yield value per hectare to
farmers. Per tree, organic yields were the same or higher than non-organic farms and yield
value was higher on organic farms than all non-organic. However, yield per hectare is higher
on conventional and IPM farms in comparison to organic, but not to LEAF. Insecticide use
changes the relation with yield value, the more insecticides used the lower the yield value
on non-organic orchards, showing that the synthetic alternative to natural pest control is

more volatile than organic farms at producing yield value.

[ conclude the thesis with an overarching summary in Chapter 6 where I discuss the
implications of findings from each chapter and the relevance of the results to both the
farming, academic and business communities. I discuss limitations experienced and
directions for future research on the comparisons of a natural pest control service
supported by biodiversity to the use of a man-made replacement. This research will provide
significant contributions to our understanding of the value of biodiversity, filling in gaps
between general biodiversity differences on farming options, the functioning ecosystem
services provided and net yield profits to overall inform decision making in policy, business

and at farm level.
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CHAPTER 2
Methods

2.1 THE STUDY SYSTEM

Apple orchards were chosen as the system to test hypotheses set out in this thesis (Chapter
1), based on ecological and practical reasoning. Ecologically, apple orchards are both varied
in their management and are known to support wildlife and biodiversity on low-intensity,
traditional orchards (Natural England, 2010). Knowing their capacity to support
biodiversity (Tuck et al,, 2014), [ was able to use organic orchards as a control group where
no insecticides are used, and three increased-intensity management groups which used
differing amounts of insecticides (IPM, conventional and LEAF). Practically, the basis of this
study was to use a PepsiCo supply chain. The UK apple market is a major section of the
supply chain for Copella, with approximately 29,000 tonnes of UK apples pressed to make
Copella per year out of 53,000 needed (Pepsico, 2010). The rest of the apples come from a
variety of locations including China, Poland, and Europe (PepsiCo, Pers Comms, 2014). With
more than half of the primary production for Copella coming from the UK, a focus on
biodiversity potential on UK apple orchards would inform a vast PepsiCo supply chain, with

the potential to change PepsiCo farming practices in support of biodiversity.

This study took place in the county of Herefordshire and the surrounding bordering
counties of Worcestershire and Gloucestershire, UK. The area is known as a primary apple
and pear growing region of the country, previously also known for hops (Capper, R. 2015
Personal Communication). Since the late 1600s apple orchards were common in
Herefordshire’s agricultural landscape and by 1644 the first pomology book was published
by John Evelyn (Evelyn, 1664). The landscape characteristics of the study area fall under
three National Character Area profiles, defined by Natural England as: South Herefordshire
and over Severn, the Herefordshire lowlands, and the Herefordshire plateau (figure 2.1).
Although the study sites span over three areas defined by different characteristics, all three
area profiles are rural, with only Leominster, Hereford, Ross-on-Wye, and Newent included
as larger settlements with small pressures on development. The three areas are dominated
by well-wooded landscaped, including ancient woodlands and hedgerows with remnants of
traditional orchards containing veteran trees important for UK wildlife, as well as nationally

significant areas of lowland meadows, ancient parklands and permanent grasslands
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(Natural England, 2013, 2014b, 2014a). The Herefordshire plateau is a strong hold for the
rare noble chafer beetle and the golden eye lichen, re-discovered in 2007 (Natural England,
2014a). Fertile and high-grade Old Red Sandstone soils, with localised deposits of glacial
drift, make for perfect agricultural soil in Herefordshire lowlands and South Herefordshire
over Severn. This gives rise to more intensive agriculture, mainly mixed arable and fruit
production (Natural England, 2013; 2014b), whereas the Herefordshire plateau has poorer
shallow soils composed of Red Sandstone overlain with heavier loams and clays, making

larger scale arable farming more dominant.

Figure 2.1 National character areas map (Natural England, 2013). The red circle illustrates the study
area, which spans across the Herefordshire plateau (light pink), the Herefordshire lowlands (dark

pink) and South Herefordshire over Severn (green).
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This study was focussed on comparing types of farm managements where types of apples
(dessert, cider, or juice) are managed differently, so connecting with a range of growers was
essential. The area of Herefordshire had the second highest number of growers who grew
fruit for Copella apple juice (a PepsiCo brand) but was the area with the highest LEAF

growers who grew dessert apples and cider.

Farmers were contacted in late 2014, early 2015 to gauge interest in being involved as a
study farm. I was kindly given a list of growers from LEAF Headquarters in Warwick and
used their phone lines to contact LEAF Marque farms to ask if they would like to be a part
of this study. To contact dessert growers who sold to Copella I was put in contact with an
independent apple buyer who bought on behalf of PepsiCo. The buyer provided a list of
growers in Herefordshire and four growers agreed to take part in the study. These growers
were conventionally (3) and IPM (1) managed (explained in section 2.2). The remaining
farms were contacted by word of mouth via the “snowballing” technique (Goodman, 1961).
[ found the contact details online for a handful of farmers via The Cider Route (2014), who
pointed me in the direction to other growers who may be willing to take part. This continued
until I found approximately equal numbers of farmers in each management category (table
2.1). The study started with 31 growers however, one farmer abandoned his farm after the

first year, so this was taken out of the study.

All farms were located within a 60km? area and the surrounding landscape of the study
orchards was similar (figure 2.2). Some farms grew only one variety of apple whereas
others grew multiple apple varieties and other crops, including plums, pears, and soft
fruit. The orchard fields ranged between 0.6ha to 115ha in size. The management of each
study orchard differed and were separated into four categories: conventional (7), [PM (7),

LEAF (8) and organic (9).

40



Figure 2.2 Field study sites and farm locations in Herefordshire and surrounding borders of Worcestershire, and Gloucestershire, UK. Each colour represents a
different farm category and the larger the circle size, the larger the total orchard area.
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2.2 FARMING SYSTEMS

In Europe, the key farming system that aims to support biodiversity and enhance ecosystem
services, is through wildlife-friendly farming schemes, which can be government or market

led (Hardman et al., 2016).

IPM is a European Commission approach (EC, 2017b), which advises against reliance on
pesticides to control pests to combat the emergence of pesticide resistant species (Barzman
et al,, 2015). The aim of IPM is to use technologies that are deemed more sustainable and
increase the use of bio-control alongside pest-specific insecticides (Birch, Begg & Squire,
2011). IPM advice the use of natural enemies and control timings of sprays to aim towards
a low pesticide-input pest management (Hillocks, 2012), with guidelines from eight
principles of IPM set out by the European Commission: (i) prevention and suppression, (ii)
monitoring, (iii) decision making, (iv) non-chemical methods, (v) pesticide selection, (vi)
reduced pesticide use, (vii) anti- resistant strategies, (viii) evaluation (Barzman etal., 2015).
There are three levels of IPM that range from level 1 - including only timed sprays and pest
thresholds to monitor pests before spraying, to level 3 which includes the reduction of
broad spectrum insecticides, crop rotations, alternative bio-control methods, habitat
management, and multi-crop interactions for optimise natural agro-ecosystem processes
(Kogan, 1998). This study used mostly level 1 IPM farms, with only two that stated any

management other than times sprays, which were natural enemy introduction.

The premise of IPM is to monitor pest levels through random field samples before applying
chemical sprays, therefore it is important to understand that pest levels are not uniform
across an agricultural field (Pearce & Zalucki, 2006), as farmers may overestimate or
underestimate pests depending on the area surveyed. IPM principles arose in 2014 but are
still not studied extensively, or holistically, in the literature where only one aspect of the

[PM approach is usually focussed on (Stenberg, 2017).

LEAF farms are farms that have been certified as following the LEAF Marque standards.
LEAF is a member of ISEAL, an independent body that accredits sustainable certification,
and is one of six national associations under the European Initiative for Sustainable
Development in Agriculture (EISA) (LEAF, 2016). LEAF have several “essential” practices
their farmers must conform to, which form an Integrated Farm Management (IFM)
approach that builds on the foundations of IPM. Some practices relate specifically to

biodiversity, including the protection of woodland, hedgerows and coppices on the farm
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landscape and the provision of winter bird seed and habitats. One recommended practice is

to obtain a minimum of 5% semi-natural habitat on site (LEAF, 2017).

The organic farm category in this study comprises of farms that are both Soil Association
organic certified or farms that do not hold organic certification but use no chemical or
copper inputs what-so-ever. Organic farms have a set of standards and principles to abide
by to achieve Soil Association certification and enable the sale produce as certified organic.
One of the general principles that is contested by zero-input farmers is that copper is
permitted as an alternative to chemical fungicides (Soil Association, 2019: 9), which can
persist in the soils and transferred into produce (Trewavas, 2001). The Co-FREE EU funded
project (2016) was tasked with finding alternatives to copper use in organic farming. While
it was found that copper cannot be phased out completely, especially on grapevines and
fruit production, there were alternatives available including disease-resistance cultivars
and alternative compounds from plant and microbial origins (European Commission,
2018). Organic farming is beneficial to species richness and abundance to multiple taxa
(Bengtsson et al., 2005), and has been found to benefit biodiversity on a range of farming
systems (Feber et al,, 1997) from perennial systems in Japan (Katayama, 2016) to annual
wheat growing farms in the UK (Hardman et al.,, 2016), across European and African regions
(Schneider et al,, 2014). A meta-analysis from Tuck et al. (2014) garnered data from 94
studies over the last 30 years and found a 30% increase in species richness on organic
farms. The plethora of studies that support increased species richness on organic farms
indicates that these findings are likely to be true for most organic farming compared to

conventional.

Conventional farming practices are those based on pesticide advice from local agronomists
without the use of natural enemies or pheromone traps. Due to demand for pristine apples
with no trace of insect presence in supermarkets, conventional farming on dessert apples
in the UK is intense. However, pest checks are advised by agronomists who visually check

pest levels in the surrounding area and then advises farmers accordingly.

IPM and LEAF Marque farms have the same management techniques, using pesticides
where necessary as well as natural enemies and pheromone traps but LEAF state, among
other requirements for LEAF Marque certification, a minimum of 5% semi-natural habitat
on site (LEAF, 2014). LEAF and IPM have been separated for analysis to understand if

differences exist between certified and non-certified farms in terms of biodiversity.
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Farming system type was assigned to individual farms through an initial farmer
conversation and questionnaire (Appendix A1). Within the questionnaire farmers are asked
if they are LEAF Marque farmers, trying to be LEAF Marque, organic certified through the
Soil Association, or conduct any form of integrated pest management (IPM) on their farm
and to what extent. It became apparent that most conventional farms used IPM to some
extent, but during farmer questionnaires they did not mark themselves as IPM because they
were unaware the management they use is classified as low level IPM. This point has been
discussed in chapter discussions which compare farm management and within final

limitations (section 6.2)

Furthermore, before conducting the questionnaire I assumed that farmers who used no
chemicals would already be classified as certified organic. However, after discussing their
farm management it was decided that input-free farms would also be classed as organic,
including those that do not use copper as a fungicide (which is permitted through Soil
Association organic). Therefore, during my analysis and results, I have not differentiated
between organically certified farms and those that farm organically but without

certification, these have been classified under the one term ‘organic’ for this thesis.

2.3 DATA COLLECTION

Primary data was collected on each farm during the years 2015 and 2016. Due to the
different sizes of farms, the data collected was standardised according to how large the farm

was. The data collected is split into three categories that links to the following chapters:

Biodiversity indicators — bird and butterfly community data were collected which included
abundance, Shannon diversity and species richness. Species count information of both birds
and butterflies were collected per orchard using point counts for birds and Pollard walks

for butterflies as the surveying methods for Chapter 3.

Predation indicators - predation attempts and pest moth abundance were measured for
Chapter 4. Predation attempts were measured using sentinel prey approach as the
objective, repeatable measures of predation rates and pheromone traps were used for three

species of moth pests that attracted male moths to the trap and count every 4-6 weeks.
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Value indicators - farm financial data was collected through questionnaires to record
insecticide application volume, insecticide costs and total saleable yield in 2015 and 2016.
This information was used in Chapter 5 to answer questions surrounding yield valuation .

Full questionnaires can be found in Appendix A.

2.3.1. Ethical code of conduct

Three pillars of ethics were followed to ensure information was collated sensitively and
participants were informed throughout the study whilst knowing it was fully voluntary to
be part of this research. These pillars were: informed consent, beneficial to society, and

confidential (UCL Research Ethics Committee, 2019).

Farmers were informed of the study and what their role would be in the study from the first
conversation. They were made aware that being part of the study was voluntary and no
contract would tie them into providing information. Farmer participants were made aware
that they could withdraw from the study with no repercussions if they chose to. Potential
risks and benefits of the study were outlined during a conversation to make sure participant
farmers had enough information about the study to make an informed decision to be

included in the study.

The study research results will be presented within the farming community so to benefit
participant farmers as well as the wider farming community, with this new research
ongoing in the area where participants are living. The benefits to the overall community and
information shared will be greatly valued by other farmers in the study area. There are no
potential adverse effects or risks of the study on participants and this was highlighted

during initial conversations.

During data collection, potentially sensitive information was given to the researcher by each
farmer including farm address, financial information, insecticide application costs and yield
data. Therefore, confidentiality was essential to protect the farm information from being
used by the public. It was also important that farmers didn’t know other participants of the
study. It is a close farming community so profit of an individual farm could be inferred if
yield data and insecticide costs were publicly shared. All sensitive information was asked in

the form of a voluntary email questionnaire and was completed by all participants.
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2.3.2 Biodiversity indicators

This study has used bird abundance, species richness and diversity as the primary
biodiversity indicators, to estimate the status in biodiversity. The bird data was collected
over two years, 2015 and 2016. A secondary, more localised indicator was also measured -
butterfly abundance, species richness and diversity. This butterfly data was collected in the
spring and summer of 2016. There was an assumption here that an increase in abundance,
species richness and diversity of birds and butterflies was the equivalent of an increase in

biodiversity levels.

Butterflies can provide a proxy for plant diversity in the area, due to their dependency on
particular food plants (Ehrlich & Raven, 1964). Birds are a good indicator of landscape
quality and changes due to their susceptibility of habitat fragmentation and change;
predator species may indicate changes at lower trophic levels, including changes in insect

levels due to pesticide applications (Wilcove, 1985; Blair, 1999; Fuller, 2000).

Abundance of bird and butterfly species and their species richness is widely used as a proxy
of biodiversity, including as UK government official measures (JNCC, 2014; Blair, 1999).
Species richness is a particularly useful measure in terms of ecosystem functioning and
ecosystem services; as species richness increases, so does the probability of filling
ecological niches and exploiting a particular resource; thus fulfilling ecological functions
(Tscharntke et al., 2008; Perfecto et al., 2004; Cadotte et al., 2011). Species richness alone,
however, may sometimes lead to weighting common species higher than uncommon
species, depending on the circumstances. Tscharntke et al. (2008) explain how agro-
ecosystems with smaller fields and higher landscape heterogeneity have higher species
richness, but these extra species may just be common and widespread with no adaptations

to agricultural environments (Duelli, P 1992 in Tscharntke et al., 2008).

By solely focussing on maximising species through abundance and species richness, the
dominance or “eveness” of species is missed (Biichs et al., 2003). Instead, Shannon Weiner
Diversity Index accounts for this eveness and is often used as an additional measure of
biodiversity along side species richness and abundance. Here, I use three measures of
biodiversity: Shannon diversity, species richness and abundance to quantify biodiversity

and the ecosystem service it provides.
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Functional traits have been used in other studies as a measure of biodiversity as they
determine how an organism might use resources, for example beak size can be measured to
determine what food type avian species use (McGill et al., 2006; Cadotte et al., 2011).
However, when focus is on measuring one particular ecosystem service, functional trait
diversity may not be useful to determine the provision of ecosystem services through
biodiversity. Instead, functional trait diversity is used to determine how ecological niches
are filled in the community as a whole, rather than directly measuring an ecosystem service

such as seed dispersal or pest regulation (Bregman etal., 2016).

2.3.3 Estimating bird biodiversity
2.3.3.1 Bird survey observers

Three experienced observers carried out orchard bird surveys for both biodiversity
estimations and insectivore abundance. Observers were coded as SF, CP, and PL and all
three observers were experienced in the British Trust for Ornithology (BTO) Breeding Bird
surveys having their own survey sites to complete for BTO for at least two years in the local
area. SF had the least experience on the BTO surveys having the two-year experience
whereas CP and PL had over 10 years’ experience. All three observers worked full time in
ornithology in collaboration with agricultural or conservation research projects as the
dedicated ornithologist. Additionally, all three ornithologists work in overseas birding tours
as the priority bird guide. Their visual and audible skills were highly sort after lending them

as very good options for this study.

Observer SF carried out all surveys in 2015, whereas CP and PL shared the responsibility in
2016. I ensured that both observers were not solely in charge of one type of farm
management. They each had a mix of all four farm managements in their orchard

distributions.

Observers were trained prior to the start of surveys in distance sampling, which all
observers had already experienced. Observers were tested in field conditions on their
hearing ability within an orchard using a pre-recorded tape of bird calls and played back at
an unknown distance to the observer. All observers got all bird calls correct and estimated

distances were inconsistent between them. This finding led to the use of a laser rangefinder
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(Bushnell 202205 Sport 850 Vertical Laser Rangefinder) as a necessity during the study.

Demonstrations using this model were given in field sites prior to the start of the study.

2.3.3.2 Bird sampling strategy

In order to survey each farm without bias the farms were overlaid with a grid of 100m? in
QGIS (QGIS Development Team, 2015). A plot is made up of a four-grid square which has
one point at the centre of each (figure 2.3), termed “point counts” from here on. The point
counts were chosen if they were 200m away from the neighbouring point and fell on an
apple orchard. The maximum points per farm was 21 and the minimum was one. The
number of point counts per farm was allocated depending on size of apple orchard area to
ensure a proportional amount of point counts were undertaken. If more potential point
locations were available than points allocated the most orchard-central point was chosen.
Each point count was visited twice within the Breeding Bird Survey (BBS) time frame
between April and June. Due to BBS time restrictions and dawn survey restrictions (BTO,
JNCC, & RSPB, 2014), only 8-10 point counts were feasible per morning. This allowed for
the largest farm to contain 21 point counts across the entire orchard area and all other farm

point counts were proportional to this.

Ralphetal. (1995) and Sutherland et al. (2004) state that a bare minimum of 30 point counts
per habitat is needed in order to perform analysis on rare birds as well as common birds.
Table 2.1 shows point counts per farm category in our study. Quinn et al. (2012) support
this and use 16 point counts on each farm type. Other studies such as Petit & Petit (2003)
consider the minimum count per habitat as 40 point counts. Considering the above studies,
logistics, and time available on all farms in the study area, point counts in this study range

between 30 - 120 per farm category, all proportionate to size of orchard area.

Table 2.1 Amount of point counts, number of farms and average orchard area per farm category

Farm Category Point counts per No. of Average total orchard
category Farms area (ha)
LEAF 120 8 41.04
IPM 80 7 36.03
Organic 30 9 8.02
Conventional 98 7 35.31
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2.3.3.3 Bird field methods-distance sampling

The protocol for the bird surveys used was distance sampling. Figure 2.3 shows the layout
of an example orchard with at least 200m between each point count to ensure over counting
of birds is minimised as radial bird surveys capped detections at 100m from the marked

point count location.

Bird surveys were undertaken twice between April and June 2015, and twice between the
same period in 2016, between dawn and three hours afterwards, advised due to the higher
detectability of birds during this time (Sutherland et al., 2004). Audial and visual bird cues
and their estimated distances were recorded using a laser range finder, and bird activity
(e.g., fly over, perched, foraging, fly through) was noted, although flyovers were not used in
analysis. Each 100m fixed-radius point count was 6 minutes, which included a 1-minute rest
period before the 5-minute count period started. These timings are based on previous
studies by Lynch (1995), who suggests more than 10 minutes at each point will reduce
detectability of new species, as most species are detected within the first 5-10 minutes. The
detection rate to find new species in the 0-5-minute interval was three times as high as the
10-15-minute interval. Keeping count time minimised at each point allows more point
counts to be completed within the three-hour window each day. Hamel et al. (1996) state
that point counts should only be 10 minutes long if time taken to walk from point to point
is longer than 15 minutes. Weather conditions are highlighted as an important variable to
keep constant during bird surveys: strong winds and moderate to heavy rainfall were

avoided during surveys (Catterall et al., 2012; Giraudo et al., 2008; Marini, 2001).
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Figure 2.3 Site
map of an
example farm
with a 100 m?
grid layer with
point count
locations
indicated (white
dots) over one
farm’s orchard
area (orange
outline).
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2.3.4 Estimating butterfly biodiversity

Butterfly surveys were carried out between May and October 2016. Every farm site was
surveyed in favourable weather conditions (Pollard, 1977) every month in the butterfly
survey timeframe, to avoid sampling the same individuals twice. The maximum visits per
transect was five, with most transects being visited four times. Two sites were only visited

once due to unfavourable weather, logistical issues, or ongoing farm management.

2.3.4.1 Butterfly sampling strategy

At each site a 250m transect was set out per orchard, and divided into two sections (i)
orchard boundary and (ii) the orchard centre, in order to capture different orchard
characteristics such as hedgerows, orchard edge, orchard centre, and any areas of dense
shrub or natural habitat types found on each field, as described in Van Swaay et al. (2012;
2015).

The number of transects per farm was calculated relative to farm size; the smallest farms

held one 250m transect and the largest held 20, 250m transects.

2.3.4.2 Butterfly field methods

Each transect was walked at a slow pace over 10 - 12minutes or 1km/hour, as
recommended by van Swaay et al. (2015). Surveyors used a timer to ensue 12 minutes was
not exceeded and to pause the timer at any stops where identification of butterflies may

take longer.

Surveys were completed in only favourable conditions (Pollard, 1977):
e When temperature was between 13 - 35 °C
e Norain or strong winds (above Beaufort Scale 5, 19mph)
e During lower temperatures of 13 - 18 °C, 60% minimum sunshine is required

e During the hours between 09.30 - 16.30 (van Swaay et al.,, 2012)

The Pollard walk methodology was used (Pollard, 1977), where surveyor monitored for
butterflies 2.5m either side of the transect line, 5m above and 5m in front. Any additional

butterflies seen by the surveyor either outside the transect line or time frame were
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recorded separately, so not to encourage surveyors to search for rare species (Van Swaay

et al,, 2015). These additional butterflies were not included in analysis.

Species that were unidentifiable during flight were netted for observation and then
released. Species that were unable to be distinguished in-field, such as Pieris brassicae and
Pieris rapae, were classed as an aggregate species (Carter, 1982). Species that were still
unidentifiable were marked as “unknown”. Observers used the Field Study Council’s guide
for butterfly identification (Lewington & Bebbington, 1998). The use of this field
identification booklet was essential to identify all butterflies to ensure the correct species

was recorded.

2.3.4.3 Butterfly field observers

Butterfly observers were chosen based on previous experience and skills of identification.
The only observer other than the author was Observer K. Both the author and Observer K
had the same experience, both practicing with each other before the start of surveys and
undertaking three surveys with the Butterfly Conservation UK in a local nature reserve. A
local expert trained both observers on three surveys on orchards and made
recommendations on which butterflies will likely use the orchard habitat most (Dean

Fenton, Pers Comms, 2016).

2.3.5 Surrounding woodland and hedgerow cover

The effect of local surrounding semi-natural habitat such as coppices and hedgerows and
woodland cover were grouped together and classed as “woody cover”. Woody cover was
developed by Tebbs & Rowland (2014), combining airborne radar data from NEXTMap®
and satellite optical imagery. The woody cover product includes ‘tall’ features, above 2m in
height, in the landscape by using canopy height information at a 5m x 5m spatial resolution
scale. NDVI imagery was used to separate these tall features with other non-woody features
such as buildings. The final woody cover product incorporates the Land Cover Map 2007, to
identify larger areas of woodland, and the National Forest Inventory dataset (2015) leading
to an accuracy of 85.6%, whereas LCM2007 is known to overestimate woody cover areas

(Tebbs & Rowland, 2014).

This product has been tested using spatial imagery across Wales. The next test section was

then created across Herefordshire to include all farms within this study.
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2.3.6 Predation estimates

A popular method used for estimating predation is exclusion experiments, which involve
erecting netted zones to allow insects access to a plant or crop, but not birds. Exclusion
experiments in northern Spanish cider apple orchards haven shown how the presence of
insectivorous birds actively reduce pest pressure in orchards (Garcia et al., 2018). Further
studies using exclusion zones also show how pests can be controlled by birds and bats, as
well as arthropods in tropical and temperate agro-ecosystems (Perfecto et al., 2004; Maas
et al,, 2013; Garfinkel & Johnson, 2015; Kross et al,, 2016; Mangan et al,, 2017). However,
such exclusion experiments do not allow for intra-guild predation complexities, as explored
by Martin et al. (2015). In other words, to exclude birds from an experimental area will not
consider the natural predation of arthropod natural enemies, as well as pests (Mooney et
al, 2010), overestimating pest predation from arthropods rather than birds in bird

exclusion zones.

Predation rates from birds in this study were inferred per farm by the use of sentinel prey
as a live prey proxy, also used in various studies and ecosystems (Barbaro et al., 2016;
Bereczki et al.,, 2014; 2015 and Gonzalez-Gémez et al., 2006). The use of sentinel prey
without the need for construction of exclusion zones, was used over live prey due to a study
by Sam et al. (2015), who found no significant deference between the predation rates of live

prey (meal worms) and dummy prey in a tropical ecosystem study.

Peisley et al. (2016) suggests that real prey are more useful as a measure of pest predation
levels from birds, however other studies suggest plasticine prey are more useful as they
allow attack marks to be identified to taxa level and exclosures are not necessary (Howe et
al,, 2009). Underestimation of predation must be considered because live prey are likely to
be predated upon more; live herbivorous caterpillars cause plants to release volatiles as leaf
damage is caused, which chemically attracts predators (Mantyla et al.,, 2008; Sam et al,,

2015).

Sentinel prey mimicked two of the key pest caterpillars to orchards: Codling moth (Cydia
pomonella L) and fruit tree tortix (Archips podana (Scolopi)). Both plasticine and dough were
used as the model material. For more information on the reasoning behind choice of sentinel
prey, see Supplementary Materials 1. True predation rates are not necessary in this study,
instead inferred predation rates from attack rates and impressions are used, like Sam et al.

(2015).
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2.3.6.1 Sentinel prey field methods

Plasticine sentinel prey experiments took place between April and August 2016. Each ‘prey
presentation station’ was the point count location used previously for bird surveys. The
prey presentation stations had eight green and eight cream plasticine caterpillars: 16 prey
in total, with green caterpillars on leaves and cream caterpillars on the bark of one apple
tree. Bird behavioural experiments were undertaken to understand if birds avoided or were
more drawn to a certain colour, see Supplementary Material 2. Each prey presentation
station was set up with a camera trap on an adjacent tree in a position that would catch
predation attempts from birds. Camera traps were used for secondary predator
identification evidence and serve as a calibration of predation marks left such as Howe et

al. (2009).

Plasticine sentinel prey were constructed using a non-toxic plaster called “Newplast”.
10mm and 2mm lengths were rolled into a small cylinder with a curve in the centre to

resemble a moving caterpillar (figure 2.4).

Figure 2.4 Sentinel prey 10mm in length, 2mm wide plasticine model caterpillar. Bird attack marks
are shown on the right-hand side of the sentinel prey.

Dough sentinel prey experiments took place from December 2016 to March 2017. At each
prey presentation station, ten dough sentinel prey were planted at each point count on the
trunk of one apple tree (figure 2.5). A 3:1 flour to lard mixture was rolled out to 2mm
thickness. 10mm long strips were cut and manipulated to produce a model wider in the
middle and tapered towards the ends, to resemble codling moth pupae, which mature under

bark during winter months (SIR, 2018).
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Figure 2.5 Dough model codling moth pupae, the marks are bird attack marks, leaving the model
dis-shaped.

Sentinel prey were set in place using “superglue” (Sam et al,, 2015) and presentation
stations were left for 24 hours of exposure and then visually identified for predation
attempts. The time limit of 24 hours was chosen to give a daily predation rate per farm, yet
not allowing the resident breeding birds to become accustomed to the artificial prey.
Predation marks were identified to course taxonomic levels — between birds, arthropods,
or mammals (figure 2.6). Conclusions from Low et al. (2014) recommend identifying
predators to coarse taxonomic levels to Class rather than more precise levels. The
identification of these attack marks was based on the findings and identification key of Low
et al. (2014). The findings were derived from presenting model prey caterpillars, made
from light green non-toxic modelling clay to a range of captive predators (birds, mammals,
birds, and arthropods), wild predators (arthropods and rodents), and to museum specimen
impressions. The sentinel prey identification key was used for each predation attack mark
to use as a reference in-field, another recommendation from Low et al. (2014). Finally,
farmer knowledge of local predators in orchards was drawn upon to draw conclusions from
attack mark identification, the most likely predators in orchards were arthropods,
especially earwigs as farmers sometimes release earwigs into the orchards to act as a

natural pest control (Malcolm Davies, Pers Comms, 2016).
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Figure 2.6 - Sentinel prey identification key taken from Low et al. (2014; 124). These are examples
of attack marks from arthropods (A - H), birds (I - M), mammals (N - P), and reptiles (Q - R). Low
etal. (2014) placed these example prey on 5mm grid to show scale, other than M which is shown
with a scale of 1mm intervals.

This assessment had to be in-situ and with an assistant to additionally identify the marks
left, as sentinel prey would change shape easily and any predation attempt may have been
lost if the shape was lost in transit. Therefore, the guidelines of Low et al. (2014) couldn’t
be followed here, where independent assessment of the attack mark is recommended to

increase confidence in the predator assessment.

Co-ordinates were noted down of each point count location to ensure the pest presentation

station was in the same location as bird surveys. Flagging tape was used to identify each

56



tree, but placed on the opposite row, away from the dummy caterpillar so birds are less

likely to associate the flag with unpalatable prey, as recommended by Sam et al. (2015).

Each prey presentation station was set up with Ltl Acorn camera traps, model 5310 on an
adjacent tree in a position that would catch predation attempts from individual birds to
identify if certain bird species were more dominant in the predation of sentinel prey than

others, but also to serve as a calibration of predation marks left (Howe et al., 2009).

During collection, inspection of the dummy was taken using a microscope; notes and
pictures were taken to describe the damage and any nearby predators, such as ants, as

suggested by Low et al. (2014) and Sam et al. (2015).

A single predation event was counted as either one bite mark or multiple bite marks on the
same dummy caterpillar, of the same predator type (Ferrante et al.,, 2014). The two bites
marks could have been from different individual predators if the same taxa. However, the
reason for counting two bites as a single predation, is if the caterpillar was bitten then it
would have been predated upon and not remained in situ. If two bites were counted as

separate predation attempts, there runs a risk of overestimating predation rates.

2.3.7 Pest estimates

UK apple orchards have six pest moths associated with them, affecting different parts of an
apple tree. Codling moth (Cydia pomonella L.) and fruit tree tortrix (Archips podana
(Scolopi)) are most significant in terms of economical damage caused to apples (Solomon et
al, 2000), and apple ermine (Yponomeuta malinellus) is a more localised pest to
Herefordshire and monophagous on apple trees (Menken, Herrebout, & Wiebes, 1992),
which is becoming prevalent locally and causing economic damage due to reduced yield
(John Worle, Pers Comms, 2018). Light brown apple moth is a prevalent pest but is not
specific to apple trees (UK Moths, 2018) and winter moth is also prevalent but due to
seasonality of the species and timings of the surveys in spring this species was unable to be

surveyed. For more details on UK moth pests to apple orchards see Appendix H.

Farms often measure the abundance of pest moths in the orchards using males as a
population proxy. Pheromone traps are frequently used for a multitude of moth pests within
an integrated pest management system when monitoring pest levels. Small amounts of

pheromones are used for communication in insects, for example for mating to attract males
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towards female moths (Witzgall et al., 2010). Sex pheromone traps can be used as a
population estimate for specific moth species to determine a threshold population for
optimum time to use chemical insecticides (Carden, 1987; Reddy & Guerrero, 2001) and to
infur moth populatons (Riedl & Croft, 1974). As sex pheromone traps are species-specific,
they have been recommended as a control method for specific pest populations as a crop
protection method in itself, instead of using chemical insecticides (Witzgall et al., 2010).
This specific monitoring of pest species is one of the main techniques used within an IPM

approach (EC, 2017a).

The pheromone is held within a silicone holder and placed in the centre of a sticky pad
within a plastic tripod structure (figure 2.6), attached to an apple tree canopy at head height
by string or wire. The pheromone of the female moth inside will attract male moths in a 2-
hectare area for regular bush orchards. This method is widely used on apple orchards that
control moth pests and monitoring takes place throughout the year, depending on the pest
species. Through monitoring pest species using these pheromones, chemical insecticide
usage against the moth may be reduced depending on the pest thresholds. ADHB
recommend threshold for each pest species (table 2.2), where under the threshold there is
no need to spray, and if you reach over the threshold then it is recommended to spray

against the moth pest before population increases (ADHB, 2018).
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Table 2.2 Pest moth thresholds. This table shows the economic thresholds of the 3 moth pests
monitored in this study. The thresholds are a measure of when to start using chemicals to control the
pest according to the “Apples best practice guide” by the Agriculture and Horticulture Development
Board (AHDB, 2018). As apple ermine is a new pest to the area, they will not measure the threshold
for this pest, rather measure for codling moth and fruit tree tortrix and then control apple ermine
secondarily.

Pest Moth species Economic Threshold (per week, per trap)
Codling moth (Cydia pomonella L.) 5

Apple ermine (Yponomeuta Not available

malinellus)

Fruit tree tortrix (Archips podana 30

(Scolopi))

Geographical Information Systems were used to identify the centre of each orchard (QGIS
Development Team, 2015). This was to ensure the moth population was being recorded

within the orchard, rather than from the outside.

Figure 2.7 Example of pheromone trap situation in apple canopy (A). Example of the sticky pads
and silicone pheromone holder (B).
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2.3.8 Farm financials

Finally, the last piece of primary data collected was farmers’ financial information, following
my outlines ethical code of conduct in section 2.3.1. Questionnaires were sent to each farmer
at the end of apple harvest around November, December in 2015 and 2016. The
questionnaire aimed to find out the total saleable harvest sent off for that year, the total
volume of insecticide used and the cost of that insecticide volume for that year. The answers
to these questions remained anonymous and coded for analysis. This ensured the requests
of farmer confidentiality were met and [ abided by an ethical code of conduct when dealing
with the personal and sensitive information of my study farmers (Newing et al,, 2011).
Questionnaires were sent via email and farmers were politely reminded throughout
December, January, and February to complete the questionnaire. All farmers completed the

2015 and 2016 questionnaire. Full questionnaires can be found in Appendix A.
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Appendix A

Farm yield financial questionnaire

This questionnaire was the same structure and layout for 2016.

Yield Questionnaire for 2015
Please fill in and return in a reply to this email

Question 1:
What was the total apple area that was harvested in 2015?
................. ha/acres

Question 2:
What was the total saleable apple yield in tonnes for 2015? And for which end product?

Answer:

......................... Tonnes for dessert
......................... Tonnes for cider
......................... Tonnes for juice
Question 3:

A) What insecticides were used this year on the apple orchards? B) What quantity was used and C)
how much did this cost you this year in total (2016)?

Answer A:

Chemical 1 name ......ccevvvvevneneee
Chemical 2 name ......cccceevvvervnnee
Chemical 3 name .......ccceveveenenee.
Chemical 4 name ......cccovevvervnee.
Chemical 5 name ......ccoccveveenenee.
Chemical 6 name .......ccccveveunenee.

Answer B:

Chemical 1 quantity (kg/L) used on apples in 2015 ................
Chemical 2 quantity (kg/L) used on apples in 2015 ..................
Chemical 3 quantity (kg/L) used on apples in 2015...................
Chemical 4 quantity (kg/L) used on apples in 2015 ................
Chemical 5 quantity (kg/L) used on apples in 2015 ................
Chemical 5 quantity (kg/L) used on apples in 2015 ................

Answer C:

Chemical 1 total cost for apple fields applications in 2015 £......................
Chemical 2 total cost for apple fields applications in 2015 £......................
Chemical 3 total cost for apple fields applications in 2015 £.....................
Chemical 4 total cost for apple fields applications in 2015 £..........ccceeeuuee
Chemical 5 total cost for apple fields applications in 2015 £......................
Chemical 6 total cost for apple fields applications in 2015 £......................

*End of Questionnaire*
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Appendix Al

Initial farmer questionnaire

This questionnaire was conducted during January and February of 2015 during first

conversations with study farmers.

Questions

Please provide your answers on the space below:

1. What county is your farm located?

2. How many hectares is your whole farm?

3. Approximately what percentage of your
farm’s land area is used for growing apples?

areas)

........................ %
4. What other crops are on your farm?
5. Approximately what percentage of your
farm’s land area is left as natural habitat?
(This may include hedgerows and any wild | .o %

6. Is your farm LEAF certified?

7. Are you in the process of being LEAF
certified?

8. Are you certified for any other
environmental scheme? (e.g Organic)

9. Does your farm carry out any
environmentally integrated management
practices such as integrated pest management
(IPM)?

To some extent / To a great extent / Not at all

If so please provide some detail:

10. Is your farm managed in a way that allows
you to receive benefits from Government’s
environmental stewardship schemes?

Yes / No

If so, please indicate the level (delete as
appropriate):

Higher Level (HLS) / Organic Entry Level
(OELS) / Entry Level (ELS)

11. Do you grow apples mainly for dessert
apples, for juicing or mixed?
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CHAPTER 3

Organic farming, not LEAF or IPM, support farmland biodiversity in

UK apple orchards

3.1 ABSTRACT

The effects of organic and government-run agricultural environmental schemes on
biodiversity have been vastly reported within academic literature throughout Europe,
however new farm certification schemes continue to arise with little research undertaken
on them. We have compared four types of farm management practiced on apple orchards in
Herefordshire, Gloucestershire, and Worcestershire to compare the impact they have on
farmland biodiversity. These include Linking Environment and Farming (LEAF), integrated
pest management (IPM), organic, and conventionally managed orchards. We investigated
the levels of biodiversity across the management types by using (i) butterfly abundance,
species richness and diversity and (ii) bird abundance, density, species richness and
diversity. These biodiversity indicators were sampled using a representative selection of
each management type across 30 farms in total. Organic apple orchards supported a higher
diversity, abundance, species richness and density of birds than LEAF, IPM and
conventional orchards. IPM orchards had significantly less butterfly abundance and
butterfly abundance were lower on larger organic orchards in comparison to larger
conventional orchards. Butterfly species richness and diversity did not differ significantly
between apple management types. However, butterfly abundance was low nationwide in
2016, which are discussed as a possible influence on results. These findings support the
plethora of studies highlighting organic farming’s positive impact on farmland biodiversity
and that organic farming is significantly more efficient at protecting biodiversity than other

farm environmental schemes.

3.2 INTRODUCTION

3.2.1 Global agricultural intensification and biodiversity loss

Agriculture intensification dramatically increased in Europe after World War II: farms
decreased in number and increased in size whilst farm labour decreased due to

mechanisation and yield increased fourfold which all led to a decline in biodiversity
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(Robinson & Sutherland, 2002). By 2050 global food demand is expected to double, yet
approximately half of useable land - land which is defined as non-tundra, dessert, rock or
boreal - is already used by pastoral or intensive agriculture (Tilman et al., 2001; Tilman et
al,, 2002). Agricultural intensity happens on two scales: by simplifying wider landscapes
that creates fragments of natural habitat, and secondly on a local scale through increasing
the use of chemical fertilisers and pesticides as well as modern-day farm practices. For more

examples of local and landscape intensification see Tscharntke et al. (2005).

Wider environmental impacts caused by agricultural expansion and intensification have
contributed to global warming through nitrogen fertilisers, that contribute to the
greenhouse gas Nitrous Oxide, increased rice paddies, and livestock farming - the highest
anthropogenic contributor of the greenhouse gas Methane (Tilman et al., 2002), where
ruminants in the developed world cause 75% of global GHG emissions (Herrero etal., 2013).
With current trends of agricultural practices intensifying in developed countries and
extensively farming through land clearing in developing countries, total land cleared is
estimated to reach approximately 1 billon hectares by 2050, significantly increasing
greenhouse gas emissions and nitrogen use (Tilman etal,, 2011; Burney et al,, 2010). These
increases have subsequent negative effects on species extinctions (WWF, 2014), through
water pollution, land alteration and climate change (Vitousek et al.,, 2010; Tilman et al,,

2011; Thomas et al., 2004).

Increased intensification and expansion of agricultural practices, due to resource and food
demands from people (Munang et al., 2010; Tilman, 2011), has fragmented natural habitats
that support biodiversity - the variety of living plants and animals (Bianchi, 2006; Dirzo &
Raven, 2003). Latest reports on the state of our world’s species populations has highlighted
that in the last half a century species populations have halved: 52% of vertebrate species
populations have declined since 1970 (WWF, 2014). A major cause of this loss is through
habitat destruction due to agricultural expansion (Kissinger, 2012; Tilman et al., 2001),
especially the conversion of forests into agricultural systems (Pereira et al, 2010).
Intensification of farming has an overall negative impact on biodiversity and proves to be
the biggest threat to bird species globally in both the developing and developed countries,
accounting for 57% and 33% for near threatened species, respectively; and 40% and 24%
of threats in threatened species, respectively (Green etal., 2005). However, agriculture may
also benefit current biodiversity through promotion of low-input farming on the 40% of

land it inhabits (Garfinkel & Johnson, 2015; Mclaughlin, 2011; Tscharntke et al., 2005).
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The well-known debate of land-sparing or land-sharing (Phalan et al, 2011) has
demonstrated that, theoretically, sparing land for preservation will increase most species
populations. Yet, currently the mechanisms are not yet in place to enable these theoretical
farming methods to be a success in reality. Balmford et al. (2012) caution that vigilance
must be taken in land sparing practices to ensure that the spared land is not used for other
intensive purposes for non-wildlife habitat uses. This is a likely scenario as when
agriculture becomes more intensive it starts to produce higher yields over a small area,
which could be seen as an opportunity to produce more food in the same way on the ‘spared’
land (Guitierrez-Velez et al., 2011). Other human activities that may find economic use for
any spared land are housing developments, which are more cost efficient and profitable
than converting land back into agriculture (Godfray et al., 2010; Nellemann et al., 2009), or
natural reserves. With other human activities deemed more essential this makes land
sparing, which had the intention to revert to natural reserves, a less likely scenario without
strong governmental enforcement. Therefore, intensification in certain areas must be
accompanied by increased conservation and development efforts (Burney et al.,, 2010).
Land sharing, or wildlife-friendly farming through organic farming or farmland
environmental schemes, is the alternative theory to land sparing that also has advantages
and disadvantages, often including yield penalties (Phalan et al., 2011; Green et al,, 2005;
Donald, 2004).

3.2.2 Farmland environmental schemes

Farmland environmental schemes that support the protection of semi-natural habitat
patches on farms, such UK government’s agri-environment schemes and High Nature Value
farms, have been known to benefit species and abundances in some cases, although this is
dependent on the landscapes in which they were conducted (Aue, 2014; Batary etal. 2011).
However Kleijn et al. (2006) found only marginal benefits to biodiversity of some
government-led schemes, especially in uncommon species. Various other studies, including
those on organic systems, have shown that having higher proportions of semi-natural
landscape elements to increase landscape heterogeneity with low management intensity is
beneficial for species abundance and richness (Bengtsson et al. 2005; Benton et al., 2003;

Billeter et al., 2008).
Although individual studies have looked at how agri-environmental schemes can still be

beneficial to biodiversity through the provision of habitat, instead of a reduction in chemical

inputs (Hardman etal,, 2016). These have had mixed results elsewhere in terms of the effect
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on biodiversity (Kleijn etal.,, 2001; 2003; 2011), and still somewhat unexplored in terms of
scientific research on their effectiveness to biodiversity and ecosystem services

(Samnegard et al.,, 2019).

Governmental agri-environmental schemes and their benefits to biodiversity are contested
(Kleijn etal., 2001; 2006; Butler et al. 2007) and although correlations have previously been
demonstrated, they have been rejected due to weak experimental design with bias towards
favourable sites (Kleijn & Sutherland, 2003). Leventon et al. (2017) suggest that the
deployment and management of agri-environmental schemes under the Common
Agricultural Policy need a fundamental rethink to become effective in reducing actor
fragmentation, and to promote collaboration. Furthermore, not all environmental farming
schemes, especially industry-led schemes such as LEAF certification, have been assessed
scientifically in terms of benefits to biodiversity, semi-natural habitat cover, or ecosystem
service provisioning. To date the only study on benefits to biodiversity from LEAF farming
is a study published in partnership with LEAF by Reed et al. (2017), who interviewed LEAF
demonstration farmers. These farmers reported several increases to biodiversity seen on
their farms, including 66% of participants reporting increases to biodiversity on their farms
due to LEAF Marque certification, with one farmer indicating a tripling number of bird
species since certification. As this study relies on farmer disclosure to be completely
accurate and scientifically sound, this document cannot be used as a source of reference for

the benefits to biodiversity LEAF farming brings.

Similarly to LEAF, despite the vast expanse of literature on the comparison of conventional
and organic farming practices, relative little is known about the effectiveness of IPM farming
(Stenberg, 2017). Within the literature few studies compare organic to IPM, which include
Todd et al. (2011) who found that invertebrate diversity was much greater in organic in
comparison to IPM kiwifruit orchards in New Zealand. However, in contrast Genghini et al.
(2006) found that both IPM and organic had significantly increased levels of biodiversity, in
terms of bird diversity on Italian orchards compared to conventional farming. [PM farming’s

impact on biodiversity is still not as clear as organic, in the current literature.

Low-intensity farming, such as organic farming, greatly promoted habitat diversity during
the centuries leading up to the intensification after the Second World War (Tscharnkte et
al,, 2005). Organic farming is beneficial to species richness and abundance to multiple taxa
(Bengtsson et al., 2005), and has been found to benefit biodiversity on a range of farming

systems (Feber et al., 1997), from perennial systems in Japan (Katayama, 2016) to annual
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wheat growing farms in the UK (Hardman et al.,, 2016), across European and African regions
(Schneider et al, 2014), and even provide spill-over effects to sustain diversity in
neighbouring conventionally management fields (Henckel et al., 2015). Furthermore, a
meta-analysis from Tuck et al. (2014) garnered data from 94 studies over the last 30 years
and found a 30% increase in species richness on organic farms. The plethora of studies that
support the finding of increased species richness on organic farms indicates that these

findings are likely to be true for most organic farms compared to conventional.

Despite academic support, agricultural land under organic management in the UK has
decreased from 656,000 hectares in 2011 to 508,000 hectares in 2016 (DEFRA, 2012;
2017). Most farming in the UK is practiced with the use of chemical pesticides.

Although organic farming has not been adopted nationwide, restricted chemical regulations
(Hillocks, 2012) and the threat of growing resistance to pests due to the overuse of chemical
active ingredients (Oerke, 2006), is a major concern for farmers. Farmers still opt for
differing types of management including government-led and industry-led wildlife-friendly
or low-input farming practices, over organic. These novel farming practices work with
farmers’ yield securities on top of trying to support biodiversity through farming practices.
The question is whether these alternative management schemes work as well as or can
work alongside organic farms to reduce overall chemical input. Can non-organic farm
management provide habitats that support the UK’s farmland biodiversity, whilst ensuring
farmers continue yielding the quantities needed for their business and to meet our growing
population’s demand? There has been a lack of studies comparing differing management
practices’ effects on biodiversity under perennial systems (Katayama, 2016); thus, this
study uses apple orchards in Herefordshire and surrounding countries in the UK as the

study system, to try to tackle these questions.

3.2.3 Objectives of study

This study had the opportunity to look at four types of management practices on 30 apple
orchards within a similar landscape in Herefordshire, UK to understand the potential
aspects of each management strategy that best supports biodiversity. The four types of farm
managementare (i) LEAF, (ii) organic (iii) IPM and (iv) conventional farming. By comparing
organic and non-organic farms we can compare whether non-organic, but environmentally
aware certifications like LEAF, are important influencers on farm biodiversity. This is the

first comparison between LEAF, organic and IPM in apple orchards of their ability to

72



support biodiversity in terms of butterfly and bird species richness, abundance, and

diversity.

3.3 METHODS

3.3.1 Study system

This study took place between April and October 2015 and 2016 in the west of England. 30
apple orchards were identified as study sites in the counties of Worcestershire,
Gloucestershire, and Herefordshire. A full description of the study system can be found in

Methods section 2.1 - Study System.

Four types of farming systems were identified during farmer interviews: organic, integrated
pest management (Hillocks, 2012; Lamichhane, 2017), conventional and LEAF Marque
farms (LEAF, 2017). Descriptions of these farming management systems are found in

Methods section 2.2 - Farming Systems.

3.3.2 Landscape variables

Semi-natural habitat within and surrounding orchards were included during analysis of this
chapter to understand if dependant variables and external factors had more of an impact on
results than independent variables. These landscape variables are described in Methods

section 2.3.5 as “woody cover”.

Whilst the woody cover dataset is the most detailed mapping tool available for identifying
areas of woody areas that are not woodland, some hedgerows were missed due to their size.
This most likely occurred on farms where hedgerows have been extensively managed,
causing the height to be less than 2m. To overcome this, each farm’s aerial imagery would
need to be manually digitised. Due to the large area of interest, this was not something that
could be completed due to time constraints. No hypotheses directly related to hedgerows,

so this decision was justified.

3.3.3 Estimating biodiversity

Birds and butterflies were chosen as indicators for biodiversity during this study. Both taxa

are commonly used to monitor environmental changes in previous studies due to their
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susceptibility to land-use changes (Blair, 1999). Both birds and butterflies are UK
biodiversity indicators, monitored in order to measure the status of national biodiversity
over time (JNCC, 2014). More details of the reasoning behind these biodiversity indicators

can be found in Methods section 2.3.2.

3.3.4 Bird survey methods

Orchard bird surveys were carried out by three experienced observers, who conducted
point count surveys in each farm during the survey periods of 2015 and 2016. Chapter 2
sets out a detailed field survey methodology used for point counts during bird surveys and
observer descriptions and training. The field methods used for bird surveys was distance
sampling and fully explained in Chapter 2, where figure 2.3 shows the layout of an example

orchard.

The use of a laser range finder was used and explained in Chapter 2. Buckland et al. (2008)
highlight the importance of the use of laser rangefinders in distance sampling to ensure the
reliability of distance measurements received by the observers. It is still possible to get
more accurate distance measurements with aural detections and the location of a tree or
hedge can be found rather than estimated by hearing. The use of a laser rangefinder reduces

one potential source of error in field methods.

3.3.5 Butterfly survey methods

The survey method used for butterfly counts were ‘Pollard walk transects’, described fully
in Chapter 2 section 2.3.4. These were carried out by the author and one additional observer
between May and October 2016; with each transect being visited as many times as
favourable weather conditions permitted (section 2.3.4.2). The maximum visits per transect

was five, with most transects being visited four times. Two sites were only visited once.

3.4 DATA ANALYSIS

All analysis was completed using the statistical programme ‘R’ version 3.4.3 (R Core Team,
2015). A variety of R packages were used during analysis, including Ime4 (Bates et al,,
2015), MASS (Venables & Ripley, 2002), VEGAN (Oksanen et al., 2017) and MuMIn (Barton,
2017).
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Generalised Linear Mixed Effect Models (GLMMs) were used with each dataset to account
for both random and fixed effects as predictor variables (Harrison et al., 2017). With each
dataset and analysis, a distribution, link function, and structure of random effect(s) were
specified to control for pseudoreplication and is described as the “best tool for analysing

non-normal datasets” (Bolker et al., 2009: 127; Crawley, 2002).

3.4.1 Abundances

Abundance of bird species here is simply, the total number of birds counted per point count.

Each farm type used this data as an average (mean) of bird abundance.

3.4.2 Species richness

Bird species richness was calculated as the number of species per point count. This was
averaged for each farm type. Species richness analysis was completed using the VEGAN
pack in R. For butterfly analysis, species accumulation curves were created to visualise the
data and understand if all the species were sampled, or whether further sampling was
needed to capture the communities on each farm management type. Appendix E shows the
plateau of all four management types in the butterfly species accumulation curve thus,

sampling was assumed to be sufficient.

3.4.3 Species diversity

The diversity index used for this analysis is the Shannon-Wiener Index. Simpson’s Index of
Diversity scores were calculated first in Microsoft Excel per point count however gave
higher weight to abundant species (Buckland et al., 2005) such as large numbers of crows,
which made those farms look more diverse than others. Shannon-Wiener Index was
therefore used to account for rare species to give a more reliable diversity index for the

farms in this study.

The calculation for Shannon-Wiener Diversity used was:

D= -SUM([(pi) x In(pi)]

Diversity scores were firstly calculated per point count and then averaged over farm type.
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3.4.4 Model simulation using GLMMs

Total bird abundance, diversity, and species richness were modelled with the four farm
categories, considering other variables that may be influencing bird abundance, species
richness and diversity by using generalised linear mixed effect models (GLMMs) in R. A
Poisson error family was most suited for models of abundance and species richness due to
count data as the response variable, and Guassian error family was used for diversity as the
response variable is continuous. All models’ restrictions to maximum likelihood were
increased. Each model had the response variable as the bird and butterfly community
metric (abundance, species richness or diversity). Farm identification was modelled with
year as nested random effects to account for repeated data at farms across years. Other fixed
effect variables deemed ecologically important a priori, were included: observer (initials of
each field assistant), day number (Julian days), woody cover (to test landscape variables),
orchard size (ha), temperature (°C), farm management types (organic, conventional, IPM,
LEAF), bird box presence, and apple type (dessert, cider, juice). For butterfly response
variables (abundance, species richness and diversity), error structures followed the same
as bird community models, with fixed effect variables: woody cover, orchard size (ha),
temperature (°C), day number (Julian days), sunshine (%), and also insecticide use
(tonnes/ha), as this would likely cause significant impact on butterfly community
information. The random effect structure of butterfly models was ‘round’ nested within
‘farm ID’. All continuous fixed effect variables were standardised in R using the ‘scale’

function.

Correlation was tested between each continuous variable using a correlation coefficient, to
test whether variables were too alike to be kept in the model. Woody cover and orchard size
were tested and highly correlated. For the purpose of this chapter, woody cover was used
over orchard size with bird community models, as this was more likely to be affected
through farm management decisions, whereas orchard size cannot be changed; and either
woody cover or orchard size was chosen in initial model selection using AIC for butterfly

community models.

Likely interactions were tested using Aikike Information Criterion (AIC). Where a model
with the interaction was tested against a non-interaction model using anova. The model
with the lowest AIC was chosen when the p value showed significant difference from the

non-interaction model. When the tested models showed a difference, but the difference was
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not significant, the model with the lowest AIC and lowest degrees of freedom (DF) were

chosen.

Overdispersion was tested for using the dispersion parameter where the residual degrees
of freedom were found to be equal, and within the required boundaries (<2), to the residual
deviance of the model, thus there was no need to zero-inflate errors to account for this

(Crawley, 2007; Harrison, 2014).

The global model was finally put through an automated model selection process, in the
package MuMIn, based on information theoretic criteria (detailed below), to fit all subsets
of the global model and ranked this suite of models based on Aikike Information Criterion

(AIC) (Kamil, 2017).

Collinearity tests were performed on the final fitted model using variance inflation factor
(James et al., 2014). This tested the correlation between continuous variables that were
chosen to be kept in the model during the correlation coefficient tests above, to make sure
all variables were independent from each other and that the information each variable in
the model provides about the response variable is not redundant (Bruce & Bruce, 2017). If
VIF value of a variable is higher than 5 it is deemed problematic and should be removed

from the model to simplify the model and improve model accuracy (Bruce & Bruce, 2017).

3.4.4.1 Model averaging process

An information theoretic (IT) approach was used over the use of a null hypothesis
significance testing. This was based on findings from Richards et al. (2011) and Burnham &
Anderson (2002), where evidence suggests that using IT approaches when using
observation datasets, such as this study, is the most appropriate technique compared to
stepwise techniques when external factors are outside experimental control and when

testing multiple biological hypotheses are required (Richards et al., 2011).

To obtain models included in model averaging, the global model with all independent
variables ecologically likely to affect the dependant variable was constructed. This global
model was put through an automated model selection process, in the package MuMIn, based
on AIC to create a subset of models that included the independent variables in order of the
highest AIC (Kamil, 2017). ‘Top models’ were chosen out of these subset models using AIC

Delta < 6 AIC values, as advised in Harrison et al., (2017).
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After these top models were selected, a model average can be acquired with model average
parameters including standard errors and confidence intervals taken using the top models.
Two model averages are reported: full and conditional (Kamil, 2017; Anderson & Burnham,
2002). To report each model average, the candidate top models and their confidence
intervals are displayed using R library "AlCcmodavg" (Mazerolle, 2017). The ‘conditional’
average is chosen over the ‘full’ average during the model average confidence intervals. The
conditional average excludes zeros in the averaging process, whereas the full average
includes them. Although both averages were similar in their results, the conditional average
is used when constructing model average confidence intervals in preparation to present the
overall model average results for each GLMM. The full averages have been reported in

appendices.

3.4.5 Density estimates

Density estimates were used to account for species that were not detected during the bird
point counts. Using different detection function curves per management type allows us to

estimate how many species were detected and undetected in total.

Orchard bird densities were calculated using the free software, Distance version 7.0 Alpha
(Thomas et al., 2010). Within Distance, the analysis engine used was “Conventional Distance
Sampling” (CDS), which assumes that the probability of detecting the species of interest at

zero distance from the point count or track line is 1, g(0)=1.

The model definition properties used for each detection function were Half-normal key
function with Simple Polynomial series expansion. In data filter properties six intervals of
12.5 were manually selected to amend for rounding during distance estimation in the field.
The data collected was truncated in Distance at 75m instead of 100m, which was the in-field
truncation value. The value of 75m was chosen as distances above this had higher degrees
of rounding and therefore less likely to be as accurate as nearer distances. Truncation was

an effort to reduce distance estimation errors.

Model selection was based on minimising the AIC and model parameters.

This survey design involved stratification per farm, where point counts were allocated

proportionally, depending on size of farm. Due to time restrictions on the BTO breeding bird
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survey methodology no more than 10 point counts could be surveyed per morning. To keep
the bird surveys to the breeding period and survey each point count twice, field surveys
were restricted to three months. These restrictions meant some of the smallest farms could
only have one point count on. In order to estimate population densities and abundances
using Distance, a minimum number of 15 point counts is necessary (Buckland et al., 2006).
Grouping farms into their farm type (i.e. organic, LEAF, conventional or IPM) allowed this
minimum number per stratum to be reached, thus the following results have been
calculated per stratum, not per farm or orchard. A separate detection function could be
fitted to each stratum, as observations reached over 60 per stratum, recommended by

Williams & Thomas (2006).

In order to compare total bird densities on different farm types the difference in densities
using variance has been estimated, as described in Buckland et al. (2001; section 3.6.5).
Degrees of Freedom (df) are already approximated by Distance, using Satterthwaite’s
approximation, which can be used to obtain a z-statistic (Buckland et al. 2001). The

equation used to obtain a z-value:

D, — Dy

Z=,/Var (D; — D)

These Z values were converted to P-values in R statistical programme (R Core Team, 2015),

and then double checked using Z tables, to test whether those differences were significant.

3.5 RESULTS

3.5.1 Bird abundance, diversity and species richness

Over the two years of bird surveys, between 2015 and 2016, 7,178 individual birds were
recorded and 66 bird species. A full record of bird species can be found in Appendix C.
Organic orchards were found to support significantly higher bird abundance (figure 3.1)
diversity and species richness than conventional farms. Organic farm management showed
the most significant influence on bird abundance (figure 3.2), species richness (figure 3.3)

and diversity (figure 3.4). Tukey post-hoc analysis between other farm categories and their
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p-values are noted on figure 3.5.1 to show differences between farm management types to
show that the only significance is between organic and other managements, with no

significant variation between LEAF, IPM and conventional.

Although organic orchards hosted a higher abundance, diversity and richness of birds, it
was important to understand what other factors might also be influencing biodiversity
indices and whether it was just farm category that was affecting them. After considering a
host of non-controllable factors, the variable that had the biggest impact on the increase in
bird biodiversity indices was the farm management category. In other words, the type of
orchard management was the biggest factor affecting bird abundance, diversity, and species
richness. Below are more detailed reports of each biodiversity indices with their respective
model average coefficient summaries. The patterns displayed with bird abundance, species
richness and diversity are due to the type of farm management, not other external

influences on or surrounding the farm.
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Figure 3.1 Mean bird abundance (white), mean Shannon diversity (dark grey) and mean bird species
richness (light grey) per farm category with standard errors. Four management categories in
experiment: Org = organic, Conv = conventional, IPM = Integrated Pest Management, LEAF = Linking
Environment and Farming. Numbers inside the columns are the p-values of Tukey Post Hoc analysis
results comparing farm management categories to LEAF and organic (OL = organic and LEAF; CL =
conventional and LEAF; IL = IPM and LEAF; OC= organic and Conventional; Ol = organic and IPM; IC

= [PM and conventional).
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3.5.1.1 Bird abundance

Organic orchards are shown here to hold a significantly higher abundance of birds (Figure
3.2). Increased Woody Cover had no significant effect on bird abundance (Figure 3.2). There
is an observer effect that shows both observers here recorded significantly fewer birds than
the intercept (Observer CP), but this effect is considered and continues to show organic
orchards support high bird abundances. Day number was also significant in increasing bird
abundance, thus as day number increased throughout the survey season, so did the

abundance of birds.

No other variable had a significant effect on bird abundance, as shown by the coefficients
used in the model average summary (full coefficients table in Appendix D). Neither juice,
dessert or cider orchards have significant impact on bird abundance, in other words the

type of apple grown does not impact bird abundance (Figure 3.2).
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Figure 3.2 Bird abundance model average with Delta < 6 coefficients confidence intervals, taken
from top models used for conditional model average (full model average in Appendix D). These
coefficients are the difference from the intercept, (farm category ‘conventional’ with observer 'CP’).
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From these coefficients we can see farm category ‘organic’ was the most influencing factor to bird
abundance in apple orchards.

3.5.1.2 Bird species richness
Bird species richness gave a similar pattern across farm management categories with
organic orchards supporting significantly higher species richness than conventionally

managed orchards (figure 3.3).

Although bird box presence improved the model fit during initial model analyses, there was
no significant impact of bird box on bird species richness. Woody cover had no significant
effect on the model output for species richness. An observer effect is seen with two
observers: Observer SF and Observer PL, who both captured significantly less bird species
richness during their surveys. This observer effect is taken into account in the model, and

although significant, farm management still had a significant effect on bird species richness.
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Figure 3.3 Bird species richness model average delta < 6 coefficients confidence intervals, taken
from conditional model average results (full model average in Appendix D). These coefficients are the
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difference from the intercept, (farm category ‘conventional’ with observer 'CP’). From these
coefficients we can see farm category ‘organic’ was the most influencing positive factor to bird
species richness in apple orchards.

3.5.1.3 Bird diversity

Similar to abundance, Shannon diversity of bird species was significantly higher on organic
orchards (figure 3.4). No other farm management group had a significant effect on bird
diversity. Both woody cover and orchard size were not significant during model selection
so were not included in the global model for model averaging. Observer PL recorded
significantly less bird diversity than the intercept (Observer CP), whereas there was no

difference with Observer SF.

Temperature was the only other variable that significantly affected bird diversity other than
farm management type, however this was a negative relationship. Woody cover was not
significant in explaining the model during model selection, so this variable was removed in

the global model before model averaging.
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Figure 3.4 Bird diversity model average delta < 6 coefficients confidence intervals, taken from
conditional model average results (full model average see Appendix D). These coefficients are the
difference from the intercept, (farm category ‘conventional’ with observer 'CP’). From these
coefficients we can see farm category ‘organic’ was the most influencing positive factor to bird
diversity in apple orchards.

3.5.2 Bird density

The density of birds per hectare is shown in figure 3.5, with organic farms displaying the
highest density of birds across all four farm management categories, with statistical
significance. LEAF and conventional farms were not significantly different from each other,
but IPM had slightly significant results during Z tests. Although Z tests shown on graph
compare only to conventional farming, IPM and LEAF were both very similar to each other.
Organic was significantly greater than both IPM (Z=6.02; P<0.01) and LEAF (Z=6.13; P<0.01).
Density detection functions are given in Appendix G and support the previous findings using

a different monitoring technique.
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Figure 3.5 Total bird density shown as number of birds per hectare, results from Distance analysis
with standard error bars. The numbers within the bars indicate the Z (black) and P values (grey)
during two-way comparisons, between conventional farming to other three categories (LEAF, IPM
and organic).

3.5.3 Butterfly abundance, species richness and diversity

During the butterfly survey year in 2016, 1,372 butterflies were recorded, and 20 species
were identified. A full record of butterfly species can be found in Appendix B. Organic
orchards supported higher bird abundance, species richness and diversity than other farm
categories, but these were only found to be significant between organic orchard abundance
and IPM, and conventional and IPM. Like birds, butterfly abundance showed the biggest
difference between the farm management categories. Tukey post-hoc analysis p-values
highlight that difference between farm categories were found to be insignificant, with only
organic - IPM and then IPM - conventional showing significance difference, where IPM held

less butterfly abundance than conventional (figure 3.6).
Further analysis was undertaken to include non-controllable factors including sunshine, as

this is an important variable to include for butterflies. The variables with the biggest impact

on the increase in butterfly biodiversity indices were sunshine, day number, temperature
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and orchard size. Here, the type of orchard management was not the biggest factor affecting
butterfly abundance, diversity and species richness and instead other external factors were
more important. Below is a more detailed report of each biodiversity indices with their

respective co-efficients summaries.
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Figure 3.6 Mean butterfly abundance (white), mean butterfly species richness (light grey), mean
Shannon diversity (dark grey) per farm category with standard errors. Numbers inside the columns
are the p-values of Tukey Post Hoc analysis results comparing farm management categories to each
other (OL = organic and LEAF; CL = conventional and LEAF; IL = IPM and LEAF; OC= organic and
conventional; Ol = organic and IPM; IC = IPM and conventional

3.5.3.1 Butterfly abundance

No farm management was significant in positively influencing butterfly abundance (figure
3.7) and IPM orchards had significantly less butterfly abundance than conventional
orchards and organic orchards (figure 3.7). However, an interaction between woody cover
and farm management highlights that IPM orchards with higher woody cover have
significantly less butterflies than conventional orchards with higher woody cover.
Furthermore, an interaction with orchard size and farm management highlight that large
organic orchards have less butterfly abundance than large conventional orchards. External
factors, day number and sunshine had significant positive effects on butterfly abundance.

No observer effect is evident during butterfly data collection.
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Figure 3.7 Butterfly abundance model average delta < 6 coefficients confidence intervals, taken from conditional model average results. These coefficients are the
difference from the intercept, (farm category ‘conventional’ with observer ‘K’). Butterfly abundance had a management and woody cover interaction (left), which was
significant in the butterfly abundance model comparisons, so this was the final model that was used for the model average. The management and orchard size
interaction model (right) was found to be significant in model selection, although orchard size alone was not. Random effect structure is round nested within farm
ID. Full model average summaries are given in Appendix F.

87



Insecticide

Variable

Day number

Organic

LEAF farm

IPM farm

o
o
]
m
r
m
H
c

3.5.3.2 Butterfly species richness

Butterfly species richness was significantly influenced by sunshine, temperature, and day
number in this model average. No other variables kept in the global model was significant
to species richness (figure 3.8). Although, ‘total insecticides’ (broad and specific combined)
were kept in the model during the model selection process, this was not a significant
influential parameter in the model average. Woody cover was not included in the global

model due to lack of significance in the model fit.

Neither Woody cover nor orchard size interactions were significant in the model selection

process so interactions were not included with butterfly species richness.
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Figure 3.8 Butterfly species richness model average delta < 6 coefficients confidence intervals, taken
from conditional model average results. These coefficients are the difference from the intercept,
(conventional management and Observer 'K’). Random effect structure = (farmer / round). Full model
average summaries are given in Appendix F.
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3.5.3.3 Butterfly Diversity

Shannon diversity of butterflies saw no significant influences from farm management types.
Only day number and sunshine had a significant positive impact on butterfly diversity.
Insecticides also shown here (figure 3.9) are the ‘total’ of broad spectrum and specific
insecticides that although a negative relationship is shown between insecticide use and
butterfly diversity, this is not significant. Interactions between management and orchards
size, and management and woody cover were tested and were not significant to the model

fit, so were not included in the global model.
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Figure 3.9 Butterfly diversity model average, delta < 6 coefficients confidence intervals, taken from
conditional model average results. These coefficients are the difference from the intercept, (Observer
'K’ and conventional management). Random effects structure = (farmer / round). Here, management
type was not included by the ‘top model’ chosen through AIC, delta <6. Full model average summaries
are given in Appendix F.
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3.6 DISCUSSION

3.6.1 On-farm biodiversity on four farm management options

Organic farms supported a higher abundance, density, species richness and diversity of
birds over all other farm management types. This is consistent with a multitude of studies
(Hole et al.,, 2005; Hardman et al., 2016; Katayama, 2016). Farms which have higher inputs
of chemicals applied during the breeding season have been shown to have negative direct
impacts on bird species (Boatman et al., 2004), which is a possible reason organic farms,
although not altering their habitat, still supported higher bird abundance, density, species

richness and diversity than LEAF, IPM and conventional farms.

The type of apple (dessert, cider, or juice) was included in all analysis and was shown to
have no importance in bird abundance, species richness and diversity. These results are
contrary to the literature, where more mature trees that are older and taller, found on cider
orchards (Robertson et al., 2012), host more insects under the matured bark, giving more
shelter and food sources for birds. Apple orchards, especially traditional orchards, which
are not managed on a commercial scale, can provide habitat for birds, as they have in
Colorado, USA (Mangan et al., 2017) and are recognised as a priority habitat for birds by
Natural England under the UK Biodiversity Action Plan (Natural England, 2010). However,
we have not shown that particular apple types hold more or less bird abundance, species
richness or diversity but it is important to recognised that majority of organic orchards in

this study were in fact cider apple trees in traditional orchard settings.

An observer effect is shown in bird abundance, species richness and diversity. Where two
observers find less bird abundance and species richness than the intercept (Observer CP),
and PL finds less that SF and CP diversity. Although these observer effects have been taken
into account by the model itself to be able to show the effect of farm management, it is worth
noting there is still an observer effect present. The observer CP was the older of the three
bird observers and seems to consistently find higher bird abundance even though they all
have similar experiences. Without knowing exactly what happened during CP’s surveys
other than the initial training I conducted, this observer effect is unable to be explained. A
way to avoid these discrepancies in future work would be to use two observers on each
survey so to avoid an observer being “swamped with bird records” in the short survey
window available (Buckland et al., 2008: 95). Timekeeping may also be ensured with two

observers, and insurance that birds outside of the 100m distance range were not being
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included in the records. Even though an observer effect is present, the model average still
shows organic farm management held significantly higher bird abundance, density, species

richness and diversity than other farm management.

Contrary to our expectations, butterfly abundance, species richness and diversity was not
affected by farm management, this has also been supported by others in the literature
(Kleijn et al., 2006). Significantly less abundance of butterflies were found on IPM farms
compared to conventional, but otherwise our mixed models highlight only external
variables, such as temperature, sunshine and seasonality, significantly influenced butterfly
communities on apple orchards. Although many studies support the notion that organic
orchards hold higher butterfly abundance than conventional farms using pesticides
(Rundlof & Smith, 2006; Feber et al., 1997), our study shows that conventional orchard
butterflies are not significantly different from organic, which does not support the majority

of the literature.

One explanation for the lack of significant increase in butterfly abundance, species richness
or diversity on organic orchards could be the permitted use of copper sulphite on organic
farms. We have shown here that orchard size and farm management interact to effect
butterfly abundance: large organic orchards hold significantly less butterfly abundance
than large conventional orchards. Two organic orchards in our study were more
commercial and productive orchards (the largest orchards), using copper as a substitute for
insecticide and fungicide. This is permitted under Soil Association organic standards,
however there has been controversy over its use as to whether it causes soil contamination,
especially as the frequency of copper sprays are not restricted (Stolze et al., 2000). Seven of
the nine organic farms, although following the Soil Association guidelines, were not certified
organic as they did not benefit from the certification financially. These were the smallest
orchards, who chose a zero-input management, without the use of copper sprays too. This
result could be explained also due to the small field sizes of organic farms, where smaller
fields have been linked to higher habitat and species diversity due to the farmed area -

perimeter ratio (Norton et al.,, 2009; Hardman et al., 2016).

Although species accumulation curves (Appendix E) suggest no further sampling of
butterflies was needed, the year butterflies were sampled (2016) was known to be the
worst year on record since the citizen science “Big Butterfly Count” started, in 2010

(Butterfly Conservation, 2016). As butterflies were sampled only within this year, we were

91



not able to compare across years and can only assume that our results may be due to

extremely low butterfly abundance, nation-wide.

In summary, organic farming increases species richness, diversity, and abundance of birds,
but the signal is not the same for butterflies. These findings are common with other studies,
in that effects of farm management differ across taxa (Birkhofer et al., 2014; Bengtsson et
al,, 2005). Organic apple orchards have shown here to provide habitat to support diverse
and abundant bird communities (Mangan et al, 2017). Furthermore, LEAF and IPM,
although promoted as environmentally focussed farming, do not show any significant
difference, in terms of how their management impacts on-farm biodiversity, to conventional

farming; implying that guidelines may not be sufficiently enforced or followed.

3.6.2 Impacts of woody areas on farm biodiversity

Within LEAF management hedgerows, coppices, woodlands, and shrub areas area advised
to be kept with minimal management and not removed from the landscape (LEAF, 2017).
One of the recommended practices for farmers to follow states there should be “a minimum
of 5% farm area available as habitats, not used for cropping and food production” (LEAF,
2017: 48). During this study we tested whether on-farm woody cover, and the immediate

surrounding area (100m), influences bird and butterfly abundance and species richness.

The woody cover variable was able to identify any shrubs above 2m in height, therefore
identifying hedges and shrub areas (Tebbs & Rowland, 2014). Small-scale landscape
features such as these have only recently been developed by Kings College, where
previously only larger expanses of woodland would be included as the wider landscape
variable from Landsat. While some studies have shown that when there is more
heterogeneous landscape there is higher biodiversity (Henderson et al., 2012), we find no
correlation between increased on-farm and immediate surrounding woody cover with

increased bird diversity, species richness, or diversity.

Immediate landscape variables, including hedgerows and woodland areas within the farm
and adjacent (up to 100m), are not important at conserving biodiversity on orchards.
Woody cover was not a significant farm feature in determining the abundance, species
richness, and diversity of birds. Woody cover was also included as a landscape variable for
butterfly community analysis. This on-site woody cover was not significant in any model as

a single parameter for butterflies. Interactions were tested to understand if a particular
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farm type with higher woody cover changed butterfly composition. Only IPM orchards
showed significance here, where IPM orchards with more woody cover supported less
butterfly abundance. This was a significant finding that contradicted our expectations:
increased availability of suitable habitat increases the abundance of butterflies (Steffan-

dewenter & Tscharntke, 2000).

Findings here differ from other studies (Benton et al., 2003; Part & Soderstrom, 1999), as
orchards, especially those unmanaged (Natural England, 2010), should naturally produce
food sources and shelter for birds so one would expect higher bird community assemblages.
Results found here mirror results found from an Italian orchard study measuring bird
diversity in respect to hedgerows and woodlots (Genghini et al, 2006). The type of
management that a farm has decided to practise has been shown here to be more important
than landscape features in terms of supporting birds, where organic and zero-input
orchards support the highest biodiversity. However, this study only took immediate

adjacent landscape and on-farm landscape into consideration.

Furthermore, the woody cover tool struggled to pick up some very well-managed
hedgerows (Emma Tebbs, Pers Comms, 3rd March 2017), so these habitat areas were absent
during the analysis. Although this study didn’t take into account wider landscape effects, it
has been shown that landscape variety plays a more significant role than farm management
type for butterfly species richness, diversity and abundance, also in conjunction with other
studies including Weibull et al. (2000; 2003) and Benton et al. (2003). Future studies should
include larger areas to understand this variable in greater detail, especially considering that
the study area of Herefordshire and surrounding counties have a diverse landscape in

comparison to arable landscapes in the UK.

3.6.3 Implications for future farm management

There has been a growing concern in the farming community over the uncertainty of future
pesticide availability. Popular insecticides have been discontinued in European farming.
Most recently, at the time of writing, the commonly used Chlorpyrifos was discontinued due
to risk to human health during application (HSE, 2016). Although not the main reason for
the ban, this chemical has negative effects on beneficial predatory insects on farms, such as
the European Earwig Forficula auricularia L. (Fountain & Harris, 2015). The destruction of

natural enemies by using insecticides is not a new insight and is known to cause pest
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outbreaks within crops, such as the examples in apple and cotton crops given by Pimentel

and co authors (1992).

Insecticides are used to reduce crop pests and obtain a high yield - which is generally found
to be lower in low-input farming such an organic or similar agri-environment schemes
(Ekroos et al., 2014; Gabriel et al., 2013). However, a growing number of studies have
disproved this (Zhang, 2016; Pergola et al., 2013; Mader et al., 2002; Harpinder et al., 2007).
With yields at similar levels as non-organic farming, less chemical reliance, and lower-input
farming may be a viable, attractive and a realistic management option to use. Although
pesticide costs were not analysed for this study, we collected data between 2015 and 2016
to give an average cost incurred by farmers for those who chose to use insecticides. The
difference between the first year of spraying, with an average of £1658.52, and second year,
averaging £2,778.45, was due to the EU ban on Chlorpyrifos, which was a cheap, broad
spectrum chemical used by many farmers (HSE, 2016). The alternative chemicals available
are more expensive, specific insecticide, thus multiple chemicals needed to be used to
replace Chlorpyrifos. This uncertainty and increasing expense for farmers may force
farmers towards a low chemical management alternative which, although may initially
increase pest numbers in the short term before natural enemy numbers increase, after also
being affected by the insecticides (Fountain & Harris, 2015), will alleviate the increasing

costs and risks of spraying insecticides.

Although IPM was developed to tackle this problem and farms are required to spray a
reduced amount of insecticides (Barzman et al., 2015), they are not reducing the impact of
chemical management as much as organic in this study. These results are in line with Todd
etal. (2011), which find organic invertebrates have higher numbers than IPM invertebrates
on New Zealand kiwifruit farms. However, our results are in conflict with Genghini et al.
(2006), where reduced spray and no spray saw significant increases in bird diversity on
Italian orchards than conventional. The lack of scientific rigor (Stenberg, 2017) and IPM
farm checks may be the reason no different between conventional and IPM is shown here,
in terms of biodiversity on farms. Other than agronomist advice, there is no guideline to
spray under a certain threshold of insecticides, which are likely to leave IPM and
conventional spraying at similar amounts of chemicals per hectare. Furthermore, only
farms using level 1 [PM were considered but it has been demonstrated there is no difference
between level 1 IPM and conventional (Kogan, 1998). To further test IPM in its entirety, all
three levels of IPM farms would need to be selected in future studies. Farmer self-diagnosis

of farming system may be another reason for this similarity. As IPM does not have clear
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guidelines or a certification system, some conventional farms could already be practicing
IPM at level 1 without realising. To overcome this in future studies, a detailed outline of
every management strategy should be discussed with the farmer prior to deciding on farm

categorisation.

LEAF is promoted as an alternative and viable option for farmers who may not wish to be
fully organic but want to start thinking about sustainability across their whole farm area.
Leading supermarkets, such as Waitrose, pay premium prices for LEAF Marque produce,
indicating its perceived value to supporting wildlife. The practices promoted through LEAF,
such as providing nesting habitat, managing margins “sympathetically” and providing
winter and summer food for birds (LEAF, 2017: 46), have not been sufficient in increasing
bird or butterfly abundance, species richness, or diversity to levels significantly higher than
conventionally managed orchards. These types of practices have been proven by over 35
studies, based in UK agriculture, and then further scrutinised to conclude that the practises
LEAF encourage are highly likely to benefit bird conservation (Sutherland et al., 2018). This
suggests a disconnect between LEAF advice on practices to implement for nature

conservation, and the management practices tangibly put in place by the farmer.

Although there has been a magnitude of studies comparing different farming methods, new
practices are constantly arising which seek to work with farmers as well as trying to support
biodiversity. The growing food crisis has not yet been solved and pressure mounts upon
farmers to produce more food with less land at the cheapest prices. Moreover, the prospect
of the UK exiting the European single market leads to uncertainty regarding the future of
CAP payments to UK farmers (Swinbank, 2016). Moving away from government funded
schemes to increase biodiversity, and towards market driven schemes like LEAF, organic
and Conservation Grade, allows products that incorporate environmental practices to be
marketed by supermarkets at slightly a higher price (Firbank etal., 2013), as consumers are
willing to pay for the perceived health and environmental benefits that are associated with
the label (Batte et al., 2007). This incentive may be more risk-averse than the future of CAP
or insecticides. It is evident within the literature that higher diverse ecosystems support
important ecosystem services (Tscharntke et al., 2005), such as pest control and pollination.
Managing a farm with a biodiversity focus, may lead to more opportunities in the market,
through organic and LEAF, however these market opportunities must outweigh potential
loses in yield for biodiversity-friendly farming to remain a viable farming option (Crowder

& Reganold, 2015; Reganold & Wachter, 2016).
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Changing just one farming practice will not enhance all taxa on farmland, and although these
butterfly results were inconclusive it is worth noting that trying to optimise conservation
actions or management practices for species richness for one taxa, may not lead to increased
species richness for all taxa (Weibull etal., 2003). A holistic approach to management across
the whole farm, as LEAF promotes, along with reduced chemical use, as organic promotes,

may be an optimum scenario, which needs to be explored further.

Furthermore, in terms of supplying the global population with food, we may require not just
a change to the way we farm our food but, cultural shifts to our diets, eating habits, food
waste and food distribution - to equally distribute food to the world’s growing human
population (Godfrey et al., 2010). This is something that farmers do not have the power to
do, but multinational corporations and governments, who decide upon market-led or
government agri-environment schemes, should strive to address alongside the way we farm

our food.

3.6.4 Conclusion

Four distinctive farm management approaches were examined to identify their ability in
supporting biodiversity within UK apple orchards. Organic orchards supported the highest
level of biodiversity where bird abundance, species richness, and diversity were
significantly higher than conventional orchards. Butterfly biodiversity metrics were very
weak and did not show any difference between farm management types, only external
factors such as temperature and sunshine were of significance. Orchards using a LEAF and
[PM farm management approach showed that bird abundance, species richness, and
diversity did not differ significantly to conventional farming. The use of pesticides in
farming has shown reductions to the biodiversity across Europe (Geiger et al,, 2010), and

this study supports that.

This work supports the plethora of studies suggesting that organic farming supports
farmland bird biodiversity. Furthermore, it is the only known study to compare LEAF
farming practices with organic, IPM and conventional orchards, and found no significant
evidence to suggest that LEAF can promote both optimum yield as well as farmland

biodiversity in a greater capacity than what conventional farming can provide.
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Appendix B
Butterfly Species List

A list of common butterfly species and their Latin names that were surveyed on apple
orchards in 2016, spring to autumn during conditions suitable for butterfly surveys.

Common name

Latin name

Brimstone

Comma

Common Blue
Gatekeeper
Green-Veined White
Holly Blue

Large skipper

Large White

Marbled White
Meadow Brown
Orange tip

Painted Lady

Peacock

Red Admiral
Silver-washed fritillary
Small Copper

Small Skipper

Small Tortoiseshell
Small White / Cabbage White

Speckled Wood

Gonepteryx rhamni
Polygonia c-album
Polyommatus icarus
Pyronia tithonus
Pieris napi
Celastrina argiolus
Ochlodes sylvanus
Pieris brassicae
Melanargia galathea
Maniola jurtina
Anthocharis cardamines
Vanessa cardui
Aglais io

Vanessa atalanta
Argynnis paphia
Lycaena phlaeas
Thymelicus sylvestris
Aglais urticae

Pieris rapae

Pararge aegeria
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Appendix C
Bird Species List

Bird species that were identified during field surveys of 2015 and 2016. The total bird

species data was used in Chapter 3. Birds identified with *’ are insectivorous birds used

for analysis in Chapter 4 and Chapter 5.

Common name

Latin name

Blackbird*
Blackcap*
BlueTit*
Bullfinch*
Buzzard
CanadaGoose
CarrionCrow
Chaffinch*
Chiffchaff*
CoalTit*

Coot
CollaredDove
Cuckoo*
Dunnock*
GSWoodpecker*
Goldcrest*
Goldfinch*
GreatTit*
GreenWoodpecker
Greenfinch
GreyHeron
HerringGull
HouseMartin*
HouseSparrow
Jackdaw*
LesserSWoodpecker*
LongTailedTit*
Magpie
Mallard
MistleThrush*
Moorhen
MuteSwan
Pheasant
PiedWagtail*
Robin*

Turdus merula
Sylvia atricapilla
Cyanistes caeruleus
Pyrrhula pyrrhula
Buteo buteo
Branta canadensis
Corvus corone
Fringilla coelebs
Phylloscopus collybita
Periparus ater
Fulica

Streptopelia decaocto
Cuculidae

Prunella modularis
Dendrocopos major
Regulus regulus
Carduelis carduelis
Parus major

Picus viridis

Chloris chloris
Ardea cinerea
Larus argentatus

Delichon urbicum
Passer domesticus
Corvus monedula

Dryobates minor
Aegithalos caudatus
Pica pica

Anas platyrhynchos
Turdus viscivorus
Gallinula

Cygnus olor
Phasianus colchicus
Motacilla alba

Erithacus rubecula
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Skylark*
SongThrush
Starling*
StockDove

Barn Swallow*
Swift*
WhiteThroat*
WillowWarbler*
WoodPigeon
Wren*
Yellowhammer*
Linnet*
Treecreeper*
Siskin*

Red Legged Partridge
Raven

Rook
MeadowPip*
FeralPidgeon
RedKite
SpottedFlyCatcher*
Sparrowhawk
RedStart*
LRedPoll
LesserBBGull
Jay*
PiedFlyCatcher*
Kestrel
LWhiteThroat*
GreyWagtail*
Nuthatch*

Alauda arvensis
Turdus philomelos
Sturnus vulgaris
Columba oenas

Hirundo rustica
Apodidae

Sylvia communis
Phylloscopus trochilus
Columba palumbus
Troglodytidae
Emberiza citrinella
Linaria cannabina
Certhiidae

Spinus spinus
Alectoris rufa
Corvus corax
Corvus frugilegus
Anthus pratensis
Columba livia
Milvus milvus
Muscicapa striata

Accipiter nisus

Phoenicurus phoenicurus

Acanthis cabaret
Larus fuscus
Garrulus glandarius
Ficedula hypoleuca
Falco tinnunculus
Sylvia curruca
Motacilla cinerea
Sitta
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Appendix D
Bird GLMM *“Full’ Model Average summary

Generalised linear mixed effects full model average summary examining bird community metrics as the response variable (bird abundance, species
richness and Shannon diversity) across two years 2015 and 2016 in apple orchards of the study area. Investigation of the response variables in
relation to farm management, observer, apple type, Woody Cover, day number and bird box presence. VIF is the variance inflation factor value derived
from squared GVIF~(1/(2*Df)), where any variable above 5 was considered correlated and removed from the global model before dredging again. The
intercept is conventional farm management with CP as the observer. Values in bold are significant (P=<0.05).

Bird Abundance Bird Species Richness Bird Diversity
Fixed Effects Value  Standard P-value VIF Value Standard P-value VIF Value Standar  P-value VIF
Error Error d Error
Farm Management Conventional 2.554 0.114 <0.001 - 1.940 0.069 <0.001 - 1.666 0.078 <0.001 -
(Intercept)
IPM 0.051 0.092 0.575 2.314 0.046 0.060 0.449 2.604 0.105 0.081 0.201 2.214
LEAF 0.060 0.131 0.647 2.314 0.098 0.066 0.140 2.604 0.164 0.088 0.063 2.214
Organic 0.562 0.062 <0.001 2.314 0.394 0.061  <0.001 2.604 0.373 0.068 <0.001 2.214
Observer PL -0.379 0.097 <0.001 2.092 -0.285 0.065 <0.001 2.194 0.251 0.079 0.002 2.12
SF -0.290 0.075 <0.001 2.092 -0.114 0.050 0.023 2.194 0.021 0.06 0.72 2.12
Apple types Dessert -0.04 0.084 0.639 2.652 -0.004 0.03 0.884 2.984 0.003 0.025 0.887 2.696
Juice -0.064 0.099 0.515 2.59 -0.072 0.057 0.213 2.64 0.006 0.027 0.822 2.152
Cider -0.005 0.076 0.945 2.696 -0.034 0.061 0.578 2.588 -0.01 0.04 0.818 2.256
Environmental/ Day number 0.082 0.068 0.227 2.064 - - - - - - - -

Landscape
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Woody Cover -0.145 0.144 0.311 2.818 -0.039 0.063 0.534 4.218 - - - -

Bird box - - - - -0.021 0.046 0.648 3.468 - - - -
presence

Temperature - - - - - - - - 0.066 0.065 0.311 2.18
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Appendix E Butterfly species accumulation
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Appendix F Butterfly GLMM ‘Full’ model average summary

Generalised linear mixed effects full model average summary examining butterfly community metrics as the response variable (bird abundance, species richness and
Shannon diversity) across two years 2015 and 2016 in apple orchards of the study area. Investigation of the response variables in relation to farm management, observer,
apple type, orchard size, day number, sunshine. Interaction between management type and orchards size proved significant in initial model analysis and included in global
model. The intercept is conventional farm management with KI as the observer, and interaction conventional:orchard_size. Values in bold are significant (P=<0.05). VIF is

the variance inflation factor value derived from squared GVIF*(1/(2*Df)), where any variable above 5 was considered correlated and removed from the global model before
dredging.

This intercept is KI observer, as farm management was not significant in the top model selection for diversity.

Butterfly Abundance Butterfly Species Richness Butterfly Diversity
Fixed Effects Value Standard P-value VIF Value Standard  P-value VIF Value  Standard  P-value VIF
Error Error Error
Farm Conventional (Intercept)  1.148 0.256 <0.001 - 0.672 0.073 <0.001 - 0.590*  0.047 <0.001 -
Management
IPM -1.017 0.351 0.004 3.152 - 0.061 0.941 2.438 - - - 2.604
0.004
LEAF -0.199 0.356 0.577 3.152 - 0.056 0.959 2.438 - - - 2.604
0.003
Organic 0.189 0.232 0.415 3.152  0.021 0.074 0.781 2.438 - - - 2.604
Observer CS -0.067 0.194 0.73 2.638  0.017 0.077 0.826 2.404 -0.003  0.025 0.903 2.43
Interactions IPM: orch_size -1.470 1.6 0.358 3.582 - - - - - - - -
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LEAF: orch_size
Organic: orch_size
IPM: Woody_Cover

LEAF: Woody_Cover
Organic: Woody_Cover

Environmental/
Landscape

Day number

Orchard size
Woody Cover
Sunshine
Total insecticide amount

Temperature

-0.173
-0.433
-1.504
-0.333
-0.652
0.960

0.322

0.149

0.581
0.5
1.059
0.710
0.666
0.23

0.529

0.093

0.767
0.385
0.156
0.640
0.329
<0.001

0.543

0.111

3.582
3.582
3.046
3.046
3.046
2.022

2.508

2.032

0.200

0.126

0.319

0.112

0.130

0.139

0.076

0.331

0.022

2.076

3.446

2.224

0.097

-0.016

0.136

-0.014

0.117

0.055

0.089

0.033

0.412

0.776
0.125

0.673
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Appendix G

All-bird density detection functions

All bird detection probability plots using the model with lowest AIC (20347.73, no of parameters 1).
The model used half normal and simple polynomial distribution and constructed in Distance

version 7.0.
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LEAF detection probability plot

Detection Probability

Detection Probability

=
)

4
©

o
®

e
3

o
>

o
o

o
=

o
w

o
Ny

o
e

o
°

1.0

09 +

08 T

0.7 +

o
>

o
@

S
=

o
w

02 +

01 +

0.0

\ Z N\
’ . ® * Radial distance |n4:neters ” ” b *
Organic detection probability plot
S~——

Radial distance in meters

118



CHAPTER 4

Pest control services from birds is higher on organic rather than non-

organic apple orchards

4.1 ABSTRACT

Globally, biodiversity in agro-ecosystems is found to be higher on organic farms but the
functional consequence of this is still poorly understood. Pest regulation ecosystem services
have been well studied in the tropics, especially by arthropods. However, the impact of
avian pest regulation on reducing pests in temperate, especially perennial, agro-ecosystems
is still elementary. Some studies suggest increases in pest regulators positively impact the
predation of pest insects, but an extensive comparison between organic and non-organic
farm management regarding the provision of a viable pest control ecosystem service by
birds has not been established. The understanding of this is important for future
development of nature-friendly farming, to protect biodiversity and increase ecosystem

service provision.

Here, | measure the abundance, diversity, density, and species richness of the functional
group of insectivore birds, to understand how these potential pest regulators change over
different farm managements including organic and non-organic orchards that have
different levels of biodiversity. | use sentinel artificial prey to infer a daily predation rate by
these pest regulators and then measure pest moth levels on farm for pest level information

across each farm type.

As insectivorous birds increase on organic orchards in abundance, species richness and
diversity, the predation rate of dough caterpillars mirror this pattern and significantly
increase. Orchard pest moth levels here are shown to be controlled by two different agro-
ecosystems; organic orchards use a natural pest control from birds to reduce moth pests,

whereas chemical control of pests is used on non-organic orchards.

Results here show that organic orchards support a higher abundance, species richness,

density, and diversity of the insectivore bird functional group, which can significantly
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increase predation on artificial caterpillar pests, providing a functioning natural pest

control ecosystem service that is currently available only on organic orchards.

4.2 INTRODUCTION

4.2.1 Biodiversity and pest regulating ecosystem services

The Millennium Ecosystem Assessment (MA) identifies that biodiversity itself supports
ecosystem services that society receives, including: the origins and yields of
pharmaceuticals from ecosystems rich in species diversity (e.g. the Tropics) (MA, 2005a);
regulating ecosystem services such as pollination, seed dispersal and carbon storage (MA,
2005b); wild crop diversity for continued improvements in crop modifications (Jenkins et
al,, 2004) and resilience against agricultural pests (Mace etal., 2012; Cardinale et al., 2003).
Although we know that biodiversity supports ecosystem services, there is still relatively
little known on the impact that increased biodiversity has on the provisioning and extent of
ecosystem services, especially to biological control of pests (Porcel et al., 2018; Jonsson,

Kaartinen, & Straub, 2017).

Natural pest control, or biological control, is the control of crop pests and is an important
regulating ecosystem service in agricultural landscapes. This global phenomenon gives
agricultural benefits such as from arthropod abundance and ability to control pest species
(Samnegard et al,, 2019; Lemessa et al., 2015; Solomon et al., 2000); the importance of bats
as an agricultural pest predator in tropical lowland forests (Kalka et al., 2008); ants and
birds providing pest control to Kenyan coffee farms (Milligan et al, 2016); and finally
kestrels controlling fruit eating birds in US orchards (Shave et al., 2018). It has also been
suggested that ecosystem services not only increases yield, such as Mols & Visser (2002)
that suggested great tits (Parus major) reduced caterpillar damage and increased apple
yield per tree, and has also been found to increase crop quality in coffee (Classen et al.,

2014) and apples (Garratt et al., 2014).

4.2.2 Pest control services from birds

The subject of ecosystem services provided by birds had a plethora of studies conducted on
it in the 1880s to 1920s (Kronenberg, 2014). Although the concept of ecosystem services
was not reached at the time, “economic ornithology” arose and brought change to policy in
terms of conservation status of birds and furthered research in the area. Kronenburg (2014)

gives a detailed review of the era of economic ornithology and highlights the links between
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its areas of interest in using birds as a commodity with the current ecosystem service

concept of provisioning, regulating, and supporting services.

Economic ornithology focussed on services and dis-services of birds to farmers, which is
both practical and end-user based research. However, as soon as birds could be replaced by
a more efficient service mechanism - organochlorine chemicals during the industrial
revolution (Kirk et al., 1996; Krebs et al., 1999) - the study of economic ornithology was no
longer needed and rapidly declined in published papers (Kronenberg, 2014).

Since the negative effects of the industrial revolution on agricultural areas was realised, on
humans and nature - firstly the direct effects on nature (Carson, 1962), and more recently
the indirect effects of intensification (Krebs et al., 1999) - the role of birds as ecosystem
services as a research area has increased with emphasis, not only on the commodity and
value of birds, but on how biodiversity is linked with the increase in service provision rather

than focussing solely on bird diets (Kronenburg, 2014).

Birds do, however, predate on all insects, including beneficial predaceous insects (Martin et
al, 2005). Mooney et al. (2010) meta-analysis revealed vertebrate insectivores (including
birds, bats, and lizards) still reduce herbaceous insects by 39%, reducing plant damage by
40%. Birds are shown to be capable, through their high functional diversity and feeding
habits, of playing a top-predator role in top-down biological pest control in global agro-
ecological landscapes (Garcia et al., 2018; Mooney et al,, 2010) in both tropical (Maas et al,,
2013; Milligan et al., 2016) and temperate environments (Barbaro et al., 2016; Garfinkel &
Johnson, 2015). But to what extent biodiversity plays in providing this pest control service

by birds is less studied (Porcel et al., 2018; Jonsson, Kaartinen & Straub, 2017).

4.2.3 Current research

Insectivorous birds are the functional group responsible for a pest control ecosystem
service and have been studied more recently in relation to landscape heterogeneity, species
richness, abundance of insectivores and different farming practices. This type of research
helps our understanding on the links between current farming, wider landscapes, and how
these relate to the provisioning of pest control services. For example, the presence of birds
in three climatic areas: boreal, temperate and tropical, increased performance of plants due
to an increase in bird abundance and avian insectivore ability to provide top-down trophic

cascades to protect plants from insect herbivory (Mantyld etal., 2011). Yet the link between
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biodiversity and pest control, rather than just the abundance of natural enemies and pest

control, is less researched.

Previous studies have assumed that an increase in natural enemy abundance can be equated
to a large prevalence of pest control service provisioning (Howe, Lévei & Nachman, 2009).
However, a wide range of ecological interactions can complicate this link (Schmitz, 2007)
so a more direct measure of predation is advised to be experimented within field conditions
(Howe etal. 2009). Sentinel live prey (Garfinkel & Johnson, 2015; Boyle, 2012) and dummy
caterpillars made with either dough or plasticine (Ferrante, Cacciato, & Lovei 2014; Loiselle
& Farji-Brener, 2002; Mantyla et al., 2008; Rowland et al., 2008; Sam et al., 2015) are often
used to estimate and infer predation from predators including birds, insects and mammals

(Loiselle & Farji-Brener, 2002; Martin, 1987).

The research currently available, using sentinel prey experiments, have found that higher
biodiversity measured through bird functional evenness and diversity (Barbaro etal., 2016;
2014), species richness (Milligan et al., 2016) and abundance of insectivores (Bereczki et
al, 2014; 2015) support higher avian predation within forests and agro-ecosystems.
However, the comparison of these ecosystem service studies is between the presence of an
ecosystem service and the total absence of one, rather than comparison to a man-made one,
i.e. comparison between types of farming systems that aim to increase biodiversity and
ecosystem services, like LEAF and IPM as well as organic has not been well-studied. Garcia
et al. (2018) highlight that while such studies have been undertaken in tropical agro-
ecosystems, there is a lack of studies demonstrating the role of birds in temperate systems,
and more so within northern temperate agro-ecosystems like the UK, with a less diverse
pool of insectivores than southern Europe (Dirzo & Raven, 2003). Farming systems have
been shown to remain productive whilst reducing harm to biodiversity (Cunningham et al.,
2013; Clough et al, 2011). Whether biodiversity on organic farms can provide pest

predation to the same degree than a man-made chemical pest control can, is not well known.

Only three studies, known at the time of writing, use a comparison of farming practices of
organic and non-organic to understand avian pest services available under these different
farming techniques. Mols & Visser (2007) compare IPM farming with organic farming, or
insecticide-sprayed versus unsprayed, and two others compare unsprayed farms with
sprayed farms to show an increase in pest control services provided by birds on unsprayed
orchards (Howe et al., 2009; Peisley et al.,, 2016). However, only six sites were used in

Peisley et al. (2016) study as comparison between farm management intensity. This is the
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only known study that looks at farm, rather than plot level. Although Mols and Visser (2007)
also explore farming management effects on avian ability to provide pest control, rather
than measure predation rates, they infer predation through caterpillar density monitoring
in areas with and without breeding great tits. A more recent study by Garcia et al. (2021)
investigated predation pressure in apple orchards from birds using nest boxes to find that
the inclusion of nest boxes increased predation on apple pests and decreased pest pressure
on apples. However, the impact of farm management strategies was not included in this

study.

There is not yet a well-established relationship between biodiversity, pest regulators
(natural enemies) and pest reduction potential (Daniels et al., 2017; Chaplin-Kramer et al.,
2013; Letourneau et al., 2015; Samnegard et al., 2019), especially in perennial agro-
ecosystems (Porcel et al,, 2018). Although studies on predation rates and pest reduction
have been increasing in recent years, especially with arthropods, our understanding of how
avian predation rates transfer directly to pest abundance on farmland in temperate regions,
is elementary. In comparison to similar studies, this study is an extensive comparison of
organic compared to different types of non-organic managed orchards, including IPM, LEAF
and conventional spray regimes, where the availability and abundance of insectivorous
birds as the pest regulator over farms with differing levels of biodiversity, has been
explored. From this it is possible to uncover whether a higher biodiversity on orchards
generates a natural pest control ecosystem service or not. To the best of my knowledge, at
the time of writing, this is the first extensive farm-level study comparing organic and non-

organic levels of pest predation services available from birds, supported by biodiversity.

4.2.4 Objectives of study

Here, the insectivorous bird functional group has been measured in terms of abundance,
density, species richness, and diversity on four different farm management types ranging in
levels of biodiversity, where organic farms have the highest (Chapter 3). This will help in
our understanding of whether supporting an insectivorous bird functional group can
provide a pest control service to reduce pest abundances on apple orchards. This study
uses 30 farms across a similar landscape across Herefordshire and its associated borders,
with varying levels of management intensity on apple orchards to understand how changes
in farmland biodiversity affect the insectivorous bird functional group, to ultimately impact

Lepidoptera pest levels.
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This chapter sets out to address three key questions:

1. The first objective of this study is to ask whether the insectivorous bird functional
group varies in abundance, density, species richness, and diversity between farm

types: organic, conventional, LEAF, and IPM?

2. The second objective is to understand how the level of insectivorous birds affects

predation rates, assessed using artificial sentinel prey?

3. Thirdly, what are the implications of 1 and 2 for pest control, which is assessed

through patterns in the abundance of key moth pests?

4.3 METHODS AND MATERIALS

All 30 orchards used were the same as Chapter 3, located within a 60km? area in
Herefordshire, Worcestershire and Gloucestershire, UK (figure 2.2). The orchard fields
ranged between 0.6 Ha to 115 Ha in size. The management of each study orchard differed
and were separated into four categories: conventional (7 farms), IPM (7 farms), LEAF (8
farms) and organic (9 farms). Full details of farm managements and site selection can be

found in Chapter 2, section 2.2.

4.3.1 Insectivore bird community metrics

Data from Chapter 3 bird survey results were used for insectivore metrics. Birds were split
into guilds and insectivores were analysed separately. Insectivores were chosen based on
being insectivorous during the breeding season. These were not just restricted to gleaners,
ground probers, canopy foragers and hawkers, but all functional groups of insectivores
were included so to capture the predation of pest moths at all life stages. A list of

insectivores used for this chapter is highlighted in Appendix C.

4.3.2 Pest predation rates

The decision was made to use artificial sentinel prey, rather than live prey, to measure
predation rates because of three main factors: experiment execution is simple;
identification of predation marks is efficient; and it’s an inexpensive method for monitoring

in field conditions without the need for sophisticated equipment (Howe et al., 2009; Lovei
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& Ferrante, 2016). However, the use of live prey in exclusion experiments is thought to
provide more realistic. Therefore, it is important to take into account that artificial sentinel
prey data may underestimate true predation rates of birds (Lovei & Ferrante, 2016). More

details about this decision are outlined in Chapter 2 section 2.3.6.

Both plasticine (green and white) and dough (cream) were used as the sentinel prey
material. Two key pest caterpillars of orchards were being mimicked: Lepidoptera species
(i) Cydia pomonella L. codling moth larvae (cream dough and white plasticine) and Archips

podana (Scolopi) fruit tree tortrix larvae (green plasticine).

Pest presentation stations were set up at the same point count locations as bird surveys
(Chapter 3) and took place over two rounds: (i) plasticine prey between April and August
2016 and (ii) dough prey between December 2016 and March 2017. Each sentinel prey was
used to resemble the life stages of the two Lepidoptera species. Codling moth overwinters
as non-feeding larvae under loose bark of apples trees and emerges in summer again to feed

on apples, along with fruit tortrix caterpillars in the spring and summer.

Plasticine

Pest presentation stations were set up with eight green and eight white plasticine
caterpillars: 16 prey in total, with green caterpillars on leaves and cream caterpillars on the
bark of one apple tree (figure 4.1).

Dough

At each pest presentation station, ten dough sentinel prey were planted at each point count,

on the trunk of one apple tree (figure 4.1)

Figure 4.1 - Sentinel prey types; a) dough caterpillar placed on the truck of apple trees over winter,
to resemble over-wintering coding moth larvae; b) green plasticine prey placed on leaves or on
branch ends to resemble tortix moth caterpillars.
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The identification of predation marks had to be in-situ as sentinel prey would change shape
easily and any predation attempt may have been lost if the shape was lost in transit. For full

details of sentinel prey materials methodology, please see Chapter 2 section 2.3.6.

4.3.3 Measuring pest moth levels

Sex pheromone traps were used as population estimates for the specific moth species of
interest, usually used to determine a threshold population for optimum time to use chemical
insecticides (Carden, 1987; Reddy & Guerrero, 2001), but also to infer moth populations
(Riedl & Croft, 1974). Pheromone traps were purchased through Agralan, an agricultural
management company, for three main apple pest moth species: codling moth (Cydia
pomonella L.), fruit tree tortrix (Archips podana (Scolopi)), and apple ermine (Yponometua

malinellus).

One trap can attract each specific moth species from two hectares in a standard orchard. All
orchards in this study are standard bush orchards, traditional, or semi-standard bush. So,
the two-hectare radius sample could be used per farm. Larger farms grew multiple types of
apple, therefore one trap was used per apple type, based on the end consumption (juice,
dessert, or cider). The mapping programme QGIS (QGIS Development Team, 2015), was
used to ensure each trap was centred within a two hectare radius of orchard. At each site,
three traps were placed in a central orchard location, using GIS to measure the central
location, per apple type in 2016, between 25th June to 15th September. This was to ensure
peak adult moth flying seasons were included for all three moth pest species, as
recommended by Agralan. Pest traps were placed at least 10m apart from one another, so
to avoid any interference from pheromones, and the traps were hung with wire at head
height (approx. 1.6m) in the apple tree canopy (Alford et al., 1979). Traps were checked
every four weeks where male moths were counted, and the sticky pads and pheromone
renewed. If another pheromone trap was known to be in the same orchard by the farmer,
and within Zha, pheromone traps were not erected at these sites - to avoid underestimating

pest moth abundances.
For more details of pest moths in orchards and history of the use of pheromone traps and

thresholds of pests needed before being considered a pest outbreak, please see Chapter 2,

section 2.3.7.

126



4.4 DATA ANALYSIS

All analysis for Chapter 4 followed the same structured and statistical packages as data
analysis for Chapter 3. Short details will be provided here but full details can be found in

Chapter 3.

4.4.1 Model simulation using GLMMs

A ‘global’ model was constructed with the response variable for all models as the insectivore
community metrics, prey type or pest abundance and all independent variables considered,
a priori, to be ecologically important are the same as Chapter 3 including: observer, day
number, woody cover, insecticide use, orchard size (ha), temperature (°C), farm
management types, and types of apples. Continuous fixed effect variables were
standardised within R using scale function. This global model was put through the same

model averaging process as in Chapter 3.

Overdispersion was tested using the dispersion parameter and model interactions were

tested for using AIC in model interactions and model non-interactions in anova.

Correlation was tested in the same way as Chapter 3, using a correlation coefficient on
continuous variables in the model as well as a variance inflation factor (VIF) test on the
fitted model. Any variable with a VIF value over 5 was removed from the model to simplify

and improve accuracy (Chapter 3).

4.4.1.1 Model averaging process

The global model was put through the same information theoretic (IT) approach used as in
Chapter 3, where ‘top models’ are chosen using AIC Delta < 6 AIC values (Harrison et al.,
2017). Amodel average can be acquired with model average parameters including standard

errors and confidence intervals taken using the top models.
The ‘conditional’ model average is chosen, as in Chapter 3, over the ‘full’ average as the

conditional average is used during construction of model average confidence intervals. The

full averages for this chapter analyses have been reported in Appendices M, O, P, Q.
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4.4.2 Insectivores abundance, species richness and diversity

Abundance, species richness and diversity of insectivores were calculated using GLMMs.
Poisson errors were used for the modelling of count data in abundance and species richness
models and Guassian errors were used for diversity. The response variable for each model
was the insectivore community metric (abundance, species richness and diversity), with
increased restrictions for maximum likelihood. Overdispersion was tested for but none was
found, thus there was no need to use negative binomial or zero-inflated errors in this
analysis (Crawley, 2007; Harrison, 2014). Interactions were tested between farm
management and woody cover (Chapter 2, section 2.3.4). Orchard size was significantly
correlated to woody cover, so orchard size was removed from the global model, as the
proximity and amount of woody cover was deemed more ecologically important a priori
than orchard size. The random effect had a nested structure of visit number within farm ID

to account for repeated data.

The IT approach, described above was used for this analysis, starting with a global model
where likely interactions were also testing to include in the global model, fitting all sub-sets

of the model and then ranked using AIC.

4.4.3 Density of insectivores

Orchard insectivore densities were calculated using the data collected from all bird density
in Chapter 3 using Distance 7.0 Alpha (Thomas et al,, 2010). Insectivores were isolated
through selecting each insectivore species in the model data filters and put through the
same model definition properties as total bird density analysis in Chapter 3. These model
definition properties for each detection function were half-normal key function with simple
polynomial series expansion. Six intervals of 12.5m were chosen and truncated in Distance
at 75m instead of 100m, as in Chapter 3. Full details on density estimates are found in

Chapter 3, section 3.5.2.

4.4.4 Predation rates

Predation rate response variables were constructed through binding together number of
preys attacked with number of preys not attacked, using the ‘cbind’ function in R, library
(Ime4). These response variables produce the probability that a sentinel prey item was

attacked during the 24 hours period it was exposed to predators. Mammal, arthropod, and
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bird attack rates were formed with the cbind function in R (R Core Team, 2015). The
dependant variable ‘prey type’ is the probability that the sentinel prey will be attacked by
birds, arthropods, mammals and total predation. Initially, analysis showed strong prey type
differences. Initial analysis included all prey types and then a focus on prey type 1 (dough)
as predation rates for prey type 2 and 3 (plasticine) were much lower than dough, as also
seen by Lovei & Ferrante (2016) and Sam et al. (2015). This is most likely due to the energy
return received from predating on dough rather than plasticine (Sam et al, 2015),
mimicking natural avian reactions to live prey. Probabilities of predation were calculated

out of the model odds ratio using back transformation (Crawley, 2013).

The GLMM model structure used binomial errors to assess predated against non-predated
prey type 1 (Crawley, 2013), with ‘farmer’ as the random effect, using the link function ‘logit’
used in binomial error structures. Simple GLMMs were created, using the same process as
previous analysis (Chapter 3) and then fixed effect variables were added that were
important, a priori, to reach a global model for the model averaging process. Four model
averages and confidence intervals are produced to include farm management and
insectivore community metrics of abundance, species richness, and diversity as the
dependant variables. Fixed effect variables included in the global model are apple type, day
number and orchard size. Unlike for insectivore community composition models, woody
cover was not kept in the final global model because it is highly correlated with orchard size,
and when testing significance between orchard size and woody cover in explaining the

global model, woody cover was not significant. For this reason, woody cover was omitted.

Only one mammal attack was seen on artificial caterpillars in total so was no included
during analysis. Arthropod and bird predation rates were investigated but only bird attack
rates were analysed and reported. This was because there was no significant influence of
including farm management as a fixed effect during analysis with arthropods, thus

arthropod predation rates were not affected by the type of farm management.

4.4.5 Pest moth analysis

Three separate moth traps, bated with pheromones to attract 3 specific pest moth species,
were at each farm location. Moth pests were analysed separately as each moth trap
attracted a different moth species and each species caused different types of damage on the
apple crop. Repeat measures of farms were taken depending on the types of apples grown.

If a farm held cider, dessert, and juice apples then there were 3 moth trap locations on an
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orchard, one per apple type. The study was over one year so the farmer was used as the
random effect. As I was interested in finding out the impact of farm management category
(LEAF, organic, IPM and conventional) and insecticide usage (broad-spectrum and specific)
to moth pest abundance, these dependant variables were analysed in separate models.

Thus, each moth pest had two analyses with i) farm management and ii) insecticide data.

Other dependant variables deemed significant during model selection were day number,
day number squared, apple type and orchards size. Day number squared was used to assess
whether moth abundance followed a curved pattern, with a peak mid-season, rather than

linear through the year, as birds did.

Total insecticide and number of active ingredients were not used as they were correlated
with specific and broad spectrum insecticide data. Woody cover and orchard size data was
correlated, however orchard size was used in this analysis instead of woody cover as the
moth pests | have analysed are not linked to woodland or hedgerow species; their

predominate food plant are apple trees (Malus).

As count data was used for the abundance of moths, a Poisson error family was chosen
within these mixed models. Overdispersion tests found the residual degrees of freedom to
be unequal, well outside the required boundaries (<2) to the residual deviance of the model;
the variance was not equal to the mean using Poisson error distribution. Thus, to account
for this overdispersion, negative binomial error distribution is needed during model

construction (Bolker et al., 2009).
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4.5 RESULTS

Overall results show that insectivorous bird species were dominant in organic orchards,
and so too were predation levels on dough sentinel prey. Pest levels on farms did not show
significant difference between each other. The links between daily predation rates with
insectivores show the presence of a functioning pest control ecosystem service by

insectivores on orchards with the highest biodiversity - organic.

4.5.1. Insectivorous birds on orchards

Insectivores were chosen based on bird species feeding on insects during the breeding
season. 39 species of insectivorous birds were recorded on orchards during the study
period (Appendix C).11ooked at abundance, species richness, Shannon diversity and density

as measure of insectivore biodiversity.

Furthermore, motion-censored cameras caught a variety of birds attacking artificial prey.
Birds caught on camera were found in organic and LEAF farms. Insectivorous bird species
that either had direct contact with artificial prey, or were caught on camera, were european
robins (Erithacus rubecula), blackbirds (Turdus merula), blue tits (Cyanistes caeruleus),
great tits (Parus major), jays (Garrulus glandarius), long tailed tits (Aegithalos caudatus) and

a redstart (Phoenicurus phoenicurus).

4.5.1.1 Insectivore abundance

From figure 4.2 and the global model average, it is visible that organic and LEAF farms have
significantly higher abundance of insectivorous birds on orchards, evident as these
parameter confidence intervals do not span zero. Woody cover shows a negative impact on
insectivore abundance and day number has a significant positive effect, so as the day
number increased throughout the year, insectivore numbers increased. All other
parameters such as apple type, observer and temperature had no significant effect (positive

or negative) on insectivore abundance.
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Figure 4.2 Insectivore abundance GLMM ‘conditional’ model average and confidence intervals
using top models, Delta < 6. For ‘full’ model averages see Appendix I.

4.5.1.2 Insectivore species richness

Like abundance, organic orchards significantly affected insectivore species richness,
positively. LEAF and IPM farms showed no difference in comparison to the intercept
(conventional), in contrast to abundance where LEAF was also significantly influencing in
insectivore abundance (figure 4.3). Increased woody cover continued to have a significantly
negative effect on insectivore species richness. An observer effect is shown here with
Observer PL viewing significantly less species richness than the intercept, Observer CP. All

other parameters in the model show no significance in insectivore species richness.
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Figure 4.3 Insectivore Species Ricness GLMM ‘conditional’ model average and confidence intervals
using top models, Delta < 6. For ‘full’ model averages see Appendix I.

4.5.1.3 Insectivore diversity

Again, similarly to species richness and abundance, insectivore diversity is significantly
higher in organic orchards, in comparison to conventional. LEAF and IPM farms show no
significance on insectivore diversity here (figure 4.4). Woody cover presence, again,
significantly reduces insectivore diversity on orchards, so too Observer PL. All other

parameters have no significant impact on insectivore diversity.
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Figure 4.4 Insectivore Diversity GLMM ‘condtional’ model average and confidence intervals using
top models, Delta < 6. For ‘full’ model averages see Appendix I.

4.5.1.4 Insectivore density

The density of insectivorous birds per hectare is shown in figure 4.5, with organic farms
displaying the highest density of insectivore (13.66) across the four farm management

categories, with statistical significance.

Comparisons of LEAF - conventional farms and IPM - conventional farms were not
significantly different from each other, resulting from Z tests. Although Z tests shown on
figure 4.5 compare only to conventional farming, IPM and LEAF were both very similar to
each other (Z= -0.01, P = 099). Organic was significantly greater than both IPM (Z=-5.55;
P<0.01) and LEAF (Z= - 5.2; P<0.01). Density detection functions (Appendix J) support
previous results, that organic orchards support high levels of insectivorous birds, using a

different monitoring and analysis technique.
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Figure 4.5 Insectivore density averages (organic = 13.66, conventional = 3.32, IPM = 3.8, LEAF =
3.81) with standard errors, shown as number of birds per hectare, results from Distance analysis.
The numbers within the bars indicate the Z (black) and P values (grey) during two-way comparisons,
between conventional farming to other three categories (LEAF, IPM and organic).

4.5.2 Sentinel prey

After initial data analysis of predation on plasticine and dough sentinel prey, predation
probabilities were higher on green plasticine than white, but both green and white
plasticine were much lower than dough sentinel prey (table 4.1; 4.2). Due to the impact that
prey type had on initial mixed models, the decision was made to only use dough for the
remaining analysis, incorporating landscape variables and bird insectivore community

metrics.
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Table 4.1 Daily Predation Rates (probabilities) for Arthropod and Birds. Attack rates by birds in
general were low. Arthropod attack incidences were much higher, just over 50% of dough prey were
attacked by arthropods.

Prey Type Arthropod Birds
Dough 0.557 0.034
Green Plasticine 0.23 0.027
White Plasticine 0.12 0.008

Table 4.2 Three types of prey and their predation probabilities shows that pastry was predated on
most, so was used as the primary sentinel prey during mixed model analysis. Probabilities were
calculated in R using back transformation (Crawley, 2007; R Core Team, 2015).

Prey Type Farm Management
Conventional IPM LEAF Organic
Dough 0.02240306 0.01368062 0.0194303 0.1167988
Green plasticine 0.01792626 0.01092734 0.0155381 0.09529772
White plasticine 0.005147927 0.00312217 0.004454394 0.02899523

4.5.2.1 Dough sentinel prey and farm management

Probability of dough prey being predated on from birds, in relation to farm management
group, was modelled. Here, figure 4.6, shows organic orchards had significantly higher
levels of avian predation compared to conventional orchards, the intercept. LEAF Marque
farms had significantly less predation attempts than conventional, and on [IPM management
farms there was no significant difference in predation. Apple type also shows significant
influence over predation levels, with dessert and juice apples showing significantly higher

levels of predation, whereas cider shows no significance in increasing predation levels.
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Figure 4.6 Dough predation probability and farm managament GLMM ‘conditional’ model average
and confidence intervals using top models, Delta < 6. For ‘full’ model averages see Appendix K

4.5.2.2 Dough sentinel prey and insectivore abundance

Predation probabilities in dough sentinel prey, significantly increases with the abundance
of insectivores (figure 4.7). As orchard size increases, predation levels show a significant
decrease. Orchards, which sell juice apples, show a significant increase in predation levels.

All other fixed effect variables show no significant impact on predation.
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K

4.5.2.3 Dough prey and Insectivore species richness

Like predation and insectivore abundance, predation probability was significantly higher

with increased insectivore species richness (figure 4.8). Juice apples had significantly

higher levels of predation than other apple types and smaller orchards had significantly

higher predation rates. All other variable in the global model did not have a positive or

negative effect on predation rates in orchards.
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Figure 4.8 Dough predation probability and insectivore species richness GLMM ‘conditional’ model
average and confidence intervals using top models, Delta < 6. For ‘full’ model averages see Appendix
K

4.5.2.4 Dough sentinel prey and insectivore diversity

As the insectivore diversity parameter confidence intervals spans zero, there is not strong
enough evidence to show that insectivore diversity is an important factor in sentinel prey
predation (figure 4.9). Cider and juice orchards had significantly more predation in this
model and as orchard size increased predation significantly reduced. All other variables did

not influence predation.
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Figure 4.9 Dough predation probability and insectivore diversity GLMM ‘conditional’ model
average and confidence intervals using top models, Delta < 6. For ‘full’ model averages see Appendix
K

4.5.3 Pest moths

Pest moths were analysed separately due to the different moth life cycles in each species.
For example, apple ermine is known to arrive as adults later in the year than large fruit tree
tortrix and codling moth. Codling moth also overwinter under tree bark, providing an

additional winter food source for birds (Solomon et al., 1976).

As day number was included in the model, Julian days starting from the first pheromone

trap set up date - on 25th July 2016, was used.

Moth data was also analysed with insecticides and farm management separately - there are

two GLMM models for each. As moths are directly affected by insecticide sprays, this was an
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important fixed effect to test for significance and the type of farm management is correlated
to insecticide use. Often IPM farms may use very different amounts of insecticide; thus,

insecticide amounts were specifically analysed here.

4.5.3.1 Codling moth with farm management and insecticides

There is no significant effect of farm management type on the increase of codling moths in
orchards. The model average confidence interval graphs (with management and
insecticides) have the same significant parameters (figure 4.10). Day number shows a
significant negative relationship to codling moth abundance in both models, showing
reduced moth abundance as the surveying season goes on all types of farms. Dessert apple
was the only type of apple that had significantly less codling moth pests in the models. All
other variables including the amount of specific and broad-spectrum insecticides, showed

no significant impact on the number of codling moth numbers recorded.
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Figure 4.10 Model average confidence intervals using ‘conditional’ model average results of codling moth abundance with response variables of insecticide
application, where broad spectrum and specific insecticide have been used separately (left) and farm management (right). The model intercept is conventional

farming with cider apples. ‘Full’ model averages for codling moth models are in Appendix L.
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4.5.3.2 Apple ermine moth with farm management and insecticides

From the model average (figure 4.11) there is no significant effect of specific insecticide on
the abundance of apple ermine pest moth, however a significant positive effect of broad-
spectrum insecticide is seen - when more broad scale insecticide was used the abundance
of apple ermine pest moth was significantly higher. Organic managed orchards showed a
significant negative effect on the abundance of apple ermine pest moths. As orchard size
increased apple ermine abundance significantly decreased in the management model,
however this was not a significant parameter in the insecticide model. Apple ermine show
a significant signal of having a second generation of adults, with increased abundance as
day number increases in both models across all farm management types. Type of apple had

no significant impact on apple ermine abundance.
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Figure 4.11 Model average confidence intervals of Apple Ermine, using ‘conditional’ model average results with response variables of insecticide application, where
broad spectrum and specific insecticide have been used separately (left) and farm management (right). The model intercept is conventional farming with cider apples.

‘Full’ model average for apple ermine moth are found in Appendix M.
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4.5.3.3 Fruit tree tortrix moth with farm management and insecticides

The fruit tree tortrix model average with confidence intervals (figure 4.12) shows fruit tree
tortrix moth abundance is significantly reduced in numbers with the increased use of
specific insecticide, whilst broad-spectrum has no effect on this pest abundance. Orchard
size has a significant positive effect on the abundance of fruit tree tortrix in both the
management and insecticide models. LEAF farms here show a significant reduction in the
abundance of fruit tree tortrix in comparison to the intercept (conventional farming), whilst
there is no difference seen between all other farm types and conventional. Day number
shows in both models that as time goes on in the season fruit tree tortix moth decreases
across all farm management types. Apple type, or any other parameter, has no significant

effect on abundance of the fruit tree tortrix pest moths.
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Figure 4.12 Model average confidence intervals of Fruit Tree Tortrix (FTT), using ‘conditional’ model average results with response variables of insecticide
application, where broad spectrum and specific insecticide have been used separately (left) and farm management (right). The model intercept is conventional

farming with cider apples. ‘Full’ model average results for fruit tree tortrix are found in Appendix N.
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4.6 DISCUSSION

There is a presence of a functioning pest control ecosystem service from insectivorous birds
on three economically important Lepidoptera pests in UK organic apple orchards, the
codling moth, fruit tree tortrix and apple ermine. Organic farming is beneficial to the
abundance and species richness of insectivorous birds, in line with general consensus
where organic farming benefits biodiversity (Chapter 3; Hole et al., 2005). Firthermore,
increased insectivore bird community, supported by organic farming and not landscape
features, provides a sufficient pest regulation ecosystem service to keep pest moth levels
similar across all four farm managements, including on organic farming. This highlights
there are two separate agro-ecosystems at play - one where chemical measures control

pests and the other where birds act as the natural pest control.

4.6.1 Insectivore abundance and diversity across farm managements

Like Chapter 3, insectivorous bird abundance, diversity, and species richness followed the
same pattern with organic orchards hosting higher levels of avian insectivore biodiversity.
The density of insectivores also follows the same trend, with a threefold increase in avian
insectivore density on organic orchards. This result follows the majority of studies looking
at how organic farming can support biodiversity (Bengtsson et al., 2005; Feber et al.,, 1997;
Hardman et al., 2016; Hole et al., 2005). Studies on apple orchards in particular have had
similar results with insectivorous bird abundance increasing in organic orchards when
compared to conventional (Katayama, 2016; Mangan, 2017), increasing the natural enemy
community of organic orchards. Although IPM and LEAF are meant to be less intense
agricultural systems, they do not show a significant increased abundance, species richness
or diversity of insectivore birds here, in comparison to conventional. On apple orchards of
south-eastern France, the same pattern is seen - organic orchards held the highest amount
of natural enemies in comparison to IPM and conventional farming. Our results contradict
those of Geiger et al. (2010), who found that organic farming increases plant and carabid
species diversity, but not breeding birds. Others have described grassland bird responses

to organic farming as 'variable' (Quinn et al., 2012).

However, it is important to note here that [PM farms were self diagnosed at the start of the

study so are likely to be very simialr to conventional. Conventional farms may use the same
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low level 1 IPM techniques but not actively class themselves as IPM, which explains the
similarity in results between IPM and conventional, but still doesn’t explain the similarity

between LEAF and conventional.

Contrary to expectations, and to current studies looking at wider landscape heterogeneity
in relation to agricultural biodiversity, our results showed that insectivore abundance,
species richness, and diversity decreased with woody cover increases. This result mirrors
those of Barbaro et al. (2016), who showed that with increased landscape complexity bird
functional diversity decreased. Another similar study from Lemessa etal. (2015) also shows
parallels with these insectivore abundance findings, demonstrating how birds did not
respond to increased tree cover even in tree-poor landscapes, highlighting how there is
enough habitat for insectivorous birds to continue the top-down control of crop pests. One
reason organic farming, rather than habitat provision, supported higher insectivore
abundances, could be due to the lack of food sources in non-organic farming systems due to
chemical pest management reducing natural enemies as well as pest populations (Fountain
& Harris, 2015; Laure et al,, 2014; Marliac et al., 2015), with evidence that natural enemies
are affected more than pests (Bengtsson et al., 2005). Without a food source available, birds
- especially insectivores that will be feeding on different life stages of those insects - will
not use a “good” habitat area if their feeding requirements are not able to be reached

(Solomon et al., 1976).

Many studies give conflicting results, where increased landscape complexity and increased
tree cover supports increased bird diversity and species richness (Tscharntke et al., 2008;
Tews et al., 2004; Gove et al,, 2008; Wretenberg et al.,, 2010) and where agricultural field
edges gave enough edge habitat that avian species richness also increased (Kross et al,,
2016). One reason for this result could be due to the general high heterogeneity of the field
study area (Chapter 2, section 2.1). Unlike Kross's study in the US, Herefordshire has
hedgerows surrounding most field edges. However, Benton et al. (2003) suggests the
opposite would have been seen if a population based study of bird species surrounding
farms was taken rather than farm-scale. Apple orchards, especially organic and cider
orchards, can themselves act as bird habitat, therefore the presence of more or less woody
cover surrounding each orchard will thus not be a significant variable (Mangan et al., 2017)
and has even been recognised in the UK as a UK Biodiversity Action Plan Priority Habitat

(Natural England, 2010).
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Although it is important for predators to have access to overwintering habitat and a
constant supply of prey species (Dennis et al., 1994; Smith et al., 2007), the effects of woody
cover was not seen as an important feature of farm landscape on insectivorous abundance.
Although this was not the focus of this study, further focus on how natural habitats
surrounding, or within farm landscapes, effect bird predator and predation levels should be
explored further, especially in relation to Herefordshire where difference in farm landscape

features are not extensive, compared to other areas.

4.6.2 Pest control services by insectivore birds

Predation on artificial dough caterpillars from avian insectivores is significantly higher in
organic orchards compared to IPM, conventional and LEAF managed farms. This result is in
line with findings from Howe et al. (2009). It is known that artificial prey may
underestimate true predation rates, so although these results are relative they nevertheless
show a significant difference between farm types (Lovei & Ferrante, 2016). With increased
insecticides used on farms, there is similar picture with the reduced amount of biological
control available (Geiger et al.,, 2011). Many studies have assumed this, with the decrease in
potential service provider it is assumed that ecosystem services are provided (Todd et al.,
2011), but here this connection has been tested between the service provider and the actual

biological control service provided, measured through predation rate.

Furthermore, predation on artificial dough caterpillars was higher with increases in
insectivorous bird abundance and species richness, but not diversity. Insectivores can
reduce pests occurring at low densities in agreement with numerous studies (Barbaro et al,,
2012; Bereczki et al., 2015; ; Crowder et al., 2010; Garcia et al., 2021; Johnson et al., 2009;
Mols & Visser, 2007; Perfecto et al., 2004; Van Bael et al., 2008). In a recent paper, Garcia et
al. (2021) demonstrate that using nest boxes within apple orchards occupied by
insectivorous birds (blue tits and great tits), pest abundances reduced due to predation
pressure increasing, and this chapter supports these findings. Furthermore, Van Bael et al.
(2008) found during a meta-analysis that the majority of bird exclosure experiment studies
show an increased diversity of predatory birds correlates with increase arthropod
predation. This chapter finds that species richness and abundance of insectivores are more
important but Van Bael et al. (2008) study did not exclusively look at insectivore birds.
Mangan et al. (2017) conversely found that birds on orchards were neither positive nor

negative in relation to fruit damage or pest control to apple production.
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4.6.2.1 Landscape

The presence of higher hedgerows, coppice and wooded areas was not an important factor
to explain avian predation. This result reflects concluding results in a meta-analysis, where
vegetation was not found to be a significant predictor in avian arthropod removal (Philpott
et al,, 2014), but also where no observed difference in predation was seen between
simplified habitats of agroforestry systems and forests (Van Bael et al., 2008). Gunnarsson
(1996) also found there to be no effect of natural vegetation on avian predation of insect
and spider abundance. Similar results are recorded in tropical forests versus forest
fragment studies, where lower predation rates of Lepidoptera larvae was evident in the
continuous forest sites (Ruiz-Guerra et al,, 2012). Finally, Lemessa, et al. (2015) found no

relationship between tree cover and pest control by birds.

Contrarily, this result conflicts with other studies that found a significant decrease in
predation by birds with increases in distances from forest fragments (Milligan et al., 2016).
The majority of studies in Holland et al. (2017) recent literature review also conflict with
result findings here on how semi-natural habitats contribute to pollination and pest control
provisioning services, however the service providers in the literate review were all insect
natural enemies and pollinators, not birds. Likewise, Bereczki et al. (2014) reported forests

with high diversity supported higher avian pest control on herbivorous insects.

One reason the opposite is shown here, may be due to increased food sources in large
woodland areas, so when woody cover increases, less insectivorous birds were recorded
and less predation was seen. Vegetation change on agro-ecosystems is often used as a
predictor of biodiversity loss, instead here I see that farm management, especially organic
farming, is more important than on-farm or wider landscape in reducing biodiversity loss
and ecosystem services. Landscape complexity may be beneficial for many ecosystem
services but were not seen to be important in this study’s context. This negative or neutral
response to pest control from landscape complexity, seen also by Martin etal. (2013), warn

of difficulties in finding a simple solution to implement biological control.
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4.6.2.2 Arthropods

This study did not look at the abilities of arthropods as a pest control service on apple
orchards, because no significant effect of farm management on arthropod predation rates
was found, contrary to Porcel et al. (2018) and Dib et al. (2016), who find increases in
arthropod diversity with organic management. However, arthropods were actually more
active within 24 hours at locating and predation on both dough and plasticine caterpillars
than birds were. This finding is in line with Lemessa et al. (2015) who find that arthropods
had a higher predatory influence than birds in Ethiopian home-gardens. Furthermore, there
are multiple trophic interactions and intra-guild predation complexities (Martin et al.,
2015) at play in agricultural landscapes and the introduction of insectivorous birds may
reduce other essential predators already present on the orchards (Schmitz, 2007). As
arthropods had high predation rates on orchards, these complex interactions should be
explored further in future studies and considered when implementing “simple” biological

pest control strategies.

4.6.3 Pest moth levels

Contrary to initial predictions, pest levels did not differ significantly across four types of
farm management: organic, integrated pest management, LEAF and conventional. These
results are mirrored by Feber et al., (1997), who also found pest abundances were not
influenced by the farming system. This result was most noticeable in regards to codling
moth - one of the most economically important apple pest (Solomon et al.,, 1976). LEAF
marque farms saw a significant reduction in fruit tree tortix moths and organic farms hosted
significantly less apple ermine moths, a result mirrored by Dib et al. (2016), who found
organic orchards had less aphid pests than IPM and conventional. Multiple studies have
found that pests, as well as predatory insects, benefit from organic techniques (Garratt et
al, 2011), however, here, adult moth pest abundance is similar across organic and non-

organic farms.

A positive response was seen using specific insecticides on fruit tree totrix, which showed
a significant reduction in response to those specific insecticides (Thiacloprid,
Chlorantraniliprole and Indoxacarb). This is expected due to the nature of specific
insecticides that reduce Lepidoptera larvae rather than broad scale insecticides such as
Chlorpyrifos and Acetamiprid, which also destroy non-target species that may be beneficial
predatory insects (Fountain & Harris, 2015; Wilson & Tisdell, 2000). Broad-spectrum

insecticides, instead, significantly increased apple ermine. This could be due to apple
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ermine’s natural silk webbing defence that is associated with the ermine moth during the
whole life cycle, where insecticide regimes find it hard to target the pests protected within
the webbing (NACM, 2007). The broad-spectrum insecticides used to control general
orchard pests has not worked for apple ermine and, with the future of farming with
chemicals so unclear (Hillocks, 2012), a natural enemy pest control system may be more

viable than the synthetic alternative.

Dessert apples were the only type of apple that saw a significant reduction in codling moth
abundance in both the models that included (i) management and (ii) insecticide model.
Although both management and insecticides are not shown to impact codling moth levels
in this study, one reason the results show dessert apples hold less pests, could be the use of

younger apple trees with high turnover.

Finally, pest abundance showed a mixed response to orchard size, where fruit tree tortix
increased with larger orchards, apple ermine decreased with larger orchards, and no
significant response from codling moth. From this study it becomes evident that pests
respond differently to orchard size and insecticide use, while management, other than LEAF
with fruit tree totrix, does not influence pest moth abundance. Uncertainty grows as
widespread and affordable chemicals become banned (HSE, 2016) thus, more certainty and
economic sense lies within implementing biological control methods into each farm

management system (Cardinale et al., 2003).

Garcia et al. (2018) found that not only moth pests decreased when insectivorous birds
increased, but so too did other economically important pests to apple orchards such as
aphids and apple blossom weevil. This study did not focus on multiple pests due to time
limitations, but future studies that expand on this work should include a range of pests and
also the damage caused by pests to understand any impact to yield. Mols & Visser (2002)
found that through increasing the amount of nest boxes for insectivore birds surrounding
orchards, it significantly reduced caterpillar damage to apples. This link to damage caused
by pests and subsequent impacts on yield would fill the gap that is classed as an assumption
in this study: that an increase in pests equates to a decrease in yield. Chapter 5 goes on to
explain that this is not the case; even though adult moth pest levels are similar across farm
types, insecticide use increases yield per hectare; implying either pest damage from
caterpillars or other pests is greater on organic farms, or other farm management activities

encourage higher yields on non-organic farms.
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4.6.4 Conclusion

Pest predation levels between farm types mirror the patterns of insectivorous bird
communities; higher predation rates are visible on organic farms where biodiversity is
greater than other non-organic farm types. This is most likely due to the increased food
availability on organic orchards increasing the insectivorous bird communities. With
increased use of chemical pest control measures brings a reduction in food sources for
insectivorous birds providing this regulating ecosystem service (Solomon et al., 1976; MA,
2005b).

The agro ecosystems between organic and non-organic farms are shown to be very
different, where organic is shown to reduce pest levels through a natural pest control
service, non-organic orchards have reduced pests using insecticides as a chemical
alternative, whilst reducing biodiversity leading to less availability of a natural predation
service. It is clear that a no-chemical farming supports a pest control ecosystem service
here, rather than a “no or less” scenario of chemical use, suggested to increase natural
enemies biodiversity and biological pest control in orchards from Dib et al. (2016). Geiger
et al. (2010), suggests that for European farming to combat biodiversity loss and enhance
ecosystem services, such as pest control, the shift in non-pesticide and organic farming
needs to be over large areas. However, here has shown that even on small areas, organic
farming with increased biodiversity, supports higher levels of insectivore bird species that

in turn support a pest control ecosystem service to UK organic apple growers.

Increased biodiversity levels provide a higher “insurance policy” in relation to climate
change and natural ecosystem pressures (Perfecto et al., 2004), but also in relation to the
continued functioning of ecosystems and protection of crops from new and emerging pests,
or pests that will inevitably become chemically resistant (Barzman et al., 2015). As birds act
as a natural pest controller, due to their diets on pest insects in European farmland (Holland
etal, 2006), here suggests that if farmers manage their farm landscape in line with organic
principles they could increase the suitability of the landscape in order to restore
biodiversity and increase the pest control ecosystem service from birds. Should farmers
decide to take these steps away from costly, chemical management - laced with uncertainty
- this could be the step towards a greener agricultural revolution that Conway and Tilman

envisioned (1997; 2001).
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Appendix H
Apple moth pest descriptions

Codling Moth (Cydia pomonella) — Common throughout Britain and a key pest to apples, their
direct attack on fruits occurs through larval habits of burrowing into fruits (AHDB, 2018). The
caterpillars feed inside apples (Malus), quince (Cydonia oblonga), pear (Pyrus) and other wild
and cultivated fruit, causing visible damage to fruit. Adult Codling Moth occur mainly in July
and August, often with a second generation in September and October (Moths UK, 2018).

Large Fruit Tree Tortrix (Archips podana)—The larvae feed on foliage, flowers and fruit of
deciduous trees, including apple (UK Moths, 2018). However, primarily they are known to use
apple trees as their preferred host plant (Safonkin & Triseleva, 2005). Defoliation of apple
trees causes reduction of apple yields. Main flight period is June — July, but second generation
may arise into September (UK Moths, 2018).

Apple Ermine (Yponomeuta malinellus) — Ermine larvae feed in “blotch” type mines on apple
(Malus) leaves, and then feed in a silken web in May and early June, covering entire branches
in severe cases (UK Moths, 2018; NACM, 2007). Defoliation caused by leaf mining web-
covering causes apple yield to reduce. The adult flight period is July and August (UK Moths,
2018).

Light brown Apple Moth (Epiphyas postvittana) — Introduced in 1930’s, this species has
spread, from south west of England northwards, and is now regular in many parts of the UK —
it is polyphagous and should be considered when identifying larvae on any plant (UK Moths,
2018).

Summer Fruit Tortrix (Adoxophyes orana) — This moth is a recent arrival in this country and
is a pest particularly in apple orchards. The larvae feed on a variety of fruit, especially apples.
The moth is bivoltine, appearing in June and August-September (UK Moths, 2018).

Winter moth (Operophtera brumata) — Common in most of Britain, this moth occurs late
autumn through to January or February. The larvae feed on a range of trees and shrubs, as
well as moorland species such as heather (Calluna). Sometimes the larvae occur in great
numbers, reaching pest status and occasionally completely defoliating small trees (UK Moths,
2018).
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Appendix |

Insectivore bird GLMM ‘Full’ model average summary

Generalised linear mixed effects full model average summary examining insectivorous bird community metrics as the response variable (abundance, species richness and Shannon

diversity) across two years 2015 and 2016 in apple orchards of the study area. Investigation of the response variables in relation to farm management, observer, apple type, Woody

Cover, day number and bird box presence. The intercept is conventional farm management with CP as the observer. Values in bold are significant (P=<0.05). VIF is the variance
inflation factor value derived from squared GVIF*(1/(2*Df)), where any variable above 5 was considered correlated and removed from the global model before dredging.

Insectivore Abundance

Insectivore Species Richness

Insectivore Diversity

Fixed Effects Value Standard P-value VIF Value Standard P-value VIF Value Standard P-value VIF
Error Error Error
Farm Management Conventional 1.895 0.064 <0.001 1.392 1.563 0.076 <0.001 1.44 1.356 0.084 <0.001 1.376
(Intercept)
IPM 0.109 0.071 0.125 1.392 0.054 0.063 0.389 1.44 0.076 0.067 0.257 1.376
LEAF 0.181 0.080 0.025 1.392 0.081 0.078 0.298 1.44 0.098 0.079 0.217 1.376
Organic 0.633 0.057 <0.001 1.392 0.417 0.060 <0.001 1.44 0.445 0.064 <0.001 1.376
Observer PL 0.005 0.033 0.871 1.318 -0.161 0.070 0.022 1.182 -0.199 0.078 0.011 1.153
SF 0.01 0.035 0.786 1.318 0.034 0.053 0.525 1.182 0.090 0.060 0.137 1.153
Apple types Dessert -0.006 0.036 0.859 1.893 -0.008 0.033 0.820 2.155 -0.001 0.011 0.944 1.871
Juice 0.001 0.032 0.977 1.666 -0.038 0.053 0.474 1.685 -0.007 0.028 0.808 1.621
Cider -0.010 0.049 0.831 1.772 -0.063 0.086 0.469 1.568 -0.015 0.051 0.768 1.638
Environmental/  Landscape ~ Day number 0.186 0.053 <0.001 1.553 -0.002 0.02 0.907 1.051 -0.003 0.015 0.864 1.044
impacts
Woody Cover -0.244 0.07 <0.001 2.164 -0.105 0.079 0.185 2.484 -0.099 0.090 0.273 2.344
Temperature -0.007 0.031 0.824 1.713 - - - - - - - -
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Appendix J

Insectivore density detection plots

Insectivore detection probability plots using the model with lowest AIC (15319.55, no of

parameters 12). The model used half normal and simple polynomial distribution and constructed in

Distance version 7.0.
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LEAF detection probability plot
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Appendix K
Prey predation probability GLMMs “full” model average summaries

Generalised linear mixed effects full model average summary examining dough prey predation probabilities as the response variable. Investigation of the response
variables was separated into four models, to analyse fixed effect variables of: farm management, insectivore abundance, insectivore species richness and
insectivore diversity separately. Each glmm included fixed effect variables: apple type, orchard size and day number. The intercept is conventional farm
management with CP as the observer in farm management model. Values in bold are significant (P=<0.05). VIF is the variance inflation factor value derived from
squared GVIF~(1/(2*Df)), where any variable above 5 was considered correlated and removed from the global model before dredging.

Prey predation and farm Prey predation and insectivore Prey predation and Prey predation and
management abundance insectivore species richness insectivore diversity
Fixed Effects Value Standard P- VIF Value Standard P-value VIF Value Standard P- VIF Value Standard P- VIF
Error value Error Error value Error value
Farm Conventional -3.56 0.634 <0.001 2.076 - - - - - - - - - - - -
Management (Intercept)
IPM -1.204 0.941 0.205 2.076 - - - - - - - - - - - -
LEAF -2.594 1.293 0.046 2.076 - - - - - - - - - - - -
Organic 2.786 0.603 <0.001 2.076 - - - - - - - - - - - -
Insectivore Intercept - - - - -4.399 0.495 <0.001 - -4.384 0.495 <0.001 -4.498 0.514 <0.001 -
community
metrics
Mean insectivore - - - - 1.193 0.387 0.002 2.283 - - - - - - - -
abundance
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Apple types

Environmental/
Landscape

impacts

Mean insectivore

species richness

Mean insectivore

diversity
Dessert
Juice
Cider

Day number

Orchard size

2.012

1.449

0.363

-0.229

0.215

1.132

0.814

0.935

0.329

0.393

0.077

0.077

0.7

0.488

0.587

2.335

1.484

1.322

1.685

4.871

2.066

-0.028

-1.298

0.736

0.936

1.764

0.35

0.885

0.616

0.069

0.244

0.935

0.144

1777

1.442

1.628

1.45

3.752

1.472

0.326

1.846

2.153

-0.039

-1.197

0.413

0.696

0.901

1.753

0.364

0.848

<0.001

0.641

0.042

0.222

0.916

0.160

1.927

2.238

1.369

1.977

1.008

3.222

0.429

0.454

1.86

2.913

-0.005

-2.595

0.402

0.805

0.973

1.791

0.378

0.732

0.288

0.575

0.058

0.106

0.989

<0.001

1.385

2.247
1.353
2.045

1.006

2.515
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Appendix L
Codling moth pest abundance GLMMs ‘full> model average summaries

Generalised linear mixed effects full model average summary examining codling moth abundances
as the response variable. Investigation of the response variables was separated into two models, to
analyse fixed effect variables of: farm management and insecticides application separately. Each
glmm included fixed effect variables: apple type (cooking, cider and dessert - juice was classed as
the same management as dessert in this analysis and one farm’s central orchard was Bramley
cooking), day number squared (to understand if there is a mid season peak in abundance) and day
number. The intercept is conventional farm management, with cider apples in farm management
model and cider apples in insecticides model. All continuous variables are standardised and values
in bold are significant (P=<0.05). VIF is the variance inflation factor value derived from squared
GVIF~(1/(2*Df)), where any variable above 5 was considered correlated and removed from the
global model before dredging. Day number squared was removed under the VIF tests.

Pest moth abundance with

Pest moth abundance with farm

insecticides management
Fixed Effects Value Standard P-value VIF Value Standard P-value VIF
Error Error
Farm Conventional - - - - 2.084 0.226 <0.001 1.313
Management (Intercept)
IPM - - - - -0.003 0.155 0.983 1.313
LEAF - - - - 0.014 0.180 0.938 1.313
Organic - - - - 0.082 0.258 0.753 1.313
Insecticides Broad spectrum -0.079 0.13 0.545 1.369 - - - -
insecticide
volume
Specific -0.011 0.096 0.910 1.656 - - - -
insecticide
volume
Apple types Cider (intercept) 2.094 0.185 <0.001 1.203 2.084 0.226 <0.001 1.122
Cooking -0.478 0.779 0.544 1.203 -0.575 0.760 0.455 1.122
Dessert -0.978 0.272 <0.001 1.203 -1.002 0.266 <0.001 1.122
Environmental/ Day number -1.361 0.100 <0.001 1.014 -1.36 0.09 <0.001 1.016
Landscape
impacts
Orchard size 0.024 0.088 0.784 1.092 0.033 0.11 0.736 1.729
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Appendix M
Apple ermine pest abundance GLMMs ‘full” model average summaries

Generalised linear mixed effects full model average summary examining apple ermine moth
abundances as the response variable. Investigation of the response variables was separated into
two models, to analyse fixed effect variables of: farm management and insecticides application
separately. Each glmm included fixed effect variables: apple type (cooking, cider and dessert - juice
was classed as the same management as dessert in this analysis and one farm’s central orchard was
Bramley cooking), day number squared (to understand if there is a mid season peak in abundance)
and day number. The intercept is conventional farm management, with cider apples in farm
management model and cider apples in insecticides model. All continuous variables are
standardised and values in bold are significant (P=<0.05). VIF is the variance inflation factor value
derived from squared GVIF*(1/(2*Df)), where any variable above 5 was considered correlated and
removed from the global model before dredging. Day number squared was removed under the VIF

tests.
Pest moth abundance with Pest moth abundance with farm
insecticides management
Fixed Effects Value Standard P-value VIF Value Standard P-value VIF
Error Error
Farm Management Conventional - - - - 2.418 0.277 <0.001 1.392
(Intercept)
IPM - - - - 0.030 0.352 0.933 1.392
LEAF - - - - 0.518 0.393 0.060 1.193
Organic - - - - -1.189 0.394 <0.001 1.392
Insecticides Broad spectrum 0.221 0.189 0.245 1.232 - - - -
insecticide
volume
Specific 0.103 0.148 0.486 1.785 - - - -
insecticide
volume
Apple types Cider (intercept) 2.240 0.169 <0.001 1.325 2.418 0.268 <0.001 1.423
Cooking 0.052 0.51 0.919 1.325 -0.033 0.256 0.904 1.423
Dessert 0.159 0.288 0.583 1.325 -0.007 0.945 0.941 1.423
Environmental/ Day number 0.784 0.181 <0.001 1.028 0.762 0.177 <0.001 1.042
Landscape impacts
Orchard size -0.004 0.007 0.946 1.042 -0.224 0.182 0.219 1.981
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Appendix N
Fruit tree tortrix pest abundance GLMMs ‘full” model average summaries

Generalised linear mixed effects full model average summary examining apple ermine moth
abundances as the response variable. Investigation of the response variables was separated into
two models, to analyse fixed effect variables of: farm management and insecticides application
separately. Each glmm included fixed effect variables: apple type (cooking, cider and dessert - juice
was classed as the same management as dessert in this analysis and one farm’s central orchard was
Bramley cooking), day number squared (to understand if there is a mid season peak in abundance)
and day number. The intercept is conventional farm management, with cider apples in farm
management model and cider apples in insecticides model. All continuous variables are
standardised and values in bold are significant (P=<0.05). VIF is the variance inflation factor value
derived from squared GVIF~(1/(2*Df)), where any variable above 5 was considered correlated and
removed from the global model before dredging. Day number squared was removed under the VIF

tests.

Pest moth abundance with

Pest moth abundance with farm

insecticides management
Fixed Effects Value Standard P-value VIF Value Standard P-value VIF
Error Error
Farm Conventional - - - 4.267 0.137 <0.001 1.411
Management (Intercept)
IPM - - - 0.123 0.166 0.465 1411
LEAF - - - -0.642 0.203 0.002 1411
Organic - - - -0.098 0.18 0.591 1411
Insecticides Broad spectrum 0.008 0.037 0.832 1.208 - - - -
insecticide
volume
Specific -0.181 0.074 0.015 1.730 - - - -
insecticide
volume
Apple types Cider (intercept) 4.146 0.062 <0.001 1.317 4.267 0.137 <0.001 1.384
Cooking 0.034 0.175 0.845 1.317 0.157 0.337 0.642 1.384
Dessert -0.005 0.051 0.929 1.317 -0.029 0.095 0.757 1.384
Environmental/  Day number -0.155 0.066 0.019 1.031 -0.183 0.058 0.002 1.055
Landscape
impacts
Orchard size 0.119 0.078 0.130 1.090 0.286 0.072 <0.001 1.804
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Supplementary Materials 1

Rationale for choice of sentinel prey used

The use of artificial sentinel prey was chosen for Chapter 4’s predation experiment. This

decision was based on the following information:

Predation rate can be over or underestimated due to a variety of factors, as described in
Sam et al. (2015). In nature, live herbivorous caterpillars cause plants to release volatiles as
cause leaf damage is caused, which chemically attracts predators (Gentry & Dyer, 2002;
Mantyla et al., 2008). Therefore, artificial prey may underestimate the natural predation
rate from birds, as they are not causing the same chemical attraction. In contrast, live
caterpillars have defence strategies, such as dropping from leaves or camouflage
techniques, which reduce their detection from predators. Artificial prey lacks these
strategies and therefore their predation rates may be overestimate natural predation rates.

Further differences in prey types, and reasons for the artificial choice, are listed below.

e The use of meal worms has been used to infer predation rate in a range of habitats,
but the taxa of predators was assumed on occasions where meal worms

disappeared (Boyle, 2012).

e Plasticine allows attack marks to be identified (Howe et al. 2009) so camera traps

or bird exclosures are not essential.

o Plasticine will not disintegrate in light or heavy rain. Pastry is more likely to but the

decision to place for 24 hours during low rain predictions was taken.

o Garfinkel & Johnson used live codling moth larvae during winter in their experiment
(2015). They camera trapped a proportion of predation test sites to identify key
predators species and used bird exclosures to control for non-bird predators.

However, | was not able to release use live pests in my working orchard system.
e Elina Mantyla tried experimenting using mealworms in Finland, however birds

were not interested in predating meal worms in her study system (Mantyl4, E. Pers

Comms, 2016).
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o Exclosures are needed if live prey are used, in order to account for non-bird
predators (Ebeling, A. Pers Comms, 2016). These exclosures can be time consuming

and costly.

Thus, there are both benefits and dis-benefits of using artificial prey but here I have set out

the practical reasons that favoured the use of artificial prey over live prey.
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Supplementary Materials 2

Determining Colour Choice of Sentinel Prey Experiment

Behavioural tests in a Cambridge aviary were undertaken to decide on which colour

plasticine birds were most attracted to or if birds avoided a certain colour.

Location: Madingley Woods Lab, Cambridge, 29t Feb — 2rd March 2016

Methods: Behavioural reactions to prey colours using non-toxic plasticine “Newplast”,
Devon TQ126RY. Four blue tits were captured for behavioural tests for a separate
Cambridge Evolutionary Ecology study. I was able to use the three birds to randomly test
the reactions to different coloured plasticine. Prey colours were randomly chosen to be
presented 10 times, to one bird at a time, and the reaction to the prey presentation was

recorded.

Results: Birds were equally attracted to green and cream plasticine caterpillars.

Conclusion: These results allowed me to use both colours during the sentinel prey
experiments. Green clay caterpillars were placed on leaves, to mimic the appearance and
behaviour of fruit tree tortix caterpillars; and white clay caterpillars were placed on the
apple tree trunk, behind loose bark if available, to mimic the appearance and behaviour of

Codling moth larvae.
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CHAPTER 5

Can a natural pest control service on apple orchards support high yield

and economic value per tree?

5.1 ABSTRACT

Through providing ecosystem services, biodiversity can be managed within agriculture to
support natural services such as pest control. Our understanding of how farming systems that
support natural pest control compare with a synthetic alternative from intensive agriculture, in
terms of value, is not well understood. Here, I compare the yield and yield value of organic and
non-organic orchards to understand decision making when choosing between two methods of
pest control: a natural pest control system (organic farming) or the synthetic alternative

(conventional, LEAF and IPM farming).

Cider apple yield per hectare was significantly lower on organic orchards in comparison to non-
organic orchards (except LEAF), but increased insecticide use does not fully explain this; farm
management variation is found to be more important than insecticide use showing that other
practices within each farming system harbour higher yields and yield value than insecticides
alone do. Although wild insectivorous bird variables had no negative or positive impact on yield
and yield value per tree in non-organic orchards, insecticide use also has no statistically

detectable positive impact on yield and yield value in non-organic orchards.

With increased use of broad-spectrum insecticides on non-organic farms, yield value per hectare
of non-organic farms is in-different to organic yield value per hectare, due to the increased market
price for organic produce, and increased production costs of using higher volumes of insecticides.
This highlights the continued need to financially support organic growers who support increased

biodiversity and ecosystem services that organic orchards foster.

Finally, LEAF farms do not support the farmer financially due to the reduced yield and yield value
compared to both organic and other non-organic farms - one of the first scientific studies
providing negative results on a national farm management programme aimed at improving

farmer prosperity.
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5.2 INTRODUCTION

5.2.1 The value of Ecosystem Services and its trade-offs

The loss of biodiversity due to human-driven agricultural expansion, logging and development
has caused major concerns for species declines, with extinction rates increasing to similar levels
of the last five global mass-extinction events in the last 500 million years (Barnosky et al.,, 2011;
Tilman et al., 2017). Agriculture threatens more species than any other human activity (Balmford
et al,, 2005; Tilman et al., 2017). To keep up with the growing food demands arable croplands
alone are predicted to expand by 18%, that is 268 million hectares of non-agricultural lands being
converted to match dietary demands (Tilman, 1999). Agricultural interventions will be needed in
order to reduce the industry’s negative impact on planetary boundaries, and instead act as the

significant step toward the sustainable development of our planet (Campbell et al., 2017).

Economic benefits from farming systems through increases in yield, financial support through
government led strategies, and financial incentives - available through selling produce to the
organic market - are major factors in farm management decision making processes. A choice must
also be made on whether farmers are able to adopt less intense agricultural systems to reduce
agriculture’s negative impacts to nature (Crowder & Reganold, 2015; Reganold & Wachter, 2016).
Financial values are imperative to farmers as farm income must be financially and ecologically
sustainable. Valuation methods are often promoted to increase the awareness of biodiversity in
this financial decision-making processes. In environmental economics, ecosystem services are
goods from nature that people value, that increase human welfare (Bateman et al,, 2011). As
biodiversity is now recognised as an essential but diminishing resource, it fits the definition of
economics “the efficient use of scarce resources” lending itself to being analysed economically

(Edwards & Abivardi, 1998: 240).

Insectivorous birds are a provider of pest control services in this study and functional
biodiversity measure (Penvern, 2019) that are “by and large invisible and underappreciated”
(Wenny etal,, 2011: 8). Considering 50% of bird species predominately eat invertebrates and an
additional 25% eat invertebrates occasionally (Sekercioglu, 2006), their importance as a pest
control service provider is great and is outlined in Chapter 4. However, there is still a challenge
to quantify their importance in a meaningful way as the literature lacks ornithological research

on ecosystem services and valuation (Wenny et al., 2011). This work is necessary to understand
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current farm management choices that can hinder or support wild bird communities on

farmlands.

A supportive farm management choice for birds is organic farming (Chapter 1) and large amounts
of literature has so far focussed on win-win scenarios for biodiversity on organic orchards that
support multiple ecosystem services. One example, most closely related to this study, is by
Martinez-Sastre, Minarro & Garcia (2020) who found no trade-offs existed between biodiversity
groups and ecosystem functions. Only positive effects of animal biodiversity on pest control and
pollination services in apple orchards are seen, claiming a “win-win scenario for animal-
biodiversity and ecosystem services” (Martinez-Sastre, Mifiarro & Garcia, 2020: 1). However,
often the trade-off is more visible when introducing yield into comparisons and equations.
Organic farming has notoriously lower crop production (yield), and is usually the trade-off
noticed and acknowledged in the ecosystem service provision of organic farming (Samnegard et
al, 2019; Seufert et al., 2012; Bengtsson, 2015; Crowder & Reganold, 2015; Mader et al., 2002;
Jouzietal,, 2017). Garibaldi et al. (2016) finds the level of agricultural intensity to be an important
predictor of yield, where yield reductions range from 5% to 34% lower on organic compared to
conventional farms, and this is dependent on the quality of organic management and crop type.
Many more examples of such trade-offs and the relationships between biodiversity, ecosystem

services and economic value are highlighted by Paul et al. (2020).

5.2.2 Current research and gaps in knowledge

The positive impacts of ecosystem services in agriculture have been widely researched,
advocated, and incorporated into different types of farm management practices to reduce crop
damage and/or increase crop yield that will financially benefit the farmer. Direct comparisons of
an ecosystem service reliant system supported by increased biodiversity, such as pest control
delivered by birds, to an intensive system that replaces this ecological system with a synthetic

one - i.e.,, chemical control - is less demonstrated.

Recent literature has started to focus on these links between three trophic levels of predator
species, their prey and plant growth (crop yield), through an ecosystem service value lens
(Wenny et al., 2011; Garcia et al., 2018). Some of these studies have been highlighted here. Yet
only a handful of studies have been able to estimate the value of biological pest control for farmers
(Ostman et al., 2003; Bengtsson, 2015), and even less so from birds in orchards. This is surprising
given the decades of intensive agricultural research available on the chemical control of pests

(Bengtsson, 2015). Furthermore, the use of marketable yield values and predation estimates from
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birds on working farms, instead of experimental fields, is not well documented (Cardinale et al,,
2012; Letourneau et al,, 2015; Letourneau et al., 2009). Importantly, the presence of predation
pressure by birds in orchards has been investigated by Garcia (2021) who showed how nest
boxes in orchards were shown to increase predation pressures on apple pests by great tits (Parus
major) and glue tits (Cyanistes caeruleus), which reduced pest damage and increased crop yields.
This chapter looks to add to this literature and highlights other important research to consider in

this section.

Conversely, Bengtsson (2015) found that conventional farming had a larger positive impact on
barley yields than the farms which used natural enemies as a biological control of aphids, with
yields being significantly higher on conventional farms. Although conventional farming yielded
higher crops than organic methods, they still found that biological control was related to yield but
most of the variation was explained by human inputs within the conventional farm management
systems. This is one of the first studies to segregate human inputs with natural alternatives -
biological inputs from nature - to analyse the contribution that regulating services form a
relationship with human inputs, to provide the final ecosystem service of food provision
(Bengtsson, 2015; Mace & Bateman, 2011). Bengtsson (2015) explains how the final ecosystem
service (yield) should be valued in similar studies, as yield is easily understood by all
stakeholders: it can change in response to other ecosystem processes involved and is already

valued by society (Lele et al., 2013).

A more recent study considered apple yields when comparing organic and IPM orchards in
Europe to find that organic orchards have a 43% decrease in yield on average, but with a large
variation - some higher producing organic orchards can produce more than IPM (Samnegard et
al, 2019). The same study found that natural enemies (arthropod abundances) were related to
apple production, however the study does not consider bird abundances as a natural enemy
provider. Samnegard et al. (2019) make a poignant conclusion from their study: if increases in
ecosystem service provision do not positively or negatively impact crop production, then it is
important to continue with the integration of ecosystem service provision on farms as it can still

assist with pest control and is environmentally beneficial.

The relationship between biodiversity, ecosystem services and economic value is complex and
although natural pest control services can be valuable for sustainable agriculture (Letourneau et
al,, 2009), whether this is valuable enough to farmers is not well known, especially understanding
value from the farmer’s perspective (Segura et al., 2004; Zhang et al., 2018; Martinez-Sastre et al.,

2020). Increased on-farm biodiversity will often lead to economic disadvantages, leading to the
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lack of practical uptake of organic farming practices that could ultimately lead to provision of on-
farm ecosystem services (Paul et al,, 2020). Furthermore, there is usually an academic focus on
ecosystem processes rather than farm outcomes whether that’s profits or yield (Kleijn et al.

2019).

The final ecosystem service valuation, apple yield, has been utilised in this chapter to explore the
reasoning behind the choice of farming systems prevalent in UK’s apple growing community
(Kleijn et al., 2019; Bengtsson, 2015). Furthermore, a focus on yield as the final service is a
suitable mode of communication to the farming community when conveying results. Currently,
we know that organic farms have increased biodiversity (Chapter 3) and that they provide an
increased pest control ecosystem service (Chapter 4), yet non-organic farming with pesticides
remains a major farming system today, and reasons for this are likely economical. With a focus
on yields and yield value at the farm level this chapter will bridge some of the missing gaps in the
literature, highlighted by Kleijn et al,, (2019), to shed more light on the reasons why natural

farming systems may not be incorporated at a faster rate by farmers.

This study is a comparison between a farming system that relies on ecosystem services for natural
pest control (organic) with 3 types of non-organic farming systems that replace this ecological
system with a synthetic one (chemical control). To my knowledge, this is not available in the
literature and is needed to understand farmer decision making. This chapter connects three
trophic levels: birds, their prey and apple yield, through an ecosystem service value lens (Wenny
et al, 2011) and expands on Daniels et al. (2017) to understand the differences between yields
and yield value between a natural pest control from wild birds and the synthetic alternative. Using
the literature above this chapter looks to build on these examples and include yield per tree with

pest control ecosystem service provision (Chapter 4).

5.2.3 Objectives of Study

Previously (Chapter 3), I have shown that organic orchards hold a higher biodiversity of birds
than other farm managements that use non-organic principles. This supports a higher functional
diversity of insectivores that was shown to increase predation of orchard pests under organic

management.

This chapter compares yields and yield value at the farm level between farming systems and
explores the impacts of chemical inputs as the replacement of wild bird pest control across all

farm types.
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A wild bird pest control service on yield and yield value is explored amongst non-organic farm
systems only. The reason for this is because organic and non-organic systems differ in many

respects, other than just increased insecticide or reliance of ecosystem services like pest control

from nature.
This chapter sets out to answer three main questions:
1. How do apple yield and yield value vary between farming systems?
2. Whatrole does chemical control play in yield and yield value differences between farming

systems?

3. Is there any evidence that wild insectivorous birds provide a service to non-organic
farming systems?
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5.3 METHODS

This study used 30 farms across Herefordshire and the surrounding bordering counties to
investigate apple yields, yield value and insecticide usages in 2015 and 2016. Within those 30
farms, 28 grew cider apples in at least one field, 13 grew dessert apples and 13 grew apples for
the juice market, either solely for juice or would sell at least some of their dessert apples to the
juice market. Most farms grew a variety of apples for different markets. All apple type yields and
prices were included in initial analyses; however, cider was chosen to be the focus throughout
the analysis to answer the objectives set out above. Not all farms had dessert apples or sold juice

apples on their farm, but the majority have cider orchards.

5.3.1 Cider apple yields

Cider yields were obtained through farmer questionnaires, given at the end of growing seasons
in November to December in 2015 and 2016. These yields were measured in bins of apples ready
for sale and each bin equates to a tonne of apples. Apples that were not sold were not counted as
yield as the farmer would not receive payment for unsold apples. Usually, unsold apples that are

not counted or weighed are left on the orchard for winter bird feed.

5.3.2 Cider apple yield value

Apple yield value data was not taken on a per farm basis, as not all farms sold their produce,
especially organic farms who were artisanal cider producers. For this reason, in order to create
an apple yield value, an average farm-gate apple price per tonne was agreed upon between key
stakeholders, including: farmers who bought produce themselves; John Worle, an apple tree
nurseryman and apple cider buyer for over 50 years; the National Association of Cider Makers
(NACM); and English Apples and Pears Ltd. An average price for years 2015 and 2016 for the
study area for both organic and non-organic cider apples were agreed upon during consultations
held in 2017 (table 5.0).

Table 5.0 - The average price of cider apples sold at farm-gate during the study years.

Year Conventional Cider £ / tonne Organic Cider £ / tonne
2015 120 130
2016 122 130

To create the final yield value, production cost was then subtracted from the price apples sold at.
For the purpose of this study, only insecticide costs per hectare and cost of application were used

as the cost of production. The cost of insecticides increased in 2016 due to a cost-effective broad-

183



spectrum chemical (Chlorpyrifos) becoming unavailable for use by farmers. For organic farms,

there was no associated cost of production as they do not spray insecticides.

5.3.3 Tree density

Tree density was determined using Google Earth Pro, version 7.3.4.8573 (Google Earth,
2015;2016). Each point count identified in Chapter 2 was used as the reference point to measure
tree density per orchard. A 10m radius was used to construct a circle around each point count, to
create the orchard sample area for calculating tree density. If a tree was situated over half inside
the 10m? circumference the tree was counted, if it fell over half outside the circumference, it was
not counted. If a point count itself was near a field boundary the new circumference may include
a non-orchard field, therefore these were not included for tree density calculations. Orchards
where cider apples were grown on vines were too small to detect per tree, so these fields were
discarded from analysis. From Google Earth aerial imagery (Google Earth, 2015;2016), cider trees
of organic and conventional orchards can be easily counted, dependent on the year. The year of

aerial image chosen was based in this order:

1. Year of aerial image closest to the survey years (2015 & 2016).

2. Clearest image available if 2015/2016 were unclear or trees too small to zoom into.

5.3.4 Chemical control

Insecticide spray records, including price per hectare, were obtained through farmer
questionnaires. Litres and total price per hectare, per farm of insecticide were used in data
analyses. All records were kept anonymous and have been analysed without farm names for farm
data confidentiality. Fertilisers are not included in this study but it is important to keep in mind
they also affect apple yield on non-organic farms (Garratt et al,, 2011). Copper, used on organic
farming as a fungicide to reduce fungal diseases such as apple scab, was not included in analyses.

For the purpose of this study, I focussed on insecticide-use only.

5.3.5 Data analysis

To answer the questions set out in the objectives of study, this analysis section has been separated
into three, to break down how each question has been answered. All analyses were completing
using the statistical programme ‘R’ version 3.4.3 (R Core Team, 2015). [ used a variety of R
packages during analysis including Ime4 (Bates et al., 2015). The R package “ggplot2” was used

to create the graphs for visualisation in each result (Wickham, 2016).
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How do apple yield and yield value vary between farming systems?

Simple linear models were constructed to compare yield and yield value per hectare and per tree
between farming systems. Cider yields and yield value for each year was nominated as the
response variable in models with farm category as the independent (predictor) variable. Cider
yields were kept as separate years and separate simple linear models in R were constructed per
year. A random effect was not necessary, as only the relationship of cider yields in each farm
category were to be examined, to understand if there was a significant difference on yields
between organic and non-organic farms. There were no missing values in the data frame that
needed to be omitted (Crawley, 2013). Tukey’s post hoc analysis is performed on the model to

understand where the differences lie within farm categories.

What role does chemical control play in yield and yield value differences between farming

systems?

The relationship between insecticide volume used and yield produced in tonnes per tree and per
hectare was analysed in separate linear models for 2015 and 2016 in the R library “Ime4”. Firstly,
simple linear models were constructed using cider yield per hectare / tree as the response
variable and litres of insecticide used per hectare as the independent variable. A second model
was constructed which included farm management as an additional independent variable. Both
models were compared to understand if insecticide use was sufficient to explain any yield and
yield value differences between farm category types. Comparison of models was made using one-
way analysis of variance (anova), which performs a Chi-squared test to test significance, where
the lower AIC is the better model fit, and the p value given determines the significant difference
between models. If the anova is significant, Tukey’s post hoc analysis is again performed on the
model to give differences between categories. Lastly, chemical control use and costs per hectare
were investigated between years using linear models with only chemical control of each year

within the model.

Is there any evidence that wild insectivorous birds provide a service to non-organic farming
systems?

To look at the impact of wild birds on yields, I focused on differences across only non-organic
farm management types. Removing organic farms from the dataset allows the consideration of

differences within conventional farms only, and excludes any impacts seen from natural pest
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regulation from organic farms. This decision is based on the theory that organic systems differ to
conventional systems in a multiple of ways. Chapter 4 discovered the ecosystem service driven
difference (i.e., the natural pest control on organic orchards), and on top of this difference,
chemical inputs such as pesticides, fertilisers and herbicides will differ between organic and

conventional systems as well as the structure of orchards, number and age of trees.

Using linear mixed effect models in R “Ime4” package, I first fitted models of yield and yield value
in relation to a range of plausible predictor variables, then added predictor variables that describe
insectivorous wild bird community to these models to construct a Global model, ready for top
model selection before model averaging. Overdispersion was tested on Global models using the
dispersion parameter and model interactions were tested for using AIC in model interactions and
model non-interactions in anova. No overdispersion was found in the models of this chapter.
Correlation was tested in the same way as previous chapters, using correlation coefficient on
continuous variables in the model as well as a variance inflation factor (VIF) test on the fitted
model. Variables with a VIF value over 5 were removed from the model to simplify and improve
accuracy. The use of VIF in this chapter resulted in the creation of separate models for each bird
community variables: insectivore abundance, species richness and diversity. Linear mixed effect
top model selection and model averaging process follows the same structure and statistical
packages as data analysis for Chapter 3 and 4. Short details and any changes made to Chapter 3
methodology has been provided below.

Mixed model description, model average and model testing processes

LMER Global models were constructed with one response variables for each model, either: a)
yield per tree or b) yield value per tree. This chapter analysis use LMER instead of GLMER as the
response variables are continuous and the random effect structure has changed from a nested
structure “(Farm.ID/Visit)”, to just “(Farm.ID)”. Like previous chapters, insectivore community
metrics were used as independent variables in all models, with the exception of the non-bird
models used as a comparison. All independent variables considered, a priori, to be ecologically
important are similar to Chapter 3 and 4, including: bird community metrics such as insectivore
diversity, species richness and abundance; insecticide usage; Woody Cover; orchard size (ha);
and farm management type. Continuous fixed effect variables were standardised using R scale
function. Orchard size is a description of the entire farm area that is covered in orchards and
Woody cover is the amount of natural habitat on farm and adjacent to the orchard edge. Global
models were then put through the same information theoretic (IT) approach model averaging

process as previous chapters, where ‘top models’ are chosen using AIC Delta < 6 AIC values
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(Harrison et al., 2017). The ‘conditional’ model average has been reported whilst ‘full’ model

averages for this chapter have been reported in Appendices O and P.

Structure of results

Yield and yield value models have been separated by: yield and yield value, bird community
metrics, insecticide use and finally a null model with no bird community metrics for comparison.

All models have been displayed in table 5.1.

Table 5.1 - Model separation visualisation. All full models include farm characteristic independent
variables of woody cover and orchard size, insecticide amount and farm managements: IPM, LEAF and
Conventional, The same models are repeated for two separate response variables shown as A and B.

Response variables Farm management & independent variables included as
independent variables separate models
Main results A. Cider apple yield per +IPM insectivore abundance
tree +LEAF
& B. Cider apple yield value +Conventional insectivore species richness
Appendix O per tree +Woody Cover
PP +0rchard size
+Insecticide use insectivore diversity
Appendix A. Cider apple yield per +IPM
P tree +LEAF
B. Ciderapple yield value  +Conventional No insectivore variables
per tree +Woody Cover
+0rchard size
+Insecticide use
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5.4 RESULTS

Organic farms have lower cider apple yields and yield value per hectare in comparison to [IPM and
conventional farming, but not lower than LEAF. No difference was seen between non-organic

farming systems (LEAF, IPM and conventional).

Although yields were positively correlated with insecticide use on orchards when including
organic farms, it doesn’t explain all the differences in yield and yield value between farm types
(section 5.4.3). Furthermore, in mixed model analysis the amount of insecticide within non-
organic orchards is not a significant influence in yield increases (section 5.4.4). An important
result to highlight is the difference in yield value between 2015 and 2016 seen in linear models
that include insecticides and farm category (section 5.4.2). In 2015 yield value per hectare was
not significantly different between conventional and organic farms, whereas in 2016 organic was
significantly less valuable per hectare. This effect coincides with the insecticide cost increases of
2016, encouraging farmers to use significantly less insecticides in 2016 that did not differ
significantly to the zero insecticide use of organic. Yield and yield value per tree tells a different
story, where organic has the same or higher yields and yield value per tree than non-organic
farms. Finally, the wild bird community metrics have no significant (positive or negative) impact

on yields or yield value within non-organic farms.

5.4.1 Tree Density between farm management types

Tree densities differ between farm management systems, with a significant difference in tree
density between farm categories reported (one-way ANOVA results: F(3,552)=136.8, p <0.001)
shown in Figure 5.0. Post hoc comparisons using the Tukey test were carried out. There was a
significant difference between organic and LEAF (p <0.001), where organic had 395 fewer trees
per hectare than LEAF on average. There was also a significant difference between organic and
IPM (p <0.001), where organic had 444 fewer tress per hectare than IPM on average. Finally, there
is significant difference between organic and conventional (p<0.001), where organic had 420

fewer trees per hectare than conventional on average.

Due to these differences between farm categories, there is a need to use tree density within the
data analysis of mixed models where yield and yield value are the response variable. Therefore,
tree density has been added to every model as yield or yield value per tree. As tree density is
highly correlated to farm type, using yield per tree and yield value per tree as the response

variables avoided collinearity issues during model analysis.
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Yield per tree is calculated simply as: yield per hectare / tree density per hectare.

Yield value per tree is calculated as: yield value per hectare / tree density per hectare.

1200~

900-

600~

* %

Tree density per hectare

300-

Conve‘nnona\ IF;M LEIAF Orglanic
Farm Category

Figure 5.0 Box plot for average number of apple trees per hectare on conventional, IPM, LEAF and organic
orchards. Significant farm category differences are indicated with “**”. Linear regression and post hoc
analysis results (Tukey p<0.001) show organic orchards have significantly less trees per hectare than all

other groups.

5.4.2 How do apple yield and yield value vary between farming systems?

Cider apple value was collected using data for years 2015 and 2016 for both organic and
conventional cider apples prices per tonne. Table 5.0 simply shows 2016 prices slightly increased
from 2015 for conventional apples, yet the price remained the same between years for organic
apples. The price per tonne for organic apples is 8.3% higher than conventional apples in 2015,

and just 6.6% higher than conventional in 2016.
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Cider apple yield per hectare

A simple linear model used farm category as the single predictor variable with cider apple yield
(figure 5.1a and 5.1b) as the response variable using the Ime4 library in R (R Core Team, 2015).
The difference between farm types and yield is significant between organic farms and IPM (p <
0.05in 2015 and 2016) as well as organic and conventional (p < 0.05 in 2015 and 2016), but not
LEAF (p > 0.05). Post hoc analysis comparisons showed that organic was significantly less than
conventional (Tukey p < 0.001 in 2015; p = 0.012, 2016), and IPM (Tukey p < 0.001 in 2015; p =
0.002 in 2016), but not different to LEAF (Tukey p = 0.144 in 2015; p = 0.180 in 2016). All non-
organic yields per hectare did not significantly differ in both years (all p>0.05).

Cider apple yield value per hectare

In the same format as yield, farm category was added to a simple linear model as the fixed effect
variable with the response variable of cider apple yield value (figure 5.2a and 5.2b). The same
overall results are portrayed; the amount of income organic apples generate is significantly less
per hectare than non-organic (p < 0.05 in 2015 and 2016), but not LEAF. Post hoc Tukey analysis
results concluded that organic income generation per hectare was significantly less than
conventional (Tukey p < 0.001 in 2015, 2016), and IPM (Tukey p < 0.001 in 2015, 2016) but was not
significantly different to LEAF (Tukey p = 0.342 in 2015; p = 0.168 in 2016). All non-organic yield
value per hectare did not significantly differ in both years (all p>0.05).

Cider apple yield and yield value per tree results

Linear model results for total yield and yield value per tree are shown in Figure 5.3a and 5.3b.
Organic yield is not significantly different to conventional yields in model results (p = 0.056), and
yield value is significantly higher on organic farms compared to conventional (p = 0.002). Post
hoc comparisons using the Tukey test were carried out. Firstly, there is significant difference in
the yield value between organic and conventional per tree (yield: Tukey p <0.001), where organic
has higher yield value than conventional, per tree. There is also significant difference between
organic and LEAF yield and yield value (yield: Tukey p= 0.049; yield value: Tukey p <0.001), where
organic has more yield and value per tree than LEAF on average. There is significant difference
between IPM and conventional where IPM had significant increase in yield and yield value per
tree (yield: Tukey p = 0.0014; yield value: Tukey p = 0.002). Finally, there is significant difference
between LEAF and IPM yields and yield value (yield: Tukey p <0.001; yield value: Tukey p <0.001),

where LEAF has less yield and value than IPM on average.
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All other farm categories show no difference between them, including yields of organic and
conventional (Tukey p = 0.219), yield and yield value between organic and IPM (yield: Tukey p =

0.599; yield value: Tukey p = 0.999), and yield and yield value between LEAF and conventional
(vield: Tukey p = 0.934; yield value: Tukey p = 0.893).
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Figure 5.1a - Box plot from linear regression model results for cider apple yields
in tonnes per hectare on conventional, IPM, LEAF and organic orchards in 2015.
Linear regression and post hoc analysis results show organic orchards have
significantly less yield than conventional (Tukey p<0.001) and IPM (Tukey
p<0.001) but are not different to LEAF (Tukey p = 0.144 in 2015). Significant farm
category differences between non-organic and organic are indicated with “**”.
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Figure 5.1b - Box plot from linear regression model results for cider apple
yields in tonnes per hectare on conventional, IPM, LEAF and organic
orchards in 2016. Linear regression and post hoc analysis results show
organic orchards have significantly less yield per hectare than conventional
(Tukey p = 0.012) and IPM (Tukey p = 0.002), but not different to LEAF
(Tukey p = 0.180). Significant farm category differences between non-
organic and organic are indicated with “**”.

192



2015

Cider apple yield value (GDP/ha),

6000 -

4000 -

2000~

Cider yield value per hectare, 2015

%%

Conventional

Figure 5.2a Box plot from linear regression model results for cider apple yield
value in GDP per hectare on conventional, IPM, LEAF and organic orchards in
2015. Linear regression and post hoc analysis results show organic orchards have
significantly less yield value per hectare than conventional (Tukey p < 0.001) and
IPM (Tukey p < 0.001), but not different to LEAF yield value (Tukey p = 0.342).
Significant farm category differences between non-organic and organic are

indicated with “**”.
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Figure 5.2b Box plot from linear regression model results for cider apple yield
value in GDP per hectare on conventional, IPM, LEAF and organic orchards in
2016. Linear regression and post hoc analysis results show organic orchards have
significantly less yield value per hectare than conventional (Tukey p < 0.001) and
IPM (Tukey p < 0.001), but not different to LEAF yield value (Tukey p = 0.168).
Significant farm category differences between non-organic and organic are
indicated with “**”.
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Figure 5.3a Box plot from linear regression model results for cider apple yield in

tonnes per tree on conventional, IPM, LEAF and organic orchards across 2015/16.

Linear regression and post hoc analysis results show organic orchards have
similar yield per tree to conventional (Tukey p = 0.219), LEAF (Tukey p = 0.049)
and to IPM (Tukey p = 0.599). IPM has significantly more yields per tree than
conventional (Tukey p < 0.0014) and to LEAF yield (Tukey p < 0.001). Main
significant farm category differences are indicated with “**”.
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Figure 5.3b Box plot from linear regression model results for cider apple yield
value in GDP per tree on conventional, IPM, LEAF and organic orchards across
2015/16. Linear regression and post hoc analysis results show organic orchards
have higher yield value per tree to conventional (Tukey p < 0.001), and to LEAF
(Tukey p < 0.001), but similar yield value to IPM (Tukey p = 0.999). IPM has
significantly more yield value per tree than conventional (Tukey p = 0.002) and to
LEAF yield (Tukey p < 0.001). Main significant farm category differences are
indicated with “**”.
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5.4.3 What role does chemical control play in yield and yield value differences
between farming systems?

Farm management’s insecticide use differs between years

Insecticide use differed between years and between farm categories. Linear model regression
results for insecticide use per hectare per farm category results show thatin 2015, insecticide use
varies significantly between farm categories (One-way ANOVA results: F(3,23)=13.78, p < 0.001,
figure 5.4a). Tukey post hoc analysis applied on the linear model showed organic was significantly
different to all other farm management types (Tukey p= 0.002 for organic - LEAF, p< 0.001 for
organic - conventional and organic - IPM). All non-organic farm types were not different to each
other in terms of insecticide use per hectare in 2015 (all variations of non-organic farms Tukey p

> 0.05)

In 2016, although there is significant difference between farm categories and insecticide use
(One-way ANOVA results: F(3,23)=13.93, p < 0.001, figure 5.4b), Tukey post hoc analysis shows
that conventional farms did not differ significantly to organic farms (zero insecticide)
(Tukey p = 0.579 organic - conventional). Organic farms still used significantly less insecticides
than IPM and LEAF (organic - LEAF Tukey p <0.001; organic - IPM Tukey p =0.003). All non-organic
farm types were not different to each other in terms of insecticide use per hectare in 2016 (all

variations of non-organic farms Tukey p > 0.05).

In a comparison of total insecticides per hectare between 2015 and 2016, where only total use or
total costs per year were compared. It was shown that in total, in the year of 2015 significantly
more insecticides were used on average across all farm types (excluding organic), (p<0.001), that
costs significantly more per hectare (p<0.001). Displayed by the difference in y axis between

figure 5.4a and 5.4b.
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Figure 5.4a Box plot from linear regression model results for insecticide used per
hectare on conventional, IPM, LEAF and organic orchards across in 2015. Linear
regression and post hoc analysis results show organic orchards are significantly
different to all non-organic orchards with the lowest insecticide use (zero), (p=0.002 for
organic - LEAF, p<0.001 for organic - conventional and organic - IPM). Main significant
farm category differences from organic are indicated with “**”.
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Figure 5.4b Box plot from linear regression model results for insecticide used per
hectare on conventional, IPM, LEAF and organic orchards across in 2016. Linear
regression and post hoc analysis results show organic orchards are not significantly
different to conventional orchards (p = 0.579). LEAF and IPM remain significant and
use more insecticide than organic (zero) (p<0.001 for LEAF- organic, p=0.003 for
IPM-organic), even though overall all non-organic farms use less insecticides in
2016 than they did in 2015 (p<0.001). Main significant farm category differences
from organic are indicated with “**”,
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Yield and yield value simple linear model overview

Simple linear models show that increased use of insecticides on orchards significantly increased
yield per hectare in 2015 (p < 0.001, figure 5.5a) and 2016 (p = 0.044, figure 5.5b), and yield value
per hectare in 2015 (p < 0.001, figure 5.6a in 2015, but did not increase yield value per hectare in
2016 (p = 0.058, figure 5.6b). The same linear models were constructed for total yield and yield
value years per tree (figure 5.7a and 5.7b), with similar results: as insecticide increases, so does

apple yield per tree (p < 0.001) and yield value per tree (p < 0.001).

Farm Management Category improves model fit

Using analysis of variance to compare insecticide-only models with farm category as an additional
predictor variable, it was shown as significant to keep farm category in the yield and yield value
models per hectare after model comparison. When farm category was added to linear models, it
significantly improved model fit for yield per hectare (anova: F(25,22) = 3.774, p = 0.0252 in 2015;
F(26,23) =4.927, p = 0.0087 in 2016) and yield value per hectare (anova: F(25,22)=3.456, p<0.001
in 2015; F(25,22)=7.88, p<0.001 in 2016).

The farm management variable also improves model fit when looking at yields and yield value
per tree in simple linear models (yield per tree anova: F(554,551)= 32.708, p < 0.001 and yield value
per tree anova: F(554,551)= 37.65, p< 0.001). This implies that insecticide use is not the only

management function that impacts yield and yield value per hectare

Cider apple yield with farm management and insecticides per hectare

Linear model results (figure 5.5a and 5.5b) with farm management type as an additional predictor
variable to insecticide show that in 2015 organic and LEAF yield per hectare have significantly
less yield than conventional (organic p = 0.042; LEAF p = 0.034), but in 2016 only organic has
significantly less yield to conventional (p = 0.006). Tukey post hoc show organic yield per hectare
in 2015 and 2016 is significantly less than IPM and conventional (both Tukey p<0.001) but not to
LEAF (Tukey p = 0.084 in 2015; p = 0.3 in 2016).
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Cider apple yield value with farm management type and insecticides per hectare

Linear model results (figure 5.6a and 5.6b) for yield value per hectare in 2015 show only LEAF has
significantly less yield value to conventional (p = 0.038*) leaving organic not significantly different
to conventional per hectare (p = 0.088), however in 2016 organic yield value per hectare is the
only farm management type significantly less than conventional (p < 0.001). Tukey post hoc
analysis shows no difference in yield value per hectare between any farm category group in
2015 (all comparisons Tukey p > 0.05), but in 2016 organic is significantly less than conventional
yield value per hectare (Tukey p = 0.002) and IPM (Tukey p = 0.007), but not significantly different
to LEAF (Tukey p = 0.379).

Cider apple yield and yield value with farm management type and insecticides per tree

Linear model results with farm management and insecticide per tree for yield and yield value per
tree results (figure 5.7a and 5.7b) show very different results: organic and IPM farms have a
higher yield per tree (p < 0.001 for IPM and organic) and yield value per tree (p <0.001 for IPM
and organic) compared to conventional farms. Tukey post hoc comparisons show the same
results: organic farms have higher yield per tree than LEAF and conventional (Tukey p <0.001),
but the same yield per tree as IPM (Tukey p= 0.165). LEAF farms had less yield per tree than IPM
(Tukey p < 0.001), IPM had more yield per tree than conventional (Tukey p < 0.001), and no
difference in yield per tree between LEAF and conventional (Tukey p = 0.98).

Yield value per tree shows organic trees hold more yield value than LEAF, IPM and conventional
trees (organic - conventional and LEAF: Tukey p <0.001; IPM: p = 0.012). IPM has more yield value
per tree than conventional (Tukey p<0.001) and LEAF has less value per tree than IPM (Tukey p
<0.001). LEAF and conventional value per tree did not significantly differ (Tukey p = 0.997).

In the figures below, organic farms (purple) are lined up along the y axis at zero insecticide use.

Some low yield-producing conventional orchards, namely LEAF farms, produce similar yields to

high yielding organic orchards.
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Figure 5.5a - Scatter graph to show linear model results of the relationship between insecticide used in
litres per hectare and yield in tonnes per hectare per farm category, in 2015, where increased insecticides
increase yield (p <0.001). The ab line (method =1m) was used for the regression line. Each point represents

a farm and the colour its farm category it belongs to out of conventional, IPM, LEAF and organic)
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Cider apple yield and insecticide use per hectare, 2016
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Figure 5.5b Scatter graph to show linear model results of the relationship between insecticide used in
litres per hectare and yield in tonnes per hectare per farm category in 2016, where increased insecticides
increase yield (p = 0.044). The ab line (method =1m) was used for the regression line. Each point represents
a farm and the colour its farm category it belongs to out of conventional, IPM, LEAF and organic). Note, one
LEAF grower produced no apple cider yield in 2016.
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Cider apple yield value and insecticide use per hectare 2015
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Figure 5.6a - Scatter graph to show linear model results of relationship between insecticide used in litres
per hectare and yield value in GDP per hectare per farm category, in 2015, where increased insecticides
increase yield value (p <0.001). The ab line (method = Im) was used for the regression line. Each point
represents a farm and the colour its farm management category it belongs to (conventional, IPM, LEAF and
organic)
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Cider apple yield value and insecticide use per hectare, 2016
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Figure 5.6b Scatter graph to show linear model results of the relationship between insecticide used in
litres per hectare and yield value in GDP per hectare per farm category, in 2016, where increased
insecticide does not increase apple yield value (p = 0.058). The ab line (method = Im) was used for the
regression line. Each point represents a farm and the colour its farm management category it belongs to
(conventional, IPM, LEAF and organic). Note, one LEAF farm had no cider yield in 2016, therefore this yield
had no associated yield value.
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Figure 5.7a Scatter graph to show linear model results of the relationship
between insecticide used in litres per hectare and yield of cider apples in
tonnes per tree per farm management category across 2015/16. Organic
farms had higher yield per tree than LEAF and conventional (p< 0.001), but
the same yield as [PM (p=0.165). The ab line (method = Im) was used for the
regression line. Each point represents a farm and the colour its farm
management category it belongs to (conventional, IPM, LEAF and organic).
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Figure 5.7b Scatter graph to show linear model results of the relationship
between insecticide used in litres per hectare and yield value in GDP per tree
per farm management category across 2015/16. Organic farms have more
value per tree than LEAF, conventional (p < 0.001) and IPM trees (p = 0.012).
The ab line (method = Im) was used for the regression line. Each point
represents a farm and the colour its farm management category it belongs to
(conventional, IPM, LEAF and organic).



5.4.4 Is there any evidence that wild insectivorous birds provide a service to non-
organic farming systems?

Generalised linear mixed effect model averages with confidence intervals results have been

separated to show the impact of each variable. Within non-organic farms wild birds and

insecticides are not significant predictor variables that neither increase or decrease yields and
yield value per tree. In many model averages the wild bird community variable is not chosen to
be kept within top models, therefore was not included in the model average results. Where wild
bird community variables do appear in model averages, all of them have confidence intervals that
cross zero, making these insignificant explanatory variables to the yield and yield value per tree.
In all model variations, increased insecticide use is not significant in creating higher yield or yield
value per tree. Sections 5.5.3.1 to 5.5.3.6 display non-organic farm model average results. These
model average results exclude organic farms to allow differences between non-organic orchards

themselves to be shown.
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5.4.4.1 Cider apple yield per tree with insectivore abundance

There was no model average created for this due to only one model being chosen from top model
selection process. Instead, these are mixed effect model results with confidence intervals using
the top model chosen from model averaging. From figure 5.8, only orchard size is significant,
where the larger the orchard the less cider apple yield per tree. With organic farms excluded from
the model, IPM and insecticide use does not show to be significant in impacting apple yields per
tree. This means that between non-organic farms themselves, a higher rate of insecticide
spray does not increase cider apple yields or yield value per tree. Although insectivore
abundance is included in this model, it too is not significant in impacting apple yields, positively

or negatively.

5.4.4.2 Cider apple yield value per tree with insectivore abundance

The model average results for apple cider yield value results in figure 5.9 show the same trend as
yield. Only orchard size shows a significant negative relationship, and all other independent
variable have no significant impact on cider apple yield value per tree, including insecticide use

and farm management.

Here can be seen that insecticide abundance has been removed from the model average during

the top model selection process, therefore does not appear in the results.
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Predicting cider apple yield per tree with insectivore abundance

Woody Cover y ‘ ‘

Insecticides - ‘ ‘

Orchard size

LEAF farms - } ‘

Variables

IPM farms -~ ‘ ‘

Insectivore
abundance

-0.05 0.00 0.05

95% confidence intervals

Figure 5.8 - GLMM top model results and confidence intervals for predicting yield with insectivore
abundance, without organic farms and with 95% confidence intervals. Only one model was found
significant therefore no model average needed. Full model results table can be found in Appendix O.
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Predicting cider yield value per tree with insectivore abundance

Woody Cover

Insecticides

Orchard size —o—

Variables

LEAF farms

IPM farms

-

s

Co-efficient confidence intervals

Figure 5.9 - GLMM Model average confidence intervals without organic farms using insectivore
abundance to predict yield value. These are ‘conditional’ model average results, using top models, Delta <
6. Explanatory variables on y axis are on-farm management and farm characteristics. Insectivore
abundance did not feature in top models. The model intercept is conventional farming. ‘Full’ model
average is found in Appendix O.
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5.4.4.3 Cider apple yield per tree with insectivore species richness

This mixed effect model result with confidence intervals used the top model chosen from model
selection process of apple yield and insectivore species richness, due to only one top model being
given in model selection process. Only orchard size has a significant, negative, effect on cider
apple yields per tree (figure 5.10). IPM and insecticide use does not show to be significant in
impacting apple yields per tree, again. All farm management types are insignificant, as is woody
cover. Insectivore abundance is included in this model but is not positively or negatively

significant to apple yields.

5.4.3.4 Cider apple yield value per tree with insectivore species richness

The model average results shown in figure 5.11 shows orchard size is the only significant variable
that negatively effects cider apple yields per tree. All other variables did not have a significant
effect on cider apple yield value per tree, including insecticide use or other non-organic farm
managements. Insectivore abundance has not been included in any top models and therefore the

model averaging process has not included this variable in the results.
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Predicting cider apple yield per tree with insectivore species
richness

Woody Cover 7 ‘ ‘

Insecticides - ‘

Orchard size

Insectivore
sp. richness

Variables

LEAF farms - ‘ ‘

IPM farms - |
005 0.00 0.05 0.10

95% confidence intervals

Figure 5.10 - GLMM top model results with confidence intervals for predicting yield with insectivore sp.
richness, without organic farms and with 95% confidence intervals. Only one model was found significant
therefore no model average needed. Full model results table can be found in Appendix O.
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Predicting cider apple yield value per tree with insectivore species
richness

Woody Cover

Insecticides

Orchard size —-o—

Variables

LEAF farms

IPM farms

ot
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Co-efficient confidence intervals

Figure 5.11 - GLMM Model average confidence intervals without organic farms using insectivore sp.
richness to predict yield value. These are ‘conditional’ model average results, using top models, Delta < 6.
Explanatory variables on y axis are on-farm management and farm characteristics. Species richness was
not included in any top models, therefore not reported here. The model intercept is conventional farming.
‘Full’ model average is found in Appendix O.
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5.4.4.5 Cider apple yield per tree with insectivore diversity

These mixed model results with confidence intervals are from the top model chosen from model
selection process, Figure 5.12 shows the model results with 95% confidence intervals that
orchard size is negatively significant to cider apple yield per tree. All other variables did not have
a significant effect on cider apple yield, including insecticides and other non-organic farm
managements. Although insectivore diversity has been included here, it is also not significant in
predicting yield. This graph is from the full Imer model results rather than model average due to

there being only one top model to choose from, thus no average was able to be taken.

5.4.4.6 Cider apple yield value per tree with insectivore diversity

Figure 5.13 is the model average results using insectivore diversity within non-organic farms.
Only orchard size is shown as a significant predictor variable, the larger the orchard the lower
the yield value per tree. Although, diversity is including in the top models and model average
here, it is still not significant in predicting apple cider yield value. Non-organic farm

managements, Woody Cover and insecticide use all are not significant to apple yield value.
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Variables

Predicting cider apple yield per tree with insectivore diversity

Woody Cover g ‘ ‘

Insecticides - ‘ ‘

Orchard size

Insectivore
diversity

LEAF farms - ‘ ‘

IPM farms - ‘ ‘

-0.05 0.00 0.05 010

95% confidence intervals

Figure 5.12 - GLMM top model results with confidence intervals for predicting yield with insectivore
diversity, without organic farms and with 95% confidence intervals. Only one model was found
significant therefore no model average needed. Full model results table can be found in Appendix O.
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Predicting cider apple yield value per tree with insectivore
diversity
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Figure 5.13 - GLMM Model average confidence intervals without organic farms using insectivore
diversity to predict yield value. These are ‘conditional’ model average results, using top models, Delta < 6.
Explanatory variables on y axis are on-farm management and farm characteristics. The model intercept is
conventional farming. ‘Full’ model average is found in Appendix O.
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5.5 DISCUSSION

In this chapter organic farms have been used as a predation proxy during analysis to understand
value, in terms of yield and yield value, that biodiversity has on organic orchards. Valuing the pest
control ecosystem service that exists on organic orchards and comparing this to the synthetic
alternative of pest control used on non-organic farmes, is the focus within the chapter. Farms that
have higher bird biodiversity, support a high functional diversity of insectivorous birds (Chapter
3), which predate more economically important moth pests than farms that do not support bird
functional diversity (Chapter 4) and the impact on how this translates to a value is discovered

through this chapter.

To summarise the results of this chapter [ have focussed on answering the three questions posed

in the objectives of study here:

1) Per hectare, yields on organic farms are lower than conventional and IPM farms, but not

different to LEAF.

Per tree, organic has the same or higher yields than non-organic farms. Organic yield
value per tree is higher on organic orchards than all non-organic farms, especially when

considering increased use of insecticides in 2015.

2) Chemical use is positively correlated to yields but does not explain all the differences in
yield and yield value between farm management types, where farm management

improved model fit in both per hectare and per tree models.

Organic yield value does not differ from all non-organic farming systems in 2015 (due to
the costs of larger volumes of insecticides). In 2016, non-organic farms used less
insecticides, which meant yield value per hectare of organic becomes significantly less

than IPM and conventional, but not to LEAF.

3) There is no evidence to suggest that wild bird affects yield and yield value on non-organic

farms, positively or negatively.

This chapter shows that organic farms, that rely on wild birds as their pest control and use no
chemical inputs to produce their yields, have statistically lower apple yield per hectare than non-
organic systems that use chemical inputs to replace wild bird ecosystem services, except for LEAF
farms. This explains the continued reliance on chemical alternatives to natural pest control from

birds in UK horticulture because the yield benefits of wild birds are smaller than can be achieved

214



using non-organic farming practices. Furthermore, within non-organic farms themselves, there is
no evidence of yield and yield value impacts from wild birds, showing that conventional and [PM
management is more important in driving yields and yield value than ecosystem services from

nature.

Conversely and importantly, within non-organic farms, insecticide use is not positively significant
to yield but does become negatively significant to yield value, where increased insecticide use on
non-organic farms reduces yield value per hectare, not dissimilar to yield value of organic. This
shows that although insecticides play a role in yield production between organic and non-organic
farms, there are other farm management factors at play that are more important to yield and yield
value besides insecticide applications: an extremely important result for highlighting that
complete chemical reliance in agriculture is not as beneficial as non-organic farms and wider

society may perceive.

5.5.1 Cider apple yields increase with non-organic farming per hectare, but not with LEAF;
whilst yield value is higher on organic than conventional in 2015.

Importantly, yield per tree does not differ between farming systems, where organic yield per tree
is the same as IPM and conventional yields (Results section 5.4.2), but higher yields than
conventional when insecticide analysis is included and higher than LEAF orchards with or
without insecticides included. Furthermore, organic cider apple yield value is higher, per tree,
than all non-organic farm management types with insecticide analysis (Results section 5.4.3). The
reason for these increases in yield and yield value of organic trees is due to several reasons.
Firstly, tree density is significantly lower on organic orchards (Results section 5.4.1), with a more
traditional orchard structure that hosts larger spacing between trees and permanent grass
swords, usually grazed by livestock, and older trees able to reach veteran stage (Burrough et al,,
2010; Pantera et al.,, 2018). Secondly, veteran trees are stereotypically much taller and wider than
non-organic orchard trees, which are usually placed on root stocks to limit tree growth to make
maintenance and chemical treatment more accessible on non-organic farms. Therefore, veteran
trees can host higher abundances of apples per tree but need more space to do so. Thirdly, the
value per tree is shown to be higher due to the reduced chemical inputs of organic management
and a higher price of organic apples compared to conventional (organic market price is £130
compared to conventional at £120 in 2015 and £122 in 2016 per tonne, section 5.3.2). Similar
increases in yield have been shown by Tschumi et al. (2016), who found a 10% increase in crop

yield when biodiversity-mediated ecosystem services increased on farm. But like Albrecht et al.
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(2020), impacts to yields from enhanced species community metrics, such as that of organic

farms, is variable - which is highlighted through this discussion.

Although this analysis between farm management types per tree allows for a fair comparison,
farm yield is taken across the whole farm on a hectare-by-hectare basis and not per tree. To make
this chapter’s interpretation applicable to the farming community, the remaining discussion will
focus on a per hectare basis as yield and yield value is the final ecosystem service in question,
which is per hectare rather than per tree. However, it is important to keep in mind that it is
expected that organic orchards will have lower yields at the orchard level, or per hectare, because

of their characteristic low tree density described here.

Cider apple yields per hectare increase significantly in this study with non-organic farming,
except LEAF, showing that pest control strategies on organic orchards from the natural pest
control of birds are not as productive as non-organic systems, also supported by other studies
(Samnegard et al,, 2019; Seufert et al,, 2012; Bengtsson, 2015; Crowder and Reganold, 2015;
Gabriel etal., 2013; Mader et al., 2002; Jouzi et al., 2017). Conventional and IPM farming systems,
that do not rely on a natural pest control system (Chapter 4), provide more yield to farmers than
a natural pest control ecosystem service available on organic farms. Seufert et al. (2012) found
that organic fruits were at similar yield levels to conventional farming and did not significantly
differ. Although this contradicts the findings here per hectare from conventional and IPM that
produce significantly higher yields than organic, it resonates with the results from LEAF farms in

this study, that do not differ from organic yields per hectare (Results section 5.4.1).

When looking at farms individually, four non-organic farms had lower average yields and yield
value per hectare than some of the more productive organic farms (figures 5.5a,b and 5.6a,b).
These non-organic farms lost considerable profit due to the additional human inputs used,
especially in 2015, with a low crop to sell. These results are like Samnegard et al. (2019), who
found that organic orchards have 48% less yield than IPM but also saw that some high-yielding
organic farms had higher yields than the average IPM orchards. This may become a more likely
future scenario due to insecticide resistance (LEAF 2017; Luck et al. 2009), crop failures with
intense weather scenarios as seen by the floods in Herefordshire in 2019, and the nature of

economic market fluctuations.
The difference between organic with IPM and conventional yields per hectare was an expected

result, which is why premiums are assigned to products managed through organic certification

schemes. However, LEAF farms were not expected to have similar yield produced as organic per
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hectare, especially due to the lower tree density of organic orchards (Results section 5.4.1). LEAF
uses an integrated farm management approach (IFM) to sustainably manage farms over the
whole farm to economically support farms whilst also being concerned and aware about
pressures on their environment (LEAF, 2016). LEAF farms do not receive a premium for their
products sold to market, so lower yields are not compensated for. Although LEAF advertise
sustainability, this may not be sustainable for farmers economically, where organic may actually
provide more financial incentives, as well as environmental, considering the evidence that
supports the practice of organic farming to sustain and protect farmland biodiversity (Tuck et al.,
2014), not seen by LEAF farming in this study (Chapter 3). Apple yields from organic growers are
either sold at higher price premiums on to the organic market, or they are used as production of
artisanal cider on small scale farms (Marsden, . Pers. Comms, 2018). This organic price premium
is evident in 2015 where insecticide use is higher than in 2016 (Results, 5.4.3), which means
higher costs per hectare for non-organic farms. In 2015 the yield value on organic does not differ
per hectare to all non-organic farms - showing the costs of insecticides used were too high and
brought the value of non-organic farming in line with organic, even though organic yields and tree
density are significantly less per hectare. When insecticide use was less in total in 2016, this
makes organic value per hectare become less than non-organic orchards, yet LEAF remains at a
lower value than organic. This could be due to a higher use of insecticides in 2016 when other

non-organic farms used less (figure 5.4b), although not significantly different.

The underperformance of LEAF farms was unexpected and has not been researched
independently before now. Reed et al. (2017) interviewed LEAF farmers to understand their
perceptions of LEAF and how it benefits the farmer, with no mention of yield increase. The access
to market is highlighted throughout LEAF memberships but LEAF does not seem to benefit the
farmer through delivering “prosperous farming” through IFM approaches (Reed et al,, 2017: 9),
as this chapter has highlighted. Farmers pay considerable amounts of money to be part of the
LEAF Marque scheme but the only benefit seems to be the access to shop floors of larger retailers
with 97% of participants in the study reporting this, yet only 23% saw a price premium attached
to this (Reed et al., 2017). Reed et al. (2017) is the only published document (at time of writing)
that assesses the impacts of LEAF marque farming. However, this document is published on
behalf of LEAF themselves and was based solely on farmer interviews who are LEAF
demonstration farmers. Business strategy and engagement are key skills that LEAF farms declare
they have developed through the scheme, and savings may have been made through efficacy and
operational changes rather than yield increase or yield value increased through reduction in

insecticide inputs.
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5.5.2 Insecticides increase yields but not yield value, and not within non-organic orchards

When comparing organic farms with non-organic, there is a direct correlation with the amount of
insecticide used and the apple yield gained per hectare showing that when more insecticides are
added higher yields per hectare are observed than birds can do on their own under a natural pest
control scenario (Results section 5.4.3). This helps in our understanding of why insecticides
continue to be used as the pest control service on non-organic apple orchards, even though birds
provide this natural predation service on organic farms, they are not as effective as the chemical
alternative. However, when comparing within the mixed models using more predictor variables
and without organic orchards in the dataset, there is another key finding; within non-organic
farming the use of insecticide does not play a determining factor in yields per tree (Results section
5.4.4). Thus, there are other management factors at play on non-organic farms that are not
included in this analysis, of which have more impact on yields than insecticides do. These are
likely to be other human inputs, such as fertiliser use (Garratt et al, 2011) and herbicides
(Bengtsson, 2015). Although the use of insecticides is a major distinguishing factor in each type
of management used, and one of the main influences determining crop yield from Bengtsson
(2015) study, analysis here has shown that farm category significantly improves the model fit
during analysis of variance of linear models (figure 5.5a - 5.7b), so other management practices

are more important than increased insecticide use.

The difference in yield value per hectare seen between years is important to contextualise here.
In 2015, yield value per hectare of all non-organic farms were not significantly different to organic
apple yield value per hectare. The reason for this similarity is due to increased use and cost of
insecticides in 2015 in comparison to 2016 (figure 5.4b). This finding shows that by taking into
account the increased value of organic produce sold to market and the cost of insecticide use of
non-organic farms, similar yield values between organic and non-organic farming are discovered.
Crowder & Reganold, (2015) show comparable results: although yields were lower on organic
fields, financial gains were substantial and were significantly profitable when organic premiums

were applied.

Organic orchards sprayed significantly less insecticides (zero) than all other farm categories in
2015, however this was not the same for 2016 where there was no significant difference between
organic with conventionally management orchards. IPM and LEAF still sprayed significantly
higher amounts than organic in 2016 (figure 5.4a and 5.4b), albeit lower than they sprayed in
2015. The reason for the reduced use of insecticides by all non-organic farms, especially

conventional, in 2016 was likely due lack of the previously widely available, broad-spectrum
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insecticide chemical called Chlorpyrifos. Chlorpyrifos was banned in the UK after 2015 harvest
(HSE, 2016) due to worries surrounding the negative impacts on human health it may cause
users. This change in chemical insecticide availability influenced farmer decision making, leading
to non-organic farms spraying less chemicals in total in 2016 (with conventional spray at similar
levels of organic). The significantly reduced insecticide inputs in 2016 by conventional farms
causes the value of conventional yields per hectare to change, from being comparable to yield
value of organic in 2015 to significantly higher value than organic in 2016, even though mean
apple yields decrease slightly from 39.5 tonnes in 2015 to 37 tonnes per hectare in 2016 (figure
5.1a and 5.1b).

Non-organic farmers have shown here how they have adapted their behaviour in response to
volatile chemical markets, to use lower levels of chemicals with the risk of reducing yields, to save
money from production costs and keep yield value high. This highlights the impact that using
chemicals has and the costs of chemicals to farmers, where organic yield value remains less
volatile and more stable between years. Increased insecticides use does not increase apple yield
value per hectare, as well as having no significant impact on apple yields or yield value per tree
(Results section 5.4.3; 5.4.4). This connects to the second stage of sustainable intensification
theory, “Substitution”, outlined by Pretty et al. (2018), where co-production of agricultural and
environmental outcomes can be achieved. With less chemical inputs on non-organic farms
achieving higher yield value than organic, shows that sustainable intensification may be well
received and achieved by the non-organic farming community. It would ensure yield value
remains stable due to reduced volatility of insecticide price increases or prohibitions.
Nevertheless, wild bird communities were significantly lower across all non-organic orchards
(Chapter 3), showing that although reduced insecticides may benefit agricultural profit outcomes,
it didn’t benefit biodiversity on non-organic farms in that year, but over a longer period this may

change (Kleijn et al., 2019; Bullock et al., 2011).

Economically, there is no reasoning for farmers continuing to rely on chemicals; within non-
organic management of orchards themselves more insecticide use is not better. Yield value is
proven to be similar between organic and non-organicin 2015 and an increase in yield might not
necessarily be a future aim for some growers, especially with a view on future provision
uncertainty of pesticides (Hillocks, 2012; HSE, 2016). Over-reliance of the use of chemical
insecticides (and fertilisers, Garratt et al.,, 2011) in orchards negatively affects natural enemies
and pest control providers, such as birds (Chapter 4; Fountain & Harris, 2015; Wilson & Tisdell,
2000), that provide valuable pest control ecosystem services to growers (Cross et al.,, 2015). Long

term reliance on chemical input is not sustainable in terms of pest resilience increases, where
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increased resistance from pests to chemicals over time leads to decreased agricultural resilience
(Lamichhane, 2017; Bengtsson, 2015; Luck et al., 2009; Lewis et al., 1997). The dependent use of
insecticides is not ecologically beneficial in the short term either, due to chemical leaching and
the negative impacts to the ecosystems such as pollution, eutrophication, and ecosystem service

deterioration (Bengtsson, 2015).

Increased costs of chemicals, low rates of apple prices per tonne and potential threats of pest
resistance (Wilson & Tisdell, 2000), suggest savings from reduced farm inputs may begin to
overtake the importance of high yielding crops, as shown by the decisions of non-organic farmers
in this study. The less volatile route of organic farming may become ever more appealing as

chemical volatility increases in the future.

Premium prices are paid for organic produce to compensate for yield gaps and as shown in this
study, they do compensate and can provide similar yield value per hectare as non-organic when
insecticide-use is high. To keep this result from being only relevant when insecticide use is high,
organic premiums need to be more substantial to support organic farmer competitiveness in
multiple scenarios. Organic premiums should be able to compensate farmers for the ecosystem
services provided, environmental outcomes and the avoided environmental damage in
compensation for producing less yield (Reganold & Wachter, 2016; Pretty etal., 2018). To reduce
yield value gaps between organic and non-organic farming additional support to organic farmers

through grants is continually needed (Garcia et al., 2021), and found here to be meaningful.

5.5.3 Wild insectivorous bird communities do not provide a service to farmers through
influencing apple yields or yield value on non-organic orchards.

No significant evidence was found to suggest that increased presence of wild insectivorous bird
communities play a role in increasing apple yields or yield values of non-organic farms, in fact no
impact was found either positive or negative (Results section 5.5.4). Unlike Chapter 4, where we
see there is a pest control service available to organic farmers from birds, in this section non-
organic farms are assessed separately and organic is removed from analysis as discussed in Data
Analysis section 5.3.5 due to fundamental differences between organic and non-organic other than
wild bird community metrics, which includes the significant differences in tree density (Results
section 5.4.1). Analysis shows the use of birds as an indicator for apple yields and yield value is
not significant and has no yield or yield value service to non-organic farmers. These results
contradict a similar study by Garcia et al. (2021), who found a connection between increased

insectivorous bird abundances within orchards through ecological intensification practices and
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apple pest control, which reduced apple damage and ultimately lead to increased apple yields
(Garcia et al., 2021; Samnegard et al., 2019). Furthermore, findings such as those in this section,
draw conclusions alike to Samnegard et al. (2019), where increasing natural pest control species
may not always be a positive influence on yield outcomes, but if it causes no negative impacts to
yield then having a more targeted pest control strategy (specific insecticides over the more widely
used broad spectrum) will not detriment yield and will be more environmentally friendly.
Thereby, encouraging insectivorous birds on non-organic orchards will be a positive impact for
the environment on orchards, without limiting apple yields and profits. In addition to
environmental benefits, there may be long terms benefits noticed by non-organic orchards if
insectivore abundances are able to increase to that of organic levels. Mols & Visser (2007) found
that IPM farmers can benefit from insectivore presence without changing their management
practice, as great tits are reported to reduce caterpillars, even at low densities. The authors
hypothesise that due to the services of increased great tit abundances, spraying insecticides later
in the season may be obtainable as the insectivore bird species is able to replace the use of

synthetic pest control, currently used against low pest densities.

Relating wild bird findings to agricultural inputs, as Seufert et al. (2012) concludes, has contextual
differences in yield value where different outcomes are shown when assessing wild insectivorous
birds’ impact on apple yield value provision, using organic farms as this proxy. The variations in
results are dependent on circumstances such as high yielding organic farms and the amount of
insecticides used. As discussed, when synthetic pest control is low on non-organic orchards, as
they were in 2016, the replacement of synthetic insecticides by wild birds is not valuable, in terms
of yield or yield value, and farmers will find it difficult to switch to a less intense system based on
economic and financial decision making (figure 5.6b). This finding resonates with Bengtsson
(2015) and presents worrying results in terms of the case for biodiversity conservation, where
the services from insectivorous birds could be put under economic scrutiny. Yet, when synthetic
pest control is high, as in 2015, organic yield value is not different from all non-organic orchards
per hectare which shows that a wild bird pest control service can perform as well as some of its
synthetic replacements, in terms of yield value, when synthetics are used more intensively (figure
5.6a). This variation of the results is in line with findings drawn from Pywell et al. (2015), who
found that on arable farms with higher ecosystem service provision, higher crop yields were

produced, and farmers are likely to see benefits from organic farming.
Although direct positive impacts to yields from the wild bird community itself on non-organic

farms are seen in this analysis, only one ecosystem service was assessed, similar to Bengtsson

(2015). There are multiple ecosystem services at play, such as pollination that impacts yield and
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apple quality (Garratt et al., 2014) and soil nutrients that affects yield to an equal extent to pest
control (Bommareco, Kleijn, & Potts, 2013), that were not taken into consideration in this study
and will interact with each other to provide multiple ecosystem benefits that should be
considered in future studies to account for multiple ecosystem services, on top of final crop

production.

5.5.4 The inverse relationship of orchard size and yield

Larger orchard size has been shown here to create significantly less yield and yield value per tree
in all mixed effect models that exclude organic farms (Results section 5.4.4). In this study, orchard
size is a description of field size that contains apples with no other crops present. Results of this
relationship are supported by the literature (Carletto et al,, 2013; Cornia, 1985; Garibaldi et al.,
2016; Kremen & Miles, 2012; Ricciardi et al., 2021; Rosset, 2000; Unal, 2008; and many others
highlighted by Fan & Chan-Kang, 2005). Garibaldi et al. (2016) found the effectiveness of
ecological intensification of crop lands to be more successful on smaller versus larger holdings,
where flower-visiting pollinator density increased yields at a higher rate on smaller holders
versus large farms across 33 different crops. This chapter adds to this finding by removing the
ecological intensification practices found on organic farms (birds as pest control) from the
analysis, smaller non-organic fields are found to have higher yields than larger non-organic farms.
This finding demonstrates that an environmental factor, rather than insecticide usage or other
management related to organic farming, has more impact on yields within conventionally
managed orchards. Although this chapter did not focus on other ecosystem services, such as
arthropod natural enemies or pollination, it has been demonstrated by Bianchi et al. (2006) that
the impacts from ecosystem services are larger on small farms due to reduced distance from non-
crop habitats compared to larger farms. Another example with similar conclusions demonstrates
the use of windbreaks increase crop production through creating diverse non-crop or ‘edge’

habitats (Brandle et al., 2004).

The findings in this chapter are more recently echoed in the meta-analysis by Ricciardi et al.
(2021), where smaller farms on average and worldwide, had greater yield whilst harbouring
more biodiversity at the field and landscape scales on small-holder dominant countries. However,
when controlling for labour resources the same relationship was not found, highlighting how
smaller farms may have more available family labour to encourage higher yields. The influence
of family labour or increased labour inputs per hectare on smaller farms is a likely explanation,
of which both Ricciardi et al. (2021) and Dorward (2013) highlight to be a beneficial variable to

measure when looking at yield per hectare.
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Orchard size is the most dominant and consistently significant variable in all mixed effect models
(Results section 5.4.4). When relating these findings to the literature highlighted above, the most
plausible reason for this is the proximity to edge habitats and surrounding natural habitats that
are providing the apple orchard with ecosystem services (Bianchi et al., 2006; Brandle et al., 2004;
Garibaldi et al.,, 2016; Pywell et al,, 2015). However, the insignificant variables of woody cover
and wild bird community variables in the model results of this chapter have not been in consensus
with this rational. Alternatively, Rosset (2000) finds intercropping to play a role in this
relationship on small farm sizes, which were found to be 200-1000% more productive than large

farms. This is an implausible explanation for this chapter, which measures yield per tree.

Reasons for this disconnect between explanations seen here and the literature could be the
presence of the dominant orchard size variable in the models of this chapter and the similarity of
the landscape across all field sites (as described in The Study System: section 2.1). If all field sizes
of non-organic fields were of a similar, small size and the landscape was varied across different
sites, there may be more chance of seeing an impact of the variable ‘woody cover’ as a measure of
distance to natural habitat and edge species that support ecosystem services. Future studies
should aim to focus on unifying field sizes, incorporating farm labour availability, whilst ensuring
larger differences in woody cover are represented to understand the underlying landscape or
farm labour factors at play on small farms, that could be causing this inverse relationship of

orchard size and yield seen.

5.5.5 Conclusion

The focus on yield and yield value in this chapter provides important insights into the extent and
limits to which chemicals can benefit yield and yield value compared with wild bird equivalents
available on organic farms. Overall, this chapter adds to the literature and fills in missing research
gaps to understand the differences in yield and yield value of apples between organic and three
non-organic orchards, as recommended by Kleijn et al. (2019). This chapter shows the appeal to
farm in a non-organic way if producing more yields is the end goal, but chemical inputs is not the
key to producing them. Although wild birds do not increase yields and yield value per hectare in
non-organic orchards, chemical inputs should not fully replace a natural ecosystem service as
higher insecticide use causes yield value of all non-organic orchards to be like organic farming.

This highlights the need to financially support organic growers, whose farms support and foster
increased biodiversity and ecosystem services, for lower yields to be financially compensated

through higher yield value.
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Although results from this chapter suggest that conventional and IPM farming produces higher
apple yields, chemical intensification of agriculture is not the answer. Firstly, since insecticides
do not increase cider apple yields when comparing just between non-organic farms. Secondly,
due to the destructive nature agriculture intensification has caused worldwide, alongside being a
major driver for the crossing of several planetary boundaries (Beillouin et al., 2021; Campbell et
al, 2017). Lastly, the volatile nature of the agro-chemical industry with chemicals becoming
prohibited and the decreasing demand for cider applesin the industry (NACM, 2018), causes yield

value per hectare of organic and high chemical non-organic farms to be in-different to each other.

The use of yield valuation and comparison studies ultimately lie with farmers and whether they
choose birds or chemicals as their pest regulation service. A farmer’s perspective is important to
incorporate in biodiversity conservation; they disproportionately feel the economic losses
associated with crop loss as the price to consumers change very little in order to avoid
consumption decreases (Letourneau et al., 2015). If low-cost insecticide availability changes, as
it did in 2016, production costs will be forced to be reduced further to avoid negative impacts on
farm finances. This site specific valuation of yields provides assistance in decision making where
economic aspects of biodiversity and ecological functions have not previously been brought in to
farm management discussions (Hungate & Cardinale, 2017; Kleijn et al., 2019). Many farmers in
this study, and many worldwide, are still unaware of this vast academic literature on the value of
ecosystem services and the concept is still new (Kleijn et al., 2019). It is therefore important for
the farming community to share research and experience of how lower insecticides used in farm
management practices may see successes for yield increases and future benefits to biodiversity

over time (Pretty etal., 2018).

Finally, LEAF farms have demonstrated that both apple yield and yield value per hectare across
both years is not different to organic orchard yields and yield value. LEAF farms do not have a
price premium attached to their produce to account for lower yields than IPM and conventional,
like organic does. This is the first scientific study of LEAF which has proven does not support the
farmer financially due to the reduced yield and yield value compared to both organic and other

non-organic farms, even though LEAF values set out to enhance farmer prosperity.
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Appendix O

Cider apple yield and yield value per tree ‘full’ LMER model summaries with insectivore community variables, excluding organic farms

Linear mixed effects full model (yield) or model average summary (yield value) examining apple yield and apple yield value probabilities as the response variable.
Highlighted here are insectivore abundance, insectivore species richness and insectivore diversity given as separate models, all without organic farms in the data set. Each
Imer included fixed effect variables: farm management, woody cover, orchard size and insecticide use. The intercept is conventional farm management. Abundance and
species richness not included in model average for apple cider yield value. Values in bold are significant (P=<0.05). VIF is the variance inflation factor value derived from
squared GVIF(1/(2*Df)), where any variable above 5 was considered correlated and removed from the global model before dredging.

Cider Yield Insectivore Abundance Insectivore Species Richness Insectivore Diversity
Fixed Effects Value  Standard  P-value VIF Value Standar  P-value VIF Value  Standar P-value VIF
Error d Error d Error
Farm Management ~ Conventional 5.874 1.917 0.002 1.123 0.005 0.016 0.002 1.123 0.051 0.016 0.002 1.123
(Intercept)
IPM 1.308 2.286 0.567 1.123 0.011 0.019 0.578 1.123 0.011 0.02 0.568 1.123
LEAF -3.513 2.510 0.162 1.123 0.029 0.021 0.171 1.123  -0.029 0.022 0.173 1.123
Pest control Insecticide 1.562 0.871 0.073 1.209 0.013 0.007 0.008 1.209 0.013 0.007 0.072 1.209
Volume
Environmental/ Orchard size -0.579 0.152 <0.001 1.026 0.005 0.001 <0.001 1.031 -0.005 0.002 <0.001 1.037
Landscape
Woody Cover 1.088 1.243 0.381 1.27 0.009 0.01 0.368 1.27 0.009 0.01 0.38 1.27
Insectivore Abundance <0.001 0.008 0.958 1.02 - - - - - - - -
community metrics
Species Richness - - - - <-0.001  <0.001 0.79 1.066 - - - -
Diversity - - - - - - - - <-0.001 - - 1.029
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Cider Yield
Value

Farm Management

Pest control

Environmental/
Landscape

Insectivore
community metrics

Conventional 5.797
(Intercept)

IPM 1.06
LEAF -3.237
Insecticide 2.544
Volume

Orchard size -1.159
Woody Cover 1.44
Abundance -

Species Richness -

Diversity -

1.92

2.324
2.512
1.893

0.298

2.378

0.003

0.649
0.199
0.18

<0.001

0.546

1.123

1.123
1.123
1.209

1.026

1.27
1.02

5.797

1.06
-3.237
2.544

-1.159

1.44

1.92

2.324
2.512
1.893

0.298

2.378

0.003

0.649
0.199
0.18

<0.001

0.546

1.123

1.123
1.123
1.209

1.031

1.27

1.023

5.8

1.079
-3.253
2.583

-1.153

1.484

<-0.001

1.92

2.322
2.512
1.889

0.299

2.39

-0.004

0.003

0.644
0.196
0.172

<0.001

0.536

0.836

1.123

1.123
1.123
1.209

1.037

1.27

1.029
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Appendix P
Cider apple yield and cider yield value per tree ‘full’ LMER model summary/

average summary, without insectivore variables, excluding organic farms.

Linear mixed effects full model summary (yield) and model average summary (yield value) examining
apple yield and apple yield value probabilities as the response variable. Investigation of both response
variables was highlighted here looking at farm management options without the inclusion organic farms
and excluding insectivore community variables. Each Imer included the same fixed effect variables: farm
management, woody cover, orchard size and insecticide use. The intercept is conventional farm
management. Values in bold are significant (P=<0.05). VIF is the variance inflation factor value derived
from squared GVIF~(1/(2*Df)), where any variable above 5 was considered correlated and removed from
the global model before dredging.

Cider apple yield Cider apple yield value
Fixed Effects Value Standard P-value VIF Value Standard P-value VIF
Error Error

Farm Conventional 0.05 0.016 0.02 1.123 5.797 1.92 0.003 1.123
Management (Intercept)

IPM

0.011 0.019 0.581 1.123 1.06 2.323 0.649 1.123

LEAF -0.029 0.021 0.171 1.123 -3.237 2.512 0.199 1.123
Pest control Insecticide use o h13 0007 008 1209 2543 1893 018  1.209
Environmental/ Orchardsize )0 0001 <0001 1.007 -1159 0298 <0.001  1.007
Landscape
impacts

Woodycover 509 001 0365 127 144 2378 0546 127
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CHAPTER 6

Discussion

6.1 IN SUMMARY

Few studies, with the objective to understand the relationship between biodiversity and
pest ecosystem services, compare the service availability on different types of farm
management systems (Peisley et al, 2016; Howe et al., 2009; Viser & Mols, 2007).
Furthermore there is a shortage of research that values ecosystem services in terms of a
comparison to the man-made replacement and also in terms of three trophic levels: birds,
their prey and then plants or crop (Wenny et al., 2011), using the final ecosystem of yield to
give more meaning to farmers (Kleijn et al, 2019). In this thesis I addressed these
knowledge gaps by using birds as the pest control ecosystem service to farmers, comparing
the service provided on organic and non-organic alternatives over 30 orchards in
Herefordshire and surrounding county borders or Gloucestershire and Worcestershire, in

terms of predation rates, yield and yield value.

6.1.1 Farming practices and biodiversity

The first Chapter of my thesis adds to the plethora of knowledge that organic farms support
higher levels of biodiversity than non-organic. Organic orchards had a higher diversity,
species richness, abundance, and density of birds than conventionally managed orchards
using chemical insecticides (Chapter 1). Although this is not novel (Tuck et al.,, 2014), it was
an important first step in understanding the biodiversity levels on different farm
management types, in order to start investigating the ecosystem services supported by
biodiversity. However, this chapter does add to the literature regarding the effectiveness of
alleged less intense methods of farming than conventional. Linking Environment and
Farming (LEAF) guide farmers to follow landscape and nature conservation standards on
LEAF Marque (EC, 2017; LEAF, 2017). LEAF is a growing community of farmers, yet
scientific testing of its impacts on biodiversity does not exist. [ have shown here that LEAF
management holds the same biodiversity levels as conventional farming on apple orchards.
This is an area that needs much further research, particularly as LEAF has started to expand
practices to global farming communities without the scientific rigour to prove the effects of

their farming strategy on biodiversity (LEAF, 2019).
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Furthermore, not only did LEAF not provide benefits to biodiversity, they also did not bring
yield benefits to the growers. Although this is not advertised specifically in their guiding
principles, it is implied when describing the farming style as “prosperous” (Reed et al,,
2017:9). With no increase in value, such as organic apples, there seems limited benefits of
LEAF farming in terms of yield and benefits to biodiversity, over conventional or [PM, other

than the increased access to market.

Although IPM and conventional farming practices in this study may be similar in terms of
management - due to the self-diagnosis of the farm management used - the science behind
[PM has not been developed even though widely accepted and incorporated into EU policies
(Stenberg, 2017). IPM as a management practice that supports biodiversity is conflicted in
the literature, with few studies agreeing on whether the impact is positive or negative (Todd
et al,, 2011; Genghini et al,, 2006). This thesis adds to the literature to show that IPM was
not as beneficial as organic in terms of biodiversity and biological control provision from
birds, and that IPM methods are not widely known or understood by farmers. When
describing farm management, farmers may class themselves as conventional when they are
a low level IPM. This discovery shows that more research and exposure of IPM research is

needed to improve the uptake of this farm management practice.

6.1.2 Ecosystem services in agricultural systems

Although studies explore the impacts of ecosystem services on yield and quality of crops
(Mols & Viser, 2002; Classen et al., 2014; Garratt et al,, 2014), most studies are based on a
comparison between no ecosystem service present to the presence of one, rather than
comparing a man-made ecosystem service to a natural one. As we see from Chapter 3,
biodiversity is greater on organic orchards, but the functional consequences of this, is still
poorly understood in the literature. Furthermore, there are still lack of studies
demonstrating the role of birds in a temperate system (Garcia et al., 2018). Extensive farm-
based research, rather than plot level studies, on apples in temperate areas are not available
in the literature. Chapter 4 is a new research area that links ecosystem service potential,

with the ecosystem service provision, seen on working orchards in Herefordshire.

The comparison here of organic and non-organic systems in terms of a pest control service
provision shows there are two quite different agro-ecosystems at play. Organic, or no-spray
farms, reduce their pests with a natural pest control service, whereas non-organic farms

harbour much reduced biodiversity and less natural predation services from birds. Pest
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moth levels show similarity across all farm types. As yield increases with the use of
insecticides (Chapter 5), we can assume that pest damage is still greater on organic farms
even though pest moth levels are similar: chemicals are used to reduce numbers on non-

organic farms, and birds on organic.

6.1.3 Yield and yield value comparisons between natural and synthetic farming
systems

In Chapter 5 I have compared current farm management options available in terms of
providing yield and yield value between farms that use a synthetic system of chemical pest
control and those than use the natural alternative from birds on organic farms. Per hectare,
organic farms do not produce higher yields than farms which use the synthetic alternative,
apart from LEAF farms that are not dissimilar to organic yields per hectare. Insecticide use
itself has been shown to be less important than other farm management practices at
increasing yields per hectare within non-organic farms. When reduced insecticides are use
on non-organic farms, yield value per hectare is significantly greater than organic value
(except LEAF). This result favours the non-organic farming system as most cost effective
and profitable to apple growers in the study area, mirrored by Gabriel et al. (2013),
Samnegard et al. (2019), Seufert et al. (2012) and Bengtsson (2015), but does not attribute
it’s success through increased insecticide use. For future decision making this is an
important finding, when low-cost insecticide availability is decreased, alongside a static
cider apple market and the inevitable resistance of pests to insecticides (Wilson & Tisdell,

2000) the use of insecticides becomes uneconomical compared to organic farming.

Although organic farming has the disadvantage of producing lower yields per hectare than
IPM and conventional, there are significant benefits to farms through yield value when
insecticide use is high and more volatile than the more stable organic farming: organic yield
value becomes similar all non-organic yield value. Thereby, through enhancing
environmental protection and resilience whilst reducing external input costs on organic
orchards (Jouzi et al., 2017), increases organic farmer income to that of a non-organic

farmer per hectare.

The impact of this finding for multinational companies such as PepsiCo, who wish to
understand how their farmers can increase biodiversity but continue to provide ever
increasing yields, is important. Without a change to the way companies value food

production instead of valuing quantity (yield) as they do, there will be no change to the
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current system in place - increased profit for increased yield. The current food production
and economic model needs re-focussing to support an organic farming model, where less
yield is supported and financially rewarded by organic price premiums in order to support
farms who enhance UK biodiversity on traditional apple orchards (Gobbi, 2000; Hole et al.,
2005).

6.2 LIMITATIONS AND FUTURE WORK

Due to unfavourable weather in 2016, butterfly data collected was unable to be used
towards a biodiversity analysis of farm management types in Chapter 1. Furthermore,
butterfly abundances were only taken over one year, which did not account for annual
fluctuations in butterflies due to variations in weather conditions from year to year
(Brereton et al., 2011; Pollard, 1977). Not all farms were surveyed the same number of
times during the surveying period in 2016, with some farms surveyed twice, and other up
to five times. This was due to unforeseen fieldworker complications where survey data
retrieval from three farms was unobtainable, leaving those farms with less repeat surveys.
Re-analysing the butterfly data collected for two years, with fully repeated surveys on each
farm, may show the poor availability of butterflies in one year compared to another, but also
give enough difference to highlight if butterfly abundance and diversity did or did not share

the same pattern across farm management types as birds.

The woody cover landscape product was a tool developed to overcome the pitfalls of just
using Land Cover map (2007), and the National Forest Inventory dataset (2015), which both
fail to take into account hedgerows (Tebbs & Rowland, 2014). The study area is known for
the diverse, ancient hedgerows with some veteran wildlife-supporting trees (Natural
England, 2014a, 2014b), however in the Herefordshire lowlands the hedgerows are much
shorter (Natural England, 2013) which meant any hedgerow under 2m was not counted. As
the main hypotheses were not in relation to landscape variables, rather the type of farm
management, [ decided these missing hedgerows were reasonable to omit because the
woody cover dataset still included woodland areas. For future research in the area,
hedgerows need to be verified in-field through ground truthing, and entered to the woody

cover data used within GIS (Tebbs & Rowland, 2014).
IPM was used as one of the management options that farmers stated they had chosen as

their farm management method during initial farm visits. There are three levels of IPM

(Kogan, 1998), where level one is what the majority of IPM farmers in this study followed.
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Level one is simple to measure pest thresholds and controls the timings of sprays so not to
disrupt pollinators during pollination of apples. Level 2 includes natural enemy counts, use
of selective pesticides only and crop rotations and level 3 includes habitat management,
multi-crop interactions and takes an agro-ecosystem level approach to avoid disruption to
the system (Barzman et al., 2015). To include only level 1 farmers in the study was a
limitation as the difference between conventional and level 1 IPM was not shown to be
significant, most likely due to the self-diagnosing impact. For future studies it would be
more interesting to understand the level of IPM impacts and to which level shows a
significant difference to biodiversity compared to conventional (Chapter 3), and to the

ecosystem services they provide (Chapter 4).

The issue of self-diagnosing farm management practices is not a specific issue just in this
thesis but can be an issue for many farm-scale studies, globally. It has been proven here to
be complicated when deciphering the importance of results between farm management
types. Without a full investigation into the practices used on farm at the beginning of the
study, farmers are placed into a category in which they believe they should be placed, rather
than evidentially placed. During the early stages of the project farmers have not gained
enough confidence in the study nor built up a confident working relationship necessary to
carry out the in-depth investigations needed - both on farm and through a separate, detailed
interview process to place the farmers into the category they are matched to. This was only
an issue with IPM farms, mainly because there is no formal certification process and
information from the EU is hard to find and not widely known in the farming community.
Most farmers who were conventional and IPM were advised by an agronomist. These
agronomists are chosen based on recommendations within the community and the personal
relationships between the farmer and agronomist allow the association to continue. If the
agronomist is inclined to research new techniques that IPM methods use, they may or may
not explain these to the farmer. In this study, and potentially this is an issue with other
studies who rely on farmers self-diagnosing, the agronomist was not contacted. Thus, the
details of the farm management, and where those management decisions were cultivated
from, were not investigated. This may explain the results in this study where IPM and
conventional have similar levels of biodiversity and natural pest control (Chapter 3 and 4)

and this area is something that can be researched in more detail in future studies.
During the sentinel prey experiments in Chapter 4, I used both plasticine and dough models

at different times of year. Firstly, a limitation here was the lack of a multi-year study.

Although this study spanned across two years, the dough models were only used once
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during winter months on orchards. As birds predated on dough caterpillars more frequently
than plasticine, also shown by Lovei & Ferrante, (2016), the use of dough during summer
months would be something I would perform differently if repeated, as well as over multiple
years to correspond with the bird abundance data collected for Chapter 3 and 4.
Furthermore, although dough does not hold predator marks as well as plasticine (Howe et
al,, 2009) it consists of fatty carbohydrates and protein (Sam et al., 2015) so the energy
returned through predation is rewarded with dough, and wasted with plasticine, optimising
energy intake per unit of time (Muiruri et al., 2015). For this reason, future studies should
use dough over plasticine sentinel prey, but to reduce damage through weather conditions,
only leave out in the driest 24-hour period, and no longer than 24 hours to minimise natural

weathering.

As an addition to sentinel prey experiments, bird nest boxes would be a good addition to
enhance the use of the orchard by cavity nesting birds, such as great tits (Parus major) and
blue tits (Cyanistes caeruleus), as shown by Mols and Visser (2007) and more recently Garcia
et al. (2021), who found positive impacts that reduced pest damage on apple trees from
increased bird abundance and predation. Although Garcia et al. (2021:1) describe the
method of erecting nest boxes as “easy to implement, cheap and attractive measure of
ecological intensification”, this method was inaccessable to me as a lone worker and posed
some health and safety risks that were prefereable to avoid. However, for future studies that
have teams of students available, this method of measuring pest control capabilities from

insectivorous birds would be important to replicate.

Pest moth abundances per farm management type were estimated as a measure of pest
pressure on apple orchards, and cause major yield declines (Solomon et al., 1976). However,
here I did not show that moth pest levels affected apple damage and yields directly. If
further work were to be undertaken, pest moth as well as apple damage estimates through
leaf assessments and apple visual inspections would link the pest levels to the amount of
damage caused. Furthermore, pests were only measured using three moth pests, where as
there are many other pests, included more moth pest species such as the Winter moth, the
rosey apple aphid, and the apple blossom weevil that can cause yield reductions that can
both be controlled by natural enemies (AHDB, 2018). For a full pest control service analysis

given by birds, all pests should be assessed in future analysis.

During the comparison of pest control methods (natural and synthetic), the use of

insecticide was used as the synthetic alternative to understand the impact on yield (Chapter
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5). However, we also know that fertilisers (Garratt et al., 2011), fungicides and herbicides
also increase yields (Barzman et al., 2015; Davis et al.,, 2012; Mader et al., 2002). Future
work should include all inputs that may increase yield in comparison to insecticides so to
find the exact impact of just insecticides on yield in comparison to the natural pest control
alternative. Furthermore, a total cost-benefit trade-off, using not just the extra inputs to
non-organic farms, but also the negative impacts that birds may cause farmers in relation
to yield would be a future avenue of this study (Peisley, Saunders, & Luck, 2016) over long
time periods to understand a long-term, full agro-ecological system of the impact of birds

on yields in comparison to the synthetic alternative.

Final thoughts on future work are to understand how yield gaps could be compensated, not
just through reducing chemical inputs or being sold at an organic premium (Crowder &
Reganold, 2015; Chapter 5), but to understand the public’s willingness to pay. This research
area was a major consideration of a 4th data chapter where apple juice made from organic
farms would be sold to consumers at a slightly higher price to compensate for yield loss per
hectare to compare sales of apple juice from non-organic orchards sold at the baseline price
that make current profits. A choice experiment would evaluate consumers’ responses to
prevent losses to a pest control ecosystem service through purchasing the end product that
protects them (Breeze etal.,, 2015) and gain an understanding as to whether consumers are
willing to pay for a wildlife-premium product, thus incentivise producers to opt for the
natural pest control farming option (Bateman et al., 2015). Time limitations and costly
production of apple juice with correct labelling were the main barriers here as organic
certification or another well-known wildlife-friendly logo that consumers would recognise

would take time to certify our apple juice ready for experiments.

6.3 FINAL CONCLUSION

This thesis has demonstrated how farming practices that do not use chemical insecticides,
such as organic farming, support higher levels of biodiversity in apple orchards of
Herefordshire and bordering counties compared to three types of chemical-spray farming:
Integrated Pest Management (IPM), conventional and Linking Environment and Farming
(LEAF). These analyses have shown that biodiversity has the capacity to support the
functional group necessary to provide a natural pest control ecosystem service from the
diverse, abundant and species rich insectivorous bird community on organic (no-spray)
orchards. The relationship of increased insectivorous birds on organic farms mirrors the

relationship of daily predation rates from birds.
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Due to increased market price of organic apples, organic yield value is in-different to non-
organic apples when insecticide-use and cost is high. I have shown there is a shift in non-
organic decision making to reduce chemical use in response to insecticide insecurity.
Insecticide use was not significant to apple yields on non-organic farms and indicates that
high-input high-yield intense farming system may not necessarily be the continued
agricultural direction, making no-chemical input farming more desirable when insecticide
availability is volatile. Other farm management practices on non-organic farming are more

important for yields and yield value than insecticide use.

The results of this thesis are directly relevant to the apple growing community of
Herefordshire, Gloucestershire, and Worcestershire. They can be used to inform LEAF farms
of the pitfalls this management practice has, in comparison to other non-organic practices,
in biodiversity and pest control ecosystem service provisions as well as reduced final
ecosystem service - crop provision and yield value. Results here can provide insights from
four different farm management practices commonly used in the UK to better understand
impact to biodiversity, ecosystem service provision and overall crop production to assist
future farm practice guidelines and regulations that aim to reduce the loss of biodiversity

through farming.
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