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Abstract 

Physical barriers and biological control can be used to manage pests, but they have the 

potential to interfere with each other’s effectiveness.  Exclusion fencing, which targets 

Delia radicum, could also create a barrier for poor-flying carabid beetles, polyphagous 

predators, from entering Brassica fields. I performed field and laboratory experiments to 

determine the permeability of exclusion fencing to the carabids Pterostichus melanarius 

and Bembidion lampros.  The results show that the fence is permeable to both species, 

that as mesh size decreases, fence permeability decreases for B. lampros, and that B. 

lampros accumulates at the fence. A simulation model and cost-benefit analysis 

combined the results from the experiments with parameters from the literature to explore 

how carabids move across a field when a fence is present, and the fence’s cost to 

growers. Combining exclusion fence use with carabids and conservation biological 

control does not interfere with either tool’s effectiveness in controlling D. radicum. 

• Keywords:  Exclusion barriers; integrated pest management; conservation 
biological control; Brassica; Delia radicum; Carabidae 
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Glossary 

Agroecosystem An ecosystem encompassing agricultural production, and 
bordering habitats. 

Beetle banks Land set aside to protect biological control agents from 
agricultural practices which kill them or disrupt their lifecycle, and 
provide alternative resources for the biocontrol agents to utilize 
when pest levels are low. 

Biological Control Use of predators, parasitoids, and diseases to manage pests. 
The organisms are frequently referred to as biocontrol agents. 

Conservation 
Biological Control 

Use of predators, parasitoids, and diseases present in an 
ecosystem to provide pest control.  

Exclusion fence A form of physical pest control which surrounds the border of a 
valued resource, and is placed vertically above the ground. 

Integrated Pest 
Management 

Using information about pest population levels and location to 
inform managers and growers as to when and how a pest should 
be controlled.  It also includes a wide range of control tools that 
should be used, with chemical controls (i.e. pesticides) used a 
last resort. 

Organophosphates Phosphoric acid esters that inactivate the enzyme 
acetylcholinesterase in animal nervous systems.  They are used 
in insecticides and degrade rapidly in the environment.  

Physical Control Using a physical barrier to stop a pest’s movement towards a 
valued area or resource. 
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Chapter 1.  
 
Introduction 

Integrated Pest Management (IPM) is an approach to control pests, including 

insects, diseases, and weeds.  In agriculture, it relies on monitoring pest levels in a crop 

until the pest reaches an economically damaging level, at which point control measures 

are subsequently applied.  The control measures vary and are frequently grouped as 

cultural, biological, physical, and chemical control.  The use of chemicals is considered a 

last resort measure when all other tactics are unsuccessful.  

The simultaneous use of various control methods requires there to be minimal 

negative interactions between them; one method should not decrease the effectiveness 

of a second method used at the same time. One prominent example contrary to this 

principle is the use of insecticides, which in turn decreases the effectiveness of biological 

control agents such as predators and parasitoids (Croft and Whalon 1982, Cloyd and 

Bethke 2011), frequently killing them (Critchley 1972a, 1972b, Carruthers et al. 1985, 

Reed et al. 1992, Curtis and Horne 1995). While chemical control's negative effects are 

frequently investigated, they are not the only control methods which can have negative 

interactions. Biological control agents may affect each other. For example, control 

agents can engage in intraguild predation (Rosenheim et al. 1995, Prasad and Snyder 

2006), or the pest and its predators may share a disease (Rosenheim et al. 1995, Roy 

and Pell 2000).  Also, physical barriers can interfere with a control agent's access to a 

pest (Chiel et al. 2006). This last conflict is the focus of my thesis, exploring the 

interactions between exclusion fencing, a physical barrier, and ground-dwelling carabids 

when used together to manage Delia radicum L. (Diperta: Anthomyiidae), the cabbage 

root maggot. 
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1.1. What is a Barrier? 

A barrier is an object or space which blocks or redirects movement. Objects, 

which are frequently considered barriers at a human scale include: fences; walls; 

hedgerows; and mountains. A space which acts as a barrier at a human scale includes 

ditches and trenches, moats, and other bodies of water.  

Barriers can be selectively permeable or they may completely block movement. 

A good example of permeability is the fish net. Fish net mesh size is related to the size 

of the target fish. All organisms equal to or larger in size than the target fish are 

captured, while smaller fish are able to move through the net. An example of selective 

fish nets is the gill net used to catch salmon (Oncorhynchus spp.) where the larger 

salmon and not-target fish cannot fit through the net, the smaller fish can swim through, 

and the target salmon swim partially through the net and are subsequently caught in the 

netting (Hamon et al. 2000, Bromaghin 2005, Kendall and Quinn 2012). Selectivity can 

also target groups based on characters other than size. Cattle guards allow the 

movement of people and vehicles, but block cattle by targeting the poor ability of cattle 

to walk on widely spaced bars. Fish ladders increase permeability of dams and 

obstructions and permit 2-way movement along waterways (Monk et al. 1989, 

Schmetterling et al. 2002, Fernandez et al. 2004). Permeability can also be 1-way, such 

as the case of wildlife fences which attempts to prevent large animals from moving out of 

an enclosed area, but permit the animals who do escape to re-enter the enclosed area 

(Reed et al. 1974). 

The scale of a barrier is important. Crossing a road for a human (or a chicken) is 

a relatively simple task as the road does not act as a barrier to most humans. At a 

crawling insect's scale, a two-lane road more than 7 m wide is a daunting distance to 

traverse. Asphalt provides an even substrate for a human to walk across. An insect will 

encounter all the bumps and cracks, and will have to expend time and energy to pass 

such landscape features (Mader et al. 1990, Yamada et al. 2009). 

Physiological and behavioural constraints rather than habitat structure can stop 

movement into a neighbouring habitat which has unfavourable properties (Huey 1991, 

Loxdale and Lushai 1999). In the previous road example, on a hot summer day, an 
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insect might not even attempt to move across the road as the temperature of the asphalt 

is greater than that which the insect can tolerate (Asaeda and Ca 2000, Harrison et al. 

2012). A barrier might be dangerous to encounter, and increased mortality is frequently 

observed near barriers. Delia flies encounter predators, Coenosia tigrina or tiger flies, at 

exclusion fences, as both flies are stopped at the fence (Päts and Vernon 1999). Using 

the road example again, both humans and insects experience some mortality from 

moving vehicles (Transport Canada 2011, Soluk et al. 2011). Amphibians are particularly 

vulnerable to mortality caused by roadways when they are forced to traverse roads to 

access their breeding grounds (Hels and Buchwald 2001). 

One final consequence of barriers is how movement itself is affected. A common 

phenomenon is one in which animals move alongside a barrier after encountering it. The 

movement can be redirected horizontally (Mader et al. 1990) or vertically (Bomford et al. 

2000a). The redirected movement is often exploited in traps in taxa ranging from small 

mammals (Bury and Corn 1987) to insects (Holopainen and Varis 1986, Winder et al. 

2001). Speed can also be altered. Peralta et al. (2011) showed how higher vertical 

barriers slowed the leaf miner Liriomyza commelinae moving across an urban 

landscape. 

Barriers can be exploited for land, wildlife, and pest management, such as with 

the aforementioned wildlife fences and cattle guards. Row covers (Hough-Goldstein 

1987, Matthews-Gehringer and Hough-Goldstein 1988, Millar and Isman 1988, Vaissière 

and Froissart 1996, Rekika et al. 2008), trench traps (Hunt and Vernon 2001, Bomford 

and Vernon 2005), vertical fences (Vernon and McGregor 1999, Blackshaw et al. 2012), 

and mesh screens in greenhouses (Bethke and Paine 1991) are used in agricultural 

production to minimize a pest’s access to a crop or production system. A pest’s 

characteristics limit which barriers can be used, with flight ability and behaviour (Lewis 

1965, Vernon and Mackenzie 1998, Bomford et al. 2000b, Peralta et al. 2011), 

burrowing ability (Holland 1998), climbing and walking abilities and behaviours 

(Chiverton 1987, Holland 1998), and size (Bethke and Paine 1991) as common 

constraints. These constraints will appear throughout my thesis, as the two taxa 

examined, Delia flies, and carabid beetles, have different characteristics that possibly 

lead to different crossing potentials.  
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1.2. Delia radicum, the Cabbage Root Maggot 

Delia radicum (cabbage root maggot or CRM) is an important Brassica crop pest. 

It is a grey fly in the family Anthomyiidae that lays its eggs at or just below the soil 

surface on Brassica roots and other plants in the family Brassicaceae (Finch and Ackley 

1977). Eggs hatch after 3-10 days, and white maggots start to feed on roots. Maggots 

pupate after 14 days with rufous pupal casings.  Three generations can occur within a 

year with the pupal stage overwintering.  Female flies migrate from where they pupated 

to where hosts are located and males will travel to and remain at the crop-headland 

interfaces (Finch and Skinner 1975, Finch 1993).  D. radicum occurs in Europe, where it 

is native, and North America, where it was introduced.  In the Canadian Prairies, it is a 

pest of canola (Soroka et al. 2004), and it attacks vegetable Brassicas in Western and 

Eastern Canada (Cerkauskas et al. 1998, BC Ministry of Agriculture 2014).  Damage to 

the plants includes tunnelling of roots, which can affect plant rigor or result in an 

unmarketable product (Meadows and Johansen 2005). Rutabaga, turnip, and radish 

crops are especially vulnerable to D. radicum as the marketable part of the plant is the 

root. In Brassica crop IPM, current control measures include cultural, chemical, physical 

barriers, and biological control. Organic growers can use all the tools available, with the 

exception that there are no acceptable organic chemical options for D. radicum control 

(BC Ministry of Agriculture 2014). For effective control, more than one of the measures 

should be used. The important time for control in the Pacific Northwest is in the spring, 

i.e. April/May, when plants are most vulnerable to attack and when cabbage flies emerge 

and search for hosts for ovipostion.  

Chemical controls are the easiest and the most convenient control to implement.  

In vegetables, they are used as a drench at the seedling stage until the beginning of the 

pre-harvest interval (PHI) of the chemicals.  Currently in Canada, there is one chemical, 

chlorpyrifos, registered for Delia control in rutabagas and turnips, and two chemicals, 

chlorpyrifos and diazinon for other Brassica vegetables (i.e. cabbage, Brussel sprouts, 

broccoli, and cauliflower) (BC Ministry of Agriculture 2014).  Both chemicals are 

organophosphates.  Cypermethrin, a synthetic pyrethroid, is registered for controlling the 

adults. However, D. radicum has developed resistance to chlorpyrifos in parts of British 

Columbia’s Lower Mainland, and Southern Vancouver Island.  The Pest Management 
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Regulatory Agency (PMRA) gave carbofuran (a carbamate) an emergency registration 

for use on rutabagas in 2006-2008 because there were no other proven tools to control 

D. radicum on this crop (Health Canada 2009). This registration was removed in 2009 

(Health Canada 2009). 

1.3. Physical Barriers and Delia Management 

Physical barriers have not been used extensively for Delia control. The most 

popular type currently used is mesh row covers. Row covers exclude female flies from 

laying their eggs as long as the covers are sealed around the edges and are not torn. 

Row covers need to be removed for weed control, and they alter the microclimate inside 

the cover (e.g. decrease sunlight, increase humidity (Lamont 2005, Nair 2010)). Large 

amounts of material are needed to cover an entire crop. If the field is large, costs can be 

high, however such costs can be amortized over the life of the mesh (Wondermesh, a 

manufacturer whose mesh is used in BC, claims it lasts 10-12 y) (Wondermesh 2009).  

An alternative to row covers is exclusion fencing. This technology exploits the low 

altitude flying behaviour of adult D. radicum.  It works by blocking the flight path of the 

female flies as they move towards their host Brassica plants.  Since most of those 

females cannot enter a field to oviposit, the destructive maggot stage occurs in lower 

numbers.  Adult female D. radicum fly only at certain heights, usually low to the ground 

(Finch and Skinner 1974, Vernon and Mackenzie 1998). Therefore, the height of a fence 

only has to be as high as most females fly, within 1.2 m.  When Delia flies encounter a 

vertical barrier, they orientate and move up. If an overhang is placed at the top of the 

fence, the female flies cannot manoeuvre past the fence; the mechanism is similar to 

that of malaise traps.  

Exclusion fences were tested on a small scale and found to exclude 80-90% of 

female cabbage flies (Vernon and Mackenzie 1998, Päts and Vernon 1999). Commercial 

prototypes were developed in 2009 and 2010 by Bob Vernon (pers. comm) based on his 

previous work. The final design uses hollow aluminum posts to which black mesh is 

attached, a mesh flap at the bottom of the fence facing into the field, and a mesh 

overhang at the top of the fence facing away from the field.  The aluminum posts slide 
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over rebar that is secured into the ground. The bottom flap can be covered with soil, or 

left uncovered. Burying the bottom flap can better seal the fence from flies entering the 

field. Even though the flies will orientate up when encountering the fence, if there is a 

large enough gap at the bottom for the female Delia to fly through, they will do so (pers. 

obs). Weeds can create this gap by growing under the bottom flap and pushing it 

upwards. When the flap is covered with soil, any weeds that grow anchor the mesh with 

its roots. A second reason for applying soil to the bottom flap is to prevent billowing and 

tearing of the mesh fence panels from the wind by anchoring the mesh panels along 

three sides (the two fence posts and the bottom flap) instead of along two sides (the two 

fence posts). The final design is called the Telstar exclusion fence and can be 

purchased commercially (Telstar Window Service Ltd). 

Exclusion fence testing has also been conducted in Norway where there are no 

registered chemical controls for cabbage maggots (Meadows and Johansen 2005).  

Based upon Vernon’s design, their fence is yellow and impregnated with deltamethrin, a 

synthetic pyrethroid. They reported satisfactory yields, and minimal numbers of eggs 

were laid inside fenced fields. However, the limitations they encountered, tall vegetation, 

sloping topography, and poor fence set up, contributed to increased numbers of flies 

defeating the fence. Vegetation around exclusion fencing needs to be short to increase 

the fence height relative to the vegetation.  

One of the benefits of the fence over row covers becomes more obvious as the 

scale increases. As a field increases in size, its perimeter and area increase 

disproportionately, with the ratio of perimeter to area decreasing. It takes more row cover 

material to protect a large field than exclusion fence material compared to protecting a 

smaller field. Ten percent of cabbage flies will defeat the fence and lay their eggs, even 

when the fence is set up in ideal conditions, in contrast to row covers, which generally 

exclude 100% of cabbage flies, approximately. After defeating a fence, females have 

been shown to lay their eggs on the outer rows of the field inside the fence (Blackshaw 

et al. 2012). In the summer of 2009 during the evaluation of the Telstar exclusion fence 

prototype, egg counts dropped after 10 m inside the fence (Blackshaw et al. 2012). This 

localization of pests within the field has implications for two methods of control: 

chemical, and biological. Chemical sprays can be localized if pest problems are also 
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localized. This reduces the amount of chemicals needed, reduces costs, and reduces 

the amount of chemical that is released into the environment. The same strategy could 

be possible for predators and parasitoids. If the beneficial insects can be attracted to the 

main sites of infestation, i.e. the outer row of the field, they could place enough pressure 

on the D. radicum population to help manage it. The key in both the chemical and 

biological approaches lies in concentrating these control methods at the outer rows of a 

fenced field. The exclusion fence is promising for root Brassica crops when combined 

with other IPM tools.  

Brassica crops have pests other than D. radicum. There is a large range of 

insects which use Brassicas as their host including aphids, caterpillars (esp. Pieris 

rapae, Plutella xylostella, and Trichoplusia ni), flies (Contarinia nasturtii, other Delia 

spp.), beetles (Alticini spp., Entomoscelis americana), thrips, and slugs (Cerkauskas et 

al. 1998, BC Ministry of Agriculture 2014).  Placing an exclusion fence around Brassicas 

could change the infestation levels and patterns for the entire pest suite. The other pest 

potentially targeted by exclusion fencing is Contarinia nasturtii (Swede Midge). A recent 

introduction from its native range in Europe, Co. nasturtii, has become a difficult pest to 

manage in Canada and the United States (Chen et al. 2011).  Exclusion fencing has 

been tested against Co. nasturtii with some success in Switzerland (Wyss and Daniel 

2004), but a recent unpublished study by Evans and Hallett (2014) has indicated that 

exclusion fencing, the Telstar exclusion fence in particular, is not an effective 

management tool for Co. nasturtii.  A smaller mesh was used in the fence design for Co. 

nasturtii compared to fences used against D. radicum due to the smaller size of Co. 

nasturtii (Vernon and Hallett, pers. comm).  High levels of Pieris rapae, the Imported 

Cabbage Worm, and low levels of parasitoids were also observed in fenced plots 

compared to unfenced plots (Evans and Hallett 2014, unpublished). The ability of a 

lepidopteran pest to defeat the fence is not surprising, as adult lepidopterans have been 

observed flying over the Telstar exclusion fence with little difficulty (pers. obs). The 

exclusion fence is not a barrier to aphids entering a field (Bomford et al. 2000b), as they 

enter fenced areas from heights well above the height of a fence. 

When the exclusion fence was placed around a rutabaga field in the summer of 

2009 at Westham Island, British Columbia, frogs were observed dead adjacent to the 
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fence inside the field (Vernon, pers. comm.). These frogs, Rana clamitans, were possibly 

moving from the field interior where they overwintered, to the ditches surrounding the 

field, or were crossing the field when the fence was erected. Possible ways to mitigate 

frog mortality would be to either (i) have growers physically move the frogs from one side 

of the fence to the other as has been done with other amphibians to move them across 

road barriers (Beebee 2013), or (ii) have a tunnel that permits the frogs to move under 

the fence, which is also used in permitting amphibians to cross roadways (Beebee 

2013). The tunnel must be large enough to permit frogs to pass and not permit Delia 

movement into the field. 

1.4. Carabids, the Ground Beetles  

Predators and parasitoids for D. radicum have been known for some time 

(Gillette 1888). There are three species of parasitoids that are widespread and provide 

some control: Trybliographa rapae (Hymenoptera: Cynipidae), Aleochara bilineata, and 

Al. bipustulata (Coleoptera: Staphylinidae). All three species occur in Europe, and all but 

Al. bipustulata occur in North America. Attempts to evaluate and introduce Al. 

bipustulata into Canada are currently underway (Andreassen et al. 2009). 

On the other hand, carabids, or ground beetles (Coleoptera: Carabidae), are 

generalist predators of Delia. Research into the use of carabids for pest control has been 

extensive, and carabids are an important tool in biological control. A wide range of pest 

species have been documented as food sources of ground beetles (Sunderland 2002), 

including Delia eggs and maggots (Wishart et al. 1956, Coaker and Williams 1963, Finch 

1993). The larvae are also predaceous (Sunderland 2002, Thomas et al. 2008, Currie et 

al. 2010, Wizen and Gasith 2011), but due to their cannibalistic behaviour when reared 

together (Thiele 1977, Currie et al. 2010) and difficulty in studying soil habitats, limited 

research has been done. 

Many carabids are well characterized as to their habitats, especially in Europe 

(Thiele 1977). However, North American assemblages are similar to European 

assemblages, especially in agroecosystems; the two groups are characterized by same 

genera (Kromp 1989). Many of the species observed in North American agricultural 
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settings were introduced from Europe. The most common species in southern British 

Columbia agroecosystems, Pterostichus melanarius, is an example of an introduced 

European species (Lindroth 1961-9, Raworth et al. 1997). 

While carabids get around by walking on the ground (hence their common 

name), some species are capable of flight (Thiele 1977, Niemela and Spence 1999, 

Boiteau et al. 2000, Matalin 2003). There are also species that are dimorphic; some 

individuals have large wings (macropterous), others have reduced wings 

(brachypterous) (den Boer 1970). Burrowing is also a common means of movement. 

Clivina species have front legs well adapted to burrowing (this genus also contains 

strong fliers) (Lindroth 1961-9, Thiele 1977). 

While ground beetles have been characterized as generalist predators, there are 

some specialized species, e.g. Scaphinotus spp. specialize on snails (Sunderland 2002). 

Some carabids also eat vegetative matter, with species in the genera Amara and 

Harpalus consuming large amounts of seeds (Jørgensen and Toft 1997, Gaines and 

Gratton 2010). Food choice becomes an issue when using generalist predators in pest 

management. Managers and growers want beetles to consume pests, but for that to 

occur the beetles have to be willing to move to and consume the pests when there are 

other prey options available. Carabids will eat aphids and lepidopteran pests that occur 

on or fall onto the ground (Lovei and Sunderland 1996, Kromp 1999, Sunderland 2002), 

but some species can climb plants to reach their prey (Suenaga and Hamamura 1998). 

Bilde and Toft (1997) indicated that dipterans provided the highest quality food for tissue 

maintenance and reproduction in different carabid species. In that study, Drosophila was 

used as the standard to determine food source quality. Aphids alone are a poor food 

source for ground beetles (Bilde and Toft 1997). Other limitations to food choices are the 

size of the prey and size of the beetles.  Finch (1996) demonstrated a negative 

relationship between Delia egg consumption and carabid mandible size. Larger 

mandible sizes were unable to manipulate the eggs for consumption. This makes the 

abundant Pterostichus melanarius, a large carabid (Raworth et al. 1997), a poor 

candidate for D. radicum egg control. P. melanarius will prey upon Delia maggots 

(Sunderland 2002), but larger maggots will have already damaged the Brassica root and 

made the root unmarketable, making the eggs and early maggot stages important to 
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target. Carabids will eat both live and dead prey, and they will often kill a prey item (e.g. 

bite into an insect egg), eat a minimal amount, and move onto another prey item; the 

behaviour occurs in locations with high density of prey items (Sunderland 2002).  

Agroecosystems pose challenges to carabids. The environment is unstable and 

changes rapidly during the season (tillage, weeding, planting, harvesting), and from year 

to year (cite, crop rotation) (Kromp 1999). One of the biggest challenges to insects in 

modern agriculture is pesticides. Carabids are very sensitive to insecticides, especially 

organophosphates such as chlorpyrifos (Critchley 1972a, 1972b, Carruthers et al. 1985, 

Reed et al. 1992, Curtis and Horne 1995) used in D. radicum management (BC Ministry 

of Agriculture 2014), and can kill most carabids in a field. Herbicides affect carabids 

indirectly by removing cover and refuges (Carmona and Landis 1999), and cultivating a 

field disrupts the soil in which adults and larvae live (Hatten et al. 2007, Björkman et al. 

2010). The species of carabids affected often depends on the crop being planted and 

the timing of tillage (Thiele 1977, Carcamo and Spence 1994, Lovei and Sunderland 

1996, Kromp 1999). 

To minimize the unstable nature of agroecosystems, growers can create and 

maintain refuges for carabids. These consist of areas which are set aside from 

cultivation and sown with plants that provide an acceptable habitat in which carabids and 

other beneficial control agents and pollinators can live and reproduce (Landis et al. 

2000).  Such refuges are often called beetle banks (Landis et al. 2000, Macleod et al. 

2004), but hedgerows and other crop headland habitat can also act as refuges (Landis 

et al. 2000, Holland et al. 2001). Beetle banks and other refuges provide oviposition sites 

that will not be disturbed by tillage, provide a place where beneficial insects are not 

exposed to insecticides, and provide alternative prey items when pest levels in the 

neighbouring crops are low.(Landis et al. 2000). Beetle banks are often composed of 

grasses to provide the favourable habitat for beetles, but can also have flowering plants 

to attract pollinators and other biological control agents (Landis et al. 2000). Beetle 

banks are located along crop margins, and sometimes will intersect through a field 

(Thomas et al. 1991, Macleod et al. 2004). If the habitat inside a refuge is optimized for 

beetles, will they attempt to leave?  These highly attractive habitats may actually hinder 

beetle movement into the crop (Carmona and Landis 1999). Even poorly managed field 
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margins could be more attractive to carabids than the crop and hence inhibit movement 

into the crop (Holland et al. 2001).  

Studies have provided mixed results as to the level of pest control due to beetle 

banks.  Some studies show positive control (Collins et al. 2002) while others show no 

indication that beetle banks are effective (Carmona and Landis 1999). These differences 

between studies could have been caused by several factors: composition of the beetle 

banks in terms of plant structure (Carcamo and Spence 1994, Goodwin and Fahrig 

2002, Hunter 2002, Collins 2003) and olfactory cues (Evans 1983b, Kielty et al. 1996, 

Ferry et al. 2007), food sources (Bilde and Toft 1997, Symondson et al. 2002), 

competition and/or intraguild predation (Prasad and Snyder 2006), mating and 

oviposivion opportunities (Wallin 1989, Tréfás and van Lenteren 2008), and size and 

number of beetle banks surrounding and transecting a crop. In general, beetle diversity 

will be greatest in the field margins and headlands than inside the field (Holland et al. 

2001), and in both types of habitat, carabid diversity is lower than in non-agricultural 

habitat (with the exception of urban habitats) (Larsen et al. 2003). Generalist beetles are 

often the most common species in all habitats (Larsen et al. 2003). Nevertheless, beetle 

banks are considered an important conservation biological control method practiced by 

organic and conventional growers.  

With regards to exclusion fences, why focus on carabids rather than the other D. 

radicum control agents? Firstly, carabids are poor flyers and will most likely have to 

cross an exclusion barrier where it contacts the ground. Whereas the aforementioned 

parasitoids could potentially fly over any barrier, in the case of the fence for D. radicum, 

the bottom of the fence is often buried in the ground, creating a better seal along the 

bottom edge. Secondly, the mesh size used to exclude Delia flies is large compared to 

the parasitoid sizes. While lengths of the following beetles were the main values 

reported in the literature, they provide a useful proxy to for the beetles’ widths. Aleochara 

spp. are long and thin beetles like most staphylinids and are approximately 2-6 mm long 

(Klimaszewski 1984), while the mesh used against Delia is 1.8 mm at its widest.  

Carabids are variable in size, ranging from large Carabus spp. (> 12 mm long; Carabus 

nemoralis can reach 26 mm long (Lindroth 1961-9)) to small Bembidion spp. (< 8.4 mm 

long (Lindroth 1961-9)). The larger carabids simply cannot fit through the mesh itself. 
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Thirdly, carabids do not have obligate hosts like many parasitoids. While carabids 

species have optimal diets and ovipositioning sites, there is some flexibility (Bilde and 

Toft 1997, 1998, Sunderland 2002, Symondson et al. 2002). There is no requirement 

that carabids consume D. radicum, or any other pest for that matter. Finally, as 

generalist predators, carabids can be relied upon in other cropping systems than 

Brassicas. If an exclusion barrier is found to be useful against a pest in another crop, 

knowing that there will be, at a minimum, generalist predators available increases the 

number of IPM tools a grower can consider and utilize. These four factors make carabids 

a good model for studying exclusion barrier permeability. 

1.5. Westham Island Observational Study 

Interest in exclusion fencing has led to its use on a commercial scale in British 

Columbia's Lower Mainland. In 2010, I conducted an observational study to determine 

whether carabids were present in a fenced field. A study like this would not indicate how 

carabids crossed the fence, or the crossing rate. Evaluating carabid numbers spatially, 

hovewer, would give us an idea of where carabids are occuring in the field, and if there 

was a difference between three different zones: headland, outer crop, and inner crop. 

Knowing where carabids occur in a commercial field with a fence would help us design 

further experiments. The main questions are: (i) where are carabids within an 

agroecosystem containing a fence barrier, and (ii) what is the species composition?  

Carabids were observed under field conditions to evaluate whether the Telstar 

exclusion fence might be a barrier to movement of beetles into a Brassica field at 

Westham Island, British Columbia, Canada in the summer of 2010. Six pitfall transects 

were laid across a 4-ha rutabaga field (Brassica napus) that was surrounded by an 

exclusion fence with an unsealed bottom flap. The fence was placed around the field 

during Week 5 of collecting insects from pitfall traps. The transects were divided into two 

analyses, the western and the eastern field edges, because these two halves of the field 

were seeded at different times. The transects were further divided into headland, outer 

crop rows, and inner crop rows. This created a 3x2 contingency table for both the 

western and eastern edges. The full methods can be found in the Appendix. 
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There were a handful of carabid species present: Pterostichus melanarius, 

Clivina fossor, Agonum meulleri, Bembidion lampros, Amara spp., Bembidion 

quadrimaculatum, Loricera foveata, Carabus granulatus, Harpalus affinus, and 

Anisodactylus binotatus. Overall, there were few individuals caught throughout the 

summer. Only P. melanarius, Cl. fossor, Ag. muelleri, and B. lampros occurred in large 

enough numbers for a meaningful analysis.  Total trap catches for the four analysed 

species are in Table 1.1. P. melanarius, and Cl. fossor were the main species able to 

penetrate into the field, likely because both species are strong fliers (Nelson and 

Reynolds 1987, Matalin 2003), Cl. fossor is a strong burrower (Lindroth 1961-9), and P. 

melanarius can traverse long distances in a day (Wallin and Ekbom 1988). While these 

two species were present inside the field, most individuals were either in the headland or 

the outer crop rows. Ag. meullerii and B. lampros were not present in the eastern side of 

the field, resulting in no analysis performed on that side for those two species. 

Table 1.1. Common carabid beetles caught at Westham Island, BC, Canada, 
and comparing trap catches between locations in a Brassica napus 
(rutabaga) field and its headland. The locations are the headland, 
outer and inner crop rows, and the catches before and after a Telstar 
exclusion fence was placed around the crop.  The two edges 
indicated in the table represent two of the four sides of the field and 
their orientation. All analyses were performed using a Fisher Exact 
Test, and alpha = 0.05. 

 
Western edge 

 
Eastern edge 

 
p-value n 

 
p-value n 

Bembidion lampros 1 19   NA 0 
Agonum meullerii 0.03846 13 

 
NA 0 

Pterostichus melanarius 0.2976 179 
 

1 48 
Clivina fossor 0.3207 24   0.3881 13 

 

The only significant result was Ag. muellerii along the western edge (Table 1.1). 

This species’s trap catches were sporadic both spatially, and before and after the fence 

placement, whereas the other species were more consistent before and after fence 

placement. B. lampros only occurred in the headland before and after fence placement, 

with one individual in the outer crop rows. Cl. fossor occurred throughout the field before 

and after fence placement. P. melanarius occurred in the headland and outer crop rows 
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before and after fence placement, but in fewer numbers before fence placement since it 

started to emerge just prior to the fence placement.   

There are several explanations for the poor trap catches. Organophosphates are 

very toxic to carabids (Critchley 1972a, 1972b, Carruthers et al. 1985, Reed et al. 1992, 

Curtis and Horne 1995), and since several applications of chlorpyrifos were made 

throughout the growing season, one might expect to see drops in carabid numbers 

immediately after an application. Unfortunately, carabid numbers were too small 

throughout the growing season to determine whether their small numbers were due to 

poor movement into the field, or frequent chemical applications. Since there was 

evidence of dead P. melanarius immediately after applications, and at a time when P. 

melanarius should become more active, it appears the chemical applications are a large 

barrier to carabids establishing themselves in the crop. The presence of P. melanarius in 

the fields could also indicate that there was some intra-guild predation occurring, as it 

has been shown that P. melanarius preys upon smaller carabids (Prasad and Snyder 

2006). However, the low trap catches occurred before and after P. melanarius emerged.  

The lower number of B. lampros in areas other than the headland could be due to the 

attractiveness of refuge in the headland over crop habitat (Carmona and Landis 1999). 

The final possible explanation could be that the headlands and field already had poor 

abundance, and the low trap catches reflect the resident population. 

There were individuals inside the field, but this does not proved they crossed the 

fence, since they could have been present in the field before the fence was placed. What 

can be concluded is that there were some carabid species in the crop, some before and 

some after fence placement, and that it is possible they crossed the fence to get there. 

Therefore, controlled experiments are required where crossing events can be directly 

observed or inferred with some certainty. 

1.6. Objectives 

The nature of working on production fields makes proper replication and 

experimental control difficult. However, the observations described above have provided 

some questions concerning the fence. What are the challenges which exclusion fencing 
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poses to carabids? The obvious challenge is movement across the fence into the crop.  

Does the fence limit or block this movement and what does changing the mesh size do 

to permeability? What motivates predatory beetles to move from the headland into a 

field?  Are these factors strong enough to influence a beetle to overcome the fence and 

enter the field, especially since B. lampros was observed primarily in the headland on 

Westham Island?  If the fence is impermeable to beetles, potential habitat and food 

sources are inaccessible. Conversely, the fence flap might provide a source of refuge for 

the beetles. 

The first step after observing carabids at Westham Island was to conduct a 

preliminary experiment on P. melanarius and the Telstar exclusion fence under more 

controlled field conditions. This experiment is reported in Chapter 2.  After evaluating a 

large-bodied carabid in the field in Chapter 2, a smaller carabid, Bembidion lampros, 

was used to test the fence design in the laboratory in Chapter 3. Crossing ability, 

permeability and mesh size, and location preference were all explored. In Chapter 4, the 

observed carabid behaviour and parameters from the literature were combined in a 

simulation model to understand how an exclusion fence might influence field-level 

activity patterns. Finally, a cost-benefit analysis was performed comparing fence use 

against three different scenarios (Chapter 4). Exploring the challenges an exclusion 

fence creates for carabids will provide a better understanding of carabid movement 

behaviour, why beetles might want to enter a crop, how to draw them into a crop, and 

keep them where predation is most needed. 
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Chapter 2.  
 
Field Arena Experiment 

2.1. Abstract 

A small scale field experiment evaluated the ability of Pterostichus melanarius to 

cross a Telstar exclusion fence in outdoor arenas. The three treatments were (i) no 

fence (the control), (ii) a fence with an unsealed bottom edge, and (iii) a fence with a 

sealed bottom edge. Beetles were expected to cross the arena, especially in the 

unsealed fence and fenceless treatments. Pitfall traps were used to determine if beetles 

had crossed the fence. As a result of pitfall trapping, it was expected that more males 

than females would be caught, because male beetles are more active and thus more 

likely to be caught. Beetles were given 24 h to cross before the traps were checked. 

Males did cross the fence more often than females and there were high crossing rates 

for the three treatments. The sealed fence treatment had more beetles crossing than 

expected due to a channel forming at the bottom of one of the fence posts. Similar 

channels could be created when using the fence in commercial production to improve 

fence permeability. With the large P. melanarius capable of crossing the fence, other 

smaller carabid species should be able to cross it too. 

2.2. Introduction 

Human-created barriers to movement are common across landscapes. They are 

frequently inadvertent (river dams, roadways), but barriers are often placed to manage a 

species from accessing an area. Examples of this include deer and wildlife fences (Reed 

et al. 1974, Clevenger et al. 2001), row covers (Hough-Goldstein 1987, Matthews-
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Gehringer and Hough-Goldstein 1988, Millar and Isman 1988, Vaissière and Froissart 

1996, Rekika et al. 2008), and trench traps (Hunt and Vernon 2001).  

The Telstar exclusion fence (Telstar Window Service Ltd) prevents female Delia 

radicum flies, a destructive Brassica root pest, from encountering Brassica crops, and 

ovipositing on the plants’ roots.  The fence is 1.3 m tall and made of window screen 

mesh (7.2 x 5.6 x 0.0052 strands/cm, Eclipse Technologies Inc.). The height is sufficient 

to prevent 80-90% of female flies from entering the crop, and the mesh size is small 

enough so that the flies cannot fit through it (Vernon and Mackenzie 1998, Vernon and 

McGregor 1999, Bomford et al. 2000a, Blackshaw et al. 2012). The mesh is attached to 

aluminum posts, and these posts are held upright by rebar posts inserted into the 

ground. The top of the fence has a 30 cm overhang that faces away from the crop (the 

outside of the field). This overhang prevents flies who encountered the fence from 

moving upwards to the top of the fence and flying over it into the crop. The bottom of the 

fence has a 15 cm wide mesh flap which faces the crop (the inside of the field). The flap 

can rest on the soil surface, or can be covered with soil to seal the fence from any D. 

radicum crossing at the fence bottom (Päts and Vernon 1999, Blackshaw et al. 2012).  

Delia control also includes biological control agents, primarily in the form of 

conservation biological control from beetle banks and hedgerows (Landis et al. 2000). 

The main agents are carabids (ground beetles), a polyphagous beetle family (Thiele 

1977, Lovei and Sunderland 1996, Kromp 1999, Sunderland 2002, Toft and Bilde 2002), 

and Aleochara staphylinid beetles, which help with control by parasitizing Delia pupae 

(Fuldner 1960, Coaker and Williams 1963, Jonasson et al. 1995). The reasons that 

carabids are important as control agents are: (i) some species emerge in the spring 

when Brassica seedlings are most vulnerable to Delia attack (Finch 1993, Petersen 

1999a, 1999b), (ii) they will prey upon Delia eggs and larvae (Finch 1996, Sunderland 

2002), and (iii) because they are polyphagous, they will consume other pests present in 

the crop (Sunderland 2002). 

The aforementioned fence has the potential to be a barrier to carabid movement 

into a crop field, because many carabids species are poor and infrequent fliers (den 

Boer 1970) and a significant number of large-bodied carabids such as Pterostichus or 
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Carabus species are more likely to struggle crossing a fence barrier than the smaller 

Bembidion or Trechus species. Conversely, the space between the soil and an 

uncovered fence flap in a field is variable in size at the insect scale due to uneven soil, 

large soil aggregates, and weed growth, creating channels and paths large enough for 

large carabids to be able to move through.  

The ability and rate of carabids crossing the Telstar Exclusion Fence could not 

be determined from the observations made at Westham Island (Chapter 1). An 

experiment on a smaller scale is a more appropriate approach to evaluating carabid 

crossings in order to control experimental carabid numbers and species, as opposed to 

relying on their wild counterparts. I hypothesize that carabids, as a group, are able to 

cross the fence for two reasons (i) because they can burrow through soil (Mascanzoni 

and Wallin 1986, Wallin and Ekbom 1994, Lovei and Sunderland 1996) and thus cross 

under the fence and (ii) because the fence bottom sits on uneven soil with gaps large 

enough through which larger carabid species can move. 

Because the Telstar Exclusion Fence (hereafter referred to as the exclusion 

fence, or simply the fence unless otherwise specified) often has soil placed at the bottom 

mesh to better “seal” the field from Delia adults, I hypothesize carabids can cross the 

fence but that the sealed mesh flap will slow such movement there. When released on 

one side of the fence, fewer released individuals are expected to cross the fence and 

subsequently be recaptured on the opposite side of the fence because of the slower 

movement. The sex of the beetles is also an important factor with regards to carabid 

movement; in general, carabid males are captured in traps more often than females 

(Thomas et al. 1998, Szyszko et al. 2004, Yamashita et al. 2010). Therefore, I 

hypothesize that male beetles will cross and be recaptured more readily than females. 

The fence is asymmetrical, with measurable differences between the inside and 

outside walls. As the side of the fence facing inside the field has the bottom mesh flap, 

movement from inside to outside a field is expected to be the more difficult direction for 

crawling arthropods to cross as the gap is small. Conversely, the gap between the mesh 

and the soil on the outside starts fairly large and narrows as one moves to the inside 

(Figure 2.1). I hypothesize the larger gap should permit easier passage from outside to 
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inside the field. Two-way movement is an important consideration for carabids because 

field headlands (the outside) provide oviposition sites and alternative prey items when 

crop pest levels (the inside) are low (Kromp 1999, Landis et al. 2000, Macleod et al. 

2004, Tréfás and van Lenteren 2008). 

My hypotheses were tested with Pterostichus melanarius, a species which is 

easy to obtain in large numbers, easy to sex, and straightforward to mark for field 

release. Despite its lack of effective cabbage maggot control (Finch 1996), this species 

was used because of its abundance in the lower Fraser Valley (Raworth et al. 1997), its 

other pest control abilities (Sunderland 2002), and its large size (12-18 mm length, 

Lindroth 1961-9). Large beetles might have more difficulty moving under or through gaps 

in the fence and their large size precludes movement through the mesh itself.  Thus my 

experiments represent a conservative test of my hypotheses. 

 

Figure 2.1. Exclusion fence asymmetry. The fence at the bottom has a mesh 
flap that faces towards the crop that creates the asymmetry. Arrow 
(a) represents ground insects encountering the fence from outside 
the field. They should be easily guided under the mesh flap by the 
curvature of the mesh. Arrow (b) represents ground insects 
encountering the fence from inside the field. Because the edge of 
the mesh lies close to the ground, only smaller insects should be 
able to pass under the mesh flap without burrowing. 
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2.3. Material and Methods 

A simple arena in a fallowed agricultural field was designed to test the crossing 

ability of P. melanarius. The experiment was performed in Agassiz, BC, Canada at the 

Pacific Agri-Food Research Centre (PARC), a site operated by Agriculture and Agri-

Food Canada. 

2.3.1. Arena Design 

Three arenas were set up in a tilled field. Each arena was 15 m from the next 

and at least 15 m from the edge of the tilled field. The arenas were oval shaped, with the 

length of each arena 5.50 m and the width 2.79 m. The arena consisted of 30 cm 

aluminum flashing set into the soil 7.5 cm deep. One panel of the Telstar Exclusion 

Fence was set up across the centre at the arena's widest point.  The metal flashing was 

held in place by wooden stakes placed in short intervals from each other on the outside 

of the arenas. The flashing was screwed into the aluminium posts of the exclusion fence. 

The fence mesh was cut to sit flush with the flashing, but was not secured to it. The soil 

in the arenas was raked to even it out, remove large clods, and maintain a weed-free 

environment. 

The three treatments were (i) no fence mesh (control) with the aluminum posts 

present, to provide support to the flashing, (ii) fence with bottom flap free from soil on top 

(unsealed), and (iii) fence with bottom flap covered and sealed with soil (sealed) (Figure 

2.2). The above treatments were assigned to one of the three arenas and were not 

moved, pseudoreplicating the experiment. 

On both sides of the fence in each arena, I set 7 pitfall traps, giving 14 traps in 

total. Each pitfall trap consisted of two beer cups (450 mL, DIXIE cups). One beer cup 

had its top cut off so that when it was inserted into an uncut cup, both cups were flush 

with the ground. The inner cup could be removed easily to count beetles. Plywood 

covers (20 cm squares with 2.5 cm square plywood legs) painted green on the top were 

placed over the nested beer cups as trap covers. The traps were spaced around the 

inside arena edges, so that when the covers were in place, the covers touched the metal 

flashing. All pitfall traps were dry, i.e. no killing solution was used, and the inner beer 



 

21 

cups were not replaced throughout the entire experiment. Prior to running the 

experiments, all resident carabid beetles were removed from the arenas by trapping to 

eliminate any influence on experimental beetle movement that might be caused by 

beetles of the opposite sex. The traps on the release side were closed by securing beer 

cup lids onto them prior to release. This measure was employed to ensure individuals 

were not trapped before they had an opportunity to encounter the fence. 



 

22 

 

Figure 2.2. Arena design overview.  (a) Profile view of the fence’s bottom mesh 
flap, showing both unsealed flap and flap sealed with soil. (b) 
Overhead view of control (top) and fenced (bottom) arenas, with 
release points (stars), fence posts (black squares), and mesh flap 
(shaded).  The right side of the arenas are the ‘inside’ and the left 
sides are the ‘outside’. Circles around the arenas’ edges are pitfall 
trap locations. 

2.3.2. Releases 

P. melanarius was caught in large numbers with pitfall traps along the edge of a 

corn field and a highway at PARC in June and July 2010. Beetles were reared 
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individually in clean urine sample cups (140 mL, Fisherbrand), their sex was determined, 

each beetle was given an identification number, and the room the beetles were held was 

maintained at 21 °C and with a 16L:8D photoregime. Soil from the study site was used 

as a substrate for the beetles and ground-up dog kibble (No Name Brand® Dog Food) 

was supplied as the sole food source. The beetles readily ate the dog food and any 

uneaten food was removed at the first signs of spoilage. 

Beetles were randomly chosen for each release and treatment to form release 

groups composed of one sex. Ninety-six males and 72 females were released over the 

entire experiment. Beetles were given access to food until the afternoon prior to release, 

when they were placed individually into Petri dishes and marked. 

The beetles in each release group consisted of 4 individuals of the same sex and 

were marked using nail polish (L.A. Colors Art Deco Nail Polish). Each release group for 

each day had its own marking pattern and colour combination. The markings on the 

beetles also differentiated them from the non-experimental P. melanarius individuals, 

which either made their way into the arena from outside, or were not trapped prior to 

marked releases. Twenty-one groups were released in total. 

We released the beetles on one side of the arenas in the early evening at dusk 

because P. melanarius is nocturnal (Luff 1978). Beetles were placed at the centre of the 

releasing side of the arena, deposited there by releasing them from a clean urine sample 

cup duct taped to a 1.5 m bamboo pole. This allowed me to release them while standing 

outside of the arenas. 

The trap covers were left in place during releases; beetles often used them as 

refuges, frequently running straight to them upon release. Temperatures were measured 

at each release in the sun and in the shade of the metal flashing. The length and 

compass direction of the aluminum fence posts were measured at each release to 

evaluate the sun's angle at the releases. This was to ensure consistent release time; P. 

melanarius are nocturnal so the beetles were released before the sun set so they had 

the entire evening to cross the fence. The releases always started with the flap-

uncovered treatment, then the control, then the flap-covered treatment. All trap lids were 

removed for one day between changes in release location. 
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To give beetles sufficient time to move across the fence, traps were checked for 

marked beetles 24 h after release. Most individuals were recaptured within 24 h, with 

some individuals caught after 2-3 days. Releases occurred on both sides of the fence 

and with both sexes. Re-trapped beetles were brought back to the lab. 

Beetles that were not caught after release were recorded as missing in action 

(MIA). The fate of MIA beetles could have been due to death, leaving the arena (burying 

through the soil under the flashing or flying over the flashing), the markings falling off 

(the markings lasted typically 3-4 days), or the beetles simply not being caught by the 

pitfall traps. Pitfall traps depend upon the level of activity (Thomas et al. 1998, Raworth 

and Choi 2001); less activity results in fewer catches. While temperature affects 

arthropod activity and trap catches (Spence and Niemelä 1994), trap catches of all P. 

melanarius, marked and unmarked, remained constant throughout the experiment, even 

on cooler days (18 °C). 

2.3.3. Data Analysis 

A logistic generalized mixed-effects model (GLMM) using a logit function from the 

lme4 package (Bates et al. 2014) in R (version 3.02, R Core Team 2014) was used for 

the analysis. The logistic regression is appropriate because the response variable, 

crossing state, was binary. The fixed variables were fence type, release point, and sex. 

The random effect was the beetle groups, as individual beetles in an arena were not 

independent from each other. The model was reduced from the original full model by 

evaluating the AIC scores of the tested models and removing terms which did not help 

explain the variance. The final model included an arena-release point interaction. 

Probabilities were back calculated from the model estimates and graphed with 

their 95% confidence intervals, which were created by bootstrapping the model 

estimates. P-values produced by the glmer function in the lme4 package are estimated 

p-values but are sufficient for inference. 
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2.4. Results 

Various behaviours were observed after beetles were released. Female beetles 

often buried themselves into the soil soon after release. Conversely, male beetles often 

ran to the trap covers on the release side of the arena. Beetles in the control and 

unsealed treatments were observed crossing the centre line and fence, respectively. 

Some beetles, released in the two-fence treatments on the overhang side, would run to 

the flap and remain under the flap. Some beetles fell into traps on the opposite side of 

the arena within 1/2 h of release, i.e. before we left the field after releases (20/167 

beetles). 

Beetles often ran along the metal flashing between trap covers. This behaviour 

was not unexpected, as metal flashing is known to direct ground insects into pitfall traps 

(Winder et al. 2001). In the flap-covered treatment, the beetles were able to move under 

the fence by moving along the flashing, under one of the fence post, and then through 

where the mesh flap lay flush with the flashing. This would not occur with a typical fence 

in use; it is an artifact of the experimental design. One such consequence in the sealed-

fence treatment can be seen in Figure 2.3, where most beetles that were trapped in this 

treatment were caught in the area of the affected fence post. Many of the beetles were 

observed crossing near the centre of the fence panel in the unsealed fence treatment. 

Such behaviour was not observed in the unsealed fence treatment. The beetles moved 

under the unsealed flap as they would have to in a commercial field.  

After rainy weather, earthworm holes appeared. Not only are earthworms a 

potential food source for larger carabids, but the earthworms left large vertical tunnels 

into which P. melanarius was able to fit. Earthworm holes could have led to outside of 

the arenas, possible directing individuals away from encountering the fence. Rains also 

washed some soil off the soil-covered flap and revealed the flap edge. Soil was promptly 

reapplied to the mesh flap when this occurred. 
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Figure 2.3. Cumulative trap catches for the entire experiment.  Each number 
represents a pitfall trap.  The right and left sides of the arenas are 
the ‘inside’ and ‘outside’ areas, respectively.  (a) is fenced 
uncovered, (b) is unfenced control, and (c) is fenced covered 
treatment. The arenas include release points (stars), fence posts 
(black squares), and mesh flap (shaded).  In (c) the trap catches only 
occur along one side, and primarily occur at the circled traps. 
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2.4.1. Data Analysis 

The crossing probability was affected by the fence type, and the beetle’s sex, 

resulting in the final model: crossing ~ treatment x release point + sex (Table 2.1). The 

high variability in the crossing successes occurring within release groups justified its 

inclusion in the model as a random effect (sd = 0.504, Table 2.1).  

The arena with no fence had more individuals crossing the arena than either 

fence treatment. However, there was no significant difference between the unfenced and 

the sealed treatment (Coefficient = -1.8691, p = 0.1300, Table 2.1) and the unsealed 

fence treatment had significantly less crossings from the intercept (Coefficient = -2.5646, 

p = 0.0331, Table 2.1). Beetles did not cross the fence more when released from the 

outside (Coefficient = -1.2633, p = 0.3279, Table 2.1). While the fence decreases the 

number of beetles who cross the centre line, releasing them on the outside decreases 

recaptures on the inside for the unsealed treatment compared to the other treatments. 

For the unfenced and sealed fence treatment, releasing from the inside decreases 

catches on the outside. These interactions were not statistically significant (Table 2.1), 

but the model with the treatment-release point interaction and release point terms best 

explains the variation (model 2, Table 2.2). There was a significant difference between 

male and female catches, with males recaptured more than females (Coefficient = -

1.3839, p = 0.0049, Table 2.1). This was true for each treatment and release point, 

resulting in no significant interaction involving sex included in the final model (Table 2.2). 

The predicted crossing probabilities were back calculated from the log-likelihood values 

produced from the final model and presented in Figure 2.4. 
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Table 2.1. Final mixed-effects binomial model evaluating crossing success of 
Pterostichus melanarius across the Telstar Exclusion Fence.  The 
crossing success was compared between 3 fence set-ups (no fence, 
uncovered-mesh, covered-mesh), 2 release points (inside, outside), 
and, males and females. The intercept is males released outside of 
the control treatment (no fence).  There are two interaction terms for 
treatment and release point.  The release group is the random effect. 

Random Factors   

 
Std.Dev. 

   
release group (Intercept) 0.504 

   
Fixed Factors      

 Estimate Std.  Error z value  Pr(>|z|)  
(Intercept) 4.2264 1.156 3.6572 0.000255 

fenced uncovered -2.5646 1.204 -2.1304 0.033138 
fenced covered -1.8691 1.235 -1.5139 0.130055 
inside release -1.2633 1.291 -0.9784 0.327893 

female -1.3839 0.492 -2.8129 0.00491 
fenced uncovered:inside release  2.5867 1.539 1.6805 0.09286 

fenced covered:inside release -0.1809 1.478 -0.1223 0.902625 
 

Table 2.2. Comparison of all three mixed effects binomials models evaluating 
crossing success of Pterostichus melanarius across the Telstar 
Exclusion Fence.  The crossing success was compared between 3 
fence set-ups (no fence, uncovered-mesh, covered-mesh), 2 release 
points (inside, outside), and males and females.  All models have 
release group as the random effect.  Model 3 is the full model with 
all interaction terms, Model 1 has no interaction terms, and Model 2 
is the best fitting model with an interaction between release group 
and treatment. 

model 1: cross success ~ treatment + release point + sex + (1 | release group) 
model 2: cross success ~ treatment * release point + sex + (1 | release group) 
model 3: cross success ~ treatment * release point * sex + (1 | release group) 

 df  AIC log likelihood  Chisq Chi  df Pr(>Chisq) 
model 1 6 154 -70.9 

 
  

model 2 8 151 -67.4 7.02 2 0.03 
model 3 13 158 -66.2 2.38 5 0.79 
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Figure 2.4. Predicted probabilities of crossing the fence based upon the log-
likelihood values produced from Model 2 (Table 2.1 and Table 2.2).  
The 95% confidence intervals were bootstrapped. 

2.5. Discussion 

When a pest and its predators are stopped by the same physical barrier, it limits 

the effectiveness of using physical and biological control methods together. The ideal 

outcome would permit the predators to overcome the barrier and to prey upon the small 

percentage of pests that overcome the barrier. While carabids are predators on Delia 

radicum eggs and maggots, they spend most of their time walking on the ground, and as 

such, their movement into pest-infested fields could be stopped by a mesh fence placed 

immediately after planting or seeding. 

The field experiment in this chapter was a preliminary investigation that 

evaluated carabid movement past the Telstar Exclusion Fence. Some of the results from 

the experiment and model match the predictions. As expected, a greater proportion of 

male beetles were caught in the pitfall traps. This does not mean that female beetles are 
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less likely to cross the fence; as mentioned earlier, male beetles are simply more likely 

to enter pitfall traps (Thomas et al. 1998, Szyszko et al. 2004). 

There were a couple of unexpected results. In the unsealed fence treatment, 

more P. melanarius were recaptured in the field outside after release inside than 

recaptured inside after release outside, whereas the opposite was predicted. Perhaps 

the mesh flap on the inside of the field is more attractive to P. melanarius since it is 

closer to the soil and might be better perceived as a refuge than when approaching the 

fence from outside the field. Even with this difference, most predicted recapture 

probabilities are high (Figure 2.4). Crossing rates are potentially higher, considering that 

most P. melanarius individuals who were not caught on the "crossed" side were not 

caught on either side of the fence (Beetles classified as MIA). 

Another unexpected result was the high number of beetles that crossed the 

sealed fence treatment from both release points and for both sexes. Although the soil on 

the mesh flap is applied to seal the fence and exclude Delia flies, it was expected some 

individuals would cross because of P. melanarius’ burrowing abilities. However, the 

sealed fence treatment was never expected to generate a crossing rate comparable to 

the unsealed fence treatment because burrowing through a substrate should take longer 

than moving through a pre-existing gap. Nevertheless, the predicted probabilities for 

three of the covered mesh flap treatment combinations were high, and comparable to 

the unsealed fence treatment (Figure 2.4). Due to the mesh flap in the experiment not 

being attached to the metal flashing, rain, and general movement of the fence post, a 

channel formed under the aluminium post, despite efforts to keep the mesh flap evenly 

covered in soil. The released P. melanarius likely crossed the fence through this 

channel. In Figure 2.3, the trap catches for the uncovered-mesh flap treatment are all on 

one side of the arena; this is the same side as the channel. Despite the channel-causing 

problems for interpretation of the results, it provides a way fence-using growers might 

encourage carabids and other ground dwelling arthropods into their fields. When adding 

soil on top of the mesh flap, areas around the posts can be avoided, creating gaps for 

carabids through which to cross. These small gaps are likely not permeable enough for 

Delia to cross. Channels can alter barrier permeability, permitting desirable species into 

an excluded area. Honey bees (Apis mellifera) can pollinate cucurbit crops with fabric 
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row covers and a channel, leading to minimal pest infestation (Vaissière and Froissart 

1996).  Creating channels in the exclusion fence should be easy since shovelling soil 

onto the bottom mesh flap is labour intensive, and less shovelling means less labour 

involved. 

This study was intended to be a preliminary experiment, which is why only P. 

melanarius was tested rather than Bembidion spp. As mentioned in the introduction, a 

large insect such as P. melanarius should be a very conservative indicator of a smaller 

insects' ability to cross the fence, a small insect such as Bembidion lampros. The fence 

doesn't lay flat on the soil in the field as the soil is uneven; little clods of soil create 

channels and passageways that P. melanarius can travel under. If P. melanarius is able 

to move easily under the fence, it is likely that the smaller beetles could as well. B. 

lampros' crossing ability will be investigated in Chapter 3. 

The preliminary nature of the experiment was also why pseudoreplication was 

considered acceptable, since proper replication was planned for further experiments. 

Pseudoreplication occurred here in that each of the three treatments was assigned to a 

single arena and remained there for the duration of the experiment; this greatly reduced 

the amount of labour and field space required to run this experiment. To minimize the 

effects of pseudoreplication, great effort was taken to ensure the arenas were similar in 

all ways possible. The channel forming in the sealed fence treatment shows inferential 

limitations of pseudoreplication beyond cursory investigations. In this experiment, what 

we can infer is that large carabids can cross the fence when there is no soil on the mesh 

flap and when there is a channel to bypass a soil covered mesh flap. We cannot infer 

that carabids can cross a fence with soil on the mesh flap. Proper replicated experiments 

in the lab will be discussed in Chapter 3, where the first two experiments will address the 

questions: How many Bembidion lampros cross the fence, and how quickly they cross? 

Pitfall trapping as a metric for measuring crossing rates also has limitations. It 

depends upon insect activity density and does not recapture all individuals, only the 

most active ones (Spence and Niemelä 1994). We subsequently do not know where the 

uncaught individuals went, as represented in this experiment by the large number of 

individuals MIA. We cannot determine the absolute crossing rate, and cannot be sure 
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that the estimate from caught individuals is accurate. Furthermore, individuals caught 

opposite to their release point had to have crossed the fence before encountering the 

open traps because the only open pitfall traps were on the opposite side. When release 

points changed, i.e. releasing ‘inside’ instead of ‘outside’, the new release-side traps 

were closed, and the opposite traps were opened.  Individuals later found on their 

release-side could have crossed, because it cannot be ruled out that they did and 

subsequently crossed back to the release side. To resolve this issue, for experiments, 

larger carabids can be tracked with harmonic radar (Mascanzoni and Wallin 1986, Wallin 

and Ekbom 1988) and radiotelemetry (Negro et al. 2008) but the diodes increase the 

carabids' width and possibly influencing crossing ability, and the technique could not be 

extended to the smaller B. lampros as the diodes are larger than the insects themselves. 

Furthermore, visual observations are difficult because the observer would lose contact 

with beetles when the beetles burrow into the soil. Despite the limitations, pitfall trapping 

provides a good estimate (Fournier 2002) to use for developing experiments for B. 

lampros in the next chapter. 

P. melanarius populations in North America originate from macroptyrous 

individuals and do have some ability to fly (Lindroth 1961-9). While this might affect 

crossing, with beetles flying over the exclusion fence, it was unlikely. The metal sheeting 

which marks the boundary of the arenas is far shorter than the fence height. It is more 

likely marked P. melanarius can more readily disperse throughout the surrounding 

landscape by flying over the 22 cm high metal sheeting, than marked P. melanarius are 

able to cross over the 1.3 m exclusion fence by flying over it. 

The next question to be considered: are carabids attracted to objects or 

organisms beyond the fence, attracted to the fence itself, or do carabids simply 

encounter the fence randomly. Subsequently, if there is attraction to the fence, what 

would motivate them to cross? The arena was artificial in that there was no vegetation, 

the only refuge was the trap covers (and possibly the fence flap), and the beetles were 

forced into an area where they would likely encounter the fence. Based on the anecdotal 

observations of beetles moving to and remaining at the fence flap, carabids possibly 

interact with the flap as if it is a refuge. P. melanarius is nocturnal and releases occurred 

as the sun was setting and most beetles ran for some sort of cover or buried themselves 
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into the soil, including under the mesh flaps of both fence treatments. The arena's simple 

structure contrasts with agricultural landscapes, which are frequently changing 

throughout the year. This includes changes due to removing or plowing under crop 

residues, seeding fields, annual plants growing from small to large plants, and 

harvesting. Delia control is needed most when Brassica plants are small (Finch 1993). 

How carabids interact with the mesh flap, considering the presence or absence of other 

refuges during different agricultural events, will be investigated in the third part of 

Chapter 3.  
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Chapter 3.  
 
Fence Crossing Behaviour of Bembidion lampros 

3.1. Abstract 

The ability of Bembidion lampros to cross a Telstar exclusion fence was tested 

under laboratory conditions. The first experiment evaluated the beetle’s crossing rate, 

where it was expected that B. lampros would easily cross the fence due to the small size 

of the beetle, but take longer to cross the fence than the control (no fence). The beetles 

crossed the fence in lower numbers, and took longer to cross the fence than the same 

distance in the control.  While the differences were statistically significant, there were still 

many beetles crossing the fence treatment, and this will not likely affect beetle predation 

on pests. The second experiment evaluated how different mesh sizes affect the crossing 

rate through the fence mesh. Mesh sizes smaller than the width of B. lampros had no 

beetles cross. While there was a significant difference between the larger mesh sizes, all 

the crossing rates were very high. The orientation of the mesh did not affect the crossing 

rate for any of the mesh sizes. The final experiment evaluated the preference of B. 

lampros for various locations in an arena with a fence and refuges with prey. When the 

fence was present, beetles were more likely to leave the release point, and less likely to 

move away from the fence. If there was a refuge on the other side of the fence, beetles 

were more likely to leave the fence and move towards the refuge. The results of the 

three experiments show that the fence is not a full barrier to the movement of B. 

lampros.  
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3.2. Introduction 

It has been established in Chapter 2 that the large carabid Pterostichus 

melanarius can cross the Telstar exclusion fence (Telstar Window Service Ltd) under 

field conditions.  However, the results did not answer all my questions, and prompted 

more questions. What is the actual fence crossing rate of a carabid, because few 

carabids were directly observed crossing under field conditions? If a smaller carabid is 

evaluated, does changing the mesh size change permeability for that beetle? This could 

not be tested with P. melanarius as it is too large to fit through mesh sizes appropriate 

for pest exclusion. Lastly, P. melanarius appeared to move to trap covers and the fence 

immediately after release into the experimental arena. Were those locations attractive to 

the beetles, and act as a form of refuge? In this chapter, these questions are addressed: 

Section 3.3 investigates crossing time and success rate, Section 3.4 investigates 

crossing ability and mesh size, and Section 3.5 evaluates the choices beetles make with 

regards to their environment and the exclusion fence. 

3.3. Crossing Experiment 

3.3.1. Introduction 

Large carabids have provided us with insight on the permeability of the Telstar 

exclusion fence. These beetles readily move under mesh flaps and through soil 

channels (Chapter 2). If a large ground insect can move under a mesh flap, so should a 

smaller insect. However, there is a problem with inferring fence permeability from large 

carabid crossing data. The problem lies with carabid species exhibiting different trait, 

which could influence behaviour. For example, the large carabid Pterostichus melanarius 

is nocturnal, whereas a small carabid Bembidion lampros is diurnal (Luff 1978), resulting 

in the two species encountering the same structural environment under different lighting 

and temperatures. Furthermore, a simple agricultural landscape is more complex when 

perceived by a small carabid than a large carabid. While small carabids can enter holes 

too small for large carabids, large carabids can traverse over topographic features, such 

as large gaps, that small carabids cannot (pers. obs). 
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Behavioural differences between beetle species are important to pest 

management decisions. Large carabids have difficulties preying upon Delia eggs (Finch 

1996), the pest life history stage growers and IPM managers target in the early spring. 

Smaller carabids provide the desired egg control (Finch 1996, Sunderland 2002) and as 

such, the small carabid Bembidion lampros will be the focal species in the following 

experiments. B. lampros is a small (Lindroth 1961-9), diurnal (Luff 1978), spring 

breeding (Petersen 1999a) carabid common in agricultural landscapes. It has been fairly 

well studied in regards to its habitat preferences for exposed soil and field margins 

(Wallin 1989), prey preference (Forsythe 1982, Chiverton 1988, Bilde and Toft 1997, 

Sunderland 2002), emergence time in the spring in headland habitats and some in-field 

emergence (Petersen 1999a), and dispersal abilities across agroecosystems, where B. 

lampros can move from the headland into a crop (Wallin 1989, Petersen 1999a, Holland 

et al. 2001). 

Studying a small species (< 5 mm) is best accomplished with laboratory 

experiments. Small insects can be hard to study in the field because it is difficult to mark 

them without causing serious harm (Hagler and Jackson 2001), and it is difficult to 

directly observe small insects moving through a complex landscape. Under laboratory 

conditions, artificial landscapes permit easier direct observations of individual beetles, 

which provide more reliable information on crossing success and duration. In Chapter 2, 

some P. melanarius individuals crossed within 0.5 h, but the precise time it takes to 

cross is unknown for the individuals that crossed within 24 h after release. The following 

experiment will provide a more accurate estimate of crossing rate and duration for B. 

lampros than provided with a release and recapture experiment. 

The bottom of the Telstar exclusion fence has a 15 cm wide mesh flap, which 

faces the crop (the inside of the field). This section of the fence is the focus of this 

experiment, because it is the part that carabids encounter under field conditions.  The 

fence in the experimental arena did not have fence posts, forcing the beetles to 

encounter the centre of a fence panel, and avoid any tunnelling along a fence post that 

occurred in Chapter 2. 
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I hypothesize that B. lampros is able to cross the Telstar exclusion fence.  If a 

large carabid can move under the mesh flap, B. lampros should be able to move under 

as well due to its small size. I also hypothesize that it should take longer for individuals 

to cross the fence than to traverse the same distance without the fence because B. 

lampros will have to either find a path under the mesh, or create their own path. There 

should be no difference from which side the beetles cross because the mesh is flush 

with the sand across the entire flap. 

3.3.2. Material and Methods 

Rearing 

Bembidion lampros was collected from March to June 2012 from the Pacific Agri-

Food Research Centre (PARC) in Agassiz, BC, Canada. Individuals were caught by 

hand or by pitfall trap and reared individually in 30-mL Solo cups lined with sieved soil 

from PARC. Ground dog kibble (No Name® brand Dog Food) and frozen Drosophila 

melanogaster pupae and larvae were provided as diet. Rearing occurred at 15 °C, at a 

relative humidity ≥ 40%, and at a 16L:8D photoregime. The beetles were fed and their 

soil moistened ad libitum three times a week. Beetles were reared individually to prevent 

cannibalism. 

Arena 

The arenas were made from Rubbermaid® containers 74 cm long, 46 cm wide, 

and 15 cm high. The bottoms were lined with double-sifted and double-washed sand and 

Plexiglas plates were bolted to the arena sides to secure the fence mesh into the 

arenas. The Plexiglas plates were rectangular (20 cm long, 13.5 cm tall, and 0.3 cm 

thick) and cut in two pieces, the cut line following the profile of the bottom fence mesh. 

The treatment with no fence (see below) also had the Plexiglas bolted into place. The 

fence mesh was identical to that in the Telstar fence design (18 x 14 x 0.013 

strands/inch, Eclipse Technologies Inc.). The fence was vertical until it reached the 

ground, where it curved and laid flush with the ground. The mesh flap was 15 cm wide, 

and lay upon the sand with few spaces between the sand and mesh. 
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Experiment 

All individuals were starved for at least 24 h prior to observing them to increase 

movement due to foraging. Beetles with visible damage or physical irregularities were 

excluded from the study. This included missing tarsal segments or claws as this injury 

may affect a beetle’s ability to climb the mesh. Temperature was difficult to control in the 

room the assays were conducted in. Subsequently, ambient room temperature was 

measured with a thermometer and assays were performed when temperatures ranged 

from 19-23 C. Individuals experienced the ambient room temperature for a minimum 1 h 

prior to being released in the assay. All assays were conducted during the beetles’ 

photoperiod. 

There was one control treatment with no fence, and 2 fence treatments, where 

individuals were released on the outside of the fence where the headland would be 

located under field conditions, or released on the inside where a crop would be located. 

Both treatment order and individuals were chosen at random and individuals were used 

once. Between replicates, arenas were rotated 90 degrees in a counter clockwise 

direction to remove any directional effect of the room. At the start of an assay, 

individuals were placed in the arena with a 30-mL Solo container as a cover. The 

starting platform was a piece of plastic from a 500-mL container lid cut to a 7.5-cm 

diameter and scratched by a metal file. Beetles acclimated for 5 minutes prior to release 

under the Solo cup. 

Each beetle were observed for 30 min alone in the arena. Any individual that did 

not move within 10 min following release into the arena was considered a non-responder 

and was excluded from the analysis. Beetle behaviour was recorded by an observer and 

a Panasonic HDC-TM20 video camera. The video recordings were used if there was any 

ambiguity in the observer’s data. At the end of an assay, the individual beetle was 

removed from the arena and returned to its rearing cup. 

Tools and arenas were washed after the assays with Sparkleen (Fisherbrand 

Sparkleen 1 Detergent) to remove any odour beetles left behind after exposure. 

Conspecific odours affect carabid behaviour (Guy et al. 2008), with individuals avoiding 

conspecifics’ previous paths. 
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Data Analysis 

All statistics were performed in R (version 3.0.2, R Core Team 2014). Twenty-

three replicates were completed, with 21 useful for survivorship analysis and a Fisher 

exact test. Six beetles (2 in each treatment) did not respond, and were excluded from 

the analysis. All non-responders were able to move after they were removed from the 

arenas and placed into their rearing cups. If a beetle took multiple attempts to cross the 

fence, or successfully crossed back and forth across the fence multiple times, only the 

first successful attempt was included in the Fisher Exact Test. 

The binary crossing results, crossed and not crossed, for the three treatments 

were analyzed using a 2x3 Fisher Exact Test, evaluating individuals who crossed and 

did not cross between the three treatments. The expected values from performing a chi 

square test were less than 5 for half the values, justifying the Fisher exact test instead of 

a Pearson chi square test because the chi square test requires large sample sizes and 

the data to be balanced between table cells. An alpha of 0.05 was used to determine 

significance. 

First encounter with the fence, whether it led to a successful crossing or not, was 

used as the starting point for the time it took an individual to cross the fence in the 

survivorship analysis. Crossing times started when individuals first encountered the 

fence until they successfully crossed or the assay ended. 

Survivorship analysis from the survival package (Therneau and Grambsch 2014) 

was used to evaluate how long it took beetles to cross the fence for the three treatments. 

There were two scenarios analyzed: Time from release until a successful crossing, and 

time from encountering the fence until a successful crossing. The type of survivorship 

analysis was a log-ranked test. The data were censored as all observations were 

terminated after 30 minutes regardless of a beetle’s crossing state. Post-hoc testing to 

evaluate where the differences occurred used the same survivorship analysis, but used 

a two-way analysis for each combination instead of a three-way analysis. 

Beetles who crossed through the mesh itself were counted, and success and 

failure of each event was set-up as a summary statistic. Because this activity was not 



 

40 

explicitly tested, the summary statistics were used to explore and develop hypotheses 

for subsequent experiments. 

3.3.3. Results 

Thirteen beetles were unable to cross the arena in 30 minutes. These beetles 

were primarily in the two fence treatments (Table 3.1). These beetles were able to move 

and were not stuck under the mesh, as shown by their ability to leave, with 

encouragement (by gently blowing through the mesh). The 2x3 Fisher Exact Test 

produced a significant result (p-value = 0.02048, Table 3.1). 

Table 3.1. 2x3 Fisher exact test comparing the crossing success of the fence 
treatments, released outside and inside the fence, with the control 
treatment with no fence present. 

 
Crossing State 

Treatment Yes No 
released outside 12 8 
released inside 17 4 

control - no fence 20 1 
p-value = 0.02048 

 

Both survivorship analyses showed longer times to cross the designated area 

when a fence was present (Table 3.2a. & b., Figure 3.1, Figure 3.2). The difference 

between the fence and fenceless treatments is greater in the second survivorship 

analysis evaluating the crossing success after encountering the fence (Crossing 

duration: X2 = 32.6, df = 2, p-value = 8.33 x 10-8; Time from release: X2 = 12.8, df = 2, p-

value = 0.00164, Table 3.2b). The direction the beetles encountered the fence did not 

affect how long it took them to cross (Time from release: X2 = 2.9, df = 1, p-value = 

0.0912, Table 3.3c; Crossing Duration: X2 = 2.2, df = 1, p-value = 0.138, Table 3.4c). 

Most individuals had crossed the fence within 15 minutes post-release, which is 

indicated by the rapid decline in the number of individuals who had not crossed early in 

the experiment, shown in Figure 3.1. The levelling of the survivorship curves in both 

analyses was due to a combination of individuals who remained under the flap for most 
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of the assay, and individuals who moved between the fence and the release point 

throughout the assay. 

Twelve out of sixty-two beetles did not cross the fence in the 30 minutes 

available to them. Seven beetles remained under the mesh at the end of the 30 minutes 

(4 released out and 3 released in) and the other 5 beetles had encountered the fence 

multiple times. Individuals who remained under the mesh were there for a median of 27 

m 43 s. 

Some individuals made multiple attempts to cross the fence. Multiple crossing 

attempts were observed when a beetle moved under the mesh flap, moved back to the 

release side of the arena, and moved back to the fence. Most beetles crossed the fence 

after one attempt, but some beetles required more than one attempt to cross the fence 

(8/48 successful crossings). One individual attempted to cross 4 times before 

successfully crossing. Similarly, most individuals who failed to cross made one attempt, 

with 2 individuals taking more than one attempt. 

Twenty-one beetles passed through the horizontal and vertical parts of the mesh 

(Figure 3.4). Passage through horizontal mesh (38 crossing events) occurred more 

frequently than vertical mesh (17 crossing events) (Figure 3.4). Most crossing attempts 

through the mesh were successful (Figure 3.3). 
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Table 3.2. Survivorship analysis of crossing times of Bembidion lampros in the 
two fence treatments, released outside and inside, and the control 
treatment. (a) Time interval is measured from time from release to 
successful crossing. (b) Time interval is measured from 
encountering the fence to successful crossing.  Times for 
unsuccessful crossing are right censored. 

(a) Time from release (minutes)         

 N Observed Expected (𝑶 − 𝑬)𝟐

𝑬
 

(𝑶 − 𝑬)𝟐

𝑽
 

outside 20 12 22.51 4.91 9.484 
inside 21 17 19.37 0.289 0.487 
control 21 20 7.12 23.303 31.134 

X2 = 32.6  on 2 degrees of freedom, p= 8.33 x 10-8   

      (b) Crossing duration (minutes)         

 N Observed Expected (𝑂 − 𝐸)2

𝐸
 

(𝑂 − 𝐸)2

𝑉
 

Outside 20 12 21.7 4.32169 7.986 
Inside 21 17 16.6 0.00934 0.0142 
control 21 20 10.7 8.04763 10.5863 

X2 = 12.8  on 2 degrees of freedom, p= 0.00164   
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Table 3.3. Pairwise survivorship analyses of crossing times (minutes) of 
Bembidion lampros from release into the arena for the two fence 
treatments, released outside and inside, and the control treatment; 
(a) compares the inside release fence treatment with the control; (b) 
compares the outside release fence treatment with the control; (c) 
compares the outside and inside release fence treatments.  Times 
for unsuccessful crossing are right censored. 

(a) The control and inside release treatment. 

 N Observed Expected (𝑶 − 𝑬)𝟐

𝑬
 

(𝑶 − 𝑬)𝟐

𝑽
 

Release inside 21 17 22.1 1.19 3.01 
Control 21 20 14.9 1.77 3.01 

X2 = 3  on 1 degrees of freedom, p= 0.0827   
      

(b) The control and outside release treatment. 

 N Observed Expected (𝑶 − 𝑬)𝟐

𝑬
 

(𝑶 − 𝑬)𝟐

𝑽
 

Released outside 20 12 21.3 4.08 13 
Control 21 20 10.7 8.16 13 

X2 = 13  on 1 degrees of freedom, p= 0.000309  
      

(c) The outside and inside release treatment. 

 N Observed Expected (𝑶 − 𝑬)𝟐

𝑬
 

(𝑶 − 𝑬)𝟐

𝑽
 

Released outside 20 12 16.5 1.21 2.85 
Released inside 21 17 12.5 1.59 2.85 

X2 = 2.9  on 1 degrees of freedom, p= 0.0912   
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Table 3.4. Pairwise survivorship analyses of crossing times of Bembidion 
lampros from when individuals encountered the fence for the two 
fence treatments, released outside and inside, and the control 
treatment; (a) compares the inside release fence treatment with the 
control; (b) compares the outside release fence treatment with the 
control; (c) compares the outside and inside release fence 
treatments.  Times for unsuccessful crossing are right censored. 

(a) The control and inside release treatment. 

 
N Observed Expected (𝑶− 𝑬)𝟐

𝑬
 

(𝑶 − 𝑬)𝟐

𝑽
 

Release inside 21 17 26.7 3.53 14.9 
Control 21 20 10.3 9.15 14.9 

X2 = 14.9  on 1 degrees of freedom, p= 0.000114   

      (b) The control and outside release treatment. 

 N Observed Expected (𝑶− 𝑬)𝟐

𝑬
 

(𝑶 − 𝑬)𝟐

𝑽
 

Released outside 20 12 23.51 5.64 25.4 
Control 21 20 8.49 15.61 25.4 

X2 = 25.4  on 1 degrees of freedom, p= 4.75 x 10-7   

      (c) The inside and outside release treatment. 

 N Observed Expected (𝑶− 𝑬)𝟐

𝑬
 

(𝑶 − 𝑬)𝟐

𝑽
 

Released outside 20 12 15.9 0.976 2.2 
Released inside 21 17 13.1 1.192 2.2 

X2 = 2.2  on 1 degrees of freedom, p= 0.138     
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Figure 3.1. Survivorship curves for the two fence treatments, for Bembidion 
lampros individuals released inside and outside fence treatments, 
and the control treatment with no fence.  The proportion crossed is 
compared with the time from release to a successful fence crossing. 
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Figure 3.2. Survivorship curves for the two fence treatments, for Bembidion 
lampros individuals released inside and outside fence treatments, 
and the control treatment with no fence.  The proportion crossed is 
compared with the time from encountering the fence to a successful 
fence crossing. 
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Figure 3.3. The number of successful and unsuccessful mesh crossing events 
by Bembidion lampros individuals in the fence treatments.  Parts of 
the fence mesh occur at different orientations (horizontal and 
vertical) and there are more crossing attempts when the mesh is 
horizontal than vertical. 
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Figure 3.4. Number of individual Bembidion lampros beetles who crossed 
different orientations of the fence mesh during the assays.  Most 
individuals did not cross through the mesh, and few individuals 
crossed only vertical mesh. 
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3.3.4. Discussion 

Carabids are strong burrowers and walkers (Evans 1977, Evans and Forsythe 

1984, Mascanzoni and Wallin 1986, Wallin and Ekbom 1988), but a barrier could be 

difficult to traverse or might redirect their movement. Barriers frequently redirect carabids 

to move parallel with the barrier when used in conjunction with pitfall traps (Winder et al. 

2001). After evaluating Pterostichus melanarius under field conditions, the smaller 

carabid Bembidion lampros was expected to easily cross the fence because the fence’s 

mesh flap rests on the substrate’s surface, whereas barriers like metal flashing are 

partially buried into the substrate. In the latter, burrowing around the barrier is harder 

because individuals must burrow deeply, whereas in the former, not only can an 

individual burrow under the fence, there is enough room between the mesh and the sand 

substrate for B. lampros to walk under. 

As expected, B. lampros readily crossed the exclusion fence and there was no 

effect of the direction an individual encountered the fence. However, both fence 

directions slow down the crossing time significantly compared to the control. Does this 

affect carabids’ utility as biological control agents? There are two points that can address 

this concern: (i) unlike P. melanarius in Chapter 2, B. lampros was directly observed 

unsuccessfully crossing the fence, and (ii) there are limitations using laboratory 

experiments when scaling to field conditions. There is some overlap between the two 

points related to exposure and crossing intervals. 

All individuals encountered the fence within the 30 min maximum, indicating that 

locating the fence was not difficult. Nevertheless, there were two types of non-crossers: 

individuals who remained under the mesh flap once encountering it, and individuals who 

moved back to the release side. Individuals remaining under a fence could be arrested 

due to that fence, but they might simply prefer to remain under the mesh flap. Potential 

support for the latter comes from the little difficulty compelling such individuals to move 

from under the mesh flap. Because these observations do not prove attraction to the 

fence is occurring, an experiment in Section 3.3 of the current chapter tests location 

preferences to better understand how these beetles interact with the fence. Individuals 

who encountered the fence multiple times without crossing were similar to some 

individuals who crossed the fence in that they moved back and forth from the release 
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point and the mesh flap. Perhaps had such individuals been given more time in the 

arena, they could have also crossed the fence. Consequently, it is difficult to evaluate if 

these individuals were non-crossers by ability or by experimental time limits. 

To further understand why some beetles did not cross the fence, we need to look 

at the experiment in a broader context because field-time intervals and fence assembly 

are not parameters in the laboratory experiments. Firstly, B. lampros was given only 30 

minutes to cross the fence in the laboratory; they would have had several months to 

cross the fence in the field. We have already considered this above with individuals who 

move under the mesh flap numerous times. Perhaps if B. lampros had been observed 

for longer time intervals, e.g. 1 h, the number of successful crossings could have 

increased. Secondly, the assays were a conservative design because carabids in the 

field would not likely encounter a near perfectly-even substrate, nor a mesh flap carefully 

laid flush with the substrate. In field set-ups, there are loose channels made by soil 

aggregates and clods, and the mesh flap rests on these aggregates. Soil texture in a 

tilled field does not permit the same close interlocking of aggregates that sand particles 

can achieve. The primary goal in erecting the fence in the field is for Delia exclusion, 

where painstakingly detailed laying of the mesh flap, like performed in the laboratory, is 

not required for effective exclusion nor is it cost effective. Since the assays were short in 

duration, and conservatively designed, the results of this experiment are promising, and 

there will likely be sufficient beetles crossing the fence in the field for pest management 

purposes. We can expect similar or greater numbers of beetles being able to cross the 

fence under field conditions. 

Lastly, B. lampros was able to cross the fence by passing through the mesh 

itself. This observation is promising because it implies two ways B. lampros can cross 

the fence: crossing under the mesh flap, and crossing through the mesh itself. For the 

current fence design, we can continue to use the same mesh size for Delia control. 

However, the mesh size would have to decrease for exclusion control of smaller pests 

and could prevent B. lampros from passing through the mesh. Because these changes 

could impact crossing ability, mesh sizes were investigated in the next experiment. 
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3.4. Mesh Experiment 

3.4.1. Introduction 

In the previous experiment, Bembidion lampros was able to cross the exclusion 

fence in two ways: by walking under the mesh flap and by passing through the mesh 

itself. The latter behaviour has implications for mesh size, which permits B. lampros to 

pass through. The fence technology does not require the use of any particular mesh 

size; the target pest dicates the mesh size that should be used to exclude it. Window 

mesh (7.2 x 5.6 x 0.0052 strands/cm) works well for Delia control (Vernon and 

Mackenzie 1998, Vernon and McGregor 1999, Bomford et al. 2000a, Blackshaw et al. 

2012) and was used in all previous experiments. Other pests require smaller mesh 

sizes, e.g. Swede Midge (Contarinia nasturtii) and greenhouse pests such as aphids, 

whiteflies, and thrips (Bethke and Paine 1991). If one changes the mesh size for 

different pests, how will this affect B. lampros’ ability to move through the mesh? 

There are different mesh sizes that can be used, and several were tested to see 

which sizes allow B. lampros to pass through. Mesh size smaller than Window mesh 

appear too small for B. lampros to pass through when visually examined but this does 

not exclude the possibility of the beetles finding ways through. The strands which make 

up the mesh are flexible, and might be flexible enough to allow passage of B. lampros. 

While there are possibilities of passing through the smaller mesh, they will likely be too 

small for large scale permeability. 

There could be differences between a vertical mesh and a horizontal mesh laid 

upon the substrate, orientations which both occur in the exclusion fence design. In the 

previous experiment, horizontal mesh led to more attempts and more successful 

crossings than the vertical mesh. Therefore, more individuals should cross through the 

horizontal mesh than the vertical mesh. 
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3.4.2. Material and Methods 

Experiment 

Insect collection and maintenance was the same as in Section 3.3.2. The 

individuals used in the experiment were older than 1 year and had been used in the 

experiments in Sections 3.3 and 3.5. 

The arenas consisted of a 50-mL Falcon tube with a hole cut in its lid and a 140-

mL urine sample cup (Fisherbrand) with a hole cut in its lid the same diameter as the 

Falcon tube lid. The urine-cup-lid hole was at the edge of its lid. The lids of the two types 

of containers were attached with hot-melt adhesive (Ethylene-vinyl acetate). The bottom 

7 mm of the Falcon tube was cut off. Mesh was placed across the opening of the falcon 

tube and its lid was attached. This design tested both mesh orientations by either 

holding the apparatus upright (horizontal mesh) or laying it on its side (vertical mesh) 

(Figure 3.5). 

 

Figure 3.5. The arena to test B. lampros crossing different sized meshes at two 
orientations (a) horizontal, and (b) vertical.  The apparatus was made 
from a urine sample cup and Falcon tube glued together, and moist 
cotton was used as a plug at the end of the Falcon tube.  The white 
star is the location a beetle was released and the black star is where 
a beetle would be found after successfully crossing the mesh. 
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Ten arenas were used for each orientation. There were 4 mesh sizes plus a clear 

plastic barrier (Ziplock® sandwich bags). Eclipse Technologies Inc. manufactured all the 

meshes. The mesh types used were solar mesh (8 x 12 x 0.0052 strands/cm), no-see-

um mesh (8 x 8 x 0.0052 strands/cm), window mesh (7.2 x 5.6 x 0.0052 strands/cm), 

and pet mesh (6.4 x 5.2 x 0.0072 strands/cm). The plastic barrier was an internal control 

to evaluate the ability of B. lampros to pass through to the opposite container by finding 

an alternative route and bypassing the mesh. This was done to ensure that the beetles 

were in fact crossing the mesh when they were found in the opposite container. If the 

beetles did cross the control treatment, the crossing rate in the other treatments would 

be overestimates. 

Moistened filter paper was placed into the apparatus so that beetles would have 

access to water at every location within the apparatus. Moistened cotton balls were used 

to plug the holes in the bottom of the Falcon tubes and to provide drinking water. 

For the vertical mesh orientation, the containers were laid on their side and the 

beetles were placed in the Falcon tube. When individuals crossed through the mesh, 

they fell into the urine cup and were unable to cross back into the Falcon tube. For the 

horizontal orientation, the containers were placed in the urine cup. When individuals 

crossed the mesh, they fell down into the Falcon tube and were unable to cross back. 

Beetles were placed beside the mesh, and not on it to give them the opportunity to 

acclimatize to the cups. When agitated, B. lampros will rapidly cross mesh if placed on 

the mesh (pers. obs). 

Beetles were allowed an hour to warm up to the room temperature, which was 

recorded at each observation and ranged from 19-23 C. Observations were made every 

hour for six hours and then individuals were returned to their Solo cups. Beetles were 

recorded as either in the Falcon tube or the urine cup. Beetles were reused, but 

encountered each mesh size and mesh orientation combination only once. 

The containers were washed using Sparkleen (Fisherbrand Sparkleen 1 

Detergent), rinsed, and air-dried between each 6-h run. Removing beetle odours is 

important because conspecific odour is known to influence carabid behaviour (Guy et al. 

2008). 
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Mesh and Beetle Measurements 

The mean and variance of the mesh cell size was were compared to the beetles’ 

size and used to verify the sizes claimed by the manufacturer. Photos were taken with a 

Nikon D70s camera through a microscope, using a microscope adaptor and a 2-mm 

micrometer as a scale. Images were processed in GIMP 2.8.2 (GIMP Development 

Team 2013) by altering the brightness and contrast to better distinguish the mesh from 

the shadows it produced in the image. Measurements were taken from the images using 

Analyzing Digital Photos version 12.0.1 (University of California 2009). Four 

measurements were taken, one for each side of the mesh cells, and the diagonal 

measurements were calculated using Pythagoras theorem from the cell corner pixels 

recorded from the images. 

Beetle measurements were taken from images using the same methods as the 

mesh measurements. The maximum width across the elytra was measured as it is their 

widest dimension and could limit passing through a mesh cell. Measured beetles were 

dead, either preserved in 95% ethanol or were dry specimens. Individuals used in this 

experiment were dissected to determine their sex. Dry specimens were re-hydrated for 

the dissections by soaking them in an enzyme-free detergent solution (Western Family 

Lemon Fresh Detergent) solution following Ungureanu’s (1972) protocol. B. lampros 

individuals from other experiments were also measured and their elytra widths were 

incorporated into the mean elytra width. 

Data Analysis 

All statistics were performed in R (version 3.0.2, R Core Team 2014). The 

experiment had a binary response variable: B. lampros passed through the mesh, or 

failed to pass through the mesh. The data were first analyzed with 95% confidence 

intervals using the exact (Clopper-Pearson) method from the binom package (Dorai-Raj 

2014) instead of the normal approximation due to the proportions being either low (0%) 

or high (>80%). Next, a logistic generalized linear mixed effects model (GLMM) with the 

logit function was necessary due to individuals being used more than once. Reusing 

individuals causes them to become a random effect in the analysis. The lme4 package 

was used for all model analyses (Bates et al. 2014). Three of the mesh treatments 
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(solar, no-see-um, and clear plastic) had to be removed from this analysis because there 

were no successful crossings. Logistic GLMMs require each treatment level to have both 

successes and failures for a meaningful analysis. The model had mesh orientation and 

mesh size as fixed variables. The initial full model was (crossing ~ mesh size * 

orientation + (1|beetle ID)). Because p-values cannot be directly calculated using a 

GLMM, those provided are estimates. 

Two other GLMM models analysed sex and elytra width. Because there were 

individual beetles missing values for sex and/or width, these models could not be 

compared to the model used above. Instead, similar models using only the individuals 

with known sex, and elytra width were used to compare with the new models. These two 

models are (crossing ~ mesh * width + (1|beetle ID)) and (crossing ~ mesh * sex + 

(1|beetle ID)). 

The mesh cell and elytra measurements were graphed as histograms and 

appeared normally distributed. Each of the three mesh cell measurement means were 

compared with the average elytra width using 95% confidence intervals for each 

comparison. The elytra width sex differences were compared using a Welch’s two 

sample t-test with unequal variances. 

3.4.3. Results 

The proportions of successful crossings are shown in Figure 3.6, which treats all 

the data points between treatments as independent. Because confidence intervals were 

calculated on the final proportion, all treatments have confidence intervals regardless of 

their value. No individuals crossed the solar and no-see-um meshes, and the clear 

plastic. These treatments’ 95% confidence intervals do not overlap with the screen and 

pet meshes’ confidence intervals. There are also no differences between the horizontal 

and vertical mesh orientations. 

The raw results in Figure 3.6 for orientation are supported with the main model 

(Table 3.5). The mesh orientation, horizontal or vertical, did not significantly explain the 

observations, and models with the term had larger AICs (model 2: 98.2, model 3: 98.7, 

Table 3.6). Individual B. lampros random effect had a large enough standard deviation to 
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justify inclusion of the term (sd = 1.62). The predicted probabilities in Figure 3.7 are 

higher than the corresponding proportions in Figure 3.6. There was a significant 

difference between the crossing success of the screen door and pet meshes (Z-score = -

2.08, p-value = 0.038, Table 3.5). 

 

Figure 3.6. The proportion of B. lampros crossing different sized meshes at 2 
orientations, horizontal and vertical, with 95% confidence intervals.  
The proportions and confidence intervals treat each data point 
independently from one another.  The clear plastic treatment acted 
as a control. 
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Table 3.5. The final binomial mixed effects model used to describe B. lampros 
crossing through two different mesh sizes, window and pet meshes 
(crossing ~ mesh + (1|Beetle).  The large standard deviation of the 
Beetle random effect justifies its inclusion in the model. 

Random effects:       

 
Variance Std. Dev. 

  Beetle 2.63 1.62 
  Number of obs: 104, groups: Beetle, 35 

  
     Fixed effects         

 
Estimate Std. Error z value Pr(>|z|) 

(intercept) 3.018 0.895 3.337 0.00075 
Pet mesh -1.355 0.69 -1.96 0.04947 

 

Table 3.6. Binomial mixed effect models comparing B. lampros crossing 
through two different mesh sizes, window and pet meshes, and two 
orientations, horizontal and vertical mesh.  Models 2 and 3 include 
both mesh and orientation, model 3 includes an interaction term, 
and model 1 is the final model comparing only the two mesh sizes.  

model 1: Crossing ~ Mesh + (1 | Beetle) 
model 2: Crossing ~ Orientation + Mesh + (1 | Beetle) 
model 3: Crossing ~ Orientation * Mesh + (1 | Beetle) 

 Df AIC logLik deviance Chisq Df Pr(>Chisq) 
model 1 3 96.3 -45.2 90.3 

   
model 2 4 98.2 -45.1 90.2 0.09 1 0.76 
model 3 5 98.7 -44.3 88.7 1.57 1 0.21 
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Figure 3.7. The predicted probabilities of crossing window and pet mesh from 
the logistic generalized mixed-effects model in Table 3.5.  The 95% 
confidence intervals were bootstrapped. 
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Two models were evaluated for the individuals with known sex and elytra widths. 

These models were rejected compared to the simpler model with only mesh as a fixed 

effect and individuals as a random effect (Table 3.7 and Table 3.8). The sex model had 

a similar AIC to the base model and was rejected for the simpler base model (model 1: 

86.8, model 2: 85.6, Table 3.7). The elytra width model did explain the data better than 

the base model (model 4: AIC = 82.0; model 1: AIC = 86.0, Table 3.8), however elytra 

width and the two mesh sizes were highly correlated and the elytra width model was 

rejected. 

The mesh cell and elytra widths are summarized in Table 3.9. The diagonal 

widths are the longest of the three measurements for all four mesh sizes (Table 3.9). 

The window and pet mesh diagonal widths are significantly larger than the elytra width, 

and the window mesh height measurement was larger than the elytra widths (Figure 

3.8). The sex width differences were not significant (t = -0.9875, df = 13.16, p-value = 

0.3858). 

Table 3.7.  Logistic generalized mixed-effect models comparing B. lampros 
crossing through two different mesh sizes, window and pet meshes, 
and beetle sex. Models 2 and 3 include both mesh and sex, model 3 
includes an interaction term, and model 1 is the final model 
comparing only the two mesh sizes. Beetles were the random factor. 

model 1: s ~ Mesh + (1 | Beetle) 
model 2: s ~ Mesh + Sex + (1 | Beetle) 
model 3: s ~ Mesh * Sex + (1 | Beetle) 

 Df AIC logLik deviance Chisq Chi Df Pr(>Chisq) 
model 1 3 85.6 -39.8 79.6 

   
model 2 4 86.8 -39.4 78.8 0.84 1 0.36 
model 3 5 88.2 -39.1 78.2 0.58 1 0.45 
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Table 3.8. Logistic generalized mixed-effect models comparing B. lampros 
crossing through two different mesh sizes, window and pet meshes, 
and beetle width. Models 3 and 4 include both mesh and orientation, 
model 4 includes an interaction term, model 2 excludes mesh size 
and uses beetle width instead, and model 1 is the final model 
comparing only the two mesh sizes. Mesh size and beetle width are 
highly correlated in models 3 and 4. Beetles were the random factor. 

model 1: s ~ Mesh + (1 | Beetle) 
model 2: s ~ Width + (1 | Beetle) 
model 3: s ~ Mesh + Width + (1 | Beetle) 
model 4: s ~ Mesh * Width + (1 | Beetle) 

 
Df AIC logLik deviance Chisq Chi Df Pr(>Chisq) 

model 1 3 86.0 -40 80.0 
   model 2 3 87.9 -40.9 81.9 0 0 1.000 

model 3 4 83.6 -37.8 75.6 6.24 1 0.012 
model 4 5 82.0 -36 72.0 3.63 1 0.057 

 

Table 3.9. Mean mesh and B. lampros elytra measurements. There were 3 
mesh measurements: (i) mesh cell diagonals, (ii) mesh cell widths, 
and (iii) mesh cell heights. There were four mesh sizes evaluated: (i) 
solar, (ii) no-see-um, (iii) window, and (iv) pet meshes. The elytra 
width measured the widest part of both elytras. 

   Mean (mm) Variance n Std. Error 

Diagonal 

solar 0.9693 0.014872 53 0.016751 
no-see-um 1.2147 0.002164 48 0.006714 

window 1.7742 0.003764 48 0.008855 
pet 1.6033 0.004285 41 0.010223 

Width 

solar 0.4487 0.0005797 53 0.003307 
no-see-um 0.8555 0.0002678 48 0.002362 

window 0.9899 0.0012313 48 0.005065 
pet 1.2498 0.0009699 41 0.004864 

Height 

solar 0.8217 0.000872 53 0.004056 
no-see-um 0.8609 0.00165 48 0.005862 

window 1.469 0.002898 48 0.00777 
pet 1.012 0.002459 41 0.007744 

B. lampros elytra width 1.3884 0.007452 161 0.006804 
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Figure 3.8. Mean mesh and B. lampros elytra measurements with 95% 
confidence intervals. There were 3 mesh measurements: (i) mesh 
cell diagonals, (ii) mesh cell widths, and (iii) mesh cell heights.  
There were four mesh sizes evaluated: (i) solar, (ii) no-see-um, (iii) 
window, and (iv) pet meshes. The elytra width measured the widest 
part of both elytras. Only the diagonal measurements for the solar 
and no-see-um meshes are shown, since their width and height 
measurements are very small compared to the elytra width mean.  
The gray line represents the mean elytra width for comparison. All 
values above the gray line are larger than the mean elytra width. 
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3.4.4. Discussion 

Changing the materials used in pest management technology can alter the 

technology’s effectiveness. In this example, exclusion fences, different mesh sizes can 

target different pests, but also exclude non-target organisms. While B. lampros can 

move through window and pet meshes, the smaller solar and no-see-um meshes 

prevent crossing. The smaller meshes, therefore, would prevent some B. lampros 

individuals from entering the field through the mesh, and requiring them to pass under 

the fence. B. lampros will cross the current fence design even with a smaller mesh, but 

this could result in less movement across the fence because there will be one way to 

cross, under the mesh flap, compared to the two methods that B. lampros can use when 

encountering the window and pet meshes, i.e. under the mesh flap and through the 

mesh. If the fence design is changed to counter a smaller pest than Delia (e.g. Swede 

midge), the smaller mesh sizes will exclude the target pest and reduce the number of 

carabids crossing the fence as compared with other larger mesh sizes tested. 

While the window and pet meshes are suitable sizes for B. lampros, they elicited 

crossing differences between them. Likely, individuals cross window mesh more 

frequently than pet mesh because individuals can encounter the window mesh cells 

along the longer side measurement and the diagonal, whereas the pet mesh is only 

large enough for crossing through the diagonal axis (Figure 3.8). However, the 

differences are not likely important for pest management purposes because there are 

high numbers of beetles crossing both meshes. 

The lack of difference between mesh orientations was surprising as explained 

below, but not a result that would negatively impact using the exclusion fence. Encounter 

frequency might explain the differences between the two orientations in the previous 

experiment. The horizontal mesh flap is 15 cm wide and B. lampros needs only to walk 

to the fence to encounter it. This is contrary to the vertically orientated mesh, where B. 

lampros must first encounter the fence and then move to the vertical mesh. This can 

only be done when encountering the fence from inside the field (Figure 2.1). Individuals 

likely made more crossing attempts on horizontal mesh in the first experiment because 

they encounter it more frequently than the vertical mesh. 
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If the experiment had included a wider range of mesh sizes closer to the beetle’s 

size, we might have seen more of an effect of beetle width. With the tested mesh sizes, 

the mesh was either substantially smaller that the beetles, or large enough for even the 

largest beetle to fit through. The model showed more differences which the confidence 

intervals did not reveal. Assuming a rigid elytra, the result that elytra width affects 

crossing is intuitive because an individual larger than the mesh will not pass through and 

smaller individuals should more readily fit through larger mesh. Nevertheless, the two 

fixed variables are correlated; large beetles fit through larger mesh sizes, but not smaller 

mesh sizes. GLMMs require fixed factors to not be correlated, and because mesh size 

explains the data reasonably, elytra width was not used. When redesigning a fence to 

use a smaller mesh, comparing the average elytra width to the average mesh cell sizes 

is a better metric to estimate permeability. 

Frequently, there are sex differences with regards to carabid movement (Chapter 

2; Thomas et al. 1998, Szyszko et al. 2004). In this experiment, there was no difference 

between the sexes’ crossing ability, and their elytra widths. Any difference seen in their 

movement and behaviour is not morphometricly related. Lack of sex differences is good 

for using mesh fences to control pests because the same mesh sizes can be used to 

permit movement for both sexes. 

We now know the mechanism with which B. lampros crosses exclusion fencing: 

moving under the mesh flap, and passing through larger mesh sizes. There are few 

physical obstacles this species encounters in the arenas for the previous two 

experiments but that is not the case under field conditions. The next section switches 

focus to preferences in location. B. lampros can cross the fence, but do they always 

want to and under what context? 

3.5. Choice Experiment 

3.5.1. Introduction 

The mechanism by which B. lampros crosses the fence has been established in 

the two previous studies of this chapter. B. lampros can cross the fence either by 
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walking under the fence flap, or moving through the mesh. However, the arena designs 

provided no motivation for B. lampros to cross the fence. Despite the motivation-free 

arena design, the results from the first experiment indicate that the fence mesh flap 

might itself be an attractant. Some individuals spent most of their time under the mesh 

flap and were able to exit the area when provoked. It is also possible that individuals 

crossed more readily because of their feeding and energy state, which can impact 

carabid search-activity levels: starved carabids are more active than satiated carabids 

(Wallin and Ekbom 1994, Fournier and Loreau 2001, Fournier 2002). It was assumed 

individuals would move more readily to forage for food items in the experiments when 

their digestive tract was empty, increasing the fence encounter rate. 

Compared with the laboratory arenas, an agricultural field provides a more 

complex environment with many attractants, repellents, and landscape features (Hunter 

2002, Björkman 2007, Björkman et al. 2010). Beetles banks are designed so that infield 

pests may act as attractants but there have been questions as to whether carabids will 

move out of the beetle bank when they already reside in a suitable habitat, or move 

across habitat boundaries (Frampton et al. 1995). However, while carabids have a 

biased correlated random walk at a small scale, at a larger scale they generally diffuse 

into agricultural fields from the headland or beetle bank (Thomas et al. 1991, 1992, 

Landis et al. 2000, Collins et al. 2002, Macleod et al. 2004). Nevertheless, movement 

and location preference is further complicated by the presence of the exclusion fence: if 

the mesh flap is attractive, would a carabid want to continue into the field? 

Habitat choice has been rigorously studied in carabids. Carabidae is a large 

family, exhibiting diverse habitat use. Habitat boundaries are also important as they can 

help retain individuals in their habitat (Negro et al. 2008, Roume et al. 2011), and as 

these boundaries move, carabids quickly follow (Gereben-Krenn et al. 2011). 

Pterostichus melanarius is flexible with its habitat use (Fournier 2002), likely explaining 

establishment in its non-native range (Raworth et al. 1997, Niemela and Spence 1999). 

However, there are plants which influence habitat choice by P. melanarius.  

Overwintering habitat planted with fescue lack P. melanarius, despite high surrounding 

activity (Carcamo and Spence 1994).  Dactylis glomerata, orchard grass, is a good grass 

species for refuges of carabid assemblages (Collins 2003). Habitat use by adult 
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Bembidion lampros’ habitat use depends upon their life history stage, where 

ovipositioning females prefer beetle banks and hedgerows over field interiors, and 

foraging individuals preferring the crop  habitat (Wallin 1989). Lower survival in refuge 

areas is likely due to predation, and not habitat suitability (Knapp and Saska 2012). The 

lower activity of carabid assemblages outside refuges could be due to the attractiveness 

of refuges (Carmona and Landis 1999). Knowledge of plant and overwintering sites can 

help when engineering beetle banks and other refuges to encourage stable carabid 

assemblages (Landis et al. 2000). 

Odour is also an important cue that carabids rely upon to make movement and 

habitat decisions. Dimethyl disulfide (DMDS) is present in Brassicas and released when 

the plant is damaged, and Bembidions are attracted to DMDS in a wide range of 

concentrations (Kielty et al. 1996). Bembidion obtusedens responded to the metabolites 

of cyanobacteria from their habitat (Evans 1983b). A crude wheat extract was attractive 

to P. melanarius and Harpalus rufipes (Kielty et al. 1996). Kielty et al. also tested the 

aphid alarm pheromone ((E)-β-farnesene), live aphids, and collembolans to the 

aforementioned carabids, and Nebira brevicollis. All three species responded to at least 

one of the odour sources (Kielty et al. 1996). As mentioned in the previous two 

experiments of this chapter, conspecific odour is repulsive to carabids, and they will 

avoid areas of a piece of paper that had been previously in contact with a conspecific 

(Guy et al. 2008). 

There is difficulty in teasing apart attraction to the fence from arrestment due to 

the fence based on residence alone, but choice experiments can help determine an 

organism’s preference. While the arena from the first experiment is designed ordinally 

rather than binomially such as with traditional y-tubes, by placing another detectable 

option at the side opposite of the release site, we give an individual the choice of 

remaining at the fence, or continuing to the next option. 

The fence, prey, and refuges are likely attractants to B. lampros, while prey and 

refuges together should act as a greater attractant than the fence if individuals are 

starved. The refuges act as habitat, and the prey provide an odour attractant. Spring-

breeding carabids are frequently in a starved state in the spring (Petersen 1999b, Knapp 
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and Saska 2012), and this should cause spring carabids to search more readily for food 

and move towards resource patches. If so, release points with prey and refuges should 

retain more beetles on the release side than the fence and opposite side. Conversely, 

when there is only prey and refuge on the opposite side of the release point, more 

beetles should leave the release side of the arena. If the fence is an attractant and does 

not arrest beetles, this should lead to more beetles residing on the opposite side in fence 

treatments where there is prey and refuge on the opposite side than fence treatments 

without prey and refuge present. However, if beetles are arrested, their numbers at the 

fence will be the same for all fence treatments, with differences only occurring between 

the unfenced treatments. 

Sealed fences 

Observations at Westham Island (Chapter 1) and the study in Chapter 2 partially 

evaluated soil placed on top of the mesh flap to fully seal the bottom of the fence. 

Sealing the fence bottom could provide a greater obstacle to carabids because they will 

be forced to burrow under the mesh. For larger carabids, keeping areas adjacent to 

fence posts clear of soil will allow passage (Chapter 2), but the question arises: can 

small carabids find their way under a fully-sealed mesh flap? Using sand as the 

substrate should conservatively test the crossing ability of B. lampros with regards to 

sealed fences. Sand lacks the channels that soil contains, forcing individuals to burrow 

into it. Fewer individuals are expected to cross the sealed fences compared with the 

unsealed fences, and some individuals released on the inside of the field are expected 

to pass through the mesh instead of burrowing under a sealed fence. Such individuals 

should easily encounter the vertical part of the fence by walking on the sand, which 

seals the fence (Figure 2.2a). 

3.5.2. Material and Methods 

Rearing 

Bembidion lampros individuals were captured by hand or using dry pitfall traps at 

the Pacific Agri-Food Research Centre (PARC) in Agassiz, BC, Canada, primarily in 

fields previously planted with corn. They were caught March-May 2012 and April-May 
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2013. B. lampros was identified using Lindroth’s Ground Beetles of Canada and Alaska 

(1961-9). 

Beetles were reared in individual 30-mL Solo cups lined with moistened sieved 

soil from PARC. They were kept at 15 C and a relative humidity ≥ 40%. Beetles were 

randomly assigned to groups of 5 individuals. If a beetle within a group died, a 

replacement beetle was added to the group from the spare beetles that were kept 

alongside the grouped beetles. They were fed ad libitum with moistened ground dog 

kibble (No Name Brand® Dog Food) and frozen Drosophila melanogaster pupae and 

larvae. Prior feeding on D. melanogaster ensured the beetles were familiar with D. 

melanogaster odour. Acyrthosiphon pisum (pea aphids) used in the experiment could 

not be fed to B. lampros because of the risk of contaminating other researchers’ plant 

experiments in the same room. 

Experiment 

The arenas were made from Rubbermaid(R) containers 74 cm long, 46 cm wide, 

and 15 cm high. The bottoms were lined with double sifted and double washed sand; 

Plexiglas plates were bolted to the arena sides to secure the fence mesh into the 

arenas. The Plexiglas plates were rectangular (20 cm long, 13.5 cm tall, and 0.3 cm 

thick) and cut in two pieces, this cut line following the profile of the bottom fence mesh. 

The treatment with no fence also had the Plexiglas bolted into place. The fence mesh 

was the same scale that is found in the commercial fence design and made with the 

same window mesh (7.2 x 5.6 x 0.0052 strands/cm, Eclipse Technologies Inc.). The 

fence is vertical until it reaches the ground, where it curves and lays flush with the 

ground. The mesh flap is 15 cm wide, and laid upon the sand with few spaces between 

the sand and mesh. 

Acyrthosiphon pisum aphids and Drosophila melanogaster maggots were the 

prey used in the experiment. Two late instar aphids and two 2nd or 3rd instar maggots 

were placed live into 30 mL Solo cups with holes in the lid that would allow odours to 

exit, but not the prey insects. The holes were deemed sufficient for aromatic compounds 

from the aphids and maggots to escape the containers and be detected by the beetles 

because when prey containers were placed in the arena, the odours were perceptible by 
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humans. These cups were placed flush to the sand in the locations required for each 

treatment. Plastic lids (11.5 cm diameter) with feet made from thin pins and cut-up 

plastic containers were placed over the solo cup, and a green piece of construction 

paper was placed on the lid. This simulated shelter for the beetles. Combining shelter 

and prey was acceptable as the two would likely occur together in the field. 

There were 4 different prey and shelter arrangements in the arenas: inside the 

field, outside the field, both inside and outside, and on neither side. Half of the fence 

treatments had the release point inside the field, and the other half had a release point 

outside the field. The control treatments had the 4 prey and shelter arrangements, but 

lacked a fence. Figure 3.9 depicts the treatments with no fence and a fence present for 

all release combinations. Furthermore, 2 treatments had sand placed on the mesh flap. 

These treatments had 3-5 mm sand applied onto the mesh flap after the arena was set-

up. The entire edge of the mesh was hidden under sand, providing no access to the 

underside of the mesh flap from the infield side of the fence. The total number of arena 

arrangements was 14 and replicated 27 times; there were 7 replicates done in August 

2012, and 20 replicates done from May-July 2013. 

All food was removed from the rearing cups 24 h before beetles were released to 

give the beetles an incentive to forage in the arenas. Beetles were given an hour to 

warm up to the experiment room temperature prior to being released into the arenas. 

Room temperature was difficult to control, resulting in assays running only if the 

temperature was less than 23 °C. The room temperature was recorded at the beginning 

and end of each observation. An air conditioning unit (Uberhaus, 8000 BTU/h) was used 

to minimize temperature fluctuations. 

Beetles were dusted with yellow fluorescent powder (Bioquip Luminous Powder, 

Yellow) 10 minutes prior to release to aid in their visibility to the observer. Beetles 

quickly regained their normal movements, so the waiting period prior to release was 

minimal. A small side experiment was conducted on the effect of the fluorescent powder 

on movement. It did not affect B. lampros’ ability to move around the arena (Welch two 

sample t-test: t = 1.8841, df = 12.124, p = 0.08375), but it did increase the number of 

cleaning events (Poisson GLM: fluorescent powder coefficient = 0.9598, z-value = 3.463, 
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p = 0.000535). Because the majority of cleaning events were 1-5 s in duration, and the 

assays were 1 h, the effects of the fluorescent powder were considered minimal. 

 

Figure 3.9. Treatments to test the preference of B. lampros for a mesh fence 
and combined prey and refuge locations, referred to simply as 
refuges. There is either a fence present or absent, and there are four 
refuge and prey combinations. The fence treatments had beetle 
groups released on both the “outside” and “inside” parts of the 
arena, referring to the left and right sides of the arena, respectively. 
These two release points were combined in the subsequent 
analysis. The fenced arenas depicted here had beetle groups 
released on the “outside”. 

Beetles were released into the arena at the release points and the observer 

ensured the beetles were right-side up. Beetles were not given an acclimation time in a 

partitioned area inside the arena as in the first experiment because the observation 

occurred one hour after release, and the first experiment showed they acclimated in 

under 5 minutes after being agitated. Beetles were given 1 hour to move around before 

their location in the arena was recorded. Three main locations where a beetle might 

have resided at were (i) inside the field, (ii) outside the field, and (iii) the fence area. The 

fence area included those areas on top and under the mesh flap. Furthermore, beetles 

were noted if they had moved to any of the prey and shelter locations. Treatments with 
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the mesh flap covered in sand often had to be excavated to find the beetles who had 

burrowed under the mesh. 

Beetle groups were used more than once, but never more than once per 

treatment. The location of the treatments in the room was randomized for each replicate 

to control for any possible differences in the room’s odour, temperature, or lighting. 

All materials which might have been touched by a beetle were washed with 

Sparkleen (Fisherbrand Sparkleen 1 Detergent) prior to further use. All equipment was 

allowed to air dry. There were two exceptions. The paper inserts in the shelter were 

placed in a fume hood for a minimum of 2 days and the sand was also put aside for 2 

days to allow volatiles to evaporate. This is based upon Guy et al. (2008), who found 

that beetles were not affected by paper previously contacted by conspecifics if the paper 

had sat for two days. 

Data Analysis 

All statistics were performed in R (version 3.0.2, R Core Team 2014) using the 

lme4 package (Bates et al. 2014). Two different models were developed: comparing 

preference of the three main arena areas given the location of refuges and the fence 

(multinomial model), and whether beetle location was affected by sand on the mesh flap 

(sealed flap model). Both models were logistic generalized linear mixed effects models 

(GLMM) using the logit function, where beetle group was the random effect. 

The first analysis employed a multinomial model. There were three possible 

locations where an individual could be found: the side of the arena where the individual 

was released, the fence and its mesh flap, and the opposite side of the arena from the 

release point. The fixed effects were refuge arrangement (4 levels), and fence setup (2 

levels) (Refer to Figure 3.9 for treatment combinations). Because this is an ordinal 

problem, the analysis was performed in two steps; each step was a separate logistic 

GLMM. The first model (multinomial 1) compared individuals remaining at the release 

side to individuals who left the release side (Figure 3.10). The second model 

(multinomial 2) compared individuals who left the release side and stopped at the fence 

to individuals who left the release side and continued to the opposite side of the arena 
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(Figure 3.10). From this chapter’s first experiment there should be no difference between 

releasing on the inside or outside. As a result, fence treatments with outside releases 

were combined with fence treatments with inside releases after comparing them and 

confirming no difference.  

 

Figure 3.10. The two steps taken in the multinomial GLMM, where each step is a 
different model.  Multinomial 1 compares individuals who remained 
at the release side (a) to individuals who left the release site (b).  
Multinomial 2 compares individuals who left the release side and 
either remained at the fence (c) or continued on to the opposite side 
of the arena (d). 

The comparison of sealed flaps and unsealed flaps was similar to the logistic 

GLMM from Chapter 2 with the same caveats for interpreting crossing events. 

Individuals found on the opposite side of the arena from the release point were 

considered to have crossed and all other beetles were not considered to have crossed. 

There were 4 treatments with 2 fixed factors: sealed and unsealed, and released on the 

“outside” and “inside”. 

All the 95% confidence intervals for the GLMM predicted values were 

bootstrapped because direct confidence intervals could not be accurately calculated 

from the standard deviation given by the model. All the p-values from GLMMs were 
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estimates, but sufficient for inference. AIC values were used along with p-values to 

determine the best fitting model for each question. 

3.5.3. Results 

Multinomial Model 

Table 3.10 presents the best multinomial models, separating the two steps. In 

both steps, the fence significantly influenced where a beetle was found. Thus, it is less 

likely beetles will remain at the arena’s release side when there is a fence present 

(multinomial 1: Z-score = 4.92, p-value = 8.80 x 10-7, Table 3.10a). Individuals who do 

leave the release side are also less likely to continue to the other side of the arena if 

there is a fence present (multinomial 2: Z-score = -10.31, p-value = 2.00 x 10-12, Table 

3.10b). Predicted crossing probabilities are in Figure 3.11 and Figure 3.12. 

The refuges also influence where a beetle will reside. There is equal chance an 

individual will remain at the release side for all refuge arrangements except refuges only 

on the release side. If refuges occur only on the release side, fewer beetles will leave the 

release side (multinomial 1: Z-score = -2.27, p-value = 0.023, Table 3.10a). This is not 

true if there are refuges on both sides of the arena (multinomial 1: Z-score = -1.26, p-

value = 0.206, Table 3.10a). If an individual leaves the release side, the probability 

increases for moving all the way to the opposite side when there is a refuge there, even 

with a fence present (multinomial 2: Refuge opposite side: Z-score = 3.38, p-value = 

0.00071, Refuge both sides: Z-score = 3.09, p-value = 0.00197, Table 3.10b). 

Neither model included an interaction term as they were both non-significant in 

their respective models. The AIC values for both models were lower when the interaction 

term was excluded (Table 3.11). 
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Table 3.10. The multinomial GLMM evaluating preference for three arena 
locations in B. lampros with regards to fence presence and four 
refuge orientations. Release group identity is the random factor. 
Because the question being addressed is ordinal, the analysis is 
separated into two models. Multinomial 1 evaluates individuals 
staying at the release site to those who leave. Multinomial 2 
evaluates individuals who left the release site, and whether they 
remained at the fence or continued moving to the other end of the 
arena. 

a. Multinomial 1: comparing the release site to the rest of the arena. 
Random effects: 

 Variance Std.Dev.   
Group (intercept) 4.04 2.01   

Number of obs: 2017, groups: Group, 64 

     
Fixed effects: 

 Estimate Std. Error z value Pr(>|z|) 
(intercept) 0.195 0.114 1.71 0.087 

Refuge opposite release point -0.105 0.129 -0.81 0.417 
Refuge at release point -0.290 0.128 -2.27 0.023 
Refuge on both sides -0.163 0.129 -1.26 0.206 

Fence present 0.492 0.100 4.92 8.80 x 10-7 

     b. Multinomial 2: comparing the fence to the side opposite the release site. 
Random effects: 

 Variance Std.Dev.   
Group (intercept) 0.0905 0.301 

  
Number of obs: 1208, groups: group, 64 

     
Fixed effects: 

 Estimate Std. Error z value Pr(>|z|) 
(intercept) 1.055 0.171 6.16 7.30 x 10-10 

Refuge opposite release point 0.580 0.171 3.38 0.00071 
Refuge at release point 0.088 0.174 0.51 0.61249 
Refuge on both sides -0.163 0.175 3.09 0.00197 

Fence present -1.634 0.159 -10.31 2.00 x 10-12 
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Table 3.11. Comparison of the multinomial GLMMs evaluating preference for 
three arena locations in B. lampros with regards to fence presence 
and four refuge orientations. Release group identity is the random 
factor. Because the question being addressed is ordinal, the 
analysis is separated into two models. Multinomial 1 evaluates 
individuals staying at the release site to those who leave. 
Multinomial 2 evaluates individuals who left the release site, and 
whether they remained at the fence or continued moving to the other 
end of the arena. For both models, each was analysed with and 
without an interaction term (models 2 and 1, respectively). The final 
models for both Multinomial 1 and 2 are model 1. 

a. Multinomial 1: comparing the release site to the rest of the arena. 
model 1: end location ~ refuge location + fence + (1 | group) 
model 2: end location ~ refuge location * fence + (1 | group)  

 
Df AIC logLik deviance Chisq Chi Df Pr(>Chisq) 

model 1 6 2694.4 -1341.2 2682.4 
   model 2 9 2698.4 -1340.2 2680.4 2.0108 3 0.5702 

        b. Multinomial 2: comparing the fence to the side opposite the release site. 
model 1: end location  ~ refuge location + fence + (1 | group) 
model 2: end location ~ refuge location * fence + (1 | group) 

 
Df AIC logLik deviance Chisq Chi Df Pr(>Chisq) 

model 1 6 1530.8 -759.43 1518.8 
   model 2 9 1536.6 -759.32 1518.6 0.2088 3 0.9762 
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Figure 3.11. Predicted location probabilities from the final Multinomial 1 GLMM, 
evaluating B. lampros individuals staying at the release site to those 
who leave with regards to fence presence, and four refuge 
orientations. The probabilities depicted are for individuals leaving 
the release side of the arena. The refuge orientations are no refuges 
on either side (none), refuges on the side opposite to release (opp), 
refuge on the same side as release (same), and refuges on both 
sides of the arena (both). The 95% confidence intervals were 
bootstrapped. 
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Figure 3.12. Predicted location probabilities from the final Multinomial 2 GLMM, 
evaluating B. lampros individuals who left the release site, and 
whether they remained at the fence or continued moving to the other 
end of the arena. The probabilities depicted are for individuals 
leaving the fence. The refuge orientations are no refuges on either 
side (none), refuges on the side opposite to release (opp), refuge on 
the same side as release (same), and refuges on both sides of the 
arena (both). The 95% confidence intervals were bootstrapped. 

Sealed Flap Model 

Individuals who were recorded as under-the-mesh had burrowed through the 

sand below the mesh. One individual almost burrowed across the entire mesh flap, but 

most individuals remained along the contact edge. Recording their location required 
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removing sand and mesh, or they were encouraged to exit using an angled probe to 

agitate them when they were close to the flap edges. 

Table 3.12 presents the best sealed-flap model. There was no significant 

difference between releasing beetles from the “field inside” and the “field outside” (Z-

score = 3.38, p-value = 0.1, Table 3.12). There was also no significant difference 

between the numbers of predicted beetles that crossed for the sealed and unsealed 

mesh flaps (Z-score = -0.38, p-value = 0.7). There was no interaction, and the model 

AIC was lower (Table 3.13) when it was excluded. Predicted crossing probabilities are in 

Figure 3.13. 

Table 3.12. The binomial GLMM evaluating the crossing ability of B. lampros 
with regards to release site, and sealed and unsealed mesh fences. 
Release group identity is the random factor. The intercept is 
individuals released on the “outside” of an unsealed fence. 

Random effects: 

 Variance Std.Dev.   
Group (intercept) 0 0 

  
Number of obs: 626, groups: group, 53 

     
Fixed effects 

 Estimate Std. Error z value Pr(>|z|) 
(intercept) -0.2164 0.1647 6.16 1.50 x 10-13 

Released outside 0.3050 0.1857 3.38 0.1 
Sealed mesh flap -0.0704 0.1847 -0.38 0.7 

 

Table 3.13. Comparison of the binomial GLMMs for the crossing ability of B. 
lampros with regards to release site, and sealed and unsealed mesh 
fences. Release group identity is the random factor. Model 2 
contains an interaction term, and model 1 is the final model. 

model 1: cross ~ starting location + mesh state + (1 | group) 
model 2: end location ~ starting location * mesh state + (1 | group) 

 Df AIC logLik deviance Chisq Chi Df Pr(>Chisq) 
model 1 4 712.44 -352.22 704.44 

   
model 2 5 712.19 -351.09 702.19 2.2472 1 0.1339 
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Figure 3.13. The predicted crossing probabilities from the final binomial GLMM 
describing crossing ability with regards to release location, and 
sealed and unsealed mesh fences. The probabilities depicted are for 
individuals crossing the fence. The 95% confidence intervals were 
bootstrapped. The release points were either on the field “outside” 
(out) or the field “inside” (in) in relationship to the fence. 

3.5.4. Discussion 

Carabids make habitat selections based upon their environment.  Their habitat 

selection can be complex (Evans 1983a), and influenced by habitat borders (Negro et al. 

2008, Roume et al. 2011), habitat composition and structure (Carcamo and Spence 
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1994, Björkman 2007, Björkman et al. 2010), and olfactory cues (Evans 1983b, Kielty et 

al. 1996, Ferry et al. 2007).  Understanding movement through a landscape requires 

incorporating these choices. The previous experiments in this chapter were concerned 

with the crossing mechanism of Bembididon lampros; this experiment is concerned with 

their reaction to the fence in the context of their environment and direction cues. 

Planting, crop germination and development, harvesting, and residue removal all change 

the beetles’ environment and possibly the rate at which they cross the fence. From the 

first experiment in this chapter, it was shown that all beetles encountered the fence and 

most of them crossed, but there was no apparent reason for them to remain at the 

release side. In this experiment, the environment contained prey odours and refuges that 

could have motivated B. lampros to (i) stay at the release side and prevent them from 

crossing, or (ii) cross the bare arena or fence in search of prey and refuge. 

The presence of prey and refuges did not prevent individuals from leaving the 

release side, but more remained there when there were prey and refuges present. All 

the predicted values for the fenceless treatments are around 50%, indicating there is 

roughly an equal probability of remaining or leaving, despite the statistical difference 

between the refuge arrangements. However, if a fence is present, it increases the 

probability an individual leaves the release area, indicating the fence is attractive to B. 

lampros, and more so than the refuges and prey provided in this experiment. It is 

possible B. lampros responded to the fence silhouette, similar to forest carabids, who 

orient themselves towards forest silhouettes (Lovei and Sunderland 1996). 

The fence minimally arrests B. lampros, and the prey and refuge are attractive 

enough to encourage individuals to leave the fence and remain opposite the release site. 

This is because individuals who leave the release side are more likely to continue past 

the fence towards the opposite side if there is prey and refuge present.  Returning to 

Section 3.1, those individuals who did not cross and who remained under the mesh flap 

can be considered able to cross but not motivated to do so. Expanding further to an 

agricultural field, we will likely see few beetles entering a newly seeded fenced field, with 

their numbers increasing as the crop grows. While promising for pest management, the 

fence is still more attractive than crossing for most individuals. 
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Even with the sand making a perfect seal and the very conservative set-up, 

individual beetles were able to burrow under the mesh flap. Carabids as a group are 

strong burrowers (Evans 1977, Evans and Forsythe 1984, Mascanzoni and Wallin 1986, 

Wallin and Ekbom 1988), but these studies focussed on larger carabids or specialist 

burrowers. In this experiment, I observed B. lampros as a competent burrower and there 

should be few problems with B. lampros crossing a sealed fence, especially if areas of 

the mesh flap are not fully sealed, as suggested in the Discussion in Chapter 2. 

Because of the difficulty of directly observing individuals moving under a covered 

mesh flap, observing who crossed after an hour was deemed an acceptable metric. 

While the expected crossing probabilities were low, B. lampros is able to cross a sealed 

fence, even if it has to burrow under that fence. When beetles encounter the fence from 

inside the field, the sand acts as a platform for them to encounter the vertical portion of 

the fence. Because B. lampros can pass through the mesh, those individuals should 

have had an easier and faster time crossing the fence. While the infield-predicted 

probabilities were larger for individuals crossing, the differences in the fence sides was 

not enough to show a difference in crossing. In an agricultural field where the mesh flap 

is sealed with soil, we should see similar rates into and out of the field. Two-way 

movement permits access to both pests and alternative food sources, refuges to 

insecticides, and oviposition sites (Kromp 1999, Landis et al. 2000, Macleod et al. 2004, 

Tréfás and van Lenteren 2008) 

Similar caveats apply here as in Chapter 2. While properly replicated, there was 

no direct observation of crossing events. Individuals who were observed at the fence or 

the release side could have crossed and returned. This is especially possible for the 

unsealed treatments because from the first experiment some individuals were observed 

crossing and returning. If that was the case in this experiment, the model is an 

underestimate of crossing ability and we can expect to see more individuals crossing 

sealed fences under field conditions. This caveat does not apply to the experiment’s first 

question about location because it was about preference and less about the crossing 

mechanism. Replication reveals the preference trend, even if the location a specific 

individual was observed was not its preference, or if individuals moved throughout the 

arena. 
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3.6. Concluding Remarks 

This chapter has focused on conservatively designed experiments which 

represent strict interpretations of substrate and fence preparation. Such results are 

useful because crossing rates can be considered to be equal or greater under field 

conditions. More beetles should be crossing into the field from beetle banks and 

headlands when there is a crop present, but preference for the fence will always attract 

beetles. One important part of beetle banks is they act as refuges from insecticides, 

oviposition sites, and contain alternative prey for when pest levels are inadequate for 

sustaining the local predator populations (Kromp 1999, Landis et al. 2000, Macleod et al. 

2004, Tréfás and van Lenteren 2008). The current exclusion fence allows two-way 

movement and complies with the general principles of beetle banks and conservation 

biological control. 

While the results of this chapter are good for pest managers, these laboratory 

studies have looked at the mechanisms in isolation when it is required to understand 

how they work together. The next chapter will focus on simulating carabid movement, 

especially B. lampros, based on the results of this chapter, and the literature. 
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Chapter 4.  
 
Field-level Simulation Model and Exclusion Fence 
Cost-Benefit Analysis 

4.1. Abstract 

The experiments in the previous two chapters focused on the crossing 

mechanism for carabids, but does not scale to field-level patterns.  A simulation model 

and a cost-benefit analysis were developed incorporating the results of the previous 

chapters and values from the literature. Four different simulation models evaluated 

carabid movement from the field headland into a rutabaga crop, where three of the 

models had a fence with a different mesh size, and one model did not have a fence. 

Carabids moved into the outer rows of the rutabagas where pest control is needed most, 

but there was more variability in their activity in the outer rows. There was very little 

difference between the fenced and unfenced models, with a little more activity occurring 

at the fence when it was present. The cost-benefit analysis compared the costs and 

revenue associated with using the fence compared to current Delia management under 

three scenarios (literature-based, good-case, and worst-case). The fence in conjunction 

with other Delia management tools is more cost-effective than primarily relying on 

insecticides. 

4.2. Introduction 

The preceding chapters have focused on carabid fence-crossing behaviours and 

have provided evidence for Bembidion lampros and Pterostichus melanarius crossing 

the current Telstar exclusion fence design with some caveats. Firstly, decreasing mesh 

size decreases permeability (e.g. to B. lampros), but will not completely inhibit crossing 
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the fence. Secondly, the mesh flap acts as an attractant, both for moving towards and 

remaining at the fence. The field observations in Chapter 1 attempted but failed to 

discern field-level patterns. The Chapter 2 field experiment provided some evidence of 

crossing ability on a small scale, but lacked sufficient replication and consistent effects. 

The crossing mechanism was primarily investigated under laboratory conditions 

(Chapter 3), but suffers from problems associated with normal laboratory limitations, 

such as providing an artificial environment and difficulty in extrapolating to field 

conditions. The current chapter focuses on bringing together the ideas and observations 

from the preceding chapters with the current literature, and focuses on modeling carabid 

movement throughout a 1-ha Brassica field with a grass headland and a fence present 

at the field and headland interface. The model focuses on small, diurnal carabids such 

as B. lampros because small carabids are important for effective Delia management 

(Coaker and Williams 1963, Finch 1993, 1996), and their small size permits manipulating 

the mesh size. 

Movement is frequently modelled as diffusion or as correlated random walks 

(CRW), both of which are often simulated in models with step length and turning angles 

as the main model outcomes (Okuba and Liven 2001). The two approaches have been 

used to model pitfall trap catches (Crist and Wiens 1995), landscape heterogeneity and 

patches (Gustafson and Gardner 1996), movement under different energy states 

(Westerberg et al. 2008), climate change effects on dispersal (Walters et al. 2006), and 

social aggregation (Nilsen et al. 2013). Furthermore, biased random walks (BRW) 

incorporate orientation-based movement. However, directed orientation for BRWs are 

difficult to determine, resulting in CRWs being more frequently used (Benhamou 2006).   

The scale at which an organism is studied influences which model should be 

used (Turchin et al. 1991, Nams 2013, Benhamou 2014). Generally, diffusion models 

incorporating Brownian motion are useful for large scales because there are more 

turning angles present in the model, and random walk models are useful at smaller 

scales because there are fewer turning angles (Okuba and Liven 2001). Firle et al. 

(1998) found that at intermediate scales between metres and kilometres, both BRW and 

rest periods had to be incorporated to describe Pterostichus species’ movement. Smaller 

scales could be described using BRW, and larger scales could be described using 
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diffusion. Using CRWs at inappropriately small scales can result in autocorrelation due 

to few differences between turning angles of steps, revealing there is a scale too small 

for CRWs (Dray et al. 2010, Nams 2013). Fractal analysis is another modelling approach 

that is scale-free, i.e. movement is modelled the same at different scales. However, 

many organisms’ movement is not scale-free, requiring the use of models appropriate to 

the studied scale (Turchin 2014). 

While both diffusion and random walks are important models to describe 

movement, they are more complicated than needed to describe activity levels in various 

locations across a landscape. Step lengths or turning angles are not required to 

determine movement from location to location and the time an organism resides at each 

location. Activity levels across a landscape can be easily determined by using a grid and 

treating each cell as a location an individual moves throughout during a time step 

(Gustafson and Gardner 1996).   

My model spatially simulates beetle behaviour to produce field activity levels and 

patterns. Individual based models (IBM) often treat individuals differently due to variation 

of various traits including movement history, energy states, genetics, and development 

(DeAngelis and Mooij 2005, Tang and Bennett 2010). While all beetles in this chapter’s 

model are identical in morphology, energy, and have no identified sex, they do have a 

movement history and are influenced by conspecific proximity (Guy et al. 2008). These 

qualities make an IBM a good approach to simulate field carabid activity (Gustafson and 

Gardner 1996). IBMs are also useful when variation is important, or patterns from 

heterogeneous conditions are sought out (Morales and Ellner 2002, Hapca et al. 2009). 

Following an IBM approach can possibly reveal variation in activity levels between and 

within locations of an agricultural field. If carabids are attracted to areas with vegetation, 

pests and other food sources, or the fence (Section 3.5) and frequently avoid 

conspecifics (Guy et al. 2008), areas with attractants should have more activity than 

bare soil or areas with conspecifics, creating variation among field locations. 

Furthermore, less activity should occur farther from the field edge because carabids 

have a CRW (Wallin and Ekbom 1988). Activity could also be fragmented in the field, 

likely from individuals not fully diffusing throughout the field. The fragmentation would be 

lost when calculating the mean after many iterations of the model, but revealed by a 
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large coefficient of variance. Fragmented activity could result in inconsistent biological 

control throughout a field. 

In the preceding chapters, individuals accumulated at the fence flap and 

frequently remained under the flap for the duration of the assays. To evaluate this effect 

at the field scale, I ran two versions of my model, one with and one without a fence. The 

accumulation at the fence observed in Chapter 3 is expected to prevent individuals from 

penetrating far into a fenced field, whereas an unfenced field will provide little barrier to 

movement and permit greater penetration into the field. 

I also used the model to investigate the impact of mesh sizes. All mesh sizes 

would permit individuals to cross the fence, but individuals should take longer to cross 

fences with small mesh sizes because there is only one way to cross, by passing under 

the mesh flap. With smaller mesh sizes, carabid numbers are expected to build up at the 

mesh flap compared to the other larger mesh sizes. 

While the carabid crossing mechanism is understood, the economics of Delia 

IPM technologies when used together are not. Economics plays a large role in a 

grower’s decision to adopt IPM technologies. Therefore, the last part of my investigation 

will be based on a cost-benefit analysis for using carabids and chemical sprays together 

with and without a fence. The fence is economical at larger scales, and changes the pest 

distribution in the field, with female Delia radicum flies ovipositioning along the outer crop 

rows instead of throughout the field (Blackshaw et al. 3013). This change in distribution 

also potentially changes the location of insecticide applications. The fence is costly, but 

its use can result in reducing the area that requires insecticides (Vernon 2010), can last 

more than one growing season (Vernon 2010), and it is not a barrier to carabid 

movement into the crop (Chapter 2 and Chapter 3). These attributes should make the 

fence technology attractive and economical to use. 
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4.3.  Methods 

4.3.1. Model Design 

The model was coded in C (C99), compiled with GNU Compiler Collection (GCC, 

Version 4.8.1) and used the standard C libraries. The simulated data were analysed and 

graphed in R (version 3.0.2, R Core Team 2014) using the plyr package (Wickham 

2011). 

The field designed for the model follows Brassica fields planted in British 

Columbia’s Lower Mainland. The field is similar to the Westham Island fields 

investigated in Chapter 1, with the exception of no differentiated inner and outer crops 

separated by bare soil. This means all the crop rows are 1 m apart and extend the entire 

length of the field (100 m). The distance between the crop and the fence is wide enough 

to allow machinery to manoeuvre through the crop for mechanical weeding and chemical 

applications. There were no weeds present throughout the simulations. 

The crop and headland were divided into a grid, with 50 cm x 50 cm (25 cm2) 

cells (Figure 4.1). The entire grid dimensions comprised 214 x 214 cells, totalling 45796 

cells. This included a square 1-ha crop (40,000 cells) with plant rows 1 m apart, 

measured from the centre of each row to the next row. This resulted in rows 1 cell wide 

in the model. The field was surrounded by 2.5 m (5 cells) of bare soil. The fence is 

placed 1 m (2 cells) from the crop and 1 m (2 cells) from both the field and headland. 

The headland occupied the outer two rows of cells (1 m) around the entire field. 

The fence has a 15-cm wide mesh flap at the bottom where it contacts the soil. 

This area is simulated as 1 cell, 35 cm wider than the actual mesh flap. Because it takes 

longer to cross the fence than a similar unobstructed distance (Section 3.2), the wider 

cell should represent a realistic distance a carabid can cross in 1 h.  

Each cell was assigned particular levels of attractiveness, used to calculate the 

probability an individual would move into a neighbouring cell, or remain in its current cell.  

The probabilities were calculated by totalling the attractiveness levels for the current and 

surrounding cells, and dividing a cell’s attractiveness level by this total. The 
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attractiveness levels are listed in Table 4.1. Cells with cover (plants and fence), or with 

pests present were weighted more and cells with conspecifics or exposed soil were 

weighted less. Cells containing different vegetation were treated equally, i.e. individuals 

were equally attracted to rutabagas and grass headland cells. The preferences were 

estimated from results in Section 3.5. Carabids have a random correlated walk (Wallin 

and Ekbom 1988), and the correlation was incorporated into the model by reducing the 

weighting of the previous cell the carabid resided, regardless of the other elements in the 

previous cell. 
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Figure 4.1. The field layout used to simulate carabid movement. It is a 1-ha field 
comprised of 45796 cells. The outer gray border is the 1-m wide 
headland, where all individuals start at the beginning of the 
simulation. The black border next to the headland is the 15-cm wide 
Telstar Exclusion Fence. The mesh size is manipulated in 3 different 
simulations, but the area the bottom mesh flap occupies remains the 
same. The gray lines in the centre of the field are the Brassica crop 
planted 1 m apart from the centre of each row. 
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Table 4.1. Attractiveness levels for each cell condition that occurred in the 
carabid movement simulation model. Brassicas and grassy 
headland plants were treated equally, and pests only occurred 
where plants occurred. The fence cells were treated differently 
depending whether the focal individual was in a fence cell, or beside 
a fence cell. If the focal individual was in a fence cell, the current cell 
was assigned the fence cell (1) value, whereas if beside a fence cell, 
the neighbouring cell would be assigned the fence cell (2). The four 
different models used different fence cell (1) values because their 
mesh sizes influence Bembidion movement.   

 Models (mesh size mm) 

 
Unfenced No-see-um Pet Window 

Cell conditions ̶ (1.21) (1.60) (1.77) 
bare soil 5 

bare soil + conspecific 3 
fence cell (1) ̶ 20 12 11 
fence cell (2) 8 

plant 9 
plant + pest 10 

plant + conspecific 8 
plant + pest + conspecific 9 

 

The pest distributions were randomly generated by drawing from the following 

distributions described by two equations:  

𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 14 ×
1

1 + 𝑒𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒−20
+ 1 (1) 

𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (−0.3 × 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒) + 18 (2) 

where equation (1) is employed when the fence is present, and equation (2) when the 

fence is absent. Pests were represented as either present or absent in a cell. The pest 

distribution in a fenced field was based upon Blackshaw et al. (2012), where they 

similarly evaluated Delia eggs as either present or absent at their sample sites. There 

were no pests in bare soil cells, and pests were placed in headland cells to simulate 

pests and alternative food sources that occur in headlands. Pest distributions were static 
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during the entire model, i.e. they were the same between iterations within a run. While 

the pest placement was random between models, the only stochastic element within a 

model between iterations was the initial location individuals emerged from in the 

headland, and to which cell individuals moved. 

Two main versions of the model were run: a fenced field and an unfenced field. 

Furthermore, mesh size was varied for the fence model. When a beetle was located 

beside a fence cell, all mesh sizes were equally attractive, i.e. the attractiveness levels 

assigned to the mesh cell were the same. When an individual was located within a fence 

cell, the attractiveness level of the current cell was increased as the mesh size 

decreased, making it less probable an individual would leave the fence cell (Table 4.1). 

This simulated the increased difficulty crossing a fence with smaller mesh sizes. Very 

large mesh sizes (> 2 mm) were not tested as large sizes should generate results similar 

to no fence. Movement past a fence was incorporated into the smaller mesh size 

parameters because individuals could still move under the mesh flap to cross the fence. 

All the beetles in the simulation were treated as average width (1.389 mm) as measured 

in Section 3.4. The pest distribution for all the mesh sizes were chosen from equation (1) 

because the mesh sizes chosen were too small for Delia radicum females to pass 

through. Only the unfenced model used equation (2) for pest distribution. The mesh size 

crossing probability was described as: 

𝑐𝑟𝑜𝑠𝑠𝑖𝑛𝑔 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  1 − 𝑒−5×(𝑚𝑒𝑠ℎ 𝑠𝑖𝑧𝑒−1.21) (3) 

where the mesh size is measured along the diagonal. The results from Chapter 3 

informed the shape of the curve (Section 3.4). The no-see-um mesh’s maximum 

dimension was used as the lowest end of the curve because no beetles were able to 

pass through the mesh in Section 3.2.  All outputs from equation 3 had a constant 

probability added if it was below 20% due to individuals being able to cross under the 

mesh and not through it.  The mesh sizes used in the fence models were window mesh 

(1.77 mm), pet mesh (1.60 mm), and no-see-um mesh (1.21 mm). The no-see-um mesh 

is too small for B. lampros to pass through (Section 3.4), and can be thought of as 

providing the least permeability. The other mesh sizes are large enough to permit B. 

lampros to pass through. 
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The duration of each time step was 1 h, each day consisted of 14 h of 

movement, and the model simulated 2 weeks activity. Each carabid remained in its 

current cell at the end of a simulated day, and moved when the next day began. 

Movement tendencies were assumed to be uniform throughout the day. No individual 

was allowed to move out of the designated cells, similar to a field surrounded by ditches 

and other waterways that would inhibit walking. Each model was iterated 100 times, for 

100 individuals. 

4.3.2. Model Analysis 

Each time a beetle entered a cell, that entrance was recorded, and used to 

measure activity for each cell in the model. The activity levels for all cells were initiated 

at zero at the start of an iteration, and any time an individual entered a cell, the activity 

for that cell increased by one. The activity for all 100 individuals was summed for each 

cell. The activity measurements are similar to activity density measured by pitfall traps in 

the field, with the exception that individuals in the model did not leave the population 

when they entered any particular cell, as they would with pitfall traps. 

The main model output investigated was activity at various distances from the 

model edge, e.g. the headland. A square field creates limitations to using all the cells to 

investigate distance because individuals are initially distributed along all headland 

edges, and this would aggregate some headland cells with interior crop cells and 

artificially inflate the interior activity levels. Therefore, the top and bottom edges of the 

field were excluded from the analysis and the centre 50 m (100 cells) were averaged. 

Since individuals on the side edges of the field never crossed the field in any iteration, 

the two edges were combined. The mean and coefficient of variation was calculated for 

all distances from the model edge, and for each individual cell. 

4.3.3. Cost-Benefit Analysis 

The cost-benefit analysis for implementing exclusion fences with rutabagas is 

described as:  
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(𝑝𝑙𝑎𝑛𝑡𝑠 − 𝑖𝑛𝑓𝑒𝑠𝑡𝑒𝑑𝑓 − 𝑡𝑟𝑒𝑎𝑡𝑒𝑑𝑓) × 𝑝𝑟𝑖𝑐𝑒 

− �𝑓𝑒𝑛𝑐𝑒 + 𝑠𝑒𝑒𝑑 + (𝑛 × 𝑠𝑝𝑟𝑎𝑦 × 𝑜𝑢𝑡𝑒𝑟)� − 𝑚𝑖𝑠𝑐 

(4) 

(𝑝𝑙𝑎𝑛𝑡𝑠 − 𝑖𝑛𝑓𝑒𝑠𝑡𝑒𝑑 − 𝑡𝑟𝑒𝑎𝑡𝑒𝑑) × 𝑝𝑟𝑖𝑐𝑒 − �𝑠𝑒𝑒𝑑 + (𝑛 × 𝑠𝑝𝑟𝑎𝑦)� − 𝑚𝑖𝑠𝑐 (5) 

with equation (4) describing a fenced field, and equation (5) describing an unfenced 

field. The parameters are described in Table 4.2 and Table 4.3. The analysis uses a 1-

ha field, the same size as the simulation model, and is the least economical size for 

using the fence; smaller fields use more fence/ha (Vernon 2010). Beetle control was 

limited to the outer 10 m of the crop as a conservative estimate based upon the 

simulation model. Carabid activity in both the fenced and unfenced fields was treated 

equally. Seeding rates and insecticide application rates were taken from the British 

Columbia 2012 Vegetable Production Guide (BC Ministry of Agriculture 2014). The 

amount of seeds budgeted were able to plant a 1-ha field with rows 0.9 m apart, the 

same distance between rows as in the simulation model. Four applications of 

chlorpyrifos is the maximum legal amount permitted on rutabagas in Canada (BC 

Ministry of Agriculture 2014), and is the number of sprays incorporated into the analysis. 

Table 4.2. Parameters used and varied to produce three pest level and control 
effectiveness scenarios in the cost-benefit analysis for rutabaga 
production in Canada. 

Variable Values Description 
misc 0 Costs such as loans, taxes, labour, etc. 
ha 1 Size of field  (hectares) 
t 5, 10 Lifespan of fence (years) 

n 4 Number of sprays; 4 sprays of the commonly used chlorpyrifos is the legal 
maximum in Canada (BC Ministry of Agriculture 2014) 

proportion 
infested 0.24, 0.5 Proportion of crop infested (Finch 1989) 

proportion 
carabid 

0.1, 0.2, 
0.25 Proportion of infested plants treated by carabid predation (Kromp 1999) 

proportion 
insecticide 0.5, 0.7 Proportion of infested plants treated by insecticide application 
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Table 4.3. Equations used to calculate cost-benefit parameters for rutabaga 
production in Canada and convert parameters from Imperial to 
metric measurements.  All prices in Canadian dollars (CAD). ha is 
the field size in hectares, and prop. (proportion) infested, prop. 
carabid, and prop. insecticide are the varied parameters used to 
create 3 pest level and control effectiveness scenarios (Table 4.2). 

Variable Equation Description 

seed ℎ𝑎 × $60.00 Price of seeds. 1 lb seed for 90 cm plantings/ha is $60 
(BC Ministry of Agriculture 2014, Stokes Seeds 2014) 

length �ℎ𝑎 × 104 Length of one side of the field (m) 

fence $8.20 × 4 ×  𝑙𝑒𝑛𝑔𝑡ℎ 
𝑡

 Price of fence/y (Vernon 2010) 

outer 1 − �
𝑙𝑒𝑛𝑔𝑡ℎ − 20
𝑙𝑒𝑛𝑔𝑡ℎ

�
2

 Proportion of field along the outer 10 m 

spray $23.4
L

×
2.3L
ℎ𝑎

× ℎ𝑎 Price of chlorpyrifos applications (Terralink 
Horticulture Inc., 2014, pers. comm.) 

price 
$1,425,000

5,298,000 lbs
 × 2.2

lbs
kg

 Price/kg rutabagas based upon (BC Ministry of 
Agriculture, Fisheries 2003) 

plants 
5,298,000 lbs

153 acres × 2.5 acres
ℎ𝑎 × ℎ𝑎

0.9 × 2.2 lbs
kg

 
Mass of crop produced (kg), assuming only 90% of 
planted crop was sold based upon (BC Ministry of 
Agriculture, Fisheries 2003) 

infestedf 𝑝𝑙𝑎𝑛𝑡𝑠 × 𝑝𝑟𝑜𝑝. 𝑖𝑛𝑓𝑒𝑠𝑡𝑒𝑑 
× 𝑜𝑢𝑡𝑒𝑟 

Mass of infested plants (kg) in fenced field.  
Infestation occuring in outer 10 m of field. 

treatedf 𝑖𝑛𝑓𝑒𝑠𝑡𝑒𝑑𝑓 × (𝑝𝑟𝑜𝑝. 𝑐𝑎𝑟𝑎𝑏𝑖𝑑
+ 𝑝𝑟𝑜𝑝. 𝑖𝑛𝑠𝑒𝑐𝑡𝑖𝑐𝑖𝑑𝑒) 

Mass of infested plants in fenced field (kg) treated by 
carabids and insecticides.  Infestation occurring in 
outer 10 m of field. 

infested 𝑝𝑙𝑎𝑛𝑡𝑠 × 𝑝𝑟𝑜𝑝. 𝑖𝑛𝑓𝑒𝑠𝑡𝑒𝑑 Mass of infested plants (kg) in unfenced field 

treated 
𝑖𝑛𝑓𝑒𝑠𝑡𝑒𝑑 
× ((𝑝𝑟𝑜𝑝. 𝑐𝑎𝑟𝑎𝑏𝑖𝑑 × 𝑜𝑢𝑡𝑒𝑟)
+ 𝑝𝑟𝑜𝑝. 𝑖𝑛𝑠𝑒𝑐𝑡𝑖𝑐𝑖𝑑𝑒) 

Mass of infested plants in unfenced field (kg) treated 
by carabids and insecticides. 

 

The crop prices and expected yield from a 1-ha field were calculated from British 

Columbia government figures (BC Ministry of Agriculture, Fisheries 2003). The expected 

yield assumed 10% of the potential yield was culled, and the reported government yield 

was the 90% remaining marketable crop. The commercial seed prices were taken from 

an online seed catalogue for Laurentian variety rutabaga seeds (Stokes Seeds 2014). 
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Chlorpyrifos is the primary insecticide used in Delia radicum control, and its price/ha was 

calculated from commercial prices (Terralink Horticulture Inc., obtained 3 May 2014, 

pers. comm.). The fence costs were for a prototype fence (Vernon 2010), and costs 

more than the commercially produced fence evaluated in previous chapters (Telstar 

Window Service Ltd). The full set of parameter values from use of the commercial fence 

were not available at the time of analysis. From the pest management literature, the 

proportion of culled plants in an untreated, unfenced field averaged 24% (Finch 1989), 

and carabid predation is around 17-30% (Kromp 1999). The actual pest numbers were 

not included in the analysis as rutabaga culling is based upon the amount of damage 

that has occurred, not the number of maggots that have infested each root. A rutabaga 

is culled if the person harvesting it has to cut more than two pieces from the top of the 

root (Kevin Husband, pers. comm.). The miscellaneous term (misc.) was added to 

account for non-insect management related costs such as taxes, loans, fees and 

licences, herbicides, fertilizers, crop insurance, equipment costs and maintenance, and 

labour. This term was set to zero, but growers evaluating the fence technology can use 

their costs for the misc. term in equations (4) and (5) for more accurate profit values.  

Erecting and maintaining the fence is labour intensive, but the commercial design is 

easier to erect, requiring one person to assemble it (Vernon 2010, pers. com.). However 

some labour saving should come from reduced or more targeted (i.e. outer row 

treatments) insecticide applications. The cost-benefit analysis assumes the grower will 

be implementing his/her own monitoring program, and not applying cypermethrin 

between chlorpyrifos applications, which targets adult D. radicum (BC Ministry of 

Agriculture 2014). 

The insecticide efficacy, carabid predation efficacy, infestation rate, and fence 

lifespan were varied to create 3 scenarios: i. expectations from the literature, ii. a worst 

case scenario with a high infestation, poor carabid and insecticide control, and the fence 

lasting 5 y instead of the predicted 10 y, and iii. a good case scenario with the literature 

infestation rate, higher literature-based values for carabid control, and high insecticide 

control (Parameter values in Table 4.2). The resulting profit for the 1 ha crop was 

calculated from equations (4) and (5). The cull percentage was calculated using:  
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𝑐𝑢𝑙𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
𝑖𝑛𝑓𝑒𝑠𝑡𝑒𝑑 − 𝑡𝑟𝑒𝑎𝑡𝑒𝑑

𝑡𝑜𝑡𝑎𝑙 𝑝𝑙𝑎𝑛𝑡𝑠
 × 100% ( 6 ) 

An acceptable cull rate was 10% (Blackshaw et al. 2012), and used to determine if the 

management approach was successful. 

4.4. Results 

4.4.1. Model Analysis 

As expected from diffusion theory, carabid activity decreases exponentially from 

the headland (Figure 4.2). There is decreased activity between the headland and the 

crop in all the models, a location without plants or cover. Where the fence is present 

(Figure 4.2b-d), a spike in the mean activity occurs. At each distance, the mean activity 

levels are skewed towards the lower values. There appears to be more activity at the 

fence in the small mesh model, but this did not affect the overall trend of movement into 

the crop. 

The coefficient of variance (CV) increases exponentially into the field (Figure 4.3) 

and the variability in the CV at different distances also increases farther into the field. 

Many of the CVs, like the means, are skewed towards the lower values, especially at 

higher distances. The activity at and around the headland is the least variable for the 

entire field. 

Field features are discernible in Figure 4.4, such as the headland, fence, and the 

outer crop rows. Field penetration stops after 10 m into the crop (Figure 4.4). The first 10 

m usually contains the largest amount of pests (equations (1) and (2)). There is greater 

activity at the first few crop rows (1-2 mean activity) compared to the surrounding bare 

soil (0-1 mean activity). 

The pattern in Figure 4.5 matches the pattern in Figure 4.3: the activity variability 

increases as the distance from the headland increases. There are no discernible field 
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features in Figure 4.5, unlike Figure 4.4. The black outgrowths of activity inside the crop 

likely represent the movement of one individual in a single iteration. This is based on the 

nature of the pattern (projecting into the field like a path) and because very high CV 

values often are the result of few non-zero values in a sample, with a maximum CV a 

sample can have equal to √N-1 and caused by only 1/N non-zero value (Abdi 2010). 
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Figure 4.2. Mean carabid activity levels from a simulated field headland into the 
Brassica crop.  The mean activity levels were calculated by 
averaging the activity levels at a certain distance from the headland 
for each iteration. (a) is the unfenced field, (b) is a fenced field using 
the no-see-um mesh (1.21 mm), (c) is a fenced field using the pet 
mesh (1.60 mm), and (d) is a fenced field using the window mesh 
(1.77 mm).  In all four graphs, the large peak at 0 m is the headland, 
and the arrows point to the location of the crop edge, and fence is 
present. 
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Figure 4.3. Coefficient of variation (CV) from a simulated field headland into the 
Brassica crop.  The CVs were calculated by dividing the standard 
deviations by their means for all distances from the headland for 
each iteration. (a) is the unfenced field, (b) is a fenced field using the 
no-see-um mesh (1.21 mm), (c) is a fenced field using the pet mesh 
(1.60 mm), and (d) is a fenced field using the window mesh (1.77 
mm).   
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Figure 4.4. Mean carabid activity levels for each cell in a simulated Brassica 
crop.  The mean activity levels were calculated by averaging the 
activity levels of each cell for each iteration. (a) is the unfenced field, 
(b) is a fenced field using the no-see-um mesh (1.21 mm), (c) is a 
fenced field using the pet mesh (1.60 mm), and (d) is a fenced field 
using the window mesh (1.77 mm).  The headland is visible along 
the outer edge of the figures and the outer crop rows are visible 
(indicated by an arrow in (b)) and the fence is visible in (b-d) 
(indicated by an arrow in (b)). 
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Figure 4.5. Coefficient of variation (CV) for each cell in a simulated Brassica 
crop.  The CVs were calculated by dividing the standard deviation by 
the mean of each cell for each iteration. (a) is the unfenced field, (b) 
is a fenced field using the no-see-um mesh (1.21 mm), (c) is a fenced 
field using the pet mesh (1.60 mm), and (d) is a fenced field using 
the window mesh (1.77 mm). 
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4.4.2. Cost-Benefit Analysis 

The fenced field tactic was more cost effective than the unfenced field one for all 

scenarios (Table 4.4). As expected, the worst case scenario generated the least income, 

and the good scenario had the highest income for both field types. The cull percentage 

for all fenced scenarios was < 10%, but this was limited to the good scenario for the 

unfenced field. The literature-informed unfenced scenario was marginally > 10%. 

Table 4.4. The cost-benefit analysis of pest control in 1 ha of rutabaga 
production for one year.  Three scenarios for both fenced and 
unfenced fields were evaluated: (i) expectations based on the 
literature values, (ii) a worst-case scenario, and (iii) a good-case 
scenario.  Profits were compared relative to each other in Canadian 
Dollars (CAD), and the cull percentage was compared to a 10% cull 
rate (Blackshaw et al. 2012). Miscellaneous costs (Table 4.2) were 
not included in the analysis and would be subtracted from the 
profits indicated below. 

 
Parameters fence unfenced 

scenario Infested 
% 

carabid* 
% 

Insecticide 
% 

fence 
life (y) 

Profits  
$ CAD 

cull 
% 

Profits 
$ CAD 

cull 
% 

literature 24 20 50 10 24705.37 2.6 22908.66 10.3 
worst-case 50 10 50 5 23185.21 7.2 19564 23.2 
good-case 24 25 70 10 25264.19 0.4 24262.26 5 

* Percentage of D. radicum controlled by carabid beetles. 

4.5. Discussion 

Many IPM plans utilize some level of biological control. However, not all cropping 

systems are well suited to depend solely upon biological control agents. Delia 

infestations are a prime example where biological control effectiveness is limited. The 

main Delia parasitoid, Aleochara bilineata, is an effective control agent later in the 

season, due to it targeting Delia pupae, but does little in the spring to control the first 

Delia generation. Even without a fly-exclusion fence present around a Brassica crop, 

carabid field penetration and activity are limited. However, with a fenced field, it is 

advantageous to have pests limited to the field margins beside a carabid-rich headland, 

because carabids will have a short distance to travel to reach the pests. Thus poor field 

penetration by carabids is not an obstacle to management. 
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While there is some activity at the crop edge, there is high variability in that 

activity. Most of the model CV values are above 1, indicating standard deviations larger 

than the means. Individual based models of forest carabids have also shown high 

variability revealing that individual-based approaches are important for understanding 

dispersal across a landscape and population dynamics (Gustafson and Gardner 1996, 

Jopp and Reuter 2005). Uniform and predictable control of Delia pests by carabids is not 

likely to occur, at least in the first few weeks after beetles emerge from the headland. 

The increasing CV from the headland is expected because there are few places to go 

along the headland, and once an individual reaches the fence and crosses, there are far 

more places an individual can move to. Decreasing the CV with more model iterations is 

unlikely to occur because the data range with 100 iterations is already very large and 

likely influenced more by patchy activity than insufficient sampling.  

The limited dispersal into the field could be caused by two factors: limited time 

and pest distribution. The models simulated 2-week periods and this interval could be 

insufficient to determine full field penetration. Spring-emerging Bembidions are active for 

several months before mid-summer when they die off (Critchley 1972b). The pest levels 

in both the fenced and unfenced model are high at the crop edge, indicating that once 

individuals crossed the fence, the pest presence kept such individuals at the crop edge. 

The presence of a plant in a cell was assigned a high weight, and that could also have 

limited the total displacement. Because of the longer time frame expected for carabids to 

penetrate a field, they should not be depended upon for rapid pest control. This is in line 

with the literature, which suggests that carabids and other biological control agents 

should be relied upon to provide some Delia population stability, and provide modest 

control of Delia and other pest populations to prevent outbreaks (Finch 1989, 1993, 

Kromp 1999). Insecticides are a more suitable method for rapid control. 

While this model evaluates activity and movement at the start of the adult 

carabids’ active spring period, it is also useful for evaluating re-penetration of a field after 

an insecticide is applied to the crop. Carabids are very susceptible to organophosphates 

(Critchley 1972a, 1972b) and field populations are expected to decline after an 

insecticide application. If a grower sprays every two weeks, the field penetration and 

activity levels are not expected to surpass what the models simulate due to mortality and 
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limited time for individuals in the headland to move into the field. This scenario is 

possible under IPM, because a rutabaga grower in Canada can alternate chlorpyrifos 

and cypermethrin approximately every two weeks (BC Ministry of Agriculture 2014). 

This model looks at only one carabid species but there are other species that 

may be found in or around a field, with different traits affecting predation and movement. 

Other species are effective dipteran egg and maggot predators (Grafius and Warner 

1989, Kromp 1999, Sunderland 2002), but carabid predation in general is limited by 

polyphagy, including scavenging. It has been pointed out several times (Lindroth 1961-9, 

Kromp 1999) that carabids are often assumed to be carnivores while omnivory is a far 

more common trait. Bembidions as a group are mostly generalist carnivores (Mitchell 

1963, Sunderland 2002) and likely to provide more spring-time Delia control than other 

omnivorous carabid species (Finch 1996) and Delia pupal parasitoids (which are more 

effective against the second and third Delia generations, Read 1962), justifying using 

Bembidions as the model species over other control agents.  

Furthermore, there is diversity in carabid speeds (Evans 1977, Evans and 

Forsythe 1984). Had other carabids been modelled, such as Pterostichus melanarius, 

the field penetration distance might have been greater as the time to cross a cell would 

have been decreased based upon prior observations and models (Best et al. 1981, 

Wallin and Ekbom 1988, Firle et al. 1998). It was surprising that the simulated 

Bembidions did not move farther into the field, given the field observations of other 

species, laboratory observations in Chapter 3, and that individuals in the model had the 

potential to move 7 m in a day. 

Bringing together all the IPM tools available for Delia control, the cost-benefit 

analysis shows that the fence improves Delia control in all scenarios. However, using 

only carabids and chlorpyrifos for control is acceptable, unless Delia infestations are 

high, or insecticide efficacy is low. The cost-benefit analysis does not indicate absolute 

profitability because of missing values that could not be fully analyzed due to the 

variability between growers and locations. What the analysis does do is indicate when it 

is useful to use the fence or not. Individual growers or managers can incorporate their 

costs into the model to estimate profit using the miscellaneous term. 
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The fence is best suited for fairly square fields, but it is uneconomical for very 

long and narrow fields (< 30 m wide) compared to other barrier technologies, such as 

row covers (Vernon 2010). If a grower has such a field, or only plants several rows of 

rutabagas, he/she should consider row covers instead. Furthermore, the fence lifespan 

is estimated at 10 y (Vernon 2010), but it is possible a fence will not last that long. The 

worst-case fence scenario incorporates a poor lifespan, but this scenario is still more 

profitable than the worst case unfenced scenario, and has a good cull percentage. If a 

fence only lasts 1-2 y, then one would see a large decrease in profitability as the fence 

cost would not be amortized over 5-10 y. 

The simulation model and cost-benefit analysis assume there is a beetle bank, or 

some source of carabids that a grower can rely upon. The space required for beetle 

banks can also be used for growing more crop plants. The headland cost was not 

incorporated into the analysis, but can be a strong factor if profit margins are small 

(Collins et al. 2002). Small profit margins might pressure a grower to rely heavily on 

faster-acting methods such as insecticides, or a grower might not notice or value 

carabids’ pest control contributions. Either situation could convince some growers to 

continue farming without a headland or beetle bank, or remove a beetle bank if one is 

present. While profitable in the short term, it is unknown if it is profitable in the long term, 

especially if insecticide resistance continues to persist and new insecticides are not 

developed or registered in Canada. The high use of beetle banks and hedgerows in 

Europe (Landis et al. 2000) potentially can provide insight into this concern. 

Overall, the fence technology and carabids do work together. If a grower finds 

that they must rely on the fence to provide effective Delia control, they can expect 

carabids moving a short distance into their crop, preying upon some of the Delia eggs 

concentrated along the crop edge. If managers and growers desire more carabids in 

their fields, specific strategies should be used to encourage carabids and other 

beneficial insects (see Landis et al. (2000) for more details). 



 

105 

Chapter 5.  
 
Conclusion 

Based on my experiments and economic analysis, I conclude that the Telstar 

exclusion fence can help reduce insecticide applications for Delia radicum control in a 

cost-effective manner; insecticide sprays can be localized at the outer crop rows, where 

D. radicum infestations are greatest when a fence is present. The fence also permits 

carabids access to crops. One way to encourage carabids to cross the fence is to leave 

the bottom mesh flap soil free, and if this is unavoidable, to only place soil on the mesh 

flap at the centre of fence panels, leaving the mesh flap around the fence post 

uncovered (Chapter 2). Both large (Chapter 2) and small (Chapter 3) carabids are 

capable of crossing under the fence mesh flap whether it is sealed or not, and 

decreasing the mesh size used in the fence design does not completely stop crossing 

since carabids can still cross the fence by going under the mesh flap (Chapter3). The 

fence itself provides another refuge for carabids as they move across an 

agroecosystem, and that they will move towards an infested crop (Chapter 3). Distances 

a beetle can move into a field could potentially be limited, but individuals are likely to 

move far enough to where Delia infestations are concentrated to rows just inside the 

fence (Chapter 4). Finally, the cost of the fence is more viable than no fence and full field 

insecticide applications, even if the fence has a poor lifespan (5 years), and high pest 

infestation (Chapter 4). The results of this thesis indicate that the Telstar exclusion fence 

does not conflict with ground-dwelling carabids’ ability to enter a crop and prey upon 

pests. 

Low carabid trap catches at Westham Island (Chapter 1) observed in 2010, likely 

due to repated insecticide spraying, highlight the importance of alternative habitats such 

as beetle banks, and minimizing the number of insecticide applications during a growing 

season.  While insecticides are often unavoidable in some cropping systems such as 
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root Brassica crops, they are harmful to the resident biological control agents and should 

only be applied as a last alternative.  Headlands, beetle banks, and hedgerows are 

important sources of biological control agents and should be conserved as pesticide-free 

reservoirs. 

The fence technology is permeable enough to allow a generalist predator to 

cross, and if the fence is adapted to control other pests, there will be at least a minimum 

amount of biological control occurring in the form of carabids preying upon the crop 

pests, assuming the bottom mesh flap design remains the same. This makes the fence’s 

reusability more attractive as it can be involved with crop rotations, and beetle banks do 

not have to be engineered to target specific carabids beyond what is needed for general 

pest control. While the fence does not stop carabids from entering a field, it could affect 

how other biological control agents access a field. When using a smaller mesh for 

Contarinia nasturtii, parasitoids are found in lower numbers inside enclosed areas than 

outside (Evans and Hallett 2014, unpublished). Syrphid flies could be affected by the 

fence in the same way Delia flies are, and this would make fence permeability for 

syrphids more challenging to accomplish than for carabids, as modes of entry for 

syrphids would likely be similar to Delia. If a fence is adapted for other pests, the 

specialist predators and parasitoids’ ability to cross the fence should also be evaluated, 

especially if the agents are important for pest control. Pollinators are another group that 

should also be investigated when adapting the fence technology. In all Brassica crops 

except canola, pollination is not required, but many crops depend upon pollination for a 

successful yield. While commercial beehives could be place inside the fenced area 

rather than along the field margins, native pollinators which reside along the margins 

could have difficulties accessing the crop’s flowers and other resources they use. 

Nevertheless, by using the exclusion fence, carabids and beetle banks, and localized 

insecticide applications together, the principles of IPM are followed, and there are 

minimal negative interactions between these control tools. 
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Appendix.  
 
Material and Methods of the 
Westham Island Observational Study 

Site Description 

The observation study introduced in Chapter 1 was conducted at Westham Island, 
British Columbia, Canada, in the summer of 2010. The 4-ha field where the study took 
place, was  seeded with rutabaga (Brassica napus, Laurentian variety), and surrounded 
by the Telstar exclusion fence (Telstar Window Service Ltd). To the field’s south, red and 
green cabbages (Brassica oleracea) were grown, and to the north was a fenced 
rutabaga field grown from transplants. Beyond the northern rutabaga field were 40 
commercial honeybee (Apis mellifera) hives. The eastern edge consisted of a grassy 
strip beside a ditch, and the western edge was comprised of shrubs, especially 
Himalayan Blackberry (Rubus discolor).  

The field was planted in two stages: the first planting occurred on May 6, and the second 
planting occurred on May 24. The rows were planted 0.9 m apart and in two sections: an 
outer region 8 rows wide (7.2 m) separated by a roadway from the inner region of the 
field. The fence was placed around the field on June 8 and 9, after the rutabagas had 
emerged.  

Pesticides were applied to the field throughout the season. Trifluralin was applied before 
seeding to control weeds and chlorpyrifos was applied four times to control Delia 
radicum infestations on May 17, May 25, June 1, and June 16. Mechanical weeding 
occurred on June 8. Harvesting started July 28 and continued until the end of August.  

Trap Preparation 

The pitfall traps consisted of two 450 mL Dixie® translucent plastic cups buried into the 
ground with footed covers over their tops. The inner cup was trimmed down so that its 
rim was below the outer cup’s rim. This was to ensure that the trap could be placed and 
remain flush into the ground and be easy to remove. The top piece of the trap covers 
was made from 3/8” (2 cm) thick plywood that was painted green on one side before it 
was cut into 16.5 x 16.5 cm pieces. The legs of the covers were made of 3/4” (2 cm) 
thick plywood and cut into 2.5 x 2.5 cm pieces. The legs were stapled to the top pieces 
on the unpainted side. The construction allowed the painted side to be the upper 
surface. 

Transects and Collections 

Six transects were placed from west to east across the field. They were placed 20 m 
apart, and 40 m from the northern and southern edges. Each transect consisted of 16 
pitfall traps. The two traps farthest from the field centre, in the headlands, were 1 m 
away from the exclusion fence, and next traps were 5 m away from the fence inside the 
field in the aforementioned outer crop area. All other traps were 14.4 m apart (16 crop 
rows) in the inner crop area. 
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The pitfall traps were placed inside the rows of rutabaga and were flush with the 
surrounding ground. Labels were stapled on the underside of the trap covers, which 
were subsequently placed over the pitfall cups. Traps and fence locations were recorded 
as GPS coordinates.  

The pitfall traps started the summer as dry traps, i.e. no killing and preservation solution 
was used. If individuals could be identified to species in the field, they were release back 
into the surrounding habitat 10 m from the trap they were caught in. Beetles that were 
not identifiable in the field were brought back to the lab as dry specimens. Only the large 
beetles Pterostichus melanarius and Carabus granulatus had their sex identified in the 
field. Carabids were identified using Lindroth (1961-9). 

Pitfall traps were either open or closed throughout the summer. From the start of 
trapping on May 10, the transects with open traps would alternate between weeks to 
prevent individuals caught one week from constantly being re-caught in the same traps. 
All traps were opened on June 11, and remained opened for the remainder of the study 
due to poor trap catches with three transects open at any time. Collecting was done 
three days a week during May and June. The collection schedule was often changed to 
avoid entering the field after insecticide applications. The inner cups were rinsed with 
bleach and aired out for a day between collections to remove beetle odours (Guy et al. 
2008).   

From June 27 onward, I used a 50-% solution of propylene glycol (Sierra® 
antifreeze/coolant) in the pitfall traps to preserve specimens until collected. Beetles 
caught in the traps with the propylene glycol were subsequently placed in 95% ethanol 
for storage. The use of a killing and preservation solution in the traps was required due 
to the inability to check traps regularly through July and August. All traps were removed 
by August 22. 

Data Analysis 

The pitfall trap collections were analysed using R (version 3.0.2, R Core Team 2014). A 
Fisher Exact Test was performed on trap catches before and after the fence was placed 
around the field.  The transects were divided into two analyses, the western and eastern 
field edges, because the two halves of the field were seeded at different times and the 
crop boundaries comprised different habitat (eastern edge: grassy strip; western edge: 
shrubs). The transects were further divided into headland, outer crop rows, and inner 
crop rows. This created a 3x2 contingency table for both the western and eastern edges. 
Each transect provided one headland trap, one outer crop row trap, and seven inner 
crop row traps. The trap catches were very low in the inner crop rows when combined, 
lower than the headland and outer crop row traps. Four species were investigated: 
Bembidion lampros, Agonum meullerii, Pterostichus melanarius, and Clivina fossor. 
These species were chosen due to their larger trap catches compared to other species. 
Analysis of B. lampros and A. meullerii along the eastern crop edge was impossible as 
there were no individuals caught there. 


	Approval
	Abstract
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	List of Acronyms
	Glossary
	Chapter 1.   Introduction
	1.1. What is a Barrier?
	1.2. Delia radicum, the Cabbage Root Maggot
	1.3. Physical Barriers and Delia Management
	1.4. Carabids, the Ground Beetles
	1.5. Westham Island Observational Study
	1.6. Objectives

	Chapter 2.   Field Arena Experiment
	2.1. Abstract
	2.2. Introduction
	2.3. Material and Methods
	2.3.1. Arena Design
	2.3.2. Releases
	2.3.3. Data Analysis

	2.4. Results
	2.4.1. Data Analysis

	2.5. Discussion

	Chapter 3.   Fence Crossing Behaviour of Bembidion lampros
	3.1. Abstract
	3.2. Introduction
	3.3. Crossing Experiment
	3.3.1. Introduction
	3.3.2. Material and Methods
	Rearing
	Arena
	Experiment
	Data Analysis

	3.3.3. Results
	3.3.4. Discussion

	3.4. Mesh Experiment
	3.4.1. Introduction
	3.4.2. Material and Methods
	Experiment
	Mesh and Beetle Measurements
	Data Analysis

	3.4.3. Results
	3.4.4. Discussion

	3.5. Choice Experiment
	3.5.1. Introduction
	Sealed fences

	3.5.2. Material and Methods
	Rearing
	Experiment
	Data Analysis

	3.5.3. Results
	Multinomial Model
	Sealed Flap Model

	3.5.4. Discussion

	3.6. Concluding Remarks

	Chapter 4.   Field-level Simulation Model and Exclusion Fence Cost-Benefit Analysis
	4.1. Abstract
	4.2. Introduction
	4.3.  Methods
	4.3.1. Model Design
	4.3.2. Model Analysis
	4.3.3. Cost-Benefit Analysis

	4.4. Results
	4.4.1. Model Analysis
	4.4.2. Cost-Benefit Analysis

	4.5. Discussion

	Chapter 5.   Conclusion
	References
	Appendix.   Material and Methods of the Westham Island Observational Study
	Site Description
	Trap Preparation
	Transects and Collections
	Data Analysis


