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ABSTRACT  

Watermelon is a major specialty produce crop grown on the Delmarva Peninsula. The 

Two-Spotted Spider Mite (Tetranychus urticae) (TSSM) is an important pest that feeds 

on leaves and affects the plantôs ability to photosynthesize. Current management relies 

heavily on miticide applications, which runs the risk of local mite populations developing 

resistance. Mite populations were collected from several fields in 2020 and 2021 to 

evaluate whether susceptibility differences were evident among populations to abamectin, 

fenpyroximate, and spiromesifin. The contact bioassays suggested that all tested miticides 

should be very effective even at low doses. If this were to change in the future, 

integrating additional management strategies for mite management would be necessary. 

Implementation of biological control agents and strategies may help to reduce the risk of 

resistance. Understanding mite movement in fields can also aid in making targeted 

applications of miticides or biological control agents. Two predatory mite species 

(Phytoseiulus persimilis and Neoseiulus fallacis) (Acari: Phytoseiidae) were tested to 

determine if one was more efficient than the other and to determine how insecticides 

might affect predators and TSSM populations. There were no clear differences among 

predators in terms of efficacy, but in 2021, plots with predators had greater yield than 

plots without. Predatory mite populations were reduced due to infiltration of other 

predators and duration of establishment. Spatial mapping of spider mite populations in 

fields indicated that some fields may have been infested by spider mites early, possibly 

from greenhouses. Most fields were infested from weedy edges. Maps created for each 

field indicated that the edges of fields would require monitoring and applications of 

biological or chemical treatment to prevent spider mite populations from increasing 
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drastically as they move into the field. Establishing efficient biological control methods 

will require more research but knowing where and when to apply control methods and 

having effective chemical control available as a last resort will be helpful in future 

research. 



1 

Chapter 1 

TWO SPOTTED SPIDER MITE BIOLOGY, IMPACT, AND MANAGEMENT AS 

IT RELATES TO DELMARVA WATERMELON PRODUCTION  

Introduction to Delaware Watermelon Production  

In 2018, 3,900 acres were dedicated to watermelon, Citrullus lanatus, fields in 

Delaware with an average yield of 12,247 kg per acre, while Maryland production was 

estimated at 3,700 acres and 13,608 kg per acre (USDA, 2021a). Most watermelon grown 

in the region are seedless or triploid varieties with a smaller portion of melons being 

seeded diploid varieties. Diploid watermelons are self-compatible (with pollinating insect 

assistance) but may be less favorable to consumers because of the seeds present within 

the flesh. Triploid watermelons are created by breeding a tetraploid inbred watermelon 

(which has 4 sets of chromosomes) as the female parent and a diploid watermelon (which 

has two sets of chromosomes) as the male parent (Wehner, 2022). The resulting hybrid 

has three sets of chromosomes and is female sterile resulting in no seeds. Due to this 

process, seeds that are formed this way are more expensive compared to diploid 

watermelon seeds. This extra expense makes pest management considerations (especially 

spider mite management) important to make as much of a profit as possible. Triploid 

watermelons lack viable seeds and cannot produce viable pollen that can initiate 

watermelon growth, so pollenizer plants are needed. Pollenizers are watermelon varieties 

that are grown to pollinate triploid watermelons. Pollenizers grow small, flavorless, and 

non-commercial fruit. When planting triploid watermelons and pollenizers together, the 
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recommended ratio of seedless to pollenizers according to the Mid-Atlantic Commercial 

Vegetable Production Recommendations (Wyenandt & van Vuuren, 2022), is one 

pollenizer for every three or four watermelon plants. Pollen transfer from pollenizer to 

triploid female flowers is mediated by insect pollinators. In order to have watermelons for 

the best market window and protect watermelon plants from colder wet conditions that 

can occur in late April to early May, triploid watermelons and pollenizers are often 

grown in greenhouses and transplanted into plastic mulch (usually black). Plastic mulch 

helps to control weeds and black plastic warms the soil for earlier production. Plastic 

mulch also helps to retain water and nutrients supplied via drip tape (Egel et al., 2008). 

Major A rthropod Pests of Delmarva Watermelon 

 Major insect pests of watermelon include cucumber beetles (Coleoptera; 

Chyrsomelidae) and various Lepidopteran pests. Cucumber beetles cause damage to 

watermelon by defoliation early in the growing season as well as feeding on the rind of 

the watermelon itself and in muskmelons (Brust, 1997), vectoring the bacterium Erwinia 

tracheiphila (Mohammadi et al., 2018) that causes bacterial wilt (watermelon is resistant 

to this disease, National IPM Database, 2008). Lepidopteran pests cause damage mainly 

through rind feeding. Rind feeding scars and ground spot feeding scars can reduce melon 

grade or render a melon unmarketable when aggregate damage exceeds one inch in 

diameter or penetrates the flesh (USDA, 2021b), even though such feeding is generally 

cosmetic. Labeled chemical management tools available for cucumber beetles and 

Lepidopteran pests include diamides, spinosyns, avermectins, carbamates, oxadiazines, 

pyrethroids, and neonicotinoids (beetles only). 
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Two spotted spider mite (TSSM, Tetranychus urticae Koch, Acari: Tetranychidae) is 

both a primary and a secondary pest of watermelons in which the latter may be promoted 

by pesticides targeting other pests. From a mite management perspective, many of the 

insecticides registered (and most used) for cucumber beetles and Lepidopteran pests 

remove natural enemies or are associated with hormoligosis. Hormoligosis is a 

phenomenon which occurs when a pestôs (such as TSSM) fecundity and reproductive rate 

increases when exposed to a sublethal does of a pesticide (Schmidt-Jeffris & Beers, 

2018). 

In watermelons, TSSM are found feeding on the crown leaves of the watermelon 

plant and will move along the vines as the watermelon plant grows. As mites continue 

feeding, leaves lose their ability to photosynthesize and may eventually senesce. 

Defoliation caused by TSSM can cause economic losses when the level of defoliation 

reaches over 30% of the field (Schmidt-Jeffris et al., 2021). While mites do not directly 

impact fruit, leaf injury can reduce quality or yield (Meck, 2010). Generally, mite 

management in agricultural crops focuses mainly on the use of miticides but recently 

predatory mites have been used for mite control in some production systems, especially 

in tree fruits and strawberry.  

TSSM Cultural Control  

Cultural control of TSSM in a commercial field setting centers around 

maintaining field conditions to keep plants healthy while disrupting avenues for TSSM to 

enter fields. TSSM can be carried inadvertently from one field to another not only by 

employees but also by equipment being used in the field. Altering the timing of field 
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work and sanitizing equipment are some examples of cultural control. According to the 

USDA NIFA Crop Profile for Watermelons in Delaware (2007), another cultural control 

method for a commercial field is to avoid mowing grassy fields and field margins until 

after midsummer to prevent the removal of spider mite refuge that would force mites to 

move into the field. 

In greenhouse operations, cultural control can involve sanitizing the greenhouse 

and equipment to remove debris and weeds that can harbor spider mites. Physical control 

would be accomplished by installing screens to prevent infiltration from outside the 

greenhouse and from adjoining sections of the operation. 

TSSM Biological Control 

There are effective biological control agents for TSSM which when used can help 

reduce the dependence on chemical control, and some agents are commercially available. 

Predatory mites, especially members of the family Phytoseiidae, are an especially 

important group of agents used to manage TSSM. As early as 1963, research on the use 

predatory mites for controlling pest mite species was conducted by testing their efficiency 

of mite feeding and their tolerance to pesticide use (Smith et al., 1963). Research has 

focused on predatory mite performance in different environmental conditions, how well 

predatory mites work with other biological control agents (Rhodes et al., 2006), the 

susceptibility to various pesticides (Rijal et al., 2016; Bostanian & Akalach, 2006; 

Schmidt-Jeffris et al., 2021; Ditillo et al., 2016), as well as which crops, they are effective 

on compared to other control agents (van Haren et al., 1987). For example, the predatory 

mite Phytoseiulus persimilis performs better on tomato than other biological agents. 
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Other control agents include the predatory beetle Stethorus gilvifrons (Mulsant) 

(Coleoptera: Coccinellidae), the midge Feltiella acarisuga (Vallot) (Diptera: 

Cecidomyiidae) and the entomopathogen Neozygites floridana (Weiser and Muma) 

(Neozygitales: Neozygitaceae). During periods of high humidity and cooler weather, mite 

reproduction slows down and entomopathogenic fungus increases, putting mite survival 

at risk. Unfortunately, Neozygites floridiana is suppressed by fungicidal applications 

(Castro et al., 2016; Brandenberg & Kennedy, 1983); and such applications are 

frequently made to watermelon. It has been demonstrated that host plant leaf 

surfaces/structures such as wax layers or trichomes can reduce successful colonization 

control by many predators, especially Stethorus gilvifrons (Bayoumy et al., 2014). The 

midge Feltiella acarisugaôs ability to suppress mite populations decreases when relative 

humidity is lower than 60% for extended periods of time, making it a better option to 

deploy midges near the end of a growing season (Perdikis et al., 2008). Often these 

control agents are used in greenhouse operations where temperature and relative humidity 

can be controlled to some extent. 

Various Phytoseiid mite species are effective, well-understood, and commercially 

available biocontrol agents used to manage TSSM in greenhouse and field operations. 

They feed on all life stages of spider mites. Predatory mites do not have eyes but rather 

find their prey using their anterior legs which they use as sensory receptors to separate 

prey eggs from other eggs and identify prey mites (Jackson & Ford, 1973). They feed by 

grabbing their prey to prevent escape and inserting their stylets to drain the contents of 

their prey leaving behind a shriveled husk (Eveleigh & Chant. 1981). Phytoseiids use a 
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pseudo-arrhenotoky reproductive strategy. Both male and females hatch from fertilized 

eggs, but male embryos lose their paternal chromosome set. While this does cause 

inbreeding, the degree of inbreeding (that affects the number of eggs and egg mortality) 

varies on the predatory mite and the origin (sibling pair, within same population, or from 

different populations) of the individual mites in a mating pair (Atalay & Schausberger, 

2018).  

Predatory mites are most effective when applied before spider mites reach 

economic thresholds (and preferable a few weeks prior) so that predator populations have 

time to establish themselves. It may take about 10-14 days for predator populations to 

reach levels that can manage spider mite populations effectively (Decou, 1994). The 

predatory mites to be used in this research are Phytoseiulus persimilis (Athias-Henriot) 

and Neoseiulus fallacis (Garman). 

Phytoseiulus persimilis (Athias-Henriot) is a predatory specialist predator of 

TSSM and is often used in greenhouse operations, but it can also be applied in field 

operations (McMurtry et al., 1997). Phytoseiulus persimilis can feed on 20-25 spider mite 

eggs a day and lay eggs at a rate of 2-4 eggs per day to a total of 20-50 eggs per female 

(Hoy, 2011). Phytoseiulus persimilis can manage TSSM effectively when temperatures 

are between 15ęC to 27ęC and relative humidity is between 60%-90% (Stenseth, 1979). 

Some plants, in response to spider mite feeding, release volatiles specific to spider mite 

attack that can attract this predatory mite to aid in management (van den Boom et al., 

2002). Phytoseiulus persimilis is a Tetranychus specialist and will starve or disperse 

when prey is scarce. P. persimilis feeding and oviposition becomes reduced when TSSM 
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enters diapause (Pérez-Sayas et al., 2018). TSSM webbing can hinder some predators, but 

P. persimilis can cut webbing with its chelicerae to a greater extent than non-specialist 

predatory mites. (Shimoda et al., 2010). 

Phytoseiulus persimilis is readily available from biological control agent 

dispensaries. Some examples of these dispensaries include Koppert Biological Systems 

Inc. (an industry leader, Howell, MI), Green Method (Beneficial Insectary Inc. Redding, 

CA), and Arbico Organics (Arizona Biological Control, Inc., Oro Valley, AZ) to name a 

few, and each has varying prices, number of mites per product, and rates at which mites 

are released. To use the examples above, Koppert offers P. persimilis at a range of 4,000-

10,000 mites per container and suggests that depending on the level infestation, the mites 

should be released at a rate of 2-50/m2 which is about 8,093-202,343 mites/acre (Koppert, 

2021b). Green Method suggests 5.4-21.5 mites per sq. meter. or 21,780- 87,120 mites per 

acre and offers multiple containers with 2,000-25,000 mites per container (Green 

Methods, 2021b). According to Arbico Organics, in greenhouse settings, these mites can 

be released at a rate of five P. persimilis per 10 sq. ft. (5.382 per sq. meter), and in field 

settings would be applied at a rate of 25,000 to 50,000 per acre depending on the level of 

infestation. Phytoseiulus persimilis is sold in containers that range in size holding 2000-

10,000 mites per container (Arbico Organics, 2021b). The average price of mites per acre 

could range from $204.13-$1,150.98 per acre at the lowest volume of mites sold at a time 

and $184.09-$1,000.92 per acre at the highest volume of mites sold at a time which will 

depend on the level of infestation and the vendorôs recommendations. In a study done by 

Bilbo & Walgenbach (2020) testing the compatibility of bifenazate and P. persimilis in 
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managing TSSM, P. persimilis was released among staked tomatoes at a rate of 20,000 

mites per acre when TSSM numbers reached 0.55 per leaflet and it was found that P. 

persimilis was able to reduce TSSM populations four weeks after release, but it did not 

reduce TSSM pressure unless it was paired with bifenazate. Howell & Daugovish (2016) 

tested the efficacy of the predatory mites Phytoseiulus persimilis, Amblyseius andersoni, 

Neoseiulus californicus, and Neoseiulus fallacis in managing spider mites by releasing 

61,000 individuals of each predatory mite per hectare (about 25,000 predatory mites per 

acre) in a 28.3-hectare (69.93 acre) field. They were released in a rate that they referred 

to as the ñGrower Standardò. From this study, it was found that P. persimilis was 

successful at controlling spider mite populations but only if the spider mite is 

Tetranychus urticae. Any other spider mite pest present was left alone and P. persimilis 

dispersed once TSSM populations could not support them. 

Neoseiulus fallacis (Garman) is a predatory mite that feeds on TSSM and is often 

used in orchards to manage TSSM. This predatory mite is native to Delaware and has 

been observed in cucurbit fields (Owens unpublished data). Unlike P. persimilis, 

Neoseiulus fallacis will feed on other Tetranychids as well as pollen when prey mites are 

not present (Croft et al., 1998, Jamil et al., 2019). N. fallacis can tolerate colder 

temperatures than P. persimilis but it doesnôt tolerate arid locations (Monetti and Croft, 

1997)) with low humidity (Croft et al., 1993). It has the potential to overwinter through 

extremely dry winters provided irrigation is run after harvest is completed (Morris et al., 

1996). N. fallacis begins diapause when temperatures decrease past 26.7ęC and the 

photoperiod is less than 11.75 hrs. of daylight (Rock et al., 1971). This predator has been 
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shown to be dependent on prey availability, will disperse when prey is scarce, and is less 

likely to cannibalize their own eggs and the eggs of other predatory mites (Croft et al., 

1996). When dispersing from a plant, N. fallacis will crawl its way to a new plant but it 

can also be carried on the wind like its prey. (Jung and Croft, 2000). 

According to Arbico Organics, N. fallacis can be applied at a rate of 1-3 mites per 

square foot (10.764-32.292 per sq. meter, 43,560-130,680 per acre) depending on the 

level of infestation. Arbico Organics offers containers that can contain 1000-10,000 N. 

fallacis with a price range of $39.95-$152 per container (Arbico Organics, 2021a). Green 

Method suggests 0.5-4 mites per square foot (5.382-43.056 per sq. meter, 21,780-174,240 

per acre) and sells multiple containers that can contain a range of 1,000-25,000 mites 

with a price range of $22.95-$454.95 (Green Method, 2021a). The average price of mites 

per acre could range from $1,120.08-4,609.73 per acre at the lowest volume of mites sold 

at a time and $558.53-$2,992.57 per acre at the highest volume of mites sold at a time 

which will depend on the level of infestation and the vendorôs recommendations. Koppert 

does not offer N. fallacis but offers other predatory mites. In a study done by Howell & 

Daugovish (2016) in testing the efficacy of predatory mites in managing spider mites, 

they found that N. fallacis as well as other predatory mites are successful in decreasing 

spider mite populations upon release, but they did not keep populations low for the first 

two weeks after release. Both predators feed on both the eggs of the spider mite and on 

the spider mite itself by piercing the mite or egg and draining their contents (Eveleigh et 

al., 1981). 
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TSSM Chemical Control 

 There are 7 active ingredients labeled for use in watermelon: abamectin, 

etoxazole, acequinocyl, fenazaquin, fenpyroximate, spiromesifen, and bifenazate. Each of 

these materials has unique modes of action (MOA), works on different mite life stages, 

and has differential impact to predatory mites (Table 1-1). 

Among these, the most used materials by Delaware growers are abamectin, 

fenpyroximate, and spiromesifin, although some producers also report using etoxazole 

and bifenazate (Owens unpublished data). These active ingredients have varying levels of 

effectiveness on TSSM and can indirectly affect other organisms (Table 1-1). To reduce 

the chance of resistance, pesticides should be used in rotation. Biological control agents 

can also reduce the chance of resistance by consuming surviving TSSM after a treatment. 

Chemical control of TSSM involves the use of miticides with different modes of action 

used in rotation to prevent resistance development. Controlling TSSM with chemicals can 

be difficult because TSSM tends to feed on the underside of leaves which makes 

targeting them directly a challenge depending on the application methods available and 

the thickness of the canopy (Schmidt-Jeffris et al., 2021). TSSM has a propensity to 

develop resistance to chemicals used frequently to target an individual population. There 

are reports of TSSM populations developing resistance to organophosphates, carbamates, 

pyrethroids (Regan et al., 2017), bifenazate, METIs, abamectin (van Leeuwen et al., 

2010), and other pesticides with various modes of action (van Leeuwen et al., 2015). In 

hops, spider mite resistance to etoxazole, bifenthrin, bifenazate, and abamectin has been 

found (Wu et al., 2019). There are also reports of resistance to chlorfenapyr with the 
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possibility of cross-resistance with amitraz, bromopropylate, clofentezine, dimethoate, 

and bifenazate which are from different chemical groups (Nicastro et al., 2013). 

Bioassays can help determine miticide efficacy testing. This type of testing helps to 

determine at what concentration a chemical could be applied to effectively control a pest 

or harm a biological control agent as well as study any changes in behavior, life history, 

and pesticide resistance both among TSSM and natural enemies (Musa et al., 2017). 

Bioassays, including residue assays, can be done in several ways including dipping leaves 

(Wang et al., 2016) into chemical solutions and applying test subjects to the leaves 

(IRAC, 2009), and the use of a Potter Spray Tower to apply pesticide to a leaf disc with 

test subjects on it (Kabir et al., 1993). 

For this research, a Potter Spray Tower was used in bioassays to apply miticides to adults 

and to eggs. The Potter spray tower allows for an easier application method that can 

simulate applications done in a commercial setting while using solutions to simulate 

different concentrations. The Potter spray tower method has been used to test the effects 

of pesticides on predatory mites (Salman et al., 2015). Phytoseiulus persimilis 

populations have been found to develop resistance to etoxazole and low-level cross-

resistance to spinosad, milbemectin, spiromesifen, and medium cross-resistance to 

deltamethrin (Salman et al., 2015). 

 TSSM are often secondary pests whose populations explode in response to non-

mite pest control. In controlling non-mite pests, TSSM are exposed to sub-lethal doses of 

different active ingredients that have the potential to bolster the fecundity and 

reproduction rate of TSSM, known as hormoligosis (Schmidt-Jeffris et al., 2018). This 
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can occur when mites have been exposed to sub-lethal doses of spinetoram (Wang et al., 

2016), clofentezine (Marļiĺ, 2003), and imidacloprid (James & Price, 2002). According 

to Schmidt-Jeffris & Beers (2018), carbaryl affects biological agents more than 

Tetranychus urticae but there were no signs of hormoligosis. Unfortunately, predatory 

mites do not share the same resistance as their prey, and they can take a couple weeks to 

establish themselves before they can control mite populations. This creates a situation 

where excessive use of pesticides over 2-4 applications in one growing season (USDA 

NIFA, 2007) increases risk of resistance and removes biological control agents in the 

process. 

TSSM Distribution on Host Plants 

 Mite management can be improved by understanding how TSSM populations 

establish in fields during the season. A spatial distribution analysis helps to illustrate the 

distribution of a subject (living and non-living) throughout a specified area. In many 

studies, spatial distribution analysis of TSSM focuses on smaller spatial scales such as 

within-plant and greenhouse level spatial scales. Studies at the within plant spatial scale 

aim to find where TSSM can be found on a single plant in relation to where a released 

biological agent is and how the agentôs presence affects the miteôs movement on a plant 

(Strong and Croft, 1995). Studies at the greenhouse level spatial scale aim to find how 

mite management is affected by how spider mites are arranged within a greenhouse 

(clumped patches, evenly distributed, etc.) and how effective biocontrol agents are when 

released in a similar or different arrangement as the spider mites (Alatawi et al., 2011). 

However, research beyond these spatial scales appears to be very limited as far as 
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documenting the movement of phytophagous mites within an agricultural field setting. 

TSSM is a pest that can inhabit vegetation surrounding a field and will eventually move 

into a field but itôs appearance can also be the result of infested plants obtained from a 

greenhouse (depending on the crop planted). For TSSM, spatial distribution information 

within an agricultural field setting can help identify general patterns of spider mite 

populations within a field, study how óhot spotsô or highly concentrated subpopulations 

behave, source populations for targeted chemical management, and target biological 

control agent release. TSSM spatial distribution maps may also help show the 

relationship between the locations of mite populations within the field and the 

environment surrounding the infested field. For example, in a study conducted by Rijal et 

al., (2016) in characterizing the spatial distribution pattern of TSSM, it was found that 

higher mite populations tended to be found near the edges of the field. This information 

can be a valuable tool in targeted applications of predatory mites. Running analyses on 

spatial distribution data like spatial autocorrelation analyses can also provide insight 

about how much variability there is within the field. Over the course of a season, the 

distribution of mite infestation can be considered random, aggregated, or even based on 

the number of mites present and where they are found in the field.  
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Table 1.1: Miticides registered on watermelon and their impact on TSSM and predatory 
mites 

MOA 

Group 

Number 

Active 

Ingredient 

(Trade Name) 

Behavior on 

plants; 

Site of action 

(IRAC, 2020) 

Impact on TSSM 

(van Leeuwen et 

al., 2015) 

Target Life Stage and Impact 

on Predatory Mites 

6 Abamectin 
(ex. Agri-Mek) 

Translaminar; 
Glutamate-gated 

chloride channel 
allosteric 

modulators 

Reduces miteôs 
ability to move, 

eat, or function. 

Mobile life stages 
 

Toxic to P. persimilis (Koppert 
Biological Systems, 2021) 

 

Non-toxic to N. fallacis (Hardman 
et al., 2007) 

10 Etoxazole (ex. 
Zeal WP and 

SC) 

Translaminar; 
Mite growth 

inhibitors 
affecting CH51 

Prevents chitin 
formation 

Eggs and juveniles 
 

Toxic to P. persimilis eggs 
(Koppert Biological Systems, 

2021) 

 
Non-toxic to N. fallacis (Bergeron 

& Schmidt-Jeffris, 2020) 

20B Acequinocyl 
(ex. Kanemite) 

Translaminar; 
Mitochondrial 
complex III 

electron 
transport 

inhibitors 

Reduces the 
formation of ATP 

by disabling a 

section of the 
electron transport 

chain 

Eggs and mobiles 
 

Moderately toxic to P. persimilis 

(Koppert Biological Systems, 
2021) 

 
Non-toxic to N. fallacis (Bergeron 

& Schmidt-Jeffris, 2020) 

 
21A Fenazaquin 

(ex. Magister) 

Contact; 

Mitochondrial 
complex I 
electron 

transport 
inhibitors 

Reduces the 

formation of ATP 
by disabling a 
section of the 

electron transport 
chain 

 

Eggs and mobiles 

 
Toxic to P. persimilis (Koppert 

Biological Systems, 2021) 

21A Fenpyroximate 
(ex. Portal) 

Contact; 
Mitochondrial 

complex I 
electron 

Reduces the 
formation of ATP 

by disabling a 
section of the 

Mobiles 
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transport 
inhibitors 

electron transport 
chain 

Non-toxic to P. persimilis 
(Koppert Biological Systems, 

2021) 
 

Toxic to N. fallacis (Bergeron & 
Schmidt-Jeffris, 2020) 

 

23 Spiromesifen 
(ex. Oberon) 

Contact; 
Inhibitors of 

acetyl CoA 
carboxylase 

Hinders the 
regulation of fatty 

acid metabolism 

Juveniles 
 

Non-toxic to P. persimilis 
(Koppert Biological Systems, 

2021) 

 
Non-toxic to N. fallacis (Bergeron 

& Schmidt-Jeffris, 2020) 
 

20D Bifenazate 

(ex. Banter) 

Contact; 

Mitochondrial 
complex III 

electron 
transport 
inhibitors 

Reduces the 

formation of ATP 
by disabling a 

section of the 
electron transport 

chain  

Eggs and mobiles 

 
Moderately toxic to P. persimilis 

(Koppert Biological Systems, 
2021) 

 

Toxic to N. fallacis (Bergeron & 
Schmidt-Jeffris, 2020) 
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Chapter 2  

INTEGRATING BIOLOGICAL CONTROL AGENTS OF TWO -SPOTTED 

SPIDER MITE WITH CONVENTIONAL INSECTICIDES  

Abstract 

 The two-spotted spider mite is an important watermelon pest and is managed with 

chemical miticides. Integrating biological control agents with selective insecticides could 

help keep mite populations low while managing other non-mite pests and save effective 

broad-spectrum insecticides as a last resort option. Two predatory mite species, 

Phytoseiulus persimilis and Neoseiulus fallacis, were investigated for their impact on 

TSSM while exposed to insecticides potentially used in a commercial melon field setting 

for managing other arthropod pests. Seedless watermelons were transplanted into 3 

blocks in 2020 and 4 blocks in 2021. Each block was infested with TSSM and then each 

predator was applied to a specific block: N. fallacis, P. persimilis, a combination of the 

two, or none (only in 2021). Blocks were subdivided into insecticide treatment plots in 

which insecticides were applied weekly (broad-spectrum insecticide, selective 

insecticides, and no-insecticide controls). Neither predator managed spider mite 

populations better than the other, but their presence improved yield when watermelon 

was harvested. Among the blocks in 2021, there was much higher levels of spider mite 

populations in the control block in which no predators were released compared to the 

predator release blocks, especially in the broad-spectrum insecticide subplot treatment. In 

both years, species dispersed into other blocks which may have affected the performance 

for each predator. More research is required to determine the effectiveness of each 

individual predator within a commercial field setting. 
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Introduction  

TSSM is a major pest of watermelon grown on the Delmarva Peninsula (Delaware 

and portions of Maryland and Virginia east of the Chesapeake Bay). Chemical control is 

a common practice for controlling Two-Spotted Spider Mite (TSSM, Tetranychus urticae 

Koch, Acari: Tetranychidae). However, TSSM develops resistance to chemicals quickly 

due to its short life cycle, high fecundity, and arrhenotokous reproduction (Tuan et al., 

2016), when chemicals are used repeatedly without rotation or if the chemicals used have 

similar modes of action. Biological control can reduce the reliance on chemical 

management and preserve the longevity of miticide effectiveness. 

 Important predators of TSSM include Stethorus (Coleoptera: Coccinellidae), 

Feltiella acarisuga (Diptera: Cecidomyiidae), and predatory mites (Phytoseiidae). 

Among the predatory mites, one of the most-used species for mite control is Phytoseiulus 

persimilis (Athias-Henriot). It is a specialist predator of TSSM and is often used in 

greenhouse operations, but it can be applied in field operations (McMurtry et al., 1997). 

Another species, Neoseiulus fallacis (Garman), is important in orchards for TSSM 

management. This predatory mite is native to Delaware and has been observed in 

cucurbit fields (Owens unpublished data). Neoseiulus fallacis is considered a Type II 

specialist predator in that it will feed on Tetranychus mites but will also feed on other 

Tetranychid species as well as pollen when TSSM is not present (Croft et al., 1998, Jamil 

et al., 2019). 

To integrate biological control for TSSM within the watermelon cropping system, 

the proper predator species needs to be selected, and release rates, timing, and release 
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conditions need to be investigated. Predatory mite response to other insecticides also 

needs to be investigated to determine if they can maintain their efficacy against TSSM 

while other pests are controlled. 

Other pests that frequently need to be managed include Lepidopteran rind feeding 

pests (órindwormsô), aphids, and striped cucumber beetles (Acalymma vittatum F., 

Coleoptera; Chyrsomelidae). Management for these pests can result in secondary 

outbreaks of TSSM. Broad spectrum insecticides can also lead to increased mite 

populations by affecting predatory insects and mites that would prey on TSSM as well as 

potentially increasing TSSM fecundity (James & Price 2002). Selective pesticides are 

used to target specific pests within a certain order or family of insects so that beneficial 

insects are less likely to be harmed. This can leave pests not targeted by selective 

pesticides time to cause damage and may require additional applications (Kim et al., 

2018). 

This study was designed to examine both predatory mite species impact on TSSM 

and the impact of different insecticide maintenance programs on predatory mite 

populations. I believe that among the spray treatments, the Broad-Spectrum treatments 

will have more spider mites than the other two treatments due to the elimination of 

predators and possible resistance development. Among the predatory mite release blocks, 

the P. persimilis block will have fewer mites among the treatments than the other block. 

Methods and Materials 

I conducted this study in 3 seedless watermelon blocks in 2020 and 4 seedless 

watermelon blocks in 2021 at the University of Delaware Carvel Research and Education 
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Center in Georgetown, DE. Watermelon transplants (c.v. óRoad Tripô in 2020 and 2021) 

and pollenizers (óWingmanô) were seeded in 72 cell trays in a greenhouse at the Carvel 

REC on April 13th in 2020 and April 16th in 2021. The Carvel Research Center 

Entomology Crew and I transplanted watermelons on June 5, 2020, and May 26, 2021, in 

black plastic using a water wheel pulled behind a tractor. Transplants were spaced 0.9 m. 

apart using a ratio of 3:1 seedless: pollenizer. Each block consisted of seven beds (2.1 m 

between beds, 68 m long) in 2020 (Figure 2.1) and eight beds in 2021 (Figure 2.2) with 

six planted rows and 1-2 unplanted guard rows in the center of each block. Each block 

was divided into 12 sub-plots treatment (each sub-plot consisted of 3 rows x 9.15 m, 3 

sub-treatments replicated four times). Sub-plots were separated by 4.1 m and replicates 

separated by a 2.7 m alley. We infested transplants with TSSM sourced from clover 

(2020), pokeweed, and hops (2021) while in the greenhouse or immediately after 

transplanting to ensure spider mite levels were sufficient to support predatory mite 

application. 

Within a block, I released P. persimilis (Persimilis block; 5,000 in 2020 and 

40,000 in 2021), N. fallacis (Fallacis block; 5,000 in 2020 and 40,000 in 2021), or 5,000 

of each species (Combo block; 5,000 each species in 2020, 20,000 of each species in 

2021). Arbico-Organics (Oro Valley, Arizona) supplied the predatory mites. Predatory 

mites were released on 3 July 2020; in 2021 N. fallacis was released on 13 July and P. 

persimilis on 16 July. 

To examine the impact of various insecticides on predator mite populations and 

efficacy, I applied weekly applications of broad-spectrum insecticides (Broad-Spectrum 
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Foliar) and narrower spectrum insecticides (Selective foliar) to their respective sub-

treatments except the untreated control (no insecticide) using a CO2 pressurized backpack 

sprayer fitted with 8 D5 nozzles and #45 cores spaced 50.8 cm apart and calibrated to 

deliver 467.7 liters per hectare at 414 kpa. See Table 2.1 for trade names, application 

rates and dates. 

Sampling Process 

At weekly intervals, 0-2 days prior to an insecticide application, 10 crown leaves 

were removed from each plot and examined for TSSM and predatory mites with the aid 

of a stereo microscope.  

 In 2021, watermelons were harvested from each subplot and treatment on three 

separate occasions. Watermelons were weighed individually and inspected for signs of 

rind feeding and ground spot feeding and the severity of the feeding. Rind feeding more 

than 17.8 cm2 was considered to render the melon unmarketable (USDA 2021b). 

Watermelons were considered underweight if the weight of an individual watermelon 

was more than 1.36 kg below the average harvest weight (USDA 2021b). 

Data Analysis 

Predatory mite counts, TSSM counts, and watermelon harvest data were analyzed 

using one-way and two-way anova analyses for repeated measures using the JMP v 16 

software (SAS Institute Inc., 2021-2022) and regression analyses to view the 

relationships between mite populations and the timing of pesticide applications. Data 

with unequal variance among treatment groups were log transformed prior to analysis. 
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Mean separation was performed using Tukey Kramer HSD. Separate analyses were 

conducted for the spider mites and individual predator species present in each treatment. 

Results 

2020 

There were clear infiltrations of other predatory mite species into blocks 

designated for a single species of predatory mite. However, there were higher populations 

of the designated predatory mite species in their respective blocks. In the Combination 

block, TSSM populations averaged 46 per leaf at the time of release. TSSM populations 

did not significantly differ in any insecticide-treatment subplot. Over the course of the 

sampling period the spider mite population peaked between July 9 and 17 before sharply 

declining on 24 July. Spider mite populations continued to gradually decline in the no-

insecticide plots until 8/24/2020 when no TSSM were observed whereas populations 

increased slightly in the two insecticide plots, peaking a second time on August 10 before 

declining to near 0. Predator populations did not differ significantly among the 

treatments, but more activity could be seen by late July. After being released, the 

predatory mites took 4 weeks to establish and begin increasing in population. 

Interestingly, predator recovery was lowest from the no-insecticide treatment, where it 

appeared that mites did not establish themselves. Predator populations peaked in the 

Broad-spectrum treatment (Figure 2.3), but this could be in part due to 

migration/dispersal.  

In the Persimilis block (Figure 2.4), TSSM populations differed among insecticide 

treatments on July 24 and August 10 (F=6.57, d.f.=2,9, P=0.017; F = 4.68, d.f. = 2,9, P = 
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0.040, respectively), with greater numbers in the broad-spectrum treatment. In the 

untreated check plots, over the course of the sampling period the spider mite population 

made a drastic decline between 7/9/2020 and 7/24/2020 going from 40.0 spider mites per 

leaf to 4.0 mites per leaf. One week later the spider mite populations increased to a peak 

of 18.3 spider mites before steadily decreasing to near 0 at the end of the sampling 

period. The Broad-Spectrum and Selective treatments followed similar, though delayed, 

trends and greater mite population intensity than the untreated no-insecticide plots. P. 

persimilis populations appeared to begin establishing themselves 3-5 weeks after release 

but did not significantly differ among treatments at any sample date (P>0.05).  Low 

numbers of N. fallacis were observed beginning on 7/29/2020, 3 weeks after release in 

nearby blocks. 

 In the Fallacis release block, (Figure 2.5), TSSM peaked in the untreated check 

plot shortly after N. fallacis release, and gradually decreased throughout the sampling 

period to 0.1 mites/leaf at the end of the experiment. TSSM populations in the Broad-

Spectrum treatment gradually declined from their peak until treatments were initiated, at 

which point they gradually increased, peaking a second time August 10. TSSM 

populations in the Selective treatment followed a similar trend. TSSM populations among 

the three treatments only significantly differed on 31-July (F=4.88, d.f.=2,9, P=0.037). 

Neoseiulus fallacis inconsistently established in the three treatments. They were only 

detected on one sample date in the untreated no-insecticide plots. They were first detected 

in the Selective treatment on 17-July but did not begin increasing until August. They 

appeared in greater number in the Broad-Spectrum plots on 24-July and again August 10 
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with large variance in population between samples. Because of interplot variation at each 

sample date, N. fallacis populations did not significantly differ among insecticide 

treatments (P >0.05). Low numbers of P. persimilis were observed beginning on 

7/31/2020. 

2021 

In the 2021 sampling period, predatory mites were released between July 13 and 

July 16 except for the no-release Control block. In the Control block, predatory mites 

invaded and increased in population in August (Figure 2.6). In the Control block, TSSM 

populations fluctuated during the sample period but were generally stable except for the 

Broad-Spectrum treatment. TSSM populations increased above the other two treatments 

once insecticide application began, peaking significantly greater than the other treatments 

on 10-Aug and 16-Aug (F=8.54, d.f.=2,9, P=0.008; F=7.45, d.f.=2,9, P=0.012, 

respectively). 

In the Combination block (Figure 2.7), TSSM populations significantly differed 

among insecticide treatments on 2-Aug (F=9.65, d.f.=2,9, P=0.006), with the selective 

treatment having the greatest number of mites. TSSM populations were stable in the 

untreated no-insecticide plots and gradually increased in the other two treatments until 

10-August after which they rapidly declined. Predatory mite populations were low, 

inconsistent, and with high variation among individual plots. Their populations began 

increasing approximately 5 weeks after release. 

In the Persimilis block (Figure 2.8), low numbers of N. fallacis were observed 

beginning on 7/20/2021. TSSM populations significantly differed among insecticide 
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treatments on 8/2/2021 and 8/10/2021 (F=6.98, d.f.=2,9, P=0.015; F=15.61, d.f.=2,9, 

P=0.001, respectively). P. persimilis populations significantly differed on 8/2/2021 

(F=6.82, d.f.=2,9, P=0.016) and appeared to establish most successfully in the Selective 

treatment plots. Phytoseiulus persimilis populations were greatest in the broad-spectrum 

treatment on 9/1/2021. Neoseiulus fallacis also invaded the Persimilis block, 

outnumbering P. persimilis and establishing by 2-August, again favoring the Selective 

treatment plots. 

In the Fallacis block (Figure 2.9), TSSM populations were significantly different 

among treatments on 13-July (F=6.94, d.f.=2,9, P=0.015), with greater numbers in the 

plots to be treated with Selective insecticides. Once insecticide treatment began, TSSM 

populations increased in the Broad-Spectrum plots, peaking on 10-August. TSSM 

populations similarly increased in the Selective plots. Low numbers of P. persimilis were 

observed beginning on 20-July, concentrated in the Broad Spectrum and Selective plots 

after August 10. Neoseiulus fallacis populations were established 4 weeks after release 

and peaked in the broad-spectrum treatment on 10-August. 

In a one-way analysis of spider mites/leaf based on treatment among the blocks in 

2020 (Figures 2.3-2.6), there was significant difference between the broad-spectrum and 

selective treatments on 7/9 (F=6.53, d.f.=2,9, P=0.018) in the predator combination 

block. In the Persimilis block, there was significant difference between the broad-

spectrum and both the no-insecticide and selective treatments on 7/24 (F=6.57, d.f.=2,9, 

P=0.017), between the broad-spectrum and the no-insecticide on 8/10 (F=6.98, d.f.=2,9, 

P=0.015). In the Fallacis block, there was a significance difference between the broad-
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spectrum and both the no-insecticide and selective treatments on 7/31 (F=4.88, d.f.=2,9, 

P=0.037). 

In 2021, there was a significant difference between the selective treatment and 

both the no-insecticide and broad-spectrum treatments on 7/13 (F=6.94, d.f.=2,9, 

P=0.015) in the Fallacis block. In the Persimilis block, there was a significant difference 

between the selective treatment and both the no-insecticide and broad-spectrum 

treatments on 8/2 and 8/10 (F=6.98, d.f.=2,9, P=0.015; F=4.68, d.f.=2,9, P=0.040). In the 

control block, there was significance between the broad-spectrum treatment and the other 

two treatments on 8/10, 8/16 (F=8.54, d.f.=2,9, P=0.008; F=7.45, d.f.=2,9, P=0.012) 

(Table 2.2). In the Predator Combination block, there was significant difference between 

the selective treatment and the other two treatments on 8/2 (F=9.65, d.f.=2,9, P=0.006). 

In a one-way analysis of P. persimilis mites/leaf based on treatment among the 

blocks in 2020 (Table 2.2), there was significant difference between the broad-spectrum 

and the selective and no-insecticide treatments on 8/17 (F=5.49, d.f.=2,9, P=0.028) in the 

Fallacis block. In 2021, there was a significant difference between the selective treatment 

and both the no-insecticide and broad-spectrum treatments on 8/2 (F=6.81, d.f.=2,9, 

P=0.016) in the Persimilis block. A one-way analysis of N. fallacis mites/leaf based on 

treatment among the blocks (Table 2.2) show no significant differences in 2020 and 

2021. 

After running a two-way anova test, TSSM/leaf among the blocks were highest in 

the Predator Combination block followed by the Control block, the Persimilis block, and 

the Fallacis block (see Figures 2.6-2.9). Among the treatments, the broad-spectrum 
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treatment had the most mites/leaf while the no-insecticide had the fewest. Of the four 

blocks, all three treatments in the Predator Combination block had more mites/leaf than 

the other blocks. The two individual predator blocks had the lowest amount of mites/leaf 

of the four treatments. Phytoseiulus persimilis/leaf were greater in the Predator 

combination block followed by the control block, the Persimilis block, and the Fallacis 

block. Among the treatments, the number of P. persimilis/leaf was greater in the broad-

spectrum treatment but compared to the number of mites/leaf, persimilis/leaf overall was 

very low. Neoseiulus fallacis/leaf numbers were greater in the Predator Combination 

block compared to the other blocks. Of the treatments more N. fallacis predators were 

found in the selective treatment. 

 Significant differences among the treatments themselves could be found when the 

data was run through a LSMeans analysis based on the mites/leaf by the date and 

treatment. Spider mite populations were greatest in the broad-spectrum insecticide sub-

plots; the no-insecticide sub-plots had fewer mites in both 2020 and 2021 (Figures 2.3-

2.9). For P. persimilis, there were a few days where P. persimilis mites/leaf were less 

abundant in broad-spectrum treatment sub-plots than other treatments in 2020 and 2021 

(Figures 2.3-2.9 section B). Interestingly for N. fallacis mites/leaf, a few sample dates 

revealed fewer N. fallacis mites/leaf than the no-insecticide sub-plot, but there was one 

date in 2020 in which the Selective sub-plots had the greatest populations (See Figure 

2.5section C). In 2021, the selective treatment was significantly greater from most of the 

mites/leaf in the sampling period (See Figures 2.6-2.9). 

Watermelon Injury 2021 
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The No-Release control block produced the least number of watermelons 

compared with the other blocks with a total of 885 versus 994 (Neoseiulus fallacis release 

block), 1211 (Phytoseiulus persimilis release block), and 1131 (Predator Combination 

block). However, all four blocks had similar percentages of marketable and unmarketable 

watermelons (Table 2.2).  

In the No-Release control block, the selective treatment resulted in the greatest 

number of harvested watermelons in the first harvest only (F = 25.76, df = 2, 9, P 

<0.001). Among the subplot treatments, the selective treatment produced the highest total 

marketable yield (255 watermelons).  

In the Combination Release Block, the broad-spectrum treatment resulted in the 

greatest number of harvested watermelons in the first harvest only (F = 5.14, df = 2, 9, P 

<0.05). Among the subplot treatments, the no-insecticide treatment produced the highest 

total yield (329 watermelons). The no-insecticide treatment produced the highest number 

of damaged watermelons (F = 11.06, df = 2, 9, P >0.001). 

In the P. persimilis Release Block, the broad-spectrum treatment resulted in the 

greatest number of harvested watermelons in the first harvest only (F = 3.94, df = 2, 9, P 

>0.05). Among the subplot treatments, the broad-spectrum treatment produced the 

highest total yield (366 watermelons). The broad-spectrum treatment produced the 

highest number of damaged watermelons (F = 11.06, df = 2, 9, P >0.001). 

In the N. fallacis Release Block, the broad-spectrum treatment resulted in the greatest 

number of harvested watermelons in the first harvest only (F = 1.12, df = 2, 9, P >0.05). 
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Among the subplot treatments, the broad-spectrum treatment produced the highest total 

yield (337 watermelons).  

Discussion 

 In both 2020 and 2021, both predators were found in locations where they were 

not originally released. These changes in predator movement can be influenced by 

weather conditions, the density of mites present, as well as any maintenance efforts like 

mowing (National IPM Database, 2008) or fungicide maintenance applications. 

Movement within and across rows appears to be a common occurrence in studies that 

focus on integration of natural predators into growing operations with or without 

chemical applications (Coop and Croft, 1995; Jung & Croft, 2000). Dispersal is important 

for both the predator and the pest as the predator concentrates on areas with high 

densities of prey while the prey (spider mites) migrate away from high density areas 

(Karimzadeh & Sciarretta, 2022). To prevent possible intraguild competition, blocks and 

subplots should be separated even further, although it might not be feasible in a small plot 

setting. When food becomes scarce for both predators, they will move to a new location 

by walking or using the wind to move. Due to the high mobility of these predators, their 

individual performance within each block is a bit difficult to determine. 

The overall performance of P. persimilis and N. fallacis was evaluated but 

performance varied from year to year with N. fallacis performing better than P. persimilis 

in 2020 and vice versa in 2021. Infiltration of each predator into other blocks affected the 

evaluation of individual predatory species performance but their overall presence seemed 

to have an impact on spider mite populations as well as watermelon harvest. In 2020 and 
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2021, mite populations in no-insecticide and selective treatments were lower than those 

in broad-spectrum treatments through a majority of the growing season. It is possible that 

some of the broad-spectrum applications resulted in a hormoligosis effect on TSSM or 

that they retarded both predatory mites as well as other natural enemies present in the 

field (James & Price, 2002). Selective treatments had smaller TSSM populations than 

broad-spectrum but higher populations than the no-insecticide treatment. One of the 

components of the selective treatment, acetamiprid, might have a positive effect on spider 

mite fecundity (Barati & Hejazi, 2015), though whether predators kept mite populations 

low, or the spider mites moved to other blocks is unknown. 

From a biological control perspective, Harvanta (cyclaniliprole, Summit Agro 

USA, LLC, Durham, NC) may have less of a detrimental impact to predatory mites and 

could be used to manage both cucumber beetles and rindworms. However, it is highly 

toxic to pollinators which could reduce yield especially if applied more than 3-4 times 

consecutively as it increases the level of exposure (Leach et al 2022). It is possible that in 

our study, treatments were initiated after most of the harvested melons had been 

pollinated (watermelons require 42-45 days to develop after pollination: Iowa State 

University, 2009). While the broad-spectrum treatments may result in similar or even 

greater number of marketable melons, there is a potential trade-off with the risk of 

requiring additional TSSM management. Quality (i.e., brix testing for sugar content) had 

not been tested for any of the watermelons which could be valuable information to obtain 

as spider mites reduce a plantôs ability to photosynthesize which could affect their sugar 

content. 
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 The cost of producing one acre of watermelons can range from $567-$1,215 per 

hectare depending on irrigation costs, mulching used and other maintenance costs (USDA 

NIFA, 1999). Predatory mites have the potential to be integrated effectively into a 

commercial growing field and have an impact on the level of spider mite populations 

present and marketable watermelons produced, but more research is required to 

determine which predator is more effective and especially timing releases and release 

rates. In both years, it took more than 4 weeks for predatory mite populations to increase 

significantly. Predatory mites can be expensive, and do not always result in adequate 

spider mite control. For example, Howell and Daugovish (2016) deployed 61,000 P. 

persimilis and N. californicus per acre in strawberry plantings but could not prevent 

spider mites from exceeding the economic threshold. It may be possible to apply mites in 

a targeted area of a field if likely spider mite introduction points could be predicted. 

Watermelon yield can be impacted once mites affect 30% or more of the leaf area 

(Schmidt-Jeffris et. al., 2021), although farmers treat well before this level of damage is 

observed. It is possible that predatory mites in watermelon might maintain spider mite 

populations at higher levels than what consultants or farmers are generally comfortable 

with but below the point at which mites significantly impact yield.  

 In conclusion, broad spectrum insecticide treatments generally result in greater 

spider mite abundance. Predator performance was not consistent during the study. More 

research is necessary to determine factors that contribute to their slow establishment and 

when and at what rate they should be deployed relative to spider mite populations. 
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TABLES 

Table 2.1: Insecticide treatments, target pest, and application dates applied to predatory mite release block subtreatment plots, 

2020-2021. 

Trade 

Name  

Active Ingredient (IRAC MOA Group 

number) 

Application Rate (mL/ 

ha) 

Labeled 

Pest 

Application 

Dates 

 

(Broad-Spectrum Treatment) 

 

Besiege lambda-cyhalothrin + 

chlorantraniliprole 

(3A + 28) 

16 ml Lepidopteran pests, Cucumber Beetles, 

Thrips 

2020: July 17, 

Aug. 10 

2021: Aug. 5, 

Aug. 28 

Brigade Bifenthrin 

(3A) 

11.35 

ml 

Lepidopteran pests, Cucumber Beetles, 

Thrips, and Mites 
2020: July 31 

 
2021: July 22, 

Aug. 18 

Carbaryl 4L Carbaryl 

(1A) 

56 ml Cucumber Beetles, some Lepidopteran 

pests 

2020: July 24, 

Aug. 24 

 

2021: July 28 



 

 

4
4 

Mustang 

Maxx 
Zeta-cypermethrin (3A) 7.09 ml Lepidopteran pests, Cucumber Beetles, 

Thrips 
2020: Aug. 17 

 

2021: Aug 10 

 

(Selective Treatment) 

 

Assail 

Anarchy 

Acetamiprid (4A) 9.01 ml Aphids, Cucumber Beetles, Leafminers, and Thrips 2020: July 24, Aug. 

17 

 
2021: July 22, Aug. 

10 

Harvanta Cyclaniliprole (28) 29.09 

ml 

Lepidopteran pests, Cucumber beetles, Leafminers, 

Thrips 

2020: July 31, Aug. 

24 

 

2021: Aug. 28 

Intrepid Methoxyfenozide 

(18) 
17.7 ml Lepidopteran pests 2020: July 17, Aug. 

10 

 
2021: July 28, Aug. 

18 

  



 

 

4
5 

Table 2.2: Marketable and insect-damaged watermelons harvested from predatory mite release blocks, 20211 

Block Subplot 

Treatment 

# Marketable 

melons 

# Insect-

Damaged 

melons 

# Underweight 

Melons 

% Marketable  

Harvest 1 August 12 
No-Release 

(Control)  

UTC 28.3 ± 0.75 1.8 ± 1.1 5.3 ± 2.0 38.31% 

Broad-Spectrum 19.0 ± 1.08 1.3 ± 0.3 5.3 ± 2.2 25.76% 
Selective 26.5 ± 1.04 0 3.8 ± 1.7 35.93% 
ANOVA  P=0.0002, 

F=25.7556, d. 
f.=2, 9 

P=0.2068, 

F=1.8871, d. 
f.=2, 9 

P=0.8260, F=0.1953. 

d. f.=2, 9 

 

Fallacis UTC 31.5 ± 3.2 1.0 ± 0.4 4.3 ± 1.3 32.47% 
Broad-Spectrum 37.3 ± 5.6 0.3 ± 0.3 3.8 ± 1.0 38.40% 

Selective 28.3 ± 3.7 0.3 ± 0.3 3.8 ± 1.4 29.12% 

ANOVA  P=0.3683, 
F=1.1185, d. f.=2, 

9 

P=0.2009, 
F=1.9286, d. 

f.=2, 9 

P=0.9465, F=0.0553, 
d. f.=2, 9 

 

Persimilis UTC 51.0 ± 3.7 1.0 ± 0.6 6.8 ± 1.8 35.98% 
Broad-Spectrum 53.8 ± 4.9 1.8 ± 1.1 6.8 ± 1.7 37.92% 

Selective 37.0 ± 4.8 1.5 ± 0.5 8.0 ± 2.4 26.10% 
ANOVA  P=0.0589, 

F=3.9427, d. f.=2, 
9 

P=0.8211, 

F=0.2015, d. 
f.=2, 9 

P=0.8726, F=0.1384, 

d. f.=2, 9 

 

Combo UTC 59.5 ± 4.0 1.0 ± 0.5 10.3 ± 1.3 38.20% 

Broad-Spectrum 60.5 ± 7.5 3.5 ± 0.7 7.5 ± 2.5 38.84% 
Selective 35.8 ± 6.5 0.3 ± 0.3 10.8 ± 2.0 22.95% 

 
 
1 Disease and hollow heart were not taken into consideration 
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ANOVA  P=0.034, F=5.14, 
d. f.=2, 9 

P=0.0038, 
F=11.06, d. f.=2, 

9 

P=0.4986, F=0.7526, 
d. f.=2, 9 

 

Harvest 2 Aug 24 - Aug 30 
No-Release 

(Control)  

UTC 31.8 ± 3.3 1.5 ± 0.9 4.5 ± 1.6 33.69% 
Broad-Spectrum 27.3 ± 5.5 0.5 ± 0.3 6.3 ± 1.4 28.91% 

Selective 35.3 ± 4.2 2.0 ± 0.8 3.8 ± 1.4 37.40% 
ANOVA  P=0.4681, 

F=0.8268, d. f.=2, 
9 

P=0.3544, 

F=1.1667, d. 
f.=2, 9 

P=0.4977, F=0.7548, 

d. f.=2, 9 

 

Fallacis UTC 17.8 ± 7.0 0.3 ± 0.3 13.3 ± 8.8 21.26% 

Broad-Spectrum 42.8 ± 12.3 1.5 ± 1.2 14.3 ± 7.9 51.20% 
Selective 23.0 ± 3.0 0.0 10.0 ± 1.6 27.54% 

ANOVA  P=0.1362, 
F=2.5088, d. f.=2, 

90.18 

P=0.4629, 
F=0.8400, d. 

f.=2, 9 

P=0.9022, F=0.1041, 
d. f.=2, 9 

 

Persimilis UTC 24.3 ± 3.0 0.0 4.8 ± 1.9 31.80% 
Broad-Spectrum 30.5 ± 5.8 0.5 ± 0.3 2.3 ± 1.3 40.00% 

Selective 21.5 ± 2.4 0.5 ± 0.5 10.8 ± 3.0 28.20% 
ANOVA  P=0.3113, 

F=1.3323, d. f.=2, 

9 

P=0.4997, 
F=0.7500, d. 

f.=2, 9 

P=0.0533, F=4.1323, 
d. f.=2, 9 

 

Combo UTC 11.3 ± 2.3 0.8 ± 0.5 2.5 ± 1.2 31.91% 
Broad-Spectrum 12.5 ± 4.6 0.0 2.8 ± 0.9 35.46% 

Selective 11.5 ± 4.1 0.3 ± 0.3 2.0 ± 0.9 32.62% 
ANOVA  P=0.97, 

F=0.0305, d. f.=2, 
9 

P=0.27, F=1.500, 

d. f.=2, 9 

P=0.87, F=0.147, d. 

f.=2, 9 

 

Harvest 3 Sept 13 
No-Release 

(Control)  

UTC 0.5 ± 0.3 0 4.8 ± 1.4 11.11% 

Broad-Spectrum 2.0 ± 1.1 0 4.3 ± 3.3 44.44% 
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Selective 2.0 ± 2.0 0 4.0 ± 0.7 44.44% 
ANOVA  P=0.6641, 

F=0.4286, d. f.=2, 
9 

P=0, F=0, d. 

f.=2, 9 

P=0.9763, F=0.0333, 

d. f.=2, 9 

 

Fallacis UTC 4.5 ± 2.1 0.3 ± 0.3 2.5 ± 1.0 25.64% 
Broad-Spectrum 2.8 ± 1.8 0 5.3 ± 2.7 46.15% 

Selective 2.8 ± 1.8 0 3.0 ± 0.8 28.21% 

ANOVA  P=0.7033, 
F=0.366, d. f.=2, 9 

P=0.4053, 
F=1.00, d. f.=2, 9 

P=0.5141, F=0.717, 
d. f.=2, 9 

 

Persimilis UTC 4.8 ± 1.2 0.3 ± 0.3 6.3 ± 3.0 25.00% 
Broad-Spectrum 7.3 ± 0.8 0.5 ± 0.5 7.5 ± 1.0 38.16% 

Selective 7.0 ± 1.9 0.5 ± 0.5 5.8 ± 2.3 36.84% 

ANOVA  P=0.3917, 
F=1.042, d. f.=2, 9 

P=0.8563, 
F=0.158, d. f.=2, 

9 

P=0.8528, F=0.162, 
d. f.=2, 9 

 

Combo UTC 11.0 ± 3.6 0.5 ± 0.3 5.8 ± 2.3 33.85% 
Broad-Spectrum 10.0 ± 2.0 0 7.0 ± 2.3 30.77% 

Selective 11.5 ± 1.2 0 6.3 ± 2.4 35.38% 
ANOVA  P=0.9103, 

F=0.095, d. f.=2, 9 

P=0.1004, 

F=3.00, d. f.=2, 9 

P=0.9821, F=0.075, 

d.f.=2, 9 
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FIGURES 

   

Legend 

 

Figure 2.1: 2020 layout of biological control testing blocks. Each block is composed of 
twelve sub-plots consisting of four replicates of each spray treatment: a control where no 

insecticides were sprayed, a broad-spectrum treatment where only broad-spectrum 
insecticides were applied, and a selective treatment where insecticides targeting non-mite 

pests were applied. Each sub-plot has three separate rows of watermelons (3 seedless 

transplants for every pollenizer spaced 0.915 m apart), separated by 2.7 m alleyways and 
one guard row of bare plastic mulch in the middle of each block. 
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Legend 

 

Figure 2.2: 2021 layout of biological control testing blocks. Each block is composed of 
7-8 beds (six planted rows and 1-2 bare plastic mulch guard rows), twelve sub-plots 

consisting of four replicates of each spray treatment: a control where no insecticides were 

sprayed, a broad-spectrum treatment where only broad-spectrum insecticides were 
applied, and a selective treatment where insecticides targeting non-mite pests were 

applied. Each sub-plot has three separate rows of watermelons (3 seedless transplants for 
every pollenizer spaced 0.915 m apart), separated by 2.7 m alleyways and two guard 

rows of unplanted bare plastic mulch in the middle of each block. 
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Figure 2.3: 2020 mite populations per leaf (10 leaves per sample) over time in the P. 

persimilis and N. fallacis combination block by subplot insecticide treatment regimes 

with Least Square Means significance lettering to denote groups that are significantly 

differently and error bars to designate variance. A) TSSM populations, B) P. persimilis, 

and C) N. fallacis per leaf. * on 7/17/2020 marks the use of chemical applications and 
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designates significant subplot treatment differences (P<0.05). If the letter(s) above each 

bar does not share letters with the other bars, that bar is significantly different.  
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Figure 2.4: 2020 mite populations per leaf (10 leaves per sample) over time in the P. 

persimilis release block by subplot insecticide treatment regimes with Least Square 

Means significance lettering to denote groups that are significantly differently and error 

bars to designate variance. A) TSSM populations, B) P. persimilis, and C) N. fallacis per 

leaf. * on 7/17/2020 marks the use of chemical applications and designates significant 
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subplot treatment differences (P<0.05). If the letter(s) above each bar does not share 

letters with the other bars, that bar is significantly different.  
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Figure 2.5: 2020 mite populations per leaf (10 leaves per sample) over time in the N. 

fallacis release block by subplot insecticide treatment regimes with Least Square Means 

significance lettering to denote groups that are significantly differently and error bars to 

designate variance. A) TSSM populations, B) P. persimilis, and C) N. fallacis per leaf. * 

on 7/17/2020 marks the use of chemical applications and designates significant subplot 
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treatment differences (P<0.05). If the letter(s) above each bar does not share letters with 

the other bars, that bar is significantly different.  
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Figure 2.6: 2021 mite populations per leaf (10 leaves per sample) over time in the 

Control (no predator release) block by subplot insecticide treatment regimes with Least 

Square Means significance lettering to denote groups that are significantly differently and 

error bars to designate variance. A) TSSM populations, B) P. persimilis, and C) N. 

fallacis per leaf. * on 7/27/2021 marks the use of chemical applications and additional * 
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designates significant subplot treatment differences (P<0.05). If the letter(s) above each 

bar does not share letters with the other bars, that bar is significantly different.  



 

58 

 

 

Figure 2.7: 2021 mite populations per leaf (10 leaves per sample) over time in the 

Combined predator release block by subplot insecticide treatment regimes with Least 

Square Means significance lettering to denote groups that are significantly differently and 

error bars to designate variance. A) TSSM populations, B) P. persimilis, and C) N. 

fallacis per leaf. * on 7/27/2021 marks the use of chemical applications and additional * 
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designates significant subplot treatment differences (P<0.05). If the letter(s) above each 

bar does not share letters with the other bars, that bar is significantly different.  



 

60 

 

  

  

 

Figure 2.8: 2021 mite populations per leaf (10 leaves per sample) over time in the P. 

persimilis release block by subplot insecticide treatment regimes with Least Square 

Means significance lettering to denote groups that are significantly differently and error 

bars to designate variance. A) TSSM populations, B) P. persimilis, and C) N. fallacis per 

leaf. * on 7/27/2021 marks the use of chemical applications and additional * designates 
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significant subplot treatment differences (P<0.05). If the letter(s) above each bar does not 

share letters with the other bars, that bar is significantly different.  
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Figure 2.9: 2021 mite populations per leaf (10 leaves per sample) over time in the N. 

fallacis release block by subplot insecticide treatment regimes with Least Square Means 

significance lettering to denote groups that are significantly differently and error bars to 

designate variance. A) TSSM populations, B) P. persimilis, and C) N. fallacis per leaf. * 

on 7/27/2021 marks the use of chemical applications and additional * designates 
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significant subplot treatment differences (P<0.05). If the letter(s) above each bar does not 

share letters with the other bars, that bar is significantly different.  
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Chapter 3 

GROWER FIELD SPATIAL DISTRIBUTION (OBJECTIVE 2)  

Abstract 

 Watermelon is an important summer crop of the Delmarva Peninsula that has 

many pests that can affect the overall health of the plant or damage fruit to unmarketable 

levels. The Two-Spotted Spider Mite is a pest that reduces a plantôs ability to 

photosynthesize and reproduces rapidly when the weather is hot and dry. Managing this 

pest usually involves applications of miticides to the whole field. Understanding how 

mites move in a field could provide insight into how to refine management practices for 

more targeted applications of miticides or even provide guidance for applications of 

biological control agents. Five commercial watermelon fields in 2020 and seven 

commercial watermelon fields in 2021 were grid-sampled weekly during the growing 

season. At each site, the number of mites per five leaves were recorded. The spatial 

distribution of the mites was visualized and analyzed using ArcGIS. Mite population 

peaks tended to occur in July and larger mite populations early in the sampling period 

(See Figures 3.1 and 3.3) may have been the result of mite infested transplants. Larger 

populations of spider mites also appeared on the edges of fields. Greenhouse transplants 

and plants near weedy edges and uncultivated areas within the field should be prioritized 

for spider mite detection. Biological control agents could be introduced in these areas as 

well to reduce the cost of biological adoption and implementation. 
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Introduction  

 Many arthropod pests exhibit aggregated distributions in fields which can have 

implications for scouting and management. Scouting is a management practice that 

involves visiting a growerôs field, orchard, etc. to determine if any pest populations are 

close to the economic threshold and would require treatment. The economic threshold 

(the population level of pests or the level of plant damage found where the loss in value 

of the crop outweighs the cost of control) of a pest varies based on the pest as well as the 

plant being grown as some plants can tolerate some pests more than others. The level of 

aggregation may be reliant on the age of the host plant, environmental cues, and even on 

pheromones released as a pest feeds. For example, overwintered male striped cucumber 

beetle, Acalymma vittatum F. (Coleoptera: Chrysomelidae), release an aggregation 

pheromone upon finding their preferred plant in a field (Ellers-Kirk & Fleischer, 2006). 

Analyzing the spatial distribution of a pest can vary on the scale of the sampling area 

such as observing distribution on a single plant, designated patches of plants (with a 

focus on certain parts of the plant like leaves or flowers), or entire fields. Kovach et al. 

(1999), studied the strawberry bud weevil, Anthonomus signatus Say (Coleoptera: 

Chrysomelidae) to measure the distribution of damage, the value of managing only the 

field edges, and the preference of host in weevil oviposition within two spatial scales: 

field and inflorescence in seven fields of strawberry within the state of New York. At the 

field scale, they found that weevil damage started mainly on the western edges of the 

field where there were weeds that could have been used for overwintering. Fields that had 

insecticide applied to a perimeter of 12 meters reduced damage to a level similar to that 
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of the interior portion of the field. At the inflorescence level, they found that oviposition 

would occur in secondary buds and only a small proportion of damage affected the 

primary fruit-producing bud allowing for the possibility of thresholds to be raised 

(Kovach et al., 1999). 

Understanding the spatio-temporal phenology of TSSM population distributions 

in fields during the season can improve mite management as it aids in identifying how 

mites move within their environment and where in relation to the field edge populations 

tend to clump together for more accurate management practices. In many studies, 

population distribution analysis of TSSM focuses on smaller spatial scales such as 

within-plant and greenhouse level spatial scales. Studies at the within plant spatial scale 

aim to find where TSSM can be found on a single plant in relation to proximity to 

released biological agent and how the agentôs presence affects the miteôs intra-plant 

movement. Strong and Croft (1995), studied the level of control on Tetranychus urticae 

by multiple predatory mites (Neoseiulus fallacis (Garman), Metaseiulus occidentalis 

(Nesbitt), Typhlodromus pyri Scheuten, and Amblyseius andersoni Chant) individually 

and in a mix on individual hop plants. N. fallacis provided the most control and N. 

fallacis and M. occidentalis were the most dispersed among plants when TSSM was not 

abundant but stayed on the lower levels of plants when TSSM was present. Studies at the 

greenhouse scale aim to find how mite management is affected by how spider mites are 

arranged within a greenhouse (clumped patches, evenly distributed, etc.) and how 

effective biocontrol agents are when released in a similar or different arrangement as the 

spider mites (Alatawi et al., 2011). Greco et al., (1999), studied the spatial distribution 
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and coincidence of the predatory mite Neoseiulus californicus and Tetranychus urticae in 

strawberry at the greenhouse spatial scale and the plant spatial scale. At the greenhouse 

and plant scale, the refuge index for prey decreased with predator density but in the 

greenhouse scale, refuge was higher than in the plant scale. 

TSSM is a pest that can inhabit vegetation surrounding a field and will eventually 

move into a field, but its appearance can also be the result of infested plants obtained 

from a greenhouse (depending on the crop planted). For TSSM, monitoring population 

distributions within an agricultural field can help identify hotspots and source populations 

for targeted chemical management or biological control agent release. TSSM population 

distribution maps may also link mite populations with the environment surrounding the 

infested field. For example, TSSM tend to be greater near the edges of commercial 

peppermint fields (Rijal et al. 2016). Mapping spider mite populations and distributions 

can also help to determine if transplants used have been infested before they were put 

into the field by monitoring early season distribution. 

The objective of this research is to create density maps of spider mite populations 

to show population growth and changes in the field throughout the sampling period, their 

relation to the edge of the field, as well as indicate where would be the best areas to apply 

management strategies. These maps will also reveal signs of greenhouse infestation and 

when in the sampling period mite populations are at their highest. 

Methods and Materials 

 I sampled 12 fields total over the course of the summer throughout Sussex County 

in Delaware (See Figure 3.1). In 2020 (See Figure 3.2), I set up a grid-based sampling 
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system where a flag was placed every 21.3 m in a row and every 30th row (to represent an 

acre) in five commercial watermelon fields. Each field varied in size with the smallest 

field having 18 sample sites (7.3 ha) to the largest field having 77 sample sites (31.2 ha). 

At each weekly sample event, I collected 5 random leaves within a 4.2 m radius from the 

flag and recorded the total number of spider mites. On small plants, leaves were not 

removed for inspection. The same process was done in 2021, but with seven different 

commercial watermelon fields. The smallest field had 27 sample sites (10.9 ha) and the 

largest field had 53 sample sites (21.4 ha). None of the fields I sampled in 2021 were the 

same fields sampled in 2020 due to crop rotation and/or changes in growers using the 

field (watermelon fields are loaned out so growers using the field may be different from 

year to year), but many were within a few miles from where fields from 2020 were 

located. I recorded sample site coordinates with an eTrex Vista HCx (Garmin, Olathe, 

KS). At each sample date, the same sites were visited. At each site, mites were counted 

with the aid of an Optivisor (Donegan, Lenexa, KS) magnifying visor lens. 

Data analysis 

After collecting GPS coordinates and data, coordinates were placed into an 

ARCGIS spatial mapping program to be able to observe the trends in spider mite 

movement through grower fields as well as test to see if mean distance from the field 

edge changes through the season to see the level of mite dispersal into the interior of 

fields. The distance of each active data point from field edges for each sampling date 

were analyzed using a combination of the minimum bounding geometry tool and polygon 

to line tool to create a field edge and the generate near table tool to measure the distance 
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between each individual sampling site from the field edge. To gain a better understanding 

of the relationship between mite populations and their proximity to locations surrounding 

the field. The ARCGIS program was also used to run the data through a nearest neighbor 

analysis (using the Near tool) to identify the level of clumping of mite populations within 

the fields and their relationship between mite clumping and the edge. 

Results 

Density maps show the concentrations of mites within the field and indicate 

where the highest populations were during sampling. The maps shown in this section 

display interesting fields as well as examples of spider mite movement that illustrate 

similar patterns among multiple fields. All field density maps for each field can be 

viewed in the appendix.  

2020 

The Seaford field had mite populations that were considered random during the 

sampling period (Table 3.3). On the density maps (Figure 3.7) of the Seaford field, 

concentrations of spider mites were found in the middle of the field and at edges/corners 

of the field. The highest number of spider mites found in the Seaford field was on 3-Aug 

(Figure 3.1). While the Seaford field was the smallest field sampled, mite activity was 

low. The Laurel 1 field had four instances of aggregation out of ten through the sampling 

period with one instance occurring when mite populations were at their highest and one 

of the few times populations were low (Table 3.3). In the density maps for the Laurel 1 

field (Figure 3.9), high concentrations of spider mites tended to be found on or near the 

edge of the North side of the field (close to a later-planted field of watermelons and a 
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pivot point for an irrigation system) for a majority of the sampling period until August 

where concentrations increased on the South side of the field adjacent to a drainage ditch 

and corn field (Table 3.3 and Figure 3.9). The highest number of spider mites per sample 

occurred in early August (Figure 3.3). The Laurel 2 field had only two instances of 

aggregation out of ten during the sample period with one occurring on the third week of 

sampling and the other occurring on the seventh week of sampling. In the density maps 

for the Laurel 2 field (Table 3.3 and Figures 3.11), mite activity was seen early in the 

sampling period in the middle of the field on 22-June and from then on activity appeared 

on the northeastern edge of the field and the middle of the field. The highest number of 

mites were seen two weeks in a row in late July (Figure 3.3). The Greenwood, DE field 

had four instances of aggregation out of ten over the sampling period with three instances 

occurring in succession from the fifth week to the seventh week of sampling and the 

fourth instance occurring on the ninth week of sampling. In the density maps for the 

Greenwood, DE (Table 3.5 and Figures 3.13), mite activity for a majority of the sampling 

period was focused on the western side of the field near adjacent crops. The highest 

populations of mites per sample site occurred in late July and mid-August (Figure 3.5). In 

Table 3.3, only clustered/clumped results of a nearest neighbor analysis are presented. 

Other dates that did not result in a clumped outcome were considered random. 

2021 

The Bridgeville 2021 Field (Table 3.3) had two instances of aggregation out of 

nine during the sampling period but neither of those times occurred when mite 

populations were at their highest in the field. In the density maps for the Bridgeville 2021 
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Field (Figure 3.22), mite populations would appear as hotspots in different parts of the 

fields usually starting near the edge and moving inward (Table 3.2) but did not stay 

within a specific area or remain where hotspots were seen as it can be seen in Table 3.2 

where the percentage of mites found within 10m of the field edge fluctuated throughout 

the sampling period. Peaks in mites/sample occurred in late June and early August 

(Figure 3.14). The Laurel 21-2 Field (Table 3.3) had one instance of aggregation out of 

nine at a point when there were over three mites per sampling spot which was the third 

highest number of mites/sample throughout the sampling period of this field. In the 

density maps for Laurel 21-2 Field (Figure 3.24), mite populations were greatest on the 

western edge, the southwestern corner, and the northeastern corner of the field near 

adjacent crops and drainage ditches. Mites peaked in early July (Figure 3.16). The 

Delmar 2021 field (Table 3.3) had three instances of aggregation and an instance where 

mite populations were dispersed out of eight visits, but all four instances occurred 

consecutively with an instance of aggregation, an instance of dispersal, and the remaining 

two instances of aggregation. Of all the fields tested in 2020 and 2021, the Delmar field 

was the only field where an instance of dispersal occurred. In the density maps of the 

Delmar 2021 field (Figure 3.26), mite populations were highest in the middle close to 

stationary irrigation systems (Table 3.8 and Figure 3.27) and on the eastern side of the 

field near another watermelon field. In Table 3.3, only clustered/clumped results of a 

nearest neighbor analysis are presented. Other dates that did not result in a clumped 

outcome were considered random (except for the instance of dispersal that occurred in 

the 2nd week of July). 
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Discussion 

 To plan for effective applications of biological control agents, knowing when and 

where to apply them is needed to help reduce the number of applications of both control 

agents and chemical controls. This research highlights the importance of monitoring 

fields through the growing season regularly and monitoring the conditions of personal 

and commercial greenhouses before deploying transplants. 

The edges of fields are areas to focus on when monitoring watermelon fields 

especially near forested areas and other crops. This corroborates with studies done with 

other crops like cotton where mites similarly infest fields starting from external sources 

on the edges such as weeds or infested adjacent crops (Wilson & Morton, 1993). In tables 

3.1 and 3.2, the percentage of mites found on the edges of the field can vary over the 

course of a sampling period but often their presence in the field edge can make up a 

majority the spider mites present within a field. In addition to edges, areas that act as 

breaks within a field like drainage features or weedy ditches like those in the Laurel 20-1 

and Greenwood fields or patches (near stationary irrigation units like those in the Delmar 

field) have the potential to be a refuge for spider mites. Monitoring field edges early in 

the season can help in planning management practices for both the release of biological 

control agents and targeted sprays to prevent mite populations from escalating. 

Running the mite numbers through a spatial autocorrelation analysis shows the 

level of aggregation within a field, but spider mite numbers do not need to be excessive 

relative to field size for an aggregation to occur. Based on the data collected, the highest 

populations tended to not register any level of aggregation that could not be considered 
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random. Based on the outcome of the analyses, having hot spots and/or high populations 

within a field does not mean that clusters will always appear when ran through a spatial 

autocorrelation analysis. Creating spatial distribution maps can illustrate the movement of 

mites through a field and is a practice that can be applied to other insects. An example of 

this is the Greenwood, DE field in 2020 which had the highest number of mites/sample 

site recorded of the fields sampled in 2020 and 2021 yet it did not register as clumped but 

the weeks before and after the highest recording were considered clumped with far lower 

mites/sample site. 

Spatial mapping results can be illustrated in different ways and how the sampling 

site is arranged may affect what can be displayed effectively. Nansen et al. (2003), 

studied how spatial mapping was used to monitor warehouse environments by using traps 

to capture pests that affect stored products like the warehouse beetle (Trogoderma 

variabile Ballion, Coleoptera: Dermestidae). When showing the distribution of trap 

catches, they found that when the spatial structure is random, it was more effective to 

show distribution as concentrated dots versus contour maps. As far as this current 

research is concerned, showing concentrations of spider mites within a field as contour 

maps can be helpful in showing where high concentrations can be as the set-up remained 

constant throughout the sampling system for each field.  

Another interesting note is the timing of spider mite peaks. In 2020, spider mite 

peaks could be seen in late June to early July while in 2021 peaks appeared in late July 

through mid-August. According to past weather data from the National Centers for 

Environmental Information (2022), temperatures in June 2020 were warmer than in 2021 
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with temperatures staying within a range of 26.67ęC and 32ęC for a majority of the month 

providing ideal temperatures for mite reproduction. Growing degree days (GDD) were 

much higher in 2021 starting in May and continuing through the growing season. The 

same can be said about July of 2021 where there were multiple times where temperatures 

were consistently high. These periods of high temperatures were usually within ideal 

temperatures (25 to 30 ęC; Hoy, 2011) for spider mites or slightly higher which could 

increase spider mite feeding rates and accelerate reproduction resulting in these peaks at 

different times each year. When recording data on spider mite counts, seeing when spider 

mite numbers peak over the sampling period help to estimate when peaks are likely to 

occur for future operations. Knowing when peaks are likely to occur can help in planning 

deployment for biocontrol agents that may require time to establish themselves and build 

up their populations or apply effective chemicals before spider mite populations become 

excessive. 

The objective was reached for this portion of the research. There were fields that 

showed signs of greenhouse infestation early in the sampling period. The maps show that 

the edges of fields (especially near adjacent crops) need to be monitored thoroughly as 

well as weedy spots near irrigation systems or obstacles like drainage ditches. In addition 

to the location of high populations of spider mites, the records of mites found after each 

weekly site visit indicated that peaks in mite population occurred most often within the 

month of July. Over time the occurrence of population peaks may change as well as the 

amount of spider mites found (which will depend on weather, location, the timing of 

management applications, and the response of spider mites to treatment).  
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TABLES 

Table 3.1: Percent of Spider mites present within 10 meters of field edge in 2020 

Field Date 

 June 

15-17, 

2020 

June 

22-

23,2020  

June 

29-30, 

2020 

July 

6-7, 

2020 

July 

13-14, 

2020 

July 

20-22, 

2020 

July 

27-29, 

2020 

August 

3, 5, 

2020 

August 

10-12, 

2020 

August 

17-18, 

20, 

2020 

Seaford - 100 0 56 100 0 100 100 46 0 
Laurel 1 - 97 100 73 24 88 99 89 98 100 

Laurel 2 26 47 52 3 26 38 70 - 20 100 
Laurel 3 57 0 0 5 32 80 65 57 77 0 

Greenwood 80 75 33 34 33 36 84 59 75 9 
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Table 3.2: Percent of Spider mites present within 10 meters of field edge in 2021 

Field Date 

 June 

8-10, 

2021 

June 

14-17, 

2021 

June 

21-25, 

2021 

June 

28-

July 

1, 

2021 

July 

6-9, 

2021 

July 

12-16, 

2021 

July 

19-23, 

2021 

July 

26-30, 

2021 

August 

2-6-

2021 

August 

9-13, 

2021 

August 

16-20, 

2021 

August 

23, 

2021 

Laurel 1 87 0 38 78 99 42 66 - - - - - 
Laurel 2 0 68 35 76 81 90 80 76 85 - - - 

Laurel 3 100 81 58 100 39 88 64 85 55    

Laurel 4 - - 28 65 25 - 53 75 62 67 89 63 

Bridgeville 0 41 32 83 55 14 15 45 51 - - - 

Delmar - 69 52 62 68 61 78 75 31 - - - 
Lincoln  0 44 51 63 43 71 89 51 69 - 49 - 
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Table 3.3: Nearest Neighbor Analysis of Two-Spotted Spider Mite Populations 

Field Number of 

sampling weeks 

Clumped 

Distribution  

Week of Month 

Moranôs Index, Z 

score, and P-value 

Z score P-value 

2020 

Seaford 10, begin 3rd week 
of June 

0    

Laurel 1 10, begin 3rd week 
of June 

4th week of June 
1st week of July 

1st week of August 
2nd week of August 

0.299 
0.309 

0.691 
0.464 

5.557 
2.614 

5.818 
4.163 

0.000 
0.009 

0.000 
P<0.001 

Laurel 2 10, begin 3rd week 

of June 

5th week of June 

4th week of July 

0.572 

0.121 

4.975 

2.438 

P<0.001 

0.015 
Laurel 3 10, begin 3rd week 

of June 

3rd week of June 

4th week of July 
2nd week August 

0.288 

0.390 
0.173 

2.962 

3.848 
1.888 

0.003 

P<0.001 
0.059 

Greenwood 10, begin 3rd week 

of June 

2nd week of July 

4th week of July 
1st week of August 

3rd week of August 

0.081 

0.194 
0.411 

0.207 

1.809 

2.618 
4.299 

2.893 

0.071 

0.009 
P<0.001 

0.004 

2021 

Laurel 1 9, begin 1st week 
of June 

1st week of July 
3rd week of July 

0.459 
0.247 

4.092 
2.110 

P<0.001 
0.035 

Laurel 2 9, begin 1st week 

of June 

3rd week of July 0.202 

 

2.207 

 

0.027 

Laurel 3 10, begin 1st week 

of June 

1st week of June 

1st week of July 
2nd week of July 
4th week of July 

0.313 

0.434 
0.452 
0.221 

4.317 

3.200 
3.028 
1.680 

P<0.001 

0.001 
0.003 
0.093 

Laurel 4 9, begin 3rd week 
of June 

3rd week of June 
4th week of July 

0.390 
0.228 

3.122 
2.067 

0.002 
0.039 
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Bridgeville 9, begin 2nd week 
of June 

2nd week of June 
1st week of July 

0.221 
0.222 

1.748 
1.799 

0.081 
0.072 

Delmar 8, begin 2nd week 

of June 

1st week of July 

3rd week of July 
4th week of July 

0.229 

0.301 
0.149 

1.728 

2.031 
1.814 

0.084 

0.042 
0.070 

Lincoln  10, begin 1st week 
of June 

3rd week of June 
1st week of July 

2nd week of August 

0.287 
0.293 
0.286 

2.425 
2.409 
2.804 

0.015 
0.016 
0.005 
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FIGURES 

 

Figure 3.1: 2020 TSSM populations per sample site in the Seaford 2020 watermelon 
field (18 sample sites).  
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Figure 3.2: 2020 TSSM populations per sample site in the Laurel 1 watermelon field (48 

sample sites).  
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Figure 3.3: 2020 TSSM populations per sample site in the Laurel 2 watermelon field (53 

sample sites).  
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Figure 3.4: 2020 TSSM populations per sample site in the Laurel 3 watermelon field (54 

sample sites).  
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Figure 3.5: 2020 TSSM populations per sample site in the Greenwood watermelon field 

(77 sample sites).  
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Figure 3.6: 2020 Sample site arrangement and field edge in Seaford watermelon field.  
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Figure 3.7: 2020 Spatial distribution of TSSM in Seaford watermelon field. Each color 

corresponds to the number of spider mites per site.  
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Figure 3.8: 2020 Sample site arrangement and field edge in Laurel 1 watermelon field.  
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Figure 3.9: 2020 Spatial distribution of TSSM in Laurel 1 watermelon field. Each color 

corresponds to the number of spider mites per site.  
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Figure 3.10: 2020 Sample site arrangement and field edge in Laurel 2 watermelon field.  
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Figure 3.11: 2020 Spatial distribution of TSSM in Laurel 2 watermelon field. Each color 

corresponds to the number of spider mites per site.  

Legend 
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Figure 3.12: 2020 Sample site arrangement and field edge in Greenwood watermelon 
field.  
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Figure 3.13: 2020 Spatial distribution of TSSM in Greenwood watermelon field. Each 

color corresponds to the number of spider mites per site.  

Legend 
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Figure 3.14: 2021 TSSM populations per sample site in the Bridgeville watermelon field 

(45 sample sites).  
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Figure 3.15: 2021 TSSM populations per sample site in the Laurel 1 watermelon field 

(32 sample sites).  
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Figure 3.16: 2021 TSSM populations per sample site in the Laurel 2 watermelon field 

(52 sample sites).  
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Figure 3.17: 2021 TSSM populations per sample site in the Laurel 3 watermelon field 

(34 sample sites).  
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Figure 3.18: 2021 TSSM populations per sample site in the Laurel 4 watermelon field 

(53 sample sites).  
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Figure 3.19: 2021 TSSM populations per sample site in the Delmar watermelon field (27 

sample sites).  
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Figure 3.20: 2021 TSSM populations per sample site in the Lincoln watermelon field (52 

sample sites).  
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Figure 3.21: 2021 Sample site arrangement and field edge in Bridgeville watermelon 

field.  
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Figure 3.22: 2021 Spatial distribution of TSSM in Bridgeville watermelon field. Each 

color corresponds to the number of spider mites per site.  

Legend 
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Figure 3.23: 2021 Sample site arrangement and field edge in Laurel 2 watermelon field.  
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Figure 3.24: 2021 Spatial distribution of TSSM in Laurel 2 watermelon field. Each color 

corresponds to the number of spider mites per site.  
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Figure 3.25: 2021 Sample site arrangement and field edge in Delmar watermelon field.  
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Figure 3.26: 2021 Spatial distribution of TSSM in Delmar watermelon field. Each color 

corresponds to the number of spider mites per site.  
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Figure 3.27: Stationary irrigation system in Delmar, DE Field with refuge around the 

base  
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Chapter 4 

TSSM SUSCEPTIBILITY TO MITICIDES  

Abstract 

 Maintaining miticide efficacy is extremely important for Delmarva specialty crop 

production and especially watermelon. TSSM is a major pest that is treated 1-4 times per 

season. Investigating TSSM susceptibility to miticides can help serve as an early warning 

for signs of potential efficacy problems. Spider mites were collected from 16 vegetable 

fields across Delaware, isolated, and raised on lima bean and tomato plants to create 

colonies for each field for bioassay. Miticides tested included the contact materials Portal 

and Banter, the translaminar miticide Agri-Mek, and the ovicide Oberon. Miticides were 

applied to mite- and egg-infested leaf discs using a Potterôs Spray Tower at 

concentrations of 0.05, 0.1, 0.5, 1.0, and 1.25x label rate concentration. Mite mortality 

was monitored for 72 hrs and eggs were monitored for 9-14 d to determine impact of 

each chemical on each mite population. Among the contact sprays in 2020, Portal and 

Agri-Mek were able to kill all adults after the first 24 hrs, but Banter required 48 hrs to 

fully affect all adults in one of the six colonies. Among the contact sprays in 2021, Agri-

Mek had the lowest mortality of the three contact sprays and took 48 hrs to affect adult 

spider mites in five of the ten fields. Control mite eggs hatched within 7 days, but Oberon 

treated eggs failed to hatch regardless of rate. Using this method of running bioassays 

showed possible resistance developing in Agri-Mek at the lowest concentrations but it is 

possible that other bioassay methods may be more sensitive.  
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Introduction  

Watermelon can be a popular and profitable summer crop but is exposed to 

numerous pests that can cause severe damage and/or reach large populations in a short 

amount of time. Tetranychus urticae Koch (Acari: Tetranychidae) is a pest that can 

reproduce quickly when the weather is dry and hot and cause damage by reducing the 

plantôs ability to photosynthesize and thus, yield. There are 7 active ingredients from 5 

modes of action and 1 sub-mode of action labeled for use on watermelon (listed in Table 

1.1; Hoy, 2011; IRAC, 2009). 

Over time, spider mites can develop resistance to these active ingredients because 

they have high fecundity, an arrhenotokous reproduction, and a short life cycle (van 

Leeuwen et al., 2010; Golec, Hoge, & Walgenbach, 2020). Spider mites can produce a lot 

of offspring in a short amount of time and can fix traits when populations are almost 

wiped out. Due to their ability to develop resistance quickly, spider mites can also 

become cross-resistant to chemicals in a short amount of time. Cross-resistance is the 

result of a pest becoming resistant to chemicals that have not been used before but share a 

mode of action to a chemical that has been used in the management of the pest. The rapid 

development and short life cycle of spider mites promote mutations that inhibit the 

effectiveness of chemicals by altering the sensitivity or structure of the site of action 

among other resistance mechanisms (Stumpf & Nauen, 2001; Adesanya et al., 2018) 

Pesticide efficacy needs to be periodically tested. Two common means of testing 

are plot trials and bioassays. This type of testing helps to determine at what concentration 

a chemical could be applied to effectively control a pest, harm a biological control agent, 
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and study changes in target sensitivity or susceptibility and changes in behavior and life 

history (Musa et al., 2017). Bioassays, including residue assays, can be done in several 

ways including dipping leaves (Wang et al., 2016) into chemical solutions and applying 

test subjects to the leaves, and the use of a Potter Spray Tower to apply pesticide to a leaf 

disc with test subjects on it (Kabir et al., 1993). 

Contact sprays and bioassays are used by many researchers studying spider mites 

to find out the effectiveness of miticides. For instance, in South Carolina, TSSM 

leaf/plant dip bioassays demonstrated that abamectin and bifenazate caused high 

mortality 21 days after treatment, and etoxazole had high egg mortality 28 days after 

treatment (Schmidt-Jeffris et al. 2021). Villanueva & Walgenbach (2005) tested the 

effects of multiple insecticides (acetamiprid, thiamethoxam, imidacloprid, thiacloprid, 

methoxyfenozide, pyriproxyfen, indoxacarb, spinosad, azinphosmethyl, fenpropathrin, 

and esfenvalerate) on the predatory mite Neoseiulus fallacis Garman (Acari: 

Phytoseiidae). Female N. fallacis, immature N. fallacis, and the impact of insecticide 

treated prey on N. fallacis were tested by leaf dip bioassays and by providing insecticide 

coated TSSM eggs. They found that the pyrethroid fenopropathrin was the most toxic 

insecticide to N. fallacis, esfenvalerate had the highest repellent activity, acetamiprid and 

imidacloprid showed the highest mortality among neonicotinoids, and when N. fallacis 

fed on eggs dipped in a fenpropathrin solution, mortality was high and oviposition 

stopped. 

The goal of this research is to test the susceptibility of Tetranychus urticae 

collected around southern Delaware to common active ingredients fenpyroximate, 
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bifenazate, abamectin, and spiromesifen. Fenpyroximate, bifenazate, and abamectin can 

be used at any time during the growing season and may be dependent on spider mite 

populations. Fenpyroximate and bifenazate require direct contact to be effective while 

abamectin is translaminar so coverage requirements can be more conservative. 

Spiromesifen is an active ingredient that affects spider mite eggs reducing the number of 

mites in the next generation. These materials are the most used miticides by area farmers 

and are sometimes applied multiple times during the growing season (Owens, 

unpublished data). Frequent use of these active ingredients could lead to resistance 

development. Furthermore, several comments have been made by farmers suggesting 

decreased efficacy of spirotetramat. I believe that of the active ingredients, miticides 

containing abamectin will have less of an effect on spider mites as abamectin is not 

dependent on direct contact to reach its target so miticides with abamectin are likely to be 

used more often which would raise the chance of resistance development. 

Methods and Materials 

 Mite colonies were initiated by field collections from many of the same fields 

visited for the previous objective. Mites were grown in isolated locations around the 

Carvel Research and Education Center (Carvel REC) in Georgetown, DE and raised on 

lima bean and tomato plants. In 2020, origin sources included: three fields in Laurel, DE, 

one in Seaford, DE, one from the Carvel REC, and one in Greenwood, DE. In 2021, 

origin sources included: five fields in Laurel, DE, one in Delmar, DE, one in Bridgeville, 

DE, one in Lincoln, DE, and one in Camden-Wyoming, DE from tomato. Non-infested 

plants were grown in an on-station greenhouse to keep a steady supply of fresh plants to 
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add to colonies and maintain mite populations. Spider mites were assayed for miticide 

response once enough spider mites were present (at least 2 weeks later).  

Contact Spray Procedure  

Using non-infested bean plants grown in an on-station greenhouse, multiple 

leaves were collected from multiple bean plants. Leaf discs were cut from non-infested 

bean plants grown in a greenhouse using a sharpened pipe blade to form discs that were 

3.5 cm in diameter. Leaf discs were placed on cotton rounds within a petri dish and the 

cotton rounds were wetted to form a barrier to discourage mites from leaving the leaf disc 

(Figure 4.2). Twenty adult spider mites were placed on each leaf disc (Figure 4.1). Leaf 

discs were treated with formulated miticides using a Potter spray tower. Prior to each 

treatment application, the spray tower output was calibrated so that leaf discs with spider 

mites were treated with formulated product at concentration equivalent to 0.05x ï 1.25x 

label rate. Solutions were created after spray tower calibration was complete by 

calculating the number of microliters needed to add to a stock solution then diluting 

portions of the stock solution to make doses between 0.05x-1.25x label rate. Mite 

mortality was monitored for 24, 48, and 72 hrs after treatment to find the number of mites 

alive, moribund, and dead. 

The miticides applied to the mite adults included Banter (bifenazate, United 

Phosphorus Inc., King of Prussia, PA) at 1,168.75 ml/hectares, Agri-Mek SC (abamectin, 

Syngenta LLC, Basel, Switzerland) at 255.65 ml/hectares, and Portal (fenpyroximate, 

Nichino America Inc., Wilmington, DE) at 2,337.48 ml/hectares. Each miticide was 

applied in the following concentrations of the recommended application rate: control, 
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0.05x, 0.1x, 0.5x, 1.00x, and 1.25x. The Potter Spray Tower (Figure 4.3) was calibrated 

at the beginning of each run to determine how much material was applied to target petri 

dishes. Pesticides were mixed in an appropriate amount of water to achieve a 0.05x, 0.1x, 

0.5x, 1.00x and 1.25x label rate if a field were treated with the calculated water volume in 

the calibration step. When ready, 1 mL was loaded into the Potter Spray Tower and 

applied to the discs. Once miticide applications were completed, adult mites were 

monitored for 72 hrs to determine how many mites lived, how many were alive but close 

to death (moribund), and how many died for each concentration.  

Egg Bioassay Preparation 

 Egg bioassays were set up similarly to the adult mite contact sprays but instead of 

20 adult spider mites on a leaf disc, 10 adult females were placed on leaf discs. These 

females were left in a Percival incubator (Percival Scientific, Perry, Iowa) for 24 hrs to 

oviposit. After 24 hours, the mites were removed from the leaf discs and adjusted to 

make sure there were 15-30 mite eggs on each leaf disc. The ovicide Oberon 2SC 

(spiromesifen, Bayer CropScience LP, St. Louis, MO) was applied to eggs (1.0x label 

rate equivalent to 621 mL per ha). Treated eggs were monitored until hatched mites 

reached adulthood (two weeks) and the number of eggs remaining, eggs hatched and how 

many hatched mites still alive were recorded for each concentration. After treatment, leaf 

discs were placed in a Percival incubator (Percival Scientific, Perry, Iowa) and held at 24 

ęC, 16:8 L:D, 80% relative humidity, for the duration of the monitoring period. 
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Data Analysis 

 A probit analysis using R was conducted on the data gathered for each 

concentration of each miticide to examine the toxicity of each miticide to the spider mites 

and eggs. However, due to the effectiveness of the chemicals used, an LC50 analysis 

could not be applied effectively. Resulting plots from the analysis lack multiple endpoints 

to show the proper curve normally seen in a LC50 analysis. 

Results 

For the first Laurel field in 2020, mites were affected most by Portal followed by 

Banter, and Agri-Mek after the first 24 h at the lowest rate. For the second Laurel field, 

both Portal and Agri-Mek had a strong effect on the mites followed by Banter after the 

first 24 h at the lowest rate. For the third Laurel field, mites were affected the most by 

Portal, followed by Agri-Mek, and Banter after the first 24 h at the lowest rate. In the 

Seaford colony, both Portal and Banter had a strong effect on the mites followed by Agri-

Mek after the first 24 h at the lowest rate. For the Greenwood colony, all three chemicals 

were effective against the adult spider mites after the first 24 h at the lowest rate. In the 

Georgetown colony, Banter had a strong effect on adult spider mites followed by Agri-

Mek, and Portal after the first 24 h at the lowest rate. Of the egg bioassay, Oberon had 

more of an effect on the Laurel Field 1 field and Georgetown. The chemical that had the 

highest mortality rate for each site at the lowest concentration after 24 h was Agri-Mek 

with mortality rates over 90% for all testing sites, followed by Portal with 5 out of six 

testing sites having over 90% mortality rates after 24 h, and then Banter with 4 out of the 

six testing sites having over 90% mortality rates after 24 h. 
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In 2021, specimens from the colonies for Georgetown, Camden-Wyoming, 

Bridgeville, and Laurel fields 3 and 5 were affected most by Portal and Banter followed 

by Agri-Mek. In Table 4.1, Agri-Mek killed over 90% of the spider mites on the leaf 

discs in 7 of the ten sites tested at the lowest concentration while Portal killed over 90% 

of the spider mites in 9 of the ten testing sites after 24 h at the lowest concentration and 

Banter killed over 90% of the spider mites in all ten testing sites. Specimens from the 

first Laurel field, fourth Laurel field, Lincoln colonies were affected the most by Portal 

followed by Banter and then Agri-Mek. Specimens from the Delmar colony were 

affected the most by Banter followed by Portal and then Agri-Mek. Specimens from the 

second Laurel field colony were the only specimens that had LC values, but Portal still 

had more of an effect on the specimens followed by Banter and then Agri-Mek. Of the 

egg specimens exposed to Oberon, specimens from the Bridgeville, Lincoln, and Delmar 

colonies were affected the most by applications of Oberon. Specimens from the third 

Laurel field colony were the least affected by Oberon among the other colonies. 

Discussion 

  Of the mite colonies and miticides tested, Portal and Banter were able to kill 

mites within 24 h after application at the lowest of doses while the chemical Agri-Mek 

took longer than 24 h at the lowest dose to kill the spider mites. Of the three contact 

sprays, Portal was the chemical that seemed to have the most effect of the three contact 

sprays even at the lowest tested dose. However, the lowest dose that Portal can still be 

effective is unknown and would require further research. Of the three contact sprays, 

Agri-Mek had less of an impact on mite survival than the other two chemicals. This may 
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be a result of repeated use in management practices leading to resistance in each 

respective location. Agri-Mek is a translaminar product which allows for mite control 

even when direct contact is not possible due to canopy cover which would make it 

initially a great product to use. The effectiveness of these three chemicals in bioassays 

can vary from one field to another as management practices differ for each grower 

(growers may not use any of the three in their fields but may use products with similar 

modes of action) but also weather patterns differ in each location and can affect chemical 

performance. Georgetown 2021 and Laurel 2 2021 were the two locations where all four 

chemicals did not eliminate all spider mites in the bioassays. Specimens collected from 

Georgetown came from the Carvel Research and Education Center where different 

pesticide efficacy trials are conducted (as well as other types of research trials) which 

could have some influence on the reduced effectiveness of all four chemicals. 

Repeated use of pesticides in time to the same population encourages the 

development of resistance especially if the pesticides used share similar modes of action. 

Fenpyroximate (the active ingredient of Portal) is usually used effectively as an acaricide 

in mite management but when used in rotation with other acaricides like pyridabens or 

tolfenpyrad with similar modes of action (Mitochondrial Electron Transport Inhibitors or 

METIs, van Leeuwen et al., 2010), cross-resistance can develop (Döker et al., 2020). 

Using Portal is an effective pesticide, but it can be rather hazardous to predators and 

integrating it into a biological control treatment would require using it as a last resort. 

Oberon heavily affected spider mite hatching, often killing mites before they could hatch 

out. Susceptibility seems to vary based on location even when collected mites come from 
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fields only a few miles away from each other. Spider mites cannot move long distances 

like flying pests and can become isolated by fragmentation of its environment. This can 

strand mites reducing infestation sites and affect the overall gene flow (Osakabe et al., 

2005; Tsagkarakou et al., 1997) allowing mite populations in one field to have different 

levels of resistance or susceptibility than another population in a field one mile away. 

Based on the results, location, and the concentration of the chemical affects how 

effective these chemicals can be. While most of the applications of each chemical killed 

mites at the lowest dose, some required more time and it tended to vary on where the 

mites were collected. Bioassay procedure changes may be necessary to detect low levels 

of resistance for example, switch to a leaf dip bioassay as in Scmidt-Jeffris et al. (2021). 

The application process could be changed as well by applying chemicals to the leaves 

before placing mites/eggs onto a leaf disc. When compared to other bioassay methods, 

using the Potter spray tower in this way might not be as realistic in how chemicals would 

reach spider mites. Bioassay methods like leaf-dipping (Ebadollahi, Jalali-Sendi, & 

Razmjou, 2016), leaf disc residue (Cote, Lewis, and Schultz, 2002), and petri dish residue 

(via dipping or through a Potter Spray Tower; Kabir, Chapman, & Penman, 1993) 

methods might show results that better simulate the effectiveness of chemical 

management in watermelons. Spider mites are usually found on the underside of 

watermelon leaves and the canopy of leaves tend to be thick so direct application of 

chemical management may not be representative of true chemical efficacy. Testing spider 

mite mortality with methods that focus on residues, and/or the translaminar properties of 

the chemical used may provide more accurate representation of management success than 
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direct contact sprays. Egg bioassays require direct contact or residual activity to get a 

result (Ismail et al., 2007; Pree, Marshall, & McGarvey, 1992). Based on the results of 

this research, an ovicide application should be used early in the season when watermelon 

plants are smaller and direct contact with the ovicide is more likely and acaricides that 

are translaminar or have residual activity should be saved for any future applications. In a 

biological control plan, a predatory mite could replace any early season applications in 

areas where infestation is increasing, and any chemical applications can be saved as a last 

resort or an application before harvest. My hypothesis was not supported as the 

performance of abamectin in the study was effective in 2020 but was not as effective in 

2021. While the other chemicals were effective, they do require direct contact with spider 

mites and overall effectiveness of the miticides tested may differ on the spider mites in 

the area/field where the watermelons are grown. 
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TABLES 

Table 4.1: Agri -Mek Contact Spray Mortality Rate 2020 

# of Hours Dose Georgetown 2020 

(%) 

Seaford 

2020 (%) 

Laurel 1 

2020 (%) 

Laurel 2 

2020 (%) 

Laurel 3 

2020 (%) 

Bridgeville 2020 

(%) 

24 hrs. 0.05x 98 99 96 100 98 100 
0.1.x 100 100 100 100 100 100 

0.5x 100 100 100 100 100 100 
1.00x 100 100 100 100 100 100 

1.25x 100 100 99 100 100 100 
48 hrs. 0.05x 100 100 100 100 99 99 

0.1.x 100 100 100 100 100 100 

0.5x 100 100 100 100 100 100 
1.00x 100 100 100 100 100 100 

1.25x 100 100 100 100 100 100 
72 hrs. 0.05x 100 100 100 100 100 100 

0.1.x 100 100 100 100 100 100 

0.5x 100 100 100 100 100 100 
1.00x 100 100 100 100 100 100 

1.25x 99 100 100 100 100 100 
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Table 4.2: Portal Contact Spray Mortality Rate 2020 

# of Hours Dose Georgetown 2020 

(%) 

Seaford 

2020 (%) 

Laurel 1 

2020 (%) 

Laurel 2 

2020 (%) 

Laurel 3 

2020 (%) 

Bridgeville 2020 

(%) 

24 hrs. 0.05x 92 99 100 100 100 100 
0.1.x 100 100 100 100 100 100 
0.5x 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 
1.25x 99 100 100 100 100 100 

48 hrs. 0.05x 92 99 99 100 100 100 
0.1.x 98 100 100 100 100 100 
0.5x 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 
1.25x 100 100 100 100 100 100 

72 hrs. 0.05x 89 99 100 100 100 100 
0.1.x 99 100 100 100 100 100 
0.5x 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 
1.25x 100 100 100 100 100 100 
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Table 4.3: Banter Contact Spray Mortality Rate 2020 

# of Hours Dose Seaford 2020 

(%) 

Laurel 1 

2020 (%) 

Laurel 2 

2020 (%) 

Laurel 3 

2020 (%) 

Bridgeville 2020 

(%) 

24 hrs. 0.05x 100 75 99 100 100 

0.1.x 100 100 99 99 100 

0.5x 100 100 99 100 100 

1.00x 100 100 100 100 100 

1.25x 100 100 100 100 100 
48 hrs. 0.05x 100 99 100 100 100 

0.1.x 100 100 100 100 100 

0.5x 100 100 100 100 100 

1.00x 100 100 100 100 99 

1.25x 100 100 100 100 100 

72 hrs. 0.05x 100 100 100 100 100 

0.1.x 100 100 100 100 100 

0.5x 100 100 100 100 100 

1.00x 100 100 100 100 100 

1.25x 100 100 100 100 100 
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Table 4.4: Agri -Mek Contact Spray Mortality Rate 2021 

# of 

Hrs. 

Dose Georgetown 

2021 (%) 

Camden-

Wyoming 

2021 (%) 

Delmar 

2021 

(%) 

Bridgeville 

2021 (%) 

Lincoln  

2021 

(%) 

Laurel 

1 

2021 

(%) 

Laurel 

2 

2021 

(%) 

Laurel 

3 

2021 

(%) 

Laurel 

4 

2021 

(%) 

Laurel 

5 

2021 

(%) 

24 

hrs. 

0.05x 53 92 92 90 74 88 42 94 75 99 

0.1.x 81 94 89 97 88 88 48 100 100 99 
0.5x 99 100 99 99 100 98 86 100 100 100 

1.00x 100 100 100 100 100 100 99 100 100 100 
1.25x 100 100 100 100 100 100 100 100 100 100 

48 

hrs. 

0.05x 85 99 83 93 99 91 94 97 99 99 

0.1.x 93 100 86 98 100 91 94 100 100 99 
0.5x 100 100 98 100 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 100 100 100 100 
1.25x 100 100 100 100 100 100 100 100 100 100 

72 

hrs. 

0.05x 100 99 83 100 100 100 97 99 100 99 

0.1.x 100 100 92 100 100 100 97 100 100 100 
0.5x 100 100 99 100 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 99 97 100 100 
1.25x 100 100 100 100 100 100 100 100 100 100 
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Table 4.5: Portal Contact Spray Mortality Rate 2021 

# of 

Hrs. 

Dose Georgetown 

2021 (%) 

Camden-

Wyoming 

2021 (%) 

Delmar 

2021 

(%) 

Bridgeville 

2021 (%) 

Lincoln  

2021 

(%) 

Laurel 

1 

2021 

(%) 

Laurel 

2 

2021 

(%) 

Laurel 

3 

2021 

(%) 

Laurel 

4 

2021 

(%) 

Laurel 

5 

2021 

(%) 

24 

hrs. 

0.05x 100 100 99 100 100 100 100 100 100 100 

0.1.x 100 100 100 100 100 100 100 100 100 100 
0.5x 100 100 100 100 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 99 100 100 100 
1.25x 100 100 100 100 100 100 100 100 100 100 

48 

hrs. 

0.05x 99 100 99 100 100 100 100 100 100 100 

0.1.x 100 100 100 100 100 100 100 100 100 100 
0.5x 100 100 100 100 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 100 100 100 100 
1.25x 100 100 100 100 100 100 100 100 100 100 

72 

hrs. 

0.05x 100 100 98 100 100 100 100 100 100 100 

0.1.x 100 100 100 100 100 100 100 100 100 100 
0.5x 100 100 100 100 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 100 100 100 100 
1.25x 100 100 100 100 100 100 100 100 100 100 
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Table 4.6: Banter Contact Spray Mortality Rate 2021 

# of 

Hrs. 

Dose Georgetown 

2021 (%) 

Camden-

Wyoming 

2021 (%) 

Delmar 

2021 

(%) 

Bridgeville 

2021 (%) 

Lincoln  

2021 

(%) 

Laurel 

1 

2021 

(%) 

Laurel

2 

2021 

(%) 

Laurel

3 

2021 

(%) 

Laurel

4 

2021 

(%) 

Laurel 

5 

2021 

(%) 

24 

hrs. 

0.05x 100 100 100 100 100 100 100 100 99 100 

0.1.x 100 100 100 100 100 100 99 100 100 100 
0.5x 100 100 100 100 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 100 100 99 100 
1.25x 100 100 100 100 100 100 100 100 99 100 

48 

hrs. 

0.05x 100 100 100 100 100 100 100 100 100 100 

0.1.x 100 100 100 100 100 100 100 100 100 100 
0.5x 100 100 100 100 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 100 100 100 100 
1.25x 100 100 100 100 100 100 100 100 100 100 

72 

hrs. 

0.05x 100 100 100 100 100 100 100 100 100 100 

0.1.x 100 100 100 100 100 100 100 100 100 100 
0.5x 100 100 100 100 100 100 100 100 100 100 

1.00x 100 100 100 100 100 100 100 100 100 100 
1.25x 100 100 100 100 100 100 100 100 100 100 
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Table 4.7: Oberon Egg Bioassay Hatching Rate (% alive) 

Days Dose Georgetown 2020 

(%) 

Seaford 

2020 (%) 

Laurel 1 

2020 (%) 

Laurel 2 

2020 (%) 

Laurel 3 

2020 (%) 

Bridgeville 2020 

(%) 

1 Control 1 0 0 0 0 0 
0.05x 0 0 0 0 0 0 
0.1.x 0 0 0 0 0 0 

0.5x 0 0 0 0 0 0 
1.00x 0 0 0 5 0 0 

1.25x 0 0 0 0 0 0 
2 Control 2 0 0 0 2 0 

0.05x 0 1 0 0 1 0 

0.1.x 0 0 0 0 0 0 
0.5x 0 0 0 0 0 0 

1.00x 0 0 0 0 0 0 
1.25x 0 0 0 0 0 0 

3 Control 2 0 0 0 4 - 

0.05x 0 2 0 0 0 - 
0.1.x 0 0 0 0 0 - 

0.5x 0 0 0 0 0 - 
1.00x 0 0 0 0 1 - 
1.25x 0 0 0 0 0 - 

4 Control 3 - 0 0 9 3 
0.05x 0 - 0 0 0 0 
0.1.x 0 - 0 0 1 0 

0.5x 0 - 0 0 0 0 
1.00x 0 - 0 0 0 0 

1.25x 0 - 0 0 0 0 
5 Control 43 50 0 36 21 - 

0.05x 0 1 0 0 5 - 

0.1.x 0 0 0 0 1 - 
0.5x 0 0 0 0 0 - 
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1.00x 0 0 0 0 0 - 
1.25x 0 0 0 0 0 - 

6 Control 94 87 0 91 87 93 
0.05x 1 1 0 0 4 4 

0.1.x 0 0 0 0 0 2 
0.5x 0 0 0 0 0 0 
1.00x 0 0 0 0 0 0 

1.25x 0 0 0 0 0 0 
7 Control 95 88 36 93 96 98 

0.05x 1 1 0 0 6 4 
0.1.x 0 0 0 0 0 3 
0.5x 0 0 0 0 0 0 

1.00x 0 0 0 0 1 0 
1.25x 0 0 0 0 0 0 

8 Control 95 90 - 91 96 96 
0.05x 0 1 - 0 6 4 
0.1.x 1 0 - 0 0 3 

0.5x 0 0 - 0 0 0 
1.00x 0 0 - 0 1 0 

1.25x 0 0 - 0 0 0 
9 Control 95 - - 91 96 94 

0.05x 0 - - 0 7 4 

0.1.x 1 - - 0 0 3 
0.5x 0 - - 0 0 0 

1.00x 0 - - 0 1 0 
1.25x 0 - - 0 0 0 
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Table 4.8: Oberon Egg Bioassay Hatching Rate 

Days Dose Georgetown 

2021 (%) 

Camden-

Wyoming 

2021 (%) 

Delmar 

2021 

(%) 

Bridgeville 

2021 (%) 

Lincoln  

2021 

(%) 

Laurel

1 

2021 

(%) 

Laurel

2 

2021 

(%) 

Laurel

3 

2021 

(%) 

Laurel

4 

2021 

(%) 

Laurel 

5 

2021 

(%) 

1 Control 0 0 0 0 0 0 0 12 0 1 

0.05x 0 0 0 0 0 0 0 10 0 0 
0.1.x 0 1 0 0 0 0 0 8 0 0 

0.5x 0 0 0 0 0 0 0 8 0 1 
1.00x 0 0 0 0 0 1 0 5 0 1 
1.25x 0 0 0 0 0 0 0 3 1 1 

2 Control 4 1 0 0 0 1 0 7 0 1 
0.05x 0 1 0 0 0 0 0 10 0 0 

0.1.x 0 1 0 0 0 0 0 6 0 0 
0.5x 0 0 0 0 0 0 0 8 0 0 
1.00x 0 1 0 0 0 0 0 3 0 0 

1.25x 0 - 0 0 0 0 0 4 1 0 
3 Control 7 1 0 0 0 1 1 13 0 1 

0.05x 1 1 0 0 0 0 0 8 0 0 
0.1.x 0 0 0 0 0 1 0 5 0 0 
0.5x 0 0 0 0 0 1 0 6 0 0 

1.00x 0 1 0 0 0 0 0 3 0 0 
1.25x 0 0 0 0 0 0 0 3 0 0 

4 Control 5 1 0 0 0 3 0 11 0 2 

0.05x 2 1 0 0 0 0 0 0 0 0 
0.1.x 0 0 0 0 0 0 0 0 0 0 

0.5x 0 0 0 0 0 0 0 1 0 0 
1.00x 0 0 0 0 0 1 0 0 0 0 
1.25x 0 0 0 0 0 0 0 0 0 0 

5 Control 1 4 0 0 0 2 0 12 3 1 
0.05x 1 1 0 0 0 0 0 1 0 0 
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0.1.x 0 1 0 0 0 1 0 0 0 0 
0.5x 0 0 0 0 0 1 0 1 0 0 

1.00x 1 0 0 1 0 1 0 0 0 0 
1.25x 0 0 0 0 0 1 0 0 0 0 

6 Control 13 41 0 0 27 69 72 85 75 40 
0.05x 0 1 0 0 0 0 0 1 1 0 
0.1.x 0 1 0 0 0 1 0 0 0 0 

0.5x 0 1 0 0 0 0 0 1 0 0 
1.00x 0 0 0 0 0 0 0 0 1 0 

1.25x 0 0 0 0 0 1 0 0 0 0 
7 Control 41 56 39 0 18 70 90 82 88 85 

0.05x 0 3 0 0 0 2 0 0 0 1 

0.1.x 0 1 0 0 0 0 1 0 0 0 
0.5x 0 0 0 0 0 0 0 1 0 0 

1.00x 0 0 0 0 0 0 1 0 0 0 
1.25x 0 0 0 0 0 1 0 0 0 0 

8 Control 21 83 50 6 22 80 94 75 87 86 

0.05x 1 3 0 0 0 0 0 0 1 1 
0.1.x 0 2 0 0 0 0 1 0 0 0 

0.5x 0 1 0 0 0 0 0 0 0 0 
1.00x 0 0 0 0 0 0 1 0 0 0 
1.25x 0 0 0 0 0 1 1 0 0 0 

9 Control 28 84 49 9 18 61 93 75 85 82 
0.05x 0 0 0 0 0 0 0 1 1 0 

0.1.x 0 2 0 0 0 0 2 0 0 0 
0.5x 0 1 0 0 0 0 0 1 0 0 
1.00x 0 1 0 0 0 0 1 0 0 1 

1.25x 0 0 0 0 0 0 1 0 0 0 
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FIGURES 

 

Figure 4.1: Single prepared leaf disc with 20 spider mite adults on the leaf and 

surrounded by a moist cotton round  
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Figure 4.2: Example of multiple leaf discs prepped for adult mites or eggs for multiple 

repetitions (five separate leaf discs for each miticide concentration)  
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Figure 4.3: Potter Spray Tower with air compressor to apply miticide solutions. Spray 
chamber used to apply miticides safely in the background.  



 

 135 

Appendix A 

ADDITIONAL FIELD LAYOUTS AND FIELD DENSITY MAPS 

 

 

 

Figure A.1: 2020 Spatial distribution of TSSM in Seaford watermelon field. Each color 

corresponds to the number of spider mites per site.  

Legend 
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Figure A.2: 2020 Spatial distribution of TSSM in Laurel 1 watermelon field. Each color 

corresponds to the number of spider mites per site.  

Legend 
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Figure A.3: 2020 Spatial distribution of TSSM in Laurel 2 watermelon field. Each color 

corresponds to the number of spider mites per site.  

Legend 

 0-20  21-66 
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Figure A.4: Sampling layout of Laurel 3 field 2020  
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Figure A.5: 2020 Spatial distribution of TSSM in Laurel 3 watermelon field. Each color 

corresponds to the number of spider mites per site.  

Legend 
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Figure A.6: 2021 Spatial distribution of TSSM in Bridgeville watermelon field. Each 

color corresponds to the number of spider mites per site.  

Legend 

 0-5   6-13 

 14-26  27-62 
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Figure A.7: Sampling layout of Laurel 1 Field 2021  
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Figure A.8: 2021 Spatial distribution of TSSM in Laurel 1 watermelon field. Each color 

corresponds to the number of spider mites per site.  

Legend 

 0-3   4-9 
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Figure A.9: 2021 Spatial distribution of TSSM in Laurel 2 watermelon field. 

Each color corresponds to the number of spider mites per site.  

Legend 

 0-13  14-41 
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Figure A.10: Sampling layout of Laurel 3 field in 2021  
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Figure A.11: 2021 Spatial distribution of TSSM in Laurel 3 watermelon field. Each color 

corresponds to the number of spider mites per site.  

Legend 
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Figure A.12: Sampling layout of Laurel 4 field in 2021  
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Figure A.13: 2021 Spatial distribution of TSSM in Laurel 4 watermelon field. Each color 

corresponds to the number of spider mites per site.  

Legend 
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Figure A.14: 2021 Spatial distribution of TSSM in Delmar watermelon field. Each color 

corresponds to the number of spider mites per site.  

Legend 
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Figure A.15: Sampling layout of Lincoln, DE field in 2021  
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Figure A.16: 2021 Spatial distribution of TSSM in Lincoln watermelon field. Each color 

corresponds to the number of spider mites per site. 

Legend 
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