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Thesis abstract
Given the challenges posed to agriculture by future climatic changes, the need to increase
production due to a growing population and at the same time, reduce environmental impacts
and preserve biodiversity, it is vital that more sustainable and resilient food production systems
are in place. Ecological intensification is an approach proposed to partially replace external inputs
(i.e. synthetic fertiliser and pesticides) with the provision of biodiversity derived ecosystems
services, to either maintain or increase food production. One promising management practice is
crop diversification, both temporally and spatially, which has the potential to improve the
provision of multiple ecosystem services underpinning agricultural production and to confer
resilience to food production systems.
Studies conducted over three years, compared the ability of three 4-year crop rotations, along a
diversity gradient (simple, moderate and diverse), to enhance the provision of multiple
ecosystem services and increase resilience. The ability of each rotation to increase soil ecosystem
services, pollination service, resilience under abiotic stresses and provide food resources for
pollinators was assessed.
More diverse crop rotations resulted in higher nutrient cycling and consequently higher nutrient
availability to the crops. However, this presented a trade-off with soil carbon storage in the short
term. Increased crop diversity resulted in higher yield stability with reduced external inputs,
under varying climatic conditions, with yield increases of 1 t/ha on average, and improved system
resilience, but it did not increase the provision of soil services and pest regulation under abiotic
stresses (heat and drought). Increased diversity and insect pollination had a positive impact on
oilseed rape yield components and higher diversity also led to a more stable provision of nectar
resources throughout the pollinator flight season, attracting more bumblebees than less diverse
rotations. The results presented here suggest that crop diversification is likely to be an important
tool in the ecological intensification of agriculture. However, it will need to be combined with
other strategies, both at local and at a landscape level, if ecological intensification is to be
implemented broadly and successfully. Results also highlight the urgent need for future longterm research on the potential benefits of crop diversification.
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Chapter 1
General introduction

Aerial view of experimental site at Sonning farm.

“No aphorism is more frequently repeated in connection with field trials, than that we must ask
Nature few questions, or, ideally, one question at a time. The writer is convinced that this view is
wholly mistaken. Nature, he suggests, will best respond to a logical and carefully thought out
questionnaire; indeed, if we ask her a single question, she will often refuse to answer until some
other topic has been discussed. Sir Ronald Fisher, 1926
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Chapter 1: General introduction
1.1 Intensive agriculture and food production
The benefits of modern agriculture are undeniable. In the 20th century, huge increases in
productivity were achieved through the development of labour-saving technologies, plant
breeding, irrigation, crop protection and the use of synthetic fertiliser. However, increases in
agricultural productivity came at a huge environmental cost (Tilman et al. 2002) and it is
estimated that agriculture is responsible for 25% of total global greenhouse gas emissions
(Tilman and Clark, 2015).
Increases in synthetic fertiliser use resulted in the pollution of freshwater and marine systems
(Choudri and Baawain, 2016). Often, crops do not take up all the nutrients applied resulting in
leaching to rivers, lakes and aquifers, eventually reaching the ocean. Excess nutrients result in
low oxygen levels in the water, a process called eutrophication, which can be devastating to
aquatic ecosystems and subsequently the fishing industry (Carpenter et al. 1998; Rissman and
Carpenter, 2015). Additionally, nitrate pollution in drinking water poses a direct threat to human
health (Kleinjans et al. 1991).
There are also problems associated with the increases in use of pesticides (including insecticides
and herbicides). The use of glyphosate based herbicides, a widely used broad-spectrum, contact
herbicide, has increased 15-fold since the introduction of genetically modified, glyphosate
resistant crops(Benbrook 2016) causing increased concerns. The United States Department of
Agriculture (USDA) found glyphosate residues in over 90% of soybean samples tested, to be
above the recommended limit (Myers et al. 2016). In temperate countries, glyphosate is also
used applied within one to two weeks of harvesting to help the crop drying and tests by the UK
Food Standard Agency (FSA), found glyphosate residue to be above the recommended level in 27
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out of 109 samples of bread tested (Myers et al. 2016). Another concern regarding the increased
use of herbicides, is to do with the fact that weeds form part of the biodiversity of
agroecosystems and provide a range of benefits by supporting decomposers, predators and
insect pollinators (Schütte et al. 2017). There has been increasing pressures from the general
public and environmental organisations for glyphosate based herbicides to be banned in Europe,
although a decision has not been reached yet. If glyphosate is banned, it is likely to add
considerable pressure on farmers to find suitable alternatives.
There has also been issues with the increased use of insecticides. Broad-spectrum
organophosphates are widely used and have been linked to high toxicity in humans and wildlife
(Hernández et al. 2013; Köhler and Triebskorn, 2013). As a result, in 2016, the broad-spectrum
organophosphate insecticide chlorpyrifos was withdrawn in the UK. The use of a different class of
insecticides called neonicotinoids, when used as a seed coat on flowering crops, has also been
associated with a negative impact on wildlife. It has been shown to reduce managed and wild
bees’ reproductive ability (Whitehorn et al. 2012; Rundlöf et al. 2015; Sandrock et al. 2014; Potts
et al. 2016; Woodcock et al. 2017) and despite a lot of controversy surrounding its use, the
European Commission banned its use for an initial period of 2 years in all member states in 2013,
with a possible permanent ban after the 2 years expire. This again has put considerable pressure
on farmers to find alternatives.
Agriculture is the major user of diverted water globally (Fereres and Soriano 2007). Many
intensive agricultural systems rely on irrigation to support production which can put pressure on
water supplies. This is already causing problems such as soil salinization in especially in arid and
semi-arid regions (Cañedo-Argüelles et al. 2013). Climate change is likely to lead to water
shortages (Wheeler and von Braun, 2013) adding yet more pressures to these systems. Irrigation
can also put pressures on wildlife, especially in wetlands as they can compete for the same
source of water and due to wetlands being converted onto arable land (Lemly et al. 2000).
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Due the loss of natural habitats which have been converted into agricultural land, agricultural
intensification has been the major diver of biodiversity loss (Matson et al. 1997; Tilman et al.
2001). It is predicted that to feed a population of 9 billion people projected by 2050, a business as
usual scenario, would mean converting an extra 1 billion hectares of natural habitats to
agricultural production to feed this growing population (Tilman et al. 2001). Agricultural
intensification has already been linked to declines in farmland birds (Donal et al. 2001),
invertebrates and arable weeds (Benton et al. 2002), and this would lead to further simplification
of landscapes and even further biodiversity losses. Agricultural intensification has also led to
simplification at a local scale, as farmers tended to specialise in one crop instead of mixed
farming, shortening crop rotation cycles and decreasing crop diversity (Tscharntke et al. 2005)
also contributing to biodiversity losses. These losses, both on a landscape and local scale are
relevant not only from a conservation perspective, but also from a food security one, as they lead
to losses in ecosystem functions which agriculture is becoming more dependent on, if the need
to increase world food production and protected the environment are to be reconciled.
Understanding the relationships between ecological systems and food production systems and
the use of knowledge on these interactions to develop new approaches, is going to be vital in a
world where there is an urgent need to increase food production whilst simultaneously
protecting the environment.

1.2 Ecosystem services in agroecosystems
Ecosystem services (ESs), are the benefits humans obtain from ecological processes and functions
(Daily, 1997; Costanza et al. 1997). The Millennium Ecosystem Assessment (MEA, 2015),
classification describes four types of ESs: supporting services which include the processes
underpinning the delivery of other services such as soil formation and nutrient cycling; regulating
services such as climate regulation, pest regulation, water quality and pollination; provisioning
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services such as the production of food, fibre and fuel; and cultural services which are related to
non-material benefits such as recreational, spiritual and aesthetic values. Other complementary
frameworks have been proposed highlighting the importance of acknowledging the complex and
inter-disciplinary nature of the relationships between humans and ecosystems (Carpenter et al.
2009; Díaz et al. 2015).
Agroecosystems are both important providers and beneficiaries of ESs. They rely on the provision
of supporting and regulating services for the provision of food, fibre and fuel. Although the
relationships between biodiversity and ESs provision are complex and can be highly context
dependent, it is broadly accepted that biodiversity, both at a local and landscape scale, is directly
linked to ecosystem processes and functions which underpins the delivery of many ESs (Altieri,
1999; Balvanera et al. 2006; Mace et al. 2012; Cardinale et al. 2011; Ricketts et al. 2016). In this
thesis, the focus is on the provision of soil ecosystem services, pollination services and crop
production.

1.2.1 Soil ecosystem services
In spite of its importance, soil ecosystem services were largely overlooked in the earlier attempts
to categorise ecosystem services. Both Constanza et al. (1997) and even the MEA (2005) have
been criticised for not paying enough attention to soils and not including the provision of services
associated with soils such as climate and water regulation, soil formation, nutrient cycling, raw
materials, genetic resources, recreation, or cultural services in their frameworks (Baveye et al.
2016). More recently, in spite of increasing focus on soil ecosystem services (Brussaard, 2012;
Hedlund and Harris, 2012; Pascual et al. 2015) there is still no agreed framework to identify,
classify and value them. Given the complex interactions between soil biodiversity, soil function
and processes, and soil physical and chemical characteristics underpinning soil ecosystem service
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delivery, it is important that attempts to measure, value and have a mechanistic understanding
of soil ecosystem services take a multi-disciplinary approach.
In an agroecosystem context, this is particularly important given the increasing need to reduce
external inputs and at the same time, maintain and/or increase the outputs. Therefore,
understanding the relationships between soil biodiversity (ecosystem service providers), soil
function and processes (e.g. soil structure maintenance, nutrient cycling) and ESs provision (e.g.
climate regulation, crop production) remains a priority.
The richness of species and functional groups of organisms are important as the soil biota
regulates many of the soil processes and functions underpinning the delivery of soil ESs in
agroecosystems. Macro-fauna, such as earthworms, are often referred to as ‘ecosystem
engineers’ as they can affect soil structure, water holding capacity and nutrient cycling (Bertrand
et al. 2015). Earthworms have also been linked to positive effects on plant growth (Scheu, 2003),
although the mechanisms behind this are not fully understood (van Groenigen et al. 2014). Mesofauna, such as nematodes play an important role in the soil food web and therefore influence
important soil processes such as decomposition and the availability of nutrients. Although
nematodes were once thought to be primarily detrimental to agroecosystems, as some species
can cause disease, it is now broadly accepted that nematodes have an overall positive impact on
soil functions and processes underpinning the ESs delivery, depending on context, with up to 40%
of nutrient mineralisation being attributed to nematodes in certain ecosystems (Ruiter et al.
1993). Although there is a general consensus that larger and more diverse nematode populations
are better, it is not sufficient to look at populations alone when trying to associate them to
ecosystem functions and processes, as they also interact with a wide range of other soil biota
(Yeates, 2003). Microbes have a direct effect on nutrient cycling, and studies in agroecosystems
have shown a strong link between microbes and ecosystem function (Hallin et al. 2009; Allison et
al. 2013). However, microbe activity and biomass are regulated by organisms from higher trophic
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levels in the soil food web. Additionally, the role of the different functional groups in the soil food
web regulating soil processes and functions will also change depending on abiotic factors (Wall et
al. 2008). Although in highly intensive farming systems, biological processes underpinning soil
structure maintenance and nutrient supply can be replaced by external inputs such as intensive
tillage and synthetic fertilizer, a focus on environmental protection means agriculture will
become more reliant on soil biodiversity to provide soil ecosystem services. Therefore, it is vital
that studies looking at the provision of soil ecosystem services take a holistic approach and
acknowledge the importance of soil biodiversity.

1.2.2 Pollination service
Animal pollination is another key ESs supporting to some extent, the yield of three quarters of
leading global food crops (Klein et al. 2007) and is provided by both wild and managed pollinators
(Garibaldi et al. 2013; Potts et al. 2010). While pollination services are at risk (Potts et al. 2016),
cultivation of pollinator dependant crops has been steadily increasing over the last half century
(Aizen and Harder, 2009). It is estimated that the annual global market value of pollination
services was between $235 billon to $577 billion (United States dollars) in 2015 (Potts et al.
2016). Yet, despite recent efforts to measure the contribution of pollination service to yield
quantity and quality of some important crops (Bommarco et al. 2012; Garratt et al. 2014; Brittain
et al. 2014; Klatt et al. 2014), there is still a substantial knowledge gap. Beyond food security,
pollination services are also important in terms of nutrition as in some areas, pollinator
dependant crops are the main source of many micronutrients (Smith et al. 2015), and also for the
reproduction of many wild plants, as in some areas in the world, up to 90% of flowering plants
depend to some extent, on animal pollination (Ollerton et al. 2011).
Honeybees (Apis mellifera) are the most important pollinators of major crops globally (Klein et al.
2007), and although evidence showing the importance of wild pollinators to crop production is
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growing (Klein et al. 2003; Hoehn et al. 2008; Garibaldi et al. 2013), there still remains knowledge
gaps relating to the relationships between wild pollinators and crop production. In general,
diverse pollinator communities, with or without honeybees, are important to maintain the
stability of pollination service (Winfree et al. 2007; Garibaldi et al. 2011).
Declines in pollinator diversity have been recorded in parts of Europe and North America (Potts
et al. 2016) and this makes it even more important to focus on understanding the relationships
between wild pollinators and crop production, and to support diverse pollinator communities.
(Biesmeijer et al. 2006) found evidence of declines in bee diversity in Britain and the Netherlands
affecting mostly habitat and flower specialists resulting in the decline of plants which relied on
these specialist pollinators. In a study looking at historical records of relative abundance of
bumblebee species in red clover fields in Sweden, (Bommarco et al. 2012) found that while two
species (B. terrestris and B. lapidarius) are commonly found, others which were common in the
past (B. hortorum, B. pascuorum, B. distinguendus and B. sylvarum) are now rarely seen.
(Carvalheiro et al. 2013) found that while the rate of decline in bee species diversity has
decreased in recent decades in Britain and the Netherlands, they still remain below levels
recorded in the early twentieth century. It is estimated that the majority of pollination services,
around 80%, are delivered by only 2% of species which can threaten the stability of the provision
of pollination services (Kleijn et al. 2015). Therefore, it is important that conservation strategies
focus on a much broader set of species.
Given that demand for pollination service is likely to increase due to increases in the cultivation
of pollinator dependant crops, declines in pollinators diversity and abundance might threat not
only food production but also the reproduction of wild flowers due to increased competition.
Therefore, it is important that agricultural management practices are designed to mitigate these
losses.
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1.3 Ecological intensification
The need to reconcile increases in food production with reductions in environmental damage,
will require new approaches and a change to the status quo. The ecological intensification of
agriculture is one approach proposed to meet these challenges. The concept of ecological
intensification is based on the adoption and development of management strategies aiming to
enhance the provision of biodiversity derived supporting and regulating ESs so that they can
replace external inputs and therefore reduce associated environmental damage and at the same
time, maintain and/or increase yields (Bommarco et al. 2013; Tittonell, 2014). However, there is
no consensus on a general definition for ecological intensification (Gaba et al. 2014).
Bommarco et al. (2013) proposes that in developed areas, where yield potential has been
maximised at a high environmental cost, externalities can be replaced by the adoption of
management practices at a local and landscape scale, aiming to enhance the provision of multiple
ESs to partially/fully replace synthetic inputs (ecological replacement) (figure 1a). Whereas in less
developed areas, where there are lager gaps between actual yields and yield potential, and much
of this gap is related to the lack of access to external inputs, there are opportunities to increase
yields without increasing the reliance on these externalities, through the enhancement of
multiple biodiversity derived ESs (ecological enhancement) (figure 1b).
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Figure 1: (a) Ecological replacement is where a proportion of one (e.g., pest regulation) of several
underpinning services is supplied by biodiversity (e.g., natural enemies, green bar) rather than by
anthropogenic inputs (e.g., insecticides, red bar); production remains the same overall, but more
of the regulating and/or supporting service(s) are provided by biodiversity. (b) Ecological
enhancement is where the level of one (e.g., pest regulation) of several underpinning services is
boosted by biodiversity (green bar) rather than by anthropogenic inputs (red bar); with the result
that production increases overall. Figure is reproduced from Bommarco et al. (2013).
In the context of soil ecosystem services, ecological intensification can be achieved through
practices such as those which promote a diverse community of soil organisms with a variety of
functional traits. For example, land use changes leading to agricultural soils’ microbial
communities being dominated by bacteria (de Vries et al. 2013) can lead to nitrogen and carbon
losses (de Vries et al. 2012; Six et al. 2006). Also, increases in nematodes and earthworms, and
have been shown to increase the rates at which nutrients are made available to plants (PostmaBlaauw et al. 2005). Practices aiming to increase fungal dominance in soils, and functional groups
of nematodes and earthworms could potentially reduce the need for synthetic fertilizer
application. However, although there is a growing body of evidence suggesting links between soil
biodiversity and ecosystem functions (de Vries et al. 2012; Tsiafouli et al. 2015; Wagg et al. 2014;
Wall et al. 2015), knowledge gaps relating to the relationships between management practices
and increases in soil biodiversity, relationships within the soil food web and relationships
between ecosystem services (e.g. soil ecosystem services and cop production) still exist and need
to be addressed before ecological intensification can be applied effectively. As for pollination
services, insect pollination has been shown to increase yield quantity and quality of some
pollinator-dependent crops and could potentially reduce yield gaps caused by pollination deficits.
However, recent studies suggest that the benefits of these increases to crop yield quantity and
quality, are affected by interactions with management (St-Martin and Bommarco, 2016), other
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ecosystem services (Lundin et al. 2013; Bartomeus et al. 2015; Tamburini et al. 2016) and
external inputs such as fertiliser (Marini et al. 2015; van Gils et al. 2016). Therefore, research still
needs to focus on these interactions to fill the existing knowledge gaps.
To ensure the successful implementation of ecological intensification, it will be necessary to focus
on strategies both on a local and landscape level to increase the diversity of communities with a
variety of functional traits and on the provision of multiple ecosystem services simultaneously.
An interdisciplinary approach will also be necessary to fill the gaps in knowledge relating to
complex relationships between biodiversity and the provision of ecosystem services and
potential interactions leading to trade-offs and/or synergies among different ESs.

1.4 Arable crop rotations
A range of management practices can directly impact the delivery of ESs, and the diversification
of crop rotations has been suggested as a way to improve the delivery of ESs in agriculture
(McDaniel et al. 2014; McDaniel et al. 2016; Tiemann et al. 2015; King and Blesh, 2017) and the
adoption of more diversified practices has been suggested as a management approach which
could help farmers to ecologically intensify agriculture (Lin, 2011).
Due to a focus on increasing production and profit maximization, crop rotations have been
simplified over recent decades, and this simplification has been linked to reductions in the
availability of nutrients and also yield plateaus (Bennett et al. 2012; Ray et al. 2012). More
recently, pressures to increase food production without any further environmental damage,
meant that the diversification of crop rotations has climbed up the political agenda in Europe
which has caused much debate ever since.
The diversification of crop rotations refers to the inclusion of functional plant diversity at both
spatial and/or temporal scales. This may be through the inclusion of different genetic varieties of
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a given crop, multiple crops grown together in different fields within a farm, multiple crops
grown in succession in the same field including non-cash crops (e.g. cover crops), and through
intercropping and/or bi-cropping (growing more than one crop together) (Kremen et al. 2012).
The choice of which crops to include in a rotation is normally dictated by a one or a combination
of financial (e.g. profit), agronomic (e.g. to break a disease cycle or for the control of weeds) and
environmental (e.g. reduce fertilizer use through the inclusion of winter cover crops) constraints
or objectives. However, climate/weather and government regulations are also important factors
(Castellazzi et al. 2008).
The positive effects of increasing diversity in crop rotations can occur through indirect feedback
interactions (Schnitzer et al. 2011). For example, faba bean (Vicia faba) fixes atmospheric
nitrogen by symbiosis with Rhizobium bacteria and therefore can reduce the amount of synthetic
fertiliser needed as it leaves a legacy effect in the soil for the subsequent crop. Faba bean has
also been shown to improve phosphorous availability for subsequent crops (Köpke and Nemecek,
2010). The addition of multi-species cover crops to rotations, have also been documented to
have multiple benefits such as reductions in nutrient losses, improvements in soil structure, weed
suppression and increases in earthworm activity (Dabney et al. 2001; Dorn et al. 2015; Stobart et
al. 2015). However, these benefits vary among different production systems, different mixtures
of species and interact with management intensity (Wittwer et al. 2017). In temperate arable
rotations, cover crops normally follow the harvest of a winter crop and precede the drilling of a
spring crop and costs and extra labour associated with the use of cover crops, means that, in
spite of its benefits, they are not widely adopted by farmers. Winter wheat (Triticum aestivum)
yields, which is often the most valuable crop in arable rotations, has been shown to benefit from
the addition of a preceding broad-leaf break crop within the rotation (Kirkegaard et al. 2008).
These benefits may also be supplemented by increases in grain quality (Evans et al. 2003).
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Increasing crop rotational diversity can lead to the inclusion of more mass flowering crops as
break crops. The inclusion of mass-flowering crops such as oilseed rape (Brassica napus) in
temperate crop rotations, has been related to increases in pollinator densities (Westphal et al.
2003; Jauker et al. 2012; Holzschuh et al. 2013; Riedinger et al. 2015) and insect pollination has
been shown to increase yield quantity and quality in oilseed rape (Bommarco et al. 2012;
Bartomeus et al. 2014; Garratt et al. 2014; Lindström et al. 2016). Additionally, the provision of
pollen and nectar provided by arable landscapes is important in supporting bee, butterfly and
other insect populations (Vaudo et al, 2015; Pywell et al, 2011) which in turn can provide a range
of ecosystem services.
In the context of soil ecosystem services, research to date shows that increasing crop diversity
has been found to impact soil parameters, functions and processes as well as biodiversity
underpinning the delivery of soil ecosystem services (e.g. total nitrogen, total carbon,
decomposition of organic matter, carbon and nitrogen mineralization and decomposers (van
Eekeren et al. 2009; Albizua et al. 2015; Tiemann et al. 2015; McDaniel et al. 2016; Crotty et al.
2015; King and Blesh, 2017).
Diversifying crop rotations have also been suggested as a way to increase the resilience of
production systems and maintain yield stability under climate change (Lin, 2011; Gaudin et al.
2015). Therefore, there is also a need for these ecosystem services and functions to be tested
under a range of current and projected future environmental conditions to ensure their provision
remains resilient under changing and uncertain conditions (Oliver et al. 2015). In the context of
crop production, resilience can be defined as ‘the ability of a system to remain functional when
under external stress’ (Döring et al. 2010). Attempts have been made to measure resilience in
this context (Cabell and Oelofse, 2012; Hoy, 2015), however, knowledge gaps still remain relating
to the relationships of crop rotations and ecosystem service provision under a changing climate.
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1.4.1 The CAP reform
The use of crop rotations as a tool to reconcile the need to increase crop production and reduce
environmental damage, has been recognised as an opportunity by the European Commission as
part of the CAP reform which was introduced in December 2013, and came into force in January
2015. It forms part of the “greening” measures and requires farmers to comply in order to
receive payments. It states that farmers with arable land between 10-30ha should have at least 2
crops, neither of which may cover more than 75% of the total area, and farmers with land above
30ha should have at least 3 crops in rotation, none of which may cover more than 75% of the
area and no two combined may cover more than 95% of the area and any one or more of the
following: (i) four or more crops; (ii) lower maximum thresholds apply (e.g. the Member State
sets the maximum area for 1 crop at more than 75%); (iii) there is a more appropriate selection of
crops (e.g. legumes, protein crops, crops not requiring pesticides/irrigation); (iv) regional varieties
of old, endangered or traditional crop types are included in rotations on ≥5% of area; (v) a
beneficial multi-annual sequence of crops and/or fallow is followed; (vi) winter crops; and, (vii)
cover crops. This remain in place for the 2017 for the UK Basic Pay Scheme. These measures have
been highly criticised by the farming community with the National Farmers Union (NFU) stating
that “it could cause significant business disruption for some specialist growers and mixed farms
and create administrative burdens for farm business” (National Farmers Union, 2013). It has also
been criticised by (Pe’er et al. 2014) who argued that the measure is unlikely to benefit
biodiversity, the provision of ecosystem services and reduce landscape homogenization.
Therefore, it is vital that studies focus on the effects of crop diversification on biodiversity and
the provision of ecosystem services, including crop production so that knowledge gaps can be
filled and decisions can be supported by scientific evidence.
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1.5 Thesis aims and structure
Overall aim: to evaluate the potential of diverse crop rotations as a strategy for the ecological
intensification of arable systems. The focus was on the effect of crop diversification on the
provision of soil ecosystem services, pollination services and on system’s resilience.
Chapter 1 – General Introduction
This chapter summarises trends in agricultural intensification and food production, provides an
overview of the literature regarding ecosystem services with focus on soil ecosystem services and
pollination services, provides an overview of the literature on two potential approaches used to
mitigate problems related with agricultural intensification (ecological intensification and crop
diversification) and identifies knowledge gaps.
Chapter 2 – The effect of diversifying crop rotations on the provision of soil ecosystem services
This chapter reviews current knowledge and identifies gaps relating to the effect of crop
diversification on soil ecosystem services and its relationships with to soil functions and
processes. It then assesses the effects of increasing crop diversity on the provision of soil
ecosystem services through the measurement of different soil abiotic parameters, soil processes
and soil biodiversity underpinning its delivery. It is hypothesised that relative to less diverse
rotations, more diverse rotations would increase the provision of soil ecosystem services.
Chapter 3 - Crop diversity can increase resilience and ecosystem service provision under
climate change
This chapter explores the extent to which diverse crop rotations can improve the provision of
multiple ecosystem services underpinning arable production and their potential to confer
resilience under abiotic stress. Abiotic stress (heat and drought) was imposed on wheat crops in
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the field and the impact of stress was assessed though the use of indicators of ecosystem services
and resilience and compared to a control. It is hypothesised that, under abiotic stress more
diverse rotations will: (i) maintain or increase crop production (yield quantity and quality); (ii)
increase soil service provision (iii) increase the provision of natural pest regulation: and, (iv)
increase overall resilience.
Chapter 4 - Effects of crop rotations, fertiliser inputs and insect pollination on oilseed rape
yields
This chapter aims was to measure the effect of interactions among management practice (crop
rotations along a diversity gradient), external inputs (recommended and reduced fertilizer rates)
and insect pollination (natural levels and excluded) on yield parameters of oilseed rape. It is
hypothesised that relative to less diverse rotations, more diverse rotations would: (i) have a
positive impact on yield components when oilseed rape plants are exposed to insect pollinators;
(ii) mitigate reduced nutrient availability when oilseed plants are exposed to insect pollinators;
and, (iii) attract a higher number of insect pollinators
Chapter 5 - Novel crop rotations: an in-field solution to providing floral resources for pollinators
forage
This chapter aims to assess: (i) how floral resources availability (pollen and nectar) vary between
crop rotations of differing diversity throughout the pollinator flight season; (ii) to what extent
different crop rotations support a range of pollinator groups (bumblebees, honeybees, solitary
bees, hoverflies and butterflies); and, (iii) the relationships between pollinator groups and in-crop
floral resources. It is hypothesised that by diversifying crop rotations, especially by increasing the
number of flowering dicotyledonous crops (break crops, such as oilseed rape and field beans and
under-sown spring legume mixture bi-crops) in a rotation, will lead to more total floral resources,
and over a longer period, than less diverse rotations. It is also hypothesized that there will be
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differences in abundance between pollinator groups due to their different foraging preferences
and seasonal activity.
Chapter 6 – General discussion
This chapter summarises and evaluates findings from the previous chapters and places them in a
wider context of the ecological intensification of agriculture and food security. It also highlights
opportunities for future research.
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The effect of diversifying crop rotations on the
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Sampling for earthworms at Sonning farm

“We know more about the movement of celestial bodies than about the soil underfoot” (Leonardo
da Vinci, 1500s)
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Chapter 2: The effect of diversifying crop rotations on the
provision of soil ecosystem services
Abstract
Ecosystem services (ESs) provided by soils are not always recognised or fully understood and our
understanding of ESs provided by soils thus remains incomplete. One approach to measure the
provision of soil ESs is to use an array of indicators of biodiversity, functions and processes, and
abiotic parameters which we now know underpin service delivery. Management practices can
have an impact on soil ESs and the diversification of crop rotations has been suggested as a way
to improve the delivery of soil ESs in agriculture. However, given the complexity of the
relationships between plant diversity, soil functions and processes and ESs providers, and given
that these relationships are likely to interact with the cropping system, there are still major
knowledge gaps and disagreement regarding the impact of crop diversification on soil ESs. the
aim of this study was to measure the effect of diversifying arable crop rotations on the provision
of soil ESs. This was achieved through the measurement of different soil abiotic parameters, soil
processes and soil biodiversity underpinning the delivery of soil ESs. Yield was also measured so
that any trade-offs could be identified. It was hypothesised that relative to less diverse rotations,
more diverse rotations would increase the provision of soil ES and processes. Increased diversity
resulted in higher nitrogen mineralization rates, decomposition rates, and earthworm biomass.
However, it also resulted in lower levels of total carbon and nitrogen and more acidic soils
indicating possible trade-offs. Results from principle component analyses show a negative
correlation between yield and earthworm abundance, biomass, nitrogen mineralization and
decomposition rates which were all positively correlated with increased diversity. The results
suggest that, at least in the short-term, farmers may need a combination of management
approaches, alongside diversifying crop rotations to maximise its benefits.
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2.1 Introduction
In spite of playing a major part in providing the needs of a growing population in terms of food,
fibre, clean air and clean water, the ecosystem services (ESs) provided by soils are not always
recognised or fully understood. Although soils have been included in frameworks defining
ecosystem services (Costanza et al. 1997; de Groot et al. 2002; MEA, 2015), there is still no
agreed framework to identify, classify and value those delivered by soils. Therefore, our
understanding of ESs provided by soils remains incomplete (Balmford et al. 2002; Duncan et al.
2015; Adhikari and Hartemink, 2016).
Given the lack of agreement on an overall framework for the classification of soil ESs, it is a
challenge to quantify the provision of these services and the benefits they provide, and therefore
despite their importance, our understanding is still limited. Notwithstanding, soil ESs can be
broadly classified as; supporting services (e.g. nutrient cycling), regulating services (e.g. climate
regulation), provisioning services (e.g. biomass production, clean water provision) (Constanza et
al. 1997; de Groot et al. 2002; MEA, 2005). One approach to measure the provision of soil ESs is
to use an array of indicators of biodiversity, functions and processes, and abiotic parameters
which we now know underpin service delivery.
Abiotic parameters are generally easier to measure and should form part of minimum datasets
when assessing soil ESs. Soil texture, or particle size distribution, is a key indicator of any
minimum dataset used to assess the sustainability of soils (Karlen et al. 1997). It refers to the
relative size of the main particles in soils (clay, silt and sand) and influences soil water retention,
leaching, nutrient storage, carbon storage potential and organic matter dynamics (Kettler et al.
2001). Bulk density (dry weight of soil per unit volume of soil) is also often included in minimum
datasets. Changes in bulk density can affect root growth, water holding capacity, carbon storage
and many biological processes (Logsdon and Karlen 2004). Changes in pH can affect nutrient
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availability and again are normally included in minimum datasets (Arshad and Martin 2002). Soil
carbon stocks are heavily influenced by management practices and are important as they can
help mitigate carbon emissions (Lal, 2004), and affect both the nutrient availability and water
holding capacity of soils (Hudson et al. 2014). Soil carbon and nitrogen cycles are closely related
and therefore they are normally measured together (Albizua et al. 2015; Tiemann et al. 2015).
Soil processes and functions are also key indicators of soil ESs. Although their definition has
differed in the literature according to discipline, more recently, soil functions and soil processes
have been used interchangeably, sometimes causing confusion. Here, the term “soil processes” is
used instead of functions and it is defined as “the transformation of inputs into outputs”
(Dominati et al. 2010). The capacity of a soil to supply nutrients also depends on decomposition
and mineralisation processes, which are mediated by the composition of the soil food web, and
therefore are key processes regulating soil ESs (Cardoso et al. 2013).
Soil biota regulates soil processes which underpin the delivery of soil ESs and therefore are good
indicators of these services. Nematodes play an important role in the soil food web and
therefore influence important soil processes such as decomposition. Nematodes can be classified
by functional/trophic groups which control the turnover of soil microbial biomass and therefore
the availability of nutrients (Yeates, 2003). Earthworms can affect soil structure, water holding
capacity and nutrient cycling (Bertrand et al. 2015) and their mass or diversity is often used as an
indicator of ‘soil heath’. However, there are still many knowledge gaps concerning the links
between above and below ground diversity (Bardgett and Wardle, 2010; Bardgett and van der
Putten, 2014; Jing et al. 2015).
Management practices can have an impact on soil ESs and the diversification of crop rotations
has been suggested as a way to improve the delivery of soil ESs in agriculture (McDaniel et al.
2014; Tiemann et al. 2015; McDaniel et al. 2016; King and Blesh, 2017). However, given the
complexity of the relationships between plant diversity, soil functions and processes and ESs
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providers (e.g. fungi, bacteria, nematodes and earthworms), and given that these relationships
are likely to interact with the cropping system (crop used, nutrient input, tillage regime), there
are still major knowledge gaps and disagreement regarding the impact of crop diversification on
soil ESs.
Crop diversity has been found to impact soil abiotic parameters (e.g. soil physical characteristics
but also total nitrogen and total carbon), soil processes (e.g. decomposition of organic matter
and carbon and nitrogen mineralization) and ES providers (e.g. decomposers), all of which
underpin the provision of soil ecosystem services. Albizua et al. (2015) found that the addition of
a grass ley led to increased levels of carbon, nitrogen and microbial biomass. Using a mechanistic
approach, Tiemann et al. (2015) found that increased plant diversity led to increased carbon and
nitrogen levels driven by differences in microbial community structure. King and Blesh (2017)
found that while crop rotations including perennial or cover crops increased carbon levels,
rotations consisting of cereals and legumes decreased carbon content. McDaniel et al. (2016)
found that diversifying crop rotation changed the decomposition dynamics of soil potentially
leading to higher carbon and nitrogen accumulation, but that this interacted with the type of
residue input. In a grassland experiment, van Eekeren et al. (2009) found that the inclusion of
white clover led to increases in nitrogen mineralization rates, earthworm abundance and
bacterial feeding nematodes, but resulted in decreases in microbial biomass. Crotty et al. (2015)
found that the addition of clovers and chicory as forage crops increased the abundance of
earthworms but nematode abundance did not differ among forage crops. Crotty et al. (2016)
found that the inclusion of white clover in rotations had a legacy effect on these earthworms
increases, so that the subsequent crop benefits from its inclusion in the rotation. However, the
effects decreased after two consecutive cereal crops in the rotation.
Given the gaps in our knowledge of soil ESs and their relationship to soil functions and processes,
and plant diversity, the aim of this study was to measure the effect of diversifying arable crop
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rotations on the provision of soil ESs. This was achieved through the measurement of different
soil abiotic parameters, soil processes and soil biodiversity underpinning the delivery of soil ESs.
Yield was also measured so that any trade-offs could be identified. It is hypothesised that relative
to less diverse rotations, more diverse rotations would increase the provision of soil ES and
processes.

2.2 Materials and methods
2.2.1 Study site and experimental design
Experiments were conducted at the University of Reading’s Crop Research Unit, Sonning, UK
(51°28’50.8”N 0°54’07.3”W). The field study compared three crop rotations along a diversity
gradient (Simple, Moderate and Diverse) and was established in 2013 using space for time
substitution in a randomized complete block design with four blocks (See thesis appendix I for
the complete experimental design and thesis appendix II for field record for all seasons). Crops
were treated with 50% of the standard fertilizer and fungicide dose and standard herbicide dose,
except for the diverse rotation plots which were not treated with the second herbicide
application in the 2013-14 and 2015-16 seasons. The experiment was laid out in a split-plot
randomized complete block design with four replicates of 12m x 10m plots, divided between five
1.9m strips where the crop was planted. Each phase of the rotations was represented every year
in space and each plot represented a sequence in time. See figure 1 for schematic representation
of the design lay-out and table 1 for the crop history of each four-year rotation for sequence 1.
(See thesis appendix I, tables S1 to S4 for the crop history of all four sequences.)
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Figure 1. Diagram of field layout representing 1 block, containing 3 rotations (Diverse, Moderate
and Simple) and 4 plots representing each phase of the rotations in space and each sequence of
the rotations in time. Each sequence started at a different phase of the rotation.

Table 1 – Crop history for each of the three, four-year rotations for sequence 1.
Rotation
Phase 1
2013-2014

Phase 2
2014-2015

Phase 3
2015-2016

Phase 4
2016-2017

Diverse

Winter wheat (T.
aestivum., var.
Solstice) undersown with a
legume mixture
(Trifolium repens,
var. Aberpearl and
Medicago lupulina,
var. Virgo)

Winter oilseed
rape (Brassica
napus, var. Amalie

Winter wheat (T.
aestivum., var.
Solstice) undersown with a
legume mixture
(Trifolium repens,
var. Aberpearl and
Medicago
lupulina, var.
Virgo)

Moderate

Winter wheat (T.
aestivum., var.
Solstice)

Winter oilseed
rape (Brassica
napus, var. Amalie

Winter wheat (T.
aestivum., var.
Solstice)

Brassica winter
cover crop
(Sinapsis alba,
Eriogonum
umbellatum,
Lamium
purpureum,
Senecio vulgaris,
Secale cereale) I
followed by
spring beans
(Vicia faba, var.
Fuego)
Winter beans
(Vicia faba, var.
Fuego)

Simple

Winter wheat (T.
aestivum., var.
Solstice)

Winter wheat (T.
aestivum., var.
Scout)

Winter wheat (T.
aestivum., var.
Santiago)

Winter oilseed
rape (Brassica
napus, var.
Amalie
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2.2.2 Soil sampling
Soil samples from all 48 plots were taken in June, at the end of the first (2014), second (2015) and
third (2016) growing seasons. Five samples per plot were collected from the three middle strips
in a “W” shape using a hand-auger. Debris was removed from the soil surface and samples were
taken from the first 15cm of the soil profile. Samples from each plot were homogenised to form
a composite sample. Samples were kept in a cool box, away from sunlight during the sampling
procedure. Samples were then kept in a cold room at 4˚C until analysis. Not all parameters were
measured every year and some parameters were sampled separately (bulk density, litter
decomposition rate and stabilisation factor and earthworm abundance and biomass). A
combination of soil processes and abiotic and biotic parameters were measured. Detailed
methodology for each individual parameter is given below. Table 2 shows the parameters and
years they were measured.
Table 2 – Soil parameters measured and the year data was collected for each parameter.
SOIL PARAMETERS MEASURED

2014

2015

2016

ABIOTIC PARAMETERS
Particle size distribution

√

x

x

Bulk density

√

x

√

pH

x

√

√

Total Carbon

√

√

√

Total Nitrogen

√

√

√

Nitrogen mineralization rate

√

√

√

Hot water extractable carbon

x

√

√

Litter decomposition rate

x

x

√

SOIL PROCESSES
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Litter stabilisation factor

x

x

√

Nematode abundance

√

x

√

Nematode functional diversity

√

x

√

Earthworm biomass

√

√

√

Earthworm abundance

√

√

√

SOIL BIODIVERSITY

2.2.3 Particle size distribution
Particle size distribution (PSD) was measured in 2014. Bulk samples were thoroughly mixed and
sieved using a 2mm sieve. One subsample per plot was used to measure PSD using a laser
granulometry (Beckman Colter Laser Granulometer) with a particle size range from 0.01 to 2000
microns (Eshel et al. 2004).

2.2.4 Bulk density
Samples for bulk density (BD) were taken in June 2014 and June 2016. Two samples per plot were
taken at 10cm depth using a ring of a known volume and sealed in a polyethylene bag. Samples
were weighed and oven dried for 24 hours at 105˚C and the dry weight recorded. Sample were
then sieved using a 2mm sieve and any gravel (>2mm) removed. The volume of the gravel was
calculated by filling a graduated cylinder with water. Bulk density was then calculated as (Throop
et al. 2012):
BD = Mass of dry soil <2mm (g) / Volume of corer (ml) – volume of gravel (ml)

2.2.5 pH
pH was measured on June 2015 and June 2016. Bulk samples were thoroughly mixed and sieved
using a 2mm sieve. A subsample was used. Samples were air dried and 10g added to 50ml
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centrifuge tubes. 25ml of ultra-pure water was added and the samples were shaken for 15
minutes. pH was measured using a Hanna pH meter HI 11 series.

2.2.6 Total carbon and total nitrogen
Total carbon (TC) and total nitrogen (TN) measured in June 2014, 215 and 2016. Bulk samples
were thoroughly mixed and sieved using a 2mm sieve. A subsample was used to measure total
carbon and total nitrogen. One subsample per plot was grinded using a Fritsch Pulverisette 4 ball
mill before analyses. Total carbon and nitrogen (%) were measured by the combustion method
using a Flash 2000 CN analyser (Thermo Scientific).

2.2.7 Nitrogen mineralization rate
Nitrogen mineralization rates (Nmin rate) were measured in June 2014, 2015 and 2016. Bulk
samples were thoroughly mixed and sieved using a 2mm sieve. A subsample was used to
measure nitrogen mineralisation rates using a modified version of (Maly et al. 2000). The water
content of the samples (Swater), was calculated by weighing a subsample per plot, oven drying it
at 105 ˚C for 36 hours and re-weighing it. The water holding capacity of each sample was
calculated using a different subsample of 50g. Samples were added to a funnel with filter paper
(Sfilter), and water was added until the funnel started to leak. Samples were weighed (Wsat soil)
and the water holding capacity was calculated as:
Wsaturation =Wsat soil – Sfilter
The equivalent of 10g of dry soil was used for the first extraction of inorganic nitrogen (NH4+ and
NO3-) using 50ml 1M KCl solution. Samples were shaken for 30 minutes, filtered using Whatman
no.2 filters and centrifuged. Supernatants were analysed for nitrate (NO3-) and ammonium (NH4+)
using a continuous flow analyser (Skalar). Two extractions were done per plot.
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A separate subsample (200g) was added to a plastic container and deionised water was added to
adjust each sample to 60% of the water holding capacity (WHC) using the following calculation:

!" =

!$"%&'"%()* +,-(.%/' ∗,1"%/'
,-(.%/' 2,-(.%/' ∗,1"%/'

∗ 3. 5 ∗ 67'8

Wa = amount of water that should be in the soil to get 60% WHC in the flank
Wsaturation = weight of the amount of added water to get 100% WHC in the filter
Wsat soil = weight the saturated soil in the filter
Sfilter = fresh weight of the soil added in the filter
Swater = fraction of water in the fresh soil
Adry = grams of soil added (based on dry weight)
The amount of water was then adjusted for the weight of the water already in the soil:
!9 = !" − 61/% + 67'8
Wb = the amount of water that should be added to get 60% WHC in the flank
Awet = grams of soil added, not adjusted for the dry weight.
The plastic containers were sealed and incubated at 20˚C for 15 days, after which the extraction
procedure was repeated. Nitrogen mineralization rate was calculated as the difference in NH4+
and NO3- between the first and second extraction and expressed as mg kg-1 dry soil day-1.

2.2.8 Hot water extractable carbon
Hot water extractable carbon (HWC) was measured in June 2015 and 2016 using a modified
version of Ghani et al. (2003). Bulk samples were thoroughly mixed and sieved using a 2mm
sieve. A 15g subsample was used to calculate water content by weighing the sample, drying in an
oven at 105˚C for 36 hours and re-weighing the samples. The equivalent of 3g of oven dry soils
was added to 50ml polypropylene tubes and 30ml of ultra-pure water added. Samples were
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shaken for 30 minutes at 30rpm and at 20˚C and centrifuges for 20 minutes at 3,500rpm. The
supernatant was filtered through 0.45 µm cellulose nitrate membrane filter into universal vials
for carbon analysis. This fraction was classified as water soluble C. A further 30ml of ultra-pure
water was added to the sediments in the same tubes, shaken in a vortex shaker to suspend the
soil in the water and left for 16h in a hot-water bath at 80˚C. At the end of the extraction period,
the tubes were vortex shaken again to ensure that the carbon released from the organic matter is
fully dissolved in the extraction medium. Samples were centrifuged for 20 minutes at 3,500rpm.
The supernatant was filtered through 0.45 µm cellulose nitrate membrane filter into universal
vials for carbon analysis. Samples were analysed using a Total organic carbon analyser
(Shimadzu). HWC was determined as the organic fraction of the total extractable carbon. The use
of hot water extractable carbon as an indicator of soil ESs is still not widely adopted but it is
becoming more popular as it is less expensive and time consuming than other methods used to
measure the labile pool of soil carbon. It is closely related to CO2 evolution and with microaggregates in the soil and has been shown to respond to changes in land use in the short term
(Ghani et al. 2003).

2.2.9 Litter decomposition
Litter decomposition rate (k) and stabilisation factor (S) was measured in 2016 using the Tea Bag
Index method (Keuskamp et al. 2013). In each of the 48 plots, five pairs of tea bags containing
rooibos tea (Lipton, EAN: 87 22700 18843 8) and green tea (Lipton, EAN: 87 22700 05552 5) were
inserted at 8cm depth. The tea bags were oven dried at 40˚C for 48h and weighed before being
buried on the 15th of April 2016. On the 15th of July 2016, the bags were retrieved, cleaned to
remove roots and soil, dried at 40˚C for 48h and weighed and decomposition rate (k) and
stabilisation factor (S) calculated; k refers to the indices of initial decomposition rate and S to the
stabilization of the decomposing organic carbon. The values of k represent short-time dynamics
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of new input, while the values of S are indicative of long-term carbon storage. They were
calculated as follows:
ag = Wg(t)/Wg(0)
S = 1 − ag /Hg
ar = Hr (1−S)
Wr (t)/Wr(0) = ar exp(−k t) + (1− ar)
ag and Hg = decomposable fraction and the hydrolysable fraction of green tea respectively
Wg(t) and Wg(0) = weights of the green tea after incubation time t and before incubation
respectively
ar and Hr = decomposable fraction and the hydrolysable fraction of rooibos tea respectively
Wr(t) and Wr(0) = weights of the rooibos tea after incubation time t and before incubation,
respectively.

2.2.10 Nematode abundance and functional diversity
Nematode abundance and diversity were measured in June 2014 and 2016 using un-sieved
subsamples derived from the composite samples. Samples taken in 2015 were left in the cold
room at 4˚C, however, due to a malfunction of the cold room thermostat, temperatures rose and
the samples could not be used. Nematodes were extracted using a modified version of the
Baermann funnel method (Baermann 1917). A plastic supported sieve was added to a plastic pot
saucer measuring 18 cm in diameter with one ply of tissue paper and 100ml of soil added on top
of the tissue paper. Ultra-pure water was added to the soil to keep it moist but not saturated.
Two replicates per plot were extracted. Samples were left for 24h, after which the clear solution
was collected and left to rest for 2h and 30ml of solution was collected. Using an inverted
microscope, two aliquots of 1ml per sample replicate were used to record nematode abundance.
Nematode abundance was expressed as nematode number per g of dry soil. The first 25
specimens counted on one replicate were identified to trophic level (bacterial feeder, plant
parasite and predator) and expressed as a percentage.

The effect of diversifying crop rotations on the provision of soil ecosystem services

Chapter 2

23
2.2.11 Earthworm abundance and biomass
Earthworm sampling took place in Autumn and Spring of each growing season (2014, 2015 and
2016), apart from 2016 when samples were only taken in Autumn as per Sherlock (2012). A 25 x
25 x 25 cm core was taken from the middle strip of each Wheat plot only. Each core was then
hand-sorted for 15 mins in the field and the number of adults and juveniles recorded.
Earthworms were then stored in 100% ethanol and weighed in the laboratory. Earthworm halves’
heads were recorded, and all halves weighed. Soil moisture content and soil temperature were
recorded at the time of sampling using a Delta-T WET-2 Sensor.

2.2.12 Yield
The analyses include yield of the winter wheat plots only. Yield was collected in the first week of
August in 2014, 2015 and 2016. Winter wheat yield was determined by hand harvesting 4
randomly located 0.25m2 quadrat samples of wheat tillers at combine height (approximately 5cm
from the ground) per plot and calculated as seed mass of threshed tillers per plot and converted
to t ha-1.

2.2.13 Statistical analyses
Linear and generalised linear mixed models were used to assess the effect of rotation and year
and their interactions on the different soil parameters measured using the lme4 and glmmADMB
R packages. Phase nested within Sequence nested within rotation nested within Block was added
as a random effect to account for the space for time nature of the design (Onofri et al. 2016)
Models which only included one year of observations or number which the number of levels of
each grouping factor was lower than the number of observations, had the random effect
structure changed accordingly. Model selection was done using the step() function in the Rpackage lmerTest. Step() performs automatic backward elimination of all effects of linear mixed
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effect models starting with the random component followed by the fixed component . However,
the random effect was kept in the model regardless of its significance. LSMEANS (population
means) and differences of LSMEANS for the fixed part of the model were calculated and used as
post-hoc tests for differences within groups. The p-values for the fixed effects were calculated
from F tests based on Sattethwaite's approximation, p-values for the random effects were based
on likelihood ratio tests. For models which the step() function did not apply (e.g. glmmADMB),
model selection was done using the drop1() function based on the backward elimination of nonsignificant (p > 0.05) variables from the models. All models were visually checked for
homoscedasticity and normality of residuals. Data from two plots (17 and 45) were removed
from the nematode abundance and functional diversity analyses for 2016 as the samples were
frozen by mistake. Nematode abundance data was log transformed to improve normality of
residuals. Nematode diversity data was logit transformed to improve model fit. Temperature, soil
moisture content and time of the year (Autumn or Spring) were added as covariates to the
earthworm abundance and biomass maximal models. Earthworm abundance models were fitted
with a Poisson error family and tested for over-dispersion. Variety was added as a covariate to
the winter wheat yield analyses. To assess the relationships between the different soil
parameters measured, data from the 2016 field season (last field season data was collected) was
averaged and used to perform a PCA. Data was centred and scaled prior to analyses. PCA was
performed using the prcom() function in R. PC1 was extracted and used in a linear mixed model
with rotation nested within Block, to measure the effect of the rotations on PC1. PCA was also
used to assess the relationships between yield and soil parameters measured in 2016. Since only
the winter wheat yields were included (28 plots), the dataset for the soil parameters was reduced
accordingly.
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2.3 Results
2.3.1 Abiotic parameters
Particle size distribution (PSD) did not differ between rotations. The average %clay, %silt and
%sand was; Diverse rotation: 5.6% clay, 50.9% silt and 43.3% sand, Moderate rotation: 5.1% clay,
49.5% silt and 45.3% sand and Simple: 5.4% clay, 51.9 % silt and 42.5% sand. Soils of all rotations
were classified as sandy/silty loam according to the soil texture triangle. See chapter appendix I
for PSD curve and position of each rotation within the soil texture triangle. Rotation did not
interact with year or individually had a significant effect on bulk density (BD). BD values
increased significantly from 2014 to 2016 (figure 1a). The effect of the interaction between
rotation and year was significant on pH with pH in the Diverse rotation falling significantly from
2015 to 2016 (figure 1b). Year did not interact with rotation or individually have a significant
effect on Total C (TC) and Total N (TN). Rotation had a significant effect with both TC and TN
being significantly lower in the Diverse rotation (figures 1c and 1d).

2.3.2 Soil processes
The effect of the interaction between rotation and year was significant on Nitrogen
mineralization rates (Nmin rate) with the Diverse rotation having higher rates than the Moderate
and the Simple in 2014 and 2016 and the Simple in 2015. Rates in the Moderate and Simple
rotation dropped significantly in 2016 in comparison with the previous years (figure 2a). Rotation
did not interact with year but individually, both had a significant effect on HWC with values being
higher in 2015 and the Diverse rotation having significantly lower HWC values in comparison with
the Simple rotation on both years (figure 2b). Rotation had a significant effect on litter
decomposition rate (k) with rates being significantly higher in the Diverse rotation (figure 2c)
Rotation did not have a significant effect on litter stabilization factor (S) (figure 2d).
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2.3.3 Biodiversity: earthworms and nematodes
The effect of the interaction between rotation and year was significant on earthworm biomass,
with biomass in the Diverse rotation significantly greater in 2016 (figure 3c). The effect of the
interaction between rotation and year, or their individual effect on earthworm abundance was
not significant. However, the p-value for the effect of rotation was borderline (figure 3d).
The effect of the interaction between year and rotation was significant on nematode abundance
with levels in the Diverse rotation being significantly lower than the Moderate and Simple in 2014
and increasing significantly in 2016 (figure 4a). The effect of the interaction between rotation and
year was not significant on the percentage of bacterial feeders, plant parasites and predators.
year had a significant effect with the percentage of bacterial feeder increasing significantly in
2016 (figure 4b), the percentage of plant parasite and predators decreasing significantly in 2016
across all rotations (figures 4c and d).

2.3.4 Winter wheat yield
There were no differences between rotations in yield in 2014. Yields were higher in 2015 and
significantly higher in the Diverse rotation in comparison with the Moderate and Simple. In 2016
there was no differences between rotations but yields in the Diverse and Simple rotations
dropped significantly from 2015 (Figure 5).

2.3.5 PCA
The PCA results including only the soil parameters for 2016 (figure 6), show a degree of
separation in the Diverse rotation samples in comparison with the Moderate and Simple.
However, there is still some overlap along the first two components (PC1 and PC2) explaining
47.7% of the total data variability. Most of the abiotic parameters (pH, TN and TC) were
positively associated with the Moderate and Simple rotations and had a negative association with
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the Diverse rotation, while BD had the opposite. Among the parameters describing soil processes,
hot water extractable carbon (HWC) was positively associated with the Moderate and Simple and
had a negative association with the Diverse while all the others (Nmin, Litter decomposition rate
(k) and stabilisation factor (S) were positively associated with the Diverse and had a negative
association with the other two rotations. As for biodiversity, earthworm biomass and abundance
were positively associated with the Diverse rotation. The effect of rotation on PC1 was
significant with a significant difference between the Diverse and the Simple rotations. The PCA
results for the wheat plots only including yield, with the first two components explaining 50.3%
of the variability, (figure 7) show that BD, K, Nmin, earthworm abundance and biomass are
positively correlated with the Diverse rotation while yield is negatively correlated with these
parameters and positively correlate with the Moderate rotation. The effect of rotation on PC1
was again significant with a significant difference between the Diverse and the Simple and
Moderate rotations.

a

b

c

d
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Figure 1: Boxplots showing the differences between rotations on different years for (a) Bulk
density (Effect of year was significant: LRT = 136.88, p<0.001) (b) pH (Effect of rotation and year
interaction was significant: LRT = 17.189, p<0.001), (c) TN (Effect of rotation was significant: LRT =
5.956, p>0.05) (d) TC (Effect of rotation was significant: LRT = 6.166, p>0.05). Different letters
correspond to significant differences between groups and across years. See chapter appendix II,
tables S1 to S4 for model output tables and chapter appendix III, figure S1 a to c for model
prediction graphs.

Figure 2: Boxplots showing the differences between rotations on different years for (a) Nmin
(Effect of interaction between rotation and year was significant: LRT = 13.53, p<0.001) (b) HWC
(Effect of rotation was significant: LRT = 10.034, p<0.01; effect of year was significant: LRT =
25.730, p<0.001) (c) Litter decomposition rate (k) (Effect of rotation was significant: LRT = 16.36,
p<0.001) (d) Litter stabilization rate (S) (No significant effect of rotation or year). Different letters
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correspond to significant differences between groups and across years. See chapter appendix II.
Tables S4 to S7 for model output tables and chapter appendix 3, figure S1 d and e and figure S2 a
and b for model prediction graphs.

a

b

Figure 3: Boxplots showing the differences between rotations on different years for (a)
Earthworm biomass (Effect of Interaction between rotation and year was significant: LRT =
10.911, p<0.05) (b) Earthworm abundance (No significant effect of year or rotation. The p-value
for the rotation term was borderline (LRT = 4.960, p=0.083). Different letters correspond to
significant differences between groups and across years. See chapter appendix II, tables S8 and
S9 for model output tables and chapter appendix III, figure S3 a and b for model prediction
graphs.
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a
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c

d

Figure 4: Boxplots showing the differences between rotations on different years for (a)
Nematode abundance (Effect of interaction between rotation and year was significant: LRT =
6.130, p>0.05) (b) Bacterial feeder (Effect of year was significant: LRT = 20.978, p<0.001) (c) Plant
parasite (Effect of year was significant: LRT = 8.470, p<0.01) (d) Predator (Effect of year was
significant: LRT = 13.462, p<0.001). Different letters correspond to significant differences
between groups and across years. See chapter appendix II, tables S10 to S13 for model output
tables and chapter appendix III, figure S3 c to f for model prediction graphs.
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Figure 5: Boxplots showing the differences between rotations on different years for winter wheat
yield. Effect of interaction between rotation and year was significant: LRT = 18.07, p<0.01).
Different letters correspond to significant differences between groups and across years. See
chapter appendix II, table S14 for model output tables and chapter appendix III, figure S4 for
model prediction graphs.
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Figure 6: PCA of soil parameters measured in 2016. Each soil parameter is represented by a
vector and the length of each vector represents the relative strength of its contribution. The
brown circle indicates theoretical maximum extent of the vectors. The ellipses represent 68%
data ellipses for each of the three rotations. The effect of rotation on PC1 scores was significant
(LRT = 8.08, p<0.05) with the post-hoc test showing a significant separation between the Diverse
and Simple rotations.

The effect of diversifying crop rotations on the provision of soil ecosystem services

Chapter 2

33

Figure 7: PCA of soil parameters of winter wheat plots including yield measured in 2016. Each
variable is represented by a vector and the length of each vector represents the relative strength
of its contribution. The brown circle indicates theoretical maximum extent of the vectors. The
ellipses represent 68% data ellipses for each of the three rotations. The effect of rotation on PC1
scores was significant (LRT = 11.16, p<0.01) with the post-hoc test showing a significant
separation between the Diverse in comparison with the Moderate and Simple.
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2.4 Discussion
The Diverse rotation had significantly lower levels of Total C (TC) and Total N (TN) in all years and
pH levels fell significantly in 2016 o a mean pH of 6.1, while the other rotations remained stable
at a pH above 6.5. There were no differences on litter stabilization rates (S) or in the long-term
potential for carbon storage between the rotations. Although data is not available for
decomposition rate (k) for the previous years, in 2016, they were higher in the Diverse rotation.
This indicates that the higher decomposition rates could be a priming effect which explains the
lower levels of TN and TC in the Diverse rotation and is re-enforced by the higher Nitrogen
mineralization rates (Nmin rates) also found in the Diverse rotation. It also suggests that the lower
pH of soils in the Diverse rotation could be due to the increased Nmin rates. When the crop is
supplied with more NH4+ (ammonium ion), and it is absorbed by plant roots, the roots will then
secrete H+ ions to balance their internal pH, acidifying the soil as a result (Hinsinger et al. 2003;
Tian and Niu, 2015). However, previous studies have linked increased crop diversity to higher
levels of soil carbon and soil nitrogen. A meta-analysis by McDaniel et al. (2014) examining the
effects of crop rotations on soil carbon and soil nitrogen found that the addition of one or more
crop to a monoculture, increased total C and total N by 3.6% and 5.3% respectively, and that the
addition of cover crops led to even higher increases. The results presented here, contradict this
observation and show that at least in the short term, higher diversity led to higher decomposition
rates and lower soil carbon and soil nitrogen, possibly at the expense of long-term soil carbon
storage. However, the higher levels of TN and TC in the Moderate and Simple rotations, did not
translate into higher litter stabilization rates, which could be due to it being early days and the
rotations needing longer to establish a new equilibrium in the soil.
Given the higher rates of decomposition and Nmin, in the Diverse rotation, it would be expected
that these increases would be reflected on winter wheat yields. However, yields in the Diverse
rotation were only higher in 2015 and it is not clear why yields did not reflect increases in
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mineralization and decomposition rates in 2014 and 2016. One possible explanation is that
competition for resources in the Diverse rotation was higher in 2014 and 2016, when a second
dose of herbicide was not applied. This suggests that any benefits on yields to the Diverse
rotation due to the extra layer of diversity (clover bi-crop and cover crops), linked to higher levels
of decomposition and nitrogen mineralization rates, may be offset by higher levels of weeds
competing for the increases in available resources. However, although weed data is available, it is
not included here and further analyses would be necessary to test this.
The levels of hot water extractable carbon (HWC) in the Diverse rotation were significantly lower
than the Simple rotation in 2015 and 2016 and levels dropped on all rotations in 2016. HWC
levels in the Moderate rotation were also lower than the Simple in 2016. HWC consists of the
labile pool of soil organic matter (Ghani et al. 2003), suggesting that the decomposition of
organic matter is happening at a faster rate in the Diverse rotation and to a certain extent in the
Moderate rotation, leading to a situation where carbon is being lost from the system faster than
it is being added. This could be the result of differences in carbon:nitrogen ratio in the residue
inputs across the rotations leading to greater carbon mineralization and greater nutrient release
in the Diverse rotation (which is associated with lower C:N) (Hurisso et al. 2016). The results
suggest that the inclusion of low carbon:nitrogen ratio crops such as legumes in the rotation, may
influence decomposition rates and reduce accumulation of carbon in the soils (Cardinale et al.
2011). A combination with other management strategies (e.g. reduced tillage) might however be
necessary to optimise the benefits.
Earthworm biomass increased significantly in 2016 in the Diverse rotation ~40% in comparison
with the Moderate and ~50% in comparison with the Simple rotation. However, this increase was
not reflected by increases in earthworm abundance. This could be due to differences between
adult and juvenile populations between the rotations (e.g. more adult specimens found in the
Diverse rotation) and/or due to the Diverse rotation selecting for bigger species (e.g. Anecic
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species). Anecic species make deep vertical burrows, up to 2 metres, and therefore increase
porosity, aeration and soil water infiltration. They also feed on poorly decomposed litter and the
undigested part is ejected as earthworm casts which are rich in bacteria and have high nitrogen
mineralization rates (Bertrand et al. 2015) which could be contributing to the higher Nmin rates in
the Diverse rotation. However, further analyses, including earthworm species data, would be
necessary to test this assumption. Nematode abundance was initially significantly lower in the
Diverse rotation in comparison with the others, but later increased significantly (~35%) to the
same levels in 2016 as the other two rotations. While the proportion of bacterial feeders
increased from 2014 to 2016 in all three rotations (between 10 to 15%), the proportion of
predators (~4%) and plant parasites (between 5 to 10%) decreased. This indicates that the effect
on nematodes food resources was the same across all rotations as nematodes’ responses to
management changes are expected to be controlled by bottom-up mechanisms (Cortois et al.
2017). Previous studies looking at the effects of plant diversity on soil nematodes in the shortterm showed that either plant diversity did not affect nematode abundance or that the size of
the effect was negatively correlated with nematode trophic level (De Deyn et al. 2004; Viketoft et
al. 2009). Cortois et al. (2017), in a long-term experiment, found that the abundance of
nematodes (except for predatory nematodes) was positively related to species richness and to a
lesser extent, to plant functional group richness. These studies indicate that the relationships
between plant diversity and nematode abundance is context dependent and that time lags might
delay nematode response to above-ground changes. Here, it is not obvious why nematode
abundance was lower in the diverse rotation in 2014 and long-term analyses of these
relationships would be necessary for more robust conclusions to be drawn.
The PCA of all averaged soil parameters measured in 2016 (third season of the rotations) shows
that TN, TC, HWC and pH are closely related to each other and to the Moderate and Simple
rotations and had a negative correlation with Nmin, K and BD and the Diverse rotation. Earthworm
abundance and biomass were not strongly correlated with any of the rotations and negatively
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correlated with nematode abundance. Nematode abundance was also not correlated with any
rotation. Higher carbon and nitrogen concentrations are normally related to lower BD values
(Bauer and Black, 1992), and contrary to what was expected, higher BD values were related to
the Diverse rotation as the inclusion of cover crops has been shown to reduce bulk density in
other studies. The negative relationships between TN, TC, pH and K and Nmin, again suggest that
the higher nitrogen mineralization and decomposition rates in the Diverse rotation present a
potential trade-off with carbon and nitrogen storage and that higher nitrogen mineralization
rates are leading to the acidification of the soils in the Diverse rotation. The negative relationship
between earthworms and nematodes has been recorded before with earthworms reducing
nematode populations by over 60%, due to direct grazing and competition for resources (Dash et
al. 1980; Yeates, 2003) with implications to decomposition and nutrient cycling. However, since
this relationship was not strongly correlated with any of the rotations, it cannot be used to
explain the differences in decomposition and Nmin rates in this study.
The PCA analysing factors affecting winter wheat yield, including the yield for 2016, shows a
negative correlation between yield and earthworm abundance, biomass, Nmin and K which were
all positively correlated with the Diverse rotation, while yield had a positive correlation with the
Moderate and Simple. This suggests a trade-off between diversity and yield in spite of increases
in biodiversity, decomposition and nitrogen mineralization rates which could be explained by
increases in resource competition between weeds and the crop. However, further research
would be necessary to test this assumption.

2.5 Conclusions
The results show that diversifying crop rotations can increase the provision of important soil
processes such as decomposition and nitrogen mineralization which underpin the provision of
soil ecosystem services. However, at least in the short-term, the results suggest that these

The effect of diversifying crop rotations on the provision of soil ecosystem services

Chapter 2

38
increases were linked to lower levels of soil carbon and acidification of the soil, indicating that
carbon is being lost from the system faster than it is being added. This could be the result of
differences in carbon:nitrogen ratio in the residue inputs across the rotations leading to greater
carbon mineralization and greater nutrient release in the Diverse rotation indicating potential
trade-offs. Yield had a negative correlation with increases in nutrient cycling indicating that there
are other factors interacting with these relationships. Results presented here, indicate that
farmers may need a combination of management approaches such as reduced tillage, alongside
diversifying crop rotations to maximise benefits for increased provision of soil services. Further
tests would be necessary to identify other factors interacting with the relationships between the
provision of soils ecosystem services and yield. Long-term measurements of the ecosystem
abiotic parameters, processes and biodiversity measured here, would be necessary so that
changes over time can be measured and more robust conclusions drawn.
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Chapter 2 - Appendix II – Tables of model outputs
Table S2 – pH model output
Table S1 – Bulk Density model output
Coefficients

Coefficients

Bulk Density
Estimate

Conf. Int.

p-value

Fixed Parts

pH
Estimate

Conf. Int.

p-value

Rotation[Diverse] (Intercept)

6.50

6.17 – 6.82

<.001

Fixed Parts

Year(2014) (Intercept)

1.20

1.16 – 1.24

<.001

Rotation[Moderate]

0.20

-0.26 – 0.66

.419

Year (2016)

0.35

0.32 – 0.39

<.001

Rotation[Simple ]

0.05

-0.41 – 0.51

.835

Rotation[Diverse] :Year[2016]

-0.36

-0.50 – -0.22

<.001

Rotation[Moderate]:Year[2016]

0.40

0.21 – 0.60

.002

Rotation[Simple ]:Year[2016]

0.36

0.16 – 0.55

.005

Random Parts
σ

2

0.018

τ00, Block:Rotation:Sequence:Phase

0.000

τ00, Block:Rotation:Sequence

0.000

τ00, Block:Rotation

0.003

Random Parts
2

NBlock:Rotation:Sequence:Phase

96

σ

NBlock:Rotation:Sequence

48

τ00, Block:Rotation:Phase

0.006

NBlock:Rotation

12

τ00, Block:Rotation

0.099

0.040

ICCBlock:Rotation:Sequence:Phase

0.000

NBlock:Rotation:Phase

48

ICCBlock:Rotation:Sequence

0.020

NBlock:Rotation

12

ICCBlock:Rotation

0.122

ICCBlock:Rotation:Phase

0.042

Observations

192

ICCBlock:Rotation

0.682

.675 / .674

Observations

96

2

R / Ω0

2
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2

R / Ω0

2

.806 / .803

Table S4 – N mineralization rate model output

Table S3 – Carbon model output
Coefficients

Carbon
Estimate

Conf. Int.

Coefficients
p-value

Estimate

Conf. Int.

p-value

(Intercept)

0.92

0.86 – 0.99

<.001

Rotation[T.Moderate]

-0.28

-0.37 – -0.19

<.001

Rotation[T.Simple ]

-0.21

-0.30 – -0.12

<.001

Year[T.2015]

-0.07

-0.16 – 0.02

.152

Year[T.2016]

-0.06

-0.15 – 0.03

.163

Rotation[T.Moderate]:Year[T.2015]

0.15

0.02 – 0.27

.024

Rotation[T.Simple ]:Year[T.2015]

0.01

-0.12 – 0.14

.884

Fixed Parts
Rotation (Diverse) (Intercept)

1.78

1.56 – 1.99

<.001

Rotation (Moderate )

0.25

-0.05 – 0.56

.134

Rotation (Simple)

0.37

0.07 – 0.67

.040

Random Parts
σ

2

0.060

τ00, Block:Rotation:Phase

0.000

τ00, Block:Rotation

0.043

NBlock:Rotation:Phase

48

NBlock:Rotation

12

N mineralization rate

Fixed Parts

ICCBlock:Rotation:Phase

0.000

Rotation[T.Moderate]:Year[T.2016]

-0.06

-0.18 – 0.07

.371

ICCBlock:Rotation

0.416

Rotation[T.Simple ]:Year[T.2016]

-0.01

-0.14 – 0.11

.829

Observations

144

2

R / Ω0

2

.520 / .518
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σ

2

0.015

τ00, Block:Rotation:Sequence:Phase

0.008

τ00, Block:Rotation:Sequence

0.001

τ00, Block:Rotation

0.000
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Block:Rotation:Sequence:Phase

132

NBlock:Rotation:Sequence

44

NBlock:Rotation

12

ICCBlock:Rotation:Sequence:Phase

0.326

ICCBlock:Rotation:Sequence

0.058

ICCBlock:Rotation

0.000

Observations

288

2

R / Ω0

2

.732 / .716

Table S5 – Litter decomposition rate model output
Coefficients

Litter decomposition rate (k)
Estimate

Conf. Int.

p-value

Rotation (Diverse) (Intercept)

0.02

0.02 – 0.03

<.001

Rotation (Moderate )

-0.01

-0.01 – -0.00

.007

Rotation (Simple )

-0.01

-0.01 – -0.01

.006

Fixed Parts

Random Parts
σ

2

0.000

τ00, Phase:(Rotation:Block)

0.000

τ00, Rotation:Block

0.000

τ00, Block

0.000

NPhase:(Rotation:Block)

36

NRotation:Block

9

NBlock

3

ICCPhase:(Rotation:Block)

0.042

ICCRotation:Block

0.032

ICCBlock

0.000

Observations
2

R / Ω0

The effect of diversifying crop rotations on the provision of soil ecosystem services

2

182
.302 / .298

Chapter 2

47

Table S6 – Litter stabilization factor model output
Coefficients

Table S7 – Hot water carbon model output

Litter stabilization factor (S)
Estimate

Conf. Int.

Coefficients

p-value

Fixed Parts

HWC mg per kg of dry soil
Estimate

Conf. Int.

p-value

261.84

168.86 – 354.83

<.001

Fixed Parts

(Intercept)

0.36

0.32 – 0.40

<.001

(Intercept)

Rotation (Moderate )

-0.03

-0.07 – 0.00

.154

Rotation (Moderate)

0.05

-0.02 – 0.13

.178

Rotation (Simple )

-0.04

-0.08 – -0.00

.112

Rotation (Simple)

0.13

0.06 – 0.21

.001

Year

-0.13

-0.18 – -0.08

<.001

Random Parts
σ

2

0.002

τ00, Phase:(Rotation:Block)

0.002

τ00, Rotation:Block

0.000

τ00, Block

0.001

NPhase:(Rotation:Block)

36

NRotation:Block

9

NBlock

3

ICCPhase:(Rotation:Block)

0.411

ICCRotation:Block

0.000

ICCBlock

0.182

Observations
2

R / Ω0

2

190

Random Parts
σ

2

0.013

τ00, Block:Rotation:Phase

0.000

τ00, Block:Rotation

0.001

NBlock:Rotation:Phase

48

NBlock:Rotation

12

ICCBlock:Rotation:Phase

0.000

ICCBlock:Rotation

0.097

Observations

93

2

R / Ω0

2

.436 / .434

.652 / .645
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Table S8 – Earthworm biomass model output
Coefficients

Earthworm biomass (g)
Estimate

Conf. Int.

p-value

NBlock:Rotation:Sequence:Phase

75

NBlock:Rotation

12

ICCBlock:Rotation:Sequence:Phase

0.334

ICCBlock:Rotation

0.000

Observations

124

2

Fixed Parts

R / Ω0

(Intercept)

7.50

4.84 – 10.17

<.001

Rotation[Moderate]

-0.69

-2.11 – 0.73

.345

Rotation[Simple]

0.35

-1.07 – 1.77

.631

Year[2015]

0.88

-0.57 – 2.32

.237

Year[2016]

3.21

1.53 – 4.90

<.001

Temperature

-0.48

-0.69 – -0.27

<.001

Rotation[Moderate]:Year[2015]

-0.32

-2.33 – 1.69

.756

Rotation[Simple]:Year[2015]

-1.25

-3.26 – 0.76

.225

Rotation[Moderate]:Year[2016]

-1.69

-3.94 – 0.55

.142

Rotation[Simple]:Year[2016]

-3.37

-5.46 – -1.27

.002

2

.723 / .702

Random Parts
σ

2

2.090

τ00, Block:Rotation:Sequence:Phase

1.048

00, Block:Rotation

0.000
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Table S9 – Earthworm abundance model output
Coefficients

Earthworm abundance
Estimate

Conf. Int.

p-value

Fixed Parts

NBlock:Rotation:Sequence:Phase

75

NBlock:Rotation

12

ICCBlock:Rotation:Sequence:Phase

0.074

ICCBlock:Rotation

0.000

Observations

124

Deviance

(Intercept)

49.80

26.53 – 93.49

<.001

Rotation[T.Moderate]

0.74

0.51 – 1.06

.099

Rotation[T.Simple]

1.17

0.83 – 1.66

.364

Year[T.2015]

1.43

1.02 – 2.01

.038

Year[T.2016]

0.96

0.66 – 1.42

.856

Temperature

0.87

0.82 – 0.92

<.001

Time[T.S]

1.30

1.14 – 1.48

<.001

Rotation[T.Moderate]:Year[T.2015]

0.89

0.54 – 1.45

.629

Rotation[T.Simple]:Year[T.2015]

0.60

0.37 – 0.96

.035

Rotation[T.Moderate]:Year[T.2016]

1.39

0.82 – 2.36

.216

Rotation[T.Simple]:Year[T.2016]

0.82

0.51 – 1.34

.435

141.456

Random Parts
τ00, Block:Rotation:Sequence:Phase

0.080

τ00, Block:Rotation

0.000
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Table S10 – Bacterial feeder model output
Coefficients

Table S11 – Plant parasite model output
Coefficients

Bacterial feeder (%)
Estimate

Conf. Int.

p-value

Fixed Parts

Plant parasite (%)
Estimate

Conf. Int.

p-value

Fixed Parts

(Intercept)

0.48

0.22 – 0.75

.001

(Intercept)

-0.87

-1.13 – -0.61

<.001

Rotation (Moderate)

-0.13

-0.45 – 0.19

.429

Rotation (Moderate)

0.15

-0.17 – 0.46

.382

Rotation (Simple)

0.09

-0.23 – 0.41

.585

Rotation (Simple)

-0.04

-0.36 – 0.27

.788

Year (2016)

0.63

0.37 – 0.89

<.001

Year (2016)

-0.38

-0.64 – -0.13

.017

Random Parts
σ

2

Random Parts
2

0.426

σ

0.415

τ00, Block:Rotation:Phase

0.000

τ00, Block:Rotation:Phase

0.000

τ00, Block:Rotation

0.000

τ00, Block:Rotation

0.000

NBlock:Rotation:Phase

48

NBlock:Rotation:Phase

48

NBlock:Rotation

12

NBlock:Rotation

12

ICCBlock:Rotation:Phase

0.000

ICCBlock:Rotation:Phase

0.000

ICCBlock:Rotation

0.000

ICCBlock:Rotation

0.000

Observations

96

Observations

96

2

R / Ω0

2

.209 / .209
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Table S12 – Predator model output

Table S13 – Yield model output
Coefficients

Coefficients

Yield (t/ha)

Predator(%)
Estimate

Conf. Int.

(Intercept)

-2.66

-2.95 – -2.37

<.001

Rotation (Moderate)

0.01

-0.35 – 0.36

.972

Rotation (Simple)

-0.09

-0.44 – 0.27

.639

Year (2016)

-0.55

-0.84 – -0.26

.003

Random Parts
2

Conf. Int.

p-value

Year(2014)

5.70

4.35 – 7.04

<.001

Rotation[T.Moderate]

0.09

-1.81 – 1.99

.924

Rotation[T.Simple]

0.39

-1.51 – 2.28

.691

Year[T.2015]

6.58

4.97 – 8.19

<.001

Year[T.2016]

1.90

0.66 – 3.13

.004

Variety[T.2]

0.09

-0.99 – 1.16

.874

Fixed Parts

Fixed Parts

σ

Estimate

p-value

0.528

τ00, Block:Rotation:Phase

0.000

Variety[T.3]

0.18

-0.92 – 1.27

.753

τ00, Block:Rotation

0.000

Rotation[T.Moderate]:Year[T.2015]

-3.53

-5.80 – -1.25

.003

Rotation[T.Simple]:Year[T.2015]

-3.51

-5.47 – -1.54

<.001

Rotation[T.Moderate]:Year[T.2016]

0.62

-1.13 – 2.37

.493

Rotation[T.Simple]:Year[T.2016]

-0.85

-2.52 – 0.83

.327

NBlock:Rotation:Phase

48

NBlock:Rotation

12

ICCBlock:Rotation:Phase

0.000

ICCBlock:Rotation

0.000

Observations

96

2

R / Ω0

2

.134 / .134

The effect of diversifying crop rotations on the provision of soil ecosystem services

Random Parts
σ

2

1.441

τ00, Block:Rotation:Sequence

1.098

τ00, Block:Rotation

0.456
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NBlock:Rotation:Sequence

48

NBlock:Rotation

12

ICCBlock:Rotation:Sequence

0.367

ICCBlock:Rotation

0.152

Observations

79

2

R /

2
Ω0

.878 / .870
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Chapter 2 - Appendix III – Graphs of model predictions

Figure S1: Model prediction graphs for (a) Bulk density, (b) pH, (c) total carbon, (d) Hot water carbon, (e) Nitrogen mineralization rate
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Figure S2: Model prediction graphs for (a) litter decomposition rate, (b) litter stabilization factor
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Figure S3: Model prediction graphs for (a) earthworm biomass, (b) earthworm abundance, (c) nematode abundance, (d) bacterial feeder nematodes, (e)
plant parasite nematodes (f) predator nematodes
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Figure S4: Model prediction graphs for yield
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Chapter 3
Crop diversity can increase resilience and ecosystem
service provision under climate change

Rain-out shelters used to apply stress to rotations

“The first law of ecology is that everything is connected to everything else”
(Barry Commoner, 1971)
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Chapter 3: Crop diversity can increase resilience and
ecosystem service provision under climate change
Abstract
Given the challenges posed to agriculture by future climatic changes, and the need to reduce
environmental impacts, a key challenge is to develop resilient food production systems.
Ecological intensification is an approach proposed to partially replace external inputs with the
provision of biodiversity derived ecosystems services to either maintain or increase food
production. One promising practice is crop diversification, which has the potential to improve the
provision of multiple ecosystem services underpinning agricultural production and to confer
resilience to abiotic stresses. This study measured a variety of ecosystem services (yield quantity
and quality, soil services, pest regulation) and resilience indicators (canopy temperature and
senescence rates) under stressed and control conditions at three levels of crop rotational
diversity. We found that increased crop diversity can maintain yield stability with reduced
external inputs, under varying climatic conditions, with yield increases of 1 t/ha on average, and
that diversifying crop rotations can improve system resilience. Higher crop diversity resulted in
no trade-offs between our measured ecosystem services and increased synergistic effects
between resilience and crop production and resilience and pest regulation. However, farmers will
need to use a combination of management approaches, alongside diversifying crop rotations, to
maximise the potential of ecological intensification.
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3.1 Introduction
Increasing the food supply to a growing population, under the uncertainty of climate change,
while simultaneously reducing negative environmental impacts, requires sustainable food
production systems. Ecological intensification of crop production systems utilises management
practices that promote biodiversity underpinning regulating and supporting ecosystem services
(ES) thereby reducing our reliance on synthetic inputs (Bommarco et al. 2013). However, there is
a need for these ES to be monitored under a range of current and projected future
environmental conditions to ensure their provision remains resilient (Oliver et al. 2015). Crop
diversification at a rotational scale is one approach which has been proposed to ecologically
intensify food production and increase the resilience of production systems to climate change
(Lin, 2011; Gaudin et al. 2015).
Abiotic stresses, such as heat and drought, are often limiting factors in the productivity of major
crop species such as wheat. Despite increasing efforts to breed resistance to abiotic stresses in
wheat (Alghabari et al. 2014; Barber et al. 2017), technical challenges remain, such as the ability
to select for yield stability (Tester and Langridge, 2010). Crop rotations are often used to address
the yield penalty conferred on wheat grown in monocultures (Bennett et al. 2012) but evidence
demonstrating this effect under abiotic stresses are lacking.
As well as directly impacting crop production, abiotic stresses are likely to affect regulating and
supporting ES. Under conventional cereal management, natural pest regulation only contributes
modestly to crop production (12%) compared to farm managed approach (88%) (Bengtsson
2015). Temperature and rainfall are important drivers of pest population dynamics on cereal
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crops (Legg and Brewer n.d.) therefore climate change may alter the relative importance of
natural pest control to yield and its relationship with other ES (Sutherst et al. 2011).
Below-ground biodiversity mediates soil processes such as the provision of water and nutrients
critical to crop yield and/or quality but also carbon storage important for climate regulation
(Altieri 1999). These services are mediated by biological communities that are often sensitive to
drought (de Vries et al. 2012). Higher fungal/bacterial ratios are associated with more sustainable
soils (de Vries et al. 2006), but intensive management reduces this ratio (Sinsabaugh et al. 2013)
which can reduce soil functions (Strickland and Rousk, 2010).
In the context of crop production, resilience can be defined as ‘the ability of a system to remain
functional when under external stress’ (Döring et al. 2010), which can be assessed by comparing
the relative level of key performance indicators (e.g. yield) under stressed (increased
temperatures) and control (optimal temperatures) conditions(Döring et al. 2015).
The overall aim of this study was to explore the extent to which diverse crop rotations can
improve the provision of multiple ES underpinning arable production and their potential to
confer resilience under abiotic stress. To achieve this, we imposed abiotic stress (heat and
drought) on wheat crops in the field. We measured indicators of ES provision and resilience to
establish how, under control and stress conditions, crop diversity mediates: (i) the provision of
multiple ES; (ii) resilience; (iii) the relationships between ES, resilience indicators and yield; and,
(iv) the potential trade-offs and synergies between ES. We hypothesised that, under abiotic stress
(hereafter stress) more diverse rotations will: (i) maintain or increase crop production (yield
quantity and quality); (ii) increase soil service provision (iii) increase the provision of natural pest
regulation: and, (iv)increase resilience.
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3.2 Materials and methods
3.2.1 Study site and experimental design
Experiments were conducted at the University of Reading’s Crop Research Unit, Sonning, UK
(51°28’50.8”N 0°54’07.3”W). The field study was established in 2013 and compared three crop
rotation treatments: (i) Diverse rotation, winter wheat (Triticum sp., var. Solstice) was
undersown with a legume mixture (Trifolium repens, var. Aberpearl and Medicago lupilina, var.
Virgo pajbjerg) in 2015 and preceded by spring beans (Vicia faba, var. Fuego) and a brassica
winter cover crop (Sinapsis alba, Eriogonum umbellatum, Lamium purpureum, Senecio vulgaris,
Secale cereale) in 2014 and winter wheat undersown with a legume mixture in 2013; (ii)
Moderate rotation, winter wheat (Triticum sp., var. Solstice) in 2015 was preceded by winter
oilseed rape (Brassica napus, var. Amalie) in 2014 and winter wheat (Triticum sp., var. Solstice) in
2013; and, (iii) Simple rotation, winter wheat (Triticum sp., var. Santiago) in 2015, winter wheat
(Triticum sp., var. Scout) in 2014 and winter wheat (Triticum sp., var. Solstice) in 2013. Crops
were treated with 50% of the standard fertilizer and fungicide dose and standard herbicide rates,
except for the diverse rotation plots which were not treated with the second herbicide dose in
2013 and 2015.
The experiment was laid out in a split-plot randomized complete block design with four replicates
of 12m x 10m plots, divided between five 1.9m strips where the crop was planted. Rainout
shelters covering the full length and width of one strip were used to apply stress to the crop.
Shelters were put in place during the third season of the experiment, shortly after the second
fertilizer application at the end of stem elongation and kept in place until harvest so that plants
were potentially under stress during critical developmental phases. See chapter appendix I, figure
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S1 for stress experimental field layout. See thesis appendix I for the complete experimental
design.

3.2.2 Heat and drought stress
Heat stress experienced by wheat plants within rainout shelters, relative to control plants was
quantified as mean temperature and degree day accumulation over 28°C (Ferris 1998). Heat
stress was applied to the growth stages most susceptible to heat stress: early booting, mid
booting, and flowering (Barber et al. 2017). Soil moisture content was monitored in all plots
(stress and control) from the start of flowering to the end of grain filling, the period most
susceptible to drought stress (Farooq et al. 2014). Soil moisture content is an established
indicator of drought stress, though it cannot be directly converted to a measure of water-related
stress experienced by the plant. See chapter appendix I for complete description of methods
used for each indicator.

3.2.3 Ecosystem Services and Resilience indicators
We quantified the following services: (i) crop production; (ii) soil services; and, (iii) natural pest
regulation, by measuring a range of established indicators (See chapter appendix I, table S1.
Some indicators related directly to service delivery, while others were measurements of
ecosystem function, processes and properties underpinning the delivery of a service. We
measured yield quantity and quality as indicators of crop production. Levels of pest regulation
are dependent on both the top-down and bottom-up forces that influence the size of pest
populations and their interaction with abiotic factors (Leigh 2017). We assessed variation in
parasitism rates and abundance of canopy predators as indicators of top-down effects (Tamburini
et al. 2016). Bottom-up effects were assessed by measuring aphid population growth in the
absence of predators and parasitoids (Costamagna et al. 2007). Comparisons between indicators
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of top-down and bottom-up effects, with abundances of wheat aphid pests, indicate the relative
strength of these forces. Soil carbon and nitrogen, fungal/bacterial ratio, and root surface area
were used as indicators of soil ecosystem services. Soil carbon and soil nitrogen play an
important role in carbon storage and nutrient cycling and therefore are good indicators of soil ES
(Williams and Hedlund 2013). Plant diversity has been demonstrated to enhance fungal
dominance in soils (Tiemann et al. 2015) and fungal/bacterial ratio is often used as an indicator of
increased soil quality (de Vries et al. 2006). Crops with a greater root surface area are beneficial
to soil structure maintenance and the potential of the crop to obtain water and nutrients from
the soil profile (van Eekeren et al. 2010).
Canopy temperature, has been used as an indicator of plant water status as it integrates soil
water availability, climatic conditions and plant physiology (Jackson et al. 1981). Canopy
temperature was therefore chosen as an indicator of resilience, in combination with senescence
rate. Delayed senescence, or delayed decrease of chlorophyll activity, is an important trait as it
allows plants to increase the length of their photosynthetic ability even under stressed
conditions, which can impact yield (Christopher et al. 2016).
All indicators were measured in all plots either as a one-off observation (yield, soil carbon,
nitrogen, and fungal/bacterial ratio) or repeatedly throughout the growing season (aphid
abundance, canopy predator abundance, aphid population growth rate, parasitism rate, root
surface area, canopy temperature and senescence rates). See chapter appendix I for complete
description of methods used for each indicator.

3.2.4 Statistical analyses
To measure the effect of rotation and stress treatments on the different indicators of resilience,
ES, and stress, we used Restricted Maximum Likelihood (REML) to fit linear mixed effect models
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(LMMs) with the R-package lme4 for all indicators except for heat degree days, moisture content
and aphid abundance (see below). Interactions between rotation and stress treatment were
included in the models as fixed effects. Block was also added as a fixed effect term to reflect the
blocked nature of the design and because there were fewer than 5-6 different blocks (Bolker et
al. 2009). We included rotation nested within block, and when measurements were taken at
different rounds, round nested within rotation as random effects. Stepwise model selection was
done using the drop1() function. Non-significant interactions/terms were removed from the
models one by one until the most parsimonious model was achieved. When higher order
interactions were significant, lower order interactions were not tested. The model interaction pvalue was reported and interpreted on the basis of graph representation and effect sizes. Block
was kept in the model as fixed effect, regardless of its significance to reflect the experimental
design. The minimal model was then compared to a null model using Akaike Information
Criterion (AIC) values and significant terms were dropped if the null model had a lower AIC. All
models were visually checked for homoscedasticity and normality of residuals.
Heat degree days did not fit the assumptions of linear models and was analysed using generalised
additive models with a zero adjusted Gamma distribution (ZAGA) using the R-package gamlss.
Generalised linear mixed effect models (GLMMS) with the R-package glmmADMB was used to
model interactions between rotation and stress treatment on aphid abundance and canopy
predators. Due to overdispersion of models with the Poisson family, various negative binomial
families, link functions and zero-inflation factors were used to improve model fit. The response
variables Moisture content and parasitism rate were logit transformed which is typically done to
normalise percentage data and analysed with the same model structure as above. Soil depth was
included as an additional fixed effect for moisture content. Analyses of canopy predators and
parasitism rate were carried out with aphid abundance as a covariate. Aphid population growth
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rate was log10 transformed and fungal/bacterial ratio and senescence rate were log transformed
to improve model fit.
Indicators which were affected by rotation, stress treatment or their interactions, were used as
predictors to measure their impact on yield using linear mixed effect models. We included three
way interactions among rotation, stress treatment and each indicator as fixed effects and
rotation nested within block as random effects. Model selection and model validation were
performed as stated above.
Indicators were then grouped into four categories: (i) yield and protein content as ‘crop
production’; (ii) parasitism rate, aphid population growth rate, aphid abundance and canopy
predator abundance as ‘pest regulation’; (iii) soil carbon, soil nitrogen, root surface area and
fungal/bacterial ratio as ‘soil services’; and, (iv) canopy temperature and senescence rates as
‘resilience’. Data was standardised by calculating the maximum and minimum value for each
indicator (Y = (value-min)/(max -min)). Indicators were transformed so that high values
corresponded to high values of resilience or ecosystem service provision. PCA was then
performed using the prcomp() function in the Stats package in R. The first principal component
(PC1) of each group was then extracted to be used as latent variables in mixed models so we
could measure the effects of rotation and stress treatment on resilience and ecosystem service
bundles. Resilience and crop production had negative loadings and the signs were inverted so
positive values corresponded to high values of ecosystem service provision and resilience. All PC1
axes explained more than 50% of the variability in the data, except for pest regulation, which
explained 45%. Each PC1 axis, representing resilience or ecosystem service bundle, was then
used as a response in linear mixed effect models, with interactions between rotation and stress
treatment as fixed effects and rotation nested within block as random effect. Model selection
and model validation were performed as stated above. All PC1 axes were then correlated
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pairwise using Pearson product-moment correlation so we could identify potential trade-offs and
synergies between the different bundles. All analyses were carried out in R version 3.0.3 (R Core
Team 2014).

3.3 Results
3.3.1 Ecosystem services and resilience indicators
The effect of the interaction between rotation and stress treatment on yield (t/ha), was
significant with yields in the Diverse rotation under stress being higher than in the Moderate and
Simple rotations (figure 1a). The effect of the Interaction between rotation and stress treatment
on canopy temperature was significant with the Diverse rotation having a cooler canopy under
stress (figure 1b). rotation and stress treatment each significantly affected protein, but the
interaction effect was not significant (rotation: LRT = 30.18, p<0.001, stress treatment: LRT =
11.48, p<0.001, R2glmm(c) 0.88). Protein content was lower in the Simple rotation and higher in the
stress treatment. Stress treatment significantly affected aphid abundance (LRT=30.76, p<0.001)
but the interaction was not significant and rotation did not have a significant effect. Aphid
abundance was higher in the stress treatments. Stress treatment significantly affected aphid
population growth rate (LRT=14.97, p<0.001, R2glmm(c) 0.76), but the interaction was not significant
and rotation did not have a significant effect. Aphid population growth rate was higher in the
stress treatment. There was a significant effect of rotation on soil carbon (LRT=6.85, p<0.05,
R2glmm(c) 0.51) but no significant interaction effect between rotation and stress treatment. Soil
carbon was lower in the Diverse rotation. There were no significant interaction effects between
rotation and stress treatment on fungal/bacterial ratio but the effect of stress treatment was
significant (LRT=5.97, p<0.05, R2glmm(c) 0.29) with fungal/bacterial ratio being higher in the stress
treatment. There were no significant interactions between rotation and stress treatment on
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senescence rates. Rotation had a significant effect (LRT = 28.04, p<0.001, R2glmm(c) 0.80).
Senescence rates (time the crop took to reach 80% greenness) was higher in the Diverse rotation.
See ESM figure S2 for graphs. There was no significant effect of rotation or stress treatment on
parasitism rate, canopy predator abundance and root surface area. See chapter appendix II,
figures S1a to S1e for graphs

Figure 1: a) The effect of the interaction between rotation and stress treatment on yield (t/ha)
was significant (LRT = 6.59, p<0.05, R2glmm(c) 0.83). b) The effect of the Interaction between
rotation and stress treatment on canopy temperature was significant (LRT = 11.61, p >0.01,
R2glmm(c) 0.77). Plots show mean values ±SE

3.3.2 Stress

The interaction among rotation, stress treatment and depth on soil moisture content (%) was
significant (LRT = 70.36, p<0.001, R2glmm(c) 0.72). The Diverse rotation had higher levels of soil
moisture at shallower depths (100-300mm) in the stress plots in comparison to the Moderate
and Simple rotation. At deeper levels (400-1,000mm), the Moderate and Simple rotations had
higher levels of soil moisture in the control plots. There were no differences between stress and
control plots in the Diverse rotation and on the Moderate and Simple rotation, the control plots
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had higher levels of moisture content when compared to the stress plots at all depths from
200mm.
The Interaction effect between Growth stages (booting, flowering and grain filling) and stress
treatment on average temperature was significant (LRT = 15.55, p<0.001, R2glmm(c) 0.98). There
were no differences in average temperatures during booting and average temperatures were
higher in the stress plots during flowering and grain filling. This effect was the same across all
rotations. There was no effect of rotation or stress treatment on heat degree days. See chapter
appendix II, figures S2a and S2b for graphs.

3.3.3 Relationships between yield and indicators of pest regulation, soil services
and resilience
Soil moisture content did not have an effect or interact with rotation or stress to predict yield.
The effect of the interaction between average temperature and rotation on yield was significant
(LRT = 7.80, p<0.05, R2glmm(c) 0.85), with higher temperatures having a negative impact on yield in
the Simple and Moderate, but not in the Diverse rotation. The effect of the interaction among
rotation, stress and canopy temperature on yield was significant (LRT = 7.69, p<0.05, R2glmm(c)
0.72), with higher canopy temperatures having a negative impact on the Moderate rotation
under stress. The effect of the interaction between rotation and senescence on yield was
significant (LRT = 8.35, p<0.05, R2glmm(c) 0.77) with senescence rates having an effect on yield in
the Moderate rotation only. The interaction between rotation and soil carbon on yield was
significant (LRT = 7.12, p<0.05, R2glmm(c) 0.76), with soil carbon having a positive effect on yield in
the Diverse rotation only. Fungal/bacterial ratio did not have an effect or interact with rotation or
stress to predict yield. The effect of the interaction among aphid abundance, rotation and stress
on yield was significant (LRT = 9.51, p<0.005, R2glmm(c) 0.90). In the control plots aphid abundance
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was positively associated with higher yields in the Diverse and Simple rotation. See chapter
appendix II, figures S3a to S2g for graphs and table S2 for corresponding model output.

3.3.4 Resilience and Ecosystem Services bundles
There were no significant interactions between stress treatment and rotation on the provision of
crop production. Rotation had a significant effect with the Simple rotation having lower values of
crop production (Figure 2a). There were no significant interactions between stress treatment and
rotation on the provision of pest regulation. Stress treatment had a significant effect with the
control treatments providing higher levels of pest regulation (Figure 2b). There were no
significant effects of rotation and stress treatment on the provision of soil services with the
Diverse rotation providing lower levels of soil services but the difference was not significant
(Figure 2c). There were no interactions between stress treatment and rotation on resilience,
rotation had a significant effect with the Diverse rotation being more resilient than the other two
(Figure 2d).
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Figure 2: (a) The effect of rotation on crop production was significant (LRT=15.68, p<0.001,
R2glmm(c) 0.84). (b) The effect of stress treatment on pest regulation was significant (LRT=22.93,
p<0.001, R2glmm(c) 0.75). (c) There were no significant effects of rotation and stress treatment on
the provision of soil services (d) The effect of rotation on resilience was significant (LRT=16.32,
p<0.001, R2glmm(c) 0.87). Graphs show partial residuals from linear mixed models with 95%
confidence intervals. Y axis represents PCA loadings of bundled indicators representing each
ecosystem service. High values correspond to high service provision. Blue corresponds to control
treatment and Red to stress treatment.

3.3.5 Trade-offs and synergies
Resilience had a significant positive relationship with crop production with the Diverse
rotation having the highest values for both (Figure 3a). Pest regulation and resilience had a
significant positive relationship with the Diverse rotation under no stress having the highest
values for both (Figure 3b).
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Figure 3: (a) Resilience had a significant positive relationship with crop production (p<0.001)
(b) Pest regulation and resilience had a significant positive relationship (p<0.05). Coloured
dots represent different treatment combinations. Shaded area corespond to 95% CI.

3.4 Discussion
3.4.1 Indicators of crop production
Interaction between rotation and stress treatment effects on yield was significant with yields in
the Diverse rotation under stress being on average 1 t/ha higher than in the Moderate and
Simple rotation, and a steeper drop from control to stress treatment in the Moderate rotation.
We expected lower yields in the Simple rotation as it is well documented that 2nd and 3rd wheat
crops incur a yield penalty (Bennett et al. 2012). However, the significant drop in yield under
stress in the Moderate rotation, indicates the ability of the Diverse rotation to reduce the
impacts of stress and maintain yield potential. Protein content was significantly higher in the
Moderate and Diverse rotation but it is difficult to disentangle the confounding effect of variety.
The stressed plots had a significant positive effect on protein content. This can be explained by a
combination of higher temperatures during the grain filling period which have been found to
increase protein content in wheat (Gooding et al. 2003) and lower yields as there is commonly a
negative relationship between yield and protein content due to dilution effects (Oury and Godin,
2007). Our results are in accordance with other studies suggesting that crop diversity leads to
greater yield stability in agroecosystems (Lin, 2011; Gaudin et al. 2015) and support our
hypothesis that diversity maintains or increases crop production under stress.
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3.4.2 Indicators of pest regulation
The stress plots had approximately 2.5 times the number of aphids and 4 times the aphid
population growth rate than the control plots. The effect of the stress treatment on aphid
population growth rates support the hypothesis that differences in aphid abundance between
treatments were largely due to the effects of temperature on aphid reproduction as opposed to
behavioural preferences for the stress plots. Other studies have found that higher temperatures
are associated with higher wheat aphid population growth rates up to an optimum (Asin and
Pons 2001). Maximum average temperatures in this experiment were ~19ºC, well below the
optimum temperatures beyond which further increases become detrimental to population
growth. The stress plots also sheltered aphid populations from the rain and wind which together
can knock aphids off crop plants (Atsebeha et al. 2009). Neither abundance of canopy predators
or parasitism rate were affected by the stress treatment. Other studies have found that canopy
predators such as coccinellids and Chryosphidae larvae track changes in aphid population
numbers (Soni et al. 2013; Nakashima and Akashi, 2005) but variation in canopy predator
abundances or parasitism rates did not mirror the variation in aphid abundances in this study.
Despite positive numerical density dependent responses of predators to aphid abundances, the
absolute level of aphid abundances in this study may have been too low to detect differences or
a possible time lag between detection by predators and changes in their abundance meant that
differences were not detected (Costamagna et al. 2007).
Diverse crop rotations can potentially exert pest regulation through bottom-up or top-down
effects (Kremen and Miles 2012). This study suggests that as rotation had no effect on parasitism
rates, canopy predator or aphid abundance, both bottom-up and top-down effects were not
affected by crop rotation. There is evidence from other studies that within field polycultures
increase predators (Sunderland and Samu 2000) and pest regulation (Iverson et al. 2014). Higher
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levels of pest regulation have also been found for pests in crop rotations that include winter
cover crops (Lundgren and Fergen, 2011). The impact of tillage timing (Purvis and Fadl 2002) and
intensity (Tamburini et al. 2016) on ground predators, such as carabids has also been found to
affect levels of pest regulation. However, when specifically considering crop rotational diversity
there is little evidence of impacts on ground predator populations (Dunbar et al. 2016).
Experimental approaches measuring levels of pest regulation found that at the landscape scale,
crop rotational diversity was associated with greater variability, but not the level of pest
regulation (Rusch et al. 2013).
Studies exploring the effects of fertiliser treatment (Garratt et al. 2010), organic agriculture
management (Roschewitz et al. 2005) and conservation tillage (Tamburini et al. 2016) found no
impact on parasitism rates and are in line with the findings observed here. Parasitism rates of
aphids in cereal crops seem to be associated with the availability of local semi-natural habitat
and wider landscape complexity (Menalled et al. 2003).

3.4.3 Indicators of soil ecosystem services
Contrary to our expectations, and despite being more productive, soil carbon was significantly
lower in the Diverse rotation. Increases in plant diversity have been linked to increases in soil
carbon (Lange et al. 2015; Fornara and Tilman, 2008). However, relationships between plant
diversity and soil carbon content are complex and highly context dependent (De Deyn et al.
2008). Our results indicate a potential trade-off between productivity and long-term carbon
storage and could be the result of differences in carbon/nitrogen ratio in the residue inputs
across the rotations leading to greater carbon mineralization and greater nutrient release
(Hurisso et al. 2016). Our results indicate that crop diversity, and the inclusion of low
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carbon/nitrogen ratio crops such as legumes in the rotation, may influence decomposition rates
and reduce accumulation of carbon in the soils (Cardinale et al. 2011).
We found no effect of rotation on fungal/bacterial ratio, but stress increased the fungal/bacterial
ratio. Fungi may be more resilient to changes in moisture and temperature than bacteria (Holland
and Coleman 1987), potentially explaining the increase in fungal dominance under stress.
However, there is also evidence that fungi are less resistant to drought stress (de Vries et al.
2012). Our results suggest that fungal dominance increases in soils exposed to drought stress and
that crop diversity does not impact this effect. However, findings on shifts in fungal/bacterial
ratios relating to environmental factors are often not in line with expectations due to a variety of
reasons, ranging from the methodology used, to a lack of understanding of the basic ecology of
bacteria and fungi (Strickland and Rousk, 2010).
We found no differences in root surface area across all rotations and stress treatments. Our
results, therefore, suggest that the root system did not explain the lower canopy
temperature in the stress plots in the Diverse rotation. However, soil moisture content data
suggests that roots in the Diverse control plots were able to explore the profile at lower
depths while the Moderate and Simple were not. However, since roots were only measured
down to 500mm, further studies are needed to confirm this. Overall, crop diversity did not
have a positive impact on any of the indicators of soil services used here and therefore we
reject our hypothesis that crop diversity increased the provision of soil services under stress
in our system.

3.4.4 Resilience indicators
The interaction between the effects of rotation and stress treatment on canopy temperature was
significant. In the Diverse stress plots, the canopy was kept cooler which is consistent with the
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Diverse rotation managing to reduce drought stress and therefore minimise potential effects of
heat stress. Canopy temperature may be a better predictor of yield reductions linked to heat
stress than air temperatures (Webber et al. 2016). Our results suggest that the yield stability in
the Diverse rotation under stress, is linked to a cooler canopy. Senescence rates were
significantly higher in the Diverse rotation regardless of stress treatment, meaning that plants in
the Diverse rotation had a longer time period (~2 days) to accumulate photosynthate. Shorter
grain filling periods are associated with reduced photosynthesis rate due to heat stress and can
potentially reduce grain weight (Barnabás et al. 2008). However, since stress treatment did not
interact with rotation on senescence rates, we cannot directly relate differences in yields
between the rotations to senescence rates. Based on the indicators of resilience used in our
study, the results support our hypothesis that increases in crop diversity results in more resilient
systems under stress.

3.4.5 Stress
The Diverse rotation had higher levels of soil moisture at shallower depths in the stress plots,
most likely due to changes in soil structure and/or the effect of rooting behaviour of the crop
(Ball et al. 2005). Though we did not identify differences between rotations in root surface area
the differences seen at greater depths, could be indicative of deeper rooting habit (at depths
beyond what we assessed for root surface area - >50cm) in the Diverse rotation and thus more
efficient water use from the whole soil profile (Unger and Kaspar 1994).
The interaction between average temperature and growth stage was significant, with higher
temperatures during flowering and grain filling in the stress plots across all rotations. The stress
plots were thus exposed to higher average temperatures at susceptible growth stages. Exposure
to temperatures above 30°C around flowering, even for short periods, are known to have a
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negative impact on yield (Barnabás et al. 2008; Alghabari et al. 2014; Barber et al. 2017).
However, to our knowledge, there is no known threshold for the combined effect of heat and
drought stress, which when occurring together could reduce the temperature threshold at which
negative impacts on yield can occur(Alghabari et al. 2014). At grain filling, elevated temperatures
can increase the rate of filling but reduce its duration (Nasehzadeh and Ellis 2017); however
when combined with drought stress, high temperatures can lead to yield losses due to reductions
in starch accumulation (Barnabás et al. 2008). Higher average temperatures in conjunction with
lower levels of soil moisture are likely to have challenged the crop on both the Simple and
Moderate rotations. Given the higher soil moisture levels in the Diverse stress plots, the level of
stress may have been reduced.

3.4.6 Relationship between indicators and yield
There was no direct effect of soil moisture content on yield. However, it is likely that higher levels
of moisture at shallow depths in the Diverse rotation stress plots, had an indirect effect on yield
as soil moisture directly impacts canopy temperature (Jackson et al. 1977). Higher temperatures
had no impact on yields on the Diverse rotation, and a negative impact on both the Moderate
and Simple. This suggests that by maintaining a cooler canopy, yield in the Diverse rotation was
more resilient to higher temperatures (Siebert et al. 2014). Our results show that under stress,
canopy temperature had a stronger negative impact on yields in the Moderate rotation,
suggesting that canopy temperature could explain the significant drop in yield in the Moderate
rotation under stress. Although the Diverse rotation growing season was longer, surprisingly, this
did not impact on yield. However, in the Moderate rotation, senescence rates, were a good
predictor of yield, indicating that possibly, the rate of filling was higher despite the shorter
season. Although soil carbon was lower in the Diverse rotation, it had a significant positive effect
on yield, which again, suggests a stronger link between soil carbon and productivity in the
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Diverse rotation at the expense of long term carbon storage. Proposed relationships between
plant diversity and carbon cycling vary. While higher plant diversity can lead to higher
decomposition rates, therefore increasing productivity at the expense of carbon storage
(Fontaine et al. 2007), it can also increase carbon storage through the accumulation of microbial
necromass (Liang et al. 2011). This indicates that in order to maximize the benefits of increasing
crop diversity, it would be necessary to combine it with other management practices such as
reduced tillage. It is argued that increases in fungal/bacterial ratio positively affect crop nutrient
uptake and nutrient retention (de Vries et al. 2006) which positively impacts yields. However, our
results show that although fungal/bacterial ratios were higher under stress, it did not have a
direct effect on yield across any of the three rotations. In the control plots, increasing aphid
abundance were positively associated with higher yields especially in the Simple and Diverse
rotation. In the stress plots, however, increasing aphid abundance were not associated as
strongly with increasing yields, and in the Diverse rotation was negatively associated with yield. It
is unlikely that aphids are increasing yield in the control treatment. Aphids are more likely to be
preferentially aggregating, or populations growing more quickly, on crop plants with greater
resources. Why this association is not occurring in the stress plots is unclear. Aphid abundance
and growth rate was higher in stress plots due to higher temperatures and potentially this effect
masked the subtler effect of plant condition.

3.4.7 Trade-offs and synergies in ecosystem services and resilience
When considering the indicators of ES together, we found that the Diverse and Moderate
rotation, irrespective of stress treatment, had significantly higher levels of crop production,
supporting our initial hypothesis. This suggests that the extra level of diversity added to the
Diverse rotation (legume by-crop and winter cover crop) does not increase crop production.
However, lack of temporal diversity in the Simple rotation, resulted in lower crop production
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(Albizua et al. 2015; Gaudin et al. 2015). There were no differences in the provision of soil
services across all rotations and stress treatments. Our results suggest that the Diverse rotation
has lower soil carbon storage which could be addressed by a combination with other
management practices such as reduced tillage (Hurisso et al. 2016). Therefore, whether looking
at individual indicators or ES bundles, our hypothesis that crop diversity is linked to increases in
the provision of soil services is rejected. Contrary to what we hypothesised, the provision of pest
regulation under stress was lower, most likely due to increases in pest pressure due to better
microclimatic conditions (e.g. higher temperatures and lower rainfall) as opposed to higher levels
of predation and parasitisation. In line with other studies exploring the effects of crop rotational
diversity, it did not alter levels of natural pest regulation (Dunbar et al. 2016; Rusch et al. 2013). It
is therefore unclear whether temporal crop diversity would confer any addition protection to a
large pest outbreak, which may become more common under climate change (Hullé et al. 2010),
but the higher level of resilience conferred could perhaps help maintain plant defence
mechanisms. The Diverse rotation was significantly more resilient than the Moderate and
Simple. Although this has not directly resulted in higher soil services and pest regulation
provision in our study, studies of systems with more established rotations may shed some light
on this as the effect of temporal diversity can be cumulative, emphasising the need for long-term
field trials. This also suggests that although the additional diversity of the Diverse rotation, did
not impact crop production when compared to the Moderate rotation, it did have an impact on
resilience, possibly due to potential of cover crops and bi-crops to improve soil structure (Stobart
and Morris 2013).
We found no trade-offs between different ES and resilience. There were significant positive
associations between resilience and crop production with the Diverse rotation stressed and
control plots, providing the highest levels of both while the Simple rotation stress plots, providing
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the lowest. This suggests again that crop diversity results in more resilient systems able to
maintain yields (Lin, 2011; Gaudin et al. 2015). However, whether the absence of a trade-off
would persist under optimal yield conditions (i.e. full fertilizer and fungicide rates, favourable
weather conditions) requires further investigation (Charpentier, 2015). We also found a positive
association between the provision of pest regulation and resilience, with the Diverse rotation
control plots providing the highest levels of both and the Simple rotation stress plots, the lowest.
This is possibly because pest pressure is lower under lower temperatures, reducing the rate of
population growth.

3.5 Conclusions
Our study shows that more diverse crop rotations were able to maintain yield stability under
adverse conditions simulating future climatic change and with reduced inputs. Higher resilience
was linked to the potential of the Diverse rotation to avoid stress through improved soil moisture
retention, leading to better canopy temperature maintenance. The provision of soil services was
not affected by increased diversity and the results suggest that crop diversity alone, might result
in trade-offs between productivity and carbon storage in the short run. Thus, long-term rotation
field trials, where responses are measured under current and future climate projections are
needed to improve our understanding of the potential of diverse crop rotations as a tool in the
ecological intensification of agriculture. Diversity resulted in increased resilience and increased
crop production; both of which were positively related indicating the importance of resilient
systems to ensure food security in an uncertain future climate. Resilience was also positive
related with the provision of pest regulation indicating a synergistic interaction between the two.
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Farmers may need a combination of management approaches, alongside diversifying crop
rotations to maximise benefits such as local habitat creation for predators of crop pests and
increased pest regulation and conservation tillage for increased soil services.
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Chapter 3 – Appendix I: Diagram of field layout and complete
materials and methods for each indicator measured

Fig. S1. Diagram of field layout representing 1 block, containing 3 rotations (Diverse, Moderate
and Simple), 4 plots (representing each year of the rotation in space) and the sup-plot containing
the stress and control plots within the winter wheat plot. This was replicated four times in the
field. Shelters were put in place at the end of stem elongation (GS 39; 11th and 12th of May 2016)
and kept in place until harvest (GS 91; 28th - 29th August 2016) (Zadoks et al. 1974) so that plants
were potentially under stress during critical developmental phases.
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1. Materials and methods – Indicators of ecosystem services and resilience measured
Table S1. Indicators of Ecosystem services and resilience measured; the type of service they
represent; and their relationship to service provision/resilience

Indicator measured

Type

Yield quantity

Crop production

Expected relationship to
service provision/ resilience
Positive

Crop protein content

Crop production

Positive

Aphid abundance

Pest regulation

Negative

Aphid population growth rate

Pest regulation

Negative

Parasitism rate

Pest regulation

Positive

Canopy predator abundance

Pest regulation

Positive

Soil carbon

Soil service

Positive

Fungal/bacterial ratio

Soil service

Positive

Root surface area

Soil service

Positive

Canopy temperature

Resilience

Negative

Senescence rates

Resilience

Positive

2. Materials and methods - Detailed descriptions of the methods used for each indicator
a) Heat stress and drought stress
To assess differences in temperature between treatments, each plot (control and stress) had a
Themochron® iButton (Maxim Integrated, San Jose, CA, USA) data logger suspended at the top of
the canopy recording ambient temperature every hour from the end of stem elongation (GS 39)
on 17 May 2016 until harvest (GS 99) on the 27 July 2016. Growth stages of the main tillers of 15
randomly selected plants on each plot were recorded daily during this period.
To measure differences in soil moisture content, 100cm access tubes were installed on each plot
and the PR2/6 Soil Moisture Profile Probes® (AT Delta-T devices, Cambridge, UK) was used to
measure volumetric soil water content (expressed as % volume). The soil moisture probe uses
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sensing technology suitable for all soil types, with minimal influence from either salinity or
temperature and measures water content at six depths (100, 200, 300, 400, 600 and 1000 mm).
Measurements were taken nine times, at regular intervals (5-7 days) between the 13 June 2016
(GS65-69) and 25 July 2016 (GS- 83-87).
There are no universal thresholds of soil moisture content related to a certain level of stress,
actual availability of water to plants is modified by a combination of soil factors such as texture,
structure, organic matter content and biological activity (Saxton and Rawls 2006). While a
calibrated drought index can be used as a more precise measure of drought stress, this is beyond
the scope of this study. Therefore, soil moisture was used here as a relative measurement to
establish potential differences between treatments.
b)

Indicators of crop production

Yield and protein content were determined by hand harvesting 4 randomly located 0.25m2
quadrat samples of wheat tillers at combine height (approximately 5cm from the ground) per
plot. In addition to the standard quantitative measure of agronomic yield (seed mass of threshed
tillers per plot (t ha-1); hereafter ‘yield’), we analysed nitrogen (%) using a LECO® FP 328 nitrogen
analyser (LECO Corporation, Saint Joseph, MI, USA) and using a conversation factor (5.7), we
calculated protein content.
c)

Indicators of pest regulation

Visual inspection of 50 wheat tillers per plot were used to quantify the abundance of different
aphid pests(Sitobion avenae, Rhopalosiphum padi, Metopolophium dirhodum; (Duffield et al.
1997; Aqueel and Leather, 2011), leaf predators (syrphid larvae, chysopidae larvae, adult
coccinellids and coccinellid larvae (Zhao et al. 2015) and parasitoid mummies (Feng et al. 1992) in
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the stressed and non-stressed wheat plots. Three survey rounds took place on the 8 June (GS 5561), 13 June (GS 61-65) and 20 June (GS 65-69). To assess aphid population growth rates after a
pest outbreak, 50-100 Sitobion avenae aphids were inoculated onto the crop in both control and
stress plots to see how the population changed in the absence of predation. Ten days prior to the
experiment all predators in the immediate vicinity were removed and a pitfall trap was placed
adjacent to the inoculated wheat plants and a protective fleece, erected by bamboo canes were
placed over the aphids. This helped create favourable conditions for population establishment
and to prevent any predation or parasitisation of the aphids. Cage was then placed over the
aphids to prevent predation or parasitisation. This involved putting a steel ring ~5 cm into the soil
followed by a 130 cm cage mesh over the aphids. A large 5 mm mesh size was used to prevent
the creation of an unnatural microclimate, however, this meant some smaller natural enemies
may be able to pass through so insect glue was sprayed all over the mesh. A pitfall trap was
placed in the cage as well. The populations were monitored two times, after population
establishment (day 0), then again five days later (day 5). Aphid population growth rates were then
calculated by dividing the final aphid population (day 5) by the initial aphid population (day 0).
d)

Indicators of soil services

Fungal/Bacterial ratio was assessed using phospholipid fatty acid (PLFA) profiles. Soils were
extracted using Bligh and Dyer solvent (Bligh and Dyer 1959) according to Frostegard and Baath
(1996) (Frostegard and Bath 1996), extracted phospholipids were derivatised according to
Dowling et al. (1986) (Dowling et al. 1986) and analysed as fatty acid methyl esters by gas
chromatography (Agilent 6890N, flame ionization detector and a 30 m x 0.25 mm capillary column
with a 0.25 μm film of 5% diphenyl, 95% dimethyl siloxane) according to Frostegard et al.
(1991)(Frostegård et al. 1991). Individual fatty acid methyl esters were identified and quantified
according to the retention times and peak area in a qualitative standard (26 bacterial FAMEs, C11
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to C20 and 37 FAMEs, C4 to C24; Supelco, Supelco UK, Poole, UK). Individual PLFAs were
attributed to fugal or bacterial groups according to Zelles (1999)(Zelles 1999) and Kaur et al.
(2005) (Kaur et al. 2005).
Root surface area and length density was determined by taking 360º images (Two rounds – 17
June, 20 July) from a rhizotron using a scanner head. The X cm long rhizotron was inserted into
the soil at an approximately 50º angle to a maximum depth of 50cm from the soil surface.
WinRHIZO™ Pro software (Regent Instruments Inc., Quebec, QC, CA) was used to calculate root
surface area and length density of roots under 1mm in diameter using grey-scale analysis. Images
analysed using a non-colour analysis approach and were checked prior to ensure that only roots
were being correctly identified and where necessary parts of the image were excluded that were
being identified as roots (e.g. scratches, moisture on the tube). Only objects that had a ratio of
11:1 (length:width) were considered roots to avoid detection of debris being identified as roots.
Soils were sampled in June 2016 for soil carbon and soil nitrogen analyses. Five soil samples per
plot were taken in a V shape and bulked together. Samples were air dried and analysed for soil
carbon and soil nitrogen using the Thermal Scientific Flash 2000 analyzer (Thermo Fisher Scientific
S.p.A. Milan, Italy). The analyzer uses the flash dynamic combustion method, which produces
complete combustion of the sample within a high temperature reactor, followed by
determination of the elemental gases produced using a thermal conductivity detector.
e)

Indicators of resilience

Canopy temperature (CT) was measured using a hand-held infrared thermometer (Fluke 62
MAX+, Fluke Corporation, Everett, WA, USA) between 11.00 and 14.00, four times during anthesis
and grain filling stages. At each time, three measurements were taken per plot by pointing to the
canopy from the edge of the plot for approximately five seconds and located with the sun behind
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the observer, avoiding shadows. Measurements were taken using the averaging mode setting
which calculates the average over all temperatures recorded during the five seconds.
Measurements were taken only in sunny, cloudless days when the temperature exceeded 15°C.
Senescence rates were determined as the rate at which canopy photosynthetic function declined
by monitoring the red (660nm): far red (730nm) reflectance ratio using sensors (SKR 1800, Skye
Instruments Ltd, Llandrindod Wells, UK) above the canopy from anthesis onwards. The ratio
achieved above the canopy was expressed as a percentage of that recorded for bare ground at
the same time. ‘Green cover’ was determined by first subtracting this percentage from 100, and
then for each plot expressing green cover as a percentage of the maximum for the particular plot
from anthesis onwards. This final step was necessary to account for differences between
genotypes in colour and ground cover, unrelated to degree of senescence. The reduction in ‘green
cover’ over time was fitted with a modified gompertz curve (Gooding et al. 2000), and the end of
canopy photosynthetic function taken as when green cover was at 80% of maximum, i.e. at the
onset of the rapid phase of senescence.

Chapter 3 – Appendix II: Complete results
1) Ecosystem services and resilience indicators

a)

b)
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c)

d)

e)

Fig. S1. (a) Rotation and stress treatment each significantly affected protein, but the interaction
was not significant (Rotation effect: LRT = 30.18, p<0.001, stress treatment effect: LRT = 11.48,
p<0.001, R2glmm(c) 0.88). (b) Stress treatment significantly affected aphid abundance (LRT=30.76,
p<0.001) but the interaction was not significant and rotation did not have a significant effect. (c)
stress treatment significantly affected aphid population growth rate (LRT=14.97, p<0.001, R2glmm(c)
0.767), but the interaction was not significant and rotation did not have a significant effect. (d)
There was a significant effect of Rotation on soil carbon (LRT=6.85, p>0.05, R2glmm(c) 0.51) but no
significant interactions between rotation and stress treatment. (e) There were no significant
interaction effects between rotation and stress treatment on fungal/bacterial ratio but stress
treatment was significant (LRT=5.97, p>0.05, R2glmm(c) 0.295). Plots show mean values ±SE.
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2) Stress
a)

b)

Fig. S2. (a) 3-way Interactions among rotation, stress treatment and depth on soil moisture
content (%) (LRT = 70.36, p<0.001, R2glmm(c) 0.72). (b) Interactions between Growth stages
(Booting, Flowering and Grain filling) and stress treatment on average temperature (LRT = 15.55,
p<0.001, R2glmm(c) 0.98). Plot b shows mean values ±SE.

3) Relationships between yield and indicators of pest regulation, soil services and
resilience
Control

Stress

(a)

Control

Stress

(e)

Soil moisture content (%)
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(b)

(f)

Yield t/ha

Average temperature (°C)

(c)

Fungal/bacterial ratio

g)

Canopy temperature (°C)

Aphid

abundance

(d)

Senescence rates

Fig. S3. (a) There were no direct effect of soil moisture content on yield across all rotations and
stress treatments. (b) There was a significant interaction between average temperature and
rotation on yield ( LRT = 7.80, p<0.05, R2glmm(c) 0.854). (c) There was a significant interaction
between canopy temperature, rotation and stress treatment (LRT = 7.69, p<0.05, R2glmm(c) 0.724).
(d) There was a significant interaction between rotation and senescence (LRT = 8.35, p<0.05,
R2glmm(c) 0.775). (e) There was a significant interaction between soil carbon and rotation (LRT =
7.12, p<0.05, R2glmm(c) 0.769) (f) Fungal/Bacterial ratio had no effect on yield. (g) Significant 3-way
interaction between rotation, stress treatment and aphid abundance on yield. Points correspond
to partial residuals from mixed models. Green line corresponds to Diverse rotation; Blue line,
Moderate; Yellow line, Simple.
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Table S2. Effect of indicators of pest regulation, soil services and resilience on yield and their
interactions with Rotation and Stress treatment. Only variables which were affected by Rotation
and Stress treatment and their interactions were included in the models. Bold values correspond
to significant effects (p > 0.05). When higher order interactions were significant, lower order
interactions were not tested.
Response: Yield

Df

LRT

p

2
2
1

2.6058
4.3566
0.2101

>0.05
>0.05
>0.05

2
2
1

0.16563
7.8007
3.6004

>0.05
<0.05
>0.05

2

9.5197

<0.05

2
2
1

5.698
7.1203
0.0316

>0.05
<0.05
>0.05

2
2
1

4.3276
3.9464
0.1390

>0.05
>0.05
>0.05

2

7.6978

<0.05

2
2
1

0.12754
8.3502
0.4

>0.05
>0.05
>0.05

Predictor
Moisture content
X Rotation X Stress treatment
X Rotation
X Stress treatment
Average temperature
X Rotation X Stress treatment
X Rotation
X Stress treatment
Aphid abundance
X Rotation X Stress treatment
Soil Carbon
X Rotation X Stress treatment
X Rotation
X Stress treatment
Fungal:Bacterial ratio
X Rotation X Stress treatment
X Rotation
X Stress treatment
Canopy temperature
X Rotation X Stress treatment
Senescence
X Rotation X Stress treatment
X Rotation
X Stress treatment
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Chapter 4
Effects of crop rotations, fertiliser inputs and insect
pollination on oilseed rape yields

Setting up pollinator exclusion experiment at Sonning farm

“Contrary to popular belief, it is highly unlikely that if bees disappeared from the surface of the
earth, humanity would follow in four years. But if insect pollinators were to disappear, life without
chocolate, coffee and strawberries, would definitely not be worth living” Erika Degani, 2017
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Chapter 4: Effects of crop rotations, fertiliser inputs and insect
pollination on oilseed rape yields
Abstract
Oilseed rape (Brassica napus) inclusion in arable rotations has been increasing throughout the
world and in Europe, and is the most produced oil crop, and the second most produced protein
crop globally. Although, insect pollination has been shown to increase yield quantity and quality
in some oilseed rape varieties to varying degrees, it is often overlooked as a potential agronomic
input aiming to improve yields. Recent studies suggest that the benefits of these increases to
crop yield quantity and quality, are affected by interactions with management practices such as
crop rotations, other ecosystem services and external inputs such as fertiliser and many
knowledge gaps relating to these interactions remain. This aim of this study was to measure the
effects of diversifying crop rotations, fertiliser inputs and insect pollination on oilseed rape yields.
A plot scale field trial was used in factorial split-plot design with three crop rotations along a
diversity gradient, two levels of pollination (exposed and excluded) and two levels fertiliser input
(50% and 100%). More diverse rotations and insect pollination did have a positive impact on
oilseed rape yield components, but the effect of rotation and pollination were independent of
one another. More diverse rotations were able to mitigate reduced nutrient availability but not
attract higher levels of pollinators. More diverse rotation did interact with insect pollination and
fertilisation rates to result in higher compensatory growth after plants were damaged by pollen
beetles. Results presented here add to the growing body of evidence suggesting that insect
pollination and diversifying crop rotations can improve oilseed rape yield components.
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4.1 Introduction
Increasing global demand for food at a time when there is an urgent need to reduce the
environmental impact from agriculture, poses a big challenge. One proposed solution, is the
adoption of practices aiming to increase the provision of biodiversity derived ecosystem services
to partially replace external inputs, referred to as ecological intensification (Bommarco et al.
2013). The simplification of crop rotations, which has been widely implemented over recent
decades, has been linked to reductions in the availability of nutrients and yield plateaus (Bennett
et al. 2012; Ray et al. 2012) and the adoption of more diversified practices has been suggested as
a management approach which could help farmers to ecologically intensify agriculture (Lin,
2011).
Pollination is a key ecosystem service supporting to some extent, the yield of three quarters of
leading global food crops (Klein et al. 2007) provided by wild and managed pollinators (Garibaldi
et al. 2013; Potts et al. 2010). While pollination service is at risk (Potts et al. 2016), cultivation of
pollinator dependant crops has been increasing (Aizen and Harder, 2009). Yet, despite recent
efforts to measure the contribution of pollination service to yield quantity and quality of some
important crops (Bommarco et al. 2012; Garratt et al. 2014a; Brittain et al. 2014; Klatt et al.
2014), there is still a substantial knowledge gap. On the other hand, crop losses caused by insect
herbivory can exceed 15% globally, every year (Mitchell et al. 2016), yet little is known about how
pest pressure interacts with other factors, such as ecosystem services and management
practices, shaping yields.
Oilseed rape (Brassica napus) inclusion in arable rotations has been increasing throughout the
world and in Europe, and is the most produced oil crop, and the second most produced protein
crop globally (Lindström et al. 2016). In the UK, average yields for winter varieties (sown in
Autumn) was 3.1 t/ha in 2016, showing a drop from 3.6 t/ha in the previous year, and for spring
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varieties (sown in Spring) yield is 2.0 t/ha Theoretical estimates of the potential oilseed rape
yields in the UK are 6.5 t/ha, and it is argued that this can be achieved through a combination of
genetic and agronomic improvements (Berry and Spink 2006). Oilseed rape is self-fertile and
partially wind pollinated and varieties can be classified as either open-pollinated or hybrids.
Although, insect pollination has been shown to increase yield quantity and quality in some
oilseed rape varieties to varying degrees, from 0% to 30% depending on the variety (Bartomeus
et al. 2014; Bommarco et al. 2012), it is often overlooked as a potential agronomic input aiming
to improve yields. Additionally, breeding programmes often ignore the need to measure the
degree to which different varieties depend on insect pollination and this information is lacking.
The inclusion of mass-flowering crops such as oilseed rape in temperate crop rotations, has been
related to increases in pollinator densities (Westphal et al. 2003; Jauker et al. 2012; Holzschuh et
al. 2013; Riedinger et al. 2015) and insect pollination has been shown to increase yield quantity
and quality in oilseed rape (Bommarco et al. 2012; Bartomeus et al. 2014; Garratt et al. 2014b;
Lindström et al. 2016). However, recent studies suggest that the benefits of these increases to
crop yield quantity and quality, are affected by interactions with management practices such as
crop rotations (St-Martin and Bommarco, 2016), other ecosystem services (Lundin et al. 2013;
Bartomeus et al. 2015; Tamburini et al. 2016) and external inputs such as fertiliser (Marini et al.
2015; van Gils et al. 2016).
St-Martin and Bommarco (2016) found that insect pollination increased seed weight of faba
beans (Vicia faba) by 50% in soils with limited nutrient availability. In a study looking at
pollination of red clover, Lundin et al. (2013) found that the benefits of insect pollination,
depends on the level of pest control, with increases in seed set under high pollination levels
being significant only when the provision of pest control was also high. However, Bartomeus et
al. (2015) found the opposite to be true in oilseed rape, where the benefits of pollination
increased at high pest pressure. Marini et al. (2015) demonstrated that insect pollination can
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partially compensate for low fertiliser inputs in oilseed rap and van Gills et al (2016), also looking
at oilseed rape, found that relationships between yield, insect pollination and pest control did
not depend on the levels of fertilization.
The Intergovernmental Science-Policy Platform for Biodiversity and Ecosystem Services (IPBES)
has recently published its assessment report on ‘Pollinators, Pollination and Food Production’
(IPBES, 2016) in which ecological intensification, diversification of farming systems and ecological
infrastructure are identified as key policy options for protecting pollinators and pollination
service and food production. However, in order for the concept of ecological intensification to be
applied effectively, knowledge gaps relating to the extent to which pollinators contribute to yield
quantity and quality and how this is affected by other factors, need to be understood and
quantified.
The aim of this study was to measure the effect of interactions among management practice
(crop rotations along a diversity gradient), external inputs (recommended and reduced fertilizer
rates) and insect pollination (natural levels and excluded) on yield parameters of oilseed rape.
This was achieved through two experiments using a plot-scale, field trial comparing three crop
rotations along a diversity gradient. In the first experiment in 2015, exposure to pollinators was
manipulated using a section of the plant (the main stem of randomly selected oilseed rape
plants), and in the second experiment in 2016, fertilizer application n and exposure to pollinators
on a whole plant basis, using flight cages were manipulated. Natural levels of insect pollinators
(2015 and 2016) and pollen beetle attacks (2016) were also measured. It is hypothesised that
relative to less diverse rotations, more diverse rotations would (I) have a positive impact on yield
components when oilseed rape plants are exposed to insect pollinators; (II) mitigate reduced
nutrient availability when oilseed plants are exposed to insect pollinators; (III) attract a higher
number of insect pollinators; and, (IV) pollen beetle damage when oilseed rape plants are
exposed to pollinators.
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4.2 Materials and methods
4.2.1 Study site and experimental design
Experiments were conducted at the University of Reading’s Crop Research Unit, Sonning, UK
(51°28’50.8”N 0°54’07.3”W). The field study compared three crop rotations along a diversity
gradient (Simple, Moderate and Diverse) and was established in 2013 using space for time
substitution in a randomized complete block design with four blocks. See thesis appendix I for
complete description of experimental design.
Data for experiment 1 was collected during the 2014-2015 growing season in 12 oilseed rape
plots corresponding to the 2nd year of each four-year rotation. In each plot, four cohorts of three
oilseed rape plants were randomly selected and each plant was randomly assigned a different
Pollination treatment (open, excluded and supplementary; see below). For experiment 2, data
was collected during the 2015-2016 growing season in 12 oilseed rape plots corresponding to the
3rd year of each, four-year rotation. A factorial split-plot design was used with three fully crossed
factors: Rotation (Simple, Moderate and Diverse), Nitrogen (50% and 100%) and Pollination (open
and excluded; see below). Within each block, two strips of the oilseed rape plots were randomly
chosen for the Nitrogen treatments and split into two plots for the Pollination treatment.
Table 1: Experiment 1 - Crop history for each Rotation. Data was collected in the 2014-2015
season.
Rotation

Diverse

Moderate

Crop history
2013-2014

2014-2015

Winter wheat (T. aestivum., var. Solstice)
under-sown with a legume mixture
(Trifolium repens, var. Aberpearl and
Medicago lupilina, var. Virgo pajbjerg)
Winter wheat (T. aestivum., var. Solstice)

Winter oilseed rape (Brassica
napus, var. Amalie (openpollinated))
Winter oilseed rape (Brassica
napus, var. Amalie (openpollinated))
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Simple

Winter wheat (T. aestivum var. Scout)

Winter oilseed rape (Brassica
napus, var. Amalie (openpollinated))

Table 2: Experiment 2 - Crop history for each Rotation. Data was collected in the 2015-2016
season.
Rotation

Diverse

Moderate

Simple

Crop history
2013-2014

2014-2015

2015-2016

Spring beans (Vicia faba,
var. Fuego) and a brassica
winter cover crop
(Sinapsis alba, Eriogonum
umbellatum, Lamium
purpureum, Senecio
vulgaris, Secale cereale)
Winter beans (V. faba, var.
Fuego)

Winter wheat (T. aestivum, var.
Solstice) under sown with a
legume mixture (Trifolium
repens, var. Aberpearl and
Medicago lupilina, var. Virgo
pajbjerg)

Spring oilseed rape (B.
napus, var. Tamarin
(open-pollinated))

Winter wheat (T. aestivum, var.
Solstice)

Spring oilseed rape (B.
napus, var. Tamarin
(open-pollinated)0

Winter wheat (T.
aestivum, var. Santiago)

Winter wheat (T. aestivum, var.
Scout)

Spring oilseed rape (B.
napus, var. Tamarin
(open-pollinated))

4.2.2 Experiment 1
The crop was sawn on the 11th of September 2014 with a seed density of 75 seeds per m2 at
33cm spacing. On the 25th of March, all plots were treated with 50kg N + 68kg SO3 as ammonium
sulphate nitrate 26% N, 37% SO3 and on the 24th of April with 50kg N per ha as ammonium
nitrate. Amounting to a total of 50% of the recommended rate applied to all plots. To assess
potential interactions between rotation and pollination treatments, in each oilseed rape plot,
four cohorts of three oilseed rape plants were randomly selected and each plant was randomly
assigned a different pollination treatment (open, excluded and supplementary). Cable ties were
used to mark the treatment location on the primary stem of each plant. In each cohort, a
maximum of 15 flowers were treated within the first 30 flowers on the primary stem of each
plant. The location and number of flowers were recorded and the same location and number of
flowers were marked for each cohort. For the open pollination treatment, plants were exposed
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to wind and insect pollination. For the excluded treatment, the chosen flowers were covered
with a 0.5mm mesh before they opened and the mesh was removed after one week, once the
flowers were no longer receptive. In the supplementary treatment, plants were artificially
pollinated with a small brush, with pollen from multiple donor plants in addition to being
exposed to wind and insect pollination (Garratt et al. 2014b)
At the end of the season, once plants had matured, pods within each experimental area on the
primary stem, were harvested and counted. The total number of seeds were counted using a
Elmor precision C3 seed counter and the number of seeds per pod calculated. Total seed weight
divided by the number of seeds, was used to calculate Thousand Grain Weight. Pod set (%) was
calculated using the original number of flowers within the experimental area and the number of
pods at the end of the season.
In order to assess differences in pollinator abundance across the Rotations, two rounds of
pollinator surveys were carried at the time the treatments were applied and one week later.
Surveys were carried out between 10:00 and 17:30 when the weather conformed to Butterfly
Monitoring Standards (temperature above 13ºC with at least 60% open sky, or above 17ºC in any
conditions apart from heavy rain; wind speed less than Beaufort 5 - see Pollard & Yates 1993).
Surveys consisted of timed point counts from a fixed position in the centre of each plot. A 2m x
1m area was monitored for pollinators which were divided into five taxa: Honeybees,
bumblebees, solitary bees and hoverflies. If no pollinator entered the plot after 3 minutes then
the survey in that plot finished, and the surveyor moved to the next plot. If a pollinator did enter
the plot within 3 minutes a further 5 minutes was spent on the survey. Each plot was surveyed
twice in a day, once in the morning and once in the afternoon. The order in which plots were
surveyed was determined using a random number generator and differed each survey day in
order to reduce bias associated with time of day.
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4.2.3 Experiment 2
A factorial split-plot design was used with three fully crossed factors: rotation (Simple, Moderate
and Diverse), nitrogen (50% and 100%) and pollination (open and excluded). Within each block,
two strips of the oilseed rape plots were randomly chosen measuring 2m2 each for the nitrogen
treatments and further split into two plots for the pollination treatment measuring 1m2 each.
(Fig.1).
The crop was sown on the 13th of April 2015 with a seed density of 75 m-2, drilled at 27cm
spacing. All plots were treated with 50kg N + 50kg SO3 per ha, applied as ammonium nitrate 34%
N and ammonium sulphate nitrate 26% N, 37% SO3 on the 20th of April 2015 as recommended by
the Fertiliser manual (RB209). On the 5th of May, plots were treated with and additional 50kg N
per ha as ammonium nitrate 34% N. On the 26th of May, all plots were treated with Hallmark
Zeon (lambda-cyhalothrin and 1,2-benzisothiazolin-3-one) at 75 ml per ha in 287 litres water to
suppress pollen beetle (Meligethes aeneus F.) attacks. On the 1st of June 2015, within each block,
crop density was regulated by removing plants so that an equal number of plants was obtained.
Weeds were removed manually to reduce competition for nutrients. The number of plants in
each plot was counted and an extra 0.64g of N per plant was applied in the 100% nitrogen
treatment. This amount was based on a rate of 150kg N per ha as recommended for sprig oilseed
rape by the Fertiliser manual (RB209) for a target population of 45 plants per m2 and adjusted
accordingly given the plant density on each plot. Before the onset of flower, cages consisting of 4
plastic posts covered by 0.5mm aperture polythene mesh, were built to exclude a crop area of 1
m2 from insect pollinators for the duration of flowering.
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Fig. 1: Diagram of the experimental design for Experiment 2. Each rotation was present within
each Block. Samples were taken from the Oilseed rape plots representing the 3rd year of the
rotations. In each plot, two strips were randomly chosen and assigned a nitrogen treatment. Each
nitrogen plot was further split into two pollination treatments. Each block was replicated four
time across the field.

4.2.4 Surveys
In order to assess differences in pollinator abundance across the treatments, three rounds of
pollinator surveys were carried out during the flowering season. Surveys were carried using the
same conditions as for experiment 1. Surveys consisted of timed point counts from a fixed
position in the centre of each open pollination plot. The whole 1m2 area was monitored for bees
(bumblebees, solitary bees and honeybees) and hoverflies for 5 minutes in the morning and 5
minutes in the afternoon. All pollinators within the 1m2 area were recorded. The order in which

Effects of crop rotations, fertiliser inputs and insect pollination on oilseed rape yields

Chapter 4

109
plots were surveyed was determined using a random number generator and differed each survey
day in order to reduce bias associated with time of day. All plots were assessed for pollen beetle
numbers three times in the season, from the pollen beetle colonization in the green bud stage
until the end of the flowering period. The number of adult pollen beetles on 5 plants per plot was
recorded. During pollen beetle surveys, the number of open flowers on each of the 5 plants, were
also recorded.

4.2.5 Harvest and crop yield parameters
In some plots, a second onset of flowering occurred, resulting in plants not maturing at the same
time. Therefore, plants were harvested in two separate occasions so that all plants were
harvested at an optimal time. On the 29th of July 2016 (harvest 1), the first cohort of plants which
had reached maturity was harvested and on the 8th of August 2016 (harvest 2) all plots were
harvest, including the ones which had been harvest previously. Five plants from each treatment
combination were randomly selected and cut 5cm above the soil surface. Plants were then dried
at 80 oC for 24 hours.
Plants were manually threshed and the total number of pods was recoded. Total seed weight and
total plant biomass were calculated. The average number of seeds per pod was quantified by
randomly selecting 20 pods per plant and counting the number of seeds in each pod. Thousand
grain weight (TGW) was calculated by weighing the seeds in the 20 pods and dividing it by the
number of seeds to obtain the average weight per seed. For the plants that went through a
second onset of flowering, newly formed pods did not have enough time to fill. However, unfilled
pod number and weight was also recorded.

4.2.6 Statistical analyses
For experiment 1, linear mixed models were used to assess the effect of rotation, pollination and
their interaction on seeds per pod, pod set and TGW. Rotation nested within block was included
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as a random effect. Pod set was arcsine transformed to improve model fit. Model selection was
done using the step() function in the R-package lmerTest. Step() performs automatic backward
elimination of all effects of linear mixed effect models starting with the random component
followed by the fixed component . However, the random effect was kept in the model regardless
of its significance. LSMEANS (population means) and differences of LSMEANS for the fixed part of
the model were calculated and used as post-hoc tests for differences within groups. The p-values
for the fixed effects were calculated from F tests based on Sattethwaite's approximation, pvalues for the random effects were based on likelihood ratio tests. To assess differences in
pollinator abundance, generalized linear mixed models with Poisson family and round nested
within rotation and rotation nested within block as the random effect and rotation as fixed effect
were used using the R-package lme4. The time spent in each plot was off-set in the model.
Models were tested for over-dispersion and model selection was done based on the removal of
non-significant (p > 0.05) variables using the drop1() function.
For experiment 2, the optimal harvest data was used so only plants harvested at an optimal time
were included. linear mixed models were used to assess the effect of rotation, pollination,
nitrogen and 2-way interactions between rotation and nitrogen and rotation and pollination on
total seed weight, seeds per pod, total pod, plant biomass and unfilled pod weight. There was not
enough statistical power to test three way interactions between all treatments. Nitrogen nested
within rotation and rotation within block was included as a random effect. Harvest (harvest 1 or
harvest 2) was also included as a separate random effect. Model selection was performed using
the step() function as above. To assess differences in pollinator abundance, pollen beetle
abundance and open flower number, generalized linear mixed models with Poisson family and
round nested within rotation and rotation nested within block as the random effect were used.
Models were tested for over-dispersion and model selection was done based on the removal of
non-significant (p > 0.05) variables using the drop1() function. To assess the effect of rotation,
pollination and nitrogen and 2-way interactions between rotation and nitrogen and rotation and
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pollination on unfilled pod number, generalised linear mixed effect models, with the R-package
glmmADMB, was used. Due to over-dispersion of models with the Poisson family, negative
binomial family and zero-inflation factors were used to improve model fit. All models were
visually checked for homoscedasticity and normality of residuals. In order to measure
relationships among pollen beetle abundance and yield parameters (seed weight, total pod
number, seeds per pod and plant biomass), data was averaged and correlated pairwise using
Pearson product-moment correlation. All analyses were carried out in R version 3.3.2 (R Core
Team 2014).

4.3 Results
4.3.1 Experiment 1 (2015 study)
There were no significant interactions between rotation and pollination on numbers of seeds per
pod. The effect of rotation on the number of seeds per pod was significant regardless of
pollination with the Diverse rotation having higher number of seeds per pod (figure 1a) and the
effect of pollination on the number of seeds per pods was also significant independently of
rotation with significant differences between the three treatments, excluded having the lowest
levels and supplementary the highest (figure 1b). The effect of the interactions between rotation
and pollination on % pod set was not significant. The effect of pollination was significant with the
excluded treatment having the lowest levels of %pod set, followed by the open treatment and
the supplementary having the highest (figure 1c). There were no significant interactions between
rotation and pollination on thousand grain weight (TGW). The effect of Pollination was significant
with the excluded treatment significantly lower than the open and supplementary (figure 1d).
There were no differences in pollinator abundance across the three rotations (figure 2).
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a)

b)

c)

d)

Fig. 1 (a) The effect of rotation was on number of seeds per pod was significant (F2-130 = 9.52, p= <
0.001, R2glmm(c) =0.68) (b) The effect of pollination on number of seeds per pod was significant (F2129

= 134.45, p= < 0.001, R2glmm(c) =0.68) (c) The effect of pollination on % pod set was significant

(F2,124, p= >0.001, R2glmm(c) =0.53) (d) The effect of pollination on TGW was significant (F2,123, p=
>0.001, R2glmm(c) =0.38). Graphs show mean ±SE. Different letters correspond to significant
differences between groups. See appendix 1, tables 1 to 4 for model estimates and post-hoc
tests output.
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Fig. 2 There was no significant effect of rotation on pollinator abundance. Graphs show mean
±SE.

4.3.2 Experiment 2 (2016 study)
Nitrogen did not have a significant effect or interact with rotation on seed weight per plant. The
effect of the interaction between rotation and pollination was significant with seed weight in the
excluded treatment being higher in the Diverse rotation in comparison with the Simple rotation
and seed weight in the excluded treatments significantly higher than in the open treatments
across all rotations (figure 3a). Nitrogen and pollination did not interact with rotation or have a
significant effect on number of seeds per pod. The effect of rotation was significant with the
Diverse rotation having significantly higher number of seeds per pods in comparison with the
Simple rotation (figure 3b). Rotation and pollination did not have a significant effect on plant
biomass. The effect of nitrogen was significant with plant biomass being higher at 100% N levels
(figure 3c). The effect of the interaction between rotation and nitrogen on total pod number was
significant with the Diverse rotation at 50% N levels being higher than the Simple rotation and at
the same levels as both the Moderate and Simple rotations at 100% N levels and with the Diverse
rotation at 100% being significantly lower than the other two rotations at 100% N levels (figure 3
d).
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a)

c)

b)

d)

Fig. 3 (a) The effect of the interaction between rotation and pollination on seed weight was
significant (F2-210=4.03, p=<0.05, R2glmm(c) =0.33) (b) The effect of rotation on number of seeds per
pod was significant (F2-6=6.54, p=<0.05, R2glmm(c) =0.50) (c) Nitrogen had a significant effect on
plant biomass (F2-219=6.70, p=<0.05, R2glmm(c) =0.19) (d) The effect of the interaction between
rotation and nitrogen on total pod number was significant (F2-217=7.07, p=<0.01, R2glmm(c) =0.51).
Graphs show mean ±SE. Different letters correspond to significant differences between groups.
See appendix 1, tables 5 to 8 for model estimates and post-hoc tests output.

Pollinator abundance was lower in the Simple rotation but this difference was not significant and
there was no effect of nitrogen on pollinator abundance (figure 4).

Effects of crop rotations, fertiliser inputs and insect pollination on oilseed rape yields

Chapter 4

115

Fig. 4. The effect of rotation on pollinator abundance was not significant. Graph shows mean
±SE.
Pollen beetle numbers did not differ across rotations or nitrogen treatments. Pollination had a
significant effect with pollen beetle numbers being significantly higher in the open treatment
(figure 5a). Open flower number did not differ across rotations or nitrogen treatments.
Pollination had a significant effect with number of open flowers being significantly higher in the
excluded treatments (figure 5b).
a)

b)

Fig. 5 (a) The effect of pollination on pollen beetle numbers (LRT=2681.13, p=<0.001) and (b) on
open flower numbers (LRT=2193.94, p=<0.001) was significant. Graphs show mean ±SE. Different
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letters correspond to significant differences between groups. See appendix 1, tables 9 and 10 for
model estimates and post-hoc tests output.
Relationships between pollen beetle numbers and yield parameters using Pearson productmoment correlation across all rotations show a negative relationship between pollen beetle and
seed weight (figure 6a), total pod number (figure 6b) and seeds per pod (figure 6c). Pollen beetle
number had a positive relationship with plant biomass (figure 6d).

a)

c)

b)

d)

Fig. 6 Relationships between pollen beetle numbers and yield parameters using Pearson productmoment correlation (a) seed weight (r=-0.73, p<0.0001) (b) total pod number (r=-0.74, p<0.0001)

Effects of crop rotations, fertiliser inputs and insect pollination on oilseed rape yields

Chapter 4

117
(c) seeds per pod (r=-0.66, p<0.0001) (d) Plant biomass (r=0.3, p<0.05). Shaded area corresponds
to 95% confidence interval.
Nitrogen did not interact with rotation or had a significant effect on unfilled pod number. The
effect of the interaction between rotation and pollination was significant with unfilled pod
number in the open treatment in the Diverse rotation, being significantly higher than in the other
rotations (figure 7a). The interaction between rotation and pollination on unfilled pod weight was
also significant, with unfilled pod weight in the Diverse rotation, open treatments being
significantly higher than in the other two rotations (figure 7b). The interaction between rotation
and nitrogen on unfilled pod weight was also significant with unfilled pod weight being higher in
the Diverse rotation in comparison with the other two rotations (figure 7c).
a)

b)

c)
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Fig. 7 (a) The effect of the interaction between rotation and pollination on unfilled pod number
was significant (LRT=16.06, p=<0.001) (b) The effect interaction between rotation and pollination
on unfilled pod weight was significant (F2-222=66.91, p=<0.0001, R2glmm(c) =0.61) and (c) The effect
of the interaction between rotation and nitrogen on unfilled pod weight was significant (F2222=7.67,

p=<0.001, R2glmm(c) =0.61). Graphs show mean ±SE. Different letters correspond to

significant differences between groups. See appendix 1, tables 11 to 13 for model estimates and
post-hoc tests output.

4.4 Discussion
4.4.1 Yield components
Important yield components of oilseed rape mainly consist of number of seeds per pod, seed
weight and number of pods per plant (Diepenbrock 2000). In experiment 1, although the effect of
the interaction between rotation and pollination on the number of seeds per pod was not
significant, the Diverse rotation had significantly higher number of seeds per pod in comparison
to the Moderate and Simple rotations. There is some evidence that an oilseed rape crop
preceded by a legume crop has higher yields than those preceded by cereals (Christen and
Sieling, 1995; Rathke et al. 2005). Thus, the results may indicate a legacy effect of the legume bicrop on the number of seeds per pod in the subsequent oilseed rape crop in the diverse rotation,
and is likely to be related to the fertility-building capacity of the legume bi-crop (Cuttle et al.
2003). Pollination independently had an effect on the number of seeds per pod, pod set and TGW
with all components being significantly lower in the absence of pollinators. The number of seeds
per pod and pod set were significantly higher in the supplementary treatment, indicating a deficit
and that an increase in overall insect pollinator abundance, can potentially lead to optimal yields.
This adds to the growing body of evidence suggesting that insect pollination can improve oilseed
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rape yield components and should be considered as an agronomic input (Bommarco et al. 2012;
Stanley et al. 2013; Bartomeus et al. 2014; Lindström et al. 2016).
Experiment 2 used a spring oilseed rape variety, which can act as a pollen beetle sink once winter
varieties finished flowering in the landscape. This resulted in high pollen beetle pressure at
critical growth stages during the experiment. Therefore, the nets used to exclude insect
pollinators, have also acted as a barrier to pollen beetle. In experiment 2, the effect of the
interaction between pollination and rotation was significant with seed weight being significantly
higher in the Diverse rotation in comparison with the Simple rotation when insect pollinators
were excluded, and no differences across rotations when the crop was exposed to pollinators.
Given that seed weight was significantly lower in the open treatments, the results indicate that
high pollen beetle pressure at critical stages, offset the benefits of insect pollination regardless of
rotation. This is in line with recent studies that have shown that oilseed rape yield is shaped by
complex interactions between pollination, pest control, soil properties and management
practices. Bartomeus et al. (2015) found that pollinator visitation and pollen beetle abundance
were negatively correlated. However, at the same level of pollinator visits, yields were higher
when pollen beetle levels were also high, suggesting that instead of lowering visitation efficiency,
pollen beetle damage could have triggered a compensation mechanism by the plant. van Gils et
al. (2016) found that the effect of pollinator visitation on yield was stronger at low pest pressure.
However, their study looked at damage by herbivores and did not focus on pollen beetle
specifically. Lindström et al. (2017) found that lower levels of pollen beetle led to higher
pollinator visits, suggesting that pollen beetle damage reduces the resources available to
pollinators (number of flowers and nectar per flower) and that the adult pollen beetle and the
larva might act as a physical deterrent to pollinators. In their study, the negative impact of pollen
beetle, was mitigated by irrigation which is thought to have increased nectar supply, and
therefore increased attractiveness to pollinators.
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Interestingly, neither nitrogen nor pollination independently affect or interact with rotation to
predict number of seeds per pod. As in experiment 1, the effect of rotation was significant, with
the Diverse rotation having significantly higher number of seeds per pod in comparison to the
Simple rotation but not the Moderate rotation. This again suggests a legacy effect of the
preceding legume crop and bi-crop and the cover crop present in the Diverse rotation, on the
number of seeds per pod. Plant biomass was not affected by rotation or pollination. Nitrogen
significantly affected plant biomass with it being higher in the 100% rate treatments and in line
with van Gils et al. (2016) who found that plant biomass was significantly increased by fertilizer
supply. Plant biomass was negatively correlated with flower number (see chapter appendix II,
figure S1), indicating a trade-off between flower production and plant biomass, which is also in
accordance with van Gils et al. (2016). The effect of the interaction between rotation and
nitrogen on total pod number was significant, with the Diverse rotation, under 50% nitrogen
rates having the same number of pods per plant as the Simple and Moderate rotations under
100% nitrogen rates and higher than the Simple rotation under 50% nitrogen rates. However,
having significantly lower number of pods per plant under 100% nitrogen rates. The number of
pods per plant is directly influenced by nutrient supply (Diepenbrock 2000) and therefore, it was
expected that pod number would be higher at full fertilizer rates. The results suggest that the
Diverse rotation was able to compensate for the lower fertilizer rates, again indicating a legacy
effect of the legume bi-crop and brassica cover crop present in the Diverse rotation. However, it
remains unexplained why under high fertilizer rates, the Diverse rotation had a negative impact
on the number of pods.

4.4.2 Pollinator abundance
The results for both experiment 1 and experiment 2, show no significant differences in pollinator
abundance across the rotations, and in experiment 2, nitrogen did not have an impact on
pollinator abundance. This suggests that there is no effect of rotation or nitrogen on how
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attractive the crop is to pollinators and indicates that all treatments were exposed to the same
levels of pollinators. The results suggest that rotation did not directly affect the crop
attractiveness to pollinators nor had an indirect effect on any of the other factors likely to have
an influence on how attractive the crop is to pollinators. However, although management
practices have been shown to impact on pollinator attractiveness (Lindström et al. 2017; Feltham
et al. 2015), it is likely that pollinator abundance and visitation rates to pollinator dependant
crops will be determined by landscape composition and configuration (Ricketts et al. 2008;
Garibaldi et al. 2011; Scheper et al. 2015).

4.4.3 Pollen beetle
Pollen beetle abundance was significantly higher on the open pollination treatments and this
effect was the same across all rotations and nitrogen treatments. It is likely that this is due to the
pollinator exclusion nets acting as a deterrent to pollen beetle. The number of open flowers was
higher in the excluded pollination treatment and again, this effect was the same across all
rotations and nitrogen treatments suggesting that pollen beetle damage had a negative impact
on the number of flowers in oilseed rape in the open pollination treatments. It is known that
oilseed rape (both hybrids and open pollinated and winter and spring varieties) produce excess
flowers which can be lost to pollen beetle attack before it impact yields (Ellis and Berry 2012).
However, the results suggest that the threshold at which damage to yield occurs has been
exceeded, as the excluded pollination treatments had significantly higher seed weight per plant.
Additionally, although pollen beetle numbers were lower in the excluded pollination treatments,
they were still recorded in the excluded treatments as some managed to penetrate the exclusion
nets. Therefore, while it might have caused damage to flowers which were at the green bud stage
(before they open), pollen beetles could have acted as a pollinator on flowers which were open.
However, since numbers did not differ across rotation and nitrogen treatments, it is likely that if
this occurred, the effect was similar across all other treatments.
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Pollen beetle abundance had a significant negative relationship with all yield components (seed
weight, total pod number and number of seeds per pod), and this was the same across all
rotations. However, since pollen beetle numbers were not controlled for in this experiment, it is
difficult to disentangle the effects of rotation, pollination and nitrogen and their interactions on
yield components. Although the results suggest that high pollen beetle pressure offsets the effect
of rotation and pollination on seed weight, it is not possible to assess what the effect of rotation
and pollination and any potential interaction between the two is on seed weight, at lower levels
of pollen beetle pressure. An experiment controlling the levels of pollen beetle pressure would
add value to the results found here.

4.4.4 Compensatory growth potential
It has been reported that feeding damage can result in compensatory growth in oilseed rape
(Tatchell 1983; Axelsen and Nielsen 1990). The results show that high pollen beetle pressure, led
to compensatory growth in the Diverse rotation only, in terms of number of pods and pod
weight, when exposed to pollinators and lead to significantly higher pod weight when combined
with high fertilization rates, but still higher than the Moderate and Simple rotation under lower
fertilization rates.
More recent studies have also found that pollen beetle damage can result in compensatory
growth, but that it interacted with other factors. Bartomeus et al. (2015) found that successful
compensatory growth was dependent on high levels of pollination. (Sutter and Albrecht 2016)
found that there is a cost in terms of quality for compensatory growth as the oil content of plants
exposed to high pollen beetle levels was lower, possibly due to the plant investing resources to
compensate for pest damage. Gagic et al. (2016) found interactions between pests from
different feeding guilds on compensatory growth but in their study, pollen beetle damage did not
lead to compensatory growth.
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Here, the results indicate a legacy effect of the legume bi-crop and brassica cover crop in the
Diverse rotation interacting with insect pollination to result in compensatory growth, in terms of
pod number and weight. This legacy effect can also increase compensatory growth in terms of
weight, under low and high fertilisation rates with optimum growth achieved under high fertiliser
rates. However, due to logistical limitations, the experiment had to be harvested before the pods
could fill and mature, therefore it is not possible to make inferences in terms of final yield
quantity and/or quality. In practical terms, this benefit would be dependent on farmers being
able to extend the harvest time. However, testing the compensatory growth potential of winter
varieties, could result in more realistic time-scales.

4.5 Conclusion
While more diverse rotations and insect pollination did have a positive impact on oilseed rape
yield components, the effect of rotation and pollination were independent of one another.
Although the results do not show interactions between the two, they still add to a growing body
of evidence suggesting that insect pollination can improve oilseed rape yield components and
should be considered as an agronomic input. The positive impact of more diverse rotations on
yield components independently of insect pollinators, show the potential of crop diversity to
improve oilseed rape yields, but the mechanisms behind these effects need to be investigated
further. More diverse rotations were able to mitigate reduced nutrient availability possibly due to
a legacy effect of the clover-bi-crop and future experiments should focus on these effects longterm and allow for higher levels of replication so that the effects of interactions between
rotation, pollination and nitrogen can be measured. More diverse rotations did not attract higher
levels of pollinators indicating that there is no effect of rotation or nitrogen on how attractive the
crop is to pollinators, when landscape composition and configuration are controlled for. High
pollen beetle pressure had a negative relationship with all yield components when plants were
exposed to insect pollinators and this effect was the same across all rotations. However,
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experiments controlling the levels of pollen beetle pressure would add value to the results found
here. More diverse rotation did however, interact with insect pollination and fertilisation rates to
result in higher compensatory growth after plants were damaged by pollen beetles. In practical
terms, this benefit would be dependent on farmers being able to extend the harvest time and
testing the compensatory growth potential of winter varieties, could result in more realistic timescales.
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Chapter 4 - Appendix I: Model estimates and post-hoc tests output
Table 1 – Model output and post-hoc tests for seeds per pod x rotation
Seeds per pod – Rotation
Rotation

lsmean

DIVERSE

27.9553

MODERATE

SE

df

lower.CL

upper.CL

0.5053978

6.45

26.73936

29.17125

26.8125

0.4974083

6.07

25.59871

28.02629

SIMPLE

25.79488

0.5053978

6.45

24.57893

27.01083

Contrast

estimate

df

t.ratio

p.value

DIVERSE - MODERATE

1.142805

0.4856097

126.13

2.353

0.0523

DIVERSE - SIMPLE

2.160422

0.4940862

126.34

4.373

0.0001

MODERATE - SIMPLE

1.017617

0.4856097

126.13

2.096

0.0948

upper.CL

SE

Results are averaged over the levels of: Pollination
Degrees-of-freedom method: satterthwaite
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 3 estimates

Table 2 - Model output and post-hoc tests for seeds per pod x rotation
Seeds per pod – pollination
POLLINATION

lsmean

SE

df

lower.CL

EXCLUDED

22.27478

0.5025314

6.32

21.05996

23.48961

OPEN

28.54117

0.5025314

6.32

27.32634

29.756

SUPPLEMENTARY

29.74673

0.5025314

6.32

28.5319

30.96156

df

CONTRAST

estimate

SE

t.ratio

p.value

EXCLUDED - OPEN

-6.266389

0.4877803

125.99

-12.847

<.0001

EXCLUDED - SUPPLEMENTARY

-7.471944

0.4877803

125.99

-15.318

<.0001

125.99

-2.472

0.039

OPEN - SUPPLEMENTARY
-1.205556 0.4877803
Results are averaged over the levels of: Rotation
Degrees-of-freedom method: satterthwaite
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 3 estimates

Table 3 - Model output and post-hoc tests % pod set x pollination
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Pod set (%) – Pollination
Pollination

lsmean

SE

df

lower.CL

upper.CL

EXCLUDED

0.9439799

0.05239909

18.27

0.8340095

1.053950

OPEN

1.0884174

0.05239909

18.27

0.9784470

1.198388

SUPPLEMENTARY

1.3343972

0.05239909

18.27

1.2244268

1.444368

contrast

estimate

SE

df

t.ratio

p.value

EXCLUDED - OPEN

-0.1444374

0.04299732

124.08

-3.359

0.003

EXCLUDED - SUPPLEMENTARY

-0.3904173

0.04299732

124.08

-9.08

<.0001

OPEN - SUPPLEMENTARY

-0.2459799

0.04299732

124.08

-5.721

<.0001

Degrees-of-freedom method: satterthwaite
Results are given on the asin (not the response) scale.
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 3 estimates

Table 4 - Model output and post-hoc tests for TGW x pollination
TGW - Pollination
Pollination

lsmean

SE

df

lower.CL

upper.CL

EXCLUDED

5.59276

0.1225105

21.78

5.338541

5.84698

OPEN

6.19276

0.1225105

21.78

5.938541

6.44698

SUPPLEMENTARY

6.329717

0.1225105

21.78

6.075497

6.583936

contrast

estimate

SE

df

t.ratio

p.value

EXCLUDED - OPEN

-0.6

0.1176207

123.6

-5.101

<.0001

EXCLUDED - SUPPLEMENTARY

-0.7369565

0.1176207

123.6

-6.266

<.0001

OPEN - SUPPLEMENTARY

-0.1369565

0.1176207

123.6

-1.164

0.4767

Degrees-of-freedom method: satterthwaite
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 3 estimates

Table 5 - Model output and post-hoc tests for seed weight x pollination
Seed weight - interactions between Rotation and Pollination
Rotation

Pollination

lsmean

SE

df

lower.CL

upper.CL

DIVERSE

Excluded

10.172597

0.7513691

2.35

7.359959

12.985234

MODERATE

Excluded

8.567847

0.7513691

2.35

5.755209

11.380484

SIMPLE

Excluded

8.180597

0.7513691

2.35

5.367959

10.993234

DIVERSE

Open

5.609627

0.7513691

2.4

2.82656

8.392693

MODERATE

Open

5.8795

0.7003472

2.73

3.520054

8.238946

SIMPLE

Open

5.69088

0.7089952

2.86

3.372344

8.009416

CONTRAST

estimate

SE

DF

t-value

p-value

1.6

0.787

13.3

2.04

0.062

DIVERSE EXCLUDED - MODERATE
EXCLUDED
DIVERSE EXCLUDED - SIMPLE EXCLUDED

2

0.787

13.3

2.53

0.025

DIVERSE EXCLUDED - DIVERSE OPEN

5.1

0.65

210.4

7.88

<2e-16

DIVERSE EXCLUDED - MODERATE OPEN

4.6

0.787

13.3

5.81

1.00E-04

DIVERSE EXCLUDED - SIMPLE OPEN

4.7

0.794

13.8

5.98

<2e-16
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MODERATE EXCLUDED - SIMPLE
EXCLUDED
MODERATE EXCLUDED - DIVERSE OPEN

0.4

0.787

13.3

0.49

0.631

3.5

0.79

13.5

4.44

6.00E-04

3

0.646

210.2

4.6

<2e-16

3.1

0.794

13.8

3.96

0.002

SIMPLE EXCLUDED - DIVERSE OPEN

3.1

0.79

13.5

3.95

0.002

SIMPLE EXCLUDED - MODERATE OPEN

2.6

0.787

13.3

3.28

0.006

SIMPLE EXCLUDED - SIMPLE OPEN

2.8

0.655

211.3

4.21

<2e-16

DIVERSE OPEN - MODERATE OPEN

-0.5

0.79

13.5

-0.69

0.501

DIVERSE OPEN - SIMPLE OPEN

-0.4

0.798

14

-0.46

0.651

MODERATE OPEN - SIMPLE OPEN

0.2

0.794

13.8

0.22

0.826

MODERATE EXCLUDED - MODERATE
OPEN
MODERATE EXCLUDED - SIMPLE OPEN

Degrees-of-freedom method: satterthwaite
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 6 estimates

Table 6 - Model output and post-hoc tests for seeds per pod x rotation
Seed per pod - Rotation
Rotation

lsmean

SE

df

lower.CL

upper.CL

DIVERSE

1.336129

0.05375303

1.13

0.8121085

1.860149

MODERATE

1.307322

0.053825

1.13

0.7881505

1.826494

SIMPLE

1.280608

0.05385577

1.13

0.7635099

1.797706

contrast

estimate

SE

df

t.ratio

p.value

DIVERSE - MODERATE

0.02880623

0.01524135

6.33

1.89

0.2178

DIVERSE - SIMPLE

0.05552086

0.01534885

6.5

3.617

0.0229

MODERATE - SIMPLE

0.02671464

0.01500674

5.99

1.78

0.254

Degrees-of-freedom method: satterthwaite
Results are given on the log10 (not the response) scale.
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 3 estimates

Table 7 - Model output and post-hoc tests for plant biomass x nitrogen
Plant biomass - Nitrogen
Nitrogen

lsmean

SE

df

lower.CL

upper.CL

50

34.2001

5.103052

1.36

-1.250246

69.65045

100

40.50475

5.12E+00

1.38

5.499148

75.51036

contrast

estimate

SE

df

t.ratio

p.value

50 - 100

-6.304653

2.435514

219.1

-2.589

0.0103

Degrees-of-freedom method: satterthwaite
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 3 estimates

Table 8 - Model output and post-hoc tests for total pod number x rotation and nitrogen
Total pod number - Interactions between Rotation
and Nitrogen
Rotation
lsmean
SE

DF

t-value

Lower.CL
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DIVERSE - MODERATE

2.4

6.03

9.4

0.4

-11.13

15.97

0.697

DIVERSE - SIMPLE

9.1

6.05

9.5

1.51

-4.46

22.67

0.165

MODERATE - SIMPLE

6.7

5.92

8.8

1.13

-6.75

20.12

0.289

50 - 100

-2.7

3.75

217.7

-0.72

-10.09

4.7

0.473

Contrast

estimate

SE

DF

t-value

Lower.CL

Upper.CL

p-value

DIVERSE 50 - MODERATE 50

13.8

7.52

22.5

1.83

-1.81

29.33

0.08

DIVERSE 50 - SIMPLE 50

26.1

7.52

22.5

3.47

10.54

41.68

0.002

DIVERSE - DIVERSE 100

16.2

6.53

217.9

2.48

3.34

29.07

0.014

DIVERSE 50 - MODERATE 100

7.3

7.59

23.1

0.96

-8.41

22.97

0.347

DIVERSE 50 - SIMPLE 100

8.3

7.61

23.5

1.09

-7.43

24.02

0.287

MODERATE 50 - SIMPLE 50

12.3

7.41

21.4

1.67

-3.05

27.75

0.11

MODERATE 50 - DIVERSE 100

2.4

7.58

23.1

0.32

-13.24

18.12

0.75

MODERATE 50 - MODERATE
100
MODERATE 50 - SIMPLE 100

-6.5

6.48

217.5

-1

-19.26

6.3

0.319

-5.5

7.49

22.2

-0.73

-20.99

10.05

0.473

SIMPLE 50 - DIVERSE 100

-9.9

7.58

23.1

-1.31

-25.59

5.77

0.204

SIMPLE 50 - MODERATE 100

-18.8

7.49

22.2

-2.52

-34.35

-3.31

0.02

SIMPLE 50 - SIMPLE 100

-17.8

6.49

217.5

-2.75

-30.6

-5.03

0.006

DIVERSE 100 - MODERATE
100
DIVERSE 100 - SIMPLE 100

-8.9

7.65

23.7

1.83

-24.72

6.87

0.08

-7.9

7.68

24.2

1.84

-23.75

7.93

0.09

MODERATE 100 - SIMPLE 100

1

7.56

23.1

0.13

-14.63

16.66

0.894

Degrees-of-freedom method: satterthwaite
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 6 estimates

Table 9 - Model output and post-hoc tests for pollen beetle abundance x pollination
Pollen beetle abundance - Pollination
Pollination

lsmean

SE

df

asymp.LCL

asymp.UCL

EXCLUDED

2.6421

0.2191015

NA

2.212669

3.071531

OPEN

3.349849

0.2189475

NA

2.92072

3.778978

contrast

estimate

SE

df

z.ratio

p.value

EXCLUDED - OPEN

-0.7077489

0.01409174

NA

-50.224

<.0001

Results are averaged over the levels of: Rotation, Nitrogen
Results are given on the log (not the response) scale.
Confidence level used: 0.95

Table 10 - Model output and post-hoc tests for flower number x pollination
Flower number - Pollination
Pollination

lsmean

SE

df

asymp.LCL

asymp.UCL

EXCLUDED

2.302128

0.1891333

NA

1.9314338

2.672823

OPEN

1.05175

0.1903854

NA

0.6786019

1.424899

contrast

estimate

SE

df

z.ratio

p.value

EXCLUDED - OPEN

1.250378

0.02926743

NA

42.722

<.0001
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Results are averaged over the levels of: Rotation, Pollination
Confidence level used: 0.95

Table 11 - Model output and post-hoc tests for unfilled pod number x rotation and pollination
Unfilled pod number - Interactions between Rotation
and Pollination
Pollination - Excluded
Rotation

lsmean

SE

df

asymp.LCL

asymp.UCL

DIVERSE

2.06839

0.55331

NA

0.9839224

3.152858

MODERATE

1.957772

0.8539367

NA

0.2840865

3.631457

SIMPLE

1.161348

0.8776091

NA

0.5587342

2.88143

contrast

estimate

SE

df

z.ratio

p.value

DIVERSE - MODERATE

0.1106185

0.64229

NA

0.172

0.9838

DIVERSE - SIMPLE

0.9070421

0.67922

NA

1.335

0.3755

MODERATE - SIMPLE

0.7964236

0.9348602

NA

0.852

0.6706

Rotation

lsmean

SE

df

asymp.LCL

asymp.UCL

DIVERSE

4.647645

0.6958789

NA

3.2837473

6.011542

MODERATE

1.931912

1.1047797

NA

4.09724

SIMPLE

2.241497

1.2190169

NA

0.2334165
0.1477326

contrast

estimate

SE

df

z.ratio

p.value

DIVERSE - MODERATE

2.7157331

0.8815116

NA

3.081

0.0059

DIVERSE - SIMPLE

2.4061483

0.9513961

NA

2.529

0.0307

MODERATE - SIMPLE

-0.3095848

1.3233222

NA

-0.234

0.9703

Pollination - Open

4.630726

Results are given on the log (not the response) scale.
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 3 estimates

Table 12 - Model output and post-hoc tests for unfilled pod weight x rotation and pollination
Unfilled pod weight - Interactions between Rotation and
Pollination
Pollination - Excluded
Rotation

lsmean

SE

df

lower.CL

upper.CL

DIVERSE

0.509

0.3149429

8.59

-0.20860354

1.226604

MODERATE

0.5045

0.3149429

8.59

-0.21310354

1.222104

SIMPLE

0.67775

0.3149429

8.59

-0.03985354

1.395354

contrast

estimate

SE

df

t.ratio

p.value

DIVERSE - MODERATE

0.0045

0.3381751

12.07

0.013

0.9999

DIVERSE - SIMPLE

-0.16875

0.3381751

12.07

-0.499

0.8731

MODERATE - SIMPLE

-0.17325

0.3381751

12.07

-0.512

0.8668

Pollination - Open
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ROTATION

lsmean

SE

df

lower.CL

upper.CL

DIVERSE

4.01

0.3149429

8.59

3.29239646

4.727604

MODERATE

0.3915

0.3149429

8.59

-0.32610354

1.109104

SIMPLE

0.41625

0.3149429

8.59

-0.30135354

1.133854

contrast

estimate

SE

df

t.ratio

p.value

DIVERSE - MODERATE

3.6185

0.3381751

12.07

10.7

<.0001

DIVERSE - SIMPLE

3.59375

0.3381751

12.07

10.627

<.0001

MODERATE - SIMPLE

-0.02475

0.3381751

12.07

-0.073

0.9971

Results are averaged over the levels of: Nitrogen
Degrees-of-freedom method: satterthwaite
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 3 estimates

Table 13 - Model output and post-hoc tests for seeds per pod x rotation and nitrogen
Unfilled pod weight - Interactions between Rotation and
Nitrogen
Nitrogen - 50
Rotation

lsmean

SE

df

lower.CL

upper.CL

DIVERSE

1.5625

0.3149429

8.59

0.8448965

2.280104

MODERATE

0.356

0.3149429

8.59

-0.3616035

1.073604

SIMPLE

0.493

0.3149429

8.59

-0.2246035

1.210604

contrast

estimate

SE

df

t.ratio

p.value

DIVERSE - MODERATE

1.2065

0.3381751

12.07

3.568

0.0099

DIVERSE - SIMPLE

1.0695

0.3381751

12.07

3.163

0.0206

MODERATE - SIMPLE

-0.137

0.3381751

12.07

-0.405

0.9141

Rotation

lsmean

SE

df

lower.CL

upper.CL

DIVERSE

2.9565

0.3149429

8.59

2.2388965

3.674104

MODERATE

0.54

0.3149429

8.59

-0.1776035

1.257604

SIMPLE

0.601

0.3149429

8.59

-0.1166035

1.318604

contrast

estimate

SE

df

t.ratio

p.value

DIVERSE - MODERATE

2.4165

0.3381751

12.07

7.146

<.0001

DIVERSE - SIMPLE

2.3555

0.3381751

12.07

6.965

<.0001

MODERATE - SIMPLE

-0.061

0.3381751

12.07

-0.18

0.9822

Nitrogen - 100

Results are averaged over the levels of: Pollination
Degrees-of-freedom method: satterthwaite
Confidence level used: 0.95
P value adjustment: tukey method for comparing a family of 3 estimates
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Chapter 4 - Appendix II: Relationship between flower number and
plant biomass

Fig. S2 Relationships between plant biomass and number of flowers per plant using Pearson
product-moment correlation (r=-0.35, p<0.05)
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Chapter 5
Novel crop rotations: an in-field solution to
providing floral resources for pollinators

Solitary bee feeding on oilseed rape flower & painted lady feeding on weed (creeping thistle) in field bean
crop at Sonning farm.

“We should preserve every scrap of biodiversity as priceless while we learn to use it and come to
understand what it means to humanity” E. O. Wilson
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This chapter is in preparation to be submitted as a research article to the Journal of Applied
Ecology with authors: Samuel G Leigh, Erika Degani, Matthew Greenwell, Peter Sutton, Hannah
Jones, Simon G Potts
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protocols. SGL and ED, assisted by MG carried out the field surveys, digitised the data, performed
statistical analyses, interpreted the results and wrote the manuscript. All authors contributed to
the interpretation of results and writing.
While data collection was equally divided between PhD students Samuel Leigh and Erika Degani,
Samuel Leigh has led the statistical analyses, results’ interpretation and manuscript writing,
except for analyses, results and discussion relating to bumblebees and solitary bees pollen and
nectar resource accessibility index (RAI) and relationships between bumblebees and solitary bees
and total pollen and nectar. Erika has commented on and contributed to the writing, statistical
analyses and result interpretation for the whole manuscript.

Novel crop rotations: an in-field solution to providing floral resources for pollinators

Chapter 5

138

Chapter 5: Novel crop rotations: an in-field solution to
providing floral resources for pollinators
Abstract
Population growth and the demand for food continue to put pressure on land resources and the
resulting intensification of agriculture has had dramatic consequences for farmland biodiversity.
Recent efforts to enhance biodiversity on arable farmland typically involve improving noncropped areas. However, while it is often argued that management for biodiversity
improvements can enhance ecosystem services for crop production and profitability, this has
rarely been conclusively demonstrated. In this paper, we explored how floral resource availability
varied between crop rotations of differing diversity throughout the pollinator flight season; how
this translated into support for different pollinator groups and the relationships between
pollinator groups and in crop floral resources. Surveys of floral resources and pollinators were
carried out on a crop rotation field plot experiment over two active pollinator flight seasons to
quantify the variation in total nectar mass, pollen volume and pollinator densities. We found that
more diverse rotations (including oilseed rape, field beans and a clover bi-crop) are able to
provide a more stable provision of nectar resources throughout the pollinator flight season,
attracting more bumblebees than less diverse rotations. However, when accounting for the
reward and accessibility of different flowering crops and weeds the differences among the
rotations was less clear for the different pollinator groups. Pollinator groups also showed
different responses to changes in nectar and pollen provision, which suggested that nectar and
pollen are not the only factors determining behavioural preferences. When considering crop
rotation design to provide floral resources for pollinators, the inclusion of a mass flowering crop
should be considered but also the impacts of the rotation management on key arable weed
plants. Accounting for the local pollinator populations should also be considered when designing
crop rotations to support pollinators.
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5.1 Introduction
Population growth, demand for cheap food and expectations of a high standard of living in the
21st century will continue to put huge pressure on land resources and for sustainable productive
agriculture. This intensification of agriculture has led to dramatic declines in biodiversity
(Butchart et al. 2010). Most farming systems have become more specialised leading to both
temporal and spatial simplification of landscapes (Gámez-Virués et al. 2015). Today, conventional
arable farming systems rely on high yielding varieties of a limited number of crops, large fields,
irrigation and agrochemicals (Matson, 1997). This shift in intensification has negatively impacted
birds (Inger et al. 2015), bees (Ollerton et al. 2014), butterflies (Ekroos et al. 2010) and arable
plants (Storkey et al. 2011), often resulting in population declines and sometimes even species
extinctions. Efforts to restore farmland biodiversity have been generally more effective when
focussed on non-cropped as opposed to cropped areas of the farm, which is preferred by farmers
(Batáry et al. 2015). Furthermore, biodiversity friendly management of cropped areas, such as
organic farming, can typically result in lower levels of productivity, and therefore may require
more agricultural land area to maintain overall production levels, which could in turn impact
negatively on biodiversity (Phalan et al. 2011). Management which focuses on habitat recreation
and the improvement of non-cropped areas can enhance farmland biodiversity (Batáry et al.
2015), including beneficial insects (Kennedy et al. 2013; Lichtenberg et al. 2017; Scheper, 2013).
There remains little evidence however, that this directly improves ecosystem services important
for crop production, and rarely demonstrates positive impacts on crop production or profitability
(Holland et al. 2012; Garibaldi et al. 2014; but see Pywell et al. 2015, Blauuw & Isaacs, 2014).
Ecological intensification is an approach that aims to incorporate management practices that
maintain production levels by optimising biodiversity-derived ecosystem services underpinning
agricultural production while reducing levels of external inputs (Bommarco et al. 2013). One
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potential strategy is increasing the temporal diversity within conventional crop rotations. Longer
crop rotations which include more crops have been shown to improve a number of supporting
and regulating ecosystem services such as soil fertility (Tiemann et al. 2015) and natural pest
control (O’Rourke et al. 2008) as well as weed biomass (Liebman & Dyck, 1993) and disease
suppression (Peters et al. 2003). Most importantly for farmers is the ability of more diverse crop
rotations to enhance yield (Berzsenyi et al. 2000) and energy efficiency (Lechenet et al. 2014)
under some conditions. Although diverse crop rotations may not be adopted principally for their
benefit to biodiversity, if used widely they can help create a more heterogeneous landscape,
providing a greater range and more abundant resources for farmland biodiversity (Benton et al.
2003).
The provision of pollen and nectar provided by arable landscapes is important in maintaining bee,
butterfly and other insect populations (Vaudo et al. 2015; Pywell et al. 2011). Although UK arable
land currently has the lowest quantity and diversity of floral resources per unit area compared to
other habitats (Baude et al. 2016), due to its large overall coverage, even modest increases in
floral resources in the cropped area could lead to significant changes in quantity across the
landscape (Hardman et al. 2016; Bretagnolle & Gaba, 2015; Westphal et al. 2003). Increasing crop
rotational diversity can lead to the inclusion of more mass flowering crops within cereal based
crop rotations. Mass flowering crops have been found to increase wild bee abundance
(Holzschuh et al. 2013; Westphal et al. 2003), however, they can also draw pollinators away from
semi-natural habitats (Holzschuh et al. 2016). Floral resources provided by mass flowering crops
provide high abundance of forage over a short space of time but are unlikely to augment
pollinator populations on their own and require nearby nesting sites and complementary floral
resources during the non-blooming period for mass flowerings crops (Kovács-Hostyánszki et al.
2013). Diverse crop rotations may also have an impact on non-crop floral resources by
influencing the density and diversity of arable weeds. Floral resources provided by weed species
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account for ~40% of honeybees’ diet in periods when mass flowering crops are not in bloom
(Requier et al. 2015). However, diverse crop rotations in conventional systems are equally
effective in their ability to suppress weeds when compared to less diverse crop rotations (Ulber
et al. 2009), and therefore may not enhance non-crop floral resources. Diverse crop rotations
that change the temporal arrangement of disturbances (Garrison et al. 2014), include crops that
enhance numbers of weed seed predators (Labruyere et al. 2016; Blubaugh et al. 2016) and cover
crops that have good autumn establishment and early soil coverage can improve weed
suppression and reduce non-crop floral resources
In this paper, we address three questions: (i) how does floral resource availability (pollen and
nectar) vary between crop rotations of differing diversity throughout the pollinator flight season;
(ii) to what extent do different crop rotations support a range of pollinator groups (bumblebees,
honeybees, solitary bees, hoverflies and butterflies); and, (iii) what are the relationships between
pollinator groups and in-crop floral resources. We expect that by diversifying crop rotations,
especially by increasing the number of flowering dicotyledonous crops (break crops, such as
oilseed rape and field beans and under-sown spring legume mixture bi-crops) in a rotation will
lead to more total floral resources, and over a longer period, than less diverse rotations. This
may, however, be offset by the reduction in flowering weeds in more diverse crop rotations. We
expect there to be differences in abundance between pollinator groups due to their different
foraging preferences and seasonal activity.

5.2 Methods
5.2.1 Experimental design
The crop rotation experiment was conducted at the University of Reading’s Crop Research Unit,
Sonning, UK (51º28’50.8”N 0º54’07.3”W). The design of the different rotation treatments was
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chosen to assess how diversity within rotations could affect multiple ecosystem services. Three
rotation treatments were tested which varied in the number of different crops, the sowing times
of those crops (spring or winter), and whether they included a legume bi-crop or winter cover
crop. The three rotation treatments were termed Simple, Moderate and Diverse, reflecting the
relative level of crop diversity between treatments. The length of all the rotations was four years.
Table 1 gives the design of the different rotation treatments in detail. In order to prevent the
confounding effect of the rotation treatment from environmental conditions of that year, each
phase of the rotation treatments was present every year of the experiment. This was done by
splitting each plot into four sub-plots for each rotation treatment where each sub-plot began the
experiment at a different phase of the rotation sequence. Three plots, one from each of the
rotation, formed a block. A total of four blocks were located across the field, in order to control
for bias associated with proximity to local semi-natural habitats such as hedge rows and field
margins. All sub-plots consisted of a single crop (12m x 10m) formed by five trial scale tractor
passes (12m x 1.9m) which were separated by cereal guards (2m wide). All assessments were
carried out in the central three passes of each plot which together with the guards helped to
reduce spill over effects between plots. Crops were treated with 50% of the standard fertilizer
and fungicide dose for that crop. Standard herbicide rates were used for all crops, however
difficulties establishing the spring legume bi-crop meant that in years 2014 and 2016 that Diverse
wheat sub-plots were not treated with the spring herbicide dose. In 2013, a spring oilseed rape
variety was grown but due to high pest damage the rotation was adjusted to grow winter
varieties of oilseed rape instead, as was done in 2014. The intention was to continue to grow
winter oilseed rape crops but in 2015 due to poor establishment this crop was abandoned and a
spring variety was sown instead in 2016. See thesis appendix I for the complete experimental
design.
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5.2.2 Floral resources
Ten floral resource surveys were carried out in 2015 and 2016, between the start of April and the
end of September. Efforts were made to ensure that at least two of the surveys were carried out
during the flowering periods in faba bean and oilseed rape (Haughton et al. 2003). Five 0.25m2
quadrats were placed randomly in all plots within two days of the survey for insect pollinators.
The evaluation of composite floral units (defined in Carvell et al. 2006) involved dissecting five
typical floral units to count the number of open flowers. As the number of open flowers varies
throughout the season, on each survey round the number of flowers on composite flowers was
re-estimated. This was done by taking the mean number of open flowers per floral unit and
multiplying it by the number of floral units to estimate open flower abundance per m2 (flower
density). The nectar sugar mass and pollen volume per hectare provided by each crop rotation
was calculated by multiplying flower density by the mean μg of nectar per flower using data from
Baude et al. (2016) and the mean μg per m3 of pollen per flower (see chapter appendix I, table
S1). Pollen values were corrected by a "dicliny factor" (1 for hermaphrodite species; 0.5 for
dioecious, gynodioecious, monoecious and gynomonoecious species; 0.75 for trimonoecious
species). Crop floral resources included flowers from the legume bi-crop mixture (black medic
and white clover) as well as flowers from break crops (oilseed rape and field beans). However,
flowers from these plants were only considered crop floral resources if the crop plant was in a
plot where that crop was being grown in that year and would be available for harvest. All
flowering ‘volunteer’ crop plants that emerged in a following crop or did not contribute to the
harvest were considered as ‘non-crop’ floral resources.
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Table 1. Crop rotation sequences with crops for each rotation treatment from 2014-2016

Crop rotation
treatment

Simple

Moderate

Diverse

Sequence

Year
2014

2015

2016

1

Winter wheat (var. Solstice)

Winter wheat (var. Scout)

Winter wheat (var. Santiago)

2

Winter wheat (var. Scout)

Winter wheat (var. Santiago)

Spring oilseed rape (var. Tamarin)

3

Winter wheat (var. Santiago)

Winter oilseed rape (var. Amalie)

Winter wheat (var. Solstice)

4

Spring oilseed rape (var. Delight)

Winter wheat (var. Solstice)

Winter wheat (var. Scout)

1

Winter wheat (var. Solstice)

Winter oilseed rape (var. Amalie)

Winter wheat (var. Solstice)

2

Spring oilseed rape (var. Delight)

Winter wheat (var. Solstice)

Winter beans (var. Fuego)

3

Winter wheat (var. Solstice)

Winter beans (var. Fuego)

Winter wheat (var. Solstice)

4

Winter beans (var. Fuego)
Winter wheat (var. Solstice) + spring
legume bicrop

Winter wheat (var. Solstice)

Spring oilseed rape (var. Tamarin)
Winter wheat (var. Solstice) + spring
legume bicrop
Winter brassica cover crop + spring
beans (var. Fuego)
Winter wheat (var. Solstice) + spring
legume bicrop

1
2
3
4

Spring oilseed rape (var. Delight)
Winter wheat (var. Solstice) + spring
legume bicrop
Winter brassica cover crop + spring
beans (var. Fuego)

Winter oilseed rape (var. Amalie)
Winter wheat (var. Solstice) + spring
legume bicrop
Winter brassica cover crop + spring
beans (var. Fuego)
Winter wheat (var. Solstice) + spring
legume bicrop
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Figure 1. Diagram of the experimental design including the locations within the sub-plots that
different assessments and experiments were carried out.
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5.2.3 Insect pollinator surveys
Insect pollinator surveys were carried out within two days of all floral resource surveys. Surveys
were carried out between 10:00 and 17:30 when the weather conformed to Butterfly Monitoring
Standards (temperature above 13ºC with at least 60% open sky, or above 17ºC in any conditions
apart from heavy rain; wind speed less than Beaufort 5- see Pollard & Yates 1993). Surveys
consisted of timed point counts from a fixed position in the centre of each plot. A 2m x 1m area
was monitored for bees and hoverflies. Butterflies were monitored at the whole plot scale. If no
butterfly or pollinator entered the plot after 3 minutes then the survey in that plot finished, and
the surveyor moved to the next plot. If a butterfly or pollinator did enter the plot within 3
minutes a further 5 minutes was spent on the survey. Each plot was surveyed twice in a day, once
in the morning and once in the afternoon. The order in which plots were surveyed was
determined using a random number generator and differed each survey day in order to reduce
bias associated with time of day and number of sightings. As well as counts of individual
pollinators, the number of visiting pollinators was counted and the overall numbers of
visits/nectar raids were recorded. Counts were made separately for all butterfly species, except
Pieris species which were assigned to single category. Data from morning and afternoon surveys
was combined to give a single total of individuals for each sub-plot per round.

5.2.4 Reward Accessibility Index (RAI)
Due to the sub-plot size, diversity of plants and pollinators, and rapid flight of flower visitors it
was not possible to record which specific plants pollinators visited. Therefore, we used an
indirect approach to characterise the relationship between pollinator abundance and availability
of nectar and pollen resources. Different pollinator groups cannot, or choose not to, use all of the
available floral resources because the rewards may be physically inaccessible (e.g. deep corolla
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tubes), of the wrong type (e.g. nectar concentration too high/low), or of poor quality (e.g. pollen
amino acid composition) (Mortimer et al., 2007). As a first step, to assess this we analysed
available databases NCEAS (2017), English Nature (2006) that had data on visit frequency to the
arable plants that had been recorded experiment. Unfortunately, these databases had
insufficient data for this study, so a structured expert elicitation method was used instead to
characterise the frequency with which different pollinator groups visit the floral resources
recorded in our experiment. A total of 11 experts provided their opinion on pollinator flower
preferences. Pollinators were divided into five broad morpho-groups and experts were asked to
provide scores (0 = never, 1 = occasionally, 2 = frequently) on how frequently they thought each
group was likely to visit the plants listed (see chapter appendix II, tables S2 and S3).
Using the data from the expert elicitation approach we developed reward accessibility indices
(RAI). For each sub-plot, and for each round, for both nectar and pollen we calculated a RAI. We
calculated the index according to:
,

!"# =

(&' ×*' )
'-.

where &' is the median frequency visit score of each pollinator group to each flower, *' is the
quantity of floral resource (pollen volume or nectar mass) for the flower and n is the number of
different flowering plant species found in each plot, for that given round. Frequency visit scores
(&' ) were based on the opinion of 10 UK experts for each pollinator group to each flowering
plant species. The experts were identified on the basis of their research experience,
demonstrated by their publication record and/or their long-term field experience in recording
pollinator visits to flowering plant species. Experts were asked to score the frequency of visits by
each pollinator group to a flowering plant species from 0 to 2 (where 0 was never visit, 1
occasionally and 2 frequently). Experts were asked to assign the score taking into consideration
common species from each pollinator group that would be found in an arable landscape in
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southern England. As the scores were integers ranging from 0 to 2, we calculated the median for
each pollinator group visiting each flowering plant species.

5.2.4 Statistical analysis
Comparisons between different crop rotations for floral resources quantity and quality indices
were modelled using the gamlss package (Stasinopoulos & Rigby, 2007) in R version 3.2.4 (R Core
Team, 2017). The distribution of floral resource components had excess zeros and a strongly
positive distribution. This was dealt with by using a discrete-continuous modelling approach. This
approach stratifies the model into two groups; the non-zero floral resource amounts were
modelled using the gamma and inverse Gaussian distributions accommodating the strongly
positive distribution. The probability of the (non-) occurrence of zero floral resources were
modelled using a logistic-additive model. The distribution (gamma or inverse Gaussian) used for
models was selected by comparing Generalised Akaike Information Criterion (AIC) using the
stepGAIC function which carries out automatic sequential backwards step-wise model
comparison likelihood ratio tests with models with and without a term, starting with higher order
terms (interactions) until a minimal model is found. Both the mean and the dispersion of the
positive floral resource amounts are modelled explicitly as functions of explanatory variables. The
effects of ‘Rotation’, ‘Month’ and ‘Year’ with their interactions were included as fixed effects in
order to model changes in floral resources and pollinators throughout the growing season.
Simpson diversity index 1 − 1 = 1 −

,(,2.)
3(32.)

, (Magurran, 2013) was used to measure the

probability that two individual flowers recorded in a sub-plot in a given survey round belonged to
different species and takes into account both flower species richness and the relative abundance
of flowers (where n is the total number of flowers of a particular species and N is the total
.

number of flowers of all species). Simpson’s equitability (56 = ( ) 7) was used to assess the
6

community evenness of flowers recorded in sub-plots in a given survey round. Generalised linear
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mixed effect models were used to model pollinator abundances using the glmer package.
Abundance data for each group was modelled as count data with Poisson distributions (with
checks for to ensure there was no overdispersion: theta > 2) with time spent surveying the subplot in each round added as an offset variable (Reitan & Nielsen, 2016) and where required posthoc comparisons were carried out using the testInteractions function in the phia package. In
order to assess the relationships between insect pollinator groups and floral component quantity
and quality Generalised Additive Mixed Models (GAMMs) were used to model how changes in
pollinator group abundance (Bumblebees, solitary bees, honeybees, hoverflies and butterflies)
varied with nectar mass, nectar RAIs, pollen volume and pollen RAIs. Analyses of relationships
between butterflies and pollen volume and pollen RAI were not carried out because butterflies
do not collect pollen. Maximal models included interactions between rotation and floral
resources (nectar mass, nectar RAIs, pollen volume and pollen RAIs). Non-significant terms were
removed so that the most parsimonious model was achieved. In GAMMs, p-values between 0.1
and 0.001 are considered ambiguous, therefore the p-value threshold used was 0.001 (Thomas,
2016). All models were fitted with Poisson family except for bumblebee vs nectar mass and
nectar index which were fitted with negative binomial family instead due to improvements in
model validation plots. Smooth terms were not significant for relationships between solitary bees
and floral resources so generalised linear mixed models (glmmADMB package) were used to
model these relationships.

5.3 Results
5.3.1 Floral resources
Overall total nectar mass did not differ between rotations (Total nectar mg ~ 1= AIC 3443.1; Total
nectar mg ~ Rotation = AIC 3446.7) nor did pollen volume (Total pollen volume mm3 ~ 1 = AIC
3609.1; Total pollen volume mm3 ~ Rotation = 3611.5). Species richness of nectar providing
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flowers was highest in the Diverse and Moderate rotation (median = 6.00), followed by the
Simple rotation (median = 4.00). Similarly, species richness of pollen providing flowers was
highest in the Diverse and Moderate rotation (median = 6.00) and lower in the Simple rotation
(median = 3.00). The majority of both nectar (56.3-81.6 %) and pollen (85.1-93.0 %) was provided
by the flowering break crops, and this proportion was highest in the Simple rotation (nectar 81.6
%; pollen 93.0 %), followed by the Moderate (nectar 74.4 %; pollen 93.0 %) with the Diverse
rotation (nectar 56.3 %; pollen 85.1%) having the lowest proportion of nectar and pollen from the
crop (Table 2).
However, total nectar mass was not consistent between rotations across the pollinator flight
season (see chapter appendix III, table S4 and figure 2a) with the most stable (i.e constant)
provision of nectar mass provided by the Diverse rotation. Across all rotations nectar mass was
highest at the begninning of the season, in April, and then declined until June before peaking
slightly again in July. Nectar density was lowest at the end of summer in August and September.
Nectar mass in the Simple rotation (~35 mg day-1 m-2) was higher than the other rotation
treatments (~19 mg day-1 m-2) in April, but in June and July the Diverse rotation had higher nectar
mass (~8-13 mg day-1 m-2) than the other rotation treatments (~4-10 mg day-1 m-2). From August
to September nectar mass did not differ between rotations (Fig. 2a).
Total pollen volume varied between rotations during the pollinator flight season (see chapter
appendix III, table S4 and figure 2b). The Moderate rotation had the most stable provision of
pollen volume across the season, although differences between rotations during the season were
smaller than compared to nectar mass. Across all rotations total pollen volume was highest at the
beginning of the season in April, followed by a slight drop in May. This was followed by a steep
decline in June, and pollen volume remained low until the end of the season in August wth a
slight increase in September (Fig. 2b). Total pollen volume did not differ between rotations when
pollen levels were high (~50-60 mm3 day-1 m-2 ) in April and (~35-45 mm3 day-1 m-2) in May, or
Novel crop rotations: an in-field solution to providing floral resources for pollinators

Chapter 5

151
when pollen levels were lower (~10 mm3 day-1 m-2 ) in June and July, (~5mm3 day-1 m-2 ) in August
and (~5-10 mm3 day-1 m-2 ) in September. The Moderate rotation had the lowest pollen volume in
April (~45 mm3 day-1 m-2) but the highest in May (~45 mm3 day-1 m-2).
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2

Table 2. Summary statistics of floral resource component density (per m ) across all crop rotation treatments with median species
richness, Simpson’s diversity index (1 - D) and evenness scores (E1/D). Figures in brackets are the relative crop and non-crop proportions of
each floral component.
Total
Rotation

Measure

Diverse

Mean
Standard
error
Range
Species
richness
1-D
E1/D

Moderate

Simple

Mean
Standard
error
Range
Species
richness
1-D
E1/D
Mean
Standard
error
Range
Species
richness
1-D
E1/D

Nectar sugar
-1
mg day

Crop
Pollen mm

3

Non-crop

Nectar sugar mg
-1
day (%)

Pollen mm (%)

3

Nectar sugar mg
-1
day (%)

3

Pollen mm (%)

4.99

8.37

2.81(56.3)

7.12(85.1)

2.18(43.7)

1.26(15.1)

0.83

1.75

0.76

1.7

0.36

0.17

0.00-128.65

0.00-272.75

0.00-128.23

0.00-269.81

0.00-48.86

0.00-23.50

6.00

6.00

1.00

1.00

5.00

5.00

0.49
0.31
4.41

0.40
0.30
10.56

0.00
1.00
3.28(74.4)

0.00
1.00
9.82(93.0)

0.47
0.37
1.13(25.6)

0.40
0.33
0.73(6.9)

0.97

2.15

0.94

2.12

0.29

0.14

0.00-150.43

0.00-317.95

0.00-150.34

0.00-316.33

0.00-52.23

0.00-23.97

6.00

6.00

1.00

1.00

5.00

5.00

0.58
0.36
3.85

0.50
0.35
7.11

0.00
1.00
3.14(81.6)

0.00
1.00
6.61(93.0)

0.53
0.40
0.71(18.4)

0.47
0.40
0.50(7.0)

1.00

2.07

0.97

2.05

0.21

0.12

0.00-208.88

0.00-439.74

0.00-208.76

0.00-439.28

0.00-34.66

0.00-19.51

4.00

3.00

0.50

0.50

3.50

2.50

0.43
0.43

0.22
0.50

0.00
1.00

0.00
1.00

0.42
0.47

0.21
0.50
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Figure 2. Graphs showing mean predicted a) nectar mass density (per day) and b) pollen volume
density with grey bands showing 95% bootstrapped confidence intervals from all flowers in the
Diverse (green), Moderate (blue) and Simple (yellow) rotations for each month of the pollinator
flight seasons from 2014-2016. Relevant terms retained by the minimal model are also provided.

5.3.2 Reward Accessibility Index (RAI)
For most pollinator groups visiting most plants, there was generally agreement among experts on
the frequency score attributed to each interaction, with no fewer than three experts attributing a
score to any one interaction (see chapter appendix II, table S2). For the flowers recorded in our
plots bumblebees had an average median frequency score of 1.04, solitary bees 1.12, honeybees
0.74, hoverflies 1.00 and butterflies 0.52 (where scores of 0 is never visit, 1 occasionally visit and
2 is frequently visit) (see chapter appendix II, table S3).

Total Nectar RAI
The interaction between rotation and month was retained in the minimal model for the mean
bumblebee nectar RAI, solitary bee nectar RAI, honeybee nectar RAI, and butterfly nectar RAI.
The rotation and month interaction was not retained for hoverfly nectar RAI but the individual
month and rotation terms were (see chapter appendix III, table S5). Bumblebee nectar RAIs were
highest in April, declining in May and in June, with a slight increase in July followed by a decline in
August and September (Fig. 3a). The Moderate rotation was lower in April and there were no
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differences between rotations during the rest of the season, between May and September.
Solitary bee nectar RAIs were also highest in April declining in May and in June, with a slight
increase in July followed by a decline in August and September (Fig. 3b). The Moderate rotation
was lower than the Simple and Diverse in April, and there were no differences between rotations
during the rest of the season, between May and September. For the analysis of honeybees nectar
RAIs, there was a general decline from April, although in the Simple rotation the RAI increased
again in July and August (Fig. 3c). In April, the Simple rotation was higher for honeybees
compared to the Moderate and Diverse rotations and in May both the Simple and Moderate
rotation are more suitable than the Diverse rotation. In June, the Diverse rotation was more
suitable than both the Simple and Moderate rotation. However in July and August the Simple was
more suitable than both the Diverse and the Moderate rotation although the Diverse is better
than the Moderate in July. In September, all rotations had low RAIs. For the analysis of hoverfly
nectar RAIs, there was a general decline from April with a small increase in July (Fig. 3d). Across
all months the Diverse rotation was higher than the Simple rotation, which in turn was higher
that the Moderate. For the analysis of butterfly nectar RAIs, values were low in April and declined
further from spring into summer (Fig. 3e). In the Simple rotation however, the RAI declines to a
lesser extent than the Moderate and Diverse rotations and peaks to April levels in August. RAIs
remain low for the Moderate and Diverse rotation, with the Diverse rotation slightly higher than
the Moderate in June and July.

Total Pollen RAI
The interaction between rotation and month was retained in the minimal model for the mean
bumblebee pollen RAI, solitary bee pollen RAI, honeybee pollen RAI. The rotation and month
interaction, nor the rotation term, were retained for hoverfly pollen RAI but the individual month
and rotation terms were retained (see chapter appendix III, table S5).
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Bumblebee pollen RAIs were highest in April, declining in May and in June, with a slight increase
in July followed by a decline in August and September (Fig. 4a). The Moderate rotation was lower
in April and there were no differences between rotations during the rest of the season, between
May and September. Solitary bee pollen RAIs were also highest in April, declining in May and in
June, with a slight increase in July followed by a decline in August and September (Fig. 4b). The
Moderate rotation was lower than the Simple and Diverse in April and there were no differences
between rotations during the rest of the season, between May and September. For the analysis
of honeybees pollen RAIs, there was a general decline from April, although in the Simple rotation
the RAI decreased more rapidly from a higher level in April, whereas the Diverse rotation
maintained a steadier index throughout the season (Fig. 4c). In April, the Simple rotation was
more suitable for honeybees compared to the Moderate and Diverse rotations although in May
the Moderate rotation was the most suitable. In June, the Diverse rotation was more suitable
than both the Simple and Moderate rotation. However in July, August and September all
rotations have similarly low RAIs. For the analysis of hoverfly pollen RAIs, there was a general
decline from April with a small increase in July (Fig. 4d), and there was no difference between the
rotations.
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b)

a)
Rotation* Month

Rotation* Month
Rotation* Month

Rotation* Month

c)

d)
Rotation* Month

Rotation+ Month

e)
Rotation* Month

Figure 3. Graphs showing the total mean predicted nectar Reward Accessibility Indices for a)
bumblebees, b) solitary bees, c) honeybees, d) hoverflies and e) butterflies in the Diverse
(green), Moderate (blue) and Simple (yellow) rotations for each month of the pollinator flight
season. Grey bands show 95% bootstrapped confidence intervals. Relevant terms retained by
the minimal model are also provided.

Novel crop rotations: an in-field solution to providing floral resources for pollinators

Chapter 5

157
a)

b)
Rotation* Month

Rotation* Month

c)

d)
Rotation* Month

d)

Month

Figure 4. Graphs showing the total mean predicted pollen Reward Accessibility Indicies for a)
bumblebees, b) solitary bees, c) honeybees, and d) hoverflies in the Diverse (green), Moderate
(blue) and Simple (yellow) rotations for each month of thepollinator flight seasons from 20142016. Grey bands show 95% bootstrapped confidence intervals. Relevant terms retained by the
minimal model are also provided.

5.3.3 Insect pollinators
When considering total pollinator abundance there was no significant difference between
rotations (LRT χ2 (2) = 3.39, P = 0.18). For bumblebees the effect of rotation was significant (LRT χ2
(2) = 6.80, P = 0.033) with significantly higher abundances (0.029 per minute) found in the Diverse
rotation compared to the Simple rotation (0.0070 per minute) (Post-hoc pairwise χ2 (1) = 5.78, P =
0.049) (Fig. 5). There were no significant differences between the Diverse and the Moderate
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rotation (Post-hoc pairwise χ2 (1) = 0.21, P = 0.64) or the Simple and the Moderate rotation (Posthoc pairwise χ2 (1) = 4.00, P = 0.09). For solitary bees, honeybees, hoverflies and butterflies there
was no significant difference between rotations (all analyses LRT χ2; P >0.05).

5.3.4 Insect pollinator and floral quantity and accessibility
For the relationship between bumblebees and total nectar mass, and bumblebees and total
nectar RAI, the significance of the smooth terms for each rotation treatment and the overall
affect of rotation were all not significant (P > 0.001). However, the smooth term for total nectar
mass was significant (χ2(2) = 32.1, P < 0.001) (Fig. 6a) as was the smooth term for total nectar RAI
(χ2 (2) = 28.66, P < 0.001) (Fig. 6b). For the relationship between bumblebees and total pollen
volume, the significance of the smooth term for the diverse rotation ( χ2 (2) = 65.57, P < 0.001)
was significant (Fig. 6c), while the significance for the smooth terms for the moderate simple
rotations were not significant (P > 0.01). For the relationship between bumblebee and total
pollen RAI the significance of the smooth term for the diverse rotation (χ2 = 66.21, P < 0.001) was
significant (Fig. 6d), while the smooth terms for the moderate and simple rotation and the simple
rotation interaction were not significant (P > 0.01).
For the relationship between solitary bees and all floral components (total nectar mass, total
nectar RAIs, total pollen volume and total pollen RAIs) the smooth terms for all models were not
significant indicating that GLMMs should be used to analyse these relationships. For solitary bees
the effect of the interaction between total nectar mass and rotation, and total nectar RAI and
rotation, were not significant (P > 0.1 ). However, the effect of nectar mass was significant (LRT χ2
(2) = 15.51, P < 0.0001) (Fig. 7a) and the effect of total nectar RAI (LRT χ2 (2) = 15.07, P < 0.0001)
(Fig. 7b). The effect of the interaction between total pollen volume and rotation, and total pollen
RAI and rotation, were not significant (P > 0.1). The effect of total pollen volume was significant
(LRT χ2 (2) = 14.99, P < 0.0001) (Fig. 7c) and the effect of total pollen RAI was significant (LRT χ2 (2)
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= 15.45, P < 0.0001) (Fig. 7d).
For the relationship between honeybees and total nectar mass, and honeybees and total nectar
RAI,the significance of the smooth terms for each rotation treatment and the overall effect of
rotation was not significant (P > 0.01) but the smooth term for total nectar mass was significant
(χ2(2) = 57.03, P < 0.001) (Fig. 8a) as was the smooth term for total nectar RAI (χ2 (2) = 48.33, P <
0.001) (Fig. 8b). For the relationship between honeybees and total pollen volume the significance
of the smooth term for the diverse rotation, the moderate rotation, and the simple and rotation
were all not significant as well as the overall effect of rotation (P > 0.002). The smooth term for
total pollen volume was significant (χ2 (2) = 46.69, P < 0.001) (Fig. 8c). For the relationship
between honeybees and total pollen RAI using GAMMs and GLMMs, models did not converge.
For the realtionship between hoverflies and total nectar mass, total pollen volume and total
pollen RAIs the smooth terms for all models were not significant (P > 0.05) indicating that GLMMs
should be used to explore these relationships. Using GLMMs the interaction between rotation
and total nectar mass, the effect of rotation or total nectar mass were not signifcant (P > 0.05)
(Fig 9a). For the relationship between hoverflies and total nectar RAI using GAMMs, the
significance of the smooth term for the diverse rotation, the moderate rotation and the simple
rotation were all not significant (P > 0.05) as well as the overall effect of rotation was also not
significant (χ2 (2) = 2.81, P = 0.25). However, the smooth term for total nectar RAI was significant
(χ2 (2) = 21.32, P < 0.001) (Fig 9b). Using GLMMs the interaction between rotation and total pollen
volume was significant (LRT χ2 (2) = 8.12, P < 0.05) (Fig 9c). Using GLMMs relationships exploring
relationships between hoverflies and total pollen RAI, models did not converge.
For the relationship between butterflies and total nectar mass, the significance of the smooth
term for the diverse rotation, the moderate rotation and the simple rotation were all not
significant, as well as the effect of rotation were all not significant (P > 0.05). However, the
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smooth term for total nectar mass was significant (χ2(2) = 40.15, P < 0.001) (Fig 10a). For the
relationship between butterflies and total nectar RAI, the significance of the smooth term for the
diverse rotation, the moderate rotation and the simple rotation were all not significant as well as
the overall effect of rotation (P > 0.05) The smooth term for total nectar RAI was significant (χ2 (2)
=60.66, P < 0.001).

Figure 5. Graph showing the mean bumble bee abundance per minute for each rotation during
the pollinator flight seasons from 2014-2016. Black lines show ±1 Standard Error.
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Figure 6. Graphs showing the predicted relationship between bumblebee abundance and a)
total nectar mass density (per day), b) total nectar Reward Accessibility Indices for honeybees,
c) pollen volume density and d) total pollen Reward Accessibility Indices across the pollinator
flight seasons from 2014-2016. Grey bands show ± 1 Standard Error.
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Figure 7. Graphs showing the predicted relationship between solitary bee abundance and a)
total nectar mass density (per day), b) total nectar Reward Accessibility Indices for honeybees,
c) pollen volume density and d) total pollen Reward Accessibility Indices across the pollinator
flight seasons from 2014-2016. Grey bands show ± 1 Standard Error.
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Figure 8. Graphs showing the predicted relationship between honeybee abundance and a)
total nectar mass density (per day), b) total nectar Reward Accessibility Indices for honeybees,
c) pollen volume density and d) total pollen Reward Accessibility Indices across the pollinator
flight seasons from 2014-2016. Grey bands show ± 1 Standard Error.
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Figure 9. Graphs showing the predicted relationship between hoverfly abundance and a) total
nectar mass density (per day), b) total nectar Reward Accessibility Indices for hoverfly, c)
pollen volume density across the pollinator flight seasons from 2014-2016. In 9c green line is
the diverse rotation, blue dashed line is the moderate rotation and dotted yellow line is the
simple rotation. Grey and coloured bands show ± 1 Standard Error.
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b)

a)

Figure 10. Graphs showing the predicted relationship between butterfly abundance and a)
total nectar mass density (per day), and b) total nectar Reward Accessibility Indices across the
pollinator flight seasons from 2014-2016. Grey bands show ± 1 Standard Error.

5.4 Discussion
Most work looking at the effect of crop rotation complexity or diversity on ecosystem services
has focussed on soil services and natural pest regulation. This study looks at the ability of diverse
crop rotations to provide floral resources for pollinators and not pollination services to the crop,
which has been the focus of most research looking at the interactions between flowering crops
and insect pollinators. This study is the first to our knowledge to go further than simply assessing
the effect of crop management on floral density and diversity, but instead look at the absolute
values of the key components of pollinator forage - nectar mass and pollen volume - while also
considering the accessibility of flowering plant species for different pollinator groups. It also
differs from previous studies (Nayak et al. 2015; Scheper et al. 2015; Hicks et al. 2016) in that it
focuses on in-field strategies to provide floral resources to pollinators as opposed to strategies
focusing on non-cultivated areas.
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Increasing the diversity of crop rotations by including more flowering dicotyledonous break crops
(spring field beans in the diverse rotation and winter field beans in the moderate rotation) and
legume bi-crops did not lead to overall differences between rotations for both nectar and pollen
despite the diverse rotation being more attractive to bumblebees. The higher abundance of
bumblebees in the diverse rotations could be due to the inclusion of field beans in the diverse
rotation which are favoured by long-tongued bumblebees due to the flowers having long
corollary tubes (Free, 1993) as well as a more stable provision of nectar throughout the pollinator
flight season compared to the other rotations. The diverse rotation had the highest amount of
nectar (+30-100%) and diversity during the summer with the simple rotation having the highest in
April (+80%) but lower levels throughout the rest of the season. This pattern was not the same
for pollen, where the moderate rotation had the lower pollen volume in April (-20%) compared to
the other rotations, whereas it had the highest pollen volume in May (+25%), but there was no
difference between the rotations during the summer. This suggests that differences in nectar, not
pollen, were more likely to explain the higher abundance of bumblebees in the diverse rotation.
It also suggests that simply measuring floral density as a proxy for pollinator forage could mask
subtle but important differences in the effectiveness of management practices to provide the
nutritional needs of different pollinators at different times in the pollinator flight season. The
strongest mechanistic link between floral resources and bee abundance is the connection
between pollen availability and the production of offspring by female bees. Nectar availability is
likely to be important during periods of intensive flight such as when females are foraging for
extensive periods to collect nest provisions (Woodard & Jha, 2017).
Differences between rotations in terms of absolute levels of nectar and pollen did not correspond
to the availability and preferences of different pollinator groups for flowers providing nectar and
pollen. In general, rotations were more similar to each other when considering accessible flowers
for different pollinator groups. Accessible nectar differed between the rotations across the
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pollinator flight season for bumblebees, solitary bees, honeybees and butterflies. For bumblebee
and solitary bees, accessible nectar was lower for the moderate rotation (-30%) in April than the
other rotations but it was broadly similar between the rotations across the rest of the pollinator
flight season. Accessible pollen had a similar pattern to nectar for both bumblebees and solitary
bees. However, the difference between rotations in April was smaller with the moderate rotation
being lower by ~10%. Early season food resources are especially important for some species of
solitary bees (Andrena sp.) and for nesting founding bumblebee queens, active early in the
season (e.g. B. lapidarius, B. pascuorum, B. terrestris). All of which are major crop pollinators,
active from March onwards with an increasing demand for resources throughout the season
(Dicks et al., 2015). Pollen from early mass-flowering crops is particularly important to support
bumblebee colony growth, which has been suggested to help mitigate pollinator dilution in crops
flowering later (Riedinger et al., 2014). The rotation with the highest accessible nectar for
honeybees shifted from month to month. The simple rotation had the highest nectar densities in
early spring, but in late spring the moderate rotation was the highest, in early summer the
diverse rotation was the highest but in late summer the simple rotation had the highest nectar
densities. The pattern for accessible pollen differed slightly with the simple still being the highest
in April but with a smaller difference between the moderate and diverse In May the moderate
was the highest and in June the diverse, and unlike nectar accessibility, there were no increases
in the simple rotation in July and August with levels being the same across all rotations. As for
bumblebees, early in the season, pollen sources are most important to support honeybee
worker’s populations and later in the season, nectar becomes more important for honeybees
overwintering (Riedinger et al., 2014). For hoverflies, there were differences between the
rotations for accessible nectar throughout the pollinator flight season but these were consistent
differences. There were no differences across the rotations for accessible pollen although it
changed through the season. Accessible nectar for butterflies showed a broadly similar pattern to
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the hoverflies from during the spring months where the differences between rotations were not
as marked. In April, the diverse rotation had less available nectar than the moderate and simple
rotations (~-30%). Here we used expert opinion on the preferences different groups have for the
flowering plant species we recorded here. In general there is a lack of research looking at the
nutritional needs of pollinators, in particular for solitary bees (Vaudo et al. 2015), and a lack of
data looking at pollinator-flower interactions for both pollen and nectar.
Several meta-analyses have found that plant diversification at the field scale across a range of
crops increases pollinator abundance, although only in simple landscapes, (Lichtenberg et al.
2017; Kennedy et al. 2013). These studies did not differentiate between plant diversity and
flowering times within the cropped and non-cropped area, instead looking at diversity across the
whole field. Studies focussing on management practice of the cropped area found that organic
compared to conventional management increased the abundance of flowers, pollinatorwildflower insect visits, and pollination services (Hardman et al. 2016). A similar result was
foundby Rundlöf & Smith (2006) for butterflies, although landscape context mattered with this
result as it was only found in simple landscapes. However, diversifying the crop rotations in
conventional agriculture did not increase the yield of highly pollinator dependent field beans
(Andersson et al. 2014). Flowering crops in arable production have been found to increase
pollinators, especially common species (Holzschuh et al. 2013). Increasing the amount of a single
flowering crop at a landscape scale has been found to dilute pollinator abundances, suggesting
that a diversity of flowering crops may be required to prevent dilution of pollinators across the
landscape which could impact pollination services to flowering crops but also the reproductive
success of wild plants in semi-natural habitats (Holzschuh et al. 2016). However, there is some
evidence that local semi-natural habitats have increased levels of insect pollination due to
flowering crops increasing local pollinator abundances, but this effect was dependent on the type
semi-natural habitat and the time of year (Kovács-Hostyánszki et al. 2013). Increasing crop
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diversity in crop rotations is unlikely to provide resources for less common or rare pollinator
species in the different pollinator groups. Although farmland which includes more flowering
crops may provide a large quantity of floral resources, these habitats may be insufficient at
maintaining healthy populations of pollinators such as bees because they may only present
single-source pollen or nectar foragers (Vaudo et al. 2015) and in general arable habitats are
amongst the poorest providers of nectar (Baude et al. 2016) when compared to other land uses.
The relationships between bumblebee abundance and nectar resources and RAI, were the same
across all rotations, with a slight increase in abundance when nectar levels are low (between 0
and 50 mg per m2) and a sharp increase in abundance when nectar resources and RAI increase
(Figure6a,b). For pollen resources, in contrast, there is a sharp increase when pollen levels are
between 0 and 100 mm3 per m2 on the diverse rotation only and no strong relationship between
pollen resources and bumblebee abundance for the other two rotations (Figure 6c). For pollen
RAI the relationship in the Diverse rotation is similar to pollen volume, whereas the moderate
rotation has a sharp increase in bumblebee abundance when nectar pollen RAI is low (Figure 6d).
The results indicate that pollen resources are driving increases in bumblebee abundance in the
diverse rotation and re-enforces the earlier suggestion that the inclusion of spring beans in the
diverse rotation is driving these increases. As for solitary bees, the relationships between pollen
and nectar resources and accessibility were consistent and the same across all rotations.
Increases in resources and RAI had a positive effect on solitary bee’s abundance (Figure 7a-d).
This suggests that the extra layers of diversity added to the moderate and diverse rotations do
not provide any extra resources for solitary bees possibly as the morphology of the field-bean
flower restrict access to nectar for smaller bees. When assessing changes in honeybee abundance
with increasing pollen or nectar resources as well as RAI, honeybees showed broadly similar
responses which consisted of a sharp increase from 0 to 0.01-0.02 before falling to a lower level
with increasing resources (Figure 8a-c). It is not clear why abundance of honeybees were high at
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low resources and declined when resources increased, as honeybees are known to recruit
foragers to patches with abundant resources (Requier et al. 2015). Lower abundance when
resources were high, could be explained by the fact that honeybees are secondary nectar raiders
of field beans which contributed to increases in resources. Therefore, lack of accessibility to
resources led to decreases in abundance, especially if they had to travel long distances.
Unfortunately, we do not have any information on the location of honeybee hives during the
experiment. When assessing the response of hoverflies with increasing pollen or nectar resources
as well as RAI the relationships were not consistent. Variation in hoverfly abundance was not
related to increasing quantities of nectar (Figure 9a). When considering total nectar RAI, hoverfly
abundance increased from 0.05 hoverflies per minute up to 0.15 per minute as total nectar RAI
increased from 0 to 3 (Figure 9b). As total nectar RAI continued to increase, hoverfly abundance
began to decline steadily until at total nectar RAI of 15 hoverfly abundance began to decline
below 0.05 per minute. Variation in hoverfly abundance with increasing pollen volume was
influenced by the crop rotation (Figure 9c). Hoverfly abundance increased as total pollen volume
increased similarly in the simple and diverse rotation but declined with increasing total pollen
volume in the moderate rotation. When comparing variation in butterfly abundance with total
nectar mass and total nectar RAI a similar pattern was seen, although increases in butterfly
abundances were greater with total nectar RAI as opposed to total nectar mass (Figure 10a,b).
Butterfly abundance increased sharply from low levels of abundance to high levels of butterflies
per minute before falling and then rising again sharply before declining again.
Sutter et al. (2017) found that key plant species of different groups need to be simultaneously
available so that crop pollination, the preservation of pollinator diversity and the preservation of
rare bee species can be achieved. While this can only be achieved with strategies targeting both
cultivated and non-cultivated areas, the design of crop rotations, both spatially and temporally,
are likely to play a key role. Within the rotations, the top contributing plants for nectar mass
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were (Chamerion angustifolium, Brassica napus, Cirsium arvense, Cirsium vulgare) and for pollen
were (Chamerion angustifolium, Brassica napus, Vicia faba, Geranium pratense) including crop
and non-crop and our results indicate that increasing diversity, can increase the provision and
stability of resources for pollinators (Table 1). Despite this as, higher resource levels do not
necessarily translate into higher pollinator abundance. Therefore, if the design of crop rotations
is to be successful in addressing pollinator needs, it will have to take into account the differences
in pollinator requirements not only in terms of seasonal differences but also in terms of
accessibility. Additionally, non-crop floral resources are also likely to be influenced by
interactions between herbicide use, crop species diversity and the type of crop grown (Requier et
al. 2015). The results show that the non-crop resources were higher in the Diverse rotation which
is likely to be due to differences in herbicide use due to the inclusion of bi-crops. Therefore,
systems using cover crops, bi-crops or intercrops may allow for higher levels of weed growth. This
will likely present trade-offs between floral resources for biodiversity and arable crop production.
Consequently, how farmers combine herbicide management with more diverse rotations, will be
key to achieve benefits for both biodiversity and production.

5.5 Conclusion
These results provide evidence that more diverse rotations (including break crops such as oilseed
rape and field beans and also clover bi-crops) are able to provide a more stable provision of
nectar resources throughout the pollinator flight season, attracting more bumblebees than less
diverse rotations. When accounting for the reward and accessibility of different flowering crops
and plants the differences among the rotations was less clear for the different pollinator groups.
Pollinator groups also showed different responses to changes in nectar and pollen provision,
which suggested that nectar and pollen are not the only factors determining behavioural
preferences for different nectar and pollen densities. Considering crop rotation design to provide
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floral resources for pollinators, the inclusion of mass flowering crop should be considered but
also the impacts of the rotation management on key arable plants. Accounting for the local
pollinator populations should also be considered.

Novel crop rotations: an in-field solution to providing floral resources for pollinators

Chapter 5

173

5.6 References
Andersson, G.K.S., Ekroos, J., Stjernman, M., Rundlöf, M. & Smith, H.G. (2014). Effects of farming
intensity, crop rotation and landscape heterogeneity on field bean pollination. Agriculture,
Ecosystems & Environment. [Online]. 184. p.pp. 145–148. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S0167880913004234. [Accessed: 12 May 2014].
Batáry, P., Dicks, L. V., Kleijn, D. & Sutherland, W.J. (2015). The role of agri-environment schemes
in conservation and environmental management. Conserv. Biol. [Online]. 0 (0). p.pp. 1–11.
Available from: http://doi.wiley.com/10.1111/cobi.12536.
Baude, M., Kunin, W.E., Boatman, N.D., Conyers, S., Davies, N., Gillespie, M.A.K., Morton, R.D.,
Smart, S.M. & Memmott, J. (2016). Historical nectar assessment reveals the fall and rise of
floral resources in Britain. Nature. [Online]. 530 (7588). p.pp. 85–88. Available from:
http://www.nature.com/doifinder/10.1038/nature16532.
Benton, T.G., Vickery, J.A. & Wilson, J.D. (2003). Farmland biodiversity: is habitat heterogeneity
the key? Trends in Ecology & Evolution. [Online]. 18 (4). p.pp. 182–188. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S0169534703000119. [Accessed: 7 November
2013].
Berzsenyi, Z., Győrffy, B. & Lap, D. (2000). Effect of crop rotation and fertilisation on maize and
wheat yields and yield stability in a long-term experiment. European Journal of Agronomy.
[Online]. 13 (2–3). p.pp. 225–244. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S1161030100000769.
Blaauw, B.R. and Isaacs, R. 2014. Larger patches of diverse floral resources increase insect
pollinator density, diversity, and their pollination of native wildflowers. Basic and Applied
Ecology 15(8), pp. 701–711.
Blubaugh, C.K., Hagler, J.R., Machtley, S.A. & Kaplan, I. (2016). Cover crops increase foraging
activity of omnivorous predators in seed patches and facilitate weed biological control.
Agriculture, Ecosystems and Environment. [Online]. 231. p.pp. 264–270. Available from:
http://dx.doi.org/10.1016/j.agee.2016.06.045.
Bommarco, R., Kleijn, D. & Potts, S.G. (2013). Ecological intensification: harnessing ecosystem
services for food security. Trends in Ecology & Evolution. [Online]. 28 (4). p.pp. 230–8.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/23153724. [Accessed: 30 October
2013].
Bretagnolle, V. & Gaba, S. (2015). Weeds for bees? A review. Agronomy for Sustainable
Development. [Online]. Available from: http://link.springer.com/10.1007/s13593-015-03025.
Butchart, S.H.M., Walpole, M., Collen, B., van Strien, A., Scharlemann, J.P.W., Almond, R.E.A.,
Baillie, J.E.M., Bomhard, B., Brown, C., Bruno, J., Carpenter, K.E., Carr, G.M., Chanson, J.,
Chenery, A.M., Csirke, J., Davidson, N.C., Dentener, F., Foster, M., Galli, A., Galloway, J.N.,
Genovesi, P., Gregory, R.D., Hockings, M., Kapos, V., Lamarque, J.-F., Leverington, F., Loh, J.,
McGeoch, M.A., McRae, L., Minasyan, A., Morcillo, M.H., Oldfield, T.E.E., Pauly, D., Quader,
S., Revenga, C., Sauer, J.R., Skolnik, B., Spear, D., Stanwell-Smith, D., Stuart, S.N., Symes, A.,
Tierney, M., Tyrrell, T.D., Vie, J.-C. & Watson, R. (2010). Global Biodiversity: Indicators of
Novel crop rotations: an in-field solution to providing floral resources for pollinators

Chapter 5

174
Recent Declines. Science. [Online]. 328 (5982). p.pp. 1164–1168. Available from:
http://www.sciencemag.org/cgi/doi/10.1126/science.1187512.
Carvell, C., Meek, W.R., Pywell, R.F., Goulson, D. and Nowakowski, M. 2006. Comparing the
efficacy of agri-environment schemes to enhance bumble bee abundance and diversity
on arable field margins. Journal of Applied Ecology 44(1), pp. 29–40.
Dicks, L. V., Baude, M., Roberts, S.P.M., Phillips, J., Green, M. & Carvell, C. (2015). How much
flower-rich habitat is enough for wild pollinators? Answering a key policy question with
incomplete knowledge. Ecological Entomology. [Online]. p.p. n/a-n/a. Available from:
http://doi.wiley.com/10.1111/een.12226.
Ekroos, J., Heliölä, J. & Kuussaari, M. (2010). Homogenization of lepidopteran communities in
intensively cultivated agricultural landscapes. Journal of Applied Ecology. 47 (2). p.pp. 459–
467.
Free, J.B. (1993). Insect Pollination of Crops. 2nd Ed. London: Academic Press.
Gámez-Virués, S., Perović, D.J., Gossner, M.M., Börschig, C., Blüthgen, N., de Jong, H., Simons,
N.K., Klein, A.-M., Krauss, J., Maier, G., Scherber, C., Steckel, J., Rothenwöhrer, C., SteffanDewenter, I., Weiner, C.N., Weisser, W., Werner, M., Tscharntke, T. & Westphal, C. (2015).
Landscape simplification filters species traits and drives biotic homogenization. Nature
Communications. [Online]. 6. p.p. 8568. Available from:
http://www.nature.com/doifinder/10.1038/ncomms9568.
Garibaldi, L.A., Carvalheiro, L.G., Leonhardt, S.D., Aizen, M.A., Blaauw, B.R., Isaacs, R., Kuhlmann,
M., Kleijn, D., Klein, A.M., Kremen, C., Morandin, L., Scheper, J. and Winfree, R. 2014.
From research to action: enhancing crop yield through wild pollinators. Frontiers in
Ecology and the Environment 12(8), pp. 439–447.
Garrison, A.J., Miller, A.D., Ryan, M.R., Roxburgh, S.H. & Shea, K. (2014). Stacked Crop Rotations
Exploit Weed-Weed Competition for Sustainable Weed Management. Weed Science.
[Online]. 62 (1). p.pp. 166–176. Available from:
http://www.bioone.org/doi/abs/10.1614/WS-D-13-00037.1. [Accessed: 4 February 2014].
Hardman, C.J., Norris, K., Nevard, T.D., Hughes, B. & Potts, S.G. (2016). Delivery of floral resources
and pollination services on farmland under three different wildlife-friendly schemes.
Agriculture, Ecosystems & Environment. [Online]. 220. p.pp. 142–151. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S0167880916300226.
Henderson, I.G., Holland, J.M., Storkey, J., Lutman, P., Orson, J. & Simper, J. (2012). Effects of the
proportion and spatial arrangement of un-cropped land on breeding bird abundance in
arable rotations. Journal of Applied Ecology. 49 (4). p.pp. 883–891.
Hicks, D.M., Ouvrard, P., Baldock, K.C.R., Baude, M., Goddard, M.A., Kunin, W.E., Mitschunas, N.,
Memmott, J., Morse, H., Nikolitsi, M., Osgathorpe, L.M., Potts, S.G., Robertson, K.M., Scott,
A. V., Sinclair, F., Westbury, D.B. & Stone, G.N. (2016). Food for pollinators: Quantifying the
nectar and pollen resources of urban flower meadows. PLoS ONE. 11 (6). p.pp. 1–37.
Holland, J.M., Smith, B.M., Birkett, T.C. and Southway, S. 2012. Farmland bird invertebrate food
provision in arable crops. Annals of Applied Biology 160(1), pp. 66–75.
Novel crop rotations: an in-field solution to providing floral resources for pollinators

Chapter 5

175

Holzschuh, A., Dainese, M., Gonz??lez-Varo, J.P., Mudri-Stojni??, S., Riedinger, V., Rundl??f, M.,
Scheper, J., Wickens, J.B., Wickens, V.J., Bommarco, R., Kleijn, D., Potts, S.G., Roberts,
S.P.M., Smith, H.G., Vil??, M., Vuji??, A. & Steffan-Dewenter, I. (2016). Mass-flowering crops
dilute pollinator abundance in agricultural landscapes across Europe. Ecology Letters. 2016
(November).
Holzschuh, A., Dormann, C.F., Tscharntke, T. & Steffan-Dewenter, I. (2013). Mass-flowering crops
enhance wild bee abundance. Oecologia. [Online]. 172 (2). p.pp. 477–484. Available from:
http://link.springer.com/10.1007/s00442-012-2515-5.
Inger, R., Gregory, R., Duffy, J.P., Stott, I., Vo??????ek, P. & Gaston, K.J. (2015). Common
European birds are declining rapidly while less abundant species’ numbers are rising.
Ecology Letters. 18 (1). p.pp. 28–36.
Kennedy, C.M., Lonsdorf, E., Neel, M.C., Williams, N.M., Ricketts, T.H., Winfree, R., Bommarco, R.,
Brittain, C., Burley, A.L., Cariveau, D., Carvalheiro, L.G., Chacoff, N.P., Cunningham, S.A.,
Danforth, B.N., Dudenhöffer, J., Elle, E., Gaines, H.R., Garibaldi, L.A., Gratton, C., Holzschuh,
A., Isaacs, R., Javorek, S.K., Jha, S., Klein, A.M., Krewenka, K., Mandelik, Y., Mayfield, M.M.,
Morandin, L., Neame, L.A., Otieno, M., Park, M., Potts, S.G., Rundlöf, M., Saez, A., SteffanDewenter, I., Taki, H., Viana, B.F., Westphal, C., Wilson, J.K., Greenleaf, S.S. & Kremen, C.
(2013). A global quantitative synthesis of local and landscape effects on wild bee pollinators
in agroecosystems. Ecology letters. [Online]. 16 (5). p.pp. 584–99. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/23489285. [Accessed: 16 July 2014].
Kovács-Hostyánszki, A., Haenke, S., Batáry, P., Jauker, B., Báldi, A., Tscharntke, T. & Holzschuh, A.
(2013). Contrasting effects of mass-flowering crops on bee pollination of hedge plants at
different spatial and temporal scales. Ecological Applications. 23 (8). p.pp. 1938–1946.
Labruyere, S., Ricci, B., Lubac, A. & Petit, S. (2016). Crop type, crop management and grass
margins affect the abundance and the nutritional state of seed-eating carabid species in
arable landscapes. Agriculture, Ecosystems & Environment. [Online]. 231. p.pp. 183–192.
Available from: http://linkinghub.elsevier.com/retrieve/pii/S0167880916303516.
Lechenet, M., Bretagnolle, V., Bockstaller, C., Boissinot, F., Petit, M., Petit, S. & Munier-Jolain,
N.M. (2014). Reconciling pesticide reduction with economic and environmental
sustainability in arable farming. PloS ONE. [Online]. 9 (6). p.p. e97922. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4041714&tool=pmcentrez&re
ndertype=abstract. [Accessed: 17 July 2014].
Lichtenberg, E.M., Kennedy, C.M., Kremen, C., Batáry, P., Berendse, F., Bommarco, R., BosquePérez, N.A., Carvalheiro, L.G., Snyder, W.E., Williams, N.M., Winfree, R., Klatt, B.K., Åström,
S., Benjamin, F., Brittain, C., Chaplin-Kramer, R., Clough, Y., Danforth, B., Diekötter, T.,
Eigenbrode, S.D., Ekroos, J., Elle, E., Freitas, B.M., Fukuda, Y., Gaines-Day, H.R., Grab, H.,
Gratton, C., Holzschuh, A., Isaacs, R., Isaia, M., Jha, S., Jonason, D., Jones, V.P., Klein, A.-M.,
Krauss, J., Letourneau, D.K., Macfadyen, S., Mallinger, R.E., Martin, E.A., Martinez, E.,
Memmott, J., Morandin, L., Neame, L., Otieno, M., Park, M.G., Pfiffner, L., Pocock, M.J.O.,
Ponce, C., Potts, S.G., Poveda, K., Ramos, M., Rosenheim, J.A., Rundlöf, M., Sardiñas, H.,
Saunders, M.E., Schon, N.L., Sciligo, A.R., Sidhu, C.S., Steffan-Dewenter, I., Tscharntke, T.,
Veselý, M., Weisser, W.W., Wilson, J.K. & Crowder, D.W. (2017). A global synthesis of the
Novel crop rotations: an in-field solution to providing floral resources for pollinators

Chapter 5

176
effects of diversified farming systems on arthropod diversity within fields and across
agricultural landscapes. Global Change Biology. [Online]. (May). Available from:
http://doi.wiley.com/10.1111/gcb.13714.
Liebman, M. & Dyck, E. (1993). Crop rotation and intercropping strategies for weed management.
Ecological Applications. 3 (1). p.pp. 92–122.
Magurran, A.E. (2013). Measuring Biological Diversity. John Wiley & Sons.
Matson, P. a. (1997). Agricultural Intensification and Ecosystem Properties. Science. [Online]. 277
(5325). p.pp. 504–509. Available from:
http://www.sciencemag.org/cgi/doi/10.1126/science.277.5325.504. [Accessed: 6
November 2013].
Mortimer, S.R., Kessock-Philip, R., Potts, S.G., Ramsay, A., Roberts, S.P.M., Woodcock, B.A.,
Hopkins, A., Gundrey, A., Dunn, R., Tallowin, J., Vickery, J.A. & Gough, S. (2007). Review of
the diet and micro-habitat values for wildlife and the agronomic potential of selected plant
species. Peterborough.
Nayak, G.K., Roberts, S.P.M., Garratt, M., Breeze, T.D., Tscheulin, T., Harrison-Cripps, J.,
Vogiatzakis, I.N., Stirpe, M.T. & Potts, S.G. (2015). Interactive effect of floral abundance and
semi-natural habitats on pollinators in field beans (Vicia faba). Agriculture, Ecosystems &
Environment. [Online]. 199. p.pp. 58–66. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S016788091400406X.
O’Rourke, M.E., Liebman, M. & Rice, M.E. (2008). Ground beetle (Coleoptera: Carabidae)
assemblages in conventional and diversified crop rotation systems. Environmental
entomology. 37 (1). p.pp. 121–130.
Ollerton, J., Erenler, H., Edwards, M. & Crockett, R. (2014). Extinctions of aculeate pollinators in
Britain and the role of large-scale agricultural changes. Science. 346 (6215). p.pp. 1360–
1362.
Peters, R.D., Sturz, A. V., Carter, M.R. & Sanderson, J.B. (2003). Developing disease-suppressive
soils through crop rotation and tillage management practices. Soil and Tillage Research. 72
(2). p.pp. 181–192.
Phalan, B., Onial, M., Balmford, A. & Green, R.E. (2011). Reconciling Food Production and
Biodiversity Conservation: Land Sharing and Land Sparing Compared. Science. [Online]. 333
(6047). p.pp. 1289–1291. Available from:
http://www.sciencemag.org/cgi/doi/10.1126/science.1208742.
Pywell, R.F., Meek, W.R., Hulmes, L., Hulmes, S., James, K.L., Nowakowski, M. & Carvell, C. (2011).
Management to enhance pollen and nectar resources for bumblebees and butterflies within
intensively farmed landscapes. Journal of Insect Conservation. 15 (6). p.pp. 853–864.
Pywell, R.F., Heard, M.S., Woodcock, B.A., Hinsley, S., Ridding, L., Nowakowski, M. and Bullock,
J.M. 2015. Wildlife-friendly farming increases crop yield: evidence for ecological
intensification. Proceedings. Biological Sciences / the Royal Society 282(1816), p.
20151740.
Reitan, T. and Nielsen, A. 2016. Do Not Divide Count Data with Count Data; A Story from
Novel crop rotations: an in-field solution to providing floral resources for pollinators

Chapter 5

177
Pollination Ecology with Implications Beyond. Plos One 11(2), p. e0149129.
Requier, F., Odoux, J.F., Tamic, T., Moreau, N., Henry, M., Decourtye, A. & Bretagnolle, V. (2015).
Honey bee diet in intensive farmland habitats reveals an unexpectedly high flower richness
and a major role of weeds. Ecological Applications. 25 (4). p.pp. 881–890.
Riedinger, V., Renner, M., Steffan-Dewenter, I. & Holzschuh, A. (2014). Early mass-flowering crops
mitigate pollinator dilution in late-flowering crops. Landscape Ecology. 29 (3). p.pp. 425–
435.
Rundlöf, M. & Smith, H.G. (2006). The effect of organic farming on butterfly diversity depends on
landscape context. Journal of Applied Ecology. [Online]. 43 (6). p.pp. 1121–1127. Available
from: http://doi.wiley.com/10.1111/j.1365-2664.2006.01233.x. [Accessed: 21 October
2013].
Scheper, J. (2013). Environmental factors driving the effectiveness of European agrienvironmental measures in mitigating pollinator loss – a. p.pp. 912–920.
Scheper, J., Bommarco, R., Holzschuh, A., Potts, S.G., Riedinger, V., Roberts, S.P.M., Rundlöf, M.,
Smith, H.G., Steffan-Dewenter, I., Wickens, J.B., Wickens, V.J. & Kleijn, D. (2015). Local and
landscape-level floral resources explain effects of wildflower strips on wild bees across four
European countries. Journal of Applied Ecology. [Online]. p.p. n/a-n/a. Available from:
http://doi.wiley.com/10.1111/1365-2664.12479.
Stasinopoulos, D.M. and Rigby, R.A. 2007. Generalized Additive Models for Location Scale
and Shape (GAMLSS) inR. Journal of statistical software 23(7).
Storkey, J., Meyer, S., Still, K.S. & Leuschner, C. (2011). The impact of agricultural intensification
and land-use change on the European arable flora. Proceedings of the Royal Society B:
Biological Sciences. [Online]. 279 (1732). p.pp. 1421–1429. Available from:
http://rspb.royalsocietypublishing.org/cgi/doi/10.1098/rspb.2011.1686.
Sutter, L., Jeanneret, P., Bartual, A.M., Bocci, G. and Albrecht, M. 2017. Enhancing plant diversity
in agricultural landscapes promotes both rare bees and dominant crop-pollinating bees
through complementary increase in key floral resources. The Journal of applied ecology 5
4(6), pp. 1856–1864.
Tiemann, L.K., Grandy, A.S., Atkinson, E.E., Marin-Spiotta, E. & McDaniel, M.D. (2015). Crop
rotational diversity enhances belowground communities and functions in an
agroecosystem. Ecology Letters. [Online]. 18 (8). p.pp. 761–771. Available from:
http://doi.wiley.com/10.1111/ele.12453.
Ulber, L., Steinmann, H.H., Klimek, S. & Isselstein, J. (2009). An on-farm approach to investigate
the impact of diversified crop rotations on weed species richness and composition in winter
wheat. Weed Research. 49 (5). p.pp. 534–543.
Vaudo, A.D., Tooker, J.F., Grozinger, C.M. & Patch, H.M. (2015). Bee nutrition and floral resource
restoration. Current Opinion in Insect Science. [Online]. 10. p.pp. 133–141. Available from:
http://dx.doi.org.idpproxy.reading.ac.uk/10.1016/j.cois.2015.05.008.
Novel crop rotations: an in-field solution to providing floral resources for pollinators

Chapter 5

178
Westphal, C., Steffan-Dewenter, I. & Tscharntke, T. (2003). Mass flowering crops enhance
pollinator densities at a landscape scale. Ecology Letters. 6 (11). p.pp. 961–965.
Woodard, S.H. & Jha, S. (2017). Wild bee nutritional ecology: predicting pollinator population
dynamics, movement, and services from floral resources. Current Opinion in Insect Science.
[Online]. 21 (Figure 1). p.pp. 83–90. Available from:
http://dx.doi.org/10.1016/j.cois.2017.05.011.

Novel crop rotations: an in-field solution to providing floral resources for pollinators

Chapter 5

179

Chapter 5 – Appendix I: Nectar and pollen values per flower for
flowering plants
Table S1. Mean nectar and pollen values per flower for flowering plants recorded during surveys
Plant species
Anagallis arvensis

Nectar (μg per flower
per day)
0

Corrected pollen volume per flower
3
(µm per flower)
54984977.61

Brassica napus

394.7931827

830702589.9

Capsella bursa-pastoris

0.391387951

13569148.6

Cerastium fontanum

26.93059859

7727107.577

Chamerion angustifolium

941.5890711

2247620439

Cirsium arvense

76.22176826

27936508.95

Cirsium vulgare

76.51305191

47808285.92

Galium aparine

9.479775873

1078196.777

Geranium molle

20.55182342

41957117.42

Geranium pratense

16.42916774

397391067

Lamium purpureum

30.66218756

33349600.88

Lapsana communis

0.263870291

4688352.236

Matricaria discoidea

0.280404863

389424.5033

Matricaria recutita

0.596158699

3289530.838

Medicago lupulina

1.627610397

313685.6891

Polygonum aviculare agg.

3.050135072

2347708.142

Senecio vulgaris

0.185204694

523255.8389

Solanum nigrum

0

353631384.2

Sonchus asper

0.128543125

2716911.394

Stellaria graminea

17.04646969

28793810.37

Trifolium repens

48.96555613

15918803.3

Vicia cracca

484.4010924

25264609.46

Vicia sativa

300.3432138

57759921.01

Vicia faba

53.44199577

677504434.6
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Chapter 5 – Appendix II: Expert scores
Table S2. Frequencies of scores given by experts for the frequency of visits for different pollinator groups to flowering plant species recorded in plots. B = blank, N = never,
O = Occasionally, F = frequently
Species
Brassica napus
Vicia faba
Senecio vulgaris
Lamium purpureum
Stellaria media
Galuim aparine
Fumaria officinalis
Matricaria chamomilla
Chenopodium album
Capsella bursa-pastoris
Cerastium vulgatum
Cirsium arvense
Solanum nigrum
Sonchus asper
Lapsana communis
Aethusa cynapium
Persicaria maculosa
Anagallis arvensis
Hieracium sp.
Hirschfeldia incana
Chamerion angustifolium
Geranium dissectum
Medicago lupulina
Trifolium repens
Cirsium vulgare

Vernacular name
Oilseed rape
Fava bean
Groundsel
Red dead nettle
Chickweed
Cleaver
Fumitory
Scented mayweed
Fat hen
Shepherd's purse
Mouse ear chickweed
Creeping thistle
Black nightshade
Prickly sow thistle
Nipplewort
Fool's parsley
Redshank
Scarlet pimpernel
Hawkweed sp.
Hoary mustard
Square stalked willow herb
Cut leaved cranes bill
Black medic
White clover
Spear thistle

Bumblebees
B N O F
2
8
4
1 5
5 3 2
4
6
6 3 1
6 4
6 2 2
4 1 2 3
6 4
4 4 2
4 6
2
8
4 2 3 1
4 1 2 3
5 2 2 1
4 3 3
5 2 2 1
5 3 2
4 1 1 4
3 2 2 2
3 1 2 4
4 2 3 1
3 1 6
3
7
4
6

Solitary bees
B N O F
2
2 6
5 1 4
5 2 3
5 1 3 1
6 2 2
6 4
5 3 2
4 1 1 4
6 3 1
4 2 2 2
4 2 4
2 1
7
5 3 2
3 1 3 3
4 2 2 2
4
5 1
5 1 4
5 2 3
4 1 1 4
4 2 1 3
3 2 4 1
4 2 4
4 2 3 1
3 1 2 4
4
2 4
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Honeybees
B N O
2
2
4 1 1
5 4 1
6 2 2
6 3 1
6 4
7 3
4 2 1
6 4
5 3 1
5 4 1
2 1
5 5
5 2 1
5 3
5 4 1
5 3 1
5 4 1
4 2 1
5 2 1
4 2 3
5 2 3
5 1 4
3 1
4 1 1
Chapter 5

F
6
4

3
1
7
2
2
1
3
2
1

6
4

Hoverflies
B N O
1
2
5 4 1
5 1 4
6 3
5 1 3
6 2 2
7 2 1
2 1 1
5 2 2
4 2 3
3 2 5
1 1
6 3 1
2
3
4 1 3
5
4
5 2 2
6 2 2
3 2
3 3 3
3 3 2
4 3 3
3 3 3
3 2 5
2 1 2

F
7

1
1

6
1
1
8
5
2
1
1
5
2
1
5

Butterflies
B N O
3
6
5 4 1
6 3 1
6 3 1
5 2 3
5 3 2
7 3
5 1 2
6 4
5 2 3
5 5
3
1
5 5
4 2 2
5 3
5 5
5 3 1
5 5
4 2 1
4 2 3
4 3 2
5 3 2
4 4 2
4 1 4
4
2

F
1

2

6
2
2
1
3
1
1

1
4
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Table S3. Median scores of expert opinions for the frequency of visits for different pollinator groups to flowering plant species
recorded in plots.
Species

Vernacular name

Brassica napus
Vicia faba
Senecio vulgaris
Lamium purpureum
Stellaria media
Galuim aparine
Fumaria officinalis
Matricaria chamomilla
Chenopodium album
Capsella bursa-pastoris
Cerastium vulgatum
Cirsium arvense
Solanum nigrum
Sonchus asper
Lapsana communis
Aethusa cynapium
Persicaria maculosa
Anagallis arvensis
Hieracium sp.
Hirschfeldia incana
Chamerion angustifolium
Geranium dissectum
Medicago lupulina
Trifolium repens
Cirsium vulgare

Oilseed rape
Fava bean
Groundsel
Red dead nettle
Chickweed
Cleaver
Fumitory
Scented mayweed
Fat hen
Shepherd's purse
Mouse ear chickweed
Creeping thistle
Black nightshade
Prickly sow thistle
Nipplewort
Fool's parsley
Redshank
Scarlet pimpernel
Hawkweed sp.
Hoary mustard
Square stalked willow herb
Cut leaved cranes bill
Black medic
White clover
Spear thistle

Bumblebees

Solitary
bees

2
2
0
2
0
0
0.5
1.5
0
0
0
2
1
1.5
1
0.5
1
0
2
1
2
1
1
2
2
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2
1
1
1
0.5
0
0
2
0
1
1
2
1
1
1
1
1
1
2
1.5
1
1
1
2
2

Honeybees

Hoverflies

Butterflies

2
2
0
0.5
0
0
0
1.5
0
0
0
2
0
1
0
0
0
0
1.5
1
1
1
1
2
2

2
0
1
0
1
0.5
0
2
1
1
1
2
0
2
1
1
1
0.5
2
0.5
1
0.5
1
1
2

1
0
0
0
1
0
0
1
0
1
0
2
0
1
0
0
0
0
1.5
1
0.5
0
0
1
2
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Chapter 5 – Appendix III: Minimal model terms

Table S4. Maximal and minimal models using stepGAIC()with the mean and probability for total, crop and non-crop nectar and pollen content.
Type

Floral component

Parameter

Max model GAIC

Min model terms

GAIC

Nectar

Total

Presence/
absence
Mean
Presence/
absence
Mean

3092.42
3075.35
1668.59
1653.4
2110.99
2089.04
3258.99
3237.28
1954.52
1939.38
2152.62
2126.01

Rotation+ Month* Year
Rotation* Month+ Rotation* Year+ Month* Year
Rotation*Month+ Rotation*Year+ Month* Year
Month* Year
Rotation+ Month* Year
Rotation* Month+ Rotation* Year
Month* Year
Rotation* Month+ Rotation* Year
Rotation* Month+ Rotation * Year
Month+ Year
Month* Year
Rotation* Month* Year

3075.4
3064.7

Crop

Pollen

Non-crop

Presence/
absence
Mean

Total

Presence/
absence
Mean

Crop

Presence/
absence
Mean

Non-crop

Presence/
absence
Mean
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Table S5. Maximal and minimal models using stepGAIC() for the different pollinator groups for the mean Reward AccessibilityIndex (RAI) and the probability of
an RAI value for total, crop and non-crop nectar and pollen content.
Pollinator
group

Floral component Index

Parameter

Family

Maximal
model GAIC

Minimal model terms

GAIC

Bumblebee

Total nectar quality

Presence/absence

Zero-adjusted
Gamma

7361.69

Month*Year

7348.1

7348.1

Rotation*Month + Rotation*Year +
Month*Year

7338.5

13723.33

Month*Year

13702.0

Mean
Total pollen quality

Presence/absence

Zero-adjusted
Gamma

Mean
Crop nectar quality

Presence/absence

Zero-adjusted
Gamma

Mean
Crop pollen quality

Presence/absence
Presence/absence
Mean

Non-crop pollen quality

Presence/absence

Zero-adjusted
Gamma
Zero-adjusted
Gamma

Mean
Solitary bee

Total nectar quality

Presence/absence

Zero-adjusted
Gamma

Mean
Zero-adjusted
Gamma
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Total pollen quality

Presence/absence

7675.04
5147.93

Rotation + Month*Year

5127.0

5126.97

Rotation*Month + Rotation*Year

5107.0

9229.38

Rotation + Month*Year

9199.6

9199.57

Rotation*Month*Year

9199.57

9201.9

Month*Year

9187.0

9186.99

Rotation*Month + Rotation*Year +
Month*Year

9176.4

19442.97

Month*Year

19425

3753.12
3719.89

Zero-adjusted
Gamma

Mean
Non-crop nectar
quality

Rotation*Month + Rotation*Year +
Month*Year
Rotation*Month + Rotation*Year +
Month*Year
Month*Year
Rotation*Month + Rotation*Year +
Month*Year
Month

13702.54

7690.27
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Mean
Crop nectar quality

Presence/absence
Mean

Crop pollen quality

Presence/absence

19424.64
Zero-adjusted
Gamma
Zero-adjusted
Gamma

Mean
Non-crop nectar
quality

Presence/absence

Zero-adjusted
Gamma

Mean
Non-crop pollen quality

Presence/absence

Zero-adjusted
Gamma

Mean
Honeybee

Total nectar quality

Presence/absence

Zero-adjusted
Gamma

Mean
Total pollen quality

Presence/absence

Zero-adjusted
Gamma

Presence/absence
Presence/absence
Mean

Non-crop nectar
quality

Presence/absence

Presence/absence

Total nectar quality

Presence/absence

7680.92

Rotation*Month + Rotation*Year

7663.6

NA

Did not converge after 500 iterations

NA

Did not converge after 500 iterations

6261.18

Rotation + Month*Year

6243.07

6243.07

Rotation*Month + Rotation*Year +
Month*Year

6242.2

13476.56

Rotation + Month*Year

13458.45

3664.0
7641.6
7597.3

7690.27
7675.04

Zero-adjusted
Gamma

4019.47

Rotation + Month*Year

3991.82

3991.82

Rotation*Month + Rotation*Year

3980.3

8867.3

Rotation + Month*Year

8843.65

8843.65

Month + Rotation*Year

8821.56

9000.06

Rotation + Month*Year

8976.95

3755.12
3739.89

Zero-adjusted
Gamma

Mean
Hoverfly

7680.9

7656.82

3706.1

Zero-adjusted
Gamma

Zero-adjusted
Gamma

Mean
Non-crop pollen quality

Month*Year

3706.08

13458.45

Mean
Crop pollen quality

7702

3721.31
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Chapter 6
General Discussion

Pictures taking during field work at Sonning farm
“The truth of the matter is that nothing that is modelled by humans is ever exactly right. It is
partly our fate and partly our fault. There is only one consolation; Whenever human construction
falls short of reality, reality will win in the long run” Baker and Drury,
1981
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Chapter 6: General Discussion
6.1 Summary and synthesis
The overall aim of this thesis was to evaluate the potential of diverse crop rotations as a
management option for the ecological intensification of arable systems. The focus was on the
effect of crop diversification on the provision of soil ecosystem services, pollination services and
on system resilience.
The studies included here help to fill some of the gaps in knowledge relating to the role of crop
diversification in increasing system resilience and the provision of soils and pollination service for
the ecological intensification of agriculture. The results add to the body of knowledge supporting
the diversification of crop rotations (both temporally and spatially) as an important tool in
reducing the negative environmental impacts of intensive agriculture, and as part of a suite of
management options which can make the ecological intensification of agriculture effective.
Chapter two assessed the effects of increasing crop diversity on the provision of soil ecosystem
services through the measurement of different soil abiotic parameters, soil processes and soil
biodiversity underpinning its delivery. The results demonstrated that increasing diversity led to
higher litter decomposition and nitrogen mineralization rates which are key ecosystem processes
underlying the provision of nutrient cycling in soils, and ultimately nutrient availability to crops.
However, the Diverse rotation had lower levels of total carbon and total nitrogen and more acidic
soils, suggesting, that at least in the short term, there might be a trade-off between nutrient
cycling and carbon storage. Although previous research has linked crop diversification to higher
levels of carbon (Albizua et al.2015), others found that this interacted with the type of residue
input (McDaniel et al.2016) with rotations including cereals and legumes, leading to lower levels
of carbon (King and Blesh, 2017). This is in line with the findings presented here and where the
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addition of legumes (clover bi-crop, field beans) to the Diverse rotation, led to lower levels of
carbon, possible due to the low carbon:nitrogen ratio in the residue inputs leading to greater
carbon mineralization and greater nutrient release in the Diverse rotation. Therefore, at least in
the short term, combining the diversification of crop rotations with other management practices
such as reduced tillage, might result in the optimisation of its benefits (Hurisso et al.2016). The
fact that higher nutrient availability did not lead to higher yields, might indicate another trade-off
between crop diversification and weed competition. However, further research including data
collected on weed abundance would be necessary to confirm this.
Chapter three explored the extent to which diverse crop rotations can improve the provision of
multiple ecosystem services underpinning arable production and their potential to confer
resilience under abiotic stress (in this case heat stress). The results suggest that more diverse
crop rotations are able to maintain yield stability under adverse conditions simulating future
climatic change and with reduced inputs and are in accordance with other studies suggesting that
crop diversity leads to greater yield stability in agroecosystems (Lin, 2011; Gaudin et al.2015).
Although previous studies found that diversifying crop rotations can potentially exert pest
regulation through bottom-up or top-down effects (Kremen and Miles 2012), the findings
presented here suggest that as rotation had no effect on parasitism rates, canopy predator or
aphid abundance, both bottom-up and top-down effects were not affected by more diverse crop
rotations. This is in line with findings that crop rotational diversity alone, does not impact on
levels of pest regulation (Dunbar et al.2016) and that it is actually associated with the availability
of local semi-natural habitat and wider landscape complexity (Menalled et al.2003). The
provision of soil services was not affected by increased diversity and the results suggest that crop
diversity alone, at least in the short term, might result in trade-offs between productivity and
carbon storage. The Diverse rotation was significantly more resilient than the Moderate and
Simple. Although this has not directly resulted in higher soil services and pest regulation
provision, studies of systems with more established rotations may yield different results as the
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effect of temporal diversity can be cumulative, emphasising the need for long-term field trials.
Higher resilience was linked to the potential of the Diverse rotation to avoid stress through
improved soil moisture retention, leading to better canopy temperature maintenance, meaning
the crop was able to use the available water more efficiently and avoid stress. This is possibly due
to potential of cover crops and bi-crops to improve soil structure (Stobart and Morris 2013).
Chapter four measured the effect of interactions among management practice (crop rotations
along a diversity gradient), external inputs (recommended and reduced fertilizer rates) and insect
pollination (natural levels and excluded) on yield parameters of oilseed rape. The results indicate
a potential legacy effect of the legume bi-crop on the number of seeds per pod in the subsequent
oilseed rape crop in the diverse rotation, which is likely to be related to the fertility-building
capacity of legume bi-crop (Cuttle et al.2003). Given that seed weight was significantly lower in
the open pollination treatments, the results indicate that high pollen beetle pressure at critical
stages, offset the benefits of insect pollination regardless of crop diversity. This is in line with
recent studies that have shown that oilseed rape yield is shaped by complex interactions
between pollination, pest control, soil properties and management practices (Bartomeus et
al.2015). The results presented here also indicated a legacy effect of the legume bi-crop and
brassica cover crop in the Diverse rotation interacting with insect pollination to result in
compensatory growth which is also in line with other studies (Bartomeus et al.2015; Sutter and
Albrecht, 2016). These findings could be used to help farmers realise the potential benefits of
pollination service as an agronomic input and that combining it with increased crop diversity
could potentially help mitigate losses caused by pest damage. This is especially relevant given the
recent ban on neonicotinoids in the UK and likely ban in the EU in the near future.
Chapter 5 assessed how floral resources availability (pollen and nectar) varied between crop
rotations long a diversity gradient, to what extent different crop rotations supported a range of
pollinator groups (bumblebees, honeybees, solitary bees, hoverflies and butterflies) and the
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relationships between pollinator groups and in-crop floral resources. More diverse rotations
(including break crops such as oilseed rape and field beans and also clover bi-crops) were able to
provide a more stable (i.e. constant through time) provision of nectar resources throughout the
pollinator flight season, attracting more bumblebees than less diverse rotations. The top
contributing plants for nectar and pollen included both crop and non-crop species, and the more
stable provision of resources in the Diverse rotation, is likely to be due to differences in herbicide
use due to the inclusion of bi-crops (Requier et al.2015) allowing for higher levels of weed
growth. While the focus of this study was on the provision of resources to biodiversity, it is likely
that increases in resources resulting from higher weed levels will present trade-offs between
resources for biodiversity and crop production and consequently, how farmers combine
herbicide management with more diverse rotations, will be key to achieve benefits for both
biodiversity and production. When accounting for the reward and accessibility of different
flowering crops and plants, the differences among the rotations was less clear for the different
pollinator groups. Pollinator groups also showed different responses to changes in nectar and
pollen provision, which suggested that nectar and pollen are not the only factors determining
behavioural preferences for different nectar and pollen densities. This suggests that the design of
crop rotations can potentially help mitigate pollinator losses and that both the inclusion of mass
flowering crop and the impacts of the rotation management on key arable plants should be
considered. However, although as the results suggest, the design of crop rotations is likely to play
a key role in providing resources for pollinators, in order to reconcile this with increases in crop
pollination, preservation of species diversity and rare species, it is likely that it will need to be
combined with other practices (Sutter et al.2017).

6.2 Study limitations
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One of the main limitation associated with the studies presented here is that the results
presented are based on the short-term effects of the different crop rotations. Especially when
soils ecosystem services are concerned, the ‘legacy’ effect of previous crops on ecosystem
processes can take time to take effect and change over time and therefore, long term
measurements (e.g. longer than 20 years) are necessary for a better understanding of these
relationships. (Korschens (2006) argues that many questions relating to soil science which have
not been answered yet, can only be addressed using long-term field experiments, including the
effect of crop rotations on the provision of soil ecosystem services. However, results presented
here highlight that short-term changes relating to crop diversity and can be an important
baseline for future research aiming to understand changes in the provision of soil ecosystem
services over time. Additionally, the space-for-time substitution design, means that the effect of
cofounding variables, such as weather variability from year to year, can be controlled for, which
can be a great source of noise in field experiments looking at one crop present every year.
Another important limitation of the studies presented here is that they were done at a plot scale
(10m x 12m). Pollinator studies are ideally done at a field scale, with different treatments
separated by the maximum foraging distance of the pollinator groups being recorded (2 to 3 km
for social bees and up to 1.2 km for solitary bees (Steffan-Dewenter and Tscharntke, 2000;
Osborne et al.2008). However, the level of replication used in this study, would not be feasible at
a field scale, and therefore it is likely that there will always be trade-offs between the two. In
order to reduce the effect of plot size on pollinator surveys, 2m oats and barley guards were
planted between plots and pollinator crop watches were conducted in an area at the centre of
the plot and apart from butterflies, all other pollinator groups were only recorded if they were
flying at crop height. However, there is a chance that the plots were not independent, when
highly mobile organisms were concerned and therefore the results obtained were analysed with
very conservative methods (and the use of very small p-values) and interpreted with caution.

General discussion

Chapter 6

192
As for the pollination service treatments, experiment one used a section of the plant (the main
stem) as the smallest experimental unit to measure differences in yield parameters from plants
being exposed or excluded from pollinators and hand-pollinated. The use of a section of the plant
(e.g. oilseed rape main stem), can lead to confounding effects of resource allocation, and the use
of whole plants as the minimum experimental units would address this. However, using whole
plants makes it difficult to measure the effect of maximum pollination levels as hand-pollination
of whole plants is sometimes not feasible as several hundred flowers would require hand
pollination. The use of cages to exclude pollinators when using whole plants as the minimum
experimental unit (experiment two) also have some drawbacks as the use of meshes can reduce
wind-pollination and change micro-climatic conditions inside the cages (e.g. humidity, light
intensity) (Dafni et al.2005). Reduction in wind pollination can potentially lead to over-estimation
of how dependant on insect pollination the plant is and therefore, results should be interpreted
carefully. Differences in micro-climatic conditions between treatments, have been addressed
through the addition of a mesh on top of cages designated to allow pollinators in (open
treatments) as in Marini et al. (2015). However, while this may reduce the differences between
treatments, it also reduces the access of pollinators to the plant and therefore poses a trade-off.
Results on the potential for compensatory growth subsequent to pollen beetle attacks, are based
on the number and weight of unfilled pods, as due to logistical constraints inherent to the
management of the experiment, it was not possible to wait for the second onset of pods to fill
before harvest. Therefore, results presented here should be interpreted with caution. Given that
in practice, famers would also have time constraints relating to harvesting and drilling of the next
crop, any potential benefits from this compensatory growth mechanism, would only be realised
in rotations where the subsequent crop could be drilled later (e.g. a winter cover crop).
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6.3 Recommendations
Based on the combined results presented here, it is clear that crop diversification offers an
important opportunity for the ecological intensification of agriculture and should be considered
as one of the elements of a strategy trying to reduce the negative environmental impact of
intensive arable agriculture.

6.3.1 Cover crops and bi-crops
As demonstrated in chapter two and chapter four, the inclusion of covers crops and bi-crops to
crop rotations can reduce the need for fertilizer use, which is key part of ecological. However,
although the benefits of cover/bi-crops have been documented before (Kremen and Miles 2012)
and that these benefits are more pronounced when management intensity is reduced (Wittwer
et al.2017), farmers using conventional methods are still often reluctant to adopt its use. This is
possibly to do with potential extra labour and costs involved and with the fact that the benefits
cover/bi crops will vary depending on factors such as climate, soil type and the species used in
the cover crop mixtures (Thorup-Kristensen et al.2003). Therefore, it is vital that researchers and
policy makers develop an evidence base and communicate the potential economic and
production benefits of the use of cover crops in a clear manner to farmers so that the costs and
benefits (mainly private but also public) are well-defined and that efforts are put into devising
incentives, instruments and advice at a local level to ensure that these benefits are optimised.
One potential issue identified here is the fact that the use of winter cover crops leads to extra
ploughing on the Diverse rotation plots, which can offset some of the benefits as it will lead to
additional costs, increased diesel use and may reduce the potential for carbon storage.
Therefore, combining the use of cover crops with a reduce tillage approach, is likely to maximise
any potential benefit.
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6.3.2 Increasing diversity and system’s resilience
The diversification of crop rotation will also be an important tool in increasing the resilience of
arable systems to future climate change as more diverse rotations were able to maintain yields
under adverse conditions simulating future climatic change and with reduced inputs. Although
efforts to breed resistance to stressors like heat and drought will be vital (Tester and Langridge,
2010; Döring et al.2010), diversifying crop rotations can still play an important role in conferring
resilience to arable systems. This should also be communicated clearly to farmers, especially
when mechanisms are understood, so that It can be applied effectively. The results suggest that
resilience was conferred through the potential of the more diverse rotation to avoid stress
through improved soil moisture retention, leading to better canopy temperature maintenance.
Therefore, crops with the ability to improve soil structure and therefore increase soil moisture
retention should be included in the design of crop rotations. Strategies should also aim to be
devised at a local level as the potential benefits are likely to be dependent on factors such a soil
type and climate.

6.3.3 Pollination service and resources for pollinators
Pollination service should be considered as an agronomic input as part of ecological
intensification strategies. The results presented in chapter four show that pollinators can
increase the number of seeds per pod, number of pods and seed weight in oilseed rape and are
in line with previous studies showing that pollinators can have a significant impact on yield
components of oilseed rape (Bommarco et al.2012; Stanley et al.2013; Bartomeus et al.2014;
Lindström et al.2016). The results also show that supplementary pollination led to higher number
of seeds per pod and number of pods which indicates that an increase in overall insect pollinator
abundance, can potentially lead to optimal yields thereby re-enforcing the need for farmers to
consider pollination service as an agronomic input which farmers can manage to improve
production.
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Results presented in chapter four also show an interaction between increasing diversity and the
provision of pollination service on the recovery potential of oilseed rape following pollen beetle
pressure. Increasing pollination service and diversity, could therefore be explored further as a
strategy to be used as an “insurance policy” in cases when crop losses cannot be avoided. Given
the ban on the use of systemic neonicotinoid based insecticides on flowering crops, pest pressure
might increase and the extend of the damage will be determined by a combination of weather,
pesticide resistance (e.g. resistance to pyrethroids) and natural pest control levels. Farmers who
suffer severe losses, could potentially recover some of it providing soils are fertile and there are
sufficient levels of insect pollination. However, this would only be viable if there is a near total
loss of the crop as the harvest from the second onset of pods would need to take place later and
therefore, would only be possible in rotations where the subsequent crop could be drilled later
(e.g. a winter cover crop).
The diversification of crop rotations should also be included in strategies aiming to provide
additional resources to pollinators as a way to mitigate pollinator losses caused by loss of habitat
due to the intensification of farming (Kovács-Hostyánszki et al.2017). Results presented in
chapter five indicate that more diverse rotations are able to provide a more stable provision of
nectar resources throughout the pollinator flight season and that it supported a higher
abundance of bumblebee species. The caveat is that while more diverse rotations provided more
stable resources, in this study, it was due to increases in non-crop resources from unsown plants.
This is a result of differences in herbicide management between the rotations and can potentially
present a trade-off between pollinator losses’ mitigation and yield. Additionally, there is some
evidence suggesting that large areas of mass-flowering crops (e.g. oilseed rape and field beans),
can potentially result in pollinator dilution in the landscape affecting both pollinator dependant
crops and the reproductive success of wild plants (Holzschuh et al.2016). Therefore, strategies
aiming to support pollinators at a local level, should be form part of broader strategies taking into
consideration the landscape configuration (Senapathi et al.2017).
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If any of the recommendations above are to be applied, it will be vital that they are included in
policy instruments such as the Common Agriculture Policy (CAP) and/or future agrienvironmental schemes once the UK leaves the European Union, as once the UK leaves, a new
suit of policies will be required to replace the current CAP). Therefore, this presents a key
opportunity for researchers to communicate findings relating to farmland management
effectively, and get involved in the policy making process during this transition time. It will also
be important that findings are communicated effectively to farming advisory groups and
agronomists, so that farmers can make decisions based on the latest evidence. Knowledge
exchange programmes and training on potential management practices will also be key.

6.4 Future research

The findings presented here provide several opportunities for future research, especially if the
field trials are kept in the long term. The space-for-time substitution design can provide an
exceptional opportunity to reduce the time it takes to measure the potential benefits of the
different crop rotations while controlling for confounding variables such as weather variability
from year to year. This is especially applicable to changes related to soil biodiversity and aboveand belowground interactions as belowground organisms are less mobile and effects of
aboveground diversity on soil organisms and the processes they underpin can change over time.
Results presented here are all based on an incomplete rotational cycle of the three rotations and
therefore, future research could aim to repeat some of the studies presented here after one or
more full rotational cycles are completed to investigate how they change over time. The
resilience study (chapter three) in particular, would benefit from further research on how the
different rotations are able to mitigate heat and drought stress once the rotations have been
through a full cycle, on multiple years as results resented here are from one year only.
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Future research could aim to focus on the potential trade-offs between nutrient cycling and
carbon storage found here and whether this could be addressed by a combination between
increased crop diversity and reduced tillage. It would also be useful to investigate how these
management strategies affect the soil food web through the growing season and how that
relates to the provision of soil ecosystem services and crop production so that trade-offs and
synergies can be identified. Also, a great part of research carried out on the effects of increased
crop diversity on soil ecosystem service, is conducted in organic farming systems, where tradeoffs between biodiversity derived ecosystem services and crop production are commonly found
(Mäder et al.2002; Barbieri et al.2017). Therefore, the focus should be on these relationships
under reduced chemical inputs so that thresholds can be identified and ecological intensification
can be successfully implemented.
Here, the legume mixture bi-crop in the wheat plots and the winter cover crops in the Diverse
rotation have shown potential to partially replace fertilizer use due to increases in nutrient
cycling (chapter two) and legacy effect (chapter four). Future research could aim to investigate
whether increases in nutrient availability correspond to increases in plant requirements (e.g. are
nutrients being used efficiently or is it being lost from the system through leaching?) and aim to
further understand any legacy effect carried on to subsequent crops. Additionally, while studies
presented here explored the use of winter cover crops and legume bi-crops with winter wheat,
adding an extra layer of diversity to the rotations can have implications in terms of reducing pest
damage and improve nutrient use efficiency as it has been shown through the use of bi-crop of
frost-sensitive legume crops with winter oilseed rape (Cadoux et al.2015). Future research could
focus on further exploring these relationships.
The indication that more diverse rotations are able to provide more stable resources for
pollinators, could be scaled up and further explored at a field scale (e.g. looking at different farms
with different rotations along a diversity gradient). It would be important to also measure
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potential trade-offs between any benefits derived from non-crop resources and yield and also to
explore interactions between these local management practices and the wider landscape.
Data used in this study and, should the experiment remain in place, any future data from the
rotations, could be used to produce a full cost-benefit analyses of the different rotations as part
of a broader socio-economic study looking at potential incentives and barriers for the adoption of
more diverse crop rotations in the UK. This will be especially important in the context of using
any findings and/or recommendations presented here to inform policy and the farming
community.

6.5 Concluding remarks

There is a general consensus that while we need to produce more food, it is essential that this is
done with reduced environmental damage and with the conservation of biodiversity in mind,
both from an ecosystem service provider perspective, but also for the intrinsic value attached to
it. This thesis adds to the growing body of knowledge supporting the ecological intensification of
agriculture by testing the potential of one particular management strategy, the diversification of
crop rotations, which can be used in its implementation. It highlights potential benefits (e.g.
increasing system’s resilience, the provision of more stable resources for pollinators) and also
potential trade-offs (e.g. lower carbon storage potential in the short term, higher weed pressure)
relating to the use of more diverse crop rotations and also highlights the urgent need for future
long-term research on its effects. It also highlights that although crop diversification is likely to be
an important tool in the ecological intensification of agriculture, it will need to be combined with
other strategies both at local and at a landscape level if ecological intensification is to be
implemented broadly a successfully.
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Thesis appendix I – Experimental Design (Sonning farm &
NIAB)
Experiments took place in two different sites: (i) Sonning Farm in Reading, UK (ii) NIAB New Farming
Systems (NFS) in Norfolk, UK. The design of both sites is presented here. Data on soil ecosystem
services (detailed below) was collected from NIAB NFS during the 2014-2015 season and were not
included in this thesis as they were collected in conjunction with data on pest regulation which
forms part of a separate PhD. Data from both PhDs is being analysed together and will form part
of a research paper which will be submitted in 2018.

Sonning farm design
Experiments were conducted at the University of Reading’s Crop Research Unit, Sonning, UK
(51°28’50.8”N 0°54’07.3”W). The study compares three 4 year rotations along a diversity
gradient: (i) Simple rotation consisting of winter wheat for three consecutive years followed by
winter oilseed rape (ii) Moderate rotation consisting of winter wheat, winter beans, winter
wheat and oilseed rape respectively (iii) Diverse rotation consisting of winter wheat under-sown
with a legume mixture, a brassica winter cover mixture containing five different species, spring
beans, winter wheat under-sown with a legume mixture and oilseed rape. Crops were treated
with 50% of the standard fertilizer and fungicide dose and standard herbicide rates, except for
the diverse rotation plots which were not treated with the second herbicide dose in the 2013-14
and 2015-16 seasons. The experiment was laid out in a split-plot randomized complete block
design with four replicates of 12m x 10m plots, divided between five 1.9m strips where the crop
was planted. Plots were divided by a 2m oat/barley guard to reduce potential edge effect. Each
phase of the rotations was represented every year in space and each plot represented a
sequence in time. See figure S1 for aerial view of the field, figure S2 for schematic representation
of the design lay-out and tables S1 to S4 for the crop history of each four-year Rotation showing
all four phases of all four sequences.
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Figure S1: Aerial view of field site at Sonning farm. Each plot represents one year of the rotation in time. Four plots together, represent four years of the
rotation in space. This is repeated four times across the field in a randomised complete block design. Every plot corresponds to a different sequence of a
rotation (1 to 4). Every year, each sequence changes to a different phase of the rotation (year 1 to 4). Each sequence started at a different phase of the
rotation in the 2013-2014 season and is replicates across four blocks. Picture also shows rain-out shelters used to apply stress to wheat crops (chapter
2).
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Phase (space)

Block

Moderate

Simple

Phase 1 Winter
wheat

Phase 2 Winter
wheat

2m guard
Phase 3
Winter wheat

Diverse

Phase 4
Oilseed rape

12m

12m

Sequence (time)
Sequence 1
Winter wheat – Year 1
Winter wheat – Year 2

Plot

Winter wheat – Year 3
Oilseed rape – Year 4

Crop strip
1.9 m

Figure S2: Schematic of field layout representing 1 block, containing 3 rotations (Diverse, Moderate and Simple) and 4 plots representing each phase of
the rotations in space and each sequence of the rotations in time. Each sequence started at a different phase of the rotation. See tables S1 to S4 for the
crop history of all three rotations for sequences 1 to 4.
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Figure S3: Map of field layout for season 1 (2013-2014) showing the plots and their respective
sequences and phases with the rotations randomly blocked. Sequences remain the same for
every subsequent season, while phases will rotate accordingly (e.g. sequence 1/phase 1 will
rotate to sequence 1/phase 2 in season 2).
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Table S1: Crop history for each of the three, four-year rotations for sequence 1:
Rotation
Phase 1
2013-2014

Phase 2
2014-2015

Phase 3
2015-2016

Phase 4
2016-2017

Diverse

Winter wheat (T.
aestivum., var.
Solstice) undersown with a
legume mixture
(Trifolium repens,
var. Aberpearl and
Medicago lupulina,
var. Virgo)

Winter oilseed
rape (Brassica
napus, var. Amalie

Winter wheat (T.
aestivum., var.
Solstice) undersown with a
legume mixture
(Trifolium repens,
var. Aberpearl and
Medicago
lupulina, var.
Virgo)

Moderate

Winter wheat (T.
aestivum., var.
Solstice)

Winter oilseed
rape (Brassica
napus, var. Amalie

Winter wheat (T.
aestivum., var.
Solstice)

Brassica winter
cover crop
(Sinapsis alba,
Eriogonum
umbellatum,
Lamium
purpureum,
Senecio vulgaris,
Secale cereale) I
followed by
spring beans
(Vicia faba, var.
Fuego)
Winter beans
(Vicia faba, var.
Fuego)

Simple

Winter wheat (T.
aestivum., var.
Solstice)

Winter wheat (T.
aestivum., var.
Scout)

Winter wheat (T.
aestivum., var.
Santiago)

Winter oilseed
rape (Brassica
napus, var.
Amalie

Table S2: Crop history for each of the three, four-year rotations for sequence 2:
Rotation
Phase 1
2013-2014

Phase 2
2014-2015

Phase 3
2015-2016

Phase 4
2016-2017

Diverse

Spring oilseed rape
(Brassica napus,
var. Delight)

Winter wheat (T.
aestivum., var.
Solstice) undersown with a
legume mixture
(Trifolium repens,
var. Aberpearl and
Medicago
lupulina, var.
Virgo)

Winter wheat (T.
aestivum., var.
Solstice) undersown with a
legume mixture
(Trifolium repens,
var. Aberpearl
and Medicago
lupulina, var.
Virgo)

Moderate

Spring oilseed rape
(Brassica napus,
var. Delight)

Winter wheat (T.
aestivum., var.
Solstice)

Brassica winter
cover crop
(Sinapsis alba,
Eriogonum
umbellatum,
Lamium
purpureum,
Senecio vulgaris,
Secale cereale) I
followed by spring
beans (Vicia faba,
var. Fuego)
Winter beans
(Vicia faba, var.
Fuego)

Simple

Winter wheat (T.
aestivum., var.
Scout)

Winter wheat (T.
aestivum., var.
Santiago)

Spring oilseed
rape (Brassica
napus, var.
Tamarin)

Winter wheat (T.
aestivum., var.
Solstice)
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Table S3: Crop history for each of the three, four-year rotations for sequence 3:
Rotation
Phase 1
2013-2014

Phase 2
2014-2015

Phase 3
2015-2016

Phase 4
2016-2017

Diverse

Winter wheat (T.
aestivum., var.
Solstice) undersown with a
legume mixture
(Trifolium repens,
var. Aberpearl and
Medicago lupulina,
var. Virgo)

Winter wheat (T.
aestivum., var.
Solstice) undersown with a
legume mixture
(Trifolium repens,
var. Aberpearl and
Medicago
lupulina, var.
Virgo)

Winter oilseed
rape (Brassica
napus, var.
Amalie

Moderate

Winter wheat (T.
aestivum., var.
Solstice)

Brassica winter
cover crop
(Sinapsis alba,
Eriogonum
umbellatum,
Lamium
purpureum,
Senecio vulgaris,
Secale cereale) I
followed by spring
beans (Vicia faba,
var. Fuego)
Winter beans
(Vicia faba, var.
Fuego)

Winter wheat (T.
aestivum., var.
Solstice)

Simple

Winter wheat (T.
aestivum., var.
Santiago)

Winter oilseed
rape (Brassica
napus, var. Amalie

Winter wheat (T.
aestivum., var.
Solstice)

Winter oilseed
rape (Brassica
napus, var.
Amalie
Winter wheat (T.
aestivum., var.
Scout

Table S4: Crop history for each of the three, four-year rotations for sequence 4:
Rotation

Diverse

Moderate

Simple

Phase 1
2013-2014

Phase 2
2014-2015

Phase 3
2015-2016

Phase 4
2016-2017

Brassica winter
cover crop
(Sinapsis alba,
Eriogonum
umbellatum,
Lamium
purpureum,
Senecio vulgaris,
Secale cereale) I
followed by spring
beans (Vicia faba,
var. Fuego)
Winter beans (Vicia
faba, var. Fuego)

Winter wheat (T.
aestivum., var.
Solstice) undersown with a
legume mixture
(Trifolium repens,
var. Aberpearl and
Medicago
lupulina, var.
Virgo)

Spring oilseed
rape (Brassica
napus, var.
Tamarin)

Winter wheat (T.
aestivum., var.
Solstice) undersown with a
legume mixture
(Trifolium repens,
var. Aberpearl
and Medicago
lupulina, var.
Virgo)

Winter wheat (T.
aestivum., var.
Solstice)

Winter wheat (T.
aestivum., var.
Solstice)

Spring oilseed rape
(Brassica napus,
var. Delight)

Winter wheat (T.
aestivum., var.
Solstice)

Spring oilseed
rape (Brassica
napus, var.
Tamarin)
Winter wheat (T.
aestivum., var.
Scout)
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NIAB New Farming Systems (NFS) design
At NIAB New Farming Systems (NFS) the rotations have been established in 2007 as an
incomplete factorial design containing three rotational approaches, four management systems
and three nitrogen regimes on a sandy loam soil (Ashley series). Main plot area is 12m x 36m
which is further sub-dived into three 12m x 12m areas for the different nitrogen treatments. In
total, the experiment has 10 treatments with 4 replicates, uses a shallow non-inversion
establishment technique and apart from nitrogen, all other inputs are consistent with local best
practice. The experiment uses farm scale equipment and techniques and permanent grass
pathways between the plots, which allow them to be assessed independently. Data was collected
in year 8 of the experiment.

Four management systems:
§

Standard practice (all rotation systems)

§

Legume (clover) bi-crop (all rotation systems)

§

Legume mixture cover crop (rotation systems 2+3 only)

§

Non-legume cover crop (rotation systems 2+3 only)

Three nitrogen regimes
§

0% nitrogen

§

50% the standard dose for the crop being grown

§

A full standard dose for the crop being grown
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Data was collected at the NIAB NFS trials for different soil processes and paramters and soil
biodiversity underpinning the provision of soil ecosystem services (see Table S5). A sub-set of the
Rotation/Management system/nitrogen regime treatment combinations was chosen. Tables S6
and S7 show the combination of treatments chosen for the purpose of this study and details of
each different treatment respectively. Data on insect pests and natural enemies was also
collected as a proxy for pest regulation using visual assessments and pitfall traps. Pest regulation
data forms part of a separate PhD and datasets are being analysed jointly and will be submitted
as a research paper in 2018. NIAB data is not presented in this thesis.
Table S5: Soil parameters measured
Parameters

Method

Total carbon and total
Nitrogen
Nitrogen mineralisation rate

Combustion method (Flesh 2000 analyser): Samples were
air-dried, grounded using a ball-mill, weighed and analysed.
Aerobic incubation: Samples were analyzed for mineral
nitrogen (NO3- and NH4+) and then incubated in plastic
containers at a constant temperature for 15 days after
which mineral nitrogen was recorded again. The
mineralization rate was calculated and expressed as
mg N kg-1 day-1.
pH was measured using a Hanna pH meter HI 11 series.

pH
Hot water extractable carbon
Soil organic matter quality
Earthworm abundance and
diversity

Hot water extractable carbon was measured using a
modified version of Ghani et al. (2003).
Optical spectroscopy (UV-Visible using a Varian Cary Bio 300
UV-Visibe Spectrophotometer)
Hand sorting: A 25cm3 monolith was dug and hand sorted in
the lab for 20 minutes. The number of adults and juveniles
was recorded. Earthworms were fixed in alcohol for later
identification. They were categorized into functional groups
(i.e aneic, endogeic or epigeic).

Table S6: Sub-set of treatment combinations chosen
ROTATION

MANAGEMENT

N REGIME

(1) winter break &
(2) mixed cropping

(a) control &
(b) clover bi-crop

50% & 100%
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Table S7: Treatment details
TREATMENT
Rotation 1
Winter break
Rotation 2:
Mixed
cropping

Management
A: Control
Management
B: Legume bicrop

N Regime

Thesis appendix I

DETAILS
Winter break: Winter
wheat with autumn sawn
break crops
Winter wheat with a
mixture of autumn and
spring sawn break crops

Run as standard with
regards to input and
husbandry.
The legume bi-crop is a
small leaf white clover (cv.
AberPearl) sown in August
2007 and allowed to
naturally regenerate each
season.
50% and 100%

RATIONALE
A more conventional approach that can be
used as a benchmark for current systems
Biggest contrast. Spring crops are likely to be
included in rotations more often in the future
(CAP reform; crop failure due to climate
change, farmers more likely to spread their
risk)
Used as a control treatment for the
management systems
Management Intervention testing the
potential for fertility building and wider
benefits (pollinators/pollination service) –
Farmers interest in bi-cropping systems is
increasing.
Current scenario versus possible future
scenarios (regulation/high prices of synthetic
fertilizer). System resilience.
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Thesis appendix II – field records
Table S1: Field records for the rotations for season 1 (2013-2014), season 2 (2014-2015), season 3
(2015-2016)
ROTATION
DIVERSE

SEASON
2013-2014

DATE

ACTION

12/09
13/9

Cover crop plots ploughed to 30cm
Power harrowed, rolled, drilled cover
crops in Diverse rotation according to
plan.
Remaining plots ploughed to 30cm
Sprayed volunteer barley in Diverse
rotation with Roundup Biactive at 4
litres per ha in 220 litres water.
Sprayed cover crops with Roundup
Biactive, 6 litres per ha in 240 litres
water.
Cultivated all with power harrow.
Drilled Liberation plots, with plot drill
mounted on tractor, according to
plan.
Sprayed wheat plots with autumn
herbicide, Stomp 400 SC
(pendimethalin) at 3.3 litres per ha in
220 litres water. NB: Plots for spring
sowing and oat discard were left
unsprayed. (SB + SOSR)
Sprayed spring plots with Roundup
Biactive (glyphosate) at 4 litres per ha.
Cultivated spring plots with power
harrow, rolled SOSR plots with topper
roller. (SB + SOSR)
Drilled spring plots; Beans (Fuego) at
30 seeds per m2, SOSR (Delight) at 7kg
per ha.
Applied fertiliser; all plots except
winter bean plots, 50kg N + 56kg SO3
per ha as Double Top. Winter and
spring bean plots, 56kg SO3 per ha as
potassium sulphate (SOP).
Sprayed spring bean plots with
herbicide; Stomp Aqua
(pendimethalin) 2 litres per ha + Defy
(prosulfocarb) 2 litres per ha, in 220
litres water. (pre-emergence
herbicide)

13/9
20/9

18/10

29/10
15/11

25/11

19/3
2/4

4/4
8/4

9/4
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2/5

12/5
30/5
30/5

12/6

Sprayed all wheat plots with T1
fungicide (GS 33) Cortez
(epoxiconazole) 0.5 litres per ha +
Bravo (chlorothalonil) 1 litre per ha +
Amistar (azoxystrobin) 0.5 litres per
ha. All in 220 litres water.
Applied fertiliser to all wheat plots;
50kg N as ammonium nitrate 34.5% N.
Sprayed SOSR with Decis at 300ml per
ha in 220 litres water to control pollen
beetles (above threshold level).
Sprayed all wheat plots with T2
fungicide spray. Cortez
(epoxiconazole) 0.5 litres per ha +
Amistar (azoxystrobin) 0.5 litres per
ha.
Sprayed SOSR with Permasect C at
250ml per ha in 240 litres water, to
control pollen beetle (above
threshold).

2014-2015
1/9
02/09

2/9

3/9

8/9

18/9
22/9

30/9
20/10

25/10
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Topped and disc harrowed plots for
brassica covers.
Lightly power harrowed plots for
brassica covers (surface levelling and
cultivation).
Broadcast and harrowed brassica
cover seed as per plan using Hege 80
drill with coulters raised. Rolled all
with Cambridge roller.
Drilled WOSR plots with Moore zerotill drill. Amalie WOSR (treated) at 75
seeds per m2 and 33cm row spacing.
Applied slug pellets; Carakol 3 (3%
metaldehyde) at full rate, 11.5kg per
ha. Applied with Hege drill (coulters
raised).
Sprayed WOSR with Decis at 250ml
per ha.
Sprayed WOSR with Rapsan 500 SC at
2 litres per ha in 220 litres water and
Fusilade Max at 1.5 litres per ha. in
220 litres water.
Ploughed wheat plots to 30cm.
Power harrowed wheat plots. Drilled
according to plan. Discards SU
Phoenix winter rye.
Sprayed wheat with autumn
herbicide: Stomp Aqua, 3.3 litres in
220 litres water.
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20/11

10/3

16/3
17/3
20/3
20/3

25/3

7/4

8/4

15/4

16/4

20/4

24/4

2015-2016
10/9
11/9

11/9
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Sprayed WOSR with fungicide; Proline
at half rate, 0.35 litres per ha. in 220
litres water.
Sprayed cover crops with Gallup
(glyphosate) at 4 litres per ha in 220
litres water. With Firebrand adjuvant.
Ploughed Spring bean plots to 20cm.
Sprayed all wheat with spring
herbicide: Thor (Quantum SX) 30g per
ha in 220 litres water.
Drilled Fuego spring beans at 30 seeds
per m2 at 24cm inter-row spacing.
Sprayed spring beans with Stomp
(pendimethalin) pre-emergence
herbicide at 1.5 litres per ha in 240
litres water.
Applied fertiliser: Wheat and OSR;
50kg N + 68kg SO3 as ammonium
sulphate nitrate 26%N, 37% SO3.
Sprayed WOSR with Proline
(prothioconazole) at 0.35 litres per ha
in 220 litres water.
Sprayed WOSR against pollen beetle
(threshold reached); Hallmark Zeon at
0.075 litres per ha in 220 litres water.
Sprayed WOSR against pollen beetle
(threshold reached); Plenum
(pymetrozine) at 0.3 kg per ha in 220
litres water.
Sprayed Wheat against yellow rust,
brown rust, chocolate spot; Folicur
(tebuconazole) at half rate, 0.5 litres
per ha in 220 litres water.
Sprayed T1 fungicide at ½ rate: Bravo
(chlorothalonil) 1 litre per ha + Cortez
(epoxiconazole) 0.5 litres per ha in 220
litres water.
Applied fertiliser: Wheat / OSR, 50kg
N per ha as ammonium nitrate, spring
bean plots (B5, C6, D2) 61kg SO3 per
ha as potassium sulphate 45% SO3.
OSR and Brassica cover areas power
harrowed.
Brassica covers broadcast with hege
drill, coulters raised, covering harrow
lowered.
OSR and Brassica cover areas rolled
with Cambridge roller.
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11/9
12/9

30/9
8/10
30/09?

14/10
16/10
19/10

26/11

14/12

27/2
11/3

18/3
18/3
21/3

22/3

7/4
8/4
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Drilled Amalie WOSR at 75 seeds per
m2 using Moore zero till drill.
OSR - Sprayed pre-emergence
herbicide Katamaran Turbo at 2.5
litres per ha in 230 litres water.
OSR - Applied slug pellets, Carakol 3 at
11.5kg per ha. Applied by hand.
Sprayed insecticide against flea
beetle; Hallmark Zeon at 75ml per ha
in 200 litres water.
Sprayed stubbles with glyphosate
(Roundup Biactive) at 4 litres per ha in
230 litres water.
Ploughed wheat plots to 30 cm.
Power harrowed and drilled wheat
plots.
Applied pre-emergence herbicide to
wheat. Stomp Aqua at 2.9 litres per ha
+ Defy at 5 litres per ha, in 220 litres
water.
OSR – Sprayed with Graminicide,
Fusilade Max intended dose, 1.5 litres
per ha, Proline 0.5 litres per ha,
Hallmark 0.75ml per ha. However
sprayer applied all at 2/3 rate, so 1
litre, 0.33 litres and 0.5ml
respectively, in 147 litres water per
hectare.
OSR - Applied slug pellets; Ferric
Phosphate ‘Sluxx HP’ (29.7 g/kg ferric
phosphate) at approx. 40kg per ha.
Applied by hand.
Topped off cover crops
Sprayed cover crops and WOSR plots
with Roundup Biactive at 4 litres per
ha in 220 litres water.
Cultivated spring bean plots with
power harrow.
Drilled spring beans at 30 seeds per
m2. Rolled with flat roller.
Sprayed spring bean plots with Stomp
Aqua at 2.5 litres per ha in 240 litres
water.
Sprayed all wheat plots except diverse
rotation legume plots with Harmony
M SX at 125g/ha in 228 litres water.
Power harrowed OSR plots.
Applied fertiliser to wheat plots; 50kg
N + 50kg SO3 per ha, applied as
ammonium nitrate 34.5% N and
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8/4

13/4

18/4
19/4

20/4

29/4
4/5

5/5

23/5
26/5

26/5

3/6

MODERATE

2013-2014
13/9
29/10
15/11

25/11
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ammonium sulphate nitrate 26%N,
37% SO3.
Applied fertiliser to spring bean plots;
50kg S per ha as K2SO4 (Sulphate of
Potash) 45% S, 50% K2O.
Drilled Tamarin spring OSR on old
WOSR plots; 75 seeds per m2, drilled
at 27cm spacing. Rolled with flat
roller.
Applied slug pellets to SOSR : Carakol
3 at 11.5kg per ha using Hege drill.
Sprayed all wheat plots with T1
fungicide; Amistar Opti at 1.25 litres
per ha + Proline at 0.4 litres per ha, in
220 litres water.
Applied fertiliser to SOSR plots; 50kg
N + 50kg SO3 per ha, applied as
ammonium nitrate 34.5% N and
ammonium sulphate nitrate 26%N,
37% SO3.
Covered SOSR plots with fleece.
Hand planted pre-soaked beans
(Fuego) in spring bean plots at
approximately 15 seeds per m2.
Applied fertiliser to wheat and SOSR
plots; 50kg N per ha as ammonium
nitrate 34.5% N.
Removed fleece from SOSR plots.
Sprayed T2 fungicide on all wheat;
Seguris (isopyrazam (SDHi) +
epoxiconazole) at 0.5 litres per ha in
228 litres water.
Sprayed SOSR plots with Hallmark
Zeon (lambda-cyhalothrin and 1,2benzisothiazolin-3-one) at 75 ml per
ha in 287 litres water. Against pollen
beetle.
Sprayed SOSR plots with Plenum WG
(50% w/w pymetrozine) at 0.15 kg per
ha in 260 litres water. Against pollen
beetle.
All plots ploughed to 30cm
Cultivated all with power harrow.
Drilled Liberation plots, with plot drill
mounted on tractor, according to
plan.
Sprayed wheat and winter bean plots
with autumn herbicide, Stomp 400 SC
(pendimethalin) at 3.3 litres per ha in
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19/3
2/4

4/4
8/4

9/4

2/5

12/5
30/5
30/5

12/6

220 litres water. NB: Plots for spring
sowing and oat discard were left
unsprayed. (SOSR)
Sprayed spring plots with Roundup
Biactive (glyphosate) at 4 litres per ha.
Cultivated spring plots with power
harrow, rolled SOSR plots with topper
roller. (SOSR)
Drilled spring plots: SOSR (Delight) at
7kg per ha.
Applied fertiliser; all plots except
winter bean plots, 50kg N + 56kg SO3
per ha as Double Top. Winter and
spring bean plots, 56kg SO3 per ha as
potassium sulphate (SOP).
Sprayed all wheat plots, except
diverse rotation, with herbicide;
Harmony M SX at 125g per ha in 220
litres water.
Sprayed all wheat plots wheat with T1
fungicide (GS 33) Cortez
(epoxiconazole) 0.5 litres per ha +
Bravo (chlorothalonil) 1 litre per ha +
Amistar (azoxystrobin) 0.5 litres per
ha. All in 220 litres water.
Applied fertiliser to all wheat plots;
50kg N as ammonium nitrate 34.5% N.
Sprayed SOSR with Decis at 300ml per
ha in 220 litres water to control pollen
beetles (above threshold level).
Sprayed all wheat plots with T2
fungicide spray. Cortez
(epoxiconazole) 0.5 litres per ha +
Amistar (azoxystrobin) 0.5 litres per
ha.
Sprayed SOSR with Permasect C at
250ml per ha in 240 litres water, to
control pollen beetle (above
threshold).

2014-2015
3/9

8/9

18/9

Thesis appendix II

Drilled WOSR plots with Moore zerotill drill. Amalie WOSR (treated) at 75
seeds per m2 and 33cm row spacing.
Applied slug pellets; Carakol 3 (3%
metaldehyde) at full rate, 11.5kg per
ha. Applied with Hege drill (coulters
raised).
Sprayed WOSR with Decis at 250ml
per ha.

217
22/9

30/9
20/10

25/10

20/11

17/3

25/3

7/4

8/4

15/4

16/4

20/4

24/4

Sprayed WOSR with Rapsan 500 SC at
2 litres per ha in 220 litres water and
Fusilade Max at 1.5 litres per ha. in
220 litres water.
Ploughed wheat plots to 30cm.
Power harrowed wheat and winter
bean plots. Drilled according to plan.
Discards SU Phoenix winter rye.
Sprayed wheat and winter beans with
autumn herbicide: Stomp Aqua, 3.3
litres in 220 litres water.
Sprayed WOSR with fungicide; Proline
at half rate, 0.35 litres per ha. in 220
litres water.
Sprayed all wheat with spring
herbicide: Thor (Quantum SX) 30g per
ha in 220 litres water.
Applied fertiliser: Wheat and OSR;
50kg N + 68kg SO3 as ammonium
sulphate nitrate 26%N, 37% SO3.
Winter beans: 61kg SO3 per ha as
potassium sulphate 45% SO3.
Sprayed WOSR with Proline
(prothioconazole) at 0.35 litres per ha
in 220 litres water.
Sprayed WOSR against pollen beetle
(threshold reached); Hallmark Zeon at
0.075 litres per ha in 220 litres water.
Sprayed WOSR against pollen beetle
(threshold reached); Plenum
(pymetrozine) at 0.3 kg per ha in 220
litres water.
Sprayed Wheat and winter beans
against yellow rust, brown rust,
chocolate spot; Folicur (tebuconazole)
at half rate, 0.5 litres per ha in 220
litres water.
Sprayed T1 fungicide at ½ rate: Bravo
(chlorothalonil) 1 litre per ha + Cortez
(epoxiconazole) 0.5 litres per ha in 220
litres water.
Applied fertiliser: Wheat / OSR, 50kg
N per ha as ammonium nitrate.

2015-2016
11/9
11/9
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OSR areas rolled with Cambridge
roller.
Drilled Amalie WOSR at 75 seeds per
m2 using Moore zero till drill.
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8/4

13/4
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OSR - Sprayed pre-emergence
herbicide Katamaran Turbo at 2.5
litres per ha in 230 litres water.
OSR - Applied slug pellets, Carakol 3 at
11.5kg per ha. Applied by hand.
Sprayed insecticide against flea
beetle; Hallmark Zeon at 75ml per ha
in 200 litres water.
Sprayed stubbles with glyphosate
(Roundup Biactive) at 4 litres per ha in
230 litres water.
Ploughed wheat and winter bean plots
to 30cm
Power harrowed and drilled wheat
and winter beans plots.
Applied pre-emergence herbicide to
wheat and winter beans plots. Stomp
Aqua at 2.9 litres per ha + Defy at 5
litres per ha, in 220 litres water.
OSR – Sprayed with Graminicide,
Fusilade Max intended dose, 1.5 litres
per ha, Proline 0.5 litres per ha,
Hallmark 0.75ml per ha. However,
sprayer applied all at 2/3 rate, so 1
litre, 0.33 litres and 0.5ml
respectively, in 147 litres water per
hectare.
OSR - Applied slug pellets; Ferric
Phosphate ‘Sluxx HP’ (29.7 g/kg ferric
phosphate) at approx. 40kg per ha.
Applied by hand.
Sprayed WOSR plots with Roundup
Biactive at 4 litres per ha in 220 litres
water.
Sprayed all wheat plots except diverse
rotation legume plots with Harmony
M SX at 125g/ha in 228 litres water.
Power harrowed OSR plots.
Applied fertiliser to wheat plots; 50kg
N + 50kg SO3 per ha, applied as
ammonium nitrate 34.5% N and
ammonium sulphate nitrate 26%N,
37% SO3.
Applied fertiliser to winter bean plots;
50kg S per ha as K2SO4 (Sulphate of
Potash) 45% S, 50% K2O.
Drilled Tamarin spring OSR on old
WOSR plots; 75 seeds per m2, drilled
at 27cm spacing. Rolled with flat
roller.
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26/5
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SIMPLE

2013-2014
13/9
29/10
15/11

25/11

19/3
2/4

4/4
8/4
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Applied slug pellets to SOSR : Carakol
3 at 11.5kg per ha using Hege drill.
Sprayed all wheat plots with T1
fungicide; Amistar Opti at 1.25 litres
per ha + Proline at 0.4 litres per ha, in
220 litres water.
Applied fertiliser to SOSR plots; 50kg
N + 50kg SO3 per ha, applied as
ammonium nitrate 34.5% N and
ammonium sulphate nitrate 26%N,
37% SO3.
Covered SOSR plots with fleece.
Applied fertiliser to wheat and SOSR
plots; 50kg N per ha as ammonium
nitrate 34.5% N.
Removed fleece from SOSR plots.
Sprayed T2 fungicide on all wheat;
Seguris (isopyrazam (SDHi) +
epoxiconazole) at 0.5 litres per ha in
228 litres water.
Sprayed SOSR plots with Hallmark
Zeon (lambda-cyhalothrin and 1,2benzisothiazolin-3-one) at 75 ml per
ha in 287 litres water. Against pollen
beetle.
Sprayed SOSR plots with Plenum WG
(50% w/w pymetrozine) at 0.15 kg per
ha in 260 litres water. Against pollen
beetle.
All plots ploughed to 30cm
Cultivated all with power harrow.
Drilled Liberation plots, with plot drill
mounted on tractor, according to
plan.
Sprayed wheat plots with autumn
herbicide, Stomp 400 SC
(pendimethalin) at 3.3 litres per ha in
220 litres water. NB: Plots for spring
sowing and oat discard were left
unsprayed. (SOSR)
Sprayed spring plots with Roundup
Biactive (glyphosate) at 4 litres per ha.
Cultivated spring plots with power
harrow, rolled SOSR plots with topper
roller. (SOSR)
Drilled spring plots: SOSR (Delight) at
7kg per ha.
Applied fertiliser, all plots, 50kg N +
56kg SO3 per ha as Double Top.

220
9/4

2/5

12/5
30/5

30/5

12/6

Sprayed all wheat plots, except
diverse rotation, with herbicide;
Harmony M SX at 125g per ha in 220
litres water.
Sprayed all wheat plots with T1
fungicide (GS 33) Cortez
(epoxiconazole) 0.5 litres per ha +
Bravo (chlorothalonil) 1 litre per ha +
Amistar (azoxystrobin) 0.5 litres per
ha. All in 220 litres water.
Applied fertiliser to all wheat plots;
50kg N as ammonium nitrate 34.5% N.
Sprayed SOSR with Decis at 300ml per
ha in 220 litres water to control pollen
beetles (above threshold level).
Sprayed all wheat plots with T2
fungicide spray. Cortez
(epoxiconazole) 0.5 litres per ha +
Amistar (azoxystrobin) 0.5 litres per
ha.
Sprayed SOSR with Permasect C at
250ml per ha in 240 litres water, to
control pollen beetle (above
threshold).

2014-2015
3/9

8/9

18/9
22/9

30/9
20/10

25/10

20/11
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Drilled WOSR plots with Moore zerotill drill. Amalie WOSR (treated) at 75
seeds per m2 and 33cm row spacing.
Applied slug pellets; Carakol 3 (3%
metaldehyde) at full rate, 11.5kg per
ha. Applied with Hege drill (coulters
raised).
Sprayed WOSR with Decis at 250ml
per ha.
Sprayed WOSR with Rapsan 500 SC at
2 litres per ha in 220 litres water and
Fusilade Max at 1.5 litres per ha. in
220 litres water.
Ploughed wheat plots to 30cm.
Power harrowed wheat plots. Drilled
according to plan. Discards SU
Phoenix winter rye.
Sprayed wheat with autumn
herbicide: Stomp Aqua, 3.3 litres in
220 litres water.
Sprayed WOSR with fungicide; Proline
at half rate, 0.35 litres per ha. in 220
litres water.
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20/4

24/4

Sprayed all wheat with spring
herbicide: Thor (Quantum SX) 30g per
ha in 220 litres water.
Applied fertiliser: Wheat and OSR;
50kg N + 68kg SO3 as ammonium
sulphate nitrate 26%N, 37% SO3.
Sprayed WOSR with Proline
(prothioconazole) at 0.35 litres per ha
in 220 litres water.
Sprayed WOSR against pollen beetle
(threshold reached); Hallmark Zeon at
0.075 litres per ha in 220 litres water.
Sprayed WOSR against pollen beetle
(threshold reached); Plenum
(pymetrozine) at 0.3 kg per ha in 220
litres water.
Sprayed Wheat against yellow rust,
brown rust, chocolate spot; Folicur
(tebuconazole) at half rate, 0.5 litres
per ha in 220 litres water.
Sprayed T1 fungicide at ½ rate: Bravo
(chlorothalonil) 1 litre per ha + Cortez
(epoxiconazole) 0.5 litres per ha in 220
litres water.
Applied fertiliser: Wheat / OSR, 50kg
N per ha as ammonium nitrate

2015-2016
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OSR areas rolled with Cambridge
roller.
Drilled Amalie WOSR at 75 seeds per
m2 using Moore zero till drill.
OSR - Sprayed pre emergence
herbicide Katamaran Turbo at 2.5
litres per ha in 230 litres water.
OSR - Applied slug pellets, Carakol 3 at
11.5kg per ha. Applied by hand.
Sprayed insecticide against flea
beetle; Hallmark Zeon at 75ml per ha
in 200 litres water.
Sprayed stubbles with glyphosate
(Roundup Biactive) at 4 litres per ha in
230 litres water.
Ploughed wheat plots to 30cm.
Power harrowed and drilled wheat
plots.
Applied pre-emergence herbicide to
wheat plots. Stomp Aqua at 2.9 litres
per ha + Defy at 5 litres per ha, in 220
litres water.
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OSR – Sprayed with Graminicide,
Fusilade Max intended dose, 1.5 litres
per ha, Proline 0.5 litres per ha,
Hallmark 0.75ml per ha. However
sprayer applied all at 2/3 rate, so 1
litre, 0.33 litres and 0.5ml
respectively, in 147 litres water per
hectare.
OSR - Applied slug pellets; Ferric
Phosphate ‘Sluxx HP’ (29.7 g/kg ferric
phosphate) at approx. 40kg per ha.
Applied by hand.
Sprayed WOSR plots with Roundup
Biactive at 4 litres per ha in 220 litres
water.
Sprayed all wheat plots except diverse
rotation legume plots with Harmony
M SX at 125g/ha in 228 litres water.
Power harrowed OSR plots.
Applied fertiliser to wheat plots; 50kg
N + 50kg SO3 per ha, applied as
ammonium nitrate 34.5% N and
ammonium sulphate nitrate 26%N,
37% SO3.
Drilled Tamarin spring OSR on old
WOSR plots; 75 seeds per m2, drilled
at 27cm spacing. Rolled with flat
roller.
Applied slug pellets to SOSR : Carakol
3 at 11.5kg per ha using Hege drill.
Sprayed all wheat plots with T1
fungicide; Amistar Opti at 1.25 litres
per ha + Proline at 0.4 litres per ha, in
220 litres water.
Applied fertiliser to SOSR plots; 50kg
N + 50kg SO3 per ha, applied as
ammonium nitrate 34.5% N and
ammonium sulphate nitrate 26%N,
37% SO3.
Covered SOSR plots with fleece.
Applied fertiliser to wheat and SOSR
plots; 50kg N per ha as ammonium
nitrate 34.5% N.
Removed fleece from SOSR plots.
Sprayed T2 fungicide on all wheat;
Seguris (isopyrazam (SDHi) +
epoxiconazole) at 0.5 litres per ha in
228 litres water.
Sprayed SOSR plots with Hallmark
Zeon (lambda-cyhalothrin and 1,2-
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benzisothiazolin-3-one) at 75 ml per
ha in 287 litres water. Against pollen
beetle.
Sprayed SOSR plots with Plenum WG
(50% w/w pymetrozine) at 0.15 kg per
ha in 260 litres water. Against pollen
beetle.

