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Abstract  
 
Vineyards are large agroecosystems associated with high external inputs and intervention 

leading to local decreases in biodiversity. With trends towards sustainable agriculture, 

there is a push to maximize natural ecosystem functions through methods of on-farm 

diversification, such as perimeter plantings. Increased plant diversity has been found to 

increase the ability to exploit natural ecosystem functions such as pest management, 

through the bottom-up control of species richness displayed by increased plant species 

richness. The aim of this thesis was to investigate the effect of perimeter plantings on 

vineyard plant and invertebrate communities. I hypothesized that perimeter plantings 

would have greater plant diversity and habitat complexity than vineyard interiors.  

Perimeter plantings would also support increased assemblages of natural enemies with 

decreased pest populations when compared to the vineyards. Plant communities in the 

perimeter plantings and the vineyards were first surveyed using transects within the 

perimeters and perpendicular transects from the perimeters towards the interior of the 

vineyards. Invertebrate communities were also surveyed within the perimeter plantings 

and adjacent vineyards, focusing on leafhoppers and spiders. Seven commercially 

operating vineyards throughout the Niagara region were surveyed both within the 

perimeter planting and adjacent vineyard during the 2018-growing season. It was found 

that perimeter plantings not only had increased plant species richness and functional 

diversity, but the species and functional composition within the perimeters differed from 

vineyard interiors. This indicated that perimeter plantings did not increase weed pressure 

but allowed for increased habitat complexity adjacent to the vineyards. Leafhoppers 

showed significantly higher abundance in vineyard interiors than perimeter plantings, and 



as distance from perimeter planting increased, leafhopper abundances also increased. 

Spiders were more abundant in perimeter plantings, decreasing in abundance with 

distance from perimeter. Overall, the results suggest that perimeter plantings have the 

ability to support biological pest control, while not increasing both weed or pest pressure 

observed within vineyards.  
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Chapter 1- General Introduction and Thesis Outline 
 
Agroecosystems are heavily managed ecosystems, where the focus is placed on 

the cultivation of one or two plants. Industrial agriculture has been considered a major 

contributor to the global loss of biodiversity (Cardinale et al., 2012; Power, 2010; 

Tilman, 1999). To maximize crop yields, farmers have heavily relied on synthetic 

pesticides and fertilizers, which have also been associated with various environmental 

impacts such as biodiversity loss, and soil and water pollution (Mclaughlin & Mineau, 

1995). Unfortunately, this intensification and its impacts have led to decreased ecosystem 

resilience with a related reduction in the provision of ecosystem services, and increased 

pest and disease resistance (Donohue et al., 2016; Letourneau et al., 2011; Tilman et al., 

2002). These impacts are driving a trend towards implementing and supporting 

sustainable agricultural practices.  

 Vineyards, like most monoculture agroecosystems, are susceptible to disease and 

pest pressure due to both habitat and local landscape simplification (Woltz et al., 2012). 

Vineyards are usually large and designed to maximize economic benefits, without 

maintaining complexity and diversity in the surrounding ecosystems (Bruggisser et al., 

2010). Oversimplification of complex landscapes often leads to an interruption of key 

ecosystem services. Ecosystem services are direct benefits obtained from various 

functions provided by an ecosystem (e.g. regulating services such as pest control) 

(Raudsepp-Hearne et al., 2010; Rusch et al., 2016). One of these ecosystem services is 

the provision of biological pest control, which may be enhanced through modelling farms 

after natural ecosystems and increases in local species diversity (Landis et al., 2000; 

Thomson & Hoffmann, 2010).  
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 Due to the range of climates where vineyards are found, and the approaches to 

viticulture, on-farm management practices are diverse (Bramley & Hamilton, 2008; 

Hardie, 2000; Jackson et al., 1993). Not only is the surrounding landscape often altered, 

vineyard interiors are highly managed in terms of what types of plant species are present, 

and high disturbance regimes such as mowing and tillage are often implemented. Both 

practices promote the abundance of grass species and annual weeds, lowering overall 

plant species richness within the main cropping field (Bruggisser et al., 2010; Mclaughlin 

& Mineau, 1995; Thomas et al., 2004). 

 Two main groups of on-farm management practices, conventional and organic, 

generally exist, although many variations may fall between these groups. Conventional 

practices are broadly defined by a management regime where synthetic fertilizers and 

pesticides are applied (Caprio et al., 2015). Certified organic farms are regulated, where 

management practices do not employ any form of synthetic fertilizers, and are limited to 

elemental or certified organic pesticides by local governing bodies (CFIA, 2009; 

Manhoudt et al., 2007). While both farm management practices vary overall, there is a 

global trend toward more sustainable forms of on-farm management. 

 Sustainable agriculture is focused on the long-term production of crops, while 

also minimizing the impact on the surrounding ecosystem and environment (Keeney, 

2013; Raudsepp-Hearne et al., 2010). This is often supported by employing techniques 

that attempt to mimic natural ecosystems such as adopting practices that lower local 

disturbance, minimize external inputs, and place importance on embracing local 

landscape design to foster diversification and increase sustainability in the long term 
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(Caprio et al., 2015; Garbach et al., 2014; Hole et al., 2005; Reganold et al., 1990; 

Tuomisto et al., 2012). 

Sustainability may be achieved by tailoring external inputs to specific pest and 

disease pressures, while also enhancing natural processes and services provided through 

supporting local species diversity within agroecosystems (Letourneau et al., 2011; 

Manhoudt et al., 2007). Ecosystem health, defined as the farm’s ability to adapt to local 

disturbances and environmental changes in growing conditions, may be supported by 

fostering natural diversity, and modelling vineyards after natural ecosystems (Altieri, 

1999).  

One technique that has been promoted in sustainable agriculture is the use of 

diversification. Diversification methods intend to increase the number of plant species 

and their ability to provide bottom-up control in higher trophic levels (Scherber et al., 

2010). Increases in plant diversity have been found to influence invertebrate diversity 

within agroecosystems, including the ability to provide biological pest control and 

increase overall ecosystem health (Soliveres et al., 2016). Maintenance of a diverse array 

of plants, predators, parasitoids, pollinators, and herbivores, allow for the preservation of 

natural ecosystem services such as pest control (Tilman et al., 2014). 

 The aim of this thesis was to better understand the effects of diversification in the 

form of perimeter plantings, and their impacts on invertebrate communities within 

vineyards. Increasing diversity within vineyards through the addition of non-crop species 

is becoming common with the introduction of methods such as cover cropping (English-

Loeb et al., 2003; Letourneau et al., 2011). It is hypothesized that the presence of a 

diverse perimeter planting will support increased assemblages of natural enemies with 
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decreased pest populations when compared to the vineyards, specifically spiders 

(Arthropoda: Araneae) and leafhoppers (Hemiptera: Cicadellidae), thereby increasing the 

potential for biological pest control, without increasing pest pressures. 

1.1 Importance of diversity in agriculture 
 

 Agroecosystems, specifically vineyards, are known to be anthropogenic in nature 

(Bruggisser et al., 2010), with a high need for intervention and management through the 

manipulation of soil, input of nutrients, selection of cultivars, and the control of pest 

species (plant and invertebrate) (Broome & Warner, 2008; Hardie, 2000). By increasing 

local species richness, that is the number of different species present within an 

ecosystem, functional diversity may also be enhanced to maintain ecosystem functions 

(Bengtsson, 1998; Scherber et al., 2010). Functional diversity refers to the range of 

functions that may be provided by the species present. In theory, the higher the functional 

diversity, the less redundancy present within an ecosystem, in that there is a wider variety 

of species contributing to wide array of different functional roles within the food web 

(Petchey & Gaston, 2006).Although still debated, high species richness is needed to 

obtain high functional diversity within an ecosystem (Grime, 1997). However, both 

species richness and functional diversity are extremely important in the provision of 

ecosystem functions such as pest management (Dı́az & Cabido, 2001; Soliveres et al., 

2016). 

 In agroecosystems, diversity can provide various services such as the production 

of food, nutrient cycling, detoxification, water retention, and the suppression of pest 

species (Altieri, 1999). When diversity is lacking, key ecosystem processes are 
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interrupted causing agroecosystems to require constant external nutrient inputs, and 

increasing the financial costs to farmers (Harlan, 1975). Simply increasing the diversity, 

both in terms of the crop species as well as through the addition of non-crop species, 

known as planned diversity can have positive impacts on crop yield even in the absence 

of external interventions (Cardinale et al., 2006; Gurr et al., 2016). Increases in crop 

diversity enhance nutrient availability through different mechanisms of nutrient cycling 

among plant species (Mader et al., 2002). Increased plant species richness in addition to 

the main crop, through methods such as cover cropping, can supress both plant (weed 

suppression) and animal pest species (Liebman & Staver, 2001; Nicholas et al., 2005). 

Both increased species richness and functional diversity of plants demonstrate 

have bottom-up control of species richness within ecosystems (Scherber et al., 2010), 

meaning that increased plant diversity, in terms of both species composition and 

functional diversity, may lead to an increase in primary consumers, followed by an 

increase in secondary consumers allowing for the potential for biological pest control. 

Increased species richness at all levels of the food web allows agroecosystems to be 

better equipped to adapt to the local disturbances (Soliveres et al., 2016) 

 Based on the resource concentration hypothesis, increased plant diversity may 

suppress pest outbreaks (Ratnadass et al., 2010). The resource concentration hypothesis 

states that agroecosystems with increased plant diversity have increased habitat 

complexity. Specialized invertebrate herbivores, which often include agricultural pest 

species, are better adapted to locate and colonize crops in simplified habitats over 

complex ones (Root, 1973). Alternatively generalist predators are better adapted to 

colonize complex habitats and supported by increased plant diversity (Langellotto & 
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Denno, 2004). Increased plant species richness leads to the potential availability of a 

wider range of niches (Bengtsson, 1998).  

Habitat diversity and complexity are also important in the provision of ecosystem 

services. Habitat complexity includes, among other things, leaf litter and ground refuges, 

which can promote assemblages of natural enemies (Langellotto & Denno, 2004; 

Sunderland & Samu, 2000). Complexity may arise from both within-habitat changes as 

outlined above, or due to structural complexity between habitats.  

Between-habitat complexity may increase the abundance of natural enemy 

assemblages in comparison to areas with low landscape heterogeneity. Between-habitat 

complexity may be achieved through differences in plant species composition, functional 

composition, or differences in species richness between two neighbouring habitats 

(Langellotto & Denno, 2004; Liu et al., 2013; Rand et al., 2012).  The positive impacts of 

between-habitat complexity have been found to be especially true in the case of generalist 

arthropod predators (Sunderland and Samu 2004). 

Within-habitat structural complexity may be achieved through increasing both 

species richness and functional diversity within an ecosystem. High species richness is 

correlated with increased functional diversity, and can lead to increased habitat 

complexity (Bengtsson, 1998; Dı́az & Cabido, 2001; Grime, 1997). Previous studies have 

reported that arthropods benefit from structural diversity, both within and between 

habitats, due to the provision of a wider range of resources, as well as protection from 

predators, environmental extremes, and the addition of shelter from local disturbances 

(Gunnarsson, 1992; Langellotto and Denno, 2004; Persons et al., 2001). Structural 

diversity within habitats also to plays an important role in the colonization of crop fields 
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by natural pest enemies such as spiders (Hogg and Daane 2010, Thompson and 

Hoffmann 2013).  

1.2 Perimeter planting as a diversification method 
 
 Numerous benefits such as biological control and ecosystem resilience can come 

from the addition of planned diversity with the main crops (Altieri & Letourneau, 1982). 

Planned diversity includes the addition of plant species by farm managers either within 

the main crop or in the margins of fields (Gurr  et al., 2016; Rusch et al., 2016). 

Diversification within vineyards is achieved by embracing diversity in landscape design, 

increasing habitat complexity, supporting the associated diversity, and by increasing 

planned diversity through non-crop species.  

Perimeter plantings are one method of diversification that also supports numerous 

benefits such as wind protection, biological pest control, control of spray drift, and an 

increase in habitat complexity (Baudry et al., 2000; Ernoult & Alard, 2011; Ernoult et al., 

2013; Le Cœur et al., 2002). Perimeter plantings are often dominated by woody or 

flowering plants and run along the margin of agricultural fields. In this study, a perimeter 

planting is defined as a field or plot boundary, managed to prevent expansion into the 

main crop species (Baudry et al., 2000a).  

 Perimeter plantings are expected to increase habitat structural complexity since 

vineyards are heavily managed in terms of the types of cover crops and plant species 

grown within the cropping field. Therefore, perimeter plantings will not only have 

increased species richness (Ernoult & Alard, 2011), but differ in terms of the plant 

species composition in comparison to vineyard plant communities. Perimeter plantings 

function as migration corridors for animals (Wehling & Diekmann, 2009) and habitat for 
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pests and pest enemies (Boughey et al., 2011; Laura et al., 2017). An increase in 

invertebrate species richness is achieved through exploiting trophic cascades between 

plant species and higher trophic levels (Tixier et al., 2013). For example, increasing the 

availability of plant resources can support an abundance of herbivores followed by 

secondary consumers. This cascade is seen throughout the food web with higher levels 

indirectly impacted by changes within lower levels (Cardinale et al., 2006; Scherber et 

al., 2010). Plant species diversity may increase herbivores within an agroecosystem; 

however, increased diversity of primary consumers in lower trophic levels is key in the 

potential provision of pest control. Increased diversity of primary consumers has the 

potential to support a greater number of pest enemies (Cardinale et al., 2006; Dee et al., 

2017; Soliveres et al., 2016). 

 Perimeter plantings support local assemblages of pest enemies through the 

provision of additional refuge sites and overwintering habitats (Baudry et al., 2000a). 

Vineyards with adjacent perimeter plantings are better equipped to respond to pest 

outbreaks earlier in the growing season. This is hypothesized to be due to the addition of 

overwintering habitats closer to the field, as well as the presence of additional resources 

allowing for better colonization by pest-enemies, instead of a lag in response to pest 

outbreaks (Tixier et al., 2013; Unruh et al., 2012). The addition of wildflowers or grassy 

strips positively enhances invertebrate diversity, both primary and secondary consumers, 

through the addition of resources and habitats (Blaauw & Isaacs, 2015; Ernoult et al., 

2013). Hatt et al., (2015) report that the presence of wildflower strips does not translate 

into an increase in pest populations in crop fields when compared with control fields with 

no strips. Therefore, it is predicted that perimeter plantings will allow for an increase in 
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populations of pest enemies, without increasing the abundance of herbivore species 

present within the perimeter plantings. Distance from perimeter plantings is a significant 

main effect impacting any benefits to local invertebrate morphospecies richness observed 

(Mormul et al., 2011). Moving further away from perimeter plantings, species richness of 

beneficial invertebrates declines or can be impacted by factors other than the increased 

plant diversity within the perimeter (Ratnadass et al., 2012). Therefore, as distance from 

perimeter planting increases, it is expected that the abundance of beneficial invertebrates 

declines, and pest populations increase.  

1.3 Pests and pest enemies in vineyards 
 
 Leafhoppers (Hemiptera: Cicadellidae) are a diverse group of piercing, sap-

sucking invertebrates that feed on plant tissues (Bostanian et al., 2012). Leafhoppers are a 

very common agricultural pest, especially within vineyards (Nicholls et al., 2000).  If left 

unchecked, leafhoppers may cause serious damage to leaves resulting in yield losses, 

transmission of plant pathogens, and altering wine quality (Musetti, 2008). It is currently 

thought that there are four main pest species in vineyards throughout the Niagara region; 

Virginia creeper leafhopper (Erythroneura zizac), Eastern grape leafhopper 

(Erythroneura comes), three-banded leafhopper (Erythroneura tricincta), and the potato 

leafhopper (Empoasca fabae) (Appleton et al., 2003; Triapitsyn, 1998). However, Saguez 

et al. (2014) have identified 72 unique leafhopper species in vineyards across Canada 

when vineyards along with the marginal habitats were surveyed.  

Leafhoppers are heavily managed in vineyards through the application of various 

synthetic pesticides to prevent or control outbreaks (Trivellon et al., 2012). Applications 

of many widely used and effective pesticides registered for the control of leafhoppers are 
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generally non-systemic, and therefore may have negative impacts local diversity 

(Sánchez-Bayo et al., 2013; Yadav and Devi, 2011).  There is a need for simple and 

sustainable solutions in the control of leafhopper pests, not only in vineyards, but also in 

many other agroecosystems such as tea, orchards, and various cash crops (Bale et al., 

2008).  

Leafhoppers tend to be more abundant in habitats with lower plant species 

richness (Nicholls et al., 2000; 2001). Two hypotheses are proposed to explain why this 

is observed. The first relates to the resource concentration hypothesis, which states that 

specialized herbivores are more likely to find and colonize food in simple habitats with 

low species richness (Root, 1973). The second hypothesis is the natural enemies 

hypothesis, stating that increased habitat complexity in the form of increased plant 

species richness, fosters an increased number of generalist predators, leading to a better 

control of herbivore populations (Sheehan, 1986).  Murphy et al. (1996) report that the 

addition of trees in field margins of vineyards can improve parasitism of Erythroneura 

elegantula. Erythroneura spp. leafhopper density is lower in vineyards with increased 

habitat diversity due to reductions in concentrated patches of resources, such as 

grapevines, and increased habitat complexity (Nicholls et al., 2000). Perimeter plantings 

may provide increased habitat complexity to agroecosystems through increases in 

marginal plant diversity, differences in plant species composition, and landscape 

heterogeneity (Wiens, 1995). It is therefore expected that leafhopper abundances would 

be lower in perimeter plantings than in vineyard interiors.  

Increased populations of natural enemies, especially early in the growing season, 

can reduce the colonization of vineyards by leafhoppers (Thomson et al., 2010; Williams 
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et al., 2000). Perimeter plantings increase pest enemy populations within the main crop as 

a result of migration from adjacent hedgerows (Nicholls et al., 2001). This may be 

specifically true in vineyards, as there is no crop rotation. The permanency of these 

habitats allows for the establishment of invertebrate species provided there is suitable 

nearby over-wintering habitats to maintain regional pest-enemy populations (Isaacs et al., 

2009). However, a common theme throughout most studies (Blaauw & Isaacs, 2015; 

Ernoult et al., 2013; Hatt et al., 2015; Morandin et al., 2014; Unruh et al., 2012) is that 

distance from strips of increased plant diversity is negatively correlated with beneficial 

effects observed in terms of pest-enemy populations. 

Spiders are generalist predators and tend to have high abundance and richness in 

agroecosystems, specifically vineyards where they have been shown to be effective 

agents of biological pest control (Hassell & May, 1986; Hatt et al., 2017; Rand et al., 

2012).  Spiders are able to fill a wide variety of functional roles within an ecosystem as a 

result of their diversity in prey types and hunting methods (Bolduc et al., 2005), making 

them a suitable candidate for the quantification of natural pest enemies within this study.  

 Similar to other generalist invertebrate predators, spiders are not common 

residents within crop fields year-round, and therefore colonization of the crops occurs 

seasonally (Duelli and Obrist, 2003). The effectiveness of pest control by spiders is 

therefore dependent on the maintenance of year-round populations, or timing of arrival 

from neighbouring habitats. When suitable year-round habitats are nearby, spider 

populations may persist within cropping areas (Hogg and Daane, 2010) 

Spiders can be an effective method of control in relation to leafhoppers 

(Jeyaparvathi et al., 2013). In a variety of ecosystems and lab settings, spiders have 
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shown promise as one of the major predators of leafhoppers contributing to population 

control (Hanna et al. 2003; Letourneau, 1990; Nakai, 2009; Thomson & Hoffmann, 2009; 

2010). Maintenance of regional populations of spiders can be effective in increasing 

spider abundances within less ideal habitats, such as crop fields (Mestre & Lubin, 2011; 

Schipanski et al., 2014).  

Perimeter plantings may enhance local and regional spider populations through 

increased plant diversity and habitat complexity (Boughey et al., 2011). Sunderland & 

Samu (2000) report that the most promising option for increasing the suppression of pest 

species by spiders is to increase their density within the main crop, creating a beneficial 

spider to pest ratio. Greenstone (1999) supports the idea that successful control of prey 

species by spiders is related to overall spider biomass. When herbivore species are 

abundant, for example leafhoppers, there is greater suppression of pest abundances by 

spiders, in comparison to systems with lower abundances of primary consumers (Jones et 

al., 2007). Vineyards are intensely managed open systems, subject to high disturbance 

regimes such as mowing and tillage, which can have a negative effect on diversity. 

However mowing can promote the addition of mulch and leaf litter within crop areas, 

thereby increasing the habitat’s complexity and attractiveness to spider assemblages 

(Cizek et al., 2012). Generally, in order to optimize pest control by spiders, the quality of 

the field must be maintained, as well as the quality of the surrounding landscapes, 

through supporting diversity in habitats and plant resources (Bolduc et al., 2005; 

Boughey et al., 2011; Thomson & Hoffmann, 2010). It is predicted that spider 

populations would benefit from the presence of perimeter plantings. Furthermore, when 
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prey populations are abundant, spider assemblages may also respond positively, allowing 

for increased abundances within vineyard interiors, even when plant diversity is low.  

1.4 Thesis organization 
 

In this thesis, perimeter planting plant diversity in seven vineyard study sites was 

first characterized and compared with plant communities within vineyards to better 

understand how they might differ (Chapter 2). The main goal was to determine what 

differences in plant communities were present, and how these communities differed from 

the vineyard interior. Vineyard interior plant communities are subject to heavy 

management regimes, which often promote a few dominant species, leading to low plant 

diversity. Commercial vineyards are also heavily managed in terms of weed control, with 

careful selection of a few beneficial plant species that do not compete for nutrients with 

vines. Therefore, it was hypothesized that perimeter planting plant communities would 

differ both in terms of composition as well as overall species richness from the interior of 

the vineyards.  

The second step was to examine how perimeter plantings might influence the 

invertebrate assemblages by focusing on leafhoppers (pests) and spiders (predatory 

enemies) (Chapter 3). Leafhoppers and spiders were surveyed in both perimeter plantings 

and within the vineyards across the seven study sites. Identifying at the morphospecies 

level, leafhoppers and spiders were catalogued and analyzed to evaluate the impact of 

perimeter plantings on their diversity and abundance. I hypothesized that leafhoppers 

would be more abundant within the vineyard interiors than in perimeter plantings since 

vineyard interiors are associated with lower habitat complexity and plant species 

richness. Vineyard interiors would therefore contain many concentrated patches of 
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resources (grapevines), allowing leafhoppers to reach higher abundances as outlined. I 

also hypothesized that spiders would be more abundant within perimeter plantings than in 

vineyard interiors as a result of habitat preferences, as well as increased within and 

between habitat complexities present due increases in habitat complexity associated with 

perimeter plantings. 

In Chapter 4, I summarize the results of my thesis and discuss their implications 

in terms of community responses observed within agroecosystems. I propose future 

studies that can account for regional and landscape analysis at a larger scale, in order to 

further understand how management practices such as perimeter plantings can increase 

sustainable agriculture.
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Chapter 2 
 
*This chapter is to be submitted for publication and formatted accordingly. 

Analysing plant communities in perimeter plantings and vineyards in 
the Niagara region 
 
M. Hughes1 and L. Vasseur1,2 

 

1Department of Biological Sciences, Brock University, 1812 Sir Isaac Brock Way, St. 
Catharines, Ontario L2S 3A1, Canada  
2UNESCO Chair in Community Sustainability: From Local to Global, Environmental 
Sustainability Research Centre, Brock University, St. Catharines, Ontario, Canada 

2.1 Abstract  
 
Perimeter plantings, or the use of increased diversity in the margins of agricultural fields, 

can support the provision of ecosystem services through exploiting plants’ bottom-up 

control on species richness in higher trophic levels. However, the influence of perimeter 

plantings on nearby plant communities may be region or site specific and is not well 

understood. This research aims to better understand the potential influence of plant 

communities in established perimeter plantings on adjacent commercial vineyards. Plant 

surveys were completed in seven vineyards, including both conventional and organic 

farms, throughout the Niagara region, Ontario, Canada, during the 2018-growing season. 

Both the established perimeter plantings and their neighbouring vineyard interiors were 

surveyed. Perimeter plantings had significantly greater plant species richness as well as 

different species composition and functional diversity than vineyard interiors. On-farm 

management contributed to the variation observed in plant species richness and 

abundance. Plant species composition, including the functional composition of plant 

communities present varied from the perimeter to vineyard interiors. We found that 

perimeter plantings did provide increased species richness and functional diversity within 
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the margins of fields, increasing habitat complexity, while not increasing weed pressures 

within the main crops.   

 

Keywords: Perimeter plantings, agroecosystems, species richness, habitat complexity, 

ecosystem services  

 

2.2 Introduction 
 

Vineyards are perennial agroecosystems composed of genetically uniform plant 

crops with low overall plant species richness (Lorenz et al., 1995; Nascimbene et al., 

2013). Vineyards are highly managed to control pest and disease pressure, as well as to 

optimize berry quality for wine production. This may include the manipulation of soil, 

input of nutrients, selection of cultivars, and use of pesticides leading to high disturbance 

regimes often associated with local biodiversity losses (Bramley & Hamilton, 2008; 

Jackson et al., 1993; Scienza et al., 1995). This oversimplification of the ecosystem with 

low diversity of otherwise complex landscapes may reduce the provision of key 

ecosystem services such as pest control (Cardinale et al., 2012). Increasing plant species 

richness in any ecosystem can be key for the provision of ecosystem services, resulting in 

numerous economic benefits such as biological control through enhancing natural 

habitats for pest enemies, and decreased nutrient run off (Cardinale et al., 2006; Dı́az & 

Cabido, 2001). 

On-farm management may be broadly categorized, as either certified organic or 

conventional. Both methods of on-farm management encompass a wide variety of 

different management practices, depending on site specific needs and local regulations 
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(Caprio et al., 2015). Within both types of management, there has been an increased 

interest in sustainable practices, such as fostering local biodiversity (Bruggisser et al. 

2010). Diversification of agroecosystems, in general, aims to increase the number of 

plant species which gradually can provide bottom-up control in higher trophic levels 

(Scherber et al., 2010; Tilman et al., 2009). Increases in plant diversity can influence 

invertebrate communities and abundance within agroecosystems, which may provide 

direct benefit to farmers.  Increases in species richness may also allow for diverse 

functional groups to be present, also known as functional diversity (Altieri, 1999). 

Functional diversity within an ecosystem is directly dependent on the types of species 

present and is key in the provision of ecosystem services (Bengtsson, 1998). Increased 

species richness and functional diversity increases the potential for biological pest 

control, increased soil quality, and overall ecosystem health (Weibull and Östman 2003; 

Soliveres et al. 2016). Maintenance of a diverse array of plants, predators, parasitoids, 

and pest species allows for the preservation of natural ecosystem functions (Gascon et al., 

2015; Gurr et al., 2016).  

A draw back of the implementation of diversification methods is the potential for 

competition through weed pressure and the potential increase of pest species (Schipanski 

et al. 2014). Perimeter plantings are another method of on-farm diversification common 

throughout Europe, but less prevalent in North America (Forman and Baudry 1984; 

Franck and Lavigne 2009).  In this study, perimeter planting is defined as any field 

boundary managed to prevent its expansion into the cropping area (Gurr et al., 2016), 

regardless of whether or not the increased diversity was planted by farm managers or 

present at the establishment of the vineyards. This allows for the inclusion of hedgerows 
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(Burel, 1996), tree stands, and adjacent forests (Schultz et al., 2004) in our definition of 

perimeter plantings. Perimeter plantings can provide habitats for organisms, through 

provision of overwintering sites and ground refuge, as well as the provision of movement 

corridors for both plants and animals (Burel et al., 1998; Ernoult & Alard, 2011; Unruh et 

al., 2012). Perimeter plantings are associated with increased plant species richness 

(Boutin et al., 2002). They often include plants that were present during the establishment 

of the farm and may resemble the species composition found within the surrounding 

landscape (Vandermeer et al., 2002). They can also be enhanced by planting specific 

species aimed to exploit various functions (Hector et al., 1999).  

The capacity of perimeter plantings to increase pest control is strongly influenced 

by distance from these plantings (Blaauw & Isaacs, 2014; Hatt et al., 2015; Tschumi et 

al., 2016). Plant diversity within the margins of fields can attract a diverse array of 

beneficial invertebrates (Vickery et al., 2009a). Plant buffers, such as perimeter plantings, 

can lower nutrient and water run off (Borin et al., 2010; Skagen et al., 2008), as well as 

the provision of key windbreaks to mitigate spray drift (Lazzaro et al., 2008), and 

movement of invertebrates (Lewis, 1996).  de Blois et al. (2002) demonstrate that the 

species composition of hedgerows is influenced by several factors, with adjacent land-use 

being the best predictor. Further they suggested that when regional land-use is heavily 

dominated by intensive agriculture, these hedgerows may contain similar species 

composition across a region (de Blois et al., 2002). 

The aim of this study was to examine the differences in plant communities 

between perimeter plantings and the adjacent vineyards across seven vineyards, located 

within the Niagara region, Ontario, Canada, during the 2018 growing season. We 
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hypothesized that perimeter plantings would contain greater plant species richness than 

the interior vineyard plant communities. We predicted that interiors of vineyards would 

be more uniform in terms of species composition due to the high level of management 

applied to vineyard interior plant communities. Plant functional diversity was also 

investigated to determine whether it would differ between perimeter plantings and 

vineyard interiors. We hypothesize that perimeter plantings would contain a greater 

number of functional groups than vineyard interiors due to the intense selection of 

interior plant species and on-farm management practices. Overall, we predict that 

perimeter plantings would allow for increased habitat complexity.  

2.3 Methods 

2.3.1	Site	selection	and	plant	surveys	
In 2018, seven study blocks were selected across six vineyards throughout the 

Niagara region (Figure 1). Each vineyard contained more than one grape variety and was 

located directly adjacent to a field boundary, or perimeter planting, running north to 

south. The farms were surrounded by various agricultural land uses. The study blocks 

were rectangular in shape, consisting of a perimeter planting of at least 100 m in length 

and up to 170 m in length, and went into the vineyard for a length of 25 m. Sampling was 

done running from east to west. Predominant winds in the region are south-east.  
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Figure 1. Map of research study sites throughout the Niagara region, Ontario, Canada. Each red dot 
represents a commercial vineyard included within this study.  

 
Plant communities were surveyed twice during the growing season: early summer 

(June) and late summer (August-September). Fifteen 1 m x 1m quadrats were installed 

along a transect within each perimeter planting, separated by at least 5 m. In each 

quadrat, plant species were first identified using the Manual of Vascular Plants of North-

eastern United States and Adjacent Canada (Gleason and Cronquist, 1991), and percent 

ground cover of each plant species recorded. To account for any impact created by 

disturbance at the edges of the field, no quadrats were placed in the first and last 10 m of 

the perimeter planting.  

To examine the influence of the perimeter plantings on the vineyard, interior 

transects were installed perpendicular to the perimeter plantings, i.e. going from the 

perimeter plantings into the interior of the vineyard. Three transects were installed 

leaving at least 15 m between them. Each transect contained five 1 m x 1 m quadrats, 

Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community

¯

0 5 102.5 Kilometers
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starting one meter away from the perimeter planting, with each consecutive quadrat 

placed between grape rows at approximately 6 m apart (Figure 2). Plant species were 

again identified, and percentage cover within each quadrat was recorded. Overall percent 

cover of each plant species was reported as the average percent ground cover. The term 

distance was used to express the distance from the perimeter planting. Position 1 

represented perimeter plantings and the farthest from the perimeter plant was position 6. 

Except for mowed grasses, all plants were identified to the species level. Voucher 

specimens were collected and added to the Brock Herbarium. Each plant was also 

assigned to a functional group, described by plant class and type, as well as growth 

duration, for a total of 13 different functional groups (Table 1). Weeds were also 

accounted for, defined as a plant that is listed as a noxious weed found in Regulation 

1096 under the Weed Control Act, and as outlined by the Ontario Ministry of Agriculture 

Food and Rural Affairs (OMAFRA).  Weeds were classified together regardless of plant 

class, type, or growth duration. Each functional group was presented as the total percent 

cover of all plants within a group. Groups were chosen based on important qualities in the 

attraction of invertebrate species, such as the presence of a flower, or potential to provide 

overwintering habitats (Thomson & Hoffmann, 2010). 
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Figure 2. Field schematic representing plant survey locations. Circles represent vines, while black squares 
represent 1 m x 1 m quadrat locations. Each interior quadrat was placed mid row, along three separate 
transects separated by 6m. The first interior quadrat was placed directly adjacent to the perimeter planting 
(1m).  

2.3.2	Management	Practices		

	
Each site was classified as organic or conventional at the start of the study period. 

The predominant grape variety was noted, however due to a lack of literature supporting 

any real impact on local ecology this was not included in analysis (Table 1). Since site-

specific management practices, such as mowing and tillage, have been shown to impact 

plant communities (Steenwerth et al., 2016), these factors were also recorded, however 

due to inconsistency in reporting by farm managers were not included in any analyses. 

Differences in specific on-farm management in terms of mowing and tillage were 

recorded as 0 for no till systems, and 1 tillage every other row. We also noted if the tilled 

rows were replanted, plants allowed to grow back, or left as bare soil during the 2018-

growing season. Mowing was recorded as an overall frequency during the growing 
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season (Table 1). Overall the term Management refers to only the on-farm certification 

(organic versus conventional) and dictates the types of spray bases and fertilizers that are 

applied. 

Table 1. Summary of site management.  

Site Management Predominant 
Variety  

Location  Mowing 
Frequency  

Tillage  Replanted 
(Y/N) 

1 Conventional Vidal  Rockway  5 0 
- 

2 Organic Cabernet Franc Beamsville 2 1 N 
3 Organic Chardonnay Beamsville Bench  2 1 Y 
4 Conventional Cabernet varieties, 

Riesling 
Beamsville 3 0 

- 
5 Conventional Chardonnay Beamsville 3 1 Y 
6 Organic  Merlot Niagara on the 

Lake 
5 1 N 

7 Organic  Cabernet varieties Niagara on the 
Lake  

5 1 Y 

This table describes management practices, including variety of grape and location of each study block.  
 

2.3.3	Data	analysis	 	
 

To investigate plant communities, species richness (Whittaker, 1972) was 

calculated for each quadrat and then pooled by distance (positions 1 to 6). Species 

richness data were analyzed using a generalized linear model as implemented by the glm 

function in R, using a Gaussian distribution (Gardner et al., 1995) against the explanatory 

variables on-farm management (organic versus conventional) and location (perimeter 

versus interior; using pooled data i.e. all interior collection points versus all perimeter 

collection points). A one-way analysis of variance (ANOVA;(Stoline, 1981) followed by 

Tukey honest significant difference test (Keselman & Rogan, 1977) was performed to 

investigate any source of variance in plant species richness in response to distance from 

perimeter planting.  

Community composition data may be analysed through ordination techniques 

allowing for the reduction of the dimensionality of the data to few main axes of variation. 
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A principal correspondence analysis (PCA) highlights patterns in species composition 

and structure though contracting a theoretical variable to explain the highest amount of 

variation within the data (C. J. ter Braak & Jongman, 1995; Van Wijngaarden et al., 

1995). PCA methods were utilized, using CANOCO 5, in order to detect underlying data 

structure in plant species composition. Both collection periods were included because 

variation in species composition could be expected between early and late summer 

(O’Reilly & Parker, 1982). Since each species was measured on the same scale using 

percent ground cover as a proxy for abundance, no standardization was used (C. J. F. ter 

Braak & Jongman, 1995).  

 Functional diversity and plant species data were also examined using a principle 

response curve (PRC) analysis, which is a multivariate method of analysis for repeated 

measures. PRCs test and display treatment effects that change across a temporal 

measurement. Treatment curves are presented relative to a standard, in our case a dummy 

community set by y=0. This analysis is based on a partial redundancy analysis. The y-

axis of the resulting curve is the first ordination axis of a redundancy analysis, and the x-

axis is the temporal factor (van den Brink et al., 2008). In our case we used a spatial 

factor, distance from perimeter planting as our x-axis, and is generated using CANOCO 

(version 5).  Distance was chosen as the spatial factor due to interest in testing the 

potential implication of spatial structure on community composition. Using a spatial 

variable, in our case distance instead of a temporal factor in our PRC does not provide a 

statistical test of the significance of change at each distance but does allow for statistical 

testing of the treatment factor site (Auber et al., 2017; Moll et al., 2016).  Monte Carlo 

permutation tests were run to evaluate whether the PRC explained significant variation by 
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the treatment of study site (available in CANOCO). Influences of the functional groups 

present within each community were weighted on a secondary axis. Species with a high 

positive weight indicated a response strongly resembling the PRC curves displayed, and 

zero weights indicate no relationship, or a relationship other than what is accounted for in 

the PRC. Negative species weights indicate the opposite reaction displayed by the PRC 

(Van den Brink et al., 2009; van den Brink & den Besten, 2008).  The perimeter planting 

is represented by zero, with distance one being placed directly adjacent the perimeter (1 

m) and each subsequent interior distance being separated by six meters for a total of 25 m 

by distance 6 (Whitehouse et al., 2005). 

2.4 Results 
A total of 128 plant species were identified, with 43 plant species found 

exclusively in the perimeter plantings. The most abundant species in both perimeter 

plantings and vineyards were Solidago spp. (golden rod) accounting for 5.00% of the 

total ground cover, followed by Lolium perenne (hairless rye, 4.67%), unknown grasses 

(4.67%), Reynoutria japonica (Japanese knotweed, 4.43%), and Vicia cracca (cow vetch, 

3.97%). Within the perimeter plantings, the two most abundant plant species were 

Solidago sp. and V. cracca, accounting for 7.95% and 6.22% of the total perimeter 

ground cover, respectively. The two most abundant plant species in the vineyards were L. 

perenne and P. major (broad leaf plantain) accounting for 7.46% and 5.82% of total 

ground cover (Table S3, Appendix A). Four species were found exclusively within the 

vineyards: Persicaria maculosa (lady’s thumb), Monarda didyma (scarlet beebalm), 

Lamium purpureum (red deadnettle), and Portulaca oleracea (common purslane).  
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Location of collection (perimeter versus vineyard interiors) significantly 

contributed to the variation in plant species richness (Table 2) based upon a generalized 

linear analysis of variance. Perimeter plantings had significantly higher plant species 

richness than vineyard interiors (Figure 3a). On-farm management (Figure 3b) and the 

interaction between management and location did not significantly contribute to variation 

in plant species richness (Table 2).  

 
Table 2. Generalized linear analysis of variance summary results for variation in plant species richness 
sampled across vineyard sites. 

Effect Estimate  df T P 
Intercept  19.533    

Location  33.467 1 7.373 0.001*** 
Management  -2.933 1 -1.197 0.239 
Management:Location 7.433 1 1.238 0.223 
Interaction effects are indicated by a colon 
*** P<0.001, **P<0.01, *P<0.0 
 

 
 
Figure 3. Trends in overall mean plant species richness. A generalized linear model (glm, family=Gaussian, 
R version 1.1.453) was performed to compare mean plant species richness by a) collection location, and b) 
on-farm management.  No significant differences in plant species richness between organic and 
conventional farms were observed. Perimeter plantings had significantly higher plant species richness than 
vineyard interiors. There was no significant interaction between location of collection and on-farm 
management. Significance is denoted by “*” at a 95% confidence interval.  
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Based on a one-way analysis of variance, plant species richness significantly 

differed with distance from perimeter planting (Figure 4, F=31.75, df=5, p<0.0001). As 

expected, when pairwise differences were analysed the only significant difference was 

found in distance 1 (0m; perimeter planting, p<0.001, Table 3). Plant species richness at 

distance 2 (1m; vineyard interior) was significantly lower, and plant species richness did 

not significantly vary across each following distance.  

 
Figure 4. Trends in mean plant species richness by distance from perimeter planting. A one-way analysis of 
variance (ANOVA) was performed to compare plant species richness across distance from perimeter 
plantings. Distance one represents perimeter locations (0m), with distance two being directly beside the 
perimeter planting (1m interior) and each subsequent distance being separated by six meters for a total of 
25 meters by distance 6. Overall distance was a significant factor on mean plant species richness. Pairwise 
comparisons were made using Tukey’s HSD test, and it was found that perimeter plantings had 
significantly higher plant species richness than all vineyard interior distances with no significant 
differences among interior collection locations. Significant pairwise differences are denoted by lowercase 
letters at a 95% confidence interval.  
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Table 3. Permutational multivariate analysis of variance summary results for variation in the abundance of 
individual plant species by distance sampled across vineyard sites, including significant pairwise 
comparisons. 

Pairs df F P 
Distance 5 31.75 0.001*** 
Residuals  36   
Total  41   
Pairs  difference P adj 
1:2 1 -35.14 <0.0001* 
1:3 1 -36.29 <0.0001* 
1:4 1 -41.28 <0.0001* 
1:5 1 -37.86 <0.0001* 
1:6 1 -38.00 <0.0001* 
2:3 1 -1.143 0.9996 
2:4 1 -6.143 0.6193 
2:5 1 -2.714 0.9812 
2:6 1 -2.857 0.9764 
3:4 1 -5.000 0.7924 
3:5 1 -1.571 0.9985 
3:6 1 -1.714 0.9977 
4:5 1 3.429 0.9490 
4:6 1 3.285 0.9572 
5:6 1 -0.1428 1.000 
Pairwise effects are indicated by a colon. Numbers refer to distances.  
*** P<0.001, **P<0.01, *P<0.05. 

 

The first two axes of the PCA had a cumulative explained variation of 31.35% 

and showed four groupings of the plant communities (Figure 5). Numbers 0-14 

represented perimeter planting sample locations and were grouped on the right side of the 

first axis while 15 and above, corresponding to vineyard interior communities, were 

located on the left side of the first axis. Furthermore, within each group, there were two 

subgroups separated along the second axis with the first time of survey being in the 

positive side of the second axis and the second survey being on the negative side of the 

second axis. The eigenvalues and corresponding explained variance for each principal 

axis are presented in Figure 4.  A PRC (Figure 6) displayed seven species community 

composition for each study site over the distance. The treatment factor site and its 

interaction with distance were not significant based on Monte Carlo permutation test 

(F=4.3, p=0.506). The PRC accounted for 16.53% of the variation observed. Plant 
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species such as Convolvulus arvensis, a perimeter species, held the highest positive 

species weight, indicating a community response similar to the PRC displayed. Plantago 

major, found both in interiors and perimeter plantings held the highest negative species 

weight indicating a strong community response opposite to the PRC displayed. Overall 

there was a shift in plant species composition displayed by the PRC from the perimeter 

(distance=0) to the vineyard interiors (distances 1-5). 

 
Statistic Axis 1 Axis 2 Axis 3 
Eigen value  0.1653 0.1482 0.0735 
Explained variation  16.53 31.35 38.70 

Figure 5. Principal correspondence analysis of vineyard plant communities as implemented by CANOCO 
(version 5). The first axis explained 16.53, while the second axis explained 14.82% of the variation for a 
cumulative total of 31.35 % of the variation, and 38.70% for the first three axes. Four groups could be 
identified: perimeter planting (sites 0-14) to the right of the first axis, with time one plotted on the positive 
site of the second principal axis and time two being plotted on the negative side of the second principal 
axis. Vineyard interior (15 and above) sites are grouped to the left of the first axis with time one being 
located on the positive side of the secondary axis, and time two located on the negative side of the second 
principal axis. The second axis highlighted differences in the two times of plant surveys showing 
differences in the composition of plant communities between early and late summer. This did not translate 
to differences in plant species richness between collection times. 
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Figure 6. Principal response curve (PRC) results of the variation in species composition of plant 
communities over distance. A PRC, as implemented by CANOCO (version 5), was used to evaluate the 
changes in plant species composition of a temporal factor, in this case distance, with a treatment factor of 
site. Each curve represents a unique plant community at each study site. This is in comparison to the null 
community represented by the y=0 line. The effects of the factor site, including its interaction with distance 
are not significant according to Monte Carlo permutation test with a total of 16.53% of the total variation 
explained over a total 499 permutations. Plant species (chosen by weight) are plotted on the secondary axis. 
Species with a weight near 0 indicate no relationship to the displayed community curve or a relationship 
not accounted for. Species with a high weight indicate a response similar to the curve displayed, and 
species with a negative weight indicate a response opposite to the curve displayed. Overall, there is a 
change in plant species as you move from the perimeter planting (distance=0) to the vineyard interiors 
(distances 1-5).   

2.4.1	Functional	diversity	of	plant	communities		
 

The most commonly observed functional group was perennial dicot forbs (DFP 

Table 4). The same group was also the most abundant in terms of total percent cover, 

accounting for 30.6% of all ground vegetation. Three functional groups were found to be 

exclusively in perimeter plantings: dicot perennial trees, monocot perennial forbs, and 

perennial gymnosperm subshrubs (Table 4). In comparison, there were no functional 

groups exclusive to vineyard interiors.  
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Table 4. Total percent cover and total occurrences of all functional groups collected.  

Functional 
Group 

Plant type  Plant Class Growth 
period  

Interior % 
Ground 
Cover 

Perimeter % 
Ground 
Cover  

Overall % 
Ground 
Cover 

DFP Forb Dicot  Perennial  35.3 29.9 32.6 
DFA Forb Dicot  Annual 13.0 15.9 14.4 
MGP Graminoid Monocot Perennial  22.2 13.2 17.7 
DVP Vine Dicot  Perennial  3.91 9.49 6.70 
DFB Forb Dicot  Biennial  12.5 8.610 10.6 
DNW Noxious 

Weed 
Dicot  Noxious 

Weed  
1.26 8.21 4.73 

DSP Subshrub Dicot  Perennial  0.33 5.26 2.80 
MGA Graminoid Monocot Annual 10.4 3.561 6.99 
*DTP Tree Dicot  Perennial  0.00 2.99 1.50 
*MFP Forb Monocot Perennial  0.00 1.170 0.59 
GTP Tree Gymnosperm Perennial  0.66 0.834 0.75 
DSP Subshrub Dicot  Perennial  0.40 0.710 0.55 
*GSP Subshrub Gymnosperm Perennial  0.00 0.125 0.06 
* represent functional groups unique to perimeter plantings. 
 

A PCA explained 38.65 on the first axis with a cumulative value of 53.22% for 

the first two axes (Figure 7). Two general groupings could be identified: perimeter 

plantings represented by sites 0-14 grouped to the right side of the first axis, and vineyard 

interiors represented by sites 15+ grouped to the left side of the first axis. There was a 

slight variation accounted for by changes in the functional groups of plant observed as we 

move from early to late blooming plant species across the secondary axis.  The PRC was 

no significant variation in plant functional composition across sites, including its 

interaction with distance, based on a Monte Carlo test (F=23.7, p=0.442) (Figure 8).  
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Statistic  Axis 1 Axis 2 Axis3 
Eigen value  0.3863 0.1460 0.1216 
Explained variation  38.63 53.22 65.38 

Figure 7 . Principal correspondence analysis of vineyard functional diversity as implemented by CANOCO 
(version5). The first and second axis explained 38.63 and 53.22 % of the cumulative variation for a 65.36% 
for the first three axes. Two general groupings can be identified: perimeter plantings (sites 0-14) and 
vineyard interiors (15 and above). The second axis tended to separate the two times of plant surveys, 
showing slight differences in functional diversity in response to differences in plant species composition 
between early and late summer. All codes for functional groups may be found in Table S2.4 (appendix A). 
Functional groups were chosen based on the plant growth duration, plant class and plant type as these 
factors influence the provision of overwintering habitats for invertebrate species.  
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Figure 8. Principal response curve (PRC) displaying variation in plant functional community composition 
over distance during the 2018-growing season. Each curve displayed represents the functional composition 
of the plant communities at each unique study site, in comparison to a null community represented by the 
y=0 line. The PRC, as implemented by CANOCO (version 5), displayed the variation over distance from 
perimeter planting (d=0) to vineyard interiors. The treatment factor site, and it’s interaction with distance 
was not significant based on Monte Carlo permutation test (F=23.7, p=0.442), with a total of 38.63% of 
variation explained over 499 permutations. Each site is plotted separately against a null community 
represented by y=0. Plant functional groups are weighted on the secondary axis. Groups with weight near 0 
show no response or a response other than the curve displayed. Functional Groups with high weights show 
a response strongly resembling the curve, with negative weights showing the opposite response than 
displayed. Overall, there is a shift in the functional composition of plant communities as you move from the 
perimeter planting into the vineyard interiors (d=1). There are no noticeable changes in functional 
composition of plant communities between vineyard interior locations (d=1-5).
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2.5 Discussion 
 

As hypothesized, perimeter plantings had significantly higher plant species 

richness than vineyard interiors and this was true from 1 m away from the perimeters to 

25 m. Species composition varied from early summer to late summer when late flowering 

forbs like Solidago spp. were present. The perimeter plantings contained more unique 

plant species than the interior of vineyards.  

On-farm management has been thoroughly investigated in terms of its relationship 

to species richness, and it is long debated whether organic or conventional farming 

practices promote increased species richness (Weibull and Östman 2003; Gibson et al. 

2007; Manhoudt et al. 2007). Our results showed no differences in terms of plant species 

richness between organic and conventional vineyards. However, heavy management to 

control for weed pressure within vineyards such as mowing, tillage, and the application 

of cover crops might have had significant impacts on which species could survive.  

Methods such as mowing and cover cropping may promote species richness, but also tend 

to be associated with taxonomic homogenization (Brittain et al., 2010; Caprio et al., 

2015; Gabriel et al., 2013; Geiger et al., 2010; Tuomisto et al., 2012). Kleijn and 

Verbeek (2000) report that occasional mowing in field boundaries stimulated increased 

plant biomass and the reduction of weed pressure, promoting grassland species over 

arable weeds (Kleijn & Verbeek, 2000; Mas & Verdú, 2003).  Our findings are consistent 

with these studies as various grasses in combination with other common cover crop 

species, such as annual ryegrass (Lolium perenne), red and white clover (Trifolium 

pratense, T. repens), and chicory (Cichorium intybus) which were added by farm 

managers dominated vineyard interior plant communities.  
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 Tillage includes the uprooting of plants and turning of the soil, or simply a 

disturbance of the soil surface, designed to remove or reduce the plants growing mid-row. 

The soil may then either be left bare, replanted with few desired cover crop species, or 

may be applied in a way where uprooted vegetation is left in the form of mulch allowing 

organic matter found within the plants to return to the soil (Logan et al., 1991). Through 

this high disturbance, most plants are uprooted, lowering overall plant diversity (Mas & 

Verdú, 2003). The application of tillage may help control the dispersal of weed species 

(Chauhan & Johnson 2009; Buhler 1992). In our study, the application of tillage was 

present; potentially explaining observed decreases in species richness within vineyard 

interiors in comparison to perimeter plantings.  

Another potential explanation for differences in plant communities observed 

between the perimeter planting and vineyard interiors, including changes in functional 

diversity, is the application of cover cropping. Cover cropping is a common technique for 

weed control applied within vineyards, which includes the addition of one or more plant 

species between rows of vines(Schipanski et al. 2014; Messiga et al. 2016). Cover crops 

have numerous benefits, but the most relevant being the inhibition of weed growth within 

the main crop field (Dabney et al., 2001; Fourie et al., 2014). Although cover cropping 

may be site-specific, the selection of cover cropping species is often similar regionally 

due to factors such as predominant soil type and local climate (Pardini et al., 2002). 

There is also careful selection of species to ensure the provision of on-site needs, such as 

controlling vine vigour, while avoiding competition for resources with the main crop 

(Ingels, 1998). Cover cropping may also provide an explanation for the variation in plant 
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communities between perimeter plantings and vineyard interiors in terms of both species 

richness and species composition observed.  

Land-use in the Niagara region is heavily dominated by agriculture, specifically 

viticulture and tender fruit production (Carvalho, 2017; Region, 2016). Perimeter plant 

species can be impacted by and predominantly determined by the species available at a 

regional scale (Boutin et al., 2008).  Factors like proximity to various habitat types, such 

as forests, arable land, roads, wetlands and streams, have been found to impact local 

species composition, as they may dictate the species pool present in an area and act as a 

potential seed banks (Forman & Baudry, 1984b; Le Cœur et al., 2002b; Zobel, 1997). 

Landscape heterogeneity refers to higher variation in different types of land-uses in the 

neighbouring habitats. Landscape heterogeneity has been linked with increased species 

richness throughout multiple trophic levels (Weibull and Östman 2003; Vasseur et al. 

2013).  Landscape heterogeneity may arise from changes in habitat types, contributing to 

increased habitat complexity (Chaplin-Kramer et al., 2011a; Rand et al., 2011; Vickery et 

al., 2009b). The presence of perimeter plantings may increase landscape heterogeneity, 

and therefore complexity between habitat types (Le Cœur et al. 2002).  

Perimeter plantings also allowed for increased habitat complexity. Enhanced plant 

species richness not only leads to increased functional diversity, but also a greater 

availability of different plant structures contributing to habitat complexity (Altieri, 1999; 

Petchey & Gaston, 2002, 2006). Within habitat complexity has the potential to support 

increases in invertebrate assemblages through potential increases in resources and 

overwintering habitats(Langellotto & Denno, 2004), enhance ecosystem resilience 

(Donohue et al., 2016), and increase the potential for the provision of ecosystem services 
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(Gurr et al., 2016; Kremen & Miles, 2019). Between-habitat complexity has also been 

found to have a significant positive effect on generalist predators, increasing the 

ecosystems potential for the provision of biological pest control (Chaplin-Kramer et al., 

2011b). We observed changes in the functional communities of plants from perimeter 

planting to vineyard interiors, supporting increased between habitat complexity, which 

may be beneficial in the provision of addition habitats for pest enemies, without notable 

increases in weed pressures within the vineyard interiors.  

Plants have been shown to demonstrate bottom-up control of species richness in 

higher trophic levels, achieved through the presence of additional resources (Burel et al., 

1998). Increases in plant species richness as observed within perimeter plantings may 

support increases in both primary consumers as well as secondary consumers, allowing 

for a robust food web, which has the potential to increase the provision of biological pest 

control (Tixier et al. 2013). This may be achieved through attracting and maintaining 

high abundances of natural enemies both regionally and at a site-specific scale (Aviron et 

al., 2016; Langellotto & Denno, 2004; Letourneau et al., 2011; Veres et al., 2013). 

However, previous literature indicates that distance from perimeter planting significantly 

impacts the provision of biological pest control (Blaauw and Isaacs, 2015), likely as a 

result of decreased plant species richness, similar to what was observed within our study.  

Both increased plant species richness as well as the enhanced structural 

complexity and within habitat complexity that perimeter plantings provide could be 

beneficial in the provision of ecosystem services, specifically biological pest control. In 

conclusion, our results not only support that perimeter plantings do in fact add 

complexity to agroecosystems through increased species richness, differences in species 
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composition, and functional diversity, but even under a variety of different management 

practices, perimeter plantings do not increase weed pressure within the main crops. 

Unfortunately a limitation of our study is that plant communities may vary on a yearly 

basis based on a number of factors such as climate variables, and longer-term 

investigation into the plant communities present within perimeter plantings and the 

neighbouring vineyards would be better equipped to capture this variation and inform 

management decisions. 
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Chapter 3 
 
*This chapter is intended for publication and formatted accordingly 

Variation in leafhopper and spider communities between perimeter 
plantings and vineyards in Niagara, Ontario 

 
M. Hughes1 and L. Vasseur1,2 

 

1Department of Biological Sciences, Brock University, 1812 Sir Isaac Brock Way, St. 
Catharines, Ontario L2S 3A1, Canada  
2UNESCO Chair in Community Sustainability: From Local to Global, Environmental 
Sustainability Research Centre, Brock University, St. Catharines, Ontario, Canada 
 

3.1 Abstract  
 
Perennial agroecosystems, like vineyards, are known for their limited plant diversity, 

ultimately hindering the potential for the provision of ecosystem services, such as pest 

control. By displaying bottom-up control, diverse plant communities in the margins of 

agroecosystems, known as perimeter plantings, may support local abundance of natural 

pest-enemies. This research aimed to characterize common pest species, leafhoppers 

(Cicadellidae), and natural pest enemies, spider (Aranae) communities in perimeter 

plantings and within vineyards of the Niagara region, Ontario, Canada. We predicted that 

the abundance and morphospecies richness of leafhopper abundances would be greater in 

vineyard interiors in comparison to perimeter plantings. We also predict that abundance 

and morphospecies richness of spiders would be greater in the perimeter plantings in 

comparison to vineyard interiors. We collected invertebrate community data across seven 

study sites located in six distinct vineyards. In total, 31 distinct morphospecies of 

leafhoppers (5.59± 0.642/site) and 23 distinct morphospecies of spiders 

(4.52±0.307/site) were recorded. Our results showed that leafhopper abundance was 
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greater in the vineyard interiors than in perimeter plantings, in terms of key leafhopper 

pest morphospecies, with no differences observed between neutral leafhopper 

morphospecies. Distance from the perimeter had a significant effect on this relationship. 

On-farm management influenced leafhopper morphospecies communities, with organic 

vineyards having greater abundance of pest leafhopper morphospecies. Spider 

communities in perimeter plantings showed greater richness and abundance than in 

vineyards, and greater abundances were observed in organic vineyards in comparison to 

conventional vineyards. Plant diversity was also found to significantly impact the 

variation present in spider communities but not leafhopper communities. In conclusion, 

perimeter plantings may offer a simple solution to improve on-farm sustainability 

through not only supporting greater spider diversity and abundance, without increasing 

pest pressure via maintaining spider assemblages both within the perimeter and allowing 

for potential increases in spider assemblage in vineyard interiors. 

 

Keywords: Agroecosystems, vineyards, perimeter plantings, biological pest control, 

leafhoppers, spider 

 

3.2 Introduction  
 

Habitat structure and complexity can have a great influence on the abundance of 

invertebrate communities. Habitat complexity is defined as the presence of different 

structural substrates, i.e. plant types, ground refuge availability, and leaf litter, within a 

habitat. High complexity within a habitat can result in increased species richness and 

functional diversity (Langellotto & Denno, 2004). Complexity among habitats can be 
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influenced by the environmental conditions, plant species composition, and functional 

diversity of neighbouring habitats, adding to landscape heterogeneity (Duflot et al., 2017; 

Vasseur et al., 2013). Changes in land-use and species composition within and between 

habitats also influence habitat complexity (Mormul et al., 2011a) thus invertebrate 

community dynamics and the abundance of invertebrate species (Bell & McCoy, 1991; 

Mormul et al., 2011b; Rypstra et al., 1999). High local plant species richness and habitat 

complexity have been correlated with increased potential for biological pest control 

(Soliveres et al., 2016), and have been associated with lower local pest populations and 

larger assemblages of natural pest-enemies, specifically generalist predators (Langellotto 

& Denno, 2004).  

Perimeter plantings are defined as corridors of increased plant diversity in the 

margins of agricultural fields (often called hedgerows). They are managed to prevent 

their expansion into the main crop field (Françoise Burel et al., 1998). Perimeter 

plantings often play a role in the biological, physical, and chemical fluxes at a landscape 

level by providing numerous benefits such as acting as a wind break, helping to prevent 

nutrient run-off, and supporting nutrient cycling (Baudry et al., 2000; Le Cœur et al., 

2002). Perimeter plantings may also increase water retention in soil (Forman & Baudry, 

1984; Thiel et al., 2013) and serve as a migration corridor for both plants and animals 

(Duffy et al., 2007).  

Perimeter plantings often contain diverse plant species that may be associated 

with the surrounding landscape (Asteraki et al., 2004; de Blois et al., 2002), and may 

play a role in bottom-up control (Scherber et al., 2010). These habitats can include 

flowering plants, shrubs, and trees, providing a variety of habitats for upper trophic levels 
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(Thenail et al., 1999).  Plant species with specific functions such as attracting beneficial 

invertebrates, including pollinators and pest enemies, can also be introduced in these 

perimeters [15]. Such plant diversity and complexity may increase the availability of 

overwintering habitats and ground refuges for potential pest-enemies (Franqoise Burel, 

1989; Vasseur et al., 2013). Perimeter plantings may also provide alternative food 

sources for herbivores, thereby reducing pest pressure on the main crop (D. Letourneau et 

al., 2011).  

 Although there seems to be many benefits associated with the presence of 

perimeter plantings, certain aspects may be detrimental to farmers (Karp et al., 2018; 

O’Rourke et al., 2011). Overwintering habitats may also allow for higher abundance of 

herbivores, especially pests, earlier in the growing season (Jan Bengtsson, 1998; Haddad 

et al., 2001; Ramsden et al., 2015). Perimeter plantings may also promote taxonomic 

homogenization through maintaining high abundances of a few dominant plant species 

(Zhang et al., 2012).  And finally weeds from perimeter plantings may be introduced into 

adjacent fields and compete against the main crop for nutrients (Boutin et al., 2001; 

Kuemmel, 2003).   

 As monocultures, vineyards are known for having limited plant diversity 

(Nascimbene et al., 2013). Due to the importance of berry composition for the production 

of wine, applications of herbicides and pesticides, tillage, and intensive mowing lead to 

repetitive disturbances that can affect adjacent habitats (Boutin & Jobin, 1998; Bramley 

& Hamilton, 2004; Jackson & Lombard, 1993). The use of synthetic agrochemicals to 

control diseases and pests decreases local species richness, including beneficial 

invertebrates that can help regulate pest populations (Caprio et al., 2015a). Growing 
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environmental concerns have resulted in an increased interest in sustainable agriculture, 

including moving towards the application of on-farm diversification to help support and 

offset management practices (Glamann et al., 2017). Current methods aimed at on-farm 

diversification include embracing landscape design, the addition of non-crop plants mid 

row through cover cropping, and maintenance of increased plant diversity in field 

margins through perimeter plantings (Hatt et al., 2017; Pardini et al., 2002). Vineyards 

are subject to very high pest and disease pressure, and are grown in an array of different 

climates, requiring the identification of various reasonable and location-specific control 

practices (Bramley & Hamilton, 2008; Scienza et al., 1995).  

The aim of this study was to examine the differences in community composition 

and abundance of leafhoppers (family: Cicadellidae) and spiders (family: Araneae) 

between seven perimeter plantings and within their associated vineyards in the Niagara 

region, Canada. Considering previous studies, we predicted that the morphospecies 

richness and abundance of leafhoppers would be higher in the vineyard interiors than in 

the perimeter plantings since vineyard interiors can be considered simplified habitats as 

monocultures of grapes (Hughes & Vasseur, in preparation). We also predicted that 

spider morphospecies richness and abundance would be greater in the perimeter plantings 

in comparison to vineyard interiors due to higher habitat complexity that perimeter 

plantings may provide.  Additionally, the potential provision for biological pest control, 

measured by increased abundances of spider assemblages would be negatively correlated 

with distance from perimeter plantings. High habitat complexity is usually preferred by 

generalist predators such as spiders (Isaacs et al., 2009; Rand et al., 2012) while low 
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plant diversity in vineyard interiors benefits specialized herbivores, such as leafhoppers 

(Root, 1973).  

In vineyards, leafhoppers are among the most important pests economically, 

causing severe damage to grapevine leaves. They form a diverse group of piercing, sap 

sucking invertebrates that feed on plant tissues, most commonly leaf tissue (Bostanian et 

al., 2012),  causing serious damage and yield losses. Leafhoppers may also act as carriers 

for plant pathogens, altering wine quality (Musetti, 2008). Four main groups of 

leafhopper pest species are believed to dominate in Ontario, Canada: grape leafhopper 

(Erythroneura sp.), potato leafhopper (Empoasca fabae.), three-banded leafhopper 

(Erythroneura tricincta), and Virginia creeper leafhopper (Erythroneura zizac) (Nicholls 

et al., 2000). However, a study surveying vineyards and field margins throughout Canada 

have identified 72 distinct leafhopper morphospecies including a number of neutral 

leafhopper species, in that they are not known to cause damage to grapes (Saguez et al., 

2014).  

 Leafhoppers can be controlled both chemically, through the application of 

pesticides, and biologically, through the addition of pest-enemies or plants that attract 

pest-enemies. To our knowledge, most effective pesticides marketed for the control of 

leafhoppers are non-systemic (Ministry of Agriculture, Food and Rural Affairs, 2020) 

and may have negative impacts on overall invertebrate diversity (Yadav & Devi, 2011). 

Therefore, there is a need to find sustainable alternatives in the control of leafhoppers, 

lowering the need for external inputs. One study found that increased habitat 

diversification through the addition of prune trees in field margins of vineyards improved 

parasitism of the western grape leafhoppers (Erythroneura elagantula) (Murphy, 
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Rosenheim, & Granett, 1996). Erythroneura sp. leafhopper density is usually lower in 

vineyards with increased habitat diversity (Murphy, Rosenheim, & Garnett, 1996; 

Nicholls, Parrella, & Altieri, 2001; Wilson et al., 2015).  

 Generalist predators, such as spiders, can be effective in the control of leafhoppers 

(Jeyaparvathi et al., 2013; Oraze & Grigarick, 1989).  In various agroecosystems, it has 

been suggested that increases in ground cover may support spider populations (Costello 

& Daane, 1998) contributing to leafhopper population control (Hanna et al., 2003a; Settle 

et al., 1986). Spider assemblages are generally common within vineyards due to their 

perennial nature, with abundance influenced by local landscape diversity (Isaia et al., 

2006; Bolduc et al., 2005). Furthermore, spiders are able to fill a wide variety of 

functions within the ecosystem due to variation in methods of prey capture between 

species (Sunderland, 1999).  

Moderate increases in spider abundance can result in reduced pest populations in 

annual crops, but thus far few studies have looked at perennial agroecosystems (Maloney 

et al., 2015; Sunderland & Samu, 2000; Sutherland, 1999). Increased habitat structural 

complexity, both within and between habitats, can have significant positive effects on 

spider assemblages (Langellotto & Denno, 2004). Both aggregated (the inclusion of 

diverse strips of non-crop plant species) and interspersed (non-crop plants below or 

amongst target crop) diversification can increase local spider populations (Jones et al., 

2007).    

  



 
 

46 

3.3 Methodology  

3.3.1	Site	selection	and	invertebrate	surveys	
 

In 2018, seven vineyards were selected across the Niagara region, Ontario, 

Canada. Each study site was located directly adjacent to a perimeter planting running 

north to south (dominant winds in the region run South West; refer to Environment 

Canada (Enviornment Canada, 2020). Each vineyard was surrounded by various 

agricultural land-uses and contained more than one grape variety. Management varied 

between all seven vineyards, with four vineyards certified as organic farms, and three 

classified as conventional. Table S1 describes each vineyard management including 

grape varieties and farming practices. Each study site was rectangular in shape, consisting 

of a perimeter planting at least 170 m in length, and 30 m into the vineyard. Perimeter 

plantings and the interiors of each vineyard were surveyed as well in 2018 to characterize 

their plant diversity (Hughes & Vasseur, submitted).   

Pitfall (height: 11.5 cm, diameter: 7.5 cm) surveys were conducted twice during 

the growing season, in early (June) and late summer (August to early September) 2018.  

Pitfall traps consisted of clear plastic cups placed flush with the ground and filled with 

approximately 50mL of water containing a drop of dish soap to break surface tension. 

Within the perimeter plantings, five pitfall traps were placed adjacent to previously 

sampled plant quadrats, separated by at least 10 m. Each trap was collected after 24 hours 

and stored in ethanol (0.99 M EtOH). Leafhoppers and spiders were then extracted from 

the samples, identified to morphospecies and counted. The same procedure was also used 

for the interior of the vineyards, with traps being placed mid-row (Figure 9). The first 
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trap was placed 1 m adjacent to the perimeter planting, with each following trap being 

separated by 6 m.  

Sweep net surveys were also completed along six transect running parallel to the 

perimeter planting two times during the 2018 growing season, early summer (June) and 

late summer (early September) (Figure 1). Sweeps were completed at the average inter-

row plant height, stopping adjacent to each quadrat location and sampling for a total of 45 

seconds before moving onto the next quadrat location. Sweeps were pooled by distance 

from the perimeter, with d=1 representing perimeter planting locations, and d=6 the most 

interior sample location. Samples were stored in a freezer of -20oC until sorted. 

Invertebrates collected were first sorted into three categories: leafhoppers, spiders, and 

by-catch, before identifying leafhoppers and spiders to morphospecies. All samples were 

stored in 99% ethanol (EtOH) for future reference. Since the phenology of specific 

leafhopper species may impact relative abundance, we sampled when leafhopper tended 

to be the most abundant within vineyards (between June to late August)(Martinson et al., 

1994). 

Morphospecies richness of adults was used since identification of some species, 

especially leafhoppers, could not be verified without dissections or genetic testing. 

Identification was achieved through keys such as (Dietrich & Pooley, 1994; Saguez et al., 

2014). The frequency of each morphospecies was calculated as the percent of the total 

number of sample locations that contained at least one individual of each distinct 

morphospecies collected (out of 210 sample locations). Due to differences in the level of 

identification, no diversity indices were calculated.  
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Figure 9. Field schematic of invertebrate sample locations. Dots represent grapevines; 
each square represents the location of a pitfall. Solid lines represent sweep net transects. 
Each interior pitfall was placed mid row, along three separate transects separated by 6m. 
The first interior quadrat was placed directly adjacent to the perimeter planting (1m). 
Sweep nets were done at the average height of the plants present. Sampling was carried 
out both mid-row as well as against the vines for 45 seconds at each location. 

3.3.2	Management	Practices		
 

Each site was classified as certified organic (no synthetic fertilizer and pesticide) 

or conventional (application of synthetic agrochemicals) at the start of the study period, 

based on the on-farm certification which is dictated by the Canadian Food Inspection 

Agency ((CFIA), 2009). Our study included 4 certified organic farms (sites 2,3,6, and 7), 

and three conventionally operating vineyards (sites 1, 4, and 5). Location of each site and 

the predominant grape variety (Table S1, Appendix A) was noted; however, due to a lack 

of literature supporting possible influence of variety on local ecology, this was not 

included in the analysis (Hardie, 2000). Mowing and tillage was initially recorded 

throughout the growing season due to the fact that this has the potential to impact plant 
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communities (Schippers & Joenje, 2002). The initial data exploration showed that these 

factors did not contribute to any significant variation in invertebrate communities and 

were excluded from further analyses. Therefore, the term “management” refers 

specifically to the on-farm certification as a potential influence of invertebrate 

communities.  

3.3.3	Data	analysis		
 

Leafhopper and spider communities were analysed separately. At each site, 

morphospecies richness (SR) of each collection point was recorded as well as the 

abundance (total individuals; n) for both spiders and leafhoppers. Leafhopper and spider 

communities were grouped by distance from the perimeter, 1 representing perimeter 

locations (0 m). Distance 2 represented the transition zone and was placed adjacent the 

perimeter planting (1m) and distance 3 through 6 were located within the vineyard 

interior. Each subsequent distance from 2 to 6 was separated by 6 m for a total distance of 

25 m into the vineyards. Generalized linear models, with a Poisson distribution and 95% 

confidence interval, as implemented by the glm function (link=log, base R) were utilized 

to investigate and source in variation in morphospecies richness by the main effects of 

on-farm management and collection location (perimeter planting versus vineyard interior) 

(Gardner et al., 1995). To investigate the change over distance into the field (from 

perimeter to interior) of pest species of interest, pest morphospecies abundance was 

analyzed against distance from perimeter planting, again using a generalized linear model 

in R. Leafhopper pest groups of interest included Erythroneura comes, Erythroneura sp., 

Empoasca sp., and Erythroneura tricincta. Leafhopper data were also analyzed 

separately for neutral morphospecies and common grape pest morphospecies.  
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To investigate variance in leafhopper and spider morphospecies diversity 

(combining richness and abundance), a permutational multivariate analysis of variance 

(permANOVA), as implemented in the adonis2 function in the R package vegan was 

used.  The response variable tested was morphospecies-level diversity of spiders and 

leafhoppers collected during the 2018-growing season. Explanatory variables tested 

included on-farm management (organic versus conventional), location (interior versus 

perimeter planting), and the Shannon diversity (Shannon, 1948) of the plant communities 

present as collected by (Hughes & Vasseur, in preparation). Distance from perimeter 

planting was also evaluated to further explore the data using a separate permANOVA 

test. Distance from perimeter planting was tested in a separate permANOVA model. 

Since distance was the only variable that contained multiple levels, a post-hoc analysis of 

variance, as implemented by the pairwise.adonis function in the R package was utilized 

to investigate specific differences between distances tested. A square root transformation 

was used for all leafhopper abundance data to satisfy normality (Bartlett, 1936). R 

version 1.1.453 was used for all analyses of variance. 



 
 

51 

3.4 Results  

3.4.1	Leafhoppers	(Cicadellidae	family)	
 

Overall 31 leafhoppers morphospecies were identified (Table 5). When pooled 

across sites and locations, the most abundant leafhopper was Macrosteles sp. with a total 

number of individuals of 621, which also had the highest frequency across all sample 

collections (f=76.2%). This was followed by Agailia sp. (n=297, f =54.8%,), 

Erythroneura comes (grape leafhopper, n=249, f=38.1), Empoasca sp. (potato leafhopper, 

n=109, f=61.9), and Macrosteles quadrilineatus (Aster leafhopper, n=78, f=47.6) (Table 

5).  Common vineyard interior morphospecies included Macrosteles sp., Agailia sp., 

Erythroneura comes, and Macrosteles quadrilineatus. Morphospecies, such as Empoasca 

sp., Chlorotettix sp., Graphocephala coccinea, and Gyopanna sp. (Table 5), were 

abundant in the perimeter plantings. Erythroneura comes, Empoasca sp., and 

Erythroneura tricincta are known to be grape pest morphospecies (Kid et al., 1983; 

Saguez et al., 2014). 
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Table 5.List of leafhoppers morphospecies collected across all vineyard study sites during the 2018-
growing season. Species with an * represent those considered pest of grape according to the Ontario 
Ministry of Agriculture, Food, and Rural Affairs (OMAFRA) (Ontario Minestry of Agriculture Food and 
Rural Affairs, 2019). 

Species Total Frequency (%) Total Abundance 
(n)  

Perimeter 
Abundance (n) 

Interior 
Abundance (n) 

Macrosteles sp. 76.2 621 7 614 
Agailia sp. 54.8 297 0 297 
*Erythroneura comes 38.1 249 3 246 
*Empoasca sp. 61.9 109 25 84 
Macrosteles 
quadrilineatus 

47.6 78 2 76 

Macrosteles 
parvidens 

7.14 46 0 46 

Draeculacephala sp. 38.1 39 1 38 
Chlorotettix sp. 7.14 22 19 3 
Paraphlepsius sp. 31.0 19 5 14 
Caladonus sp. 14.3 16 0 16 
Graphocephala 
coccinea 

7.14 16 11 5 

Aphrodinae sp. 11.9 14 3 11 
Gyopanna sp. 9.52 14 12 2 
Latalus sp. 21.4 12 4 8 
Macropsinae sp. 11.9 9 1 8 
Deltocephalinae sp. 9.52 8 0 8 
Coelidia sp. 4.76 5 0 5 
Doratura sp. 9.52 4 1 3 
Texananus sp. 9.52 4 2 2 
*Erythroneura 
tricincta 

7.14 4 1 3 

Erythroneura sp. 7.14 3 1 2 
Limotettix sp. 7.14 3 0 3 
Norvellina sp. 7.14 3 2 1 
Penthima americana 4.76 3 3 0 
Scaphoideini sp. 4.76 3 0 3 
Erythroneura nigra 2.38 3 3 0 
Balclutha sp. 2.38 1 0 1 
Gyonono sp.  2.38 1 1 0 
Opsius sp. 2.38 1 1 0 
Psammotettis sp. 2.38 1 1 0 
Ributana sp. 2.38 1 1 0 
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Multivariate analysis of leafhopper morphospecies abundance collected from 

vineyards in 2018 showed that on-farm management had the strongest significant 

contribution to explain variation (r2=9.70%, Table 6). There was also a significant effect 

demonstrated by location (r2=7.77%, Table 6). There was no significant interaction 

between location and on-farm management. The plant diversity present, as an 

explanatory variable, did not significantly contribute to variation in leafhopper 

communities (r2=1.64%, Table 6). 

Table 6. Permutational multivariate analysis of variance summary results for variation in the abundance of 
individual leafhopper morphospecies sampled across vineyard sites. 

Partial effects df F r2 P 
Location  1 3.712 0.07777 0.013** 
Management 1 4.630 0.09701 0.001** 
Plant Shannon diversity 1 0.7839 0.01642 0.515 
Location:Management 1 1.601 0.03355 0.162 
Residual  37  0.7752  
Total  41  1.000  
Interaction effects are indicated by a colon 
*** P<0.001, **P<0.01, *P<0.05. 
 

Overall, distance did not contribute a significant proportion of variation in 

leafhopper communities, however when analysing pairwise comparisons, significant 

differences were observed between distances 1:3 (0m to 13m), 1:4 (0m to 19m) and 1:5 

(0m to 25m) (Table 7). Additionally, when visualizing trends in abundance of 

leafhoppers, as distance from perimeter planting increases leafhopper abundance also 

increases (Figure 10). In terms of collection methods, only one leafhopper morphospecies 

was obtained through pitfall traps (Latalus sp.), which did not contribute to any 

significant differences in overall results, and therefore differences between collections 

methods were not observed or included.  
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Table 7. Permutational multivariate analysis of variance summary results for variation in the abundance of 
individual leafhopper morphospecies by distance, including all pairwise comparisons, sampled across 
vineyard sites.  

Partial effects df F r2 P 
Distance  5 1.452 0.1678 0.073 
Residuals  36  0.8327  
Total  41  1.000  
Pairs      
1:2 1 1.523 0.1126 0.113 
1:3 1 3.312 0.2163 0.002** 
1:4 1 3.163 0.2086 0.001*** 
1:5 1 1.701 0.1243 0.028** 
1:6 1 1.536 0.1135 0/121 
2:3 1 0.6789 0.05355 0.733 
2:4 1 0.9715 0.07489 0.480 
2:5 1 0.8876 0.06887 0.599 
2:6 1 0.3994 0.03221 0.923 
3:4 1 0.7563 0.05929 0.613 
3:5 1 1.091 0.08334 0.335 
3:6 1 0.7686 0.06019 0.644 
4:5 1 0.6731 0.05311 0.764 
4:6 1 1.022 0.0785 0.396 
5:6 1 0.7744 0.06062 0.656 
Pairwise effects are indicated by a colon. Each number represents a unique distance.  
*** P<0.001, **P<0.01, *P<0.05. 
 

 
Figure 10.Trends in leafhopper community abundance by distance from perimeter planting. Distance 1 
represents perimeter plantings (0m). Distances 2 through 6 are representative of vineyard interior locations, 
with distance 2 being directly adjacent the perimeter planting (1m) and each subsequent distance being 
separated by 6 meters for a total of 25 meters by distance 6.  Permutational analysis of variance 
(permANOVA) as implemented by the adonis2 function in the package vegan (R, version 1.1.453) showed 
no overall significant contribution to variation by the main effect distance. The main effect of distance was 
further investigated through pairwise analysis, as implemented by the pairwise.adonis function in the 
package pariwiseAdonis (R, version 1.1.453). Significant pairwise differences in leafhopper communities 
are are denoted by lower case letters at a 95% confidence interval. 
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When data were split to investigate differences between neutral and pest 

leafhopper morphospecies, we found were no significant impacts of on-farm management 

or distance from perimeter planting on neutral leafhopper morphospecies richness or 

abundance (Table 8). Leafhopper pest morphospecies richness did not significantly vary 

between on-farm management or collection location. Abundance of key pest 

morphospecies, however, did significantly differ between both on-farm management and 

collection location (Table 8). Organic vineyards showed significantly greater leafhopper 

pest morphospecies abundance in comparison to conventional farms (Figure 11c). 

Vineyard interiors contained significantly higher leafhopper pest morphospecies 

abundance than perimeter plantings (Figure 11d). There was no significant interaction 

between collection location and on-farm management indicating the effects of location 

were similar across on-farm management practices (Table 8). It is worth noting that the 

common grape pest Erythroneura tricincta, the three-banded leafhopper, was excluded 

from analysis due to its low numbers (n=4) in both the perimeter and vineyard interiors 

and being exclusively on organic farms.  
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Table 8. Generalized linear analysis of variance summary results for variation leafhopper morphospecies 
richness and abundance sampled across vineyard sites. 

Group Measure  Effect  Estimate Z df  P 
Neutral 
morphospecies 

Morphospecies 
richness 

Intercept  1.224 8.740  <0.0001 
Location 0.2426 0.7810 1 0.4350 
Management  0.2691 1.532 1 0.1250 
Location:Management  -0.1773 -0.4420 1 0.6580 

Abundance      
 Intercept 1.4741 11.93  <0.001 

Location  -0.3817 -1.071 1 0.2840 
Management -0.1310 0.823 1 0.4100 
Location:Management -0.0525 -0.113 1 0.9100 

       

Pest 
morphospecies 

Morphospecies 
richness 

Intercept <0.0001 2.303  0.0213 

  Location  <0.0001 -0.006 1 0.9956 
  Management <0.0001 0.000 1 1.000 
  Location:Management <0.0001 0.006 1 0.9955 
       
 Abundance Intercept 0.5317 2.786  0.005343 
  Location  -0.6478 -1.973  0.04846* 
  Management 0.7753 3.449  <0.0001*** 
  Location:Management 18.62 0.006 1 0.9954 
Interaction effects are indicated by a colon 
Erythroneura tricincta was excluded due to low numbers during the 2018 growing season (n=4) 
*** P<0.001, **P<0.01, *P<0.05.  
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Figure 11. Trends in overall mean key leafhopper pest morphospecies richness and abundance across 
vineyard study sites during the 2018-growing season. Investigation of variance was achieved using 
generalized linear models with a Poisson distribution as implemented by the glm function in base R 
(version 1.1.453, link=log). There were no significant differences in pest morphospecies richness between 
a) on-farm management and b) collection location. Significant differences were observed in pest 
morphospecies abundance of leafhoppers between c) on-farm management, with organic farms having 
higher leafhopper pest morphospecies abundances than conventional farms, and d) collection locations 
where vineyard interiors had significantly greater leafhopper pest morphospecies abundances than 
perimeter plantings. “*” indicates significance at a 95% confidence interval.  

 
When looking at the effect of distance from perimeter planting on abundance of 

pest groups of leafhopper morphospecies (E. tricincta, Empoasca sp., Erythroneura sp.; 

including E. comes and E. zizac,) based upon a generalized linear model, abundance of 

pest groups of leafhoppers significantly differed across distances. Significant differences 

could be observed at distance 3 (7m, p=0.0118), distance 4 (13m, p<0.001), distance 5 

(19m, p<0.001), and distance 6 (25m, p=0.00131) (Figure 12). 
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Figure 12. Trends in pest leafhopper abundance over distance. Leafhopper abundances (n) of main pest 
groups in Ontario are plotted against distance from perimeter planting with one representing the perimeter 
planting (0m), distance two being one meter adjacent the perimeter, and each following sample location 
being separated by six meters totalling 25 meters by distance six. The model effects (glm, family= 
“poisson”, link=”log”) are plotted and connected by the line for each distance. Significant increases in 
abundance of leafhopper pest groups were observed over distance, with zero representing the perimeter 
planting, distance one being one meter adjacent the perimeter, and each following being separated by 6 
meters. Significance in terms of the main effect of distance is denoted by “*” with a 95% confidence 
interval. 

3.4.2	Spiders	(Arachnid	family)	
 
 Overall, 23 spider morphospecies were observed. The most abundant spider was 

Hogna lenta (wolf spider, Table 9, n = 126) as well as the most frequently observed 

morphospecies (f= 81.0%). This was followed by Hogna aspersa (n=60, f=28.6%), 

Tetragnatha sp. (n=45, f=42.9%), Chiracanthium sp. (n=42, f=50.0%), and Ebo sp. 

(n=30, f=23.8%). Within vineyard interiors, Hogna lenta, Hogna aspersa, Chiracanthium 

sp., Tetragnatha sp., and Ebo sp. were the most commonly observed morphospecies 

while in the perimeter plantings, Salticus sp., Hogna lenta, Xysticus sp., Larinioides sp., 

and Tetragnatha sp. were the most common (Table 9). 
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Table 9. Summary of observed spider morphospecies collected across vineyard study sites during the 2018 
growing season. Taxonomy from … 

Species  Total Frequency  Total 
Abundance  

Interior 
Abundance  

Perimeter 
Abundance  

Hogna lenta 81.0 126 111 15 
Hogna aspersa 28.6 60 48 12 
Tetragnatha sp. 42.9 45 35 10 
Chiracanthium sp. 50.0 42 36 6 
Ebo sp. 23.8 30 19 11 
Callobius sp. 47.6 29 20 9 
Salticus sp. 31.0 25 10 15 
Neoscona sp. 19.0 24 18 6 
*Rabidosa sp. 31.0 19 19 0 
Xysticus sp.  9.52 19 7 12 
Larinioides sp. 4.76 13 1 12 
Trachelas sp. 9.52 9 2 7 
Araneus sp. 7.14 8 1 7 
Misumena sp. 14.3 8 3 5 
Argiope sp. 14.3 7 1 6 
Glenognatha sp. 4.76 7 1 6 
Philodramus sp. 9.52 5 1 4 
Angelenopsis sp. 2.38 3 0 3 
Araneus cavaticus 4.76 3 0 3 
Leucauge sp. 7.14 3 1 2 
*Ariadna sp. 4.76 2 2 0 
Argiope trifasciata 2.38 1 0 1 
*Trigosa grandis 2.38 1 1 0 
“*” Denotes a species unique to vineyard interiors. 
 

Multivariate analysis of spider morphospecies diversity collected from vineyards 

in 2018 showed that location was a significant main effect contributing to the variation 

observed in data (r2=4.94%, Table 10). On-farm management did not significantly 

contribute to variation in spider communities. Additionally, the interaction between 

location and on-farm management was not significant. Plant diversity of the communities 

present in terms of Shannon diversity did significantly contribute to variation in spider 

communities present (r2=7.41%, Table 10).  
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Table 10.  Permutational multivariate analysis of variance summary results for variation in the abundance 
of individual spider morphospecies sampled across vineyard sites. 

Partial effect  df F r2 P 
Location  1 2.239 0.04944 0.012* 
Management 1 1.692 0.03735 0.057 
Shannon diversity 1 3.356 0.07409 0.001*** 
Management:Location 1 1.008 0.02226 0.422 
Residuals 37  0.8169  
Total 41  1.000  
Interaction effects are indicated by a colon 
*** P<0.001, **P<0.01, *P<0.05. 
 

Overall distance did not contribute significantly to variation, however when 

analysing pairwise comparisons, significant pairwise differences were observed at 

distances 1:4 (0m to 13m) and 1:5 (0m to 19m) (Table 11). When visualizing trends in 

spider abundances, we see a decline in mean spider abundance as distance form perimeter 

planting increases (Figure 13). Pairwise differences represent pairwise differences in 

spider community based on a permANOVA. 

Table 11. Permutational multivariate analysis of variance summary results for variation in the abundance of 
individual leafhopper morphospecies by distance, including all pairwise comparisons, sampled across 
vineyard sites.  
Partial effect df F r2 P 
Distance 5 1.186 0.1415 0.165 
Residuals  36  0.8585  
Total 41  1.000  
Pairs     
1:2 1 1.203 0.0911 0.312 
1:3 1 1.594 0.1172 0.099 
1:4 1 2.469 0.1706 0.003** 
1:5 1 1.796 0.1302 0.027* 
1:6 1 1.366 0.1022 0.091 
2:3 1 0.6630 0.0523 0.772 
2:4 1 1.907 0.1271 0.053 
2:5 1 1.104 0.0842 0.367 
2:6 1 0.7811 0.0611 0.654 
3:4 1 1.525 0.1128 0.143 
3:5 1 1.195 0.09056 0.247 
3:6 1 0.3416 0.02768 0.899 
4:5 1 0.5989 0.04754 0.747 
4:6 1 1.113 0.08486 0.525 
5:6 1 0.4528 0.03636 0.964 
Pairwise effects are indicated by a colon. Each number represents distance 
*** P<0.001, **P<0.01, *P<0.05. 
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Figure 13. Trends in spider community abundance by distance from perimeter plantings. Distance 1 
represents perimeter planting locations. Distances 2 through 6 are representative in vineyard interior 
locations, with distance 2 being located directly adjacent perimeter plantings (1m) and each subsequent 
distance being separated by 6m for a total of 25m at distance 6. Permutational analysis of variance 
(permANOVA) as implemented by the function adonis2 in the package vegan (R, version 1.1.453) showed 
no overall significant contribution to variation in spider communities by the main effect distance. The main 
effect of distance was further investigated through pairwise analysis, as implemented by the 
pairwise.adonis function in the package pairwiseAdonis (R, version 1.1.453). Significant pairwise 
comparisons are denoted by lower case letters, at a 95% confidence interval.   

The generalized linear model showed that there was no significant effect of on-

farm management or the interaction between location and on farm management. Location 

was a significant main effect contributing to the variation in spider morphospecies 

richness (Table 12). Perimeter plantings had significantly higher mean spider 

morphospecies richness than vineyard interiors (Figure 14b). Three morphospecies of 

spiders were unique to vineyard interiors; Rabidosa sp. (n=9) and Trigosa grandis (n=1), 

and Ariadna sp. (n=2). When analyzing spider abundance data, both collection location 

and on-farm management significantly contributed to variation in spider abundance 

(Table 9). Organic farms had significantly higher spider abundances than vineyard 

interiors (Figure 14c). Perimeter plantings had significantly higher spider abundances in 

comparison to vineyard interiors (Figure 14d).  
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Table 12. Generalized linear analysis of variance summary results for variation in spider morphospecies 
richness and abundance sampled across vineyard sites. 

Measurement Effect Estimate  Z  d.f. P 
Morphospecies 
richness 

Intercept  1.352 10.30  <0.0001 
Management -0.04406 -0.2510 1 0.8016 
Location  0.6400 2.556 1 0.0106* 
Location:Management 0.2489 0.7720 1 0.4403 

      
Abundance  Intercept  2.046   >0.0001 

Management  0.3569 3.113 1 0.00829** 
Location  0.4934 2.640 1 0.00185** 
Location:Management 0.4540 2.006 1 0.05870 

Interaction effects are indicated by a colon 
*** P<0.001, **P<0.01, *P<0.05. 

Figure 14. Trends in overall mean spider morphospecies richness and abundance. Variation in mean spider 
morphospecies richness was investigated through use of a generalized linear model, with a Poisson 
distribution as implemented by the glm function in base R (version 1.1.453, link=log). There were no 
significant differences in mean spider morphospecies richness by a) on-farm management. Spider 
morphospecies richness was significantly greater by b) collection location with perimeter plantings having 
greater spider morphospecies richness than vineyard interiors. Spider abundance significantly varied by c) 
on-farm management with organic farms having higher spider abundances than conventional farms and d) 
collection locations with perimeter plantings having greater spider abundances than vineyard interiors.  
Significance is denoted by “*” at a 95% confidence interval.
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3.5 Discussion 
 

Invertebrate communities differed from perimeter plantings to vineyard interiors 

and with on-farm management (organic versus conventional). This is true for both 

leafhoppers and spiders. Spider communities also significantly varied with plant 

diversity, but no significant differences for leafhoppers. Pest leafhopper morphospecies 

were significantly more abundant in vineyard interiors than the perimeter plantings, and 

within organic vineyards. There were no differences in neutral leafhopper morphospecies 

richness or abundance based on any explanatory variables tested. As predicted, spiders 

had greater abundances and morphospecies richness in perimeters when compared to 

vineyard interiors, and were also significantly more abundant on organic vineyards in 

comparison to conventional vineyards.  

High plant diversity has been associated with low leafhopper abundances 

(Nicholls et al., 2000), supporting why we observed greater abundances of leafhoppers in 

the less diverse vineyard interiors. When leafhopper food resources are in patches of high 

density, such as a high density cropping area, leafhoppers can be present in higher 

abundances (Denno & Roderick, 1991), supporting why this pattern was observed only 

with key pest morphospecies of leafhoppers. The resource concentration hypothesis 

further supports the results observed (Risch, 1981; Root, 1973). This predicts that 

specialist herbivores would be more abundant in patches where their host plant are 

abundant as they are more likely to find resources and colonize simple systems (Murphy, 

Rosenheim, & Granett, 1996). Previous studies have supported this, through 

demonstrating that Erythroneura sp. leafhopper densities can be lower in vineyards with 

increased habitat diversity in comparison to vineyards with low plant species richness and 
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habitat diversity, however the ecological mechanisms behind these findings are not 

consistent (Daane et al., 1998; Hanna et al., 2003b; Nicholls et al., 2000; Nicholls, 

Parrella, Altieri, et al., 2001).  Interplant movement of leafhoppers can be enhanced by a 

number of factors, including host plant density [62-63]. Overall, perimeter plantings did 

not appear to have any negative effect on the abundance of leafhoppers in vineyards, i.e. 

on-farm pest pressure, but instead was associated with decreases in leafhopper 

abundances. In agreement with previous studies (Blaauw & Isaacs, 2014; Ernoult et al., 

2013; Séverin Hatt et al., 2015; Unruh et al., 2012), distance from increased plant 

diversity was a key factor in this relationship. 

As distance from perimeter planting increased, leafhopper abundance also 

followed a trend of increased abundances, thus supporting the enemies hypothesis and 

resource concentration hypothesis (Root, 1973). The enemies hypothesis predicts that 

predators and parasitoids are more effective at colonizing complex systems (Altieri & 

Letourneau, 1982; D. K. Letourneau, 1990). Leafhopper abundances may be lower in 

perimeter plantings due to the presence of increased habitat complexity found within the 

perimeter (Hughes & Vasseur, in preparation). The perimeters therefore have the 

potential to house a higher number of pest enemies. Vineyard interiors were associated 

with decreased plant species richness and diversity (Hughes & Vasseur, in preparation), 

allowing for the presence of greater abundances of leafhoppers.  

There is evidence that spiders are effective in the control of leafhoppers in field 

trials where spider densities are enhanced (Liu et al., 2015; Oraze & Grigarick, 1989; 

Riechert & Lockley, 1984). When spiders were removed from field plots leafhoppers can 

reach greater abundances, with effects being greater in plots with low habitat complexity 
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(Sanders et al., 2008). In laboratory trials, leafhoppers tend to be the preferred prey type 

of various spider species (Samu et al., 2013). In general, studies evaluating the success of 

spiders as a control method for leafhoppers investigated a variety of different spider 

species indicating that, as a group that spiders are able to fill a wide variety of functions 

in terms of their pest control potential. 

High habitat complexity positively influences spider assemblages by increasing 

structural differences between habitats and therefore their movement (Langellotto & 

Denno, 2004; Rypstra et al., 1999). Within a single habitat type, structure can vary from 

very simple to very complex depending on plant structural and functional diversity and 

the presence of leaf litter or ground refuges (Sunderland & Samu, 2000; Uetz, 1991). The 

establishment of spider populations within the perimeter plantings can be beneficial, as 

there is evidence that both aerial and cursorial dispersal of spiders is effective in the 

colonization of crop fields provided there are nearby source habitats (Bishop & Riechert, 

1990; Hanna et al., 2003c; Hibbert & Buddle, 2008). Dispersal of spiders is often over 

short distances, but if the habitat is not suitable, they can continue to disperse until a 

suitable habitat becomes available (Decae, 1987; Lubin & Robinson, 2018). 

Manipulation of field margins may not be a main factor in directly increasing spider 

density within crops, however; if this manipulation benefits regional spider populations, 

pest control by spiders within the main crop may be supported (Samu et al., 1999).  

When prey populations are abundant, predator populations are able to achieve 

higher abundances (Halaj & Wise, 2002). However, because spiders are generalist 

predators with a wide range of methods for prey capture, high leafhopper populations 

may not directly contribute to high abundances of spider assemblages (McNett & 
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Rypstra, 2000). Spiders are able to exploit a wide variety of prey items (Michalko et al., 

2019), and therefore habitat complexity may have a stronger effect on spider populations 

than the abundance of leafhopper (Langellotto & Denno, 2004). This would be in line 

with our findings that spider assemblages decreased as distance from perimeter planting 

increased, regardless of increases in leafhopper abundances. Changes in plant species 

composition and functional diversity from one location to another increases the 

complexity among habitats, and this has a strong significant positive effect on spider 

assemblages (Langellotto & Denno, 2004).  

Increased plant diversity in an ecosystem may influence how herbivores and 

natural enemies interact (Duffy et al., 2007). In vineyards, the Western grape leafhopper 

(E. elegantula) overwinters as an adult in the leaf litter and remaining winter weeds. 

Although unclear whether this occurs in field margins, or within the cropping field (Doutt 

& Nakata, 1973). The adults emerge in the spring to recolonize the main crop (Murphy, 

Rosenheim, & Granett, 1996). Vineyards adjacent to strips of increased diversity have 

shown increased control of leafhoppers through parasitism and high abundances of 

generalist predators earlier in the growing season (Kid et al., 1983). In our study, high 

perimeter plantings contained increased plant species richness and functional diversity in 

comparison to the vineyard interiors. This not only infers there was increased within-

habitat diversity within the perimeter plantings, but also enhanced between habitat 

complexity (Hughes & Vasseur, in preparation), supporting increased abundances of 

spiders within the perimeter plantings. Overall, the increased habitat complexity provided 

by the established perimeter plantings positively impact on-farm spider abundances, 

however distance from perimeter planting was a significant factor. Therefore, although 
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increased plant diversity in the margins of field may potentially increase the availability 

of overwintering habitats for pest, it also provides key pest-enemy overwintering habitats.  

The impact of on-farm management certification (organic versus conventional) on 

biodiversity has been long debated (Caprio et al., 2015a; Hole et al., 2005; Manhoudt et 

al., 2007). Literature show that there is evidence that organic farming practices benefit 

spider assemblages (Caprio et al., 2015b). Our findings support this as organic farms 

showed significantly greater spider abundances than the conventional farms included 

within our study. Leafhoppers had greater morphospecies richness and abundance on 

certified organic farms than conventional farms. The increased morphospecies richness 

observed on organic farms were morphospecies not known to be grape pests, with 

exception of Erythroneura tricincta, which was found exclusively on organic farms. 

Organic farms are generally thought to face greater pest pressure (Bengtsson et al., 2005), 

however results from previous studies are highly variable and influenced by a number of 

local and landscape variables that may not be accounted for (Hidaka, 2012; Knight, 

1994). In the Niagara region, on-farm management is thought to heavily impact the 

success of pest control, specifically of leafhoppers, with organic farms showing increased 

pest pressure (Bostanian et al., 2012). Our findings support this, as organic farms showed 

significantly increased abundances of key pest morphospecies than conventional farms, 

with no differences in neutral leafhopper species.  

A limitation of our study is the duration of monitoring invertebrate communities. 

Due to the scope of the project, long-term data collection would be better equipped to 

incorporate variation in yearly weather patterns, and on-farm management practices that 

may influence invertebrate communities.  Additionally complex multitrophic interactions 
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can be site specific (Duffy et al., 2007; Tilman, 1996), and future research should not 

only include long term data collection, but examine invertebrate assemblages at a larger 

landscape scale as many other factors may influence the results observed. Overall, 

perimeter plantings may support pest-enemy communities, specifically spider 

assemblages, while not increasing on-farm pest pressures observed from leafhopper 

communities increasing the potential for biological pest control, providing a simple 

solution in the provision of biological pest control. 
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Chapter 4 Conclusions and Outlook  
 

The overall theme of this thesis was to explore agroecosystem responses to the 

presences of perimeter plantings. There is a greater need to manage agroecosystems in a 

way where not only local biodiversity is conserved, but also conserve the local landscape 

structure (Burel et al., 1998). On-farm management should include consideration of how 

simplification of the surrounding landscape may negatively impact the potential provision 

of ecosystem services (O’Rourke et al., 2011; Tscharntke et al., 2016). This study 

examined the impact of established perimeter plantings and their effect on vineyard plant 

and invertebrate communities.  

 It was initially hypothesized that the presence of established perimeter plantings 

would positively support the provision of biological pest control, specifically in terms of 

spiders, within vineyards while not increasing pest pressures in the form of leafhoppers 

and weed pressure. It was predicted that perimeter plantings contained increased plant 

species richness in comparison to vineyard interiors. It was therefore hypothesized that 

leafhopper assemblages would be more abundant within the vineyards, whereas spider 

assemblages would be more abundant within the perimeter plantings.  

Plant diversity was not only significantly higher in perimeter plantings, but 

species composition and functional diversity also differed between perimeter plantings 

and vineyard interiors. The presence of increased species richness and functional 

diversity of plants within perimeter plantings allows for increased habitat complexity, 

where vineyards with lower plant diversity would be considered simplified habitats 

(Vickery et al., 2009). Moreover, as you move from perimeter to vineyard interiors the 

changes in species composition and functional diversity present observed would allow for 
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increased between habitat complexity, which has been found to increase the potential for 

biological pest control (Langellotto & Denno, 2004; Weibull & Östman, 2003). 

Interestingly, plant species composition and richness did not vary as distance from 

perimeter increased; indicating on-farm management significantly impacted these 

variables.  

Increased plant diversity, and changes in both the species composition and 

functional diversity will have an impact on the invertebrate assemblages observed 

(Mormul et al., 2011). On-farm management, both certification (organic versus 

conventional) as well as site specific practices, such as cover cropping, mowing, and 

tillage may also play a factor into this relationship (Hole et al., 2005; Trivellon et al., 

2012). Overall, on-farm management methods might have influenced leafhopper 

morphospecies richness, with organic farms showing greater morphospecies richness and 

abundance of leafhoppers than in conventional vineyards. Similar to previous studies 

(Daane et al., 1998; Straub et al., 2013), and in agreement with what was hypothesized 

there was significantly increased leafhopper abundance within the vineyard interiors in 

comparison to perimeter plantings. As distance from perimeter planting increased, 

leafhopper abundance also increased significantly.  

These findings are similar to previous studies where Erythroneura sp. leafhopper 

densities were lower in vineyards with increased habitat diversity, however the ecological 

mechanisms behind these findings were not consistent (Daane et al., 1998; Hanna et al., 

2003b; Nicholls et al., 2001, 2000). Orenstein et al. (2003) suggest that interplant 

movement of leafhoppers is enhanced by a number of factors, including host plant 

density (Power, 1992). Despite that plant community composition and diversity were 
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similar across all vineyard interior regardless the distance from the perimeter, leafhopper 

abundance gradually increased within the vineyard. Suggesting that increased plant 

diversity in the form of perimeter plantings may support the provision of biological 

control of leafhoppers, with distance from perimeter planting being an important factor in 

this relationship. 

The enemies hypothesis would also account for the increased abundances of 

leafhoppers observed within vineyard interiors, which predicts that predators and 

parasitoids are more effective at colonizing complex systems (Altieri & Letourneau, 

1982; Letourneau, 1990). The degree of increased plant diversity in an ecosystem impact 

how herbivores and natural enemies interact (Scherber et al., 2010). In vineyards 

specifically, due to the fact that grapes drop their leaves over the winter months (Moncur 

et al., 1989), pest species such as Erythroneura sp. overwinter as adults in the leaf litter 

and remaining winter weeds (Doutt & Nakata, 1973). Due to this they must emerge in the 

spring and begin to lay eggs on grapevine leaves. Therefore, both pest and pest enemies 

have to recolonize the vines each spring (Murphy et al., 1996). Through increasing 

adjacent overwintering habitats available to pest-enemies, colonization may occur earlier 

in the growing season. Ensuring that there is no lag between pest colonization and pest-

enemy abundances allowing for increased pest control (Kido et al., 1983). 

In terms of spider populations, as hypothesized, abundance of spider assemblages 

was significantly higher in the perimeter plantings than the vineyard interiors. As 

distance from perimeter planting increased, both spider abundance and morphospecies 

richness decreased. Similar to previous studies, distance from an area or strip of increased 

plant diversity is negatively correlated with pest-enemy abundances (Ernoult et al., 2013; 
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Hatt et al., 2015). Secondary consumers thrive when plant diversity, both in terms of 

function and composition is increased, accounting for decreases in pest-enemy 

populations as distance from perimeter planting increases (Duffy, 2002; Duffy et al., 

2007).  

High habitat complexity supports increase in spider assemblages (Langellotto & 

Denno, 2004; Rypstra et al., 1999). In our case this would allow for the establishment of 

increase spider assemblages within the perimeter plantings, due to the presence of 

increased plant species richness leading to increased functional diversity. High plant 

species richness and functional diversity allow for the presence of more complex habitat 

structures. Again, interior plant species richness and composition did not vary among any 

interior sample locations. Spider morphospecies richness and abundance gradually 

declined as distance from perimeter increased. This indicates that perimeter plantings 

may support spider populations not only in the perimeter, but also into the adjacent 

vineyard interiors, with distance from perimeter planting having a significant effect on 

this relationship.  

Manipulation of habitats at the edge of fields were not a main factor in increasing 

spider density within fields; however, increasing regional populations of spiders allowed 

for increases in pest control (Samu et al., 1999). In a review by Langellotto & Denno 

(2004), between habitat complexity has a significant positive effect on natural enemy 

assemblages, specifically spider assemblages and decreased habitat complexity strongly 

negatively impacts web-building and hunting spider densities (Langellotto & Denno, 

2004). Evidence also suggests that complex habitats foster increased assemblages of orb-

weaving spiders due to increases in the number of potential attachment sites for webs 
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(McNett & Rypstra, 2000). The changes in plant species composition and plant functional 

diversity observed within our study can be considered increased structural complexity 

between habitats, positively impacting spider assemblages between the perimeter and 

vineyard interiors.  

When prey populations are abundant, predator populations are able to achieve 

higher abundances (Halaj & Wise, 2002). Due to the fact that spiders are generalist 

predators (Michalko et al., 2019), complex habitats allow them to exploit a wider range 

of prey types. Similar to previous studies, we demonstrated that habitat complexity and 

increased plant species richness is more important in promoting spider diversity and 

abundance than increased prey abundance, specifically leafhoppers. Overall, supporting 

local spider population through increased plant diversity would allow for better control of 

potential outbreaks as they happen instead of after pest species become established and 

abundant.  

High level of plant diversity in the form of perimeter plantings did not appear to 

increase pest pressure of leafhopper or weed communities within the vineyards. On-farm 

management (organic versus conventional) increased overall abundance of leafhopper 

assemblages and morphospecies richness. We demonstrated that the addition of perimeter 

plantings could increase the potential for biological pest control, while not increasing pest 

pressure within vineyards.  Field studies are often site or region specific, and especially in 

the case of community data, influenced by many different ecological factors. While 

experimental designed was controlled, and aimed at capturing all potential sources of 

variation, on-farm management is highly variable based on specific pest and disease 

pressures present in the moment, and difficult to account for. A limitation of this study 
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was the length of data collection, in that community data is complex and influenced by a 

number of factors that may vary on a yearly basis, such as climate variables and even 

variation in on farm management. There is a gap in current research when it comes to 

ecosystem response to on-farm management practices. Long-term interdisciplinary 

studies are needed need surrounding the complexity that exists within agroecosystems, so 

that we may provide realistic and manageable goals when it comes to the conservation of 

agroecosystem diversity. 
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Appendix A – Supplementary Tables 
 
Table S1. Summary of site management.  

Site Management Predominant 
Variety  

Location  Mowing 
Frequency  

Tillage  Replanted 
(Y/N) 

1 Conventional Vidal  Rockway  5 0 NA 
2 Organic Cabernet Franc Beamsville 2 1 N 
3 Organic Chardonnay Beamsville Bench  2 1 Y 
4 Conventional Cabernet varieties, 

Riesling 
Beamsville 3 0 NA 

5 Conventional Chardonnay Beamsville 3 1 Y 
6 Organic  Merlot Niagara on the 

Lake 
5 1 N 

7 Organic  Cabernet varieties Niagara on the 
Lake  

5 1 Y 

This table describes management practices, including variety of grape and location of each study block. 
There is no significant literature displaying differences in pest pressure between different varieties of 
grapes. 
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Table S2. Description of plant functional group codes.  

Functional Group Plant type  Plant Class Growth period  
DFP Forb Dicot  Perennial  
DFA Forb Dicot  Annual 
MGP Graminoid Monocot Perennial  
DVP Vine Dicot  Perennial  
DFB Forb Dicot  Biennial  
DNW Noxious Weed Dicot  Noxious Weed  
DSP Subshrub Dicot  Perennial  
MGA Graminoid Monocot Annual 
DTP Tree Dicot  Perennial  
MFP Forb Monocot Perennial  
GTP Tree Gymnosperm Perennial  
DSP Subshrub Dicot  Perennial  
GSP Subshrub Gymnosperm Perennial  
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Table S3. Mean percent ground cover of each plant species collected in vineyards throughout the 2018 
growing season.  

Species Codename  Mean Overall 
Percent Cover  

Mean Interior 
Percent Cover  

Mean Perimeter 
Percent Cover  

Solidago spp.  SolSpp 19.3 2.73 98.0 
Lolium perenne LolPer 18.1 18.6 15.4 
Unknown grasses PoaUnk 18.0 14.1 37.5 
Reynoutria japinca ReyJap 17.1 12.3 41.1 
Vicia cracca VicCra 15.4 2.31 80.6 
Plantago major PlaMaj 12.1 14.0 2.57 
Poa pratensis  PoaPre 11.8 4.19 49.9 
Solidago altissima L. SolAtl 11.2 0.786 63.1 
Lepidium campestre LepCam 11.1 5.21 40.6 
Taraxacum officinale  TarOff 9.73 8.80 14.4 
Daucus carota DauCar 9.24 6.21 24.4 
Trifolium repens TriRep 9.21 9.71 6.71 
Trifolium pratense TriPra 9.19 9.66 6.86 
Convolvulus arvensis ConArv 9.14 5.56 27.1 
Dactylis glomerata DacGlo 8.68 3.23 35.9 
Hesperis matronalis  HesMat 7.88 6.17 16.4 
Elymus canadensis ElyCan 7.54 5.33 18.6 
Plantago lanceolata PlaLan 7.18 5.06 17.8 
Picris hieracioides PicHie 6.73 8.06 0.0714 
Geum canadense GeuCan 6.35 6.67 4.71 
Raphanus sativus  RapSat 6.26 7.40 0.571 
Galium mollugo GalMol 6.17 0.357 35.2 
Toxicodendron radicans ToxRad 6.12 0.857 32.4 
Phleum pratense PhlPra 5.58 5.21 7.43 
Amaranthus hybridus AmaHyb 5.48 0.329 31.2 
Erigeron philadelphicus EriPhi 5.10 2.37 18.7 
Lolium multiflorum LolMul 5.07 4.60 7.43 
Poa annua PoaAnn 4.76 5.21 2.50 
*Rubus allegheniensis RubAll 4.64 0.00 27.9 
Solidago canadensis SolCan 4.58 0.143 26.8 
Lotus corniculatus LotCor 4.55 5.01 2.21 
Cichorium intybus  CicInt 4.38 4.69 2.86 
*Symphyotrichum novae-
angliae 

SymNov 4.05 0.00 24.3 

Bromus inermis  BroIne 3.40 2.86 6.14 
Alliaria petiolata AllPet 3.17 0.143 18.3 
Prunella vulgaris PruVul 3.05 1.87 8.93 
Veronica filiformis VerFil 2.95 0.057 17.4 
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*Rhamnus cathartica RhaCar 2.80 0.00 16.8 
*Rubus idaeus  RubIda 2.79 0.00 16.7 
Cornus racemosa CorRac 2.70 0.500 13.7 
Melilotus officinalis MelOff 2.58 0.371 13.6 
Digitria ischaemum digIsc 2.57 3.06 0.143 
Erigeron annuus EriAnn 2.49 0.229 13.8 
Centaurea nigra CenNig 2.42 0.314 12.9 
Chenopodium album CheAlb 2.26 0.571 10.7 
Solidago altissima SolAlt 2.04 0.214 11.1 
Portulaca oleracea PorOle 2.02 2.43 0.000 
*Hypericum perforatum  HypPer 1.92 0.00 11.5 
Stellaria media SteMed 1.87 1.27 4.86 
*Parthenocissus quinquefolia ParQui 1.77 0.00 10.6 
Cirsium arvense CirArv 1.76 0.214 9.50 
*Rhus typhina RhuTyp 1.75 0.00 10.5 
Actaea rubra ActRub 1.74 1.61 2.36 
Galega officinalis GalOff 1.73 0.071 10.0 
Potentilla recta PotRec 1.71 0.214 9.21 
*Rheum rhabarbarum RheRha 1.71 0.00 10.3 
Asclepias syriaca AscSyr 1.67 0.071 9.64 
Galium aparine GalApa 1.54 0.571 6.36 
Medicago lupulina MedIup 1.44 1.03 3.50 
Abutilon theophrasti AbuThe 1.40 0.100 7.93 
*Fraxinus pennsylvanica FraPen 1.39 0.00 8.36 
Juglans nigra JugNig 1.37 0.143 7.50 
*Asparagus officinalis AspOff 1.20 0.00 7.21 
*Ambrosia trifida L. AmbTri 1.19 0.00 7.14 
*Pilosella caespitosa PilCae 1.19 0.00 7.14 
Oxalis stricta OxaSti 1.15 0.286 5.50 
Capsella bursa-pastoris CapBur 1.14 0.729 3.21 
Rumex crispus  RumCri 1.12 0.271 5.36 
Sonchus asper SonAsp 1.11 0.271 5.29 
*Maianthemum racemosum MaiRac 1.04 0.00 6.21 
Symphyotrichum laeve SymLae 1.00 0.757 2.21 
Fraxinus americana FraAme 0.988 0.757 2.14 
*Elymus trachycaulus ElyTra 0.952 0.00 5.71 
Lolium arundinaceum LolAru 0.905 0.614 2.36 
*Geranium maculatum  GerMac 0.893 0.00 5.36 
Ambrosia artemisiifolia AmbArt 0.869 0.257 3.93 
Dianthus armeria DiaArm 0.833 0.300 3.50 
Dulichium Arundinaceum DulAru 0.810 0.357 3.07 
*Vitis riparia VitRip 0.810 0.00 4.86 
Poa trivialis PoaTri 0.798 0.786 0.857 
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*Bromus racemosus BroRac 0.738 0.000 4.43 
Lonicera tatarica LonTat 0.714 0.357 2.50 
Leucanthemum vulgare LeuVul 0.655 0.143 3.21 
*Crepis tectorum L. CreTec 0.595 0.00 3.57 
Cirsium vulgare CirVul 0.571 0.457 1.14 
*Acer negundo AceNeg 0.548 0.00 3.29 
Linaria vulgaris  LinVul 0.536 0.214 2.14 
*Prunus avium PruAvi 0.536 0.00 3.21 
*Salvia officinalis SalOff 0.536 0.00 3.21 
Calystegia sepium CalSep 0.512 0.571 0.214 
Rosa blanda RosBla 0.500 0.071 2.64 
Polygonum aviculare PolAvi 0.488 0.557 0.143 
*Rosa multiflora RosMul 0.476 0.00 2.86 
Veronica officinalis VerOff 0.464 0.100 2.29 
*Crataegus sp.  CraSpp 0.464 0.00 2.79 
Pinus strobus  PinStr 0.440 0.357 0.857 
*Quercus rubra QueRub 0.405 0.000 2.43 
*Gleditsia triacanthos  GleTri 0.369 0.000 2.21 
*Salix alba SalAlb 0.321 0.000 1.93 
*Juniperus virginiana JunVir 0.310 0.000 1.86 
Geum aleppicum  GeuAle 0.298 0.071 1.43 
*Acer saccharum AceSac 0.298 0.000 1.79 
*Asteraceae spp. AstSpp 0.298 0.000 1.79 
*Linaria vulgaris LinVul.1 0.286 0.000 1.71 
*Helianthus divaricatus HelDiv 0.262 0.000 1.57 
Carex sp. CarSpp 0.238 0.214 0.357 
Helopsis helianthoides  HelHel 0.238 0.214 0.357 
*Taxus baccata TaxBac 0.238 0.000 1.43 
*Carex vulpinoidea CarVul 0.226 0.000 1.36 
Lamium purpureum  LamAlt 0.179 0.214 0.000 
Monarda didyma  MonDid 0.167 0.200 0.000 
Lolium temulentum LolTem 0.155 0.071 0.571 
Solidago gigantea SolGig 0.143 0.0290 0.714 
Arctium minus ArcMin 0.143 0.0140 0.786 
*Pinus sylvestris  PinSyl 0.143 0.000 0.857 
Persicaria maculosa PerMac 0.0952 0.114 0.000 
Symphyotrichum punuiceum SymPun 0.0952 0.100 0.0714 
Geranium bicknellii GerBic 0.0952 0.086 0.143 
*Euphorbia helioscopia  EupHel 0.0952 0.000 0.571 
*Populus tremuloides PopTre 0.0833 0.000 0.500 
*Malus pumila MalPum 0.0595 0.000 0.357 
*Malva sylvestris MalSyl 0.0595 0.000 0.357 
*Medicago sativa MedSat 0.0595 0.000 0.357 
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*Nepeta cataria NepCat 0.0595 0.000 0.357 
*Geranium robertianum GerRob 0.0476 0.000 0.286 
*Bidens frondosa BidFro 0.0238 0.000 0.143 
*Symphyotrichum cordifolium SymCor 0.0238 0.000 0.143 
“*” denotes a species unique to perimeter plantings. a. Mean percent ground cover refers to the average 
ground cover of each species presented overall, in vineyard interiors, and in perimeter plantings.  Plant 
species are ordered from most abundant to least abundant.
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Appendix B- Supplementary Figures  

 
Figure S1. Map of research study sites throughout the Niagara region, Ontario, Canada. Each red dot 
represents a commercial vineyard included within this study. 

Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community
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