
ABSTRACT 

ARRINGTON, AMBER ELIZABETH. Strategies for Controlling Soil Insect Pests in 

Sweetpotato. (Under the direction of Dr. George G. Kennedy). 

 

Sweetpotato, Ipomoea batatas (L.), is one of the most economically important crops 

in North Carolina, and controlling soil insect pests is problematic. Coleopterous soil insects 

such as white grubs (Scarabaeidae), and wireworms (Elateridae), generally feed on or near 

the surface of storage roots. The damage caused does not negatively affect yield, but rather, it 

reduces grade, marketability, and profit. The standard soil insect management tactic used in 

NC relies on two soil incorporated applications of insecticides. These applications require 

trips across the field, must be made in a timely manner, and do not always provide acceptable 

control. A two year small plot replicated field study was conducted at multiple locations in 

NC to determine if insecticides or an entomopathogenic nematode, Steinernema carpocapsae 

Weiser, applied through drip irrigation in sweetpotato reduced wireworm damage when 

compared to the non-treated check and/or insecticides applied conventionally. Wireworm 

damage was extremely low in 2012, and there were no differences in the proportion or 

severity of roots damaged between treatments.  In 2013 a PPI application of chlorpyrifos 

followed by either bifenthrin, imidacloprid, clothianidin, or oxamyl injected through drip 

irrigation significantly reduced the proportion and severity of wireworm damage when 

compared to the non-treated check. These treatments reduced the incidence and severity of 

wireworm damage to a level equal to the conventional management practice. A commercial 

field and laboratory study was also conducted to determine if the combination of soil applied 

biological and chemical insecticides would be an effective management strategy for 



controlling an exotic white grub, Plectris aliena Chapman, in sweetpotato. Plectris aliena 

Chapman emerged as a serious pest of sweetpotato in Columbus County, North Carolina in 

2006. Research between 2007 and 2011 showed that insecticides alone would not provide 

adequate control of P. aliena. In field studies, the application of entomopathogenic fungi, 

Metarhizium anisopliae, and nematodes, Heterorhabditis bacteriophora Poinar, in 

combination with the neonicotinoid insecticides clothianidin and imidacloprid did not 

significantly reduce the proportion of P. aliena damaged roots, however; the severity of P. 

aliena damage to roots was significantly reduced with the neonicotinoid insecticides 

clothianidin and imidacloprid. When an entomopathogen was combined with a neonicotinoid 

insecticide, severity of damage was not significantly reduced compared to the insecticide 

treatment alone. In laboratory studies, the mortality of P. aliena was significantly affected by 

treatment. The combination of 1) M. anisopliae plus imidacloprid and 2) H. bacteriophora 

plus clothianidin significantly increased mortality compared to all other treatments.  

Applying H. bacteriophora and clothianidin together resulted in synergistic mortality. The 

overarching goal of this research was to develop novel strategies for controlling soil insect 

pests in sweetpotato. Our research reveals that applying insecticides through drip irrigation 

provides an effective alternative to conventionally applied insecticides for controlling 

wireworm in sweetpotato, and that the use of combinations of conventional insecticides and 

entomopathogenic nematodes shows promise as a component of an integrated management 

approach for controlling P. aliena in sweetpotato. 
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INTRODUCTION 

Sweetpotato production and soil insect pests 

Sweetpotato, Ipomoea batatas (L.), is an economically important crop in the 

southeastern United States. North Carolina ranks number one in sweetpotato production, 

producing 46.8% of the nation’s sweetpotatoes in 2012, followed by California and 

Mississippi (NCDA 2012). In 2012, North Carolina harvested 25,000 hectares of 

sweetpotatoes with a value of $177,320,000 (NCDA 2013). The majority of sweetpotatoes 

are grown in the coastal plain of the state, with the top 10 producing counties being: 

Johnston, Nash, Edgecombe, Sampson, Wilson, Columbus, Cumberland, Green, Wayne, and 

Wake (IPM Centers 2005). There are a wide variety of pests present in southern sweetpotato 

production that reduce both yield and quality. Over nineteen species of insect pests of 

sweetpotatoes are found in the U.S.; however, a complex of soil-inhabiting insect pests are 

the main concern for growers in the southern U.S. Root and tuber crops have a high risk of 

economic damage because the harvested portion of the plant is underground and susceptible 

to damage by soil-dwelling insects for much of the growing season.  

Coleopterous soil insects such as white grubs (Scarabaeidae), and wireworms 

(Elateridae), generally feed on or near the surface of storage roots creating broad shallow 

gouges or small to moderate round holes, respectively, in the storage roots. The damage 

caused does not negatively affect yield or quality, but such blemishes reduce grade, 

marketability, and profit. Damage tolerances for sweetpotato in the U.S. are extremely low; 

to be marketed as a USDA No. 1 grade, roots must have minimal to no insect damage 

(Jansson and Raman 1991). Losses due to soil insect damage on sweetpotato are serious. In 
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Georgia, $1.6 million were lost on 6,000 acres of sweetpotatoes due to wireworm injury 

(Douce and McPherson 1989), and losses from wireworm feeding in the southeastern U.S. 

were estimated to exceed $25 million annually through the early 1990s (Jansson and Raman 

1991). Sweetpotato growers currently rely on crop rotation and soil incorporated insecticide 

applications for wireworm management. Over 90% of sweetpotatoes in the U.S. are treated 

with insecticides, and the marketable yield of sweetpotatoes would likely decline by 50% 

without these treatments (Gianessi 2009). Long residual, broad-spectrum organochlorine 

insecticides offered the most reliable management of soil insects in the past; however, due to 

environmental concerns, these compounds are no longer registered for use (Chalfant et al. 

1979).   

Wireworm control in sweetpotato 

Wireworms are the most economically damaging insect pests of sweetpotato in NC. 

Willis et al. (2010) identified tobacco wireworm, Conoderus vespertinus, as the predominant 

wireworm species found in NC sweetpotato fields. A total of eight species of wireworm 

larvae were identified. The other species identified include Conoderus falli, C. bellus, C. 

lividus, C. scissus, Glyphonyx bimarginatus, and Melanotus communis (Willis et al., 2010).  

In the southern U.S., growers apply chlorpyrifos as a pre-plant soil-incorporated (PPI) 

application for wireworm control. This application is intended to kill overwintering 

wireworms. Tobacco wireworm makes up approximately 66% of the wireworm population 

found in NC sweetpotato fields and this univoltine species lays its eggs in the soil in late June 

and early July, and is nearly ubiquitous in eastern NC row crops. Therefore an additional soil 

insecticide application is required during the growing season to prevent damage from the 
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generation of tobacco wireworm that hatches from eggs in early summer. Research in NC 

revealed that bifenthrin applied to the soil and incorporated with rolling cultivators increases 

control of tobacco wireworm by creating an insecticide barrier in the upper 7 to 8cm of soil. 

Larvae hatching in treated soil are killed before they reach the storage roots (Abney and 

Kennedy, unpublished). 

The organophosphate (OP) insecticide chlorpyrifos is an important tool used for soil 

insect management in sweetpotato. The use of OP insecticides is currently under review by 

the US Environmental Protection Agency (US EPA), and the registration of chlorpyrifos for 

use on sweetpotato could ultimately be lost. Even with currently available insecticides, 

growers continue to incur losses due to wireworms. Proper application of soil insecticides is 

essential for optimal control. Improper incorporation and poor distribution as well as 

unsuitable soil conditions are some of the problems associated with soil insecticide 

applications (Jansson and Raman, 1991). Control of wireworms and other soil-dwelling 

insects in sweetpotato is problematic; therefore, it is important to evaluate new strategies 

including new chemistries and new delivery technologies. 

Drip chemigation as an insect management tool 

A possible solution to some of the problems associated with soil insecticide 

application is the use of drip chemigation. Drip chemigation is the method of delivering both 

water and chemicals through drip irrigation uniformly to a plant’s root zone using emitters on 

or below the soil surface with a constant and low pressure (Ghidiu, 2012). In 1975, drip 

irrigation was being used on more than 54,000ha in the US on various crops for water 

management, and by the late 1990’s, the use of drip irrigation increased 650% in the U.S. 
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(Ghidiu, 2012). While drip irrigation has been used successfully in vegetable production in 

North Carolina for many years, it has only recently been adapted for use on sweetpotato in 

the state. Insecticides were first injected into drip irrigation systems in 1980 for control of the 

European corn borer (Ostrinia nubilalis Hubnar) in bell peppers (Ghidiu, 2012). Currently, 

there are many agrichemicals that are labeled for use in drip irrigation systems. Newer 

classes of insecticides such as neonicotinoids and anthranilic diamides are especially suited 

for application through drip irrigation. These systemic insecticides are soluble in water and 

are taken up by plant roots; furthermore, they are considered by the USEPA to be low risk 

pesticides. 

Drip chemigation has many advantages. Chemigation can maintain soil moisture, 

thereby increasing insecticide effectiveness. It can also eliminate drift, minimize 

environmental impacts, and reduce worker exposure due to pesticide application. In addition, 

weather and field soil conditions are of reduced concern. Insecticides can be applied through 

drip irrigation in wind or rain, as well as when soil conditions prohibit or are not ideal for 

ground equipment use. Using chemigation also reduces total insecticide input compared to 

that of conventional foliar applications (Ghidiu, 2012). For example, Kuhar et al. (2009) 

demonstrated that a single application of chlorantraniliprole injected through drip irrigation 

for control of caterpillar damage in tomatoes was as effective as four foliar pyrethriod 

applications.  

Drip chemigation in sweetpotatoes 

The application of insecticides through drip irrigation has proven to be a very 

effective pest management tactic in a number of vegetable cropping systems. However, in 
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most vegetable systems, insecticides currently in use are to treat foliar pests. Most 

insecticides applied through drip irrigation are systemic; they are taken up by the plant’s root 

system and translocated to the leaves and/or fruit where they target above ground pests 

(Ghidiu., et al 2012). Little research has been done to evaluate the efficacy of insecticides 

applied through irrigation systems against soil dwelling insects. Chalfant et al. (1993) 

compared the efficacy of two formulations of chlorpyrifos applied through overhead, center-

pivot, sprinkler irrigation systems with that of soil incorporated granular chlorpyrifos for 

control of wireworms in sweetpotato. Comparisons were made between soil incorporated 

chlorpyrifos granules at planting to EC and oil formulations of chlorpyrifos through overhead 

chemigation at planting and at root enlargement. EC and oil formulations of chlorpyrifos 

were also applied at two different water volumes. This research showed that overhead 

chemigation at planting and root enlargement significantly reduced wireworm damage 

compared to chemigation at planting alone. Research also showed that chlorpyrifos applied 

in 63.5 kliter/ha of water significantly reduced wireworm damage compared to applications 

in 25.4 kliter/ha of water, and was as effective as soil incorporated granules of chlorpyrifos. 

The larger volume of water likely resulted in better penetration of insecticide in the soil 

profile (Chalfant et al., 1993). 

We hypothesize that the application of insecticides through a drip irrigation system 

has the potential to be an effective management tool for wireworms in sweetpotato and 

mitigate many of the complications associated with traditional insecticide applications for 

soil-dwelling insects. Application of insecticides through drip irrigation systems could allow 

direct product placement around the root zone while also increasing insecticidal efficacy. In 
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addition to insecticides applied through drip irrigation, entomopathogenic nematodes can be 

injected into drip irrigation systems. In a two year study the parasitic nematode, Steinernema 

carpocapsae, applied to the surface of the soil, provided significant control of wireworms to 

sweetpotato in the first year of field data, however, not in the second year of data (Schalk et 

al., 1993). Additionally, it has been shown that delivering entomopathogenic nematodes 

through drip irrigation systems distributes the agent equally into pest habitats (Wennemann et 

al., 2003). The purpose of the research presented in Chapter 1 of this thesis was to compare 

wireworm damage in sweetpotato under conventional non-irrigated and drip irrigated 

conditions as well as compare the efficacy of insecticides and an entomopathogenic 

nematode, S. carpocapsae, injected through drip irrigation to the conventional wireworm 

management programs in sweetpotato. To our knowledge, this is the first study to show 

efficacy data for treating soil insect pests by the application of insecticides and nematodes 

through drip irrigation.  

White grubs as sweetpotato pests 

Two species of white grubs (Coleoptera: Scarabaeidae), Plectris aliena and 

Phyllophaga ephilida are serious pests of sweetpotato. Larvae of both species feed on the 

surface of storage roots creating lesions that reduce marketability (Jansson and Raman 1991). 

Phyllophaga ephilida is native to the U.S. and is the only known Phyllophaga species to feed 

on sweetpotato. Plectris aliena was introduced into the US in the 1920s, most likely from 

northern South America (Chapin, 1934; Roberts, 1968). Plectris aliena is the only species of 

Plectris known to exist in the U.S., and the insect was first discovered in North Carolina in 

2006 (Arnett et al., 2002; Brill, 2012).  
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Commercial sweetpotato production occurs in 10 counties in NC, but P. aliena has 

only been reported in Bladen and Columbus Counties. Since its discovery, P. aliena is 

believed to have caused over $16 million in losses to the sweetpotato industry.  Between the 

years of 2007 and 2011, insecticide efficacy trials were performed in Columbus Co., NC in 

commercial sweetpotato fields, with 28 insecticides being tested. Only the neonicotinoid 

insecticides imidacloprid and clothianidin reduced P. aliena damage compared to the 

untreated controls (Brill, 2012). These insecticides have demonstrated only moderate control 

of P. aliena, and to date no single tactic reduced damage to an acceptable level. It is likely 

that insecticide treatment alone will not provide adequate control of P. aliena.  

Biological control options for the exotic white grub, Plectris aliena Chapman 

In 2012, efforts were made to identify alternatives to insecticides for managing P. 

aliena. Currently, there are no biological control tactics being widely used on sweetpotato in 

the US for insect control; nevertheless, there many entomopathogens associated with the 

Scarabaeidae. Because scarab larvae are soil-dwelling, they are closely associated with 

microbes that exist within the soil. Scarabs are susceptible to a variety of microorganisms 

such as viruses, bacteria, fungi, and protozoans. Our research revealed that a significant 

proportion of Plectris grubs collected from sweetpotato fields in Columbus Co., NC were 

infected with the entomopathogenic fungal pathogen, Metarhizium anisopliae. This fungus 

occurs naturally in the soil and is also available as a commercially formulated insecticide. In 

2009, up to 30% of P. aliena grubs collected from Columbus Co., NC fields were infected 

with M. anisopliae. When the conidia of M. anisopliae come in contact with an insect cuticle, 

they germinate forming hyphae. The hyphae of entomopathogenic fungi then develop a 
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specialized structure called an appressorium. Using enzymes and mechanical pressure, the 

appressorium penetrates the insect cuticle.  Once inside, the fungus is often able to overcome 

insect defense systems eventually killing the insect (Lomer et al., 2001; St Leger., 1993). In a 

small plot study, Yokoyama et al. (1998) demonstrated that the percentage of sweetpotato 

roots not damaged by scarab larvae was significantly higher in plots treated with the M. 

anisopliae RNO31 formulation than in non-treated plots. Although field collected P. aliena 

were infected with M. anisopliae, little is known about the potential of the fungus as a pest 

management tool for reducing P. aliena damage in sweetpotato.  

Research in 2012 found that up to 40% of grubs collected from a Columbus Co., NC 

field were infected with entomopathogenic nematodes that were later identified as the 

genera’ Pristionchus and Cruznema. There are many species of nematodes that have been 

isolated from scarabs; however, pest management tactics have focused on nematodes from 

the families Steinermatidae and Heterorhabitidae. Nematodes are able to penetrate insect 

hosts in several ways. Nematodes can enter their hosts directly through the cuticle, through 

the trachea via the spiracles, or through the midgut via the mouth or anus (Koppenhofer et 

al., 2000). Entomopathogenic nematodes do not kill insects directly; rather, they are 

associated with symbiotic bacteria that are released from their gut once inside the host. It is 

the bacterium that brings about death of the host insects. Nematodes then reproduce in the 

resulting bacterial soup. Entomopathogenic nematodes are available as commercially 

formulated insect control products. 
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Synergism between neonicotinoid insecticides and entomopathogenic fungi and 

nematodes 

Efficacy of biological insecticides such as entomopathogenic fungi and nematodes 

can be greatly increased when combined with neonicotinoid insecticides. This synergism is 

created by the disruption of nerve functions by the chemical insecticide, which reduces grub 

mobility; thereby facilitating attachment of the pathogen to the insect. Grubs are typically 

able to avoid pathogen attachment by moving through an abrasive substrate such as soil, and 

by grooming behaviors that detach conidia and nematodes (Koppenhofer et al., 2000; 

Quintela, 1998). In addition to reduced mobility, insecticides also cause an initial stress, 

which could decrease an insect’s natural defenses. Insects that are under stress are more 

susceptible to infection (Shah et al., 2007).  

 There have been many studies conducted on the synergisms between neonicotinoid 

insecticides and entomopathogenic nematodes and fungi. For example, between 1998 and 

2002 synergies between imidacloprid and other neonicotinoids and multiple species of 

entomopathogenic nematodes against five different species of white grubs were identified 

(Koppenhofer et al., 2000; Koppenhoffer et al., 2002; Koppenhoffer and Kaya, 1998). 

Metarhizium anisopliae applied alone in sweetpotato fields has been shown to significantly 

reduce damage by five species of white grubs (Yokoyama et al., 1998), and the combination 

of neonicotinoids and M. anisopliae has been shown to be synergistic against two species of 

white grubs (Morales-Rodriguez and Peck, 2009), and weevils (Curculionidae) (Quintela and 

McCoy, 1998; Shah et al., 2007). The purpose of the research described in Chapter 2 of this 

thesis was to evaluate the use of entomopathogenic fungi and nematodes alone and in 
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combination with neonicotinoid insecticides for the control of the exotic white grub, 

P.aliena, in sweetpotato. Research was performed on commercial farms in Columbus Co., 

NC and in the laboratory at NC State University.  
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CHAPTER 1 

Applying Insecticides Through Drip Irrigation to Control Wireworms (Coleoptera: 

Elateridae) in Sweetpotato. 
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Abstract 

A two year field study was conducted at multiple locations to determine if 

insecticides or an entomopathogenic nematode, Steinernema carpocapsae Weiser, applied 

through drip irrigation in sweetpotato reduced wireworm damage when compared to the non-

treated check and/or insecticides applied conventionally.  The conventional treatment 

included a pre-plant soil-incorporated (PPI) application of chlorpyrifos followed by a soil 

barrier treatment (SBT) of bifenthrin at cultivation. Wireworm damage was extremely low in 

2012, and there were no differences in the proportion of roots damaged or the severity of 

roots damaged between treatments.  In 2013 a PPI application of chlorpyrifos followed by 

either bifenthrin, imidacloprid, clothianidin, or oxamyl injected through drip irrigation 

significantly reduced the proportion of wireworm damage as well as the severity of 

wireworm damage when compared to the non-treated check. These treatments reduced the 

incidence and severity of wireworm damage to a level equal to the conventional management 

practice. The PPI application of chlorpyrifos followed by either cyantraniliprole or S. 

carpocapsae injected through drip irrigation was not significantly different from the non-

treated check in the proportion of wireworm damage; however, both treatments reduced the 

severity of wireworm damage compared to the non-treated check. No significant differences 

in yield were observed between any treatments in either year. No treatments reduced 

wireworm damage compared to the conventional application, but several treatments 

performed as well as the conventional application. Applying insecticides through drip 

irrigation provides an alternative to conventionally applied insecticides. 
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Introduction 

Sweetpotato, Ipomoea batatas (L.), is injured by a complex of soil insect pests. In 

North Carolina, wireworms, the larvae of click beetles (Coleoptera: Elateridae), are the most 

destructive insect pest of sweetpotato, and the most abundant species of wireworm found in 

sweetpotato in NC is tobacco wireworm, Conoderus vespertinus Fabricius, which makes up 

approximately 66% of the wireworm population found in the state’s fields (Willis et al., 

2010). Wireworm feeding results in round holes of various diameter and depth which can 

render roots unmarketable. Detecting wireworm populations in the field can be difficult. 

Wireworms occur irregularly in both time and space, and current monitoring methods relying 

on soil baiting do not always accurately predict wireworm damage. Proactive management 

strategies are currently used by most NC sweetpotato growers for controlling wireworms. 

The standard recommended practice for wireworm management in NC consists of two 

insecticide applications: one incorporated in the soil before planting and a second application 

incorporated in the soil in early summer. Chlorpyrifos is used for the pre-plant incorporated 

(PPI) application and targets the overwintering populations. Bifenthrin is typically applied to 

the soil and incorporated with rolling cultivators in late June or early July. This practice, 

referred to as soil-barrier treatment (SBT) creates a barrier of treated soil that kills newly 

hatched tobacco wireworm before they reach the storage roots. Tobacco wireworms lay their 

eggs on top of the soil in late June and early July, therefore, it is critical that a SBT be 

applied at this time. This two part management strategy has been shown to reduce wireworm 

damage significantly over the use of PPI treatments alone or PPI treatments plus foliar 

insecticide applications targeting click beetles. Chlorpyrifos PPI applications reduce 
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wireworm damage by approximately 50% compared to the untreated. The addition of a SBT 

of bifentrhin reduces damage an additional 50% compared to the PPI alone (Abney, 

unpublished). Over 90% of sweetpotato acreage in the U.S. is treated with insecticides, and 

the marketable yield of sweetpotato would likely decline by 50% without them (Gianessi, 

2009).  

Problems exist however. Even with proactive insecticide applications currently being 

used, growers continue to incur losses due to wireworms. The organophosphate (OP) 

insecticide chlorpyrifos is an important tool used for soil insect management in sweetpotato. 

The use of OP insecticides is currently under review by the US Environmental Protection 

Agency (US EPA), and the registration for use of chlorpyrifos on sweetpotato could 

ultimately be lost. Control of wireworms and other soil-dwelling insects in sweetpotato is 

problematic because control can be erratic and is often influenced by many factors including 

insecticide formulation, incorporation method, and soil conditions (Jansson and Raman, 

1991). Consequently, alternative control methods including new insecticide chemistries and 

new delivery technologies need to be investigated.  

  Drip irrigation has been used successfully in vegetable production in NC for many 

years, and has recently been adapted for use in sweetpotato production in the state. In most 

vegetable systems, insecticides applied through drip irrigation are systemic and taken up by 

the plant’s root system and translocated to the leaves and/or fruit where they target above 

ground pests. To our knowledge, no research has evaluated the efficacy of insecticides 

applied through drip irrigation against soil dwelling insects.  



 

 18 

Injecting insecticides through drip irrigation has the potential to mitigate many of the 

problems encountered when attempting to control soil-dwelling insects.  Proper application 

of soil insecticides is essential for optimal control, and adequate soil moisture aids in 

activating many soil insecticides (Jansson and Raman, 1991; Harris 1966, 1967). Drip 

chemigation can maintain soil moisture, thereby increasing insecticide effectiveness.  It can 

also eliminate drift, minimize environmental impacts, and reduce worker exposure due to 

pesticide application. In addition, weather conditions are not of concern. Insecticides can be 

applied through drip irrigation in wind or rain, as well as when soil conditions prohibit or are 

not ideal for ground equipment use (Ghidiu, 2012). Chemigation can provide precise 

application timing and optimal placement of insecticides, and can potentially deliver 

materials directly to the sweetpotato root zone where wireworms reside. In addition to 

conventional insecticides, entomopathogenic nematodes can be effectively injected into drip 

irrigation systems and distributed evenly across the field (Wennemann et al., 2003). Schalk et 

al. (1993) demonstrated in a two year study that the entomopathogenic nematode, 

Steinernema carpocapsae, provided significant control of wireworms to sweetpotato in the 

first year of field data, however, the nematode provided poor efficacy in the second year, 

presumably due to high rainfall and saturated soils. 

The objectives of the research presented here were: 1) to compare wireworm damage 

in sweetpotato under conventional non-irrigated and drip-irrigated production systems and; 

2) to compare the efficacy of insecticides and the entomopathogenic nematode, S. 

carpocapsae, injected through drip irrigation to that of conventionally applied insecticides 

for control of wireworms in sweetpotato. The following hypotheses were tested: 1) yield of 
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marketable roots will be higher in drip irrigated compared to non-irrigated sweetpotato; and 

2) insecticides applied through drip irrigation will reduce the incidence and severity of 

wireworm damage compared to the standard conventionally applied soil insecticide program.  

Materials and Methods 

Small Plot Field Trials 2012 and 2013  

Research was conducted in replicated small plot trials at the Cunningham Research 

Station (CRS) in Kinston, NC in 2012 and at the CRS and the Horticultural Crops Research 

Station (HCRS) in Clinton, NC in 2013. Sweetpotato vine cuttings (cv. Covington) were 

transplanted into four row plots that were 9.14m long with 3m of bare soil between replicates 

on 21 and 13 June 2012 and 2013 respectively at CRS, and on 17 June 2013 at HCRS. The 

experiment was arranged in a randomized complete block design with 8 treatments and 4 

replicates in 2012, and 9 treatments and 4 replicates in 2013. Treatments consisted of drip 

applications of 1) bifenthrin, 2) cyantraniliprole, 3) oxamyl, 4) clothianidin, 5) imidacloprid, 

6) and the entomopathogenic nematode, S. carpocapsae. Applications also consisted of 7) a 

soil barrier treatment (SBT) of bifenthrin, 8) a drip non-treated water only control, 9) and a 

non-treated no-drip control. All insecticide applications (treatments 1-5 and 7) received a 

pre-plant incorporated (PPI) application of chlorpyrifos. See table 1.2 for rates. 

After planting, a single drip line (Netafim®, Streamline 630; 8 mil; 0.91L/hour; 

30.5cm emitter spacing) was placed on the soil surface on top of each row. An injection 

system for applying agricultural chemicals through drip tape in small plot replicated studies 

was used to deliver water and experimental treatments to designated plots. Chemigation 

water and insecticides were delivered at 0.612atm. Each of the insecticides (cyantraniliprole, 
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imidacloprid, clothianidin, oxamyl, and bifenthrin) were pre-mixed in 2 liters of water; the 

resulting solution was injected into the drip line from a 2 liter plastic bottle pressurized with 

CO2 at1.22atm. The nematode, Steinernema carpocapsae, was applied at a rate of 5 billion 

infective juveniles per hectare. The rate was achieved by diluting a formulated product 

containing 100 million nematodes into 1893ml of water to create a stock solution; 1459ml of 

stock solution was then mixed in 541ml of water and injected into the drip line from a 2 liter 

plastic bottle pressurized with CO2 at1.22atm. All drip lines were pressurized and plots were 

irrigated for approximately 30min before injections were made. Following insecticide 

injections, the plots were irrigated an additional 30min to ensure movement of the insecticide 

into the sweetpotato bed. Chemigation treatments were injected on 11 July 2012 and 17 July 

2013 at CRS and on 16 July 2013 at HCRS. 

The conventional treatment consisted of a pre-plant incorporated (PPI) application of 

chlorpyrifos applied at a rate of 4.68 liters per hectare. Applications were made using a CO2 

powered backpack sprayer with a 3 nozzle boom delivering 140.1 liters of finished solution 

per hectare at 2.72atm and incorporated with a field cultivator on 20 June 2012 and on 3 June 

2013 at CRS and on 6 June 2013 at HCRS. Chlorpyrifos was applied PPI in the same manner 

to all chemigated plots, excluding the nematode treatment. In addition to the PPI application, 

the conventional treatment consisted of a soil barrier treatment (SBT) of bifenthrin applied 

at1.4 liters per hectare. Applications were made using a CO2 backpack sprayer with a 2 

nozzle boom delivering 140.1 liters of finished solution per hectare at 2.72atm and 

incorporated using a field cultivator on 11 July 2012 and on 26 June 2013 at CRS and on 27 

June 2013 at HCRS.  
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Sweetpotato roots were harvested on 25 and 22 October at CRS in 2012 and 2013, 

respectively, and on 15 October 2013 at HCRS. The third row of each plot was harvested and 

all roots within a 4.6m length of row were graded and weighed to determine effects on yield. 

A random sample of 25 storage roots was taken from each plot and transported to the 

laboratory at North Carolina State University where they were washed and rated for 

wireworm damage. Roots were scored as damaged or undamaged, and the number of 

wireworm feeding holes on each root was counted and recorded. 

Insecticide movement in the soil 

Soil was collected to determine movement of each insecticide within a defined area of 

the soil profile. Soil was excavated at each sample site to expose a vertical cross section of 

the sweetpotato bed. Samples were collected from a single row in each plot by inserting a 

2.2cm diameter by 53.3cm long soil probe horizontally into the face of the bed cross section 

penetrating parallel to the length of the bed. Four samples were taken from a bed, one at each 

7.6, 15, and 23cm directly below the level of the drip tape and one at 15cm below and 15cm 

to the right of the drip tape (Figure 1.1). Samples collected from all insecticide treatments 

were combined for each depth to reduce the cost of analysis. Samples from untreated beds 

were collected and analyzed separately. In 2013 samples were collected from all four 

replicates at CRS on 25 July and at HCRS on 24 July (8 DAT). Samples were stored in the 

laboratory at -20°C until insecticide residue analysis took place. All samples from a single 

replicate at CRS were sent to Pacific Agricultural Laboratories (Portland, Oregon) for 

analysis of insecticide residue. Only one replicate from CRS was analyzed in order to reduce 

costs. Analysis was completed on 6 January, 2013. 
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Wireworm species determination 

To determine the species of wireworms in the experimental fields, wireworm larvae 

were collected at CRS and HCRS in 2013 by placing an oat bait on the first and third row of 

each plot on the day chemigation took place. Approximately 78g of dry steam-crimped oats 

(Purina Mills, St. Louis, MO) were soaked in water overnight. The following day water was 

drained, and oats were placed in the ground by removing a soil core using a bulb planter 

7.5cm in diameter and12cm deep. Oats were then placed in the void and covered with soil. A 

wire flag marked each bait location. Baits were collected 14d later using a golf course cup 

cutter 10.5cm in diameter and 15cm in depth, to extract the oats and surrounding soil. Each 

bait/soil core was placed into a one-gallon, re-sealable plastic bag labeled with plot 

information and collection date. The samples were taken to the laboratory and stored at 4°C 

until processed. The contents of each sample were placed onto a cafeteria tray and visually 

examined for wireworms. Wireworms were placed in a labeled vial containing 70% ethanol 

solution. All wireworms were identified to species using the keys of Rabb (1963), Riley and 

Keaster (1979), Seal (1990) and Jewett (1946).  

Click Beetle Presence 

  In 2013, click beetles were monitored at both CRS and HCRS using double sided 

sticky traps that were 23cm long by 13.5cm wide (Great Lakes IPM Inc., Vestaburg, MI). 

One trap was placed approximately midway in the third row of each plot. Each trap was 

located 0.2m above the ground, or just above the leaf canopy. The traps were secured to a 

bamboo stake using binder clips. Traps were collected after 7d and stored in a freezer at -

20°C until processed. Beetles were identified to species using a dissecting light microscope 
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and the keys of Van Zwaluwenburg (1922), Van Dyke (1932), Smith and Enns (1977), Smith 

and Enns (1978), and Smith and Balsbaugh (1984).  

Statistical Analyses  

In 2012, due to quasi-complete separation, an exact logistic regression was conducted 

using SASv9.3 software (Proc Logistic, SAS Institute, 2011) in order to determine the effect 

of treatment on proportion of sampled roots that were damaged by wireworm. In analysis of 

2013 data, data for CRS and HCRS locations were combined due to a lack of significant 

differences between locations. In 2013, logistic regression was conducted using SAS v9.3 

(Proc Logistic, SAS Institute, 2011). In both 2012 and 2013, the mean number of wireworm 

holes per root was analyzed using a generalized linear model in SAS v9.3 (Proc Glm, SAS 

Institute, 2011). To determine treatment effects on yield, a generalized linear model was 

conducted in SAS v9.3 (Proc Glm, SAS Institute, 2011). In 2013, effects on yield were 

analyzed separately at both locations.   

Results 

Wireworm Damage  

In 2012 there was no significant difference in the proportion of wireworm damage 

between treatments (P=0.2667; Table 1.2), or the severity of wireworm damage between 

treatments (F7=1.38; P=0.2634; Table 1.2). In 2012, three of the insecticide treatments, 

imidacloprid, clothianidin, and cyantraniliprole had no wireworm damage. Three treatments, 

including oxamyl, bifenthrin applied through drip irrigation, and bifenthrin applied 

conventionally, had 2% wireworm damage.  In 2013, all insecticide treatments except 

cyantraniliprole significantly reduced wireworm damage compared to the control, which had 
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75% wireworm damage (F8=5.42; P=0.0007; Table 1.2). Severity of damage was 

significantly reduced in all insecticide treatments compared to the control (F8=6.43; 

P=0.0002; Table 1.2). Drip applications of bifenthrin, imidacloprid, clothianidin, or oxamyl 

did not differ significantly in the proportion or severity of wireworm damage compared to the 

conventional application of chlorpyrifos and bifenthrin (Table 1.2). The entomopathogenic 

nematode, S. carpocapsae, did not significantly reduce the proportion of wireworm damage 

compared to the control (t20.79=0.12; P=0.9024; Table 1.3); however, the severity of 

wireworm damage was significantly reduced (F8=6.43; P=0.0002; Table 1.2). The water only 

control was not significantly different than the no drip control in the proportion or severity of 

wireworm damage (t20.94=-0.18; P=0.8577; Table 1.3).  

Yield  

Mean total yields in each treatment ranged from 16.5-26.2kg across years and 

locations. There were no significant differences by treatment in 2012 or 2013 at CRS (F7= 

0.84, P=0.6196; and F8=0.02; P=1.000; Table 1.1), nor were there differences in mean total 

yield by treatment at HCRS in 2013 (F8=0.07; P=0.999; Table 1.1). 

Soil residue analysis  

No insecticide residues were found in the control plots. Bifenthrin (0.054mg/kg), 

cyantraniliprole (0.049mg/kg), imidacloprid (0.25mg/kg), and oxamyl (0.30mg/kg) were 

detected in the soil at 7.6cm below the drip tape. At 15cm below the drip tape only bifenthrin 

(0.012mg/kg) and imidacloprid (0.0093mg/kg) were detected. No insecticides were detected 

in the soil at 23cm or 15cm below and 15cm to the right of the drip tape (Table 1.4).  

Species Determination 



 

 25 

Larvae 

In 2013 160 baits were processed from HCRS and CRS, and 22 and 3 wireworms 

were recovered from each location, respectively. Two species of wireworms were recovered 

from the baits and identified as C. vespertinus and C. scissus. Of the 25 total wireworms 

collected, 68% were C. vespertinus and 32% were C. scissus (Figure 1.2).  

Adults  

 In 2013 yellow sticky traps (n=80), used to monitor adult beetles were processed from 

HCRS and CRS, and 183 and 200 click beetles were recovered from each location, 

respectively. Seven species of click beetles were identified, including 251 Conoderus 

vespertinus (66%), 49 C. scissus (13%), 40 C. falli (10%), 19 C. rudis (5%), 8 Glyphoyx 

bimarginatus (2%), 4 C. bellus (1%),  3 Aeolus spp. (1%), and 8 unknown species (2% ) 

(Figure 1.3). 

Discussion 

This is the first study that examines the effectiveness of applying insecticides through 

drip irrigation for control of wireworms in sweetpotato. Our results demonstrate that the 

combination of chlorpyrifos applied PPI with select insecticides applied through drip 

irrigation can be as effective at reducing wireworm damage in sweetpotato as the 

conventionally applied program. In 2012, there was not a significant difference between 

treatments due to extremely low wireworm pressure. In 2013, however, the level of 

wireworm damage observed in non-treated plots was similar to that typically found in 

untreated sweetpotato (Abney, unpublished data).  
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Entomopathogenic nematodes could play a valuable role in organic sweetpotato 

production. In the present study, roots were not graded as either marketable or unmarketable 

due to wireworm damage; however such information would provide a more complete 

assessment of the potential impacts of entomopathogenic nematodes for wireworm control. 

Smaller wireworm larvae produce shallow holes, and depending on the depth of penetration, 

a damaged root may still be marketable. Entomopathogenic nematodes require a water film 

to disperse in soil; therefore, drip irrigation provides an especially attractive method of 

application (Kaya and Gaugler, 1993). Reed et al. (1989) concluded that applications of 

entomopathogenic nematodes through drip irrigation systems are uniformly distributed and 

has potential to control soil insects in vegetables. Additional studies to evaluate 

entomopathogenic nematodes for wireworm control in sweetpotato are warranted.  

It is believed that under dry soil conditions wireworms increase feeding on roots as a 

means of acquiring needed moisture; therefore, maintaining adequate soil moisture may 

reduce wireworm feeding. However, there were no significant differences in the proportion 

or severity of wireworm damage between irrigated water only plots and non-irrigated plots. 

This may be due to the adequate rainfall that occurred in both 2012 and 2103. Non-irrigated 

plots were not water stressed and in both years additional irrigation was never required. 

Likewise, yield was not significantly affected by any of the treatments, most likely due to 

adequate rainfall that contributed to the lack of differences seen between irrigated and non-

irrigated plots. While wireworm feeding is not expected to affect total yield, inadequate soil 

moisture will result in decreased yield. Research conducted in years with moisture deficit 
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resulting in drought stress would provide much needed data regarding the impact 

supplemental moisture from drip irrigation has on wireworm feeding. 

 Soil residue analysis showed that bifenthrin, cyantraniliprole, oxamyl, and 

imidacloprid were present at a 7.6cm depth below the drip tape. This is an important finding 

because the most abundant species of wireworm in NC sweetpotato, the tobacco wireworm, 

typically occurs at a depth of approximately 7.6cm (Eagerton 1914). Conoderus vespertinus 

is believed to cause the majority of damage found on sweetpotato roots in NC, and it is 

important that insecticides are delivered at a depth where C. vespertinus typically occurs. 

These results show that certain insecticides applied through drip irrigation are capable of 

moving vertically at least 7.6cm deep within the soil.  

The only insecticides found at a 15cm depth below the drip tape were bifenthrin and 

imidacloprid. Sweetpotato slips are typically planted at a depth between 5 and 7cm and a 

mature sweetpotato root has a diameter of approximately 2-2.5cm and a length between 7 

and 23cm. Insecticides tested in this study were applied through drip irrigation approximately 

one month after planting, therefore finding the insecticides at a depth of 15cm implies that 

both bifenthrin and imidacloprid were able to provide a protective barrier around roots. 

Bifenthrin and imidacloprid treatments had the least amount of wireworm damage, with 12% 

and 6%, respectively. Clothianidin was not recovered at any depths sampled, although; 

clothianidin did reduce the percent and severity of wireworm damage comparable to the 

other insecticides recovered. Imidacloprid has the highest water solubility of any of the 

insecticides injected through the drip line with clothianidin following closely behind. The 

active ingredient clothianidin was applied at less than half the amount of imidacloprid 
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applied.  One day prior to collecting soil samples the CRS in Kinston, NC received 1.73cm 

of rain, and it is possible that due to the high water solubility of clothianidin and the lower 

amount of active ingredient applied, clothianidin may have leached through the system and 

therefore could not be recovered at any of the depths sampled. No insecticides were found at 

23cm below the drip tape or at 15cm below the tape and 15cm to the right.  

 Chlorpyrifos was not found at any soil depth tested. Chlorpyrifos was applied PPI and 

incorporated and soil samples were collected 52d following application. It is uncertain why 

chlorpyrifos was not recovered from the soil samples; however, the degradation rates of 

chlorpyrifos are highly variable due in part to environmental factors, such as soil moisture, 

pH, and organic matter. The EPA reports half-lives of less than 60 days for chlorpyrifos 

under field conditions (EPA, 1999). While other sources report a half-live between 30 and 60 

days in soil-incorporated applications of varying soil types (cited in, Awasthi and Prakash, 

1996) and a half-live of as little as 14 days in soil-incorporated applications in sandy soil 

(Chapman and Harris, 1980). 

The depth of penetration of insecticides injected through drip irrigation needs more 

examination; however, these results look promising. Understanding how these insecticides 

move through the soil will provide us with additional information, such as the length of time 

that fields should be irrigated following insecticide injection. The length of time that beds are 

irrigated is important in enabling the product to be placed around the root zone. 

Understanding insecticide movement through the soil will allow us to provide growers with 

the most effective insect control options.  
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Chemigation can be a convenient and effective alternative to mechanical application 

of insecticides. Drip chemigation could enable growers to apply insecticides directly to the 

root zone, which allows root and tuberous crops to be protected from soil-dwelling insects. In 

these trials, a PPI of chlorpyrifos followed by chemigation of select insecticides (bifenthrin, 

imidacloprid, clothianidin, and oxamyl) significantly reduces wireworm damage compared to 

the untreated control and performs as well as the conventional insecticide treatment. The 

timing of soil barrier treatments is critical to achieve optimum control of tobacco wireworm. 

Soil barrier treatment applications should be made between late June and early July. Due to 

wet conditions in 2013, many growers were unable to get equipment into fields in order to 

make this critical application. Drip chemigation would alleviate these concerns. Unlike 

conventional applications, insecticides can be injected into drip irrigation systems under 

virtually any weather conditions.  

More than 95% of sweetpotato fields in California use drip irrigation and there is an 

increasing interest in this method in NC. Costs of producing sweetpotato on drip irrigation 

are higher; however, it is uncertain whether benefits outweigh the costs. This work can 

contribute to calculating economic returns compared to non-irrigated sweetpotato. Costs can 

be potentially reduced when using chemigation if combined with additional production 

materials such as fertilizer, nematicides, and fungicides used in the same system.  
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Table1.1 Insecticide treatment, formulation, rate, application method, and mean total yield in drip 

chemigation efficacy trial in sweetpotato in 2012 and 2013 at Cunningham Research Station (CRS) in 

Kinston, NC and Horticultural Crops Research Station (HCRS) in Clinton, NC 

    Mean Total Yield (kg) 

Treatment Formulation Rate Application 

Method 

2012 2013 

CRS CRS HFCS 

Chlorpyrifos 4 EW 64 fl oz/a PPI 20.4 18.6 24.0 

Imidacloprid 4.6 SC 10.5 fl oz/a DRIP 

Chlorpyrifos 4 EW 64 fl oz/a PPI 21.7 18.0 24.4 

Bifenthrin 2 EC 19.2 fl oz/a DRIP 

Chlorpyrifos 4 EW 64 fl oz/a PPI 16.5 17.3 23.4 

Clothianidin 2.13 SC 10 fl oz/a DRIP 

Chlorpyrifos 4 EW 64 fl oz/a PPI 23.0 18.1 25.1 

Bifenthrin 2 EC 19.2 fl oz/a SBT 

Chlorpyrifos 4 EW 64 fl oz/a PPI 19.0 16.8 21.0 

Oxamyl 2 SL 256 fl oz/a DRIP 

Chlorpyrifos 4 EW 64 fl oz/a PPI 20.5 20.4 26.2 

Cyantraniliprole 20 SC 15 fl oz/a DRIP 

Nematode (S. 

carpocapsae) 

-- 2B IJ/a DRIP N/A 17.9 22.3 

Drip: Water Only -- -- -- 

 

18.6 17.7 23.0 

No Drip: Non-treated 

Check 

-- -- -- 22.6 16.7 24.2 

P value*    0.3879 1.000 0.999 

*model P-value from generalized linear model  
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Table 1.2 Insecticide treatment, formulation, rate,  application method, proportion, and severity of 

sweetpotato roots damaged by wireworms in 2012 and 2013 from drip chemigation efficacy trials 

conducted at Cunningham Research Station in Kinston, NC in 2012 and combined results from both 

Cunningham Research Station (CRS) in Kinston, NC and Horticultural Crops Research Station 

(HCRS) in Clinton, NC in 2013 

    Root Damage in 2012 

at CRS 

Root Damage in 2013 

at both CRS and 

HCRS 

Treatment Formulation Rate Application 

Method 

% 

Wireworm 

Damaged 

Roots 

Mean # 

Wireworm 

Holes per 

Root 

% 

Wireworm 

Damaged 

Roots 

Mean # 

Wireworm 

Holes per 

Root 

Chlorpyrifos 4 EW 64 fl oz/a PPI 0 0.0000 6b 0.3300c 

Imidacloprid 4.6 SC 10.5 fl oz/a DRIP 

Chlorpyrifos 4 EW 64 fl oz/a PPI 2 0.0600 12b 0.6750c 

Bifenthrin 2 EC 19.2 fl oz/a DRIP 

Chlorpyrifos 4 EW 64 fl oz/a PPI 0 0.0000 15b 0.8250c 

Clothianidin 2.13 SC 10 fl oz/a DRIP 

Chlorpyrifos 4 EW 64 fl oz/a PPI 2 0.0300 21b 0.6250c 

Bifenthrin 2 EC 19.2 fl oz/a SBT 

Chlorpyrifos 4 EW 64 fl oz/a PPI 2 0.0800 28b 0.8850c 

Oxamyl 2 SL 256 fl oz/a DRIP 

Chlorpyrifos 4 EW 64 fl oz/a PPI 0 0.0000 45a 1.7600b 

Cyantraniliprole 20 SC 15 fl oz/a DRIP 

Nematode (S. 

carpocapsae) 

-- 2B IJ/a DRIP N/A N/A 56a 2.2450b 

Drip: Water 

Only 

-- -- -- 

 

17 0.5400 67a 3.3000a 

No Drip: Non-

treated Check 

-- -- -- 9 0.4100 75a 3.2850a 

P value    0.2667† 0.2634* 0.0007‡ 0.0002* 

Odds ratios comparing values followed by the same letter are not significantly different at α=0.05 

*model P-value from generalized linear model 

†model P-value from exact logistic regression 

‡model P-value from logistic regression 
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Table 1.3 P-values from logistic regression test showing insecticide treatments that vary significantly in the proportion of wireworm damaged 

sweetpotato roots for both field locations in 2013. Highlighted p-values are significantly different at α=0.05. 

Treatment 
Chlorpyrifos + 

Bifenthrin 

Chlorpyrifos + 

Cyantraniliprole 

Chlorpyrifos + 

Imidacloprid 

Chlorpyrifos + 

Clothianidin 

Chlorpyrifos 

+ Oxamyl 

Chlorpyrifos + 

Bifenthrin SBT 
Nematode 

Drip: 

Water 

Only 

No Drip: 

Non-

treated 

Check 

Chlorpyrifos + 

Bifenthrin  
0.0501 0.4074 0.6551 0.3588 0.9922 0.0039 0.0019 0.0029 

Chlorpyrifos + 

Cyantraniliprole 
0.0501 

 
0.0081 0.1216 0.2649 0.0506 0.2612 0.1599 0.2145 

Chlorpyrifos + 

Imidacloprid 
0.4074 0.0081 

 
0.2105 0.0894 0.4163 0.0005 0.0002 0.0004 

Chlorpyrifos + 

Clothianidin 
0.6551 0.1216 0.2105 

 
0.6373 0.6508 0.0116 0.0058 0.0087 

Chlorpyrifos + 

Oxamyl 
0.3588 0.2649 0.0894 0.6373 

 
0.3576 0.0316 0.0165 0.0242 

Chlorpyrifos + 

Bifenthrin SBT 
0.9922 0.0506 0.4163 0.6508 0.3576 

 
0.004 0.002 0.003 

Nematode 0.0039 0.2612 0.0005 0.0116 0.0316 0.004 
 

0.7634 0.9024 

Drip: Water Only 0.0019 0.1599 0.0002 0.0058 0.0165 0.002 0.7634 
 

0.8577 

No Drip: Non-

treated Check 
0.0029 0.2145 0.0004 0.0087 0.0242 0.003 0.9024 0.8577 
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Table 1.4 Soil residue analyses, shows detection and the amount of active ingredients found 

at varying depths directly below the drip tape in replicate four of drip chemigation efficacy 

field trial at Cunningham Research Station in Kinston, NC in 2013.  

 Active Ingredient 

Depth Bifenthrin Chlorpyrifos Clothianidin Cyantraniliprole Imidacloprid Oxamyl 

Control 0 0 0 0 0 0 

7.6cm 

Depth 

0.054mg/kg 0 0 0.049 mg/kg 0.25mg/kg 0.30mg/kg 

15cm 

Depth 

0.012 mg/kg 0 0 0 0.0093 

mg/kg 

0 

23cm 

Depth 

0 0 0 0 0 0 

15cm 

down and 

15cm to 

the right 

0 0 0 0 0 0 
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Figure 1.1 An example of cross sections of the sweetpotato beds at 7.6, 15, and 23cm below 

the level of the drip tape as well as 15cm below and 15cm to the right of the drip tape that 

were taken in order to analyze the presence or absence of insecticides in drip chemigated 

plots.  
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Figure 1.2 Species of wireworms collected from 160 oat baits placed in drip chemigated 

sweetpotato field efficacy trials in 2013 from both Cunningham Research Station (CRS) in 

Kinston, NC and Horticultural Crops Research Station (HCRS) in Clinton, NC. 

 

 

 

68% 
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C. vespertinus (n=17) 

C. scissus (n=8) 
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Figure 1.3 Species of click beetles collected from 80 yellow sticky traps placed in drip 

chemigated sweetpotato field efficacy trials in 2013 from both Cunningham Research Station 

(CRS) in Kinston, NC and Horticultural Crops Research Station (HCRS) in Clinton, NC 
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CHAPTER 2 

 

Evaluation of Biological and Chemical Strategies for Control of an Exotic White Grub, 

Plectris aleina Chapman, in Sweetpotato 
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Abstract 

 

The white grub, Plectris aliena Chapman, is a serious pest of sweetpotato in NC, and 

no effective control strategies exist. Laboratory and field tests were conducted to evaluate the 

effect of combinations of the neonicotinoid insecticides imidacloprid or clothiandin with 

either the entomopathogenic fungus Metarhizium anisopliae, or the nematode, 

Heterorhabditis bacteriophora Poiner, on P. aliena mortality and feeding damage to 

sweetpotato. In the commercial field study there were no differences between treatments in 

the proportion of the number of roots sampled that were damaged by P. aliena. However, the 

severity of damage to roots differed significantly by treatment. When H. bacteriophora or M. 

anisopliae were applied alone the severity of damage was not significantly decreased 

compared to the non-treated control, however; the application of either imidacloprid or 

clothianidin significantly decreased the severity of damage compared to the non-treated 

control. Severity of damage was not significantly effected when an entomopathogen was 

combined with either imidacloprid or clothianidin. In the laboratory, the mortality of P. 

aliena grubs differed significantly by treatment. When H. bacteriophora was applied alone it 

did not increase mortality compared to the water only control, however; when H. 

bacteriophora was combined with clothianidin the mixture performed synergistically and 

significantly increased P. aliena mortality compared to the application of clothianidin alone. 

Metarhizium anisopliae applied alone and in combination with imidacloprid significantly 

increased the mortality of P. aliena grubs compared to the water only control. The 

combination of M. anisopliae and imidacloprid significantly increased mortality compared to 

imidacloprid alone, and resulted in additive mortality. 
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Introduction 

The exotic white grub Plectris aliena Chapman (Coleoptera: Scarabaeidae) is a soil 

pest of North Carolina agro-ecosystems and emerged as a serious pest of sweetpotato in 

Columbus County, North Carolina in 2006. Plectris aliena grubs feed on the surface of 

storage roots, creating lesions that reduce marketability. Since its discovery in NC, the insect 

has caused significant economic loss each year. Plectris aliena was introduced into the U.S. 

in the 1920s, most likely from northern South America (Chapin, 1934; Robert, 1968) and is 

the only species of Plectris known to occur in the U.S. In the five years following the 

discovery of P. aliena in NC, the efficacy of 28 insecticides was evaluated in Columbus 

County, NC in commercial sweetpotato fields (Brill and Abney, 2013). Only the 

neonicotinoid insecticides imidacloprid and clothianidin reduced P. aliena damage compared 

to the non-treated controls. Unfortunately, these insecticides do not provide economically 

acceptable levels of P. aliena control under high insect populations (Brill and Abney, 2013).   

When adult trapping began in 2008 the average number of P. aliena adults captured 

per trap was approximately 40 (Brill, 2012). Plectris aliena populations have declined every 

year since 2008, however. In 2013 the average number of adults trapped declined to 

approximately 6 (Arrington, unpublished data). This reduction in population over time is not 

surprising however. The pattern of outbreak and decline in invasive populations appears to be 

due to a founder population arriving in a location with abundant resources and few natural 

enemies. Initially, this can lead to rapid population growth, which is often followed by a 

rapid decline due to a biotic response from anatagonist invertebrates and microbes. (Jackson 

and Klein, 2006).  
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Currently there are no biological control tactics being widely used on sweetpotato in 

the U.S. for insect control, although, there are many entomopathogens associated with 

Scarabaeidae. Previous research revealed that a significant proportion of the overwintering P. 

aliena grub population in NC is infected with either the fungal pathogen, Metarhizium 

anisopliae, or an entomopathogenic nematode species (Arrington, unpublished date). 

Entomopathogenic nematodes and fungi occur naturally in the soil, and in 2012 up to 40% of 

grubs collected from the field were infected with one or the other (Arrington, unpublished 

data). These naturally occuring pathogens could be contributing to P. aliena’s rapid 

population decline. Although field collected P. aliena were infected with entomopathogenic 

fungi and nematodes, little is known about the potential of these pathogens as a pest 

management tool for reducing P. aliena damage in sweetpotato.  

Efficacy of biological insecticides such as entomopathogenic fungi and nematodes 

can be greatly increased when combined with neonicotinoid insecticides. Neonicotinoid  

insecticides disrupt nerve function,thereby reducing grub mobility and facilitating attachment 

of the pathogen to the insect (Quintela, 1998). Koppenhofer et al. identified synergies 

between imidacloprid and other neonicotinoids and multiple species of entomopathogenic 

nematodes against five different species of white grubs (Koppenhofer et al., 2000; 

Koppenhoffer et al., 2002; Koppenhoffer and Kaya, 1998). Likewise, a synergistic effect on 

mortality has been shown in two species of white grubs by a combination of neonicotinoids 

and M. anisopliae (Morales-Rodriguez and Peck, 2009).  

We evaluated the efficacy of soil applications of commercial strains of the 

entomopathogenic fungus, M. anisopliae, and nematodes, Heterorhabditis bacteriophora, 
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which are known to infect several species of white grubs (Koppenhofer et al., 2000; 

Koppenhoffer et al., 2002; Koppenhoffer and Kaya, 1998; Morales-Rodriguez and Peck, 

2009) alone and in combination with the neonicotinoid insecticides imidacloprid and 

clothianidin for control of the exotic white grub, P. aliena, in sweetpotato. We hypothesized 

that applying an entomopathogen in combination with neonicotinoid insecticides would have 

a synergistic effect and significantly reduce the amount of P. aliena damage to sweetpotato 

in field trials as well as significantly increase the mortality of P. aliena grubs in laboratory 

trials.   

Materials and Methods 

Laboratory experiments 

Third instar P. aliena grubs from the overwintering generation were collected on 8 

March 2013 in agriculutral fields in Columbus County, NC that had been planted to 

sweetpotato the previous year. A tractor-drawn, one-row disk plow was used to expose grubs 

by creating a furrow in the soil 25–31 cm deep. Grubs were collected by hand and placed into 

19 liter buckets with field soil. Grubs were transported to NC State University where they 

were maintained in the buckets on a laboratory bench at 23°C for eight days with sweetpotato 

roots provided as a food source. Grubs were removed from buckets and individually surface 

sterilized according to the protocal of Brill et al., 2013.  

Following surface sterilization, grubs were placed individually in 60ml polypropylene 

autoclavable cups (Thermo Fisher Scientific, Kalamazoo MI) filled with 30g of autoclaved 

field collected soil. The soil was autoclaved for 60min in the cups and allowed to cool to 

room temperature for 24 hours before use. As a means of ensuring that grubs were not 
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already infected with pathogens, they were assessed for normal burying behavior 24hr after 

being placed in the assay cups. Grubs that did not completely bury themselves in the soil 

within 24hr were excluded from the experiment.  

The treatments included: 1) M. anisopliae, 2) H. bacteriophora, 3) imidacloprid 4) 

clothianidin, 5) M. anisopliae plus imidacloprid, 6) M. anisopliae plus H. bacteriophora,  7) 

M. anisopliae plus H. bacteriophora plus imidacloprid, 8) H. bacteriophora plus 

imidacloprid, 9) H. bacteriophora plus clothianidin, and 10) water only control (See Table 

2.1).  Metarhizium anisopliae is commercially formulated with spores adhered to a rice 

medium at a concentration of 9X10
8 

viable spores/g (Met52G, Novozymes Biological, 

Salem, VA). A stock solution was made by placing 1g of Met52G into 100ml of autoclaved 

water which had been cooled to room temperature, and mixing until spores detached from the 

rice and were suspended in liquid. A 6.3ml aliquot of stock solution was added to 1ml of 

autoclaved water to achieve an estimated concentraion of 1.4X10
6
 viable spores/ml. Using an 

adjustable pipette (Eppendorf® Hamburg, Germany), 2ml of treatment solution was applied 

to the soil surface to achieve the recommended rate of 4.45X10
13

viable spores per hectare.  

The nematode application consisted of a commercially formulated package 

containing fifty million H. bacteriophora nematodes (Terranem, Koppert Biological, 

Netherlands) mixed into 3.8 liters of autoclaved water to create a stock solution. A 82.7ml 

aliquot of stock solution was added to 1ml of autoclaved water to acheive a concentration of 

160 infective juveniles/ml. Using an adjustable pipette, 2ml of nematode treatment solution 

were applied to the soil surface to achieve the recommended rate of 4.9X10
9 

infective 

juveniles per hectare. A stock solution of imidacloprid was prepared by placing 2.5µl  of 
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formulated product into 100ml of autoclaved water (Admire Pro 4.6SC, Bayer Crop Science, 

Research Triangle Park, NC) and a stock solution of clothianidin (Belay 2.13SC, Valent 

Agricultural Products, Walnut Creek, CA) was prepared by placing 2.8µl of formulated 

product into 100ml of autoclaved water. Using an adjustable pipette, 2ml of imidacloprid or 

clothianidin were applied to the soil surface at a rate of 0.77 and 0.88 liters in the equivalent 

of 75.7 liters of  product per hectare, respectively.  

All treatments were applied under a sterile laminar flow hood that was sterilized with 

UV light prior to use. Treatments were applied on 16 March 2013. Grubs not exhibiting 

normal burying behavior were removed from the experiment, therfore, each treatment varied 

in the number of grubs used. Each treatment consisted of  between 24 and 49 grubs (Table 

2.1). Following treatment applications, the grubs were held on a laboratory bench at room 

temperature until mortality rates were evaluated 16DAT. The contents of each cup were 

emptied on a cafeteria tray. Grubs were assesed as 1)dead, no movement, 2) moribund, 

implying they were on the verge of death and exhibited no body movement, only legs and/or 

mouthpart movement, or 3) alive, full body movement.  

Field experiments 

Two on-farm field trials were conducted in Columbus County, NC in commercial 

sweetpotato fields with known populations of P. aliena (Figure 2.1). In field location one the 

soil was heavy clay with a soil moisture of 26.50% at the time of treatment application. In 

field location two the soil was sandy loam with a soil moisture of 8.76% at the time of 

treatment application. The experiment was arranged in a randomized complete block design 

with 12 treatments and 4 replicates. Plots consisted of four rows that were 7.62m long with 
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3m of bare soil between replicates. Sweetpotato vine cuttings (cv. Covington) were planted at 

field location one and two on 12 and 11 June 2012, respectively. Treatments included: 1) M. 

anisopliae, 2) H. bacteriophora, 3)M. anisopliae plus imidacloprid, 4) M. anisopliae plus H. 

bacteriophora,  5) M. anisopliae, plus H. bacteriophora , plus imidacloprid, 6) H. 

bacteriophora plus imidacloprid, 7) H. bacteriophora (early and late application) plus 

imidacloprid, 8)  H. bacteriophora (late application only) plus imidacloprid 9) H. 

bacteriophora plus clothianidin, 10) imidacloprid, 11) clothianidin, and 12) non-treated 

control (See Table 2.3). 

Metarhizium anisopliae is commercially formulated with spores adhered to a rice 

medium at a concentration of 9X10
8 

viable spores/g (Met52G, Novozymes Biological, 

Salem, VA). A premixed solution containing 186 grams of Met52G and 2.8ml of 0.025% 

Silwet L-77 mixed into 11.4 liters of water was prepared one day prior to the field 

application and stored in a refrigerator at 15ºC until field applications were administered. The 

solution was shaken until spores were detached from the rice medium and suspended in 

solution. Silwet L-77 was added to this solution to lower the aqueous surface tension, and 

enable spore detachment from rice. Met52G was applied at a rate of 4.45X10
13

 viable spores 

per hectare.  

The commercially formulated entomopathogenic nematode, H. bacteriohpora, 

(Terranem, Koppert Biological, Netherlands) was applied at a rate of 5 billion infective 

juveniles per hectare. A stock solution was prepared by mixing a commercially formulated 

package containing 250 million infective juveniles into 19 liters of water. Placing 1.4 liters of 

stock solution into 10 liters of water achieved the approriate concentration. Clothianidin 
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(Belay 2.13SC, Valent Agricultural Products, Walnut Creek, CA)  and imidacloprid (Admire 

Pro 4.6SC, Bayer Crop Science, Research Triangle Park, NC) were applied at a rate of 0.88 

and 0.77 liters of formulated product  in the equivalent of 75.7 liters of finished product per 

hectare, respectively. All treatments were applied by hand by pouring 89ml of treatment 

solution at the base of each plant. Entomopathogenic nematodes and fungi, and insecticides 

were applied on 12 and 16 July 2012 at field location one and two respectively. An additional 

nematode application was applied on 13 September 2012 (Table 2.3). 

The third row of each plot was harvested on 4 October 2012 at both field locations. In 

each plot 25 roots were randomly selected and placed into bags that were pre-labeled with 

plot information. The roots were taken to the laboratory where they were washed and graded 

for P. aliena damage. Roots were scored as damaged or undamaged. The severity of damage 

on each root was rated on a scale of 0-5 based on the amount of surface area of the root fed 

upon by P. aliena (Table 2.4). 

Determination of entomopathogen level in soil 

An experiment was conducted to determine the short-term persistence of the released 

entomopathogenic nematodes and fungi in the soil. Two samples were collected from each 

plot that received entomopathogenic nematodes and/or fungi and all non-treated plots at both 

field locations on 15 August 2012 (30-34DAT) (Table 2.5). Samples were collected using a 

bulb planter (7.5cm diameter, 12cm depth) and were combined across treatments and 

locations. The soil was well mixed and taken to the laboratory wherein approximately a 400g 

subsample from each treatment was individually placed in a 16oz plastic food container 

(Berry Plastics Corporation, Evansville, IN) labeled with treatment information. Ten third 
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instar greater wax moth larvae, Galleria mellonella, (Carolina Biological Supply Company, 

Burlington, NC) were placed into each container, and a lid was placed securely on top. The 

containers were held in an incubator in the dark between 27-29°C and 75-90% RH for six 

days. After six days, larvae were classified as alive, dead, or missing. Dead larvae were 

placed on filter paper moistened with distilled water in a sterile 35mm Petri dish. Larvae 

were examined after 10 days for signs of infection. Larvae were characterized as either 

nematode positive/negative or Metarhizium positive/negative.  

Statistical Analyses 

Data were analyzed using logistic regression in SAS v9.3 (Proc Logistic, SAS 

Institute, 2011) to determine treatment effects on the percent of P. aliena grub mortality in 

the laboratory experiments, and because 100 percent mortality was observed in the 

imidacloprid plus M. anisopliae treatment; Firth’s penalized likelihood estimate was used for 

optimization. Logistic regression was conducted on subsets of the laboratory data in order to 

determine statistically significant interactions. The predictor variables in the first subset used 

were presence/absence of clothianidin, presence/absence of nematodes, and the 2-way 

interaction between the two. In the second subset, the same test was done using imidacloprid 

rather than clothianidin.  In the third subset, the predictor variables were presence/absence of 

imidacloprid and presence/absence of M. anisopliae. To study the effect of treatment on the 

proportion of sampled roots damaged by P. aliena, data were analyzed using logistic 

regression. A generalized linear mixed model was used with a beta response distribution and 

logit link function in SAS v9.3 (Proc Glimmix, SAS Institute, 2011) to determine the effect 

of treatment on the severity of P. aliena damage to roots. Potato size was used as a covariate, 
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in order to account for variation in potato size. Random variables were classified as replicate 

and replicate by treatment. In determining both proportion of roots damaged by treatment and 

the severity of damage to each root by treatment, data from both field locations were 

combined. To determine whether the infectivity rate of wax moths by nematodes and fungi 

varied by treatment a logistic regression was used in SAS v9.3 (Proc Logistic, SAS Institute, 

2011). 

Results 

Laboratory experiments 

The percent mortality of P. aliena grubs differed significantly by treatment 

(P=<0.0001; Table 2.1). Mortality was higher in all but two treatments compared to the water 

only control.  H. bacteriophora nematodes applied alone did not result in greater mortality 

than water alone (P= 0.3332; Table 2.2) and the application of H. bacteriophora plus M. 

anisopliae did not result in greater mortality than the water only control (P= 0.2179; Table 

2.2). H. bacteriophora plus clothianidin performed significantly better than clothianidin 

applied alone. Metarhizium anisopliae applied alone significantly increased the mortality of 

P. aliena grubs compared to the water only control (P= 0.0417; Table 2.2); however, 

mortality significantly increased when combined with imidacloprid (Table 2.1). Both 

clothianidin and imidacloprid applied alone significantly increased the mortality of P. aliena 

grubs compared to the water only control (P= 0.0059 and 0.0082, respectively; Table 2.2).  

The application of clothianidin and H. bacteriophora resulted in synergistic mortality 

(P=0.0332; Table 2.6). The combination of imidacloprid plus H. bacteriophora did not show 

a statistically significant interaction (P=0.2368; Table 2.7) and the results were no more than 
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that of additivity. The combination of imidacloprid and M. anisopliae resulted in additive 

mortality as well (P= 0.9715; Table 2.8). 

Field experiments 

There was not a significant difference in the percent of P. aliena damaged roots 

between treatments (F11=0.75; P= 0.6830; Table 2.3). The percent of P.aliena damaged roots 

ranged between 48.5 and 33.5 percent between treatments. The severity of damage to roots 

by P. aliena differed significantly among treatments (F11= 3.28; P=0.0046; Table 2.3). The 

application of M. anisopliae or H. bacteriophora alone, and the combination of the two, did 

not significantly reduce the severity of P. aliena damage to roots compared to the non-treated 

control. The application of imidacloprid or clothianidin alone performed significantly better 

than the non-treated control at reducing the severity of P. aliena damage.When M. anisopliae 

or H. bacteriophora are combined with either imidacloprid or clothianidin, severity of 

damage was not significantly reduced compared to the insecticide applications alone. 

Heterorhabditis bacteriophora applied early and applied both early and late, in combination 

with imidacloprid, significantly reduced the severity of P. aliena damage to roots compared 

to the non-treated control; however, the late application of nematodes combined with 

imidacloprid was not significantly different from the non-treated control.  

Summary 

It was observed in field trials that both the neonicotinoid insecticides clothianidin and 

imidacloprid significantly reduced the severity of damage compared to the non-treated 

control. When an entomopathogen was combined with a neonicotinoid insecticide severity 

was not significantly reduced compared to the insecticide treatment alone. In laboratory 
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trials, the application of imidacloprid and M. anisopliae resulted in additive mortality and the 

application of clothianidin and H. bacteriophora resulted in synergistic mortality. In both 

treatments the addition of an entomopathogen significantly increased P. aliena mortality 

compared to the insecticide alone.  

Entomopathogen level in  field site soil 

 There was not a significant difference among treatments in the infectivity rates of 

wax moth larvae infected with  M. anisopliae, in the laboratory, when confined on field 

collected soil (P=0.1429; Table 2.5). Wax moth larvae were positive for M. anisopliae in all 

treatments, including the non-treated control, with the exception of the H. bacteriophora plus 

M. ansiopliae and  H. bacteriophora plus clothianidin treatments. However, infectivity rates 

of wax moth larvae infected with nematodes from each treatment differed significantly 

among treatments (P=<0.0001; Table 2.5). Nematodes were recovered on wax moth larvae in 

every treatment, including the non-treated control, with H. bacteriophora plus M. ansiopliae 

having significantly higher numbers of nematode infected wax moth larvae than the other 

treatments. Metarhizium anisopliae plus imidacloprid had the least amount of nematode 

infested larvae recovered.  

Discussion 

 In laboratory experiments, it was observed in two treatments that the application of an 

entomopathogen to a neonicotioid insecticide resulted in significantly higher mortality of P. 

aliena grubs. In field trails, however, no differences were seen in the proportion of  roots 

damaged by P. aliena between treatments, and the severity of damage to roots by P. aliena 

feeding was not significantly reduced when an entomopathogen was added to a neonicotinoid 
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insecticide. Findings of this type are a frequent occurance, however. Typically inconsistent 

control of entomopathogens is seen in the field due to a lack of understanding of the 

relationships among the fungus/nematodes, insect populations, and the soil environment 

(Villani et al. 1992).  

 Entomopathogenic nematodes and fungi are found naturally in the soil, and our 

research revealed that the proportion (or number) of wax moth larvae infected with M. 

anisopliae was not higher in laboratory bioassays of soil from field plots where M. anisopliae 

had been applied, but rather the proportion (or number) of M. anisopliae infected wax moths 

occured at the same rate in each treatment. Entomopathogenic nematodes that were recoverd 

from wax moth larvae were not identified to species, however, in field plots where 

nematodes were released, a significantly greater proportion (or number) of wax moth larvae 

were infected with nematodes. These results suggest that the nematodes are persisting within 

the field environment at least one month after application. 

 The finding that two field applications of H. bacteriophora nematodes did not 

provide better control than one is consistent with that of Jansson et al.(1991), in which 

sweetpotato weevil, Cylas formicarius, densities and damage did not differ with one, two, or 

three soil applications of H. bacteriophora to sweetpotato fields. It is uncertain why the 

application of imidacloprid followed by the later application of nematodes showed an 

antagonistic effect. To our knowledge this has never been reported in other field experiments.  

 Previous research shows evidence that combinations of biological control agents 

results in increased efficacy of insect pests and in many cases creates a synergistic effect. For 

example, combining entomopathogenic nematodes with the bacteria Paenibacillus popilliae 
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gave significantly better control of the white grub Cyclocephala hirta in greenhouse trials. 

Grubs were more susceptible to nematode infection after being exposed to P. popilliae spores 

for 10 days (Thurston et al. 1994). Similarly, in laboratory, greenhouse, and field trials it was 

found that the combinations of either the entomopathogenic nematode Heterorhabditis 

megidis or Steinernema glaseri combined with M. anisopliae resulted in synergistic mortality 

to second and third instars of the white grub, Hoplia philanthus. These synergisms, however, 

were only seen when the entomopathogenic nematodes were applied 4 weeks after M. 

anisopliae application (Ansari et al. 2004, 2006). In these cases entomopathogenic fungi and 

nematodes work synergistically only if nematode applications are made a period of time after 

fungi applications. This can be explained by the findings of Ansari et al., (2005), in which the 

symbiotic bacteria Photorhabdus luminescens, released by H. bacteriophora nematodes, was 

antagonistic to M. anisopliae by inhibiting growth and conidial production.  

In our laboratory trials the application of H. bacteriophora nematodes alone did not 

significantly differ from the water only control in the amount of mortality of P. aliena grubs. 

The application of M. anisopliae alone, however, did significantly increase the amount of 

mortality of P. aliena grubs. When the two entomopathogens were combined the application 

did not significantly differ from the water only control. These applications were applied 

together and therefore, the bacteria created by H. bacteriophora nematodes could have had a 

negative effect on M. anisopliae production resulting in reduced efficacy. Therefore, more 

research could be evaluated, such as applying nematodes after a M. anisopliae application.  

There are several factors that may have contributed to the lack of efficacy seen in the 

field trials. For example, Hummel et al. (2002) demonstrated that detection of 
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entomopathogens in conservation tillage was significantly higher compared to conventional 

tillage systems. Sweetpotatoes require intensive cultivation, and due to this entomopathogen 

survival may have been reduced. Application methods can also alter the performance of 

entomopathogens. A lack of sufficient water at application or increased soil temepratures can 

reduce the efficacy of soil entomopathogens in the field (Kaya and Gaugler, 1993; Hummel 

et al., 2002), and because it is uncertain how deep within the soil profile P. aliena grubs 

reside, difficulties in reaching P. aliena in the soil may have been a limiting factor as well. 

Another possible explanation for decreased performance in the field is the timing of 

application. Field treatments were applied in the second and third week of July, however, P. 

aliena lay their eggs in the soil in late May and early June.  Research shows that soil 

insecticide applications are most effective against early larval instars (Jackson and Klein, 

2006), therefore P. aliena may have reached their second instar when field applications were 

made, thereby reducing efficacy.  

Effects of environmental conditions on the efficacy of entomopathogenic nematodes 

and fungi needs additional study. Soil insect pests are notoriously difficult to manage and the 

use of the neonicotinoid insecticides clothianidin and imidacloprid in combination with 

entomopathogenic nematodes and fungi shows promise as a component of an integrated 

management approach for controlling P. aliena.  
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Table 2.1 Treatment, rate, number of grubs, and percent of dead P. aliena grubs from 

bioassay 

Treatment Rate No. of grubs 
Percent of Dead P. aliena 

Grubs 

Imidacloprid 0.77L/ha 
27 100 a 

M. anisopliae fungi 4.45x10e
13

 viable spores/ha 

Clothianidin 0.88L/ha 

28 82.1 ab H. bacteriophora 

nematodes 
4.9 billion IJ/ha 

Imidacloprid 0.77L/ha 

24 62.5 bc 
H. bacteriophora 

nematodes 
4.9 billion IJ/ha 

M. anisopliae fungi 4.45x10e
13

 viable spores/ha 

Imidacloprid 0.77L/ha 

49 53.1 c H. bacteriophora 

nematodes 
4.9 billion IJ/ha 

Clothianidin 0.88L/ha 31 48.4 cd 

Imidacloprid 0.77L/ha 30 46.7 cd 

M. anisopliae fungi 4.45x10e
13

 viable spores/ha 27 37.0 cd 

H. bacteriophora 

nematodes 
4.9 billion IJ/ha 

28 25.0 de 

M. anisopliae fungi 4.45x10e
13

 viable spores/ha 

Water Control N/A 27 11.1 ef 

H. bacteriophora 

nematodes 
4.9 billion IJ/ha 29 3.5 f 

P-value   <0.0001 

Odds ratios comparing values followed by the same letter are not significantly different at 

α=0.05 
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Table 2.2 Treatment, wald chi-square, p-value, and odds ratios for laboratory bioassays 

measuring the percent mortality of P. aliena grubs by treatment. Odds ratios are relative to 

non-treated. 

Treatment Wald Chi-Square P-value Odds Ratio 

Intercept 11.1822 0.0008 . 

Imidacloprid 6.9847 0.0082 6.2 

Clothianidin 7.5829 0.0059 6.6 

M. anisopliae 4.1467 0.0417 4.2 

H. bacteriophora 0.9365 0.3332 0.37 

Clothianidin + H. bacteriophora 20.2230 <0.0001 30.0 

Imidacloprid + M. anisopliae 14.4584 0.0001 385.3 

Imidacloprid + H. bacteriophora 10.1500 0.0014 8.0 

Imidacloprid + H. bacteriophora + M. 

anisopliae 

11.5067 0.0007 11.4 

H. bacteriophora + M. anisopliae 1.5184 0.2179 2.4 

Non-treated . . . 
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Table 2.3 Treatment, formulation, rate, application date for field location 1 (FL1) and field location 2 (FL2), proportion, and severity of roots 

damaged by P. aliena for on-farm efficacy trials in Columbus County, NC in 2012 

Treatment Formulation Rate Application Date % P. aliena 

damaged roots 

‡Severity of 

damaged roots FL1 FL2 

Non-treated -- -- -- -- 43 2.184 a 

Imidacloprid 4.6 SC 0.77L/ha 12 July 16 July 35 0.8766 cd 

Clothianidin 2.13 SC 0.88L/ha 12 July 16 July 40 1.09 bcd 

H. bacteriophora -- 4.9 billion IJ/ha 12 July 16 July 39.5 1.688 abc 

M. anisopliae -- 4.45x10e
13 

viable spores/ha 12 July 16 July 44 2.044 ab 

Imidacloprid 4.6 SC 0.77L/ha 12 July 16 July 37.5 0.9252 cd 

H. bacteriophora (early) -- 4.9 billion IJ/ha 

†Imidacloprid 4.6 SC 0.77L/ha 12 July, 13 

September 

16 July, 13 

September 

48.5 2.419 a 

H. bacteriophora (late) -- 4.9 billion IJ/ha 

*Imidacloprid 4.6 SC 0.77L/ha 12 July, 13 

September 

16 July, 13 

September 

33.5 0.8965 cd 

H. bacteriophora (early 

and late) 

-- 4.9 billion IJ/ha 

Imidacloprid 4.6 SC 0.77L/ha 12 July 16 July 36.5 1.119 bcd 

M. anisopliae -- 4.45x10e
13 

viable spores/ha 

Imidacloprid 4.6 SC 0.77L/ha 12 July 16 July 36 0.9853 cd 

H. bacteriophora -- 4.9 billion IJ/ha 

M. anisopliae -- 4.45x10e
13 

viable spores/ha 

Clothianidin 2.13 SC 0.88L/ha 12 July 16 July 35.5 0.8077 d 

H. bacteriophora -- 4.9 billion IJ/ha 

H. bacteriophora -- 4.9 billion IJ/ha 12 July 16 July 46.5 1.984 ab 

M. anisopliae -- 4.45x10e
13 

viable spores/ha 

P-value     0.6830 0.0046 

Least square means fitted using a generalized linear mixed model with a beta distribution and logit link function that do not significantly differ 

at α=0.05 are followed by the same letter  

† Imidacloprid applied in July and nematodes applied only on 13 September 

* Imidacloprid applied in July and nematodes applied in July and 13 September 
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‡Table 2.4 Rating scale used to assess surface area of root containing P. aliena feeding 

No. Assigned 0 1 2 3 4 5 

% SA Covered 0% 1-9% 10-19% 20-29% 30-39% 40-49% 

 

 

 

 

 

Table 2.5 Treatment and percent of G. mellonella larvae infected by either Metarhizium or 

nematodes in bioassays of soil collected from field efficacy trials in Columbus County, NC 

in 2012 

Treatment % Infected 

Metarhizium Nematodes 

M. anisopliae 2.7 5.4 d 

Imidacloprid 

M. anisopliae 10.7 25 c 

Non-treated 13.3 33.3 bc 

H. bacteriophora  0 37.1 bc 

Clothianidin 

M. anisopliae 7.1 46.4 bc 

H. bacteriophora 

Imidacloprid 

H. bacteriophora 6 51.5 b 

Imidacloprid 

H. bacteriophora 3.3 56.7 b 

H. bacteriophora 0 84.8 a 

M. anisopliae 

P-value 0.1429 <0.0001 

Odds ratios comparing values followed by the same letter are not significantly different at 

α=0.05 
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Table 2.6 Treatment, DF, wald chi-square, and p-values from logistic regression with 

independent variables in treatment column show the effects of clothianidin and nematodes 

and the interaction of the two on the mortality rate of P. aliena grubs 

Treatment DF Wald Chi-Square P-value 

Clothianidin 1 26.4896 <0.0001 

Nematode (H. bacteriophora) 1 0.0640 0.8003 

Clothianidin * Nematode 1 4.5334 0.0332 

 

 

 

 

Table 2.7 Treatment, DF, wald chi-square, and p-values from logistic regression with 

independent variables in treatment column show the effects of imidacloprid and nematodes 

and the interaction of the two on the mortality rate of P. aliena grubs  

Treatment DF Wald Chi-Square P-value 

Imidacloprid 1 17.9319 <0.0001 

Nematode (H. bacteriophora) 1 0.6106 0.4345 

Imidacloprid * Nematode 1 1.3997 0.2368 

 

 

 

 

Table 2.8 Treatment, DF, wald chi-square, and p-values from logistic regression with 

independent variables in treatment column show the effects of imidacloprid and M. 

anisopliae fungi and the interaction of the two on the mortality rate of P. aliena grubs  

Treatment DF Wald Chi-Square P-value 

Imidacloprid 1 0.0021 <0.0001 

Fungi (M. anisopliae) 1 0.0019 <0.0001 

Imidacloprid * Fungi 1 0.0013 0.1336 
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