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Abstract 

Ecological intensification is an approach which employs management practices aiming to enhance 

ecosystem services that underpin agricultural production. This approach can be used in addition to, or 

(partially) replace, conventional agrochemical inputs. One practice which shows promise for 

ecological intensification is crop diversification, and this thesis investigates how increasing rotational 

diversity affects natural pest regulation, weed suppression and biodiversity. An exploration of how 

these services performed under abiotic environmental stress and management intensity was also 

carried out. 

 

This thesis used data collected from two field experiments to look at the effects on ecosystem services 

of rotation diversity, legume bicrops, and switching between spring and winter varieties. Rotations 

varied in floral resource availability at different times throughout the active pollinator season, and 

increasing rotation diversity was more attractive to bumblebees and improved the stability of nectar 

resources throughout the pollinator flight season. However, natural pest regulation was unaffected by 

agricultural management, and declined under abiotic stress conditions. Weed suppression was higher 

in rotations that switched between winter and spring crops, but the strength of this effect diminished 

in crops with higher amounts of mineral nitrogen fertiliser. Yield increased with higher nitrogen rates, 

but rotational diversity reduced the negative impact of stress on yields. Natural pest regulation had no 

direct effect on yield, but was positively correlated with both resilience and weed suppression. None 

of the management practices explored here modified any of the relationships between these ecosystem 

services. 

 

This study shows that agricultural practices explored here affect ecosystem services in specific ways, 

but that they do not alter the relationship between services. It also shows that more intense agricultural 

systems can often reduce the beneficial effects of other management approaches on ecosystem 

services. Ensuring a range of ecosystem services are optimised will be important to allow replacement 

of agrochemicals, if current levels of productivity are to be maintained under reduced input regimes.      
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Global Food Security & Environmental Quality 

A number of challenges are emerging simultaneously for global agriculture. The consequences of 

future population growth, changes in individual food consumption and shifts in diet indicate that food 

production needs to increase by 70-100% by 2050 (Bruinsma 2011). Historically, attempts to meet 

rising demand for food have been achieved by the conversion of land to agriculture. Between 1700 

and 1980, global cultivated land area increased by 466% (Meyer & Turner 1992). Recently, however, 

increases in food production have occurred on existing agricultural land, particularly in temperate 

areas (Foley et al. 2011). Between 1955 and 2005, the net extent of global agricultural land expansion 

slowed to 9% while food production more than doubled (Millenium Ecosystem Assessment 2005; 

Godfray et al. 2010). In developed countries, pressure from competing land uses makes achieving 

future food security by further agricultural land expansion difficult (Smith et al. 2010; Lambin 2012). 

In developing countries land scarcity is less of an issue.  However, further expansion would have 

significant impacts on global biodiversity as these regions often have the most sensitive ecosystems 

(Myers et al. 2000) and host species that can cannot survive in agricultural habitats (Phalan et al. 

2011a). Therefore, to achieve the food supply needed in the future, much of it will need to come from 

existing agricultural land.  

 

Maximising the efficiencies of the food system by reducing food wastage could reduce the pressure to 

expand agricultural land (Beddington 2010; Godfray et al. 2010). Food wastage accounts for 33% of 

total production, with losses split roughly equally between ‘upstream losses’ (during production, 

storage and transportation) and ‘downstream losses’ (processing, distribution and consumption) (FAO 

2013). Upstream losses are prominent in Africa and South-east Asia and largely attributable to limited 

infrastructure, storage and processing capability. In Europe, consumer concern with best-before dates 

and aesthetics result in the majority of losses (Godfray et al. 2010). Although some losses are 

unavoidable, there is scope to reduce total global food waste through economic, technological and 

attitudinal change (Smith et al. 2013).   

 

Patterns of food consumption have a big effect on production requirements. Calorie content and 

farmed animal protein are the most important aspects of diet that drive production intensity. The 

efficiency of turning plant into animal matter is approximately 10% and therefore diets with high 

levels of animal protein will need much greater areas of land than diets with low levels (Godfray et al. 

2010). Although some upland agricultural areas are not suitable for cropping, livestock  production 

accounts for 80% of total agricultural land, with a further 33% of arable land dedicated to feed crops 

for livestock (Steinfeld et al. 2006; Smith 2013). Furthermore, the production of methane (CH4) by 

ruminant livestock (cattle, sheep and goats) is responsible for a significant contribution to total 

anthropogenic greenhouse gases (GHG) (11.6%) which amounts to 19-48 times more than the 
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emissions occurred from the production of high protein foods derived from plants (Ripple et al. 2013). 

When livestock is integrated into arable cultivation these systems can increase nutrient cycling, 

reduce impacts on biodiversity and improve economic efficiency (Ryschawy et al. 2012; Lemaire et 

al. 2014; Peyraud, Taboada, & Delaby 2014). Nonetheless given the strong relationship between 

household income and animal protein consumption, increasing global economic development means 

that intensive livestock production will become a prominent driver of food insecurity and 

environmental deterioration in the future (Smith 2013).   

 

Reducing animal protein consumption can be beneficial for human health. Diets low in animal protein 

such as the ‘Mediterranean’ diet reduce the risk of type II diabetes, cancer and coronary related 

diseases (Tilman & Clark 2014). Switching to a ‘Mediterranean’ diet from a high animal protein diet 

can also reduce GHG emissions by five times as much as efforts to reduce food waste. However 

attempts to encourage behavioural change take time and therefore efforts to increase food productivity 

while reducing environmental impacts will still be important going forward (Smith et al. 2013).  

 

New technologies will play an important role in improving the productivity of food systems 

(Beddington 2010). Breeding crop varieties with higher micro-nutrient content is also an important 

area of work, with substantial opportunities for people in developing countries (Welch & Graham 

2004). Nano-technology has the potential to be incorporated into many aspects of agricultural 

production by underpinning the workings of smart devices it will enhance the ability to both detect 

and combat plant pathogens and pests (Mousavi & Rezaei 2011). Improved understanding of plant 

cellular processes, ecophysiology of the plant rooting environment and the genetics that are involved 

nitrogen use efficiency will continue to improve the agronomy of arable food production (Doré et al. 

2011). The improvements in data analytics, mapping technology can help ensure more efficient and 

effective use of agrochemical applications.  

 

Novel breeding techniques such as genetic modification and editing could be an important tool in 

reducing environmental impacts and improving food production. However, there is also a danger that 

proponents of novel breeding techniques see them as the only solution and underplay indirect negative 

impacts. Opposition to these techniques can arise from a lack of understanding of the technology, but 

the ethics of ownership and sometimes overlooked unknown ecological consequences need to be 

addressed. For example, some GM crops have led to increases in pest resistance, introduced new 

weed species and reduced biodiversity (Altieri 2000). Despite only a modest contribution to food 

security to date a focus on developing novel breeding techniques may have diverted limited resources 

away from ecological approaches (Lin 2011).  
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Most of the historic improvements  in agricultural productivity over the past half a century has been 

achieved by conventional breeding of high yielding crop varieties, improvements in mechanisation, 

and irrigation, and through the use of pesticides and fertilisers (Godfray et al. 2010; UK National 

Ecosystem Assessment: Technical Report 2011; Foley et al. 2011). This intensification of agriculture 

has also occurred spatially, through increases in field sizes and the loss of natural and semi-natural 

habitats (Robinson & Sutherland 2002; Benton, Vickery, & Wilson 2003; Geiger et al. 2010).  This 

has resulted in more homogenous landscapes under monocultures. While this has increased 

productivity, it has also had significant negative impacts on the environment including  biodiversity 

loss (Cardinale et al. 2012), pollution of water courses (Carpenter et al. 1998), soil erosion (Matson 

1997) and high GHG emissions (Robertson 2000).    

 

Conventional arable farming in the UK and Europe 

Technology, policy and economics have driven the agricultural intensification of arable farming in the 

UK and North West Europe, leading to some of the highest yields in the world (Francis & Porter 

2011). Variability in yields still exists, but differences are largely due to factors that farmers are 

unable to affect, such as differences between climate and soil types. It has been suggested that further 

yield improvements by increasing the amounts of agrochemicals is unlikely as this is leading to 

negative feedbacks on production. There is evidence that in Europe these practices are beginning to 

impact on productivity with poor soil quality potentially responsible for the stagnation of crop yields 

(Brisson et al., 2010; Lin & Huybers, 2012). It is not unreasonable to suggest that perhaps the focus 

on improving productivity lies elsewhere. Across Africa, South America and Eastern Europe there is 

considerable variability in yields within regions with similar conditions (Foley et al. 2011). Improving 

access to machinery and high yielding crop varieties could improve yields in underperforming farms. 

The challenge for farmers in areas that have already undergone the process of intensification, like the 

UK and North-West Europe will be to maintain current levels of production whilst reducing negative 

externalities. There are also a number of other challenges emerging for arable farmers such as 

increasing populations of insecticide resistant pests, regulatory changes, emergent pests and diseases, 

climate change and concern from the general public of the impact of modern farming on biodiversity.  

Looking forward, it is essential that solutions to future agricultural production will meet multiple 

requirements of society (Loos et al. 2014), address rising input costs (Cordell, Drangert, & White 

2009; Woods et al. 2010), reducing or reversing environmental damage, and become more resilient in 

the face of a changing climate (Scheffer et al. 2001; Lin 2011). 
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Arable production in a changing climate  

Whilst the biggest changes to the UK and Europe’s GHG emissions could be dealt with by shifting 

diets, there is still the opportunity to reduce emissions through changes to agricultural management.  

The primary means of arable carbon emissions is through energy use, which is either direct (the use of 

machines) or indirect (mineral nitrogen fertiliser production). The Haber process, which turns 

nitrogen into the nitrate form used in mineral nitrogen fertilisers, is a very energy intensive process 

(Smith et al. 2013).  Agriculture is a significant contributor to total global carbon gas emissions. In 

arable production a large amount carbon is emitted when semi-natural or natural habitats are 

converted to arable. The carbon emissions that arise from the day to day running an arable farm are 

largely due to the use of vehicles and from the carbon emissions used to produce mineral nitrogen 

fertiliser on the farm. There is a strong correlation between how intensive a farming system is and its 

carbon intensity. Arable systems need to urgently reduce levels of GHG emissions for environmental, 

social and economic reasons, but also because the climate change resulting from GHG emissions are 

likely to feedback negatively on arable production in the future. 

   

Climate change could provide some benefits for agriculture, as it could increase the area of suitable 

agricultural area by 4.8 million km
2
, although this is likely to be marginally suitable land, and also 

potentially increase arable production through carbon dioxide fertilization (Lobell & Field 2008; 

Calzadilla et al. 2013).  However, when these different drivers are modelled together, it is estimated 

that this will lead to an overall 2.6% net reduction in global agricultural production and a net loss of 

high quality agricultural land (Calzadilla et al. 2013; Zabel, Putzenlechner, & Mauser 2014). Climate 

change is likely to increase the risk of heat stress episodes (Teixeira et al. 2013) and alter water 

availability (Calzadilla et al. 2013) for crop production. This would mean a greater number of drought 

and heat stress events which could negatively affect yields (Semenov 2009).  Some pest species will 

expand their ranges and colonise newly available crops and habitats due to their relatively high 

mobility compared to non-pest species (Sutherst et al. 2011). Aphid pests are particularly likely to 

respond to climate change as higher temperatures favour the more mobile winged forms and higher 

reproductive rates making them particularly able to colonise new habitats (Hullé et al. 2010). 

Reducing GHG emissions by reducing production levels is not desirable as this loss of production will 

likely need to be compensated elsewhere, therefore attempts to mitigate reductions should be done by 

focussing on reducing carbon emissions per unit of production (Smith 2012). Adopting less carbon 

intensive systems that are also resilient in the face of stress episodes will be vital going forward.  

Changes in policy, regulations and subsidies 

The Common Agricultural Policy (CAP) was initially setup to protect European farmers from cheaper 

imports from abroad and to promote food security across the continent. This has been achieved 

primarily by paying subsidies to farmers which keeps food prices down. However, subsidies have 
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been a key driver of agricultural intensification and at times resulted in overproduction and food 

waste. However, since the late 1980s and early 1990s the EU has attempted to reduce the negative 

impacts of their policies through a number of initiatives and regulatory mechanisms (Geiger et al. 

2010; Batáry et al. 2015). In 1991, legislation limiting the use of pesticides was introduced due to the 

risks they posed to the environment (European Comission 1991) and in 1992 it became mandatory for 

Member States to have agri-environment schemes were made in attempt to offset farmland 

biodiversity loss (European Comission 1992). The subsidies that support production and the payments 

that supported environmental measures  had in the past come from separate funding streams known as 

‘pillars’. For the first time, under the most recent reform of CAP, the pillar of funding largely 

responsible for production payments now requires that 30% of a  farmer’s direct payment is tied to 

basic environmental measures, known as the Green Direct Payment (European Comission 2013). To 

get the Green Direct Payment, eligible farmers will have to adopt a number of measures which 

involve, among others, crop diversification to a minimum of three crops and Ecological Focus Areas 

(EFAs) which includes using cover crops and nitrogen fixing crops (DEFRA 2013). This restructuring 

of the subsidy payments means that farmers across Europe are increasingly driven to engage with crop 

diversification, especially the incorporation of leguminous crops and a greater number of crops into 

crop rotations. Given the vote to leave the European, UK farmers face a period of uncertainty 

especially around the likely extent of divergence from the EU regulatory framework and more 

importantly the future level of agricultural subsidies after 2022 (Parliamentary Office of Science & 

Technology 2017).  

Reducing agrochemical inputs  

The use of agrochemical pesticides - herbicides, fungicides and insecticides – and mineral nitrogen 

fertiliser have been important components of agricultural intensification. Despite their role in 

improving crop productivity,  pesticides often disperse into the wider environment and interact in 

numerous ways with ecosystems, often with unforeseen effects on higher trophic levels including 

humans (Matson 1997). Biodiversity has been particularly affected by both herbicides and 

insecticides. Herbicide use has reduced non-crop arable plant species richness (Kleijn & Snoeijing 

1997), functional diversity (Egan et al. 2014) and contributed to the increase in the number of 

threatened species in farmland habitats (Storkey et al. 2011). Most of the impacts from herbicides on 

animal populations are indirect, resulting from changes in arable plant communities and the resources 

they provide leading to declines in many invertebrate, mammal and bird species (Freemark & Boutin 

1995). Despite attempts to minimise negative impacts on non-target species through novel distribution 

systems (e.g. systemic insecticides), there is good evidence that biological pest control (Douglas, 

Rohr, & Tooker 2015), pollination (Stanley et al. 2015) and soil services (Pisa et al. 2014) suffer in 

the presence of these insecticides.  Increased use of pesticides can actually increase the incidence of 
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pest outbreaks as pests have evolved resistance to certain agrochemical compounds triggering out 

breaks and resurgence (Zhang et al. 2007).  

 

Mineral nitrogen fertiliser use has increased crop production and levels of human nutrition, but the 

impacts of high levels of nitrogen fixation upon the nitrogen cycle has created negative feedbacks on 

ecological systems and increased incidence of human diseases so that most benefits of nitrogen 

fertiliser occurs at low to moderate usage (Townsend et al. 2003). Negative feedbacks upon the crop 

production system from high levels of nitrogen fertiliser are becoming more prominent with increases 

in nutrient content of the crop leading to greater susceptibility to diseases and pests (Gooding & 

Davies 1997). Furthermore, the energy intensive process of fixing nitrogen for fertiliser means that its 

production currently contributes significantly to GHG emissions (Woods et al. 2010) as well as 

leaving conventional arable farmers exposed to the volatility of energy prices (Piesse & Thirtle 2009).   

Going forward it seems that maintaining, or even enhancing maximum yield levels, can no longer be 

sustained by high levels of agrochemicals alone and that the replacement of these by ecosystem 

services could achieve high stable production levels in the future, resilient in the face of climate 

change and compatible with changes in regional policy and regulatory changes (Bommarco, Kleijn, & 

Potts 2013).  

 

A new approach: ecological intensification 

In light of the many challenges and constraints that face UK and European arable farmers both now 

and in the future, a transformation of agricultural systems will be needed, akin to the green revolution. 

One approach that is often put forward is “sustainable intensification”.  The term initially introduced 

by Pretty (1997) was used in the context of small scale, low input farming in developing regions and 

was seen as a method of identifying strategies based on learning within a framework of local 

livelihoods, knowledge and desired outcomes. However since its inception, the use of the term has 

been used in a variety of different ways and contexts, which could often lead to completely different if 

not contradictory strategies and outcomes. Sustainable intensification is often described as the 

preferred approach to address food security, although different outcomes can emerge if  the emphasis 

is on the wants as opposed to the needs of people (Nimmo 2014). Furthermore, where a narrow focus 

on a particular aspect of sustainability exists then sustainability can lead to calls for increasing 

intensification of agriculture.  Phalan at al. (2011b) suggested that the most efficient approach to 

reduce impacts on biodiversity could be achieved with large areas of homogenous agricultural land 

with high levels of agrochemicals dedicated to food production, with separate areas designated for 

conservation; however, this approach can be in conflict with those who consider that sustainable 

intensification involves aspects of social justice, access to food and local governance (Loos et al. 

2014).            
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It is also important to describe in detail the context in which the UK and North-West Europe lie in 

relation to global food security and environmental quality. At present in Europe there is drive for 

agriculture to address the multiple requirements of society and create “multi-functional landscapes”. 

This relies on the idea that biological landscapes provide multiple ecosystem services from natural 

capital. Currently intensification favours one ecosystem service, the provision of food, at the expense 

of other regulatory and supporting services such as soil services, pollination and water quality (Zhang 

et al. 2007). One approach that has been put forward that is the need for ecological intensification of 

our agricultural systems.  Ecological intensification is an approach for conventional agriculture, which 

aims to match or augment yields while reducing the negative impacts on the environment and 

feedbacks on productivity. This is done by enhancing the biodiversity responsible for key ecological 

processes but not necessarily at the exclusion of agrochemical inputs (Doré et al. 2011; Bommarco, 

Kleijn, & Potts 2013). Placing ecological principles as the core of system design is readily practiced 

in organic farming and is starting to be adopted in conventional farming (Francis & Porter 2011). 

 

Greater research into agro-ecology is key, with a particular emphasis on identifying ecosystem service 

providers (ESPs) (Kremen 2005), how communities of ESPs provide services (Wilby & Thomas 

2002) and how service provision varies and interacts with other services through time and space 

(Rodríguez & Beard 2006; Schellhorn, Gagic, & Bommarco 2015). Constant monitoring, feedback 

and refinement will be required in order to cope with the uncertainty and context dependency of any 

given intervention (Shennan 2008). For ecological intensive approaches to be widely adopted, a better 

understanding of the barriers and incentives to adoption, quantification of the benefits in terms that 

are relevant to growers and political will to provide instruments to support EI 

 

Ecological diversification across the landscape, farm and field 

Strong theoretical and emerging empirical evidence suggest that diversifying arable systems could be 

a valuable approach in achieving ecological intensification. Diversification in arable systems can 

occur at many points along a spectrum of spatial scales from the landscape right down to the cropped 

area of the field. The impact of diversification at different spatial scales is likely to vary for different 

ecosystem services and will be dependent upon the specific nature of the management practice and 

how it interacts with diversification at different scales. For example variation in landscape 

heterogeneity has no effect on indicators of soil ecosystem services (Williams & Hedlund 2013) but 

influences natural pest regulation (Rusch et al. 2013) and pollination services (Pufal, Steffan-

Dewenter, & Klein 2017). Although policy changes are emerging that encourage neighbouring 

farmers to collaborate on decision making at the landscape scale, farmers typically make decisions at 

the field and farm scale where a farmer has a private interest (Zhang et al. 2007). Therefore 
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identifying the costs and benefits (both private and public) of diversification at this scale is a 

significant leverage point at which widespread change can occur (McGregor, Rola-Rubzen, & 

Murray-Prior 2001; Hobbs et al. 2011). In the UK, a farmer can increase the quality and of number of 

habitats across their farm improving farmland biodiversity (Hardman et al. 2016a) and ecosystem 

services (Hardman et al. 2016b). Increasing the plant species diversity of hedgerow and field margins 

will help diversify the non-cropped areas of the field (Kremen & Miles 2012). Diversification can also 

occur within the cropped area of the field by planting mixed varieties and polycultures, or adopting a 

crop-livestock system.  Understanding how diversification of habitats across the whole farm interacts 

with the delivery of ecosystem services within the field will be essential in aiding decision making by 

the farmer so that the benefits are maximised and costs minimised.   

 

Diverse cropping systems aim to mimic natural ecosystem processes to increase stability of the 

system (Altieri 1999). Increasing species richness improves ecological processes and ultimately the 

functioning of ecosystems, a phenomena that has been found to persist over time (Tilman, Reich, & 

Knops 2006) and across different environmental and climatic gradients  (Hector et al. 1999). 

Diversification within agro-ecosystems attempts to increase the number of niches, increasing the 

number of species and potentially increase the range of ESPs. Often, however, many  species are 

effectively redundant or even have a  negative impact on the delivery of a given ecosystem service, 

however, when environmental change occurs previously redundant species can assume a key role in 

maintaining ecosystem function (Lin 2011). Effectively the  relationship between species richness and 

a given ecosystem process is non-linear and saturating and therefore changes in function decelerate as 

the number of species increases (Cardinale et al. 2012). There are two potential mechanisms 

responsible for these observed effects; functional complementarity and the selection of particular 

functional traits that affect species competitive abilities (Loreau 2010). There is however, some debate 

about this relationship with some suggestions that this could be an artefact of a sampling effect 

(Tilman 1999). This occurs when the addition of another species to a community increases the 

likelihood that you have included a dominant or more productive species within the community 

(Moonen & Bàrberi 2008). It could also be possible that species richness is a poor measure for 

ecosystem function and resilience,  and in fact functional trait diversity and community evenness are 

more suitable measures (Crowder et al. 2010; Luck et al. 2013). For example, an experiment looking 

at grassland plants found that there is a strong positive relationship between species richness and 

temporal stability but not species evenness (Isbell, Polley, & Wilsey 2009). It is therefore important to 

identify the key metric of biodiversity that relates to ecosystem processes and services. Recently 

ecologists have accepted that it is not species diversity that affects the provision of an ecosystem 

service but functional diversity, especially in agro-ecosystems (Wood et al. 2015). Although the focus 

on functional diversity is important, the contribution of individual species, populations and genotypes 
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should not be overlooked, especially when diversification is implemented practically (Luck et al. 

2013).   

 

In the UK, low levels of functional diversity of natural predators and pollinators has been found in 

areas of high arable crop production (Woodcock et al. 2014). This is because the cropped area suffers 

high levels of disturbance, essentially mimicking ephemeral habitats, and therefore biodiversity is 

largely restricted to adjacent non-crop habitats (Bianchi, Booij, & Tscharntke 2006). Increases in 

species richness within the cropped area is therefore likely to add complementarity and therefore 

increase ecosystem function (Moonen & Bàrberi 2008). A lot of evidence for diversification can be 

found in organic systems as their restrictions on agrochemicals mean that these systems already rely 

to a large extent on diversification to enhance ESPs and ecosystem service delivery. A meta-analysis 

found that species richness was on average 30% higher on organic farms compared to conventional 

farms for carabid ground predators, weeds in the crop and other plants in agricultural settings. Organic 

farming only produced these positive effects on biodiversity in simple landscapes with high levels of 

agricultural intensification. Natural predator abundance is more negatively affected by conventional 

farming than pests (Bengtsson, Ahnström, & Weibull 2005). In tomato plants, an organic approach 

led to greater species richness of herbivores (pests), predators and parasitoids. Overall, this translated 

into no difference between conventional and organic farms in terms of pest damage, but with 

arthropod species richness a third higher than conventional tomato forms (Letourneau & Goldstein 

2001). However, with comparisons between organic and conventional systems it is not always 

possible to discern between the effects of diversification or pesticide use when comparing 

conventional and organic systems.      

 

In a recent meta-analysis that looked at 552 experiments from 45 articles, farming with diverse plant 

vegetation suffered from fewer herbivores, higher numbers of natural enemies and reduced crop 

damage (Letourneau et al. 2011). However, crop yield also suffered in diversified systems, although 

only the yield of the main crop was assessed. This study found larger effect sizes than similar studies 

using a ‘vote counting’ approach for synthesising lots of articles. The efficacy of diversified systems 

will be heavily dependent on landscape context, as an evaluation of several meta-analyses concluded 

that at local scales diverse farm systems support more biodiversity than intensive systems, however, 

this effect was most dramatic with diversified farms within a simplified, agricultural landscape with 

few patches of natural or semi-natural habitat (Kremen & Miles 2012). A recent review, evaluating a 

number of meta-analyses, found that some diversified farming systems were able to match 

conventional farming in terms of productivity whilst also maintaining or enhancing a number of 

regulatory and supporting ecosystem services (Kremen & Miles 2012b). 
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However, diversity at the field scale may not in itself be sufficient to increase the resilience of the 

agro-ecosystem. Genetically diversity of local ESP populations, food web-linkages as well as 

chemical and physical processes will also be influential in the resilience of the system but are more 

likely to be influenced by the level of complexity at broader spatial scales (Admiraal et al. 2013). 

Temporal diversification of crops which at the farm scale leads to spatial diversification could provide 

a number of resources for ecosystem service providers.  If this provides continuity of resources for 

ecosystem service providers throughout their lifecycle it could enhance the flow and delivery of a 

number of ecosystem services.  

 

Diverse crop rotations and multiple ecosystem services 

The first documented case of a crop rotation was over 2,000 years ago. In the 1700s the Norfolk 

rotation of wheat (Triticum spp.) - turnip (Brassica rapa) - barley (Hordeum vulgare) - red clover 

(Trifolium pretense) more than doubled wheat yields (Francis & Porter 2011). However, the 

efficiency of crop rotations was replaced with agrochemicals. With the pressing need to reduce 

agrochemicals in the UK and Europe the case for crop rotations has been revisited. However, our 

mechanistic and agronomic understanding has progressed, mainly due to research on organic systems. 

Determining which crops to include in a rotation often depends upon a number factors that include 

producers’ management abilities, availability of farm equipment, soil productivity, weed competition 

and insect pests (Feizabadi & Koocheki 2012) as well as local landscape features and context and 

climate (Altieri 1999). Crop rotations vary from one another in a number of different ways. The 

length of the rotation, crop types, and sequence of crops can vary. Diverse crop rotations can also 

include additional elements such as bicrops (planting two crops together), cover crops (a non-cash 

crop grown between periods of regular crop production) and different tillage regimes.  The integration 

of both temporal and spatial diversification across the cropping field could potentially enhance 

multiple ecosystem services, but requires an understanding of the dynamics of these services through 

time, in addition to the relationships between services. Furthermore, careful design of crop rotations 

which takes into account plant and soil biology, as well as climate,  will be important in crop rotations 

being a useful management intervention to enhance multiple ecosystem services (Doré et al. 2011). 

Additionally, the Common Agriculture Policy requires farmers to undertake some moderate levels of 

crop diversification in order to receive subsidies and therefore, the farming community will benefit 

from empirical evidence documenting the impacts of novel approaches (European Commission, 

2013).  

 

Most of the evidence to date has focussed on the effect of management practices, such as crop rotation 

diversity, on one indicator, or set of indicators of a single ecosystem service. Albizua et al. (2015) 

compared a diversified crop rotation, which every four years included a grass ley and manure, with a 
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rotation only consisting of annual commodity crops. Both systems also received two levels of nitrogen 

(0 and 150 kg N ha-1 yr-1). They explored how soil services (regulating and supporting) and 

provisioning services were affected and found that the annual commodity crop treatment with no 

additional nitrogen had the lowest values for ecosystem services indicators. It also found that 

mycorrhizal fungal biomass was highest in the ley system with no nitrogen fertiliser. Although this 

study gave some evidence that diversified crop rotations are able to improve some soil service 

indicators, it did not look at above ground ecosystem services such as weed suppression and natural 

pest regulation.  

 

A number of studies are beginning to emerge that look at existing interactions between a provisioning 

service (e.g. yield) and at least one regulating service (e.g. natural pest regulation). However, few 

studies identify the strength, direction and mechanisms that drive interactions between these 

ecosystem services (Bennett, Peterson, & Gordon 2009) and few which look at specific management 

interventions. Ideally the entire suite of ecosystem services that are relevant to a given system will be 

assessed in order to make a robust assessment of that management strategy and how it could be 

improved. In reality this is rarely done due to the difficulties in collecting the required data on 

multiple indicators of different ecosystem services over a short space of time, Nonetheless, 

experiments and studies looking at the relationship between multiple services in arable systems 

provide insights into the potential relationships we may see among ecosystem services under novel 

management approaches such as diverse crop rotations.  

 

Lundin et al. (2012) looked at the interactions between pollination services, natural pest regulation 

and yield in potted red-clover plants placed in different landscapes. They found that when exposed to 

high levels of pollinators yield was higher. When levels of both pollinator abundance and natural pest 

regulation were both high, yield was higher than expected, demonstrating a synergistic positive 

interaction between pollination and natural pest regulation.  

 

Bartomeus et al. (2015) also looked at how natural pest regulation and pollination services interacted 

to affect yield, and in addition looked at how these services interacted with soil services in oilseed 

rape crops. Interestingly, unlike Lundin et al. (2012) they found a negative interaction between 

pollination and natural pest regulation in determining yield, where yield was highest with increasing 

abundances of pollinators but that yield was higher than expected when pest numbers were also high. 

The difference between these two findings could be due to the fact that pollen beetle, although a pest 

at the budding stage in oilseed rape, acts as a pollinator during the flowering period. It is clear 

therefore, the ecology of key ecosystem service providers in the system can lead to different 

interactions between ecosystem services. This study also found that soil pH was the strongest 

predictor of yield, whereas pollinator and pest numbers only explained ~20% of the variation in yield. 
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It also found that pollinators and pest levels were most affected by landscape features and soil 

indicators at local field scales.  

 

There is an urgent need to look at how management interventions such as the diversification can 

effect multiple ecosystem services simultaneously (Kremen & Miles 2012; Bommarco, Kleijn, & 

Potts 2013). Increasing crop rotation diversity has been found to improve a number of soil services 

such as microbial activity and total nitrogen (Tiemann et al. 2015). Although there is no study that has 

looked effect of crop rotation diversity on multiple ecosystem services, there are a few studies that 

have looked at the effects of various soil management interventions and their interaction between 

different provisioning and regulating ecosystem services. These studies could provide some indication 

on the interactions we may expect under different levels of crop rotation diversity. Munoz et al (2005) 

looked at the effect of urea nitrogen fertiliser on a self-incompatible flowering alpine shrub and how 

floral abundance and pollinators mediated seed set. Nitrogen fertiliser enhanced floral abundance and 

size which subsequently increased insect pollinator visitation rates and seed set.  This effect however, 

was not detected until the third year of the experiment.  

 

An experiment by Marini et al (2015) also looked at the effects of nitrogen fertiliser and pollination, 

this time in oilseed rape. In this experiment, levels of both pollination and nitrogen fertiliser were 

manipulated in a fully crossed factorial design. An interaction effect was found, albeit weak, where at 

standard fertiliser rates pollination did not improve yield but where no fertiliser was added pollination 

helped improve yields by 600kg ha
-1

. Another experiment by van Gils et al.(2016) looked at different 

combinations of management practices for soil organic matter (SOM) improvement with varying 

fertiliser rates in potted oilseed rape plants. Plants were placed in different field sites representing a 

gradient of pollinator visitation rates and pest pressures to quantify how the different ecosystem 

services and soil management approaches contributed to production. Higher levels of nitrogen 

fertiliser did enhance crop yield, although high pollination and natural pest regulation services 

together had a larger effect.  This study however did not show that the relationship between, 

pollination, natural pest regulation and yield was affected by nitrogen fertiliser, suggesting that the 

effect of nitrogen fertiliser on yield was additive. Higher SOM content did not enhance yield or effect 

relationships between yield, pollination, natural pest regulation and fertiliser.  A recent study by 

Tamburini et al. (2016) looked again at several management strategies and their impact on ecosystem 

services in wheat crops. This study looked at tillage intensity and fertiliser levels in wheat crops and 

found that under higher nitrogen fertiliser rates conventional tillage had more trade-offs between 

ecosystem services than conservation tillage. A pan-European study that looked at wheat crops found 

that when increasing nitrogen fertiliser rates positive relationships between soil organic carbon and 

yield became less strong (Gagic et al. 2017). 
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One study incorporated quantitative models and semi-quantitative estimates from the literature found 

that when comparing two systems, one with and one without cover crops, cover crops enhanced a 

number ecosystem services including soil organic matter, soil fertility and weed suppression 

(Schipanski et al. 2014). Although carabid abundance increased, pest regulation was not enhanced. 

However, only estimates derived from the literature were used, with no quantitative analysis carried 

out. Crop yield did not differ between systems. Temporal diversification, using crop rotations is 

potential approach to maximise the benefits of multiple ecosystem services. 

 

Whilst weed suppression is an important ecosystem service to arable farmers, the presence of weeds 

may have some potential benefits to other regulating and supporting ecosystem services. Weeds will 

produce volatiles which may help to mask crop volatiles and reduce pest pressure. Experiments on 

pollen beetle have found that the attraction of oilseed rape plants was reduced in the presence of non-

crop volatiles (Mauchline et al. 2005), although once colonisation had occurred the effect of non-crop 

volatiles was reduced (Mauchline et al. 2013).  For example, management approaches designed to 

increase weed suppression could reduce top-down aspects of natural pest regulation. Weed presence 

has been found to increase ground predator activity density although smaller Carabidae species have 

been found to prefer more open areas (Eyre et al., 2012).  

 

There are studies which have looked at the impacts of crop diversification on multiple above-ground 

ecosystem services but they rely on measuring ecosystem service provision indirectly or rely on 

models to make inferences about outcomes (Lechenet et al., 2014; Davis et al., 2012; Schipanski et 

al., 2014). The use of pot experiments or studies that only explore one or two ecosystem services 

simultaneously, including those that do not link regulating and supporting ecosystem services to 

agricultural production, will not sufficiently persuade farmers that ecological intensification can 

provide an alternative to intensive farming practices. Therefore an empirical analysis of more 

diversified approaches such as novel crop rotations are urgently required, which are able to identify 

synergies and trade-offs between a whole suite of relevant ecosystem services and how these 

relationships are shaped by both management intensity and abiotic environmental stress.    

 

Thesis Aims and Structure 

This thesis explores how crop rotational diversity, and other practices such as legume bicrops and 

switching between spring and winter crops, affect yield, natural pest regulation, biodiversity and weed 

suppression. Using different experiments this thesis investigates how ecosystem services perform 

under heat and drought stress conditions and how management intensity shapes the nature of the 

relationships between different ecosystem services. 
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Chapter two explores how crop rotational diversity affects different indicators of natural pest 

regulation including top-down and bottom-up aspects. It also examines the relationship between yield 

and natural pest regulation. The hypothesis for this study is that crop rotation diversity will increase 

natural pest regulation by improving top-down effects of natural pest regulation, especially ground 

predator densities, counteracting favourable bottom-up effects for aphid growth. Increases in natural 

pest regulation will also be associated with increases in yield with crop rotation diversity increasing 

the strength of this relationship.  

 

Chapter three looks at the potential benefits of diversified rotations on wider biodiversity using 

pollinator forage resources as a model. It investigates how the diversity of crop rotations can provide 

floral resources (nectar and pollen) for different pollinator groups throughout the pollinator flight 

season. It also considers the accessibility of the different resources to different pollinator groups and 

how variation in resources varies with abundance of pollinators and how these relationships are 

shaped by crop rotation diversity. The hypothesis is that increasing crop rotational diversity will lead 

to more floral resources and greater numbers of pollinators attracted to the diverse crop rotation. It is 

expected that there will be differences in abundance between pollinator groups due to their different 

foraging preferences and seasonal activity.  

 

Chapter four looks at how the inclusion of legume bicrops and switching between spring and winter 

crops under different rates of nitrogen fertiliser affect yield, natural pest regulation and weed 

suppression. The hypothesis is that the combination of legume bicrops and switching between spring 

and winter crops in the rotation will improve ecosystem services under reduced rates of nitrogen 

fertiliser with the effects of these management interventions diminishing under increased nitrogen 

rates. 

 

In chapter five, multiple ecosystem services are assessed where the effects of crop rotation diversity 

are explored and the impact of heat and drought stress on shaping the relationships between 

ecosystem services were explored. The hypothesis was that that when under stress, more diverse 

rotations will increase crop production, soil services, natural pest regulation and resilience. 

 

Finally, chapter six presents a summary of all the main findings, putting them into context of other 

work exploring the impact of arable management practices on ecosystem service delivery. It also 

suggests future research priorities and makes recommendations for designing crop rotations to 

enhance different ecosystem services.  
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idea for this chapter was developed by the author, Erika Degani and supervisors, Simon Potts, 

Hannah Jones. All data collection was led and co-ordinated by the author with the help of field 

assistants. All analyses and written work was carried out by the author.  

 

Abstract 

Agriculture faces a number of simultaneous challenges including the need to be more productive 

while reducing the negative impacts on the environment, especially from agrochemical inputs such as 

mineral nitrogen fertiliser and pesticides. Ecological intensification is one approach proposed to 

partially replace agrochemicals with the provision of biodiversity derived ecosystems services to 

either maintain or increase food production. One promising ecological intensification practice is 

temporal crop diversification, which has the potential to improve the provision of ecosystem services 

underpinning agricultural production. This study measured the ability of diverse crop rotations to 

increase wheat yields and levels of natural pest regulation, and whether the contribution of natural 

pest regulation to yield was mediated by different crop rotations. We also explored levels of both top-

down and bottom-up aspects of natural pest regulation and whether these forces were shaped by crop 

rotational diversity. We found that crop diversity had largely no influence on abundances of natural 

predators, although numbers tended to vary throughout the growing season, or levels of pest control. 

Using exclusion cages we found no differences between rotations in the ability to control a pest 

outbreak and found evidence of antagonistic interactions between predator groups. We also found that 

crop rotation diversity had no impact on bottom-up aspects of natural pest regulation. This study does 

not provide evidence that crop rotational diversity, at least in the short-term, can improve regulating 

ecosystem services such as natural pest regulation or wheat crop yields, and therefore other practices 

will be required to achieve ecological intensification of crop production.      

 

Introduction 

Future demand for sustainable food production will require an increase in productivity alongside a 

reduction in the negative impacts on the environment. Where agricultural production systems damage 

the wider environment, they often reduce the long-term capacity to produce food in the future 

(Foresight 2011). Ecological intensification is an approach to farming that includes management 

strategies to enhance functional biodiversity and restore natural processes that underpin production 

(Bommarco, Kleijn, & Potts 2013). Appropriate management strategies will depend on a variety of 

factors including a given farm’s location, existing production system and the current levels of 

ecosystem services that underpin  the production system (Doré et al. 2011).  
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Control of crop pests by natural enemies (predators and parasitoids) is a key regulating ecosystem 

service that contributes to crop production (Bengtsson 2015). It is likely to become more 

economically important to farmers in the future if pest populations continue to acquire resistance to 

insecticides (Bass et al. 2014), pest outbreaks become more common as temperature rises increase 

pest reproductive rates  (Hullé et al. 2010), and the cost of agrochemical inputs increases (Foresight 

2011). Pest regulation, along with other important ecosystem services including soil services (soil 

organic matter and biological activity), pollination and weed suppression, need to be considered when 

making decisions about crop management. These ecosystem services can, under some conditions, be 

more important in determining crop production than conventional aspects of crop management, such 

as levels of fertilizer application (van Gils, van der Putten, & Kleijn 2016).  

 

While addressing the delivery of ecosystem services at the landscape level is likely to be beneficial 

for many ecosystem services, including natural pest regulation, farmers typically make management 

decisions at the farm or field scale. Landscape composition (Tscharntke et al. 2012; Martin et al. 

2015) and local semi-natural habitats (Ramsden et al. 2015; Holland et al. 2016) and the interaction 

between the two (Woltz, Isaacs, & Landis 2012) have been found to mediate the delivery of natural 

pest regulation in the crop. However, improving landscapes for ecosystem services often requires 

engagement by multiple stakeholders and involves policy makers to develop programmes to these 

ends (Landis 2017). In the absence of these mechanisms, farmers will usually make decisions based 

upon the local trade-offs between ecosystem services at the farm and field scale. Often, improving 

natural pest regulation will require land to be taken out of production in order to provide habitat and 

resources for natural enemies, which can then spill-over into the cropped area (Woodcock et al. 

2016). Diversification of cropping systems by intercropping or increasing plant diversity at the edge 

of the cropped area has been shown to decrease crop pests and crop damage, and increase predators 

(Letourneau et al. 2011). This may come at a loss of the productive area, although there is evidence, 

that in some cases and over time, this can be offset by increased production in the remaining cropped 

area potentially due to the spill-over of increased abundances of pollinators and predators in the 

adjacent created habitat (Pywell et al. 2015). While these approaches may improve pollination and 

natural pest regulation services, better soil management within the cropped area could deliver a 

number of environmental and agronomic benefits simultaneously (Schulte et al. 2014). 

 

A more accessible approach to increased farmland diversity may be to diversify cropping systems, 

thus avoiding the difficulties of achieving landscape scale management and the trade-offs with local 

management. This could include the use of polycultures in time (crop rotations, winter cover crops, 

switching between spring and winter cropping) and in space (inter-cropping, mixed cropping) or a 

combination of approaches. Polycultures, in the absence of agrochemicals, can on average produce 

yields only 8-9% lower than monocultures with agrochemical use (Ponisio et al. 2014). Optimal 
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design of crop rotations and intercropping  is often focussed on improving soil fertility and reducing 

soil-borne diseases and pests (Dias, Dukes, & Antunes 2015) and less often with other ecosystem 

services such as above ground natural pest regulation (Brooker et al. 2015). Investigating the impact 

of crop rotation diversity on natural pest regulation will help inform farmer’s management decisions. 

Monocultures can release crop pests from both top-down (predation) and bottom-up control (food 

availability) by providing large quantities of pest resources, but few carbohydrate and other resources 

required by many parasitoids and other natural enemies (Balmer et al. 2013). Negative bottom-up 

effects on pest suppression have been found to be counteracted by top-down effects from predation 

and parasitisation (Costamagna, McCornack, & Ragsdale 2013). Abundance of parasitoids of cereal 

aphid pests was higher in more diverse crop rotations that included a flowering crop (Brewer et al. 

2008). Winter cover crops have been found to increase the abundance of natural predators and lower 

levels of crop damage (Lundgren & Fergen 2010). However, crop rotation diversity at the landscape 

level, measured as the proportion of ley in the landscape, did not affect levels of natural pest 

regulation, but was related to increasing instability in natural pest regulation (Rusch et al. 2013). 

Assessments at the field scale have found that increasing the cycle length of the crop rotation (the 

number of crops in the sequence before it is repeated) length along with reduced agrochemical inputs 

result in higher overall abundances of ground predators (Büchs, Harenberg, & Zimmermann 1997; 

O’Rourke, Liebman, & Rice 2008). However these studies often confound crop rotation diversity with 

other management interventions and, therefore, it is difficult to isolate the effect of crop rotation from 

insecticide and fertiliser use. 

 

In this study we evaluate whether increasing diversity of crop rotations under reduced agrochemical 

inputs enhances: (i) the level of natural pest regulation in wheat crops; and (ii) increases the 

contribution of natural pest regulation to wheat crop production. We hypothesised that increasing the 

combination of temporal plant diversity (more crops in the rotation and the addition of winter cover 

crops) in combination with spatial plant diversity (the inclusion of bicrops) would increase the 

diversity of microhabitats and availability of resources for natural enemies, in particular ground 

predators, thus increasing their abundance and activity. We predict that there although there may be 

negative bottom-up effects on wheat aphid pest suppression from the fertility building aspects of the 

more diverse treatment, top-down effects would be greater than any increase in bottom up effects, 

thus increasing the level of natural pest regulation and the contribution of natural pest regulation to 

crop production with the strength of this relationship increasing with crop rotation diversity.  

 

Specifically, we investigated indicators of top down control by assessing the (i) abundance of ground 

and canopy predators, (ii) parasitism rates, (iii) abundance of aphid pests and (iv) levels of natural 

pest regulation during a pest outbreak. We also assessed indicators of bottom-up effects by observing 

the relationship between (v) aphid population growth rates and crop plant quality (nitrogen content). 
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Finally, we examined (vi) the relationship between natural pest regulation and yield and whether it 

differed between rotations.  

 

 

Methods 

Study Site and 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 experiment was designed to assess how diversity 

within rotations affects 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 bicrop or winter cover crop. The three rotation treatments were 

termed Simple, Moderate and Diverse, reflecting the relative level of diversity between treatments. 

The cycle length of all the rotations was four years and the experiment began in autumn 2013 with the 

establishment of the winter crops. In order to prevent confounding the effect of rotation treatment 

from environmental conditions of that year, each phase of the rotation treatments was present every 

year of the experiment (Loughin, 2006). This was achieved by splitting each rotation treatment plot 

into four sub-plots. Each sub-plot consisted of a single crop and began the experiment at a different 

phase of the rotation sequence. Each of the four sub-plots then progressed through the rotation 

sequences (Table 1). Three plots, one for each rotation treatment, 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 (12 m x 10 m) were 

established by five trial scale tractor passes (12 m x 1.9 m) which were separated by cereal guards (2 

m wide) (Fig. 1). All assessments were carried out in the central three passes of each sub-plot, which 

together with the guards helped to reduce spill-over effects between sub-plots. Crops were treated 

with 50% of the standard fertiliser and fungicide dose for that crop. Standard herbicide rates were 

used for all crops, however, difficulties establishing the spring legume bicrop meant that in years 2014 

and 2016 Diverse wheat sub-plots were not treated with the spring herbicide dose. 



CHAPTER 2 CROP ROTATIONAL DIVERSITY AND NATURAL PEST REGULATION  

31 

 

      Table 1. Crop rotation sequences with crops for each rotation treatment from 2014-2016  

 
          

 

 

Crop rotation treatment Sequence Year 
   

 

    2014 2015 2016 
 

 

Simple 1 Winter wheat (var. Solstice) Winter wheat (var. Scout) Winter wheat (var. Santiago) 
 

 
 

2 Winter wheat (var. Scout) Winter wheat (var. Santiago) Oilseed rape (var. Amelie) 
 

 
 

3 Winter wheat (var. Santiago) Oilseed rape (var. Amelie) Winter wheat (var. Solstice) 
 

 

  4 Oilseed rape (var. Amelie) Winter wheat (var. Solstice) Winter wheat (var. Scout) 
 

 

Moderate 1 Winter wheat (var. Solstice) Oilseed rape (var. Amelie) Winter wheat (var. Solstice) 
 

 
 

2 Oilseed rape (var. Amelie) 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) Oilseed rape (var. Amelie) 
 

 

Diverse 1 
Winter wheat (var. Solstice) + 

spring legume bicrop 
Oilseed rape (var. Amelie) 

Winter wheat (var. Solstice) + 

spring legume bicrop  

 

 
2 Oilseed rape (var. Amelie) 

Winter wheat (var. Solstice) + 

spring legume bicrop 

Winter brassica cover crop + 

spring beans (var. Fuego)  

 

 
3 

Winter wheat (var. Solstice) + 

spring legume bicrop 

Winter brassica cover crop + 

spring beans (var. Fuego) 

Winter wheat (var. Solstice) + 

spring legume bicrop  

 

  4 
Winter brassica cover crop + spring 

beans (var. Fuego) 

Winter wheat (var. Solstice) + 

spring legume bicrop 
Oilseed rape (var. Amelie) 
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Figure 1. Diagram of the experimental design including the locations within the sub-plots from which different 

assessments and experiments were carried out. See Table 1 for the different crop sequences for sub-plots in each 

of the three rotations.  
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Ground predator assessments 

Assessments of ground predators were carried out to establish their activity-density in wheat sub-plots 

during the crop’s susceptible periods to key pests. Every year from 2014 to 2016, two rounds of pitfall 

traps were placed in sub-plots; the first round once the third node was detectable in plants (GS 33; 

Zadoks et al., 1974) and the second at the start of booting (GS 41). A killing fluid was added to the 

traps, made from two parts water and one part glycerol propylene, with a drop of washing up liquid 

added in order to break the surface tension. A shelter, made from Correx® plastic (Cordek, Slinfold, 

UK) was suspended above the pitfall trap by lifting the shelter ~5 cm off the ground with 7 cm nails 

placed in the ground, to prevent the pitfall traps flooding. Two pitfall traps were placed in each sub-

plot and left out for ten days. All specimens were removed and placed in 70% industrial methylated 

spirits (IMS) for preservation in the laboratory. Specimens were then identified to order. 

 

Aphid pest, parasitoids and canopy predator surveys 

Visual assessments were used to quantify the abundance of wheat aphid pests, parasitoid mummies 

and canopy predators: Araneidae (web spiders), Syrphidae larvae (hoverflies), Chrysopidae larvae 

(lacewings) and Coccinellidae larvae (ladybirds) were carried out every year from 2014 to 2016 in all 

wheat sub-plots. The abundance, life stage and form (nymph, alate adult and apterous adult) of 

English grain aphids (Sitobion avenae), rose-grain aphids (Metopolophium dirhodum) and bird cherry 

oat aphids (Rhopalosiphum padi) were recorded. Three rounds of assessments were carried out; the 

first during the period between the presence of the third node and the flag leaf visibility (GS 33-37), 

the second round during booting (GS 41-51) and the third round during ear emergence (GS 51-59). 

Abundance of aphids, parasitoid mummies and canopy predators was recorded by visually inspecting 

50 random tillers per sub-plot in the central three passes of the sub-plot. If no aphids were found after 

50 tillers, further tillers were inspected until an aphid was found up to a total of 100 tillers.  

 

Estimation of natural pest regulation services using an index  

Natural pest regulation services were evaluated using a Natural Pest Regulation Index (NPRI)  which 

was  assessed in all wheat sub-plots at ear emergence (GS 51) in 2014 and anthesis in 2016 (GS 61) 

by comparing the change in inoculated aphid population abundances (Sitobion avenae) using a series 

of cage treatments (see method: Holland et al. 2012; Rusch et al., 2013). Two populations of between 

50-100 aphids (KatzBiotech AG, Welzheim, Germany) were placed onto the crop and allowed to 

establish for ten days prior to the experiment.  All natural enemies in the immediate vicinity were 

removed. A pitfall trap was placed adjacent to the inoculated wheat plants and a protective fleece, 

erected by bamboo canes were placed over the aphids to create favourable conditions for population 

establishment and to prevent any natural enemies predating or parasitising the establishing colony. 

The experiment began by applying four treatments to each sub-plot; the cage treatment (C), the open 

to aerial predators (canopy predators and parasitoids) (OA), the open to ground predators (OG) and 
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the open treatment (O). The C treatment involved excluding natural enemies from predating or 

parasitizing aphids. This was achieved by placing a steel ring ~5 cm into the soil around the 

inoculated plants with a mesh cage placed over the aphid population. The cage had a large 5 mm mesh 

to prevent creating a micro-climate that could be potentially beneficial for population growth and thus 

biasing the treatments. The large mesh size, however, meant some smaller natural enemies may have 

been able to pass through the mesh so insect glue was sprayed all over the mesh before it was placed 

over the aphids. A pitfall trap was placed in the cage to trap any ground predators. The OA treatment 

did not include the mesh, allowing aerial predators access to the aphids but the steel ring remained 

preventing ground predators from accessing the aphids. The OG treatment included the mesh but not 

the steel ring. The mesh was attached to bamboo canes and suspended 1-2cm above the soil surface 

allowing ground predators to access the aphids by moving underneath the cage. The O treatment left 

the aphids completely exposed to both ground and aerial predators. Aphids were counted at two stages 

at the start of the experiment (day 0) and then five days later (day 5). All treatments were applied at 

random to the passes either side of the central pass (two treatments in each pass) in each sub-plot 

(Figure 1).     

 

The NPRI was then calculated following the methodology of Gardiner et al. (2009): 

𝑁𝑃𝑅𝐼 = 𝑁𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡5/(𝑅𝐶𝑎𝑔𝑒  × 𝑁𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡0) 

 

Where calculating the NPRI was carried out using the number of aphids (N) at day 0 and day 5 for 

each treatment (O, OA, OG) in each sub-plot, using the aphid population growth rate (Aphid 

population at day 5/Aphid population at day 0)(R) of the cage treatment (C) for that same sub-plot. 

Where the index was found to be negative a value of zero was assigned to these cages as this indicates 

no effective predation (Rusch et al., 2013).  

 

Aphid population growth rates and nitrogen content of the crop 

Aphid population growth rates were calculated by taking the number of aphids in the cage treatment 

after five days and dividing this by the number at the start of the experiment. The data from the 

experiment in 2016 was taken as crop nitrogen content was only taken in 2016. At the end of the 

experiment in 2016, the nitrogen content of the crop plants within the cage treatment was assessed. 

The plants were hand harvested and allowed to air dry before milling the plants into flour. Nitrogen 

content (%) of the flour was analysed using a LECO® FP 328 nitrogen analyser (LECO Corporation, 

Saint Joseph, MI, USA). 

 

Yield assessment 

Due to the high level of disturbance from the aphid experiments, yield was determined by hand 

harvesting four randomly located 0.25 m
2
 quadrat samples of wheat tillers at combine height 
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(approximately 5 cm from the ground) per sub-plot. Ears were threshed to give the standard 

quantitative measure of agronomic yield (seed mass of threshed tillers per sub-plot (tonnes ha
-1

)).  

 

Data analysis 

Analyses of ground predator fauna were analysed in R version 3.2.4 (R Core Team, 2017) using 

generalised linear mixed (GLMMs) effect models and linear mixed effect models (LMMs) with model 

structures described in full in Table 2. For analyses of ground predators, Rotation and Round were 

included in all models as fixed effects along with an interaction term between these factors. As the 

response variable for all ground predator, canopy predator and aphid abundance analyses had a 

response variable that consisted of count data, a Poisson family with log link structure was used 

initially, however, as all models showed evidence of overdispersion (theta >2), a negative binomial 

(variance = μ (1+μ/k)) family with a log link function was used instead. As parasitism rates were 

bounded percentages these were logit transformed to improve model fit and residual plots. Due to 

excess zeros and overdispersion for aphid abundance and canopy predator abundance, alternative 

distributions and link function were explored with the maximal models chosen by comparing AIC 

values. Adding a zero-inflation term was explored in both models but did not improve model fits. For 

aphid abundance, canopy predator abundance and parasitism rate, models included an offset variable 

which took account of the number of tillers searched in that round (Reitan & Nielsen, 2016). Aphid 

abundance was included as a covariate in analyses of canopy predator abundance and parasitism rate 

(Tamburini et al., 2016). The significance of terms in GLMMs and LMMs were assessed by carrying 

out likelihood ratio tests (LRT χ2) on models with and without the terms, and were performed in the 

glmmADMB package (GLMMs) and lme4 (LMMs) packages. Model selection was carried out by 

removing the least significant terms from the model in a backwards step wise manner, starting with 

the highest order interaction terms, until all terms in the model were significant (Crawley, 2012; 

Onofri et al., 2016). In analyses with the term Round, where more than one survey was carried out, 

Round was added to the random effect structure and treated as a split-split-plot factor (Altman & 

Krzywinski, 2015). Year was included in all models to account for variation in abundances between 

years. Post-hoc tests were carried using the phia package which allows for interaction contrasts.  

 

Principal Component Analysis (PCA) was used to derive the natural pest regulation ecosystem 

service. Data for all indicators of top down aspects of natural pest regulation and pests (ground 

predators, canopy predators, parasitism rate, aphid abundance and NPRI) was averaged over years and 

rounds. Data was standardised by calculating the maximum and minimum value for each indicator (Y 

= (value-min)/(max -min)). Aphid total was transformed (1-Y) so that low values corresponded to 

high values of natural pest regulation. PCA was then performed using the prcomp() function in the 

stats package in R. The first principal component (PC1) was then extracted, with re-scaled variances, 

to be used as a latent variable in a mixed model so the effects of Rotation and Natural pest regulation 
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on Yield could be assessed. The PC1 explained more than 45% of the variability in the data. Model 

selection and model validation were performed as stated above.  
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     Table 2. A summary of the analyses carried out in this study with details of the response variables and model structures 

 
Analyses Response variable Model 

 

 
1) Ground and canopy predators Total ground predator abundance 

Y ~ Rotation x Round + Year, random = Block/Rotation, family = 

negative binomial, link = log  

  
Carabidae abundance 

Y ~ Rotation x Round + Year, random = Block/Rotation, family = 

negative binomial, link = log  

  
Staphylinidae abundance 

Y ~ Rotation x Round + Year, random = Block/Rotation, family = 

negative binomial, link = log  

  
Lycosidae abundance 

Y ~ Rotation x Round + Year, random = Block/Rotation, family = 

negative binomial, link = log  

  
Linyphiidae abundance 

Y ~ Rotation x Round + Year, random = Block/Rotation, family = 

negative binomial, link = log  

  
Total canopy predator abundance 

Y ~ Rotation x Round + Year + Aphid + offset(log(Tillers)), random = 

Block/Rotation, family = negative binomial, link = log  

 
2) Parasitism rates 

Percentage of parasitoid mummies  (Parasitoid 

mummies/Parasitoid mummies + Aphids)*100 

logit(Y)~ Rotation x Round + Year + Aphid + offset(log(Tillers)), random 

= Block/Rotation, family = normal, link = identity  

 
3) Aphid pests Total aphid abundance 

Y ~ Rotation x Round + Year + Aphid + offset(log(Tillers)), random = 

Block/Rotation, family = negative binomial, link = log  

 
4) Pest outbreak NPRI (see methods) 

Y~ Rotation x Cage treatment + Year, random = Block/Rotation, family = 

normal, link = identity  

 

5) Growth rates and nitrogen crop 

content 

Growth rate (Aphid population in cage at day 

5/Aphid population in cage at day 0) 

log10(Y)~ Rotation + Year, random = Block, family = normal, link = 

identity  

  
Nitrogen content (%) 

Y~ Rotation x Growth rate, random = Block, family = normal, link = 

identity  

 
6) Yield Crop yield (tonnes ha

-1
) 

Y~ Rotation x Natural pest regulation, random = Block, family = normal, 

link = identity  
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Results 

Ground predator and canopy predator abundances 

A total of 14,984 ground predators were collected in pitfall traps in all wheat sub-plots over a three 

year period (2014-2016). Over 95% of all specimens collected were adults belonging to Carabidae, 

Staphylinidae, Lycosidae and Linyphiidae (Table 3). Arthropod specimens belonging to other families 

were recorded but together made only 5% of the total catch so there were insufficient numbers to 

analyse these families separately. However, these specimens were considered in the analysis of total 

ground predators.  

 

Activity-density of total ground predators was not significantly affected by the interaction between 

Rotation and Round (LRT χ
2
 (2) = 3.76, P = 0.16) or Rotation (LRT χ

2
 (2) = 0.76, P = 0.68), but there 

were more ground predators during booting than before during stem elongation from a mean number 

of 46 during stem elongation to 51 at booting. (LRT χ
2
 (1) = 20.76, P < 0.001) (Fig. 2a). Activity-

density of adult Carabidae was significantly affected by the interaction between Rotation and Round 

(LRT χ
2
 (2) = 6.98, P < 0.05), with post-hoc contrasts revealing an increase in mean abundance 

between stem elongation and booting in the Diverse rotation (31 to 35) and a decrease in the Simple 

rotation (38 to 30) (χ
2
 (1) = 6.72, P < 0.05; Fig. 2b). Activity density of adult Staphylinidae was not 

significantly affected by the interaction between Rotation and Round (LRT χ
2
 (2) = 3.77, P = 0.15) or 

Rotation (LRT χ
2
 (2) = 3.78, P = 0.15) but there were on average more adult Staphylinidae during 

booting (10) than before during stem elongation (6) (LRT χ
2
 (1) = 73.00, P < 0.001) (Fig. 2c).  

Activity density of Lycosidae was not significantly affected by the interaction between Rotation and 

Round (LRT χ
2
 (2) = 0.12, P = 0.94) or Rotation (LRT χ

2
 (2) = 4.20, P = 0.12) but there were on 

average fewer Lycosidae during booting (1) than before during stem elongation (4) (LRT χ
2
 (1) = 

63.38, P < 0.001) (Fig. 2d). Activity-density of Linyphiidae was not significantly affected by the 

interaction between Rotation and Round (LRT χ
2
 (2) = 1.60, P = 0.45) or Rotation (LRT χ

2
 (2) = 3.78, 

P = 0.15) but there were on average more Linyphiidae during booting (4) than before during stem 

elongation (2) (LRT χ
2
 (1) = 26.45, P < 0.001) (Fig. 2e).  
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    Table 3. Ground predators captured by pitfall traps in wheat sub-plots between 2014-2016  

 

          

 

 

Class Order Family Abundance Proportion (%) 

 

 

Insecta Coleoptera (adult) Carabidae 9,928 66 

 

 
  

Staphylinidae 2,447 16 

 

 
  

Coccinellidae 46 <1 

 

 
 

Coleoptera (larvae) 
 

427 3 

 

 
 

Hymenoptera Formicidae 141 <1 

 

 
 

Dermaptera 
 

2 <1 

 

 

Arachnida Araneae Lycosidae 940 6 

 

 
  

Linyphiidae 1,000 7 

 

 
 

Opiliones 
 

26 <1 

 

 

Chilopda 
  

27 <1 
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A total of 89 canopy predators were recorded in wheat sub-plots over a three year period (2014-2016) 

(Table 4). As there were too few specimens for any single family to be analysed only an analysis of 

all canopy predators was carried out. Total abundance of canopy predators was not significantly 

affected by the interaction between Rotation and Round (LRT χ
2
 (4) = 1.43, P = 0.84) or Rotation 

(LRT χ
2
 (2) = 4.10, P = 0.13) but Round was significant with mean total canopy predators per tiller 

increasing from 0.0009 at stem elongation, 0.008 at booting to 0.016 at ear emergence (LRT χ
2
 (2) = 

35.21, P < 0.001). Post-hoc pairwise comparisons revealed significant differences between stem 

elongation and booting (LRT χ
2
 (1) = 13.12, P < 0.001), stem elongation and ear emergence (LRT χ

2
 

(1) = 25.55, P < 0.001) but not between booting and ear emergence (LRT χ
2
 (1) = 2.78, P = 0.095) 

(Fig. 2f).   

 

Parasitism rates 

Parasitism rates was significantly affected by the interaction between Rotation and Round (LRT χ
2
 (4) 

= 15.90, P < 0.001) (Fig. 3a). However post-hoc interaction tests did not find that pairwise 

comparisons between treatment levels of Round were affected by Rotation (stem elongation vs 

booting: LRT χ
2
 (2) = 5.96, P < 0.076; stem elongation vs ear emergence LRT χ

2
 (2) = 7.42, P = 

0.073; booting vs ear emergence LRT χ
2
 (2) = 6.53, P = 0.076). The mean parasitism rate across all 

rounds and rotation treatments was 0.13. 

 

Aphid pests 

Total abundance of aphid pests was not significantly affected by the interaction between Rotation and 

Round (LRT χ
2
 (4) = 6.98, P = 0.14), or Rotation (LRT χ

2
 (2) = 4.36, P = 0.11) but on average there 

were more aphids per tiller during ear emergence (0.8) than booting (0.3) and during stem elongation 

(0.08) (LRT χ
2
 (2) = 141.16, P < 0.001) (Fig. 3b). Post-hoc pairwise comparisons revealed significant 

differences between stem elongation and booting (LRT χ
2
 (1) = 59.26, P < 0.001), stem elongation 

and ear emergence (LRT χ
2
 (1) = 203.51, P < 0.001) and booting and ear emergence (LRT χ

2
 (1) = 

16.52, P < 0.001) 
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    Table 4. Canopy predators captured by pitfall traps in wheat sub-plots between 2014-2016  

 

          

 

 

Class Order Family Abundance Proportion (%) 

 

 

Insecta Coleoptera Coccinellidae (adult) 16 18 

 

 
  

Coleoptera (larvae) 9 10 

 

 
 

Diptera Syrphidae (larvae) 27 30 

 

 

Arachnida Araneae Araneidae 37 42 
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Figure 2. Graphs showing activity-density of a) total arthropods b) Carabidae c) Staphylinidae d) Lycosidae and 

e) Linyphiidae caught in pitfall traps and f) total canopy predators per wheat tiller in wheat sub-plots in different 

rotation treatments form 2014 to 2016. Points represent sample means and lines are the standard error of the 

mean. Note the difference in y-axis scales and legends between graphs. Stars denote level of significance 

between treatment levels (NS=P≥0.05,*=P<0.05, ** =P<0.01, ***=P<0.001). 
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Natural Pest Regulation Index (NPRI) 

The NPRI of aphids was not significantly affected by the interaction between Rotation and Cage 

treatment (LRT χ
2
 (4) = 7.49, P = 0.11), Rotation (LRT χ

2
 (2) = 5.57, P = 0.06) but Cage treatments 

did differ (LRT χ
2
 (2) = 6.45, P < 0.05) (Fig. 4). However, post-hoc pairwise comparisons between 

Cage treatments did not reveal differences (O vs OA: LRT χ
2
 (1) = 0.31, P = 1.00; O vs OG: LRT χ

2
 

(1) = 0.92, P = 1.00; OG vs OA: LRT χ
2
 (1) = 0.16, P = 1.00). Mean NPRI across all treatments was 

0.36. 

 

Aphid population growth rates and nitrogen content of the crop 

Growth rate of aphid populations was not significantly affected by Rotation and were a mean of 2.4 

(LRT χ
2
 (2) = 0.35, P = 0.84) (Fig. 5b). Nitrogen content of the crop was not significantly affected by 

the interaction between Rotation and Growth rate (LRT χ
2
 (2) = 3.61, P = 0.16), Rotation (LRT χ

2
 (2) 

= 3.49, P = 0.17) or Growth rate (LRT χ
2
 (2) = 0.06, P = 0.80) (Fig. 5a). The nitrogen content of the 

crop was a mean of 2.1%. 

 

Yield and effect of natural pest regulation on yield  

When assessing the contribution of natural pest regulation to yield, there was no significant 

interaction between the effects of Rotation and Natural pest regulation (LRT χ
2
 (2) = 1.83, P = 0.40), 

Rotation (LRT χ
2
 (2) = 4.76, P = 0.09) (Fig. 6b) or Natural pest regulation (LRT χ

2
 (1) = 1.45, P = 

0.23) (Fig. 6a). The mean yield was 7.28 tonnes per hectare. 
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Figure 3. Graphs showing the a) parasitism rate and b) total aphids per wheat tiller recorded during 

visual surveys in wheat sub-plots in different rotation treatments from 2014 to 2016. Points represent 

sample means and lines are the standard error of the mean. Note differences in y-axis scales between 

graphs. Stars denote level of significance between treatment levels (NS=P≥0.05,*=P<0.05, ** 

=P<0.01, ***=P<0.001). 
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Figure 4. Graph showing the Natural Pest Regulation 

Index (NPRI) for different groups of predators in 

2014 and 2016 in wheat sub-plots in different 

rotation treatments. Points represent sample means 

and lines are the standard error of the mean. Stars 

denote level of significance between treatment levels 

(NS=P≥0.05,*=P<0.05, ** =P<0.01, ***=P<0.001). 
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Figure 5. Graph showing a) the relationship between crop nitrogen content and aphid population growth rate 

and b) population growth rate of aphids inoculated in the crop in the absence of predation in wheat sub-plots in 

2016 for each rotation treatment. In a) black line is predicted relationship from model with grey shaded area 

the 95% confidence intervals with black dots as partial residuals. In b) points represent sample means and lines 

are the standard error of the mean. Stars denote level of significance between treatment levels 

(NS=P≥0.05,*=P<0.05, ** =P<0.01, ***=P<0.001). 
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Figure 6. Graphs showing a) the relationship between wheat yield and natural pest regulation and b) the yield 

in wheat sub-plots for different rotations from 2014 to 2016. In a) black line is predicted relationship from 

model with grey shaded area the 95% confidence intervals with black dots as partial residuals. In b) points 

represent sample means and lines are the standard error of the mean. Stars denote level of significance between 

treatment levels (NS=P≥0.05,*=P<0.05, ** =P<0.01, ***=P<0.001). 
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Discussion 

Overall, total ground predator activity-density increased during the wheat crop growing season 

(+10%). Total canopy predators per tiller increased by 1700% from stem elongation to booting.  At 

the same time aphid numbers increased by 800% from booting to ear emergence. Crop rotation had no 

effect on total ground-predator activity, canopy predator density or aphid density. Activity-density of 

the Carabidae increased between stem elongation and booting in both the Diverse (+13%) and the 

Moderate rotation (+7%) whereas in the Simple rotation activity-density fell (-21%). Staphylinidae 

activity-density increased to a greater extent (+75%). Conversely, Lycosidae activity density fell from 

stem elongation to booting by (-75%) while Linyphidae activity density increased (+100%). Aside 

from Carabidae, crop rotation did not affect activity density of other ground predators or when all 

ground predators were considered together. Parasitism rates did not differ between rotations or 

throughout the wheat crop growing season. Both ground predators and aerial predators were 

responsible for natural pest regulation when assessed using exclusion cages. NPRI was similar for 

ground predators, aerial predators, but also when all predators were taken together. Aphid population 

growth rates or nitrogen content of the crop did not differ between crop rotations. There was no 

association between nitrogen content of the plant (ear, stem and leaves) and growth rate. The mean 

yield was not associated with natural pest regulation and the yield did not differ between crop 

rotations.  

 

This study provided mixed evidence of the effect of crop rotation diversity on top-down regulation of 

pests. Overall total ground predator activity-density was unaffected by crop rotation, despite high 

levels of carabids at stem elongation in the Simple rotation compared to the Moderate and Diverse 

rotations. Carabids populations can persist within intensive agricultural systems (Melnychuk et al. 

2003; Bertrand, Baudry, & Burel 2016), but are found in higher numbers under generally lower levels 

of tillage intensity (Witmer, Hough-Goldstein, & Pesek 2003) enhancing levels of natural pest 

regulation (Tamburini et al. 2016). Spring cultivations in the Diverse rotation needed for the 

establishment of spring beans may explain the lower numbers at stem elongation when compared to 

the Simple rotation. Autumn breeding carabid numbers have shown to be impacted by spring 

cultivations (Purvis & Fadl 2002), however differences in carabids did not change overall levels of 

ground predator activity density or NPRI levels between crop rotations. 

 

Other studies using exclusion cages to assess the relative contribution of different functional groups to 

natural pest regulation have found that aerial predators have a greater role than ground predators 

(Schmidt et al. 2003; Holland et al. 2012; Martin et al. 2013; Tamburini et al. 2016). Holland et al. 

(2012) found that, compared to aerial predators, ground predators had a minimal impact initially 

which became more important over time. Schmidt et al. (2003) found that as the number of flying 
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predators was very low the majority of aerial predation came from parasitoids wasps. Here, the lower 

level of combined natural pest regulation from aerial and ground predators, compared to either aerial 

or ground predation in isolation provides strong evidence of an antagonistic interaction between both 

functional groups. Evidence for the type of interaction between functional groups is unresolved with 

no additive and antagonistic interactions being reported. Martin et al. (2015) found evidence of 

antagonistic interactions between birds and aerial predators, but no interactions between aerial 

predators and ground predators in a cabbage crop.  

 

Tamburini et al. (2015) also used exclusion experiments to assess levels of natural pest regulation by 

different functional groups to examine the combined effects of conservation tillage and landscape 

complexity. This study used a similar method of calculating NPRI presented here, and like Holland et 

al. (2012) and Martin et al. (2015) aerial predation and parasitisation was responsible for more pest 

regulation than ground predators. Unlike in this study, Tamburini et al. 2015 found that in-field 

diversification, in this case conservation tillage, led to higher levels of natural pest regulation from 

ground predators, although overall natural pest regulation did not differ between conservation tillage 

and conventional tillage.  

 

In this study there was no evidence of differences between parasitism rates in different rotations. 

Other studies looking at the impacts agricultural management on parasitism rates is mixed. 

Conservation tillage in wheat has been found to increase parasitism rates (Tamburini et al. 2016), but 

tillage intensity did not affect parasitism rates in oilseed rape (Hanson, Smith, & Hedlund 2015). Crop 

rotational diversity at a landscape level has been associated with increased stability in parasitism rates 

but not in overall levels (Rusch et al. 2013). Parasitism rates have been found to decline with distance 

from non-crop habitats (Bianchi et al. 2015), however other studies have not found any impact of 

landscape heterogeneity on parasitism rates (Rusch et al. 2013). Bianchi et al. (2015) found that 

meteorological variables such as temperature and wind were as important in explaining variation in 

parasitism rates as landscape factors.  

 

There are a number of potential mechanisms by which bottom up effects could affect crop pest 

populations. Increased soil fertility has been found to improve plant nutritional quality and in turn 

plant defence to herbivores, but there is also evidence that increased plant quality provides additional 

nutrients and thus improves herbivore performance (A’Bear, Johnson, & Jones 2014). Age of plants 

and  within-plant quality have been found to impact aphid crop pest size and fecundity (Costamagna, 

McCornack, & Ragsdale 2013).  How agricultural management mediates these bottom-up effects 

appears very sensitive to specific aspects of management. For example, the application of inorganic 

nitrogen fertiliser has been associated with increasing cereal aphid fecundity and growth (Aqueel & 

Leather 2011), but is not consistent across aphid species (Duffield et al. 1997). Organic fertilisers did 
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not affect aphid fecundity and size, whereas inorganic nitrogen fertilisers did (Garratt, Leather, & 

Wright 2010). Here crop rotational diversity did not alter plant quality, aphid abundance or aphid 

population growth rates. This suggests that the crop rotation diversity was not affecting plant 

nutritional quality, possibly because of the absence of an effect on important aspects of soil fertility 

such as decomposition rates and soil organic matter content although further work would be needed to 

establish this. Even where agricultural management has altered plant nitrogen content it has not 

always been associated with variation in aphid fecundity (Williams, Birkhofer, & Hedlund 2014).  

Crop rotations are primarily used to enhance soil fertility (Dias, Dukes, & Antunes 2015; Detheridge 

et al. 2016), increase weed suppression (Owen 2016) and reduce nitrogen fertiliser use (Tonitto, 

David, & Drinkwater 2006). Here we demonstrate no adverse impacts or positive effects of crop 

rotational diversity on natural pest regulation, where crop rotation did not influence bottom up effects, 

such as via nutritional plant quality, nor were there any significant impacts on top-down control via 

canopy or ground predators leaving pest densities to be similar across rotations.  

 

This conclusion suggests that crop rotational diversity, at least in the early implementation stages of a 

crop rotation do not affect levels of natural pest regulation. However, the findings reported here do 

not preclude crop rotational diversity from affecting natural pest regulation, especially during a pest 

outbreak, as longer term crop rotation experiments have found Diverse crop rotations to improve soil 

ecosystem services (Albizua et al. 2015; Tiemann et al. 2015), which could alter bottom-up effects 

with consequences for crop pest population growth. However, there is stronger evidence that crop 

rotational diversity does not improve natural pest regulation. Despite evidence that cover crops 

increase numbers of ground predators, there was little evidence that there was temporal spill-over over 

into a following cash crop for effective natural pest regulation, a finding that is consistent  with other 

studies (Carmona & Landis 1999). Crop rotations may need to be combined with other management 

strategies to achieve improved natural pest regulation. Creating habitats that provide resources for 

predators at a field or farm scale (Holland et al. 2016), along with spatial planning and incentives to 

increase landscape heterogeneity could help increase top-down aspects of natural pest regulation, 

offsetting any negative effects of plant nutritional quality from the benefits of crop rotation to soil 

fertility. This could also be combined with appropriately timed and formulated insecticides as part of 

an integrated pest management system (Roubos, Rodriguez-Saona, & Isaacs 2014). This would help 

reduce environmental impacts of arable production while protecting the capacity to produce food in 

the future.     
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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 non-cropped 

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 legume bicrop mixture) 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.   

 

Introduction  

Population growth, demand for cheap food and expectations of a high standard of living in the 21
st
 

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 
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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, Heliölä, & Kuussaari 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 (Scheper 2013; 

Kennedy et al. 2013; Lichtenberg et al. 2017). 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 

(Blaauw & Isaacs 2014; Pywell et al. 2015).  

 

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, Kleijn, & Potts 2013). One 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 regulation (O’Rourke, 

Liebman, & Rice 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, Győrffy, & Lap 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, Vickery, & Wilson 2003). 

The provision of pollen and nectar provided by arable landscapes is important in maintaining bee, 

butterfly and other insect populations (Pywell et al. 2011; Vaudo et al. 2015). 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 

(Westphal, Steffan-Dewenter, & Tscharntke 2003; Bretagnolle & Gaba 2015; Hardman et al. 2016). 

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 

(Westphal, Steffan-Dewenter, & Tscharntke 2003; Holzschuh et al. 2013), however, they can also 
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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 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 

(Blubaugh et al. 2016; Labruyere 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 is 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 bicrops) 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. 

  

Methods 

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 

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 bicrop 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 
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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 (Fig. 1). 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 bicrop 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.  

 

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 field bean and oilseed rape (Haughton et al., 2003). Five 0.25m
2
 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., 2007) 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 m
2
 (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 m
3
 of 

pollen per flower (Appendix 1a). 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 bicrop 

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 
Sequence Year 

   

    2014 2015 2016 
 

Simple 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) 

 
Moderate 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 oilseed rape (var. Tamarin) 

 

Diverse 1 
Winter wheat (var. Solstice) + spring 

legume bicrop 
Winter oilseed rape (var. Amalie) 

Winter wheat (var. Solstice) + spring 

legume bicrop  

 
2 Spring oilseed rape (var. Delight) 

Winter wheat (var. Solstice) + spring 

legume bicrop 

Winter brassica cover crop + spring 

beans (var. Fuego)  

 
3 

Winter wheat (var. Solstice) + spring 

legume bicrop 

Winter brassica cover crop + spring 

beans (var. Fuego) 

Winter wheat (var. Solstice) + spring 

legume bicrop  

  4 
Winter brassica cover crop + spring 

beans (var. Fuego) 

Winter wheat (var. Solstice) + spring 

legume bicrop 
Spring oilseed rape (var. Tamarin) 
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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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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.  

 

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 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 (Appendix 1b).  

 

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: 

𝑅𝐴𝐼 = ∑(𝑄𝑖 × 𝑥𝑖) 

𝑛

𝑖=1
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where  𝑄𝑖  is the median frequency visit score of each pollinator group to each flower, 𝑥𝑖 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 (𝑄𝑖 ) 

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 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.  

 

Data analysis 

Comparisons between different crop rotations for floral resources quantity and quality indices were 

modelled using the gamlss package (Rigby & Stasinopoulos, 2009) 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 − 𝐷) = 1 − ∑
𝑛(𝑛−1)

𝑁(𝑁−1)
,  

(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  (𝐸𝐷 = (
1

𝐷
) 𝑆)⁄  was 

used to assess the community evenness of flowers recorded in sub-plots in a given survey round. 

Generalised linear 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 sub-plot in 
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each round added as an offset variable (Reitan & Nielsen, 2016) and where required post-hoc 

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.   

 

 

Results 

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 mm
3
 ~ 1 = AIC 

3609.1; Total pollen volume mm
3
 ~ Rotation = 3611.5). Species richness of nectar providing 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 

(Appendix 1d) 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 (Fig 2a). 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 
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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. 

 

Total pollen volume varied between rotations during the pollinator flight season (Appendix 1d). 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 mm
3
 day

-1
 m

-2 
) in April and 

(~35-45 mm
3
 day

-1
 m

-2
) in May, or when pollen levels were lower (~10 mm

3
 day

-1
 m

-2 
) in June and 

July, (~5mm
3
 day

-1
 m

-2 
) in August and (~5-10 mm

3
 day

-1
 m

-2 
) in September. The Moderate rotation 

had the lowest pollen volume in April (~45 mm
3
 day-

1
 m

-2
) but the highest in May (~45 mm

3
 day-

1
 m

-

2
). 
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Table 2. Summary statistics of floral resource component density (per m
2
) 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. 

                

Rotation Measure 

Total 
 

Crop  
 

Non-crop 
 

Nectar sugar 

mg day
-1

 
Pollen mm

3
 

Nectar sugar mg 

day
-1

 (%) 
Pollen mm

3 
(%) 

Nectar sugar mg 

day
-1 

(%) 
Pollen mm

3 
(%) 

Diverse Mean 4.99 8.37 2.81(56.3) 7.12(85.1) 2.18(43.7) 1.26(15.1) 

 

Standard 

error 
0.83 1.75 0.76 1.7 0.36 0.17 

 

Range 0.00-128.65 0.00-272.75 0.00-128.23 0.00-269.81 0.00-48.86 0.00-23.50 

  

Species 

richness 
6.00 6.00 1.00 1.00 5.00 5.00 

 

1-D 0.49 0.40 0.00 0.00 0.47 0.40 

 

E1/D 0.31 0.30 1.00 1.00 0.37 0.33 

Moderate Mean 4.41 10.56 3.28(74.4) 9.82(93.0) 1.13(25.6) 0.73(6.9) 

 

Standard 

error 
0.97 2.15 0.94 2.12 0.29 0.14 

 

Range 0.00-150.43 0.00-317.95 0.00-150.34 0.00-316.33 0.00-52.23 0.00-23.97 

  

Species 

richness 
6.00 6.00 1.00 1.00 5.00 5.00 

 

1-D 0.58 0.50 0.00 0.00 0.53 0.47 

  E1/D 0.36 0.35 1.00 1.00 0.40 0.40 

Simple Mean 3.85 7.11 3.14(81.6) 6.61(93.0) 0.71(18.4) 0.50(7.0) 

 

Standard 

error 
1.00 2.07 0.97 2.05 0.21 0.12 

  Range 0.00-208.88 0.00-439.74 0.00-208.76 0.00-439.28 0.00-34.66 0.00-19.51 

 

Species 

richness 
4.00 3.00 0.50 0.50 3.50 2.50 

 

1-D 0.43 0.22 0.00 0.00 0.42 0.21 

 

E1/D 0.43 0.50 1.00 1.00 0.47 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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

a) b) 

Rotation* Month Rotation* Month  
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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 (Appendix 1b). 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).      

 

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 (Appendix 1e).  

 

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 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 
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interaction, nor the rotation term, were retained for hoverfly pollen RAI but the individual month and 

rotation terms were retained (Appendix 1e).  

 

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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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. 
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Rotation* Month Rotation* Month 
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Rotation* Month 
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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 2014-2016. Grey bands show 95% bootstrapped 

confidence intervals. Relevant terms retained by the minimal model are also provided. 
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Insect pollinators  

When considering total pollinator abundance there was no significant difference between rotations 

(LRT χ
2
 (2) = 3.39, P = 0.18). For bumblebees the effect of rotation was significant (LRT χ

2
 (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 χ
2
 (1) = 5.78, P = 0.049) (Fig. 

5). There were no significant differences between the Diverse and the Moderate rotation (Post-hoc 

pairwise χ
2
 (1) = 0.21, P = 0.64) or the Simple and the Moderate rotation (Post-hoc pairwise χ

2
 (1) = 

4.00, P = 0.09). For solitary bees, honeybees, hoverflies and butterflies there was no significant 

difference between rotations (all analyses LRT χ
2
; P >0.05).  

 

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 (χ
2
(2) = 

32.1, P < 0.001) (Fig. 6a) as was the smooth term for total nectar RAI (χ
2
 (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 ( χ
2
 (2) = 65.57, P < 0.001) was significant (Fig. 6c), while the 

significance for the smooth terms for the Moderate and 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  (χ
2
 = 66.21, P < 0.001) was significant (Fig. 6d), while the smooth terms 

for the Moderate and Simple rotations 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 χ
2
 (2) = 15.51, P < 

0.0001) (Fig. 7a) and the effect of total nectar RAI (LRT χ
2
 (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 χ
2
 (2) = 14.99, P 

< 0.0001) and the effect of total pollen RAI was significant (LRT χ
2
 (2) = 15.45, P < 0.0001).  

 

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 (χ
2
(2) = 57.03, P < 

0.001) (Fig. 8a) as was the smooth term for total nectar RAI (χ
2
 (2) = 48.33, P < 0.001)(Fig. 8b). For 

the relationship between honeybees and total pollen volume the significance of the smooth term for 
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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 (χ
2
 (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 (χ
2 
(2) = 2.81, P = 0.25). 

However, the smooth term for total nectar RAI was significant (χ
2 
(2) = 21.32, P < 0.001) (Fig 9b). 

Using GLMMs the interaction between rotation and total pollen volume was significant (LRT χ
2
 (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 smooth term for total nectar 

mass was significant (χ
2
(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 (χ
2
 (2) =60.66, P < 0.001) (Fig. 10b).  
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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 bumble 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 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 and d) total 

pollen Reward Accessibility Indices 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. 

 

 

 

 

 

 

 

a) b) 

c) 



CHAPTER 3 NOVEL CROP ROTATIONS: PROVIDING FLORAL RESOURCES  

81 

 

 

  

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.  
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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. 

 

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 

bicrops 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. 
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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 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 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 
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focussing on management practice of the cropped area found that organic compared to conventional 

management increased the abundance of flowers, pollinator-wildflower insect visits, and pollination 

services (Hardman et al. 2016). A similar result was found by 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 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 

m
2
) and a sharp increase in abundance when nectar resources and RAI increase (Figure 6a,b). For 

pollen resources, in contrast, there is a sharp increase when pollen levels are between 0 and 100 mm
3 

per m
2
 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 
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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 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 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 
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the Diverse rotation which is likely to be due to differences in herbicide use due to the inclusion of 

bicrops. Therefore systems using cover crops, bicrops 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. 

 

Conclusion 

These results provide evidence that more diverse rotations (including break crops such as oilseed rape 

and field beans and also a legume bicrop mixture) 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 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.   
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Thesis chapter statement: NIAB designed the NFS experiment but the selection of treatments 

investigated here was chosen by the author, Erika Degani and supervisors Simon Potts and 

Hannah Jones. NIAB provided data for yield, protein content and legume bicrop cover. The 

remainder of data collection was led and co-ordinated by the author with the help of field 

assistants. All analyses and written work was carried out by the author.  

 

Abstract 

Intensive agricultural management has had significant impacts on the environment, including those 

ecosystem services that underpin agricultural production. Diversifying arable crop rotations by 

switching between winter and spring sowings and using legume bicrops could help reduce the 

intensiveness of agriculture such as by reducing rates of mineral nitrogen fertiliser.  In this study, we 

used a field experiment, using farm scale equipment to assess multiple ecosystem services including 

weed suppression, natural pest regulation and crop production to see if diversifying crop rotations 

could partially replace the need for standard rates of nitrogen fertiliser. The findings here suggest that 

there are complex, unpredictable interactions between agricultural management approaches and the 

suitability of plots for both ground and canopy predators, but no apparent impact on parasitoid 

activity. Similar complex interactions were found for aphid densities. The Natural Pest Regulation 

Index (NPRI) was unaffected by the interaction between management approaches or the independent 

effect of any of the management effects on their own. Weed suppression was generally higher, under 

standard nitrogen application rates, but also in wheat plots with a history of spring and winter sowings 

compared to plots with a history of winter sowings only.  Legume bicrops, or mixed cropping 

histories were unable to make up for a reduction in nitrogen fertiliser rates in terms of yield. None of 

the treatments mediated any of the relationships between ecosystem services. Variation in crop 

production was not associated with natural pest regulation. However, there was a positive relationship 

between crop production and weed suppression with greater levels of weed suppression leading to 

increases in crop production. There was also a positive relationship between pest regulation and weed 

suppression. Switching between spring and winter varieties in a crop rotation can increase weed 

suppression but further research is needed to identify management approaches which can compensate 

for reductions in agrochemical inputs. 

 

Introduction 

Intensive crop management practices, such as the use of agrochemicals and monocultures, have 

increased food production but have also had negative impacts on the environment. The degradation of 

wildlife habitats (Robinson & Sutherland, 2002), greenhouse gas emissions (Snyder et al., 2009) and 

diffuse water pollution (Edwards & Withers, 2008) can result from intensive crop production 

approaches. There is evidence that in Europe these practices are beginning to impact on productivity 
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with poor soil quality potentially responsible for the stagnation of crop yields (Brisson et al., 2010; 

Lin & Huybers, 2012).  Farmers are also facing additional challenges from the impacts of climate 

change (Teixeira et al., 2013), pesticide resistance (Collavo & Sattin, 2014) and increasing volatility 

in the costs of inputs (Piesse & Thirtle, 2009).   

 

Ecological intensification is an approach which uses management options that enhance ecological 

processes underpinning agricultural production, which means agrochemical use can be reduced, in 

some contexts and environmental quality improved (Bommarco et al., 2013). This approach could be 

integrated with cropping system design, novel breeding techniques and energy efficient technologies 

to reduce the overall impact of crop production on the environment and to improve the capacity to 

produce food in the future (Doré et al., 2011). The use of diversification of landscapes, farm habitats 

and cropping systems to create heterogeneity, could help provide biodiversity derived ecosystem 

services to production systems (Kremen & Miles, 2012; Landis, 2017).  Ecological heterogeneity at 

different spatial and temporal scales could provide the continuity of resources required to support 

functional biodiversity (e.g. natural enemies of pests and pollinators) providing the ecosystem 

services underpinning crop production (Schellhorn et al., 2015; Brooker et al., 2016). While 

landscape complexity and configuration is important in determining pest control and pollination 

services, the improvement of landscapes is difficult, often requiring the co-ordination of activities 

amongst many stakeholders  (Landis, 2017; Emery & Franks, 2012).  Implementing diverse cropping 

systems at the farm level can be done more quickly, with any benefits from improved ecosystem 

delivery more likely to be captured by the famer.    

 

The use of polycultures in crop systems has been shown to substantially reduce the yield gap between 

organic and intensive systems (Ponisio & Ehrlich, 2016), which suggests that the use of polycultures 

may have a role in reducing our reliance on agrochemical inputs. Crop systems that use legumes have 

lower nitrous oxide emissions and require less nitrogen fertiliser, but this can come at some economic 

cost (Reckling et al., 2016). Increasing the diversity of crop rotations has been also found to increase 

the stability of yields under variable soil moisture conditions (Gaudin et al., 2015). The use of 

polycultures such as bicropping and spring cropping within a crop rotation could help replace  

nitrogen mineral fertiliser inputs, and is also  likely to shape other ecosystem services, besides crop 

production, that underpin agricultural production.   

 

Polycultures that include legume bicrops can promote pest control without negatively impacting on 

crop production (Iverson et al., 2014). This can occur through bottom-up mechanisms by interfering 

with the ability of specialist pests to detect visual and olfactory cues from the crop (Tahvanainen & 

Root, 1972). Bicropping could also increase the complexity of vegetation architecture and provide 

resources for natural enemies leading to the enhancement of the top-down effects of natural pest 
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regulation (Landis et al., 2014). However diversification may not always be useful in promoting 

natural enemy activity, especially if it requires management practices such as ploughing which could 

be detrimental to natural enemy populations. However, despite spring cropping requiring  ploughing 

in early spring it does not appear to affect to adversely affect ground predators, especially ground 

beetles (Carabidae) and wolf spiders (Lycosidae) when compared to winter cropping  (Eyre et al., 

2012). Other management practices, may affect plant quality of the crop which can affect the 

suitability of the plant for pest reproduction. Nitrogen fertiliser has been found to increase 

Metopolophium dirhodum (rose-grain aphids) densities in winter wheat, although this effect was not 

consistent across years (Zhou & Carter, 1991).  Reducing nitrogen fertiliser and bicropping could lead 

to increases in both bottom-up and top-down control of crop pests.  

 

A further challenge faced by growers is increasing herbicide resistance which means that farmers will 

increasingly be looking to diversify their methods of suppressing weeds (Owen, 2016). However, 

diversified cropping systems do not always lead to greater weed suppression in the complete absence 

of herbicide, but can increase suppression if used in conjunction with herbicides (Ulber et al., 2009). 

Switching from winter to spring cropping can also lower weed levels when compared to winter 

cropping (Milberg et al., 2000).  

 

The effects of combining multiple management interventions together can lead to complex 

interactions between ecosystem services. Management approaches designed to increase weed 

suppression could reduce top-down aspects of natural pest regulation. Weed presence has been found 

to increase ground predator activity density although smaller Carabidae species have been found to 

prefer more open areas (Eyre et al., 2012). Van Gils et al. (2016) found that higher rates of nitrogen 

fertiliser with high levels of pollination services and natural pest regulation resulted in higher yields, 

although pollination and natural pest regulation services together had a larger effect than fertilisers. 

This study, however, did not show that the relationship between, pollination, natural pest regulation 

and yield was affected by nitrogen fertiliser. A study by Tamburini et al. (2016) looked at the 

interacting effects of conservation tillage and nitrogen fertiliser rates on multiple ecosystem services 

in wheat crops and  found that under higher nitrogen fertiliser rates, there was a negative relationship 

between weed diversity and predator abundance that was not there under lower nitrogen  fertiliser 

rates in wheat under conventional tillage. However, in wheat under conservation tillage there was no 

relationship between predator abundance and weed diversity at low or high nitrogen fertiliser rates. 

The effects of bicropping and spring cropping on multiple ecosystem services, under reduced nitrogen 

fertilisation, has yet to be examined.        

 

In this experiment we aimed to assess whether diversifying crop rotations with spring crops and 

legume bicrops under reduced nitrogen fertiliser rates could maintain or enhance multiple above 
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ground ecosystem services compared to a winter crop rotation lacking these interventions. We 

hypothesised that despite the reduction in nitrogen fertiliser, spring cropping and legume bicrops 

would enhance weed suppression sufficiently that crop production would be maintained when 

compared to winter cropping under conventional nitrogen fertiliser rates. Specifically we quantified   

indicators of i) crop production ii) natural pest regulation and iii) weed suppression and to assess how 

our management intervention mediates relationships between these ecosystem services. 

 

Methods 

Study site and experimental design 

Assessments of ecosystem service indicators were carried out in winter wheat (Relay) on the New 

Farming Systems trial at NIAB, Morley, East Anglia from May to July 2015 (52°33'N 01°01'E). The 

trial was first established in 2007, and was designed to evaluate the potential energy saving and 

fertility building benefits of different combinations of mixed cropping (legume bicrops and/or cover 

crops) rotation systems (winter or spring cropping) and nitrogen fertiliser application rates. 

Combinations of mixed cropping and rotation treatments resulted in ten treatment levels that were 

replicated in four blocks. The sequence of crops in each year was consistent across all treatments. The 

experiment used a shallow non-inversion establishment technique. Tillage varied according to season 

and crop but typically targeted 15 cm depth using disc and/or tine based approaches and a 

conventional pesticide regime was used throughout the trial. Farm scale machinery was used to 

implement the trial.   

 

Only a subset of the available treatment levels in the trial was explored in this study. Two rotation 

treatments (winter cropping only and mixed winter/spring cropping), hereafter ‘Rotation’, and two 

legume bicrop treatments (present  and absent) were examined, hereafter ‘Bicrop’ were fully crossed 

at the main plot scale (12 m x 24 m) to give four treatment levels (Figure 1). The differences between 

the winter cropping and mixed cropping rotation treatments can be found in Table 1. Two nitrogen 

fertiliser application rates, 100% (200kg ha -1) and 50% (100kg ha
-1

) “, hereafter ‘Nitrogen’, were 

also explored and were applied at the subplot level (12m x 12m) to all main plots. The white clover 

legume bicrop seed was broadcast into the crop.  

 

Ecosystem service indicators  

Yield was measured, and grain samples collected, from a 20 m
2
 area of each plot using a trial scale 

combine harvester. The protein content of the wheat grain was also assessed. Natural pest regulation 

services were measured using a Natural Pest Regulation Index (NPRI) which compared the change in 

inoculated aphid populations (Sitobion avenae) using cage enclosures (see method: Rusch et al. 2013) 

at ear emergence (GS 51; Zadoks et al., 1974). Two populations of between 50-100 aphids 
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(KatzBiotech AG, Welzheim, Germany) were inoculated onto the crop and allowed to establish for 

ten days prior to the experiment.  All natural enemies in the immediate vicinity were removed. A 

pitfall trap was placed adjacent to the inoculated wheat plants and a protective fleece, erected by 

bamboo canes was placed over the inoculated aphids to create favourable conditions for population 

establishment and to prevent any natural enemies predating the establishing colony. The experiment 

began by applying two treatments; the open treatment (O) and the caged (C) treatment. The C 

treatment involved excluding natural enemies from predating or parasitizing aphids. This was 

achieved by placing a steel ring ~5 cm into the soil around the inoculated plants with a mesh cage 

placed over the aphid population. The cage had a large 5 mm mesh which was covered in insect glue 

to prevent natural enemies from accessing the aphids. This experimental approach does not interfere 

with leaf gas exchange, leaf quality or create a micro-climate that could differ from the open treatment 

(Leather et al., 2017). The large mesh size however meant some smaller natural enemies may be able 

to pass through the mesh so insect glue was sprayed all over the mesh before it was placed over the 

inoculations. A pitfall trap was placed in the cage to trap any ground predators. The O treatment did 

not involve any cage equipment, leaving the aphids completely exposed to both ground and aerial 

predators. Aphids were counted at two stages at the start of the experiment (day 0) and then five days 

later (day 5).  

 

The NPRI was then calculated following the methodology of Gardiner et al (2009): 

𝑁𝑃𝑅𝐼 = 𝑁𝑂𝑝𝑒𝑛5/(𝑅𝐶𝑎𝑔𝑒  × 𝑁𝑂𝑝𝑒𝑛0) 

 

Where calculating the NPRI was carried out using the number of aphids (N) at day 0 and day 5 for in 

both the O and C treatment, using reproductive rate (R) of the C treatment for that same plot. Where 

the index was found to be negative (more  aphids in the O treatment than in  C) a value of zero was 

assigned to these cages as this indicates no effective predation (Rusch et al., 2013). Visual 

assessments were used to quantify the abundance of aphid crop pests, parasitized aphids and leaf 

predators (Linyphiidae and Araneidae; Syrphidae, Chrysopidae and Coccinellidae larvae) when plants 

exhibited the third node (GS 33), the opening of the flag sheath (GS 47) and half way through ear 

emergence (GS 55). Abundance of aphids was recorded by visually inspecting 50 tillers per plot. If no 

aphids were found after 50 tillers, further tillers were inspected until an aphid was found up to a total 

of 100 tillers. In order to assess ground dwelling natural enemy activity-density, pitfall traps were put 

out for 10 days from flag sheath opening to ear emergence. A killing fluid was added to the traps, 

made from two parts water and one part glycerol propylene, with a drop of washing up liquid added in 

order to break the surface tension. A rain shelter, made from Correx® plastic (Cordek, Slinfold, UK) 

and suspended above the pitfall trap with 70 mm nails, were used to prevent the pitfall traps flooding. 
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Figure 1. Diagram of one block (replicated four times) of the experimental design including the locations within 

the sub-plots that each set of assessments and experiments were carried out.  
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Table 1. Experiment Treatment levels with crop rotation sequence from 2007 to 2014. All assessments were carried out in year 8 in winter wheat 

(var. Relay). 

                        
 

 
Rotation treatment Nitrogen fertiliser 

Legume  

bicrop 
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7  Year 8 

 

 
Winter cropping  50% Present  

Winter 

wheat 

Winter 

OSR 

Winter 

wheat  

Winter 

beans 

Winter 

wheat 

Winter 

barley 

Winter 

OSR 

Winter 

wheat  

  
50% Absent 

Winter 

wheat 

Winter 

OSR 

Winter 

wheat  

Winter 

beans 

Winter 

wheat 

Winter 

barley 

Winter 

OSR 

Winter 

wheat  

  
100% Present  

Winter 

wheat 

Winter 

OSR 

Winter 

wheat  

Winter 

beans 

Winter 

wheat 

Winter 

barley 

Winter 

OSR 

Winter 

wheat  

  
100% Absent 

Winter 

wheat 

Winter 

OSR 

Winter 

wheat  

Winter 

beans 

Winter 

wheat 

Winter 

barley 

Winter 

OSR 

Winter 

wheat  

 
Mixed cropping 50% Present  

Spring 

wheat  

Spring 

OSR 

Winter 

wheat  

Winter 

beans 

Winter 

wheat 

Spring 

barley 

Winter 

OSR 

Winter 

wheat  

  
50% Absent 

Spring 

wheat  

Spring 

OSR 

Winter 

wheat  

Winter 

beans 

Winter 

wheat 

Spring 

barley 

Winter 

OSR 

Winter 

wheat  

  
100% Present  

Spring 

wheat  

Spring 

OSR 

Winter 

wheat  

Winter 

beans 

Winter 

wheat 

Spring 

barley 

Winter 

OSR 

Winter 

wheat  

 
  100% Absent 

Spring 

wheat  

Spring 

OSR 

Winter 

wheat  

Winter 

beans 

Winter 

wheat 

Spring 

barley 

Winter 

OSR 

Winter 

wheat  
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All specimens were removed and placed in industrial methylated spirit (IMS) for preservation in the 

laboratory. Specimens were then identified in the laboratory and identified to order. Weed suppression 

was assessed by measuring weed cover (%) in five randomly placed 0.25 m
2
 quadrats per plot in the 

autumn (30/10/2014), spring (10/03/2015) and late summer (23/07/2015). Dry weed biomass (g m
2-1

) 

was assessed by collecting and weighing plant material from four randomly placed within a week of 

harvest (23/07/2015).    

Data analysis  

Indicators of ecosystem services were analysed in R version 3.2.4 (R Core Team, 2017) using linear 

(LMMs) and generalised linear mixed (GLMMs) effect models with model structures described in full 

in Table 2. Rotation, Bicrop and Nitrogen were included in all models as fixed effects along with all 

interaction terms between these factors including a three way interaction term. As there were only 

four blocks in total, block was included as a fixed effect to capture the variation in soil conditions 

across the field (Bolker et al., 2009). As N was applied at the sub-plot level it was specified as being 

nested within Bicrop (a main-plot treatment factor) which in turn was nested within block (Crawley, 

2012).  

 

The significance of terms in LMMs and GLMMS were assessed by carrying out likelihood ratio tests 

(LRT χ
2
) on models with and without the terms, and were performed in the lme4 and glmmADMB 

packages respectively. Model selection was carried out by removing the least significant terms from 

the model in a backwards step wise manner, starting with the highest order interaction terms, until all 

terms in the model were significant (apart from block which was retained in all models regardless of 

significance) (Crawley, 2012; Onofri et al., 2016; Zuur et al., 2009). Where more than one survey was 

carried out, round was added to the random effect structure and treated as a split-split-plot factor 

(Altman & Krzywinski, 2015). Due to there being no more than three rounds for any of the 

assessments, compound symmetry was deemed an appropriate correlation structure for models 

(Piepho et al., 2004). To interpret significant effects of factors with more than two levels, post-hoc 

tests were done with the phia packages for LMMs and GLMMs respectively.  

 

For aphid abundance, canopy predator abundance and parasitism rate, models included an offset 

variable which took account of the number of tillers searched in that round (Reitan & Nielsen, 2016). 

Aphid abundance was included as covariate in leaf predator abundance, ground predator abundance 

and parasitism rate models (Tamburini et al., 2016). Due to excess zeros and overdispersion for aphid 

abundance and canopy predator abundance, alternative distributions and link function were explored 

with the maximal models and chosen comparisons being made by AIC values. Adding a zero-inflation 

term was explored in both models but did not improve model fit. Ground predator abundance was 

analysed using a Gaussian family and identity link function due to large numbers of ground predators 
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with no zero observations. Ground predator abundance, NPRI, yield, autumn weed cover (%) and 

weed biomass were analysed using a Gaussian family and identity link function.  

 

All indicators were standardised by calculating the maximum and minimum value for each indicator 

(Y = (value-min)/(max-min)). Where necessary, indicators were transformed (1-indicator) so that high 

values corresponded to high values of ecosystem service provision (indicators aphid abundance, aphid 

growth rate, autumn weed cover and weed biomass were all transformed this way). Principle 

Component Analysis was then performed using the prcomp() function in the Stats package in R to 

derive the first principal component (PC1) from three groups of  indicators i) yield, grain protein 

content and tiller density as ‘crop production’; (ii) NPRI, ground predator abundance, canopy predator 

abundance, aphid abundance and aphid growth rate as ‘pest regulation’ and autumn weed cover and 

weed biomass as ‘weed suppression’. The scaling argument was used to ensure all indicators were 

rescaled to have variances of 1 and means of 0. The PC1 was then used as a latent variable in a LMM 

where the relationship between crop production and pest regulation, crop production and weed 

suppression.   
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Table 2. A summary of the analyses carried out in this study with details of the response variables and model structures 

      

 Ecosystem Service Ecosystem Service Indicator Model 
 

1) Natural pest 

regulation 
NPRI 

Y ~ Nitrogen x Bicrop x Rotation + Block, random = Block/Bicrop, family = 

Gaussian, link =  identity  

 

Aphid population growth rate 

(over a five day period) 

Y ~ Nitrogen x Bicrop x Rotation + Block, random = Block/Bicrop, family = 

Gaussian, link =  identity  

 

Aphid abundance (three rounds of 

visual counts)  

Y ~ Nitrogen x Bicrop x Rotation + Block + offset(log(Tillers)), random = 

Block/Bicrop/Round, family = Negative binomial, link = log  

 

 

Canopy predator abundance (three 

rounds of visual counts) 

Y ~ Nitrogen x Bicrop x Rotation + Block + offset(log(Tillers)) + Aphid 

abundance, random = Block/Bicrop/Round, family = Negative binomial, link 

= log 
 

 

Parasitism rate (% parasitised 

aphids - three rounds of visual 

counts) 

logit(Y) ~ Nitrogen x Bicrop x Rotation + Block, random = 

Block/Bicrop/Round, family = Gaussian, link =  identity  

 
Ground predator abundance 

Y ~ Nitrogen x Bicrop x Rotation + Block  + Average Aphid abundance, 

random = Block/Bicrop, family = Gaussian, link =  identity  

2) Weed suppression Autumn weed cover (% cover) 
Y ~ Nitrogen x Bicrop x Rotation + Block, random = Block/Bicrop/Round, 

family = Gaussian, link =  identity  

 
Weed biomass (g m

2-1
) 

Y ~ Nitrogen x Bicrop x Rotation + Block, random = Block/Bicrop, family = 

Gaussian, link =  identity  

3) Crop production Yield (kg ha
-1

) 
Y ~ Nitrogen x Bicrop x Rotation + Block, random = Block/Bicrop, family = 

Gaussian, link =  identity  

 
Grain protein (%) 

Y ~ Nitrogen x Bicrop x Rotation + Block, random = Block/Bicrop, family = 

Gaussian, link =  identity  

  
Tiller density (m

2
) 

Y ~ Nitrogen x Bicrop x Rotation + Block, random = Block/Bicrop, family = 

Gaussian, link =  identity  
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Results 

The percentage cover of legume bicrop (mean 0.01%) in plots with the Bicrop treatment was not high 

in the season that we carried out our analyses.   

 

Natural pest regulation 

Canopy predators 

There was no significant three-way interaction effect between Bicrop, Nitrogen and Rotation (LRT χ
2
 

(1) = 0.15, P = 0.70), interaction effect between Nitrogen and Rotation (LRT χ
2
 (1) = 0.54, P = 0.46) 

nor interaction effect between Rotation and Bicrop on canopy predator abundance (LRT χ
2
 (1) = 1.26, 

P = 0.26). There was however a significant interaction between Nitrogen and Bicrop (LRT χ
2
 (1) = 

8.55, P = 0.0035) (Fig 2a). Plots with 50% of the standard nitrogen fertiliser dose, but without a 

Bicrop, had a mean density of 0.0074 canopy predators per tiller, whereas in plots with a Bicrop there 

was a mean density of 0.0029 canopy predators per tiller. However, the opposite was true in plots 

where 100% of the standard nitrogen fertiliser dose had been applied. Here the mean density of 

canopy predators in the absence of Bicrops was 0.00042 per tiller compared to 0.005 per tiller in plots 

with a Bicrop. There was a significant effect of Rotation, and independent of the interaction between 

Nitrogen and Bicrop (LRT χ
2
 (1) = 8.07, P = 0.0045) on canopy predator abundance (Fig 2b). Here 

plots subjected to winter only sowings had 0.0059 canopy predators per tiller whereas plots subjected 

to spring and winter sowings had 0.0019 canopy predators per tiller.  

 

Ground predators 

The three way interaction effect between Bicrop, Nitrogen and Rotation on ground predator 

abundance was significant (LRT χ
2
 (1) = 8.51, P = 0.004) (Fig 3). In plots where 50% nitrogen 

fertiliser doses were applied and that had a history of only winter sowings the presence of a Bicrop 

lowered total ground predator activity-densities (144.5 Bicrop present; 185.25 Bicrop absent), 

however, in plots with a mixture of spring and winter sowings the presence of a Bicrop had little 

effect on total ground predator activity-densities (215 Bicrop present; 222 Bicrop absent) (Fig 3a).  
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Figure 2. Graphs showing the abundance of canopy predators per wheat tiller in plots a) with and without a 

legume Bicrop with different nitrogen application rates and b) under different rotation treatments.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 
* 

Bicrop x Nitrogen** 
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In plots where 100% nitrogen fertiliser doses were applied the opposite effects occurred (Fig 3b). In 

these plots which also had a history of only winter sowings the presence of a Bicrop increased total 

ground predator activity-densities moderately (165.25 Bicrop present; 144.5 Bicrop absent), however, 

in plots with a mixture of spring and winter sowings the presence of a Bicrop had a larger effect on 

total ground predator activity-densities, but to the opposite extent of plots under 50% nitrogen 

fertiliser (139.25 Bicrop present; 239.5 Bicrop absent). 

 

Parasitism rate 

There was no significant three-way interaction effect between Bicrop, Nitrogen and Rotation (LRT χ
2
 

(1) = 2.33, P = 0.13), interaction effect between Nitrogen and Bicrop (LRT χ
2
 (1) = 0.71, P = 0.40), 

interaction effect between Nitrogen and Rotation (LRT χ
2
 (1) = 0.85, P = 0.36) or interaction effect 

between Bicrop and Rotation (LRT χ
2
 (1) = 0.97, P = 0.33) on parasitism rate. There was no 

significant effect of Rotation (LRT χ
2
 (1) = 3.42, P = 0.064), Bicrop (LRT χ

2
 (1) = 0.0043, P = 0.95) 

or Nitrogen (LRT χ
2
 (1) = 0.71, P = 0.40) on parasitism rate. 

 

Aphids 

There was a significant three way interaction effect between Bicrop, Nitrogen and Rotation on aphid 

abundance (LRT χ
2
 (1) = 9.50, P = 0.0021). In plots subject to winter only sowings in the rotation 

history, aphid densities (per tiller) were similar regardless of Nitrogen fertiliser application levels or 

the presence of a Bicrop (50% N and Bicrop 0.15; 100%N and Bicrop 0.13; 50% N and no Bicrop 

0.14; 100% N and no Bicrop 0.11) (Fig 4). However for plots subject to mixtures of spring and winter 

sowings in the rotation history and subject to 50% Nitrogen fertiliser rates (Fig. 4a), the presence of 

legume Bicrop had aphid densities (per tiller) of 0.19 and without a Bicrop 0.06. In plots subject to 

100% doses of nitrogen fertiliser rates the presence of a Bicrop had the opposite effect, where the 

presence of a Bicrop present led to aphid densities of 0.095 and without a Bicrop 0.20 (Fig. 4b). 
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Figure 3. Graphs showing the abundance of aphids per wheat tiller in plots a) with and without a legume bicrop 

under different rotations with 50% nitrogen fertiliser rate applied b) with and without a legume bicrop under 

different rotations with 100% nitrogen fertiliser rate applied.  
 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 

Bicrop x Nitrogen x Rotation** 
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Figure 4. Graphs showing the abundance of aphids per wheat tiller in plots a) with and without bicrop under 

different Rotations with 50% nitrogen fertiliser rate applied b) with and without bicrop under different Rotations 

with 100% nitrogen fertiliser rate applied. 
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Bicrop x Nitrogen x Rotation** 
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Natural Pest Regulation Index     

There was no significant three way interaction effect between Bicrop, Nitrogen and Rotation (LRT χ
2
 

(1) = 0.48, P =0.83), interaction effect between Nitrogen and Bicrop (LRT χ
2
 (1) = 0.91, P = 0.63), 

interaction effect between Nitrogen and Rotation (LRT χ
2
 (1) = 1.38, P = 0.24) or interaction effect 

between Bicrop and Rotation (LRT χ
2
 (1) = 2.12, P = 0.15) on NPRI. There was no significant effect 

of Rotation (LRT χ
2
 (1) = 2.60, P = 0.11), Bicrop (LRT χ

2
 (1) = 2.10, P = 0.15) or Nitrogen (LRT χ

2
 

(1) = 2.53, P = 0.11) on NPRI. 

 

Aphid population growth 

There was no significant three way interaction effect between Bicrop, Nitrogen and Rotation 

significant (LRT χ
2
 (1) = 2.26, P =0.13), interaction effect between Nitrogen and Bicrop (LRT χ

2
 (1) = 

3.28, P = 0.070), interaction effect between Nitrogen and Rotation (LRT χ
2
 (1) = 2.35, P = 0.13), 

interaction effect between Bicrop and Rotation (LRT χ
2
 (1) = 1.51, P = 0.22) on aphid population 

growth. There was no significant effect of Rotation (LRT χ
2
 (1) = 0.31, P = 0.58), Bicrop (LRT χ

2
 (1) 

= 2.10, P = 0.15) or Nitrogen (LRT χ
2
 (1) = 0.11, P = 0.74) on aphid population growth. 

 

Weed suppression 

Autumn weed cover 

There was no significant three way interaction effect between Bicrop, Nitrogen and Rotation (LRT χ
2
 

(1) = 3.49, P = 0.062) or interaction effect between Nitrogen and Bicrop (LRT χ
2
 (1) = 3.79, P = 

0.052), or interaction effect between Bicrop and Rotation (LRT χ
2
 (1) = 3.13, P = 0.77) on autumn 

weed cover , but there was a significant interaction  effect between Nitrogen and Rotation (LRT χ
2
 (1) 

= 5.88, P = 0.015) on autumn weed cover (Fig 5a). In plots with 50% Nitrogen application rates, 

autumn weed cover was much lower in plots with a rotation history of spring and winter cropping 

(1.9%) than plots with a rotation history of winter only cropping (4.2%). However, in plots with 100% 

Nitrogen application rates there was little difference in autumn weed cover between plots with winter 

a rotation history of spring and winter cropping (2.9 %) and winter only cropping (3.2%). Bicrop was 

not significant (LRT χ
2
 (1) = 1.47, P = 0.22).  

 

Total weed biomass 

The three way interaction effect between Bicrop, Nitrogen and Rotation (LRT χ
2
 (1) = 2.33, P = 0.13), 

the two way interaction effect between Nitrogen and Bicrop (LRT χ
2
 (1) = 3.79, P = 0.052), or Bicrop 

and Rotation (LRT χ
2
 (1) = 0.91, P = 0.34) on total weed biomass were not significant. However, the 

interaction effect between Nitrogen and Rotation on total weed biomass was significant (LRT χ
2
 (1) = 

21.09, P <0.001) (Fig 5b). In plots under 50% nitrogen fertiliser rates, which were also subject to 

spring and winter sowings, weed biomass was lower (0.7 g per m
2
) than plots under winter sowings 

only (2.0 g per m
2
). However in plots subjected to 100% nitrogen fertiliser rates, which were also 
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subject to spring and winter sowings, weed biomass was far lower (0.03 g per m
2
) compared to plots 

under winter sowings only (0.69 g per m
2
). Bicrop was not significant (LRT χ

2
 (1) = 0.84, P = 0.36). 
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Figure 5. Graph showing a) the cover of weeds in autumn and b) weed biomass in plots under different 

Rotations with different nitrogen fertiliser application rates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 
Nitrogen x Rotation* Nitrogen x Rotation*** 
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Crop production 

Tiller density 

The three-way interaction effect between Bicrop, Nitrogen and Rotation on tiller density was not 

significant (LRT χ
2
 (1) = 1.11, P = 0.29). The interaction effect between Bicrop and Rotation (LRT χ

2
 

(1) = 0.58, P = 0.45) or the interaction effect between Nitrogen and Rotation (LRT χ
2
 (1) = 1.71, P = 

0.19) or was the two way interaction effect between Nitrogen and Bicrop (LRT χ
2
 (1) = 2.40, P = 

0.12) on tiller density was not significant. The effect of Bicrop on tiller density was also not 

significant (LRT χ
2
 (1) = 0.54, P = 0.46) but both Rotation (LRT χ

2
 (1) = 7.55, P = 0.006) and 

Nitrogen were significant (LRT χ
2
 (1) = 40.331, P < 0.001) (Fig 6a). Tiller density was affected by 

whether plots had been subjected to winter sowings only (81 tillers per m
2
) or a mixture of winter and 

spring cropping (77 tillers per m
2
). It was also affected by nitrogen fertiliser, with 100% doses (85 

tillers per m
2
) differing from 50% nitrogen rates (73 tillers per m

2
).  

 

Wheat protein 

The three way interaction effect between Bicrop, Nitrogen and Rotation on wheat protein was not 

significant (LRT χ
2
 (1) = 0.87, P = 0.35). The interaction effect between Bicrop and Rotation (LRT χ

2
 

(1) =0.74, P = 0.39), or the interaction effect between Nitrogen and Rotation (LRT χ
2
 (1) = 0.45, P = 

0.50), or was the interaction effect between Nitrogen and Bicrop (LRT χ
2
 (1) = 0.44, P = 0.50) on 

tiller density were not significant. Neither the effect of Bicrop (LRT χ
2
 (1) = 1.20, P = 0.27), or the 

effect of Rotation on wheat protein was significant (LRT χ
2
 (1) = 0.90, P = 0.34). However  the effect 

of Nitrogen on wheat protein was significant (LRT χ
2
 (1) = 89.13, P < 0.001) (Fig 6b) with the wheat 

plots applied with 100% nitrogen fertiliser having a protein content around 25% higher than wheat 

plots applied with  50% nitrogen fertiliser.  

 

Yield 

The three way interaction effect between Bicrop, Nitrogen and Rotation on yield was not significant 

(LRT χ
2
 (1) = 2.66, P = 0.10). Neither the interaction effect between Nitrogen and Bicrop (LRT χ

2
 (1) 

= 0.25, P = 0.62), or Bicrop and Rotation (LRT χ
2
 (1) =0.025, P = 0.88) or the interaction effect 

between Nitrogen and Rotation (LRT χ
2
 (1) = 0.28, P = 0.60) on yield was not significant. The effect 

of Bicrop was also not significant (LRT χ
2
 (1) = 1.25, P = 0.26) or Rotation (LRT χ

2
 (1) = 1.52, P = 

0.22) on yield but the effect of Nitrogen was significant (LRT χ
2
 (1) = 40.33, P < 0.001) (Fig 6c) with 

wheat plots applied with 100% rates of nitrogen fertiliser having approximately 15%  higher than 

plots applied with 50% nitrogen rates.    
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Figure 6. Graphs showing a) the tiller density under different Rotations, b) protein content and c) yield all with 

different nitrogen fertiliser application rates. 
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Relationships between ecosystem services 

All the first principal components from each ecosystem service had an eigenvalue greater than 1 and 

were therefore useful to carry out analyses exploring the relationships between the ecosystem services 

and whether they were mediated by Bicrop, Rotation or Nitrogen effects (Thomas, 2015).  

 

Crop production vs natural pest regulation 

The interactions between the treatments and the natural pest regulation ecosystem service were 

explored to determine whether they explained variation in crop production. The four way interaction 

effect between Bicrop, Nitrogen, Rotation and natural pest regulation on crop production was not 

significant (LRT χ
2
 (1) = 1.48, P = 0.23). The three way interaction effect between Bicrop, Nitrogen 

and Natural pest regulation on crop production was also not significant (LRT χ
2
 (1) = 0.80, P = 0.37) 

nor the three way interaction effect between Bicrop, Rotation and natural pest regulation (LRT χ
2
 (1) 

= 1.47, P = 0.22) nor the three way interaction effect between Nitrogen, Rotation and Natural pest 

regulation (LRT χ
2
 (1) = 1.47, P = 0.23). The interaction effect between Bicrop and Natural pest 

regulation on crop production was not significant (LRT χ
2
 (1) = 2.82, P = 0.09), or the interaction 

effect between Nitrogen and Natural pest regulation (LRT χ
2 
(1) = 0.0096, P = 0.92), or the interaction 

effect between Rotation and Natural pest regulation (LRT χ
2
 (1) = 0.074, P = 0.79). The effect of 

Natural pest regulation on crop production was not significant (LRT χ
2
 (1) = 0.2.77, P = 0.096) (Fig. 

7a).    

 

Crop production vs weed suppression 

The interactions between the treatments and the weed suppression ecosystem service were explored in 

whether they explained variation in the ecosystem service of crop production. The four way 

interaction effect between Bicrop, Nitrogen, Rotation and Weed suppression on crop production was 

not significant (LRT χ
2 
(1) = 1.53, P = 0.22). The three way interaction effect between Bicrop, 

Nitrogen and Weed suppression on crop production was not significant (LRT χ
2
 (1) = 0.0015, P = 

0.97) or the three way interaction effect between Bicrop, Rotation and weed suppression (LRT χ
2
 (1) 

= 2.76, P = 0.10) or the three way interaction between Nitrogen, Rotation and weed suppression (LRT 

χ
2
 (1) = 0.51, P = 0.47). The interaction effect between Bicrop and weed suppression on crop 

production was not significant (LRT χ
2
 (1) = 0.03, P = 0.85), or the two way interaction between 

Nitrogen and Weed suppression (LRT χ
2
 (1) = 3.28, P = 0.07), or the two way interaction between 

Rotation and Weed suppression (LRT χ
2
 (1) = 2.31, P = 0.13). There was a significant positive 

relationship between Weed suppression and Crop production (LRT χ
2
 (1) = 7.81, P = 0.0052) (Fig 

7b).    

 



CHAPTER 4 BENEFITS OF INTEGRATING NOVEL PRACTICES INTO ROTATIONS 

 

115 

 

Natural pest regulation vs weed suppression 

The interactions between the treatments and the weed suppression ecosystem service were explored in 

whether they explained variation in the ecosystem service of pest regulation. The four way interaction 

between Bicrop, Nitrogen, Rotation and Weed suppression was not significant (LRT χ
2
 (1) = 0.60, P = 

0.44). The three way interaction between Bicrop, Nitrogen and Weed suppression was not significant 

(LRT χ
2 
(1) = 0.03, P = 0.87) nor the three way interaction between Bicrop, Rotation and Weed 

suppression (LRT χ
2
 (1) = 0.24, P = 0.62) nor the three way interaction between Nitrogen, Rotation 

and Weed suppression (LRT χ
2
 (1) = 0.47, P = 0.49). The two way interaction between Bicrop and 

Weed suppression was not significant (LRT χ
2
 (1) = 2.53, P = 0.11), nor the two way interaction 

between Nitrogen and Weed suppression (LRT χ
2
 (1) = 0.31, P = 0.58), nor the two way interaction 

between system and weed suppression (LRT χ
2
 (1) = 0.19, P = 0.66). There was a significant positive 

relationship between weed suppression and pest regulation (LRT χ
2
 (1) = 4.76, P = 0.029) (Fig 7c).  
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Figure 7. Graphs showing the relationships between a) crop production and pest regulation and b) crop 

production and weed suppression and c) pest regulation and weed suppression in wheat in 2015. The black line 

is the predicted relationship from the minimal model with grey shaded area the 95% confidence intervals with 

black dots as partial residuals. 
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Discussion 

There was a very low level of legume bicrop cover (mean 0.01%) in plots with the bicrop treatment in 

year of this study. This suggests that any effects of this treatment are more likely to be legacy effects 

from earlier in the experiment, potentially mediated through the impact of the legume bicrop 

treatment on soil and plant quality in the year the study was carried out.  

 

Canopy predator densities were 211% higher in plots where only winter sowings had been carried out 

when compared to plots that had undergone a combination of both winter and spring sowings and this 

effect was independent of the nitrogen fertiliser dose applied or whether a bicrop was used (Fig 2b). 

The effect of nitrogen fertiliser level interacted with the presence of the bicrop to affect canopy 

predator densities. Plots where 50% of the standard nitrogen dose had been applied had 155% higher 

densities of canopy predators in the absence of bicrops when compared to plots with a bicrop. 

However, plots under the standard nitrogen dose had the opposite relationship, where canopy predator 

densities in the absence of a bicrop were only 8.4% of the canopy predator densities of plots with a 

bicrop (Fig 2a). As aphid abundance was controlled for in all models these effects on canopy predator 

density were independent of variation in aphid densities. Ground predator densities were mediated by 

the interaction between nitrogen fertiliser, presence of a legume bicrop and the history of crop 

sowings in the Rotation (Fig 3). Plots where 50% nitrogen fertiliser levels were applied, and a history 

of spring and winter sowings, had similar ground predator activity-densities irrespective of whether 

there was a bicrop or not. However, in plots that had a history of only winter sowings the presence of 

a bicrop decreased activity-densities by 22% compared to plots with mixed sowings. Again in plots 

where standard nitrogen fertiliser doses were applied the opposite occurred in comparison to plots 

where 50% nitrogen fertiliser rates were applied. Here, winter only sowings seemed to have a 

relatively consistent effect on ground predator activity density in both plots with and without a bicrop. 

In plots that had a mixture of spring and winter sowings, the presence of the legume bicrop had a 

similar impact on ground predator numbers as the other treatment combinations but the absence of a 

legume bicrop led to an increase of 172%. Parasitism rates were unaffected by the interaction between 

management approaches or the independent effects of the management on their own.  

 

The findings here suggest that there are complex, unpredictable interactions between agricultural 

management approaches and the suitability of plots for both ground and canopy predators, but no 

apparent impact on parasitoid activity. In Sunderland & Samu's (2000) review of the literature, spider 

densities were found to be higher in 80% of studies looking at interspersed agricultural diversification 

(e.g. under-sowing of other crops, weed cover, mulching and reduced tillage). Letourneau et al. 

(2011) used the more powerful approach of a meta-analysis and found that, in general, intercropping 

increased predator abundance or parasitism rates, however, increased natural enemy effects seen at 
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larger scales were not detected in studies carried out in studies exploring smaller scales (< 225m
2
). 

Our findings show some evidence that natural enemy abundances were improved by the presence of 

legume bicrops, but this finding was only detected when standard nitrogen fertiliser rates were applied 

(Fig. 2) for canopy predators, and combined with crops with both spring and winter sowings under 

50% nitrogen fertiliser application rates for ground predators. Additionally, the very low levels of 

legume bicrop cover in the year of this study suggest that classic mechanisms of improved natural 

enemy abundance from intercropping may not operate.  For example, Root’s (1973) ‘enemies 

hypothesis’, which states that increased natural enemies are enhanced by alternative prey, floral 

resources, refugia and micro-habitats provided by intercropping systems , does not explain the 

differences observed here. There were generally positive effects of spring and winter sowing of crops 

on ground predator activity and density, despite evidence that spring crops can impact on autumn 

breeding carabid species (Purvis & Fadl, 2002). Other studies looking at the impacts agricultural 

management on parasitism rates is mixed. Conservation tillage in wheat has been found to increase 

parasitism rates (Tamburini et al., 2015a), but tillage intensity did not affect parasitism rates in oilseed 

rape (Hanson et al., 2015). Crop rotational diversity at a landscape level has been associated with 

increased stability in parasitism rates but not in overall levels (Rusch et al., 2013). Parasitism rates 

have been found to decline with distance from non-crop habitats (Bianchi et al., 2015), however other 

studies have not found any impact of landscape heterogeneity on parasitism rates (Rusch et al., 2013). 

Bianchi et al. (2015) found that meteorological variables such as temperature and wind were as 

important in explaining variation in parasitism rates as landscape factors.    

 

Similar complex interactions were found for aphid densities with interactions between the cropping 

history of the rotation, bicrops and nitrogen fertiliser application rates. In plots subject to winter only 

sowings in the Rotation history, aphid densities were similar regardless of nitrogen fertiliser 

application levels or the presence of a bicrop (Fig 4). However for plots subject to mixtures of spring 

and winter sowings, there were interactions between the presence of a bicrop and the nitrogen 

fertiliser rate. In plots subject to 50% nitrogen fertiliser rates, the presence of legume bicrop led to an 

aphid density increase of 217%, whereas in plots subject to standard doses of nitrogen fertiliser rates 

the presence of a bicrop had the opposite effect, with aphid densities decreasing by 53%. 

Aphids have been found in higher densities on cereal crops under conventional fertiliser treatment 

when compared to organic slow-release fertilisers, however, these effects differed according to 

different species, with Metopolophium dirhodum responding to plant morphology changes and 

Rhopalosiphum padi responding to the timing of nutrient availability. However, Garratt et al. (2011) 

used a meta-analysis to explore how aphid densities responded to organic management and concluded 

that there was no effect of organic fertiliser on aphid densities when compared to conventional 

fertilisers. In our study, when considering the most diversified and least intensive treatment 

combination (mixed cropping Rotation history, 50% fertiliser rates, legume bicrop) and comparing it 
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to the most conventional management combination (winter cropping Rotation history, standard 

fertiliser application rates and no legume bicrop) there is also little difference in aphid densities. The 

lack of differences between nitrogen fertiliser application rates could be due to the absence of an 

effect on different bottom-up effects occurring in different directions cancelling each other out. For 

example, nitrogen fertiliser has been found to increase the fecundity and developmental rates of aphid 

pests and is correlated with higher soluble nitrogen in leaf tissue (van Emden, 1966). However, higher 

nitrogen fertiliser rates may enhance aspects of plant resistance to crop pests such as through chemical 

deterrence, improved physical barriers and reducing plant palatability (Chen, 2008), and has been 

shown to reduce herbivore growth rates (Tao & Hunter, 2015). A review of the impact found that 

overall (60% of 186 studies) pests respond positively to higher levels of nitrogen fertilisation (Waring 

& Cobb, 1992).   

 

The Natural Pest Regulation Index (NPRI) was unaffected by the interaction between management 

approaches or the independent effect of any of the management effects on their own. This contrasts 

with Tamburini et al. (2015) who used exclusion cages to assess the impacts of a pest outbreak under 

different tillage management and found that infield diversification, in this case conservation tillage, 

led to higher levels of natural pest regulation from ground predators, although overall natural pest 

regulation did not differ between conservation tillage and conventional tillage. Rusch et al (2013) 

found that using exclusion cages there was no difference in mean natural pest regulation with crop 

Rotation diversity at the landscape scale.  

 

Autumn weed cover was affected by the interaction between nitrogen fertiliser application rate and 

Rotation history. In plots with 50% nitrogen application rates, autumn weed cover was 54% lower in 

plots with a Rotation history of spring and winter cropping than plots with a Rotation history of winter 

only cropping. However, in plots with standard nitrogen application rates there was little difference in 

autumn weed cover between plots with winter a Rotation history of spring and winter cropping and 

winter only cropping. Total weed biomass was mediated by both nitrogen application rates and crop 

Rotation history. Under 50% nitrogen application rates, total weed biomass was much 65% lower in 

plots with a Rotation history of spring and winter cropping than plots with a Rotation history of winter 

only cropping (Fig 5b). However, under standard nitrogen application rates there was a generally 

lower level of weeds across both rotations, but a much larger reduction (96%) in total weed biomass 

between plots with a history of spring and winter cropping  than winter only (Fig 5a). 

 

Weed biomass and cover is affected primarily by the use of herbicides, but if used with diverse crop 

Rotations, weed suppression can be enhanced (Ulber et al., 2009). Spring cropping has also been 

shown to decrease weed biomass in the same cropping season (Milberg et al., 2000), which could 

have a legacy effect throughout the Rotation. Other studies have found that legume bicrops can also 
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increase weed suppression in cereal crops (Liebman & Davis, 2000), but in the present study the 

cover is likely to have been be insufficient to have an effect. Here, increasing nitrogen fertiliser 

application rates did not affect overall levels of weed cover in autumn, but did mediate the effect of 

the different cropping Rotations. Overall, weed biomass was lower under standard compared with 

reduced nitrogen fertiliser rates, perhaps due to the increased competitive ability of the crops, 

maximising leaf area and increasing light interception (Mackenzie, 1996).         

 

Tiller density was affected by the amount of nitrogen fertiliser with much greater tiller density in plots 

applied with standard rates of nitrogen fertiliser (+16.4%) when compared to plots applied with 50% 

nitrogen rates. Tiller density was also affected by whether plots had been subjected to winter sowings 

only or a mixture of winter and spring cropping, with winter cropping having higher tiller densities 

(+5.2%) compared to spring and winter sowings. Wheat protein was only affected by the amount of 

nitrogen fertiliser with higher level of protein content in plots applied with standard rates of nitrogen 

fertiliser (+16.4%) than when compared to plots applied with 50% nitrogen rates. Crop yields were 

only affected by the amount of nitrogen fertiliser with plots applied with standard rates of nitrogen 

fertiliser having higher yields (+18.1%) than plots applied with 50% nitrogen rates. 

 

Crop production, namely yield per unit area, has been found to be higher with legume bicrops at the 

plant level but not at the area level (Iverson et al., 2014). The number of tillers per plant is, therefore, 

higher but as the number of plants is lower, yields per unit area remain unaffected. Although, we did 

not assess per plant yields, this could explain why the legume bicrop did not improve yields per unit 

area. Equally, however there may also be simply a lack of an effect on legume bicrop due to low 

levels of establishment. Ponsio et al. (2014) found that when comparing organic to conventional 

agriculture, conventional approaches with inorganic nitrogen fertiliser led to yields on average ~20% 

higher. Another long term study comparing the inclusion of leys under 0% and conventional rates of 

inorganic nitrogen fertiliser found that, irrespective of the ley treatment, nitrogen fertiliser increased 

yield (38-80%) and protein (19.8-24.2%) content (Albizua et al., 2015). Our findings here comparing 

50% rates with 100% fertiliser rates where the higher rate increased yields by 18.1%, broadly 

compare with these studies. However, although a yield penalty was incurred here under lower 

nitrogen fertiliser rates, at a global level fertiliser reduction can occur in a variety of other contexts 

without impacting on crop production (Mueller et al., 2014).                

 

None of the treatments mediated any of the relationships between ecosystem services. Variation in 

crop production was not associated with natural pest regulation. However, there was a positive 

relationship between crop production and weed suppression with greater levels of weed suppression 

leading to increases in crop production. There was also a positive relationship between pest regulation 

and weed suppression. 
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Albizua et al. (2015) related soil regulating services to crop production services and found a positive 

relationship. Here, we found a positive relationship between weed suppression regulation and crop 

production but no relationship between natural pest regulation and crop production. However, we did 

not find that aspects of agricultural management including nitrogen fertiliser, legume bicrops and 

Rotational cropping history mediated any of these relationships between ecosystem services. 

Tamburini et al. (2016) also explored the effects of agricultural management on mediating 

relationships between ecosystem services. This study looked at the relationships between individual 

indicators and found that generally there was no relationship between yield and indicators of natural 

pest regulation but under conservation tillage under standard nitrogen fertiliser application rates there 

was a negative relationship between yield and parasitism rates. They also found that under 

conventional tillage, with no nitrogen application, that there was a positive relationship between 

indicators of weed suppression and parasitism rates. This shows that where the difference between 

treatments is large (0 and standard nitrogen application rates and large differences in tillage intensity) 

agricultural management has the ability to shape relationships between ecosystem service indicators.  

 

Conclusion  

In this study it is possible that the gradient between treatment levels was not sufficient to disrupt 

relationships between ecosystem services and that these are only apparent when there is a greater 

differential between treatments. We did however find that single ecosystem services could be affected 

by agricultural management. Wheat plots with a mixed cropping history increased weed suppression 

compared to winter cropping, but this effect diminished with intensification of the system. This study 

provides further evidence of how intensification of agricultural can mask the impact of practices that 

enhance ecosystem services. 
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been used in the chapter.  

 

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. 

 

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 (1). 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 (2). Crop diversification at a rotational scale is one approach which has been 
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proposed to ecologically intensify food production and increase the resilience of production systems 

to climate change (3,4).  

 

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 (5,6), 

technical challenges remain, such as the ability to select for yield stability (7). Crop rotations are often 

used to address the yield penalty conferred on wheat grown in monocultures (8) 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%) (9). Temperature and 

rainfall are important drivers of pest population dynamics on cereal crops (10) therefore climate 

change may alter the relative importance of natural pest regulation to yield and its relationship with 

other ES (11).  

 

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 (12). 

These services are mediated by biological communities that are often sensitive to drought (13). 

Higher fungal/bacterial ratios are associated with more sustainable soils (14), but intensive 

management reduces this ratio (15) which can reduce soil functions (16).  

 

In the context of crop production, resilience can be defined as ‘the ability of a system to remain 

functional when under external stress’ (17), 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(18).  

 

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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Materials and methods 

Study site and experimental design 

Experiments were conducted at the University of Reading’s Crop Research Unit, Sonning, UK 

(5128’50.8”N 054’07.3”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 pass 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. Field layout is given in Appendix 2a.  

 

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 (19). Heat stress was applied 

to the growth stages most susceptible to heat stress: early booting, mid booting, and flowering (6). 

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 (20). 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 Appendix 2c for detailed methodology of heat and drought 

measurements.  

 

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 Appendix 2b). Some indicators related 
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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 

(21). We assessed variation in parasitism rates and abundance of canopy predators as indicators of 

top-down effects (22). Bottom-up effects were assessed by measuring aphid population growth in the 

absence of predators and parasitoids (23). Comparisons between indicators 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 (24). Plant diversity has been demonstrated to 

enhance fungal dominance in soils (25) and fungal/bacterial ratio is often used as an indicator of 

increased soil quality (14). 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 (26). 

 

Canopy temperature, has been used as an indicator of plant water status as it integrates soil water 

availability, climatic conditions and plant physiology (27). 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 (28).  

 

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 Appendix 2c for detailed descriptions of the methods used for 

each indicator. Details of indicators measured are given in Appendix 2b.  

 

Data 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 

(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 (29). 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 
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achieved. When higher order interactions were significant, lower order interactions were not tested. 

The model interaction p-value 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 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 
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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 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 (30).  
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Results  

Ecosystem services and resilience indicators  

a)       b) 

 

 
Fig. 1:  a) The effect of the interaction between Rotation and Stress treatment on yield (t/ha) and b)The effect of 

the Interaction between Rotation and Stress treatment on canopy temperature was significant (LRT = 11.61, p 

>0.01, R
2
glmm(c) 0.778). Plots show mean values ±SE 
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The effect of the interaction between Rotation and Stress treatment on yield (t/ha), was significant (LRT = 6.59, 

p < 0.05, R
2
glmm(c) 0.830)  (Fig. 1). The effect of the Interaction between Rotation and Stress treatment on canopy 

temperature was significant (LRT = 11.61, p >0.01, R
2
glmm(c) 0.778). Rotation and Stress treatment each 

significantly affected protein, but the interaction effect was not significant (Rotation: LRT = 30.189, p 

< 0.001, Stress treatment: LRT = 11.485, p < 0.001, R
2
glmm(c) 0.884). 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, R
2

glmm(c) 0.767), 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, 

R
2
glmm(c) 0.519) 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, R
2
glmm(c) 0.295) with fungal/bacterial ratio being higher in the Stress treatment. The effect of the 

Interaction between Rotation and Stress treatment on canopy temperature was significant (LRT = 11.61, p 

>0.01, R
2
glmm(c) 0.778) (Fig 1b). There were no significant interactions between Rotation and Stress 

treatment on senescence rates. Rotation had a significant effect (LRT = 28.04, p>0.001, R
2

glmm(c) 

0.808). Senescence rates (time the crop took to reach 80% greenness) was higher in the Diverse 

rotation. See Appendix 2d for graphs. There was no significant effect of Rotation or Stress treatment 

on parasitism rate, canopy predator abundance and root surface area.   

 

Stress   

The interaction among Rotation, Stress treatment and Depth on soil moisture content (%) was 

significant (LRT = 70.36, p <0.001, R
2
glmm(c) 0.728). 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 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, R
2

glmm(c) 0.986). 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 Appendix 2e for graphs.  
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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, R
2
glmm(c) 0.854), 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, R
2

glmm(c) 0.724), 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, R
2
glmm(c) 0.775) 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, 

R
2
glmm(c) 0.769), 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, R
2

glmm(c) 0.906). In the control plots aphid abundance was positively associated with 

higher yields in the Diverse and Simple rotation. See Appendix 2f for model predictions representing 

relationships among different indicators and yield and Appendix 2g for model output.  
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Resilience and Ecosystem Services bundles   

 

a)                                                                b)                                     

     

         c)                                                         d)  

 

 

Fig. 2: (a) The effect of Stress treatment and Rotation on crop production. (b) The effect of Stress treatment and 

Rotation on the provision of pest regulation. (c) The effect of Rotation and Stress treatment on the provision of 

soil services (d) The effect of Stress treatment and Rotation on resilience. Graphs show partial residuals from 

linear mixed models with 95% confidence intervals.  Y axis represents PCA loadings. High values correspond 

to high service provision. Blue corresponds to Control treatments and Red to Stressed treatments.  
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There were no significant interactions between Stress treatment and Rotation on crop production. Rotation had a 

significant effect (LRT=15.68, p>0.001, R
2

glmm(c) 0.843) (Fig 2a). There were no significant interactions between 

Stress treatment and Rotation on the provision of pest regulation. Stress treatment had a significant effect 

(LRT=22.93, p>0.001, R
2
glmm(c) 0.756) (Fig. 2b). There were no significant effects of Rotation and Stress 

treatment on the provision of soil services (Fig 2c). There were no interactions between Stress treatment and 

Rotation on resilience, Rotation had a significant effect (LRT=16.32, p>0.001, R
2
glmm(c) 0.871) (Fig 2d). 
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Trade-offs and synergies  

 

    a)                                                                                      b) 

  

 

Fig. 3: Relationships between (a) crop production and resilience and (b) pest regulation and resilience. 

Coloured dots represent different treatment combinations. Shaded area corespond to 95% confidence 

interval.  
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The Relationships between crop production and  resilience had a significant positive relationship (p < 

0.001, and pest regulation and resilience also had a significant positive relationship (p<0.05). 

 

 

Discussion  

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 2
nd

 and 3
rd

 wheat crops incur a yield penalty 

(8). 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 stress 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 (31) and lower yields as there is commonly a 

negative relationship between yield and protein content due to dilution effects (32). Our results are in 

accordance with other studies suggesting that crop diversity leads to greater yield stability in 

agroecosystems (3,4) and support our hypothesis that diversity maintains or increases crop 

production.  

 

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 (33).  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 (34). 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 (35,36) 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 
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detect differences or a possible time lag between detection by predators and changes in their 

abundance meant that differences were not detected (23).  

 

Diverse crop rotations can potentially exert pest regulation through bottom-up or top-down effects 

(37). 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 (38) and pest regulation 

(39). Higher levels of pest regulation have also been found for pests in crop rotations that include 

winter cover crops (40). The impact of tillage timing (41) and intensity (22) 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 

(42). Experimental approaches to 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 (43).  

 

Studies exploring the effects of fertiliser treatment (44), organic agriculture management (45) and 

conservation tillage (22) found no impact on parasitism rates and is in line with the findings observed 

here. Parasitism rates of aphids in cereal crops seem to be associated more by the availability of local 

semi-natural habitat  and wider landscape complexity (46).  

 

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 

(47,48). However, relationships between plant diversity and soil carbon content are complex and 

highly context dependent (49). 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 (50). 

Our results indicate that crop diversity, and 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 (51).  

 

We found no effect of Rotation on fungal/bacterial ratio, but the Stress treatment increased the 

fungal/bacterial ratio. Fungi may be more resilient to changes in moisture and temperature than 

bacteria (52), potentially explaining the increase in fungal dominance under stress. However, there is 

also evidence that fungi are less resistant to drought stress (13). 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 
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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 (16).  

 

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 in our system.   

 

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 

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 (53). 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 (54). 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.  

 

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 (55). Though 

we didn’t 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 (56). 

 

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 
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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 negative 

impact on yield (5,6,54). 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(5). At grain filling, elevated temperatures can 

increase the rate of filling but reduce its duration (57); however when combined with drought stress, 

high temperatures can lead to yield losses due to reductions in starch accumulation (54). 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.  

 

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 (58). 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 

(59). 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 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 (60), it can also increase carbon 

storage through the accumulation of microbial necromass (61). 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 (14) 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 
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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.  

 

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 (4,62). 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 (50). 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 (42,43). 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 (63), 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 one. 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; 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, it did have an impact on resilience, possibly due to potential of cover crops and 

bicrops to improve soil structure (64).   

 

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, provided the lowest. 

This suggests again that crop diversity results in more resilient systems able to maintain yields (3,4). 

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 (65). We 

also found a positive association between the provision of pest regulation and resilience, with the 
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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. 

 

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.  

 

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 6 GENERAL DISCUSSION 
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Overview 

This thesis aimed to enhance our understanding as to whether increasing the diversity of crop 

rotations could enhance multiple ecosystem services such as yield, natural pest regulation, soil 

services, weed suppression and biodiversity under different levels of management intensity and 

environmental stress. It also looked at the relationships between different ecosystem services and how 

these are influenced by different crop rotations and management practices. This research shows that in 

terms of yield, small steps to enhance the diversity of crop rotations does not make up for a 

substantial reduction in external inputs, such as mineral nitrogen fertiliser (hereafter ‘nitrogen’). 

However, it was found that greater diversity within crop rotations can promote a range of ecosystem 

services, and that under climate change, crop rotational diversity can reduce the impact on crop 

production of climate change induced heat and drought episodes. There is also evidence that 

switching between spring and winter crops within a crop rotation can enhance weed suppression, 

although this effect was less strong with more intensive nitrogen use.  This research shows that the 

relationships between different ecosystem services were largely unaffected by either the intensity of 

nitrogen use, environmental stress or by crop rotational diversity.  

 

Chapter two explored how different functional groups of natural enemies were influenced by crop 

rotational diversity and whether the balance between top-down or bottom-up effects could be 

manipulated to enhance levels of natural pest regulation and whether this would improve crop 

production. Contrary to our hypotheses we found no evidence that more diverse crop rotations 

improved the nutritional status of the crop plants for aphid pests, but equally crop diversity had no 

impact on improving the activity or abundance of natural enemies. We also found evidence of 

antagonistic interactions between predator groups. This study does not provide evidence that crop 

rotational diversity, at least in the short-term, can improve natural pest regulation. This study also 

found that natural pest regulation did not explain variation in wheat crop yields. These results suggest 

that other practices, in addition to diversifying rotations, will be required to promote natural pest 

regulation and questions the importance of efforts to enhance natural pest regulation in in order to 

improve wheat crop yields.      

 

Chapter three quantified the total amount of nectar sugar and pollen across a gradient of crop 

rotational diversity. This chapter also assessed how the variation in these key floral resource 

components would impact the suitability to different pollinator groups. In line with our hypothesis, 

there was evidence that diverse rotations were able to provide a more stable (i.e. low variation through 

time) provision of nectar resources throughout the pollinator flight season, and attracted more 

bumblebees than less diverse rotations. However, when accounting for the reward and accessibility of 

different flowering crops and plants the differences among the rotations was less clear for the 
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different pollinator groups. Pollinator groups also showed different responses to changes in nectar and 

pollen provision, which suggested that nectar and pollen densities are not the only factors determining 

behavioural preferences for cropped areas.  

 

Chapter four looked at the relationships between natural pest regulation, weed suppression and yield, 

and whether increasing the diversity of crop rotations through switching between winter and spring 

cropping, as well as legume bi-crops, could (partially) replace the contribution of higher rates of 

nitrogen to crop production. Contrary to our hypothesis we found that legume bi-crops and switching 

between winter and spring cropping led to a drop in crop production. Neither the presence of legume 

bi-crops, increased nitrogen rates nor switching between spring and winter cropping mediated any of 

the relationships between ecosystem services. Variation in crop production was not associated with 

natural pest regulation but there was a positive relationship between crop production and weed 

suppression with greater levels of weed suppression leading to increases in crop production. Reducing 

external inputs may come at a cost, especially with moderate improvements in crop rotation diversity 

but there can be additional benefits from switching between spring and winter crops to other 

ecosystem services such as weed suppression.    

 

Chapter five assessed how crop rotational diversity affected multiple ecosystem services and 

resilience to abiotic stress, heat and drought. As predicted, crop rotational diversity had higher levels 

of resilience resulting in a reduced impact on yield compared to simpler crop rotations. Higher levels 

of resilience were associated with both higher levels of natural pest regulation and crop production 

but these relationships were unaffected crop rotational diversity. However, in contrast to our 

hypotheses, increasing crop rotational diversity was not associated with improvements in soil services 

or natural pest regulation. 

 

Summary and Synthesis 

Natural Pest Regulation 

The findings from the LIBERATION experiment (www.fp7liberation.eu/), which used reduced 

nitrogen rates (50% of standard rates for all crops) and no insecticides on wheat crops, did not provide 

evidence that increasing crop rotational diversity can enhance natural pest regulation. The results also 

suggested that wheat yields, in the years surveyed here, were not affected by levels of natural pest 

regulation. Results from the New Farming Systems 

(NFS,www.niab.com/pages/id/479/New_Farming_Systems) trial show evidence of complex 

interactions between different aspects of agricultural management including nitrogen rates on 

different indicators of natural pest regulation and aphid densities.  
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Natural pest regulation can be manipulated in two broad ways, top-down and bottom-up. In this 

thesis, the focus was on the aphid pests of wheat crops in a rotation. Winter wheat is the principle 

cash crop and its aphid pests are a focus of agricultural research including the exploration of ways to 

improve natural pest regulation services (Poehling, Thieme, & Heimbach 2017). Top-down effects are 

primarily driven through generalist natural enemies (such as carabids, staphylinids, spiders and 

chrysopids) and specialist predators such as syrphid larvae and number of parasitoids. Bottom-up 

effects involve the impact of plant quality and defence on aphid densities and can be affected by 

sowing time and agricultural management. In both experiments, we wanted to assess indicators of top-

down and bottom-up effects, as well as carry out exclusion experiments to assess the levels of the 

natural pest regulation and in the LIBERATION experiment to understand the relative contribution 

between different natural enemy guilds.  

 

Classical theories on how to enhance top-down aspects of natural pest regulation include Root’s 

(1973) ‘enemies’ hypothesis which states that providing alternative prey, floral resources and suitable 

micro-habitats can enhance densities of natural enemies. The NFS experiment demonstrated that the 

activity-density of ground predators (e.g. carabids) in wheat crops was dependent on the specific 

combination of different arable management practices, but found no evidence that more diversified 

agricultural practices, with lower nitrogen rates could enhance ground predator activity densities. In 

fact the highest ground predator abundances were found in the wheat crop with 100% nitrogen rates 

and wheat monocultures. The LIBERATION experiment demonstrated that the diversity of the crop 

rotation could actually lead to lower activity densities, especially of carabids, compared to more 

simplified crop rotations earlier in crop development when ground predators are likely to have a role 

in preventing the establishment of wheat aphid infestations (Poehling, Thieme, & Heimbach 2017). 

The inclusion of the spring field bean crop in the diverse rotation, with its associated spring tillage, 

may have reduced autumn breeding carabid abundances in the following wheat crop (Purvis & Fadl 

2002). It also clear from the NFS experiment that canopy predator densities of syrphid larvae, web 

spiders and coccinellids, could be as high in wheat crops under more intensive agricultural practices 

compared to wheat crops in more diversified systems and were dependent on the combination of 

nitrogen rates and legume bi-crop presence.  The level of diversity of the crop rotation also had no 

impact on canopy predator densities in the LIBERATION experiment. Ground predator populations 

such as carabids have been found to persist in intensive arable systems (Bertrand, Baudry, & Burel 

2016).   

 

In both experiments, variation in parasitism rates were unaffected by all treatments in the experiment, 

suggesting management practices to increase the diversity of cropping systems, such as the 

introduction of legume bi-crops or greater diversity of crop rotations, are unable to enhance parasitism 

rates of wheat aphids. Other studies have looked at whether crop management can enhance parasitism 
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rates and have found mixed results. Conservation tillage has been found to enhance parasitism rates 

(Tamburini et al. 2015). However, in general, parasitism rates have been found to be effected by 

proximity to non-crop habitats and meteorological factors (Bianchi et al. 2015).    

 

Cage exclusion experiments were used to assess whether diversifying crop management could 

enhance natural pest regulation services, and in the LIBERATION experiment, and investigate which 

guilds of natural enemies were affected.  In both experiments, diversifying crop management did not 

enhance natural pest regulation services and in the LIBERATION experiment it appeared that natural 

enemies were interacting antagonistically in providing natural pest regulation services. Tamburini et 

al. (2015) using a similar approach to that in the LIBERATION experiment found that conservation 

tillage led to higher levels of natural pest regulation from ground predators, although overall natural 

pest regulation did not differ between conservation tillage and conventional tillage. Rusch et al. 

(2013) found that when using exclusion cages there was no difference in mean natural pest regulation 

with crop rotation diversity at the landscape scale.  

 

It is clear that in this system, the practices to diversify cropping systems did not improve the top-down 

aspects of natural pest regulation. Bottom-up effects, such as mediated through crop plant quality or 

plant defence, can influence aphid crop pest densities. However, wheat aphid growth population rates 

of aphids already established on crop plants and in the absence of natural enemies, were unaffected by 

crop management diversity in both experiments. Nitrogen has been found to increase several 

important characteristics of aphid population growth on wheat plants including fecundity and 

developmental rates (van Emden 1966). However, nitrogen has also been associated with aspects of 

increased plant defence such as chemical deterrence, improved physical barriers and reduced plant 

palatability (Chen, 2008). In our studies, we did not assess these aspects so we do not know whether 

fecundity and developmental rates were increased by higher nitrogen rates. We cannot be certain 

whether higher nitrogen rates increased aphid fecundity and developmental speeds and that this was 

counteracted by increased plant defence or there was simply no effect of increasing nitrogen on any 

aspect of aphid population growth.  

 

In the NFS experiment, there were no differences in aphid densities between the most intensive and 

simplified combination of treatments when compared to the most diversified combination. However, 

complex interactions between combinations of different treatments were detected. It is therefore 

difficult to recommend with any confidence management strategies which may reduce aphid crop pest 

density given the dependence on other factors. We also found that there was no difference in aphid 

densities between different crop rotation treatments in the LIBERATION experiments. This suggests 

that overall there is no negative or positive impacts of cropping system diversity on natural pest 

regulation.  
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In the LIBERATION experiment, for a subset of wheat plots, a heat and drought stress treatment was 

applied to wheat crops to see how crop rotation diversity affected a range of ecosystem services, 

including natural pest regulation. This experiment found that the diversity of the crop rotation made 

no difference to a number of natural pest regulation indicators. However, there was a strong negative 

effect of the stress treatment on a number of key indicators of natural pest regulation. Wheat under 

stress conditions had almost three times the number of aphids and four times the aphid population 

growth rate compared to wheat that were not placed under stress conditions. Top-down effects, 

indicated by densities of ground predators and parasitism rates, were unaffected by stress. Stress can 

affect crop pest populations directly or indirectly mediated through changes in the crop and their 

natural enemies (Harvey 2015). While higher temperatures are generally expected to increase 

population densities of aphids during the crop season, extreme temperatures can be detrimental to 

population growth (Bale et al. 2002). The results from the experiments in this thesis suggests that 

climate change induced changes in weather patterns during the wheat growing season, such as periods 

of drought and heat stress, increase wheat aphid pests but that top down effects of natural pest 

regulation are unlikely to counteract increased wheat aphid densities. Increasing crop rotation 

diversity did not mitigate the effects of environmental stress on aphid densities. 

Biodiversity  

There is plenty of research effort exploring how agricultural habitat quality and composition affects 

biodiversity derived ecosystem services. When considering the cropped area, the impact of 

agricultural management on pollination services, is typically the focus of research, however the ability 

of cropping systems to provide floral resources for pollinators is an emerging research topic in 

Europe. In the LIBERATION experiment, we looked at how crop rotational diversity would impact 

on pollinator forage, specifically total nectar sugar mass density (hereafter ‘nectar’) and total pollen 

volume density (hereafter ‘pollen’). We found that increasing the diversity of crop rotations by 

including more flowering 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 absolute differences between rotations 

for both nectar and pollen. However, the diverse rotation was more attractive to bumblebees than less 

diverse crop rotations, but this was not observed for other pollinator groups possibly because it had a 

more stable provision of nectar throughout the pollinator flight season than the other rotations. This 

could be due to the early flowering of the oilseed rape, complimented by the later flowering of spring 

field beans, providing nectar from spring through to summer. Field beans are favoured by long-

tongued bumblebees due to the flowers having long corollary tubes (Free 1993). Compared to the 

absolute levels of nectar and pollen the different crop rotation treatments were more similar to each 

other when accounting for accessibility to different pollinator groups. Diversification at the field scale 

across a range of crops increases pollinator abundance, although only in simple landscapes (Kennedy 

et al. 2013; Lichtenberg et al. 2017). Unlike the work here, these analyses did not differentiate 
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between plant diversity and flowering times within the cropped and non-cropped are of the field. 

Organic management, which often uses more diverse rotations compared to conventional 

management, can increase the abundance of flowers, pollinator-wildflower insect visits, and 

pollination services (e.g. Hardman et al. 2016). This could be due to the inclusion of flowering crops 

and higher weed abundance in arable production that have been found to increase pollinators, 

especially common species (Holzschuh et al. 2013), however  this is unlikely to support viable 

populations of pollinators as this 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 habitat types. Relationships between the quantity of nectar and pollen 

and abundances of the different pollinator groups were not always as expected.  The results suggest 

that pollen resources drove increases in bumblebee abundance in the diverse rotation and re-enforces 

the earlier indication that the inclusion of spring beans in the diverse rotation could be key in driving 

this response. The relationships between pollen and nectar resources and accessibility were consistent 

and the same across all rotations for solitary bees with increases in resources and the reward 

accessibility index having a positive effect on solitary bee’s abundance. The results for honeybees 

were not as expected. Honeybee abundance increased with increasing pollen or nectar resources as 

well as Reward Accessibility Index (RAI), but then abundance decreased to a lower level with 

increasing resources. It is not clear what is responsible for this result. Changes in hoverfly abundance 

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 while increasing 

pollen was influenced by the crop rotation. 

 

These findings provide evidence that more diverse rotations provide more stable provision of nectar 

resources and are more attractive to bumblebees compared to less diverse rotations. When considering 

the reward and accessibility of the flowers to different groups it is less clear whether the diverse 

rotation is better for pollinators, and is dependent on the pollinator group in question. Pollinator 

groups also showed different responses to changes in nectar and pollen provision, which suggested 

that other factors (e.g. shelter, oviposition sites, mates) in addition to nectar and pollen determine 

behavioural preferences for different nectar and pollen densities. Crop rotations can be designed to 

provide floral resources for pollinators by the inclusion of mass flowering crops, but should also 

consider the impacts of the rotation management on key arable plants. Accounting for the local 

pollinator populations should also be considered so that the rotation can match the specific forage 

requirements of the local population pool.   
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Weed suppression 

In the NFS trial, we assessed the impact of nitrogen rates, legume bi-crops and cropping history on 

weed suppression in wheat crops. When considering weed suppression as the wheat crop was 

establishing (assessed as autumn weed cover), nitrogen rates effected weed suppression, but this was 

dependent on whether the wheat crop had a history of winter only crops or a history of switching 

between spring and winter cropping. Where 50% nitrogen rates were applied to wheat, weed 

suppression was higher in wheat with a history of switching between spring and winter crops 

compared to winter cropping. However, in wheat with 100% nitrogen rates, whether the wheat had a 

history of switching between spring and winter crops or winter cropping made little difference to 

levels of weed suppression. When assessing weed suppression, as measured by weed biomass before 

harvest, these effects were broadly the same as during establishment of the crop. In wheat with 50% 

nitrogen rates, weed suppression was higher in wheat switching between spring and winter crops than 

wheat with winter cropping. Wheat with 100% nitrogen rates had higher levels of weed suppression 

overall and softened the positive effect of switching between spring and winter crops on weed 

suppression compared to wheat with 50% nitrogen.  

Crop production 

In the NFS trial, wheat applied with 100% rates of nitrogen had approximately 15% higher yield and 

25% higher protein content than wheat applied with 50% nitrogen rates. There was no effect of 

switching between spring and winter crops or legume bi-crop on yields. In the LIBERATION 

experiment, when considering all years of the experiment, there was no difference between crop 

rotations in terms of wheat yields. However, when a subset of wheat plots were subjected to stress the 

Diverse rotation was on average 1 t/ha higher than in the Moderate and Simple rotation, with stress 

eliciting a much more dramatic impact on yield in the other rotations, particularly the Moderate 

rotation. Protein content was lower in the Simple rotation but it is difficult to disentangle the 

confounding effect of variety. Protein content was also higher in the stress treatment.   

 

Wheat crops planted alongside a legume bi-crop  have been found to increase the productivity of 

individual wheat plants, but because wheat plants are at lower densities this did not translate into 

higher yields per unit area (Iverson et al. 2014). As we did not assess the yield of individual plants, 

we do not know whether per plant yields were higher in wheat planted alongside legume bi-crops. 

However, the low levels of establishment of the legume bi-crop and similar tiller densities between 

wheat with and without legume bi-crops suggest that it is more likely the legume bi-crop was having 

no effect on either per plant yields or per unit area yields. As found here, increased rates of nitrogen 

lead to increases in wheat yield and protein content (Gooding & Davies 1997). This is one of principle 

reasons conventional approaches to arable farming result in yields on average 20% higher than 

organic farming (Ponisio et al. 2014). A long-term study that looked at crop rotation found that wheat 
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yields with 100% nitrogen rates was approximately 38-80% higher than those without nitrogen 

(Albizua et al. 2015).   

 

We did not find that the Simple rotation, with several wheat crops grown in a row, had lower yields 

when compared to the Moderate and Diverse rotation. Typically in crop rotations where a wheat crop 

follows another these crops have lower yields (Bennett et al. 2012). However, when wheat was 

subjected to stress, protein content increased.  Higher temperatures during the grain filling period 

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 & 

Godin 2007). The findings here provide evidence to suggesting that diversifying agroecosystems can 

instil resilience into production systems (Lin 2011) and is in accordance with other work (Gaudin et 

al. 2015). Crop diversification can therefore be viewed as a form of potential insurance for farmers 

(Baumgärtner & Strunz 2014).  

 

Overall, we found that variation in crop production was only found to be influenced by the rates of 

nitrogen and neither legume bi-crops, switching between spring and winter crops in the rotation, or 

general crop diversity led to higher wheat yields. However, under heat and drought stress, crop 

diversity was found to soften the negative impact of stress suggesting that crop diversification could 

confer resilience to arable production systems under more frequent extreme weather events. 

Relationships between ecosystem services  

In the NFS experiment we assessed indicators of weed suppression, natural pest regulation and yield. 

When assessing relationships between ecosystem services we bundled individual indicators together 

to create latent variables representing categories of ecosystem services. Variation in crop production 

was not associated with natural pest regulation, but there was a positive relationship between crop 

production and weed suppression with greater levels of weed suppression associated with increases in 

crop production. There was also a positive relationship between pest regulation and weed suppression. 

However, we found that none of the treatments mediated any of the relationships between these 

ecosystem services. When looking at relationships between ecosystem services on the LIBERATION 

stress experiment, we found that there were a number of positive relationships between different 

ecosystem services and resilience (defined here as canopy temperature and senescence rates). We 

found a positive association between pest regulation and resilience, however it was not clear whether 

this corresponded to top-down or bottom-up aspects of pest regulation. There was also a positive 

relationship between crop production and resilience. There was no association between yield and 

natural pest regulation in either the subset of wheat plots used for the stress experiment in chapter five 

or in the fuller dataset used in chapter three. The relationships observed here could be the result of 

common drivers or direct interactions between ecosystem services (Duncan, Thompson, & Pettorelli 
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2015). None of the work exploring these relationships investigated the underpinning mechanisms that 

drive ecosystem services, and we are therefore unable to determine the source of these relationships. 

There was no evidence that in either the NFS or LIBERATION experiment there were trade-offs 

between ecosystem services or that management practices mediated any of these relationships, 

suggesting that these relationships persist under different management intensities and approaches.  

 

Albizua et al. (2015) explored the relationships between crop production and soil regulating and 

supporting services, and found no evidence of trade-offs between ecosystem services, though soil 

regulating services were positively correlated with crop production. In contrast to our study,  

Tamburini et al. (2016) found that tillage intensity and nitrogen fertiliser influenced the relationships 

between ecosystem services, where increasing tillage and fertilisation increased the number of trade-

offs between ecosystem services such as yield, natural pest regulation and soil services. Unlike our 

approach, this study did not bundle indicators together, using only single indicators as proxies for 

ecosystem services, but it did explore much larger differences in nitrogen fertiliser treatment, 0% and 

100% as opposed to 50% and 100% used here. This suggests that large differences in management 

intensity can lead to changes in the relationships between ecosystem services, but that more moderate 

differences are unlikely to alter relationships between ecosystem services. Nitrogen fertiliser was also 

found to mediate relationships between soil organic carbon (SOC), a key soil service indicator, 

indicators of natural pest regulation (aphid density and carabid activity-density) and wheat yield 

(Gagic et al. 2017). Here, the degree to which increasing SOC led to increases in yield was less strong 

when nitrogen fertiliser rates increased from 0% to 100%.  Increasing SOC content was associated 

with decreasing wheat aphid densities under 0% nitrogen fertiliser rates, but when under 100% 

nitrogen fertiliser rates there no association between SOC and aphid densities. These findings, unlike 

those found in the NFS experiment, but similar to Tamburini et al (2015), suggest nitrogen fertiliser 

can negatively affect key relationships between regulating, supporting and provisioning services. It is 

also clear that the nature of the relationships between ecosystem services is dependent on the services 

being compared, the indicators used as proxies for the services. Whether arable management practices 

mediate these relationships, and how they do so, is not always clear and may be dependent on the 

specific context of farming system.  

 

Assumptions and potential study limitations 

In this thesis, two crop diversification experiments were used to explore whether crop rotational 

diversity and other management options can enhance multiple ecosystem services underpinning crop 

production. These two experiments – the LIBERATION crop rotation experiment at University of 

Reading farm, Sonning and the New Farming Systems trial at NIAB, Morley - were both field 

experiments that used farm machinery with real soil and weather environments. Both experiments 
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however, were carried out a plot scale – with the smallest plot size approximately 120 m
2
. While this 

plot size may be at an appropriate scale to match the system features that drive processes behind weed 

populations and crop production, the nature of a study which aims to assess multiple ecosystem 

services inevitably means that some ecosystem services that flow at greater scales may not be best 

matched (e.g. natural pest regulation dynamics and plant-pollinator interactions).  For example, a 

meta-analysis by Letourneau et al. (2011) found that intercropping enhanced natural enemies in 

studies carried out on large field scales but that this effect was not detected in studies carried out at 

smaller scales (< 225 m
2
).  In the LIBERATION experiment we restricted all sampling to the centre 

three tractor passes of the plot, focussing the sampling methods in the centre of the plot. We also used 

a different crop to act as a guard to act as a barrier between plots in close proximity to each other. On 

the NFS trial, we attempted to keep sampling as central to the plot as possible while not interfering 

with the yield sampling areas. 

 

On both experiments, ecosystem service assessments were selected carefully and carried out 

appropriately to match the plot scale in this study. It was recognised that when quantifying the 

abundance of mobile organisms this was more a reflection of behavioural responses, not population 

level responses. This is relevant to the assessments of pollinators and natural enemies.  

 

Natural pest regulation is often assessed by quantifying the activity and abundance of key functional 

groups deemed to exert natural pest regulation as well as direct assessments of the abundance of crop 

pests. We used a variety of sampling techniques, such as visual tiller searches for crop pests and 

canopy predators and parasitoids mummies, as well as pitfall traps to assess the activity-density of 

ground predators. There is a range of suitable sampling methods including destructive and suction 

sampling but visual surveys of the crop are both rapid and effective. As the same plots were used to 

assess crop yields, destructive and suction sampling methods could have interfered with the crop and 

reduced the available area for yield assessments. Problems with counting parasitoid mummies is that 

numbers often are an underestimate as mummies can often fall off the crop onto the ground and not 

accounted for. Pitfall traps are known to measure activity-density and not necessarily species density, 

which makes comparisons between different groups or species difficult. These methods however do 

not directly quantify the level of natural pest regulation service provision and instead use proxies. 

Here we used these common sampling methods, along with experimental techniques to assess natural 

pest regulation service provision in order to establish variation in how both bottom-up and top-down 

aspects of natural pest regulation.  

 

When assessing pollinator abundance (apart from butterflies) we ensured that all sampling was done 

in a centrally placed 1m
2 
location. We also ensured that we only recorded individuals who interacted 

with the crop (e.g. flower visitation and investigation) as opposed to those passing by. We did this by 
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only recording individuals who were at crop height or below and not individuals that were flying 

overhead.  

 

The design of any study is always a trade-off between maximising the statistical power of the study 

with the resources available. Both the NFS and the LIBERATION experiments used blocking to 

ensure that all treatments were applied to plots across the site. This ensured that the impact of local 

environmental factors, proximity to semi-natural features and field variability in soil conditions, were 

not biased to a particular treatment, preventing the confounding of treatment effects with these other 

sources of variation in ecosystem services levels being measured. Although both the NFS and 

LIBERATION experiments can be characterised as condition intervention studies, as opposed to 

before-after condition intervention studies,  data was collected in the first growing season and so there 

was an opportunity for dynamic information to be recorded (Söderström et al. 2014). The 

LIBERATION experiment field was in a grass ley to standardise plots across the field prior to the 

start of the experiment. Additionally, the space for time substitution approach to the LIBERATION 

experimental design allowed every crop stage to be present every year and prevented crop effects 

from being confounded with year effects (e.g. weather, timing of management). However, the 

LIBERATION experiment began in 2013 and was only three years old during the sampling period. As 

the rotation cycle was four years the crop rotation experiment had not undertaken a single full cycle 

during this thesis. This meant that for some ecosystem services, it was unlikely that any differences 

could be identified in this relatively short period of time. It was therefore important, where possible to 

repeat assessments over time so that even small changes over time could be detected, increasing the 

ability to detect differences between rotations. The New Farming System NFS trial was in its 9
th
 year 

of the experiment which meant that difference between the crop rotation treatments were more likely 

to be detected but did not have a space for time substitution design. Both experiments were not carried 

out across multiple sites and therefore any conclusions made in this thesis cannot be generalised to 

arable production systems in different landscapes and soil types. The LIBERATION experiment was 

also subjected to extensive flooding in the winter of the first year of the experiment, which reduced 

the number of replicates for that study year. A number of pest outbreaks on the oilseed rape meant 

that it had to be re-drilled, but this similarly affected the crop in crop rotation treatments.  

 

Future Research 

Future research would involve continuing the current assessments of ecosystem indicators on the 

experiments used here to explore whether the findings found here – over a relatively short period – 

persist over longer periods of time. This would provide the opportunity for differences between crop 

rotations to emerge and be able to better understand both short-term and long-term effects of crop 

rotation diversity and other management practices on different ecosystem services. Devising 
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experiments that establish the mechanistic relationship between ecosystem services would help 

differentiate whether one ecosystem service drives another or are associated with a common driver.  

 

Further research could take the proof of concept approach used here and upscale the assessments to 

real farms and compare the variety of crop rotation diversity that farmers are actually implementing. 

How ecosystem services are affected by combinations of management practices, such as no-tillage, 

with crop rotation would help test whether management approaches are compatible and practical. It 

would also be interesting to see how crop scale diversification interacts with field level diversification 

(e.g. wildflower strips, hedgerows) as well as landscape composition. This could help identify how a 

number of ecosystem services can be optimised simultaneously and how diversification at different 

spatial and temporal scales could interact in shaping multiple ecosystem services. 

 

Accounting for the costs and benefits of different management approaches would help to identify the 

attractiveness of different management options would help indicate the likelihood of adoption by 

farmers and whether agricultural payments would be required. Farmer behaviour studies could also 

identify the barriers and incentives to wider adoption of diverse rotations and help frame future 

research needs where farmer relevant evidence is lacking. 

 

Recommendations for enhancing ecosystem services in crop rotations 

This thesis has indicated that the ability of diverse crop rotations to improve the provision of 

ecosystem services important to agricultural production is highly dependent on the ecosystem service 

in question. Taking into account the findings of this thesis, the recommendations to arable farmers to 

improve ecosystem services through crop rotation design would be:  

 

1) To include a diversity of flowering crops to provide resources for biodiversity. Diverse crop 

rotations were able to provide a greater stability of nectar resources throughout the pollinator flight 

season, but careful selection of flowering crops, the variety (winter or spring) and type of flowering 

crop seemed more important in determining the suitability for different pollinator groups than 

diversity per se. Within the rotations, the top contributing plants for nectar mass were (Chamerion 

angustifolium, Brassica napus, Cirsium arvense, Cirsium vulgare) and for pollen volume 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. 
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2) To include both winter and spring crops in a crop rotation to improve weed suppression. 

Switching between spring and winter crops disrupts the establishment of a single competitive weed 

species and instead selects for a more diverse but less productive community. This will help reduce 

competition between crop plants and weed populations. 

 

3) To increase the diversity of crop rotations to reduce the impact of climate change, 

particularly heat and drought stress episodes, on crop production.  

Diverse crop rotations reduce the negative impact of heat and drought on wheat crops, thereby 

potentially providing an insurance policy against extreme weather conditions during the growing 

season, which are likely to be more frequent under climate change in the future.  

 

4) To diversify crop rotations alongside nitrogen fertiliser. 

There was no evidence that when nitrogen fertiliser rates were reduced that legume bi-crops and 

switching between winter and spring crops could replace the reduction in inputs in terms of yield 

impacts. In regards of the farming business costs maybe lower if nitrogen fertilisers rates are lower 

this is unlikely to offset the loss of revenue due to lower yields.  

 

5) Do not rely solely on crop rotations to improve natural pest regulation so use other methods. 

We found no evidence that increasing crop rotation diversity improved natural pest regulation under a 

range of contexts. Neither bottom-up effects, such as through impacts on plant quality or top-down 

effects through suppression of pests by natural enemies, were affected by the level of crop rotational 

diversity. This result was consistent irrespective of input intensity (nitrogen fertiliser rates, the use of 

insecticides) or different management interventions (cropping history, bi-cropping, winter cover 

crops). Therefore, in order to improve natural pest regulation retaining and managing semi-natural 

habitats in the landscape or wildflower field margins is needed.    

 

Barriers to adopting these recommendations include the reluctance to change management approaches 

with a tradition of reliance on conventional farming practices with high inputs, lack of evidence on 

the direct contribution of these ecosystem, services to yield production and profitability, the lack of 

farmer’s knowledge of how to design a crop rotation appropriate for their soil conditions, and 

environmental context and the lack of incentives to encourage diversifying crop rotations, especially 

in the short-term.   

 

Concluding Remarks 

This thesis shows that changes in crop management can promote ecosystem services than underpin 

the production system but that these are largely reduced as management intensity increases. However, 
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context is crucial as these effects are complex and were not always consistent. Relationships between 

ecosystem services were unaffected by management approaches explored here, external input 

intensity and environmental stress. Diverse crop rotations were able to buffer the negative impacts of 

heat and drought on wheat yields and provide a more stable provision of nectar resources which was 

more attractive to bumblebees. Switching between spring and winter crops during a rotation led to 

higher levels of weed suppression. For ecological intensification to replace conventional approaches 

to agriculture, it will require further identification of management approaches, or packages of 

approaches which are appropriate for a given farm, the landscape surrounding it and the attractiveness 

of the practices to farmers.      
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Appendix 1a 

Mean nectar and pollen values per flower for flowering plants recorded during surveys 

   Plant species Nectar (μg per flower per day) Corrected pollen volume per flower (µm
3
 per flower) 

Anagallis arvensis 0 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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Appendix 1b 

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 Vernacular name Bumblebees Solitary bees Honeybees Hoverflies Butterflies 

    B N O F B N O F B N O F B N O F B N O F 

Brassica napus Oilseed rape 2 

  

8 2 

 

2 6 2 

 

2 6 1 

 

2 7 3 

 

6 1 

Vicia faba Fava bean 4 

 

1 5 5 1 4 

 

4 1 1 4 5 4 1 

 

5 4 1 

 Senecio vulgaris Groundsel 5 3 2 

 

5 2 3 

 

5 4 1 

 

5 1 4 

 

6 3 1 

 Lamium purpureum Red dead nettle 4 

  

6 5 1 3 1 6 2 2 

 

6 3 

 

1 6 3 1 

 Stellaria media Chickweed 6 3 1 

 

6 2 2 

 

6 3 1 

 

5 1 3 1 5 2 3 

 Galuim aparine Cleaver 6 4 

  

6 4 

  

6 4 

  

6 2 2 

 

5 3 2 

 Fumaria officinalis Fumitory 6 2 2 

 

5 3 2 

 

7 3 

  

7 2 1 

 

7 3 

  Matricaria chamomilla Scented mayweed 4 1 2 3 4 1 1 4 4 2 1 3 2 1 1 6 5 1 2 2 

Chenopodium album Fat hen 6 4 

  

6 3 1 

 

6 4 

  

5 2 2 1 6 4 

  Capsella bursa-pastoris Shepherd's purse 4 4 2 

 

4 2 2 2 5 3 1 1 4 2 3 1 5 2 3 

 Cerastium vulgatum Mouse ear chickweed 4 6 

  

4 2 4 

 

5 4 1 

 

3 2 5 

 

5 5 

  Cirsium arvense Creeping thistle 2 

  

8 2 1 

 

7 2 1 

 

7 1 1 

 

8 3 

 

1 6 

Solanum nigrum Black nightshade 4 2 3 1 5 3 2 

 

5 5 

  

6 3 1 

 

5 5 

  Sonchus asper Prickly sow thistle 4 1 2 3 3 1 3 3 5 2 1 2 2 

 

3 5 4 2 2 2 

Lapsana communis Nipplewort 5 2 2 1 4 2 2 2 5 3 

 

2 4 1 3 2 5 3 

 

2 

Aethusa cynapium Fool's parsley 4 3 3 

 

4 

 

5 1 5 4 1 

 

5 

 

4 1 5 5 

  Persicaria maculosa Redshank 5 2 2 1 5 1 4 

 

5 3 1 1 5 2 2 1 5 3 1 1 

Anagallis arvensis Scarlet pimpernel 5 3 2 

 

5 2 3 

 

5 4 1 

 

6 2 2 

 

5 5 

  Hieracium sp. Hawkweed sp. 4 1 1 4 4 1 1 4 4 2 1 3 3 2 

 

5 4 2 1 3 

Hirschfeldia incana Hoary mustard 3 2 2 2 4 2 1 3 5 2 1 2 3 3 3 

 

4 2 3 1 

Chamerion angustifolium Square stalked willow herb 3 1 2 4 3 2 4 1 4 2 3 1 3 3 2 2 4 3 2 1 

Geranium dissectum Cut leaved cranes bill 4 2 3 1 4 2 4 

 

5 2 3 

 

4 3 3 

 

5 3 2 

 Medicago lupulina Black medic 3 1 6 

 

4 2 3 1 5 1 4 

 

3 3 3 1 4 4 2 

 Trifolium repens White clover 3 

  

7 3 1 2 4 3 1 

 

6 3 2 5 

 

4 1 4 1 

Cirsium vulgare Spear thistle 4     6 4   2 4 4 1 1 4 2 1 2 5 4   2 4 
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Appendix 1c 

Median scores of expert opinion for the frequency of visits for different pollinator groups to flowering plant species recorded in plots.  

              

Species Vernacular name Bumblebees 
Solitary 

bees 
Honeybees Hoverflies Butterflies 

Brassica napus Oilseed rape 2 2 2 2 1 

Vicia faba Fava bean 2 1 2 0 0 

Senecio vulgaris Groundsel 0 1 0 1 0 

Lamium purpureum Red dead nettle 2 1 0.5 0 0 

Stellaria media Chickweed 0 0.5 0 1 1 

Galuim aparine Cleaver 0 0 0 0.5 0 

Fumaria officinalis Fumitory 0.5 0 0 0 0 

Matricaria 

chamomilla Scented mayweed 1.5 2 1.5 2 1 

Chenopodium album Fat hen 0 0 0 1 0 

Capsella bursa-

pastoris Shepherd's purse 0 1 0 1 1 

Cerastium vulgatum Mouse ear chickweed 0 1 0 1 0 

Cirsium arvense Creeping thistle 2 2 2 2 2 

Solanum nigrum Black nightshade 1 1 0 0 0 

Sonchus asper Prickly sow thistle 1.5 1 1 2 1 

Lapsana communis Nipplewort 1 1 0 1 0 

Aethusa cynapium Fool's parsley 0.5 1 0 1 0 

Persicaria maculosa Redshank 1 1 0 1 0 

Anagallis arvensis Scarlet pimpernel 0 1 0 0.5 0 

Hieracium sp. Hawkweed sp. 2 2 1.5 2 1.5 

Hirschfeldia incana Hoary mustard 1 1.5 1 0.5 1 

Chamerion 

angustifolium 

Square stalked willow 

herb 2 1 1 1 0.5 

Geranium dissectum Cut leaved cranes bill 1 1 1 0.5 0 

Medicago lupulina Black medic 1 1 1 1 0 

Trifolium repens White clover 2 2 2 1 1 

Cirsium vulgare Spear thistle 2 2 2 2 2 
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Appendix 1d 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 3092.42 Rotation+ Month* Year 3075.4 
 

  
Mean 3075.35 Rotation* Month+ Rotation* Year+ Month* Year 3064.7 

 

 
Crop Presence/ absence 1668.59 Rotation*Month+ Rotation*Year+ Month* Year  

  

  
Mean 1653.4 Month* Year 1612.4 

 

 
Non-crop  Presence/ absence 2110.99 Rotation+ Month* Year 2089.0 

 

  
Mean 2089.04 Rotation* Month+ Rotation* Year 2069.08 

 
Pollen  Total  Presence/ absence 3258.99 Month* Year 3237.3 

 

  
Mean 3237.28 Rotation* Month+ Rotation* Year  3232.6 

 

 
Crop Presence/ absence 1954.52 Rotation* Month+ Rotation * Year  1939.4 

 

  
Mean 1939.38 Month+ Year  1899.7 

 

 
Non-crop  Presence/ absence 2152.62 Month* Year 2126.0 

 
    Mean 2126.01 Rotation* Month* Year  2126.0 
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Appendix 1e 

 

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 

  
Mean 

 
7348.1 

Rotation*Month + Rotation*Year +  

Month*Year 
7338.5 

 
Total pollen quality  Presence/absence 

Zero-adjusted 

Gamma 
13723.33 Month*Year  13702.0 

  
Mean 

 
13702.54 

Rotation*Month + Rotation*Year +  

Month*Year 
13685.0 

 
Crop nectar quality Presence/absence 

Zero-adjusted 

Gamma 
3753.12 

Rotation*Month + Rotation*Year +  

Month*Year 
3737.9 

  
Mean 

 
3719.89 Month*Year 3699.0 

 
Crop pollen quality Presence/absence 

Zero-adjusted 

Gamma 
7690.27 

Rotation*Month + Rotation*Year +  

Month*Year 
7675.0 

  
Mean 

 
7675.04 Month 7630.1 

 

Non-crop nectar 

quality 
Presence/absence 

Zero-adjusted 

Gamma 
5147.93 Rotation + Month*Year 5127.0 

  
Mean 

 
5126.97 Rotation*Month + Rotation*Year 5107.0 

 

Non-crop pollen 

quality 
Presence/absence 

Zero-adjusted 

Gamma 
9229.38 Rotation + Month*Year 9199.6 

  
Mean 

 
9199.57 Rotation*Month*Year  9199.57 

Solitary bee Total nectar quality Presence/absence 
Zero-adjusted 

Gamma 
9201.9 Month*Year 9187.0 

  
Mean 

 
9186.99 

Rotation*Month + Rotation*Year +  

Month*Year 
9176.4 

 
Total pollen quality  Presence/absence 

Zero-adjusted 

Gamma 
19442.97 Month*Year 19425 

  
Mean 

 
19424.64 Rotation*Month + Rotation*Year 19407 
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Crop nectar quality Presence/absence 

Zero-adjusted 

Gamma 
3721.31 

Rotation*Month + Rotation*Year +  

Month*Year 
3706.1 

  
Mean 

 
3706.08 Month*Year 3664.0 

 
Crop pollen quality Presence/absence 

Zero-adjusted 

Gamma 
7656.82 

Rotation*Month + Rotation*Year +  

Month*Year 
7641.6 

  
Mean 

 
7641.59 Month 7597.3 

 

Non-crop nectar 

quality 
Presence/absence 

Zero-adjusted 

Gamma 
7702 Month*Year 7680.9 

  
Mean 

 
7680.92 Rotation*Month + Rotation*Year 7663.6 

 

Non-crop pollen 

quality 
Presence/absence 

Zero-adjusted 

Gamma 
NA Did not converge after 500 iterations 

 

  
Mean 

 
NA Did not converge after 500 iterations 

 

Honeybee Total nectar quality Presence/absence 
Zero-adjusted 

Gamma 
6261.18 Rotation + Month*Year 6243.07 

  
Mean 

 
6243.07 

Rotation*Month + Rotation*Year +  

Month*Year 
6242.2 

 
Total pollen quality  Presence/absence 

Zero-adjusted 

Gamma 
13476.56 Rotation + Month*Year 13458.45 

  
Mean 

 
13458.45 

Rotation*Month + Rotation*Year +  

Month*Year 
13440.02 

 
Crop nectar quality Presence/absence 

Zero-adjusted 

Gamma 
3755.12 

Rotation*Month + Rotation*Year + 

Month*Year  
3739.89 

  
Mean 

 
3739.89 Month*Year  3698.99 

 
Crop pollen quality Presence/absence 

Zero-adjusted 

Gamma 
7690.27 

Rotation*Month + Rotation*Year + 

Month*Year 
7675.04 

  
Mean 

 
7675.04 Month 7630.08 

 

Non-crop nectar 

quality 
Presence/absence 

Zero-adjusted 

Gamma 
4019.47 Rotation + Month*Year 3991.82 

  
Mean 

 
3991.82 Rotation*Month + Rotation*Year  3980.3 

 

Non-crop pollen 

quality 
Presence/absence 

Zero-adjusted 

Gamma 
8867.3 Rotation + Month*Year 8843.65 

  
Mean 

 
8843.65 Month + Rotation*Year 8821.56 

Hoverfly Total nectar quality Presence/absence 
Zero-adjusted 

Gamma 
9000.06 Rotation + Month*Year 8976.95 

  
Mean 

 
8976.95 Rotation + Month*Year 8953.41 

 
Total pollen quality  Presence/absence Zero-adjusted 19013.3 Rotation + Month*Year  18988.68 
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Gamma 

  
Mean 

 
18988.68 Month*Year 18947.32 

 
Crop nectar quality Presence/absence 

Zero-adjusted 

Gamma 
2808.86 Month*Year 2775.95 

  
Mean 

 
2775.95 Month + Year 2720.76 

 
Crop pollen quality Presence/absence 

Zero-adjusted 

Gamma 
5549.68 Month*Year 5516.76 

  
Mean 

 
5516.76 Month*Year  5468.23 

 

Non-crop nectar 

quality 
Presence/absence 

Zero-adjusted 

Gamma 
7991.55 Rotation + Month*Year 7969.3 

  
Mean 

 
7969.3 Rotation*Month + Rotation*Year 7949.71 

 

Non-crop pollen 

quality 
Presence/absence 

Zero-adjusted 

Gamma 
17681.89 Rotation + Month*Year  17657.87 

  
Mean 

 
17657.87 Rotation * Month * Year  17657.87 

Butterfly Total nectar quality Presence/absence 
Zero-adjusted 

Gamma 
5414.49 Rotation + Month*Year  5399.16 

  
Mean 

Zero-adjusted 

Gamma 
5399.16 

Rotation*Month + Rotation*Year + 

Month*Year 
5382.94 

 
Total pollen quality  Presence/absence 

Zero-adjusted 

Gamma 
11826.37 Rotation + Month*Year 11811.04 

  
Mean 

 
11811.04 Rotation + Month*Year 11785.23 

 
Crop nectar quality Presence/absence 

Zero-adjusted 

Gamma 
2681.23 Month*Year  2648.32 

  
Mean 

 
2648.32 Month + Year 2594.06 

 
Crop pollen quality Presence/absence 

Zero-adjusted 

Gamma 
5420.31 Month*Year  5387.4 

  
Mean 

 
5387.4 Month*Year  5338.85 

 

Non-crop nectar 

quality 
Presence/absence 

Zero-adjusted 

Gamma 
4431.17 Rotation + Month*Year  4413.84 

  
Mean 

 
4413.84 Rotation*Month + Rotation*Year 4393.83 

 

Non-crop pollen 

quality 
Presence/absence 

Zero-adjusted 

Gamma 
10229.15 Rotation*Month*Year  10229.15 

    Mean   10229.15 Rotation*Month + Rotation*Year 10211.44 
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Appendix 2a 

 

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; 11
th

 and 12
th

 of May 2016) and kept in place until harvest (GS 91; 28
th

 - 29
th

 August 2016), 

(Zadocks et al.) so that plants were potentially under stress during critical developmental phases. 
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Appendix 2b 

Indicators of Ecosystem services and resilience measured; the type of service they represent; and their 

relationship to service provision/resilience  

 

Indicator measured Type 
Expected relationship to service 

provision/ resilience 

Yield quantity Crop production 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 
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Appendix 2c 

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 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 et al). 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 0.25m
2
 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.  
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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 

& Leather, 2011), leaf predators (syrphid larvae, chysopidae larvae, adult coccinellids and coccinellid 

larvae(Zi-Hua Zhao et al., 2015)) and parasitoid mummies (Feng et al., 1992) in the stressed and non-

stressed wheat plots. Three survey rounds took place on the 8 June (GS 55-61), 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 (Tunlid and White, 

1992). Soils were extracted using Bligh and Dyer solvent (Bligh and Dyer, 1959) according to 

Frostegård and Bååth (1996), extracted phospholipids were derivatised according to 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 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 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) and 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 
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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 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.  
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Appendix 2d 

a) Ecosystem services and resilience indicators 

b)                                                                 b) 

 

     c)                                                                            d) 

    

e) 

 



APPENDICES 

 

xxii 

 

(a) Rotation and Stress treatment each significantly affected protein, but the interaction was not significant 

(Rotation effect: LRT = 30.189, p < 0.001, Stress treatment effect: LRT = 11.485, p < 0.001, R
2
glmm(c) 0.884). 

(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, R
2
glmm(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, R
2

glmm(c) 0.519) 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, R
2
glmm(c) 0.295). Plots show mean values ±SE.  
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Appendix 2e 

 

b) Stress 

 

a)               b)                                                           

   

 (a) 3-way Interactions among Rotation, Stress treatment and Depth on soil moisture content (%) (LRT = 70.36, 

p <0.001, R
2
glmm(c) 0.728). (b) Interactions between Growth stages (Booting, Flowering and Grain filling) and 

Stress treatment on average temperature (LRT = 15.55, p <0.001, R
2

glmm(c) 0.986). Plot b shows mean values 

±SE.  
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Appendix 2f 

 

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

                                 Control                         Stress                                     Control                        

Stress 

(a)                                                                               (e)  

 

                                  Soil moisture content (%)                                                                         Soil carbon (%) 

(b)                                                                               (f) 

 

     

                                     Average temperature (°C)                                                               Fungal/bacterial ratio  

(c)                                                                                    (g)  

    

                                 Canopy temperature (°C)                                                                              Aphid abundance   

 

(d) 

Yi
el

d
 t

/h
a 
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                                        Senescence rates  

(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, 

R
2
glmm(c) 0.854). (c) There was a significant interaction between Canopy temperature, Rotation and Stress 

treatment (LRT = 7.69, p<0.05, R
2

glmm(c) 0.724). (d) There was a significant interaction between Rotation and 

Senescence (LRT = 8.35, p<0.05, R
2

glmm(c) 0.775) (e) There was a significant interaction between Soil carbon 

and Rotation (LRT = 7.12, p<0.05, R
2
glmm(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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Appendix 2g 

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 

Predictor 

Df LRT p 

Moisture content 

       X Rotation X Stress treatment  

       X Rotation  

       X Stress treatment  

 

2 

2 

1 

 

2.6058 

4.3566 

0.2101 

 

>0.05 

>0.05 

>0.05 

Average temperature  

       X Rotation X Stress treatment  

       X Rotation  

       X Stress treatment 

 

2 

2 

1 

 

0.16563 

7.8007 

3.6004 

 

>0.05 

<0.05 

>0.05 

Aphid abundance  

       X Rotation X Stress treatment 

 

2 

 

9.5197 

 

<0.05 

Soil Carbon   

       X Rotation X Stress treatment  

       X Rotation  

       X Stress treatment 

 

2 

2 

1 

 

5.698 

7.1203 

0.0316 

 

>0.05 

<0.05 

>0.05 

Fungal:Bacterial ratio   

       X Rotation X Stress treatment  

       X Rotation  

       X Stress treatment 

 

2 

2 

1 

 

4.3276 

3.9464 

0.1390 

 

>0.05 

>0.05 

>0.05 

Canopy temperature    

       X Rotation X Stress treatment 

 

2 

 

7.6978 

 

<0.05 

Senescence    

       X Rotation X Stress treatment  

       X Rotation  

       X Stress treatment 

 

2 

2 

1 

 

0.12754 

8.3502 

0.4 

 

>0.05 

>0.05 

>0.05 

 

 


