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Abstract 

Natural enemies provide critical population regulation of many pest species, 

though their effects are not commonly incorporated into agricultural management 

decisions. Conservation biological control is an important tool that can be implemented 

to minimize pest damage, but applying it requires appropriate understanding of pest and 

natural enemy relationships. Through experimental cotton field trials, I identified 

predator : prey ratios based on key arthropod predators as action thresholds of the 

whitefly pest Bemisia tabaci MEAM1 (Dinsdale et al. 2010; equivalent to Bemisia 

argentifolii Bellows et al. 1994 [Hemiptera: Aleyrodidae]), validated their efficacy, and 

promoted them to cotton pest managers.  

 This dissertation begins with a multi-year field trial where whitefly and natural 

enemy populations were manipulated with a series of insecticidal treatments to identify 

key arthropod predators. The critical abundance of four key predators necessary to 

suppress whiteflies was estimated through predator : prey ratios. These ratios were 

refined for commercial pest management and developed to conform to the current 

whitefly IPM framework as a simple to use management-decision tool that would be 

readily adopted and used by pest managers. Predator : prey ratios were then validated in 

1) a second field trial, 2) commercial fields in Arizona and northern Mexico and 3) 

historical field trials conducted from 1997-2010, where whitefly management decisions 

made with the standard threshold and ratios, were compared with the standard threshold 

alone. I found no difference in management outcomes when decisions were made with 

the standard threshold alone, or with predator : prey ratios in the field trial, but analysis of 

potential decisions on commercial farms and with historical trial data indicated that the 
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majority of sprays could be delayed if control decisions incorporated ratio-based 

thresholds. Finally, an outreach program was developed and deployed to present ratios as 

decision-making tools for cotton pest managers that reduce uncertainty in control 

decisions and optimize spray outcomes. Pest managers indicated positive changes in 

knowledge and a gradual adoption of ratios for decision-making. The implementation of 

whitefly control decisions that incorporate predator : prey ratios may reduce pest 

managers’ uncertainty in decision-making, as well as insecticide use and management 

costs.   
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Introduction 

 

1.1 Literature Review 

 Natural enemies have long been recognized to provide important suppression of 

herbivore populations in nature (Hairston et al. 1960, Polis 1999) and in agricultural 

systems (van den Bosch and Messenger 1973). Understanding these interactions, and 

maximizing the biological control they impose can provide farmers and agricultural pest 

managers with critical insight to pest suppression, and minimize the economic and health 

risks associated with insect pests (Hassell & May 1986; Murdoch & Briggs 1996, Ives et 

al. 2005, Hallett et al. 2014). Despite almost 100 years of study, this knowledge is far 

from complete. 

The dynamics by which natural enemy populations may interact with and 

suppress a prey population were first addressed by Lotka (1925), Volterra (1926), and 

Nicholson and Bailey (1935), focusing largely on density dependent interactions. This 

model has been refined over the past 90 years, though competing hypotheses to density 

dependence (Andrewartha and Birch 1954) suggest that external factors play a greater 

role in animal abundance and distribution, and that density dependence cannot be 

considered independent of the environment. In agriculture both natural enemy and pests 

frequently inhabit the same space and external stresses (e.g. pesticides) can disrupt the 

relationship between them, as well as the benefits pest managers may desire.  

Studies of natural enemy : prey relationships have commonly focused on 

specialist natural enemies (e.g., parasitoid wasps, ecological specialists, etc.), where 

relationships with their prey are tightly linked and can be the most simple to measure and 
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manipulate. However, understanding the effect of natural enemy communities and trophic 

levels on prey species are oftentimes more appropriate for pest management. Biological 

control is founded on the concept of trophic cascades, where higher tropic levels both 

suppress lower level populations and regulate diversity (Chailleux et al. 2014). The 

interactions of multiple natural enemy species can in some instances limit herbivores 

synergistically, more so than the sum effects of each individual natural enemy (Losey and 

Denno 1998, Sih et al. 1998). Here multiple, generalist natural enemies suppress a single 

prey population and those natural enemies have important interactions with each other, 

along with their prey.  

 Generalist predators often play a critical role in limiting pest populations, 

spanning multiple trophic levels (as both predator and prey) and because they frequently 

consume prey items that are not the target of pest managers, their value may be under-

estimated. High order predation (either intraguild predation and hyper-predation) is 

common in agro-ecosystems (Synder et al 2004, Chacon and Heimpel 2010, Rosenheim 

2005), however top predators tend to feed on intermediate predators only when other prey 

are rare (Dinter 1998). Certainly, high order predation does not always have a negative 

effect — it helps to sustain natural enemy populations when prey is relatively scarce 

(Chailleux et al 2014) and ensure that natural enemies are present before pest populations 

build or resurge.  

A meta-analysis by Vance-Chalcraft et al. (2007) found that in assemblages 

containing predators that could potentially consume each other, prey suppression was 

greater in the presence of one predator rather than many. Teasing this apart they found 

that adding a ‘top’ trophic level predator disrupted prey suppression, while introducing an 
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intermediate predator increased prey suppression. There can be great diversity of 

generalist predators in agricultural systems and most natural enemies of terrestrial 

arthropod herbivores do not inhabit the top trophic level (Rosenheim 1998). 

Generally, herbivore pests are dominated by a select few species, while the 

suppression of these pests is provided by a large group of predators (Root 1973, 

Rosenheim 1998). Increasing predator diversity can significantly increase herbivore 

suppression, while improving predator reproduction and survivorship (Snyder et al 2006). 

Though rare, when intraguild predation dominates a system, predator diversity can also 

reduce herbivore population regulation (Rosenheim 2005).  

The implications of predator : prey relationships that naturally occur in 

agricultural systems are important to pest managers. When predators are abundant 

relative to pest densities they can play a critical role in the biological control of pests. 

Maximizing the impact of this biological control should be a top priority of resource-

limited pest managers. 

The thoughtful approach to managing these relationships alongside the use of 

chemical insecticides was first advanced by Stern et al. (1959) who proposed that control 

provided by natural enemies could be augmented by judicious use of insecticides that 

were applied in a manner as least disruptive to natural enemies as possible. Stern et al. 

(1959) went on to explain this process where biological control (provided by natural 

enemies) has the potential for long-term suppression of pest populations and chemical 

control would be considered a temporary tool for short-term control, identifying the value 

of an integrated approach that maximizes the impacts of each. To attain this goal control 

decisions should be based on accurate samples of pest densities, and chemical control 



 11

tools should be applied only when pest densities have surpassed an economic threshold. 

In doing so, thresholds that are implemented with accurate measures of pest densities 

allow pest managers to ‘fit insecticides into the system, rather than impose them on it’ 

(Stern et al. 1959, Naranjo and Ellsworth 2009a).  

By delaying the application of chemical controls, economic thresholds minimize 

the occurrence of resurgent secondary pest outbreaks (Leigh et al. 1966, Wilson et al. 

1998). As such, economic threshold (i.e., action thresholds) are critical tools that should 

be unique to crops, pests and regions as multiple factors can influence the amount of 

damage a crop can sustain prior to becoming economically significant (Johnson and 

Wilson 1995). Yet even with this level of specificity, the application of action thresholds 

is not a clear process. Brown (1997) demonstrate that the probability of making an 

incorrect management decision relative to the Economic Injury Level (the point where 

costs associated with pest damage are equal to the cost of controlling pests) is at its 

greatest at the economic threshold (~50%). The threshold divides densities of pest 

populations that are tolerable and those that are perilous, and thus incorrect decisions 

relative to the threshold can precipitate economic pest damage or elevated management 

costs.  

The risks associated with pest management decision-making can be great – 

ranging from the loss of a crop, to dangerous exposures to pesticides. Integrated Pest 

Management (IPM) is the current paradigm for managing risks posed by pests (USDA 

2013), though it is not always a simple endeavor. IPM is a system for selecting and 

coordinating the best pest control tactics into a management strategy that meets the 

desired outcomes of its practitioner (Kogan 1998). More explicitly, IPM incorporates 
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multiple tools for managing pests; be they cultural controls, chemical pesticides, and 

economic thresholds founded on accurate pest sampling (Stern et al. 1959, Binns and 

Nyrop 1992, Naranjo et al. 1996, 1998, Kogan 1998; Ellsworth and Martinez-Carrillo, 

2001). Yet this same multitude of tools and applications generally make IPM frameworks 

information intensive, and decision-making in IPM takes place in a world of uncertainty 

(Mitchell and Hutchison, 2009). Uncertainty may be greatest around the action threshold, 

yet by incorporating the effects of biological control agents pest managers can tolerate 

greater pest densities and reduce uncertainty (Brown 1997).  

Conservation biological control is one way to incorporate natural enemies into an 

IPM strategy. Implementing conservation biological control often includes making 

changes to the landscape that favors natural enemy abundance and their associated pest 

suppression impact by reducing stresses (e.g., broad spectrum insecticides) and 

increasing resources (e.g., habitat). When properly implemented conservation biological 

control provides a free ecosystem service and can yield economic returns of reduced 

management costs or increased yield/quality (Losey and Vaughn 2006, Zhang and 

Swinton 2012, Naranjo et al. 2015).  

A few notable exceptions have shown that the development and refinement of 

strategies that incorporate natural enemy impacts (i.e. conservation biological control) are 

feasible and potentially effective (Hoffman et al. 1991, Giles et al. 2003, Hamilton et al. 

2004, Conway et al. 2006, Walker et al. 2010). The strategies these studies outline are 

important tools that incorporate natural enemy impacts in an integrated and ecologically 

based manner (Zalom, 2000), yet they have not been implemented to a large degree.  

Such decision-making tactics that incorporate natural enemy impacts can identify when 
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biological control is functioning (i.e. suppressing pest populations), and when it is not; a 

critical consideration for pest managers. While action thresholds generally do not 

explicitly measure biological control, pests may still be impacted by conserved natural 

enemies at any time and any density relative to the threshold. The advantage of 

incorporating natural enemy impacts is most noticeable when pest densities surpass an 

action threshold and there are sufficient predators to provide suppression (Walker et al. 

2010).  

The implementation of biological control-based action thresholds and 

incorporation into an IPM strategy should be guided by considerations of who will 

ultimately use them. For these tools to be successful they need to be reliable, effective, 

easy to use, and ultimately adopted by end-users (e.g., growers and pest managers). One 

of the best mechanisms that delivers new technology and education to stakeholders is 

Cooperative Extension (Rogers 2003), a component of land grant Universities in the 

United States (Ellsworth, 2016). 

 In targeting farmers and pest managers, one common method of disseminating 

knowledge is through grower meetings and workshops (Yang et al. 2008, Hashemi et al 

2008, 2009, Rebek et al 2013, Halblieb and Jepson 2015) coordinated via Extension 

systems. These meetings can serve to measure baseline knowledge, teach new concepts, 

gather support for new research, and measure attitudes toward adoption and knowledge 

gain. Key personnel from Extension systems and the target group can be involved to add 

legitimacy and address other topics. While the entire target audience may not be reached 

this way, the theory of Innovation Diffusion suggests that a small group of innovative 

individuals can have a large effect on their entire community, leading to the adoption of 
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new practices (Stephenson, 2003). Key attributes of successfully adopted innovations are 

that they have relative advantages over older practices (Rogers and Shoemaker 1971) are 

consistent with existing cultural patterns (Barnett 1953), reduce uncertainty (Patrick 

1998) and are trialable (Rogers 2003).  

While adoption of new concepts can sometimes be difficult to achieve, Foster et 

al. (1995) suggest that a participatory approach was most beneficial in developing a 

biological control program in Australia. Engaging ‘early adopters’ gradually through a 

multi-faceted approach including Extension-based outreach and demonstrations were key 

to the successful IPM program introducing biological control of the Russian wheat aphid 

in cereal crops in Washington (Bragg 1992). Diehl and Ellsworth (1995) implemented a 

whitefly sampling and action threshold program by working with Pest Control Advisors 

to demonstrate insecticide application timing in their own fields, which was followed by 

the development of a community-based whitefly IPM program (Ellsworth et al. 1996). 

While there are many techniques and models that can be applied to biological control 

program implementation, engaging with stakeholders through an established Extension 

program can be a very effective approach.  

 The sweetpotato whitefly, Bemisia tabaci MEAM1 (Dinsdale et al. 2010; 

equivalent to Bemisia argentifolii Bellows et al. 1994) (Hemiptera: Aleyrodidae) is a key 

pest in the low desert cotton production system of the southwestern United States. While 

whiteflies can reduce yields at elevated populations, it more commonly reduces lint 

quality by depositing honeydew excretions on open bolls thereby promoting an 

associated sooty mold complex (Marsh and Bollenbacher 1949, Mibey 1997, Hequet et 

al. 2007) that grows on these sugary carbohydrates and can cause stickiness 



 15

complications in processing (e.g., ginning and carding). The sugars deposited on exposed 

cotton fibers reduce lint quality and jeopardize potential markets (Ellsworth et al. 1999, 

Oliveira et al. 2001, Frisvold et al. 2007). In the Arizona system, a sophisticated IPM 

framework has minimized risks from whiteflies and dramatically reduced overall 

insecticide use while maintaining quality (Ellsworth and Martinez-Carrillo 2001; Naranjo 

and Ellsworth 2009a) by guiding pest managers to regularly sample pest populations, use 

action thresholds for control decisions, and apply selective insecticides (Ellsworth et al. 

2006).  

In this cotton system, a suite of over 20 natural enemies are known to prey on or 

parasitize whiteflies, where arthropod predators are the primary source of irreplaceable 

mortality (Hagler and Naranjo 1994a,b, Hagler and Naranjo 2005, Naranjo and Ellsworth 

2005). This complex of natural enemies exists as a food web often feeding and preying 

upon alternative prey and each other, yet predators’ role in whiteflies suppression is 

significant (Naranjo and Ellsworth 2005, 2009b). Natural enemy conservation is currently 

promoted through the selection and timing of selective insecticides that are safer to the 

existing natural enemy community (Ellsworth et al. 2006). The incorporation of 

conservation biological control provided by arthropod predators would help to maximize 

control of whiteflies and allow pest managers to make more informed control decisions.  

The deployment of current whitefly-only decision-making aides in Arizona has 

been shown to reduce management costs for whiteflies in cotton (Ellsworth and 

Martinez-Carrillo 2001, Naranjo and Ellsworth 2009a) and adoption of these programs 

has also benefitted producers in northwestern Mexico (Colmenárez et al. 2016; Ellsworth 

et al. 2016). 
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This study has sought to identify key arthropod predators’ impact on whiteflies in 

cotton. Predator and whitefly populations were manipulated with a series of field trials to 

clarify predator : prey interactions. Four key predators were identified: Misumenops celer 

(Hentz) (Araneae:Thomisidae), Geocoris spp. (Hemiptera:Geocoridae), Orius tristicolor 

(White) (Hemiptera:Anthocoridae), and Collops spp. (Coleoptera:Melyridae). The 

abundance of these predators corresponding to the whitefly action threshold was 

estimated as predator : prey ratios. These ratios were then validated in an experimental 

trial, on commercial farms and through use of historical trials where control decisions 

based on the standard whitefly-only action threshold were compared with control 

decisions that were made with or could have been made with four proposed predator : 

prey ratios. Finally, an outreach program was designed and implemented to promote new 

biological control based action thresholds (predator : prey ratios) for whitefly 

management in cotton. Surveys were deployed to measure participants’ knowledge, 

attitudes and practices, as well as any changes in these attributes that resulted from this 

program. 
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1.2 Explanation of dissertation format 

 The major goal of this dissertation is to incorporate the impacts of key natural 

enemies into the management of whiteflies in cotton grown in the southwestern United 

States. This introduction and the present study section below lay the basis for this 

research and give a brief overview of the key results. Detailed results are included as 

three appendices, each of which is intended for publication as an independent paper in a 

peer-reviewed journal. 

 In Appendix A, I identify key predators of whiteflies using experimental field 

trials. The critical predator : prey ratios for each of these were calculated and refined for 

commercial application.  

 In Appendix B, I seek to validate the ratios identified in Appendix A through a 

variety of approaches; where control decisions based on the standard whitefly-only action 

threshold were compared with control decisions that were made with or could have been 

made with four proposed predator : prey ratios.  

 In Appendix C, I design and deploy a short, high intensity outreach program to 

teach cotton pest managers about the value and use of predator : prey ratios. Pest 

managers were surveyed before and after this program to measure its efficacy, as well the 

gradual adoption that may occur after.           

 

1.2.1 Explanation of Whitefly Species Subject of This Dissertation 

 The whitefly species discussed in this dissertation, Bemisia tabaci, is one of many 

morphologically indistinguishable ‘biotypes’ that make up a cryptic species complex of 

more than 24 species (De Barro et al. 2011). The whitefly species predominant in the 
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system described here has commonly been described as the ‘B Biotype’, or B. tabaci 

MEAM1. Recent work has shown that the whitefly holotype described over 100 years 

ago (Gennadius) belongs to the MED biotype (Tek Tay et al. 2012). The MED biotype 

was not identified in the New World until 2004 and the species present in Arizona 

(MEAM1) is likely not represented by the description provided B. tabaci MED. Until a 

naming convention is established for the species present in the New World, accurately 

referring to it will be a challenge. For this dissertation, the species in question has been 

referred to as the sweetpotato whitefly, Bemisia tabaci MEAM1 (Dinsdale et al. 2010; 

equivalent to Bemisia argentifolii Bellows et al. 1994).   
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PRESENT STUDY 

 

 The detailed methods, results and conclusions from this dissertation research are 

presented in the appended manuscripts.  

 

2.1 Quantifying Conservation Biological Control for Management of Bemisia tabaci 

in Cotton 

   

Conservation biological control (CBC) can be an effective strategy for 

minimizing insect pest-induced damage to agricultural production. The most effective 

manner of applying CBC is through an Integrated Pest Management (IPM) framework, as 

one strategy combining many important tactics including cultural controls, pest sampling, 

and the use of action thresholds. To apply CBC in the Arizona cotton production system 

we sought to identify key arthropod predators’ impact on Bemisia tabaci 

(Gennadius)(MEAM1) through a 2-year field study. Predator and B. tabaci populations 

were treated with a range of broad-spectrum and selective insecticide exclusions to 

manipulate predator : prey interactions. Four key predators were identified, as were the 

critical abundances at which they were present near the B. tabaci action threshold. These 

ratios of predator : B. tabaci were refined for commercial pest management and 

developed to conform to the current B. tabaci IPM framework as a simple to use 

management-decision tool, leveraging existing pest sampling and management schemes. 

Predator : B. tabaci ratios clarify the role of key predators in B. tabaci suppression and 
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can be an effective tool for management decision-making and optimizing insecticide 

applications. 

 

2.2. Validation of Predator : Prey Ratios for Decision-Making in Management of 

Bemisia tabaci in Cotton 

   

Biological control can play an integral role in agricultural pest suppression, yet 

the tools to explicitly incorporate its impact are limited. Action thresholds that integrate 

biological control are one manner of achieving this goal, but before they can be 

implemented, rigorous validation is needed. Newly developed predator : prey ratios for 

decision-making in whitefly management in cotton were validated using an experimental 

approach in field trials that manipulated populations of whitefly and associated arthropod 

predators. Ratios were also validated with data collected from commercial fields in 

Arizona in northern Mexico, and historical field trials. Control decisions based on the 

standard whitefly-only action threshold were compared with control decisions that were 

made with or could have been made with four proposed predator : prey ratios that 

incorporate Misumenops celer (Hentz) (Araneae:Thomisidae), Geocoris spp. 

(Hemiptera:Geocoridae), Orius tristicolor (White) (Hemiptera:Anthocoridae), and 

Collops spp. (Coleoptera:Melyridae). To more finely quantify lint quality, a qPCR 

technique was developed to measure whitefly-associated sooty mold abundance. 

Management outcomes (yield, lint quality, sprays) did not vary according to the threshold 

system used in the experimental field trial, but noticeable changes in potential spray 

outcomes were observed from commercial fields and historical field trials. The majority 
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of these spray outcomes would have been delayed. Ratio-based thresholds may provide 

increased certainty in decision-making for whitefly densities peri-threshold. Predator : 

prey ratios can help pest managers reduce risk in decision making for pest control, 

strengthening an already successful IPM program. 

 

2.3. An Extension Program to Promote Adoption of Biological Control-Based 

Thresholds for Bemisia tabaci Management in Cotton 

The development of new technologies for pest management in agriculture can 

help practitioners to improve management outcomes that are more in line with their 

goals. Yet the active dissemination of such tools to encourage adoption is seldom 

implemented. In 2014 and 2015, an outreach program was implemented to promote new 

biological control based action thresholds (predator : prey ratios) for whitefly 

management in cotton. Extension meetings and workshops were used to instruct and 

educate cotton pest managers on these tools and other foundation whitefly management 

practices. Surveys were deployed to measure participants’ knowledge, attitudes and 

practices, as well as any changes in these attributes that resulted from this program. 

Whitefly management decisions that incorporate conservation biological control can 

reduce pest managers’ uncertainty in decision-making, as well as insecticide use and 

management costs. 
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Abstract 

 Conservation biological control (CBC) can be an effective strategy for 

minimizing insect pest-induced damage to agricultural production. The most effective 

manner of applying CBC is through an Integrated Pest Management (IPM) framework, as 

one strategy combining many important tactics including cultural controls, pest sampling, 

and the use of action thresholds. To apply CBC in the Arizona cotton production system 

we sought to identify key arthropod predators’ impact on the sweetpotato whitefly, 

Bemisia tabaci MEAM1 (Dinsdale et al. 2010) (Hemiptera: Aleyrodidae) through a 2-

year field study. Predator and B. tabaci populations were treated with a range of broad-

spectrum and selective insecticide exclusions to manipulate predator : prey interactions. 

Four key predators were identified, as were the critical abundances at which they were 

present near the B. tabaci action threshold. These ratios of predator : B. tabaci were 

refined for commercial pest management and developed to conform to the current B. 
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tabaci IPM framework as a simple to use management-decision tool, leveraging existing 

pest sampling and management schemes. Predator : B. tabaci ratios clarify the role of key 

predators in B. tabaci suppression and can be an effective tool for management decision-

making and optimizing insecticide applications. 

 

Keywords: arthropod predators, conservation biological control, Bemisia tabaci 

(MEAM1), predator : prey ratios, integrated pest management 

 

Introduction  

Natural enemies have long been recognized as important to the regulation of 

herbivore populations (Hairston et al. 1960, Polis 1999) and can play a key role in 

management of insects in agricultural systems (van den Bosch and Messenger 1973). 

While the study of natural enemy : prey relationships has generally focused on 

interactions of a single natural enemy species and a single prey species, understanding 

communities and trophic levels are oftentimes more appropriate for pest management in 

agricultural systems. The interactions of multiple natural enemy species can limit 

herbivores synergistically and facilitate pest suppression (Losey and Denno 1998). While 

prey regulation (or prey consumption) is often density-dependent, these interactions need 

not be based on consumption. By altering prey behavior, multiple predators can 

synergistically increase or decrease total predation rates (Sih et al 1998). Understanding 

natural enemy : prey interactions can provide critical insight to pest suppression (Hassell 

& May 1986; Murdoch & Briggs 1996, Ives et al. 2005, Hallett et al. 2014) and help to 

limit pest damage (Naranjo 2001) and improve economic outcomes through conservation 
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biological control (Naranjo et al. 2015). Conservation biological control (CBC) involves 

deliberate management practices that are used to favor existing natural enemies and their 

ability to regulate pest populations. Such actions can involve maximizing habitat and 

resources through landscape modification or reducing management pressures through 

selective insecticide applications.   

The impact and application of CBC was first formalized by Stern et al. (1959) as a 

key part of the Integrated Control concept, where the effects of biological control and 

chemical control would be used ‘to augment each other.’ Insecticides could be applied 

selectively when pest densities were identified as dangerous via appropriate sampling and 

economic thresholds, thus maximizing the long-term benefits natural enemies provide. 

The Integrated Control concept of Stern et al. (1959) laid the groundwork for Integrated 

Pest Management (IPM), our current paradigm for managing pests today. 

IPM incorporates multiple tools for managing pests: e.g., cultural controls, 

chemical pesticides, and economic thresholds founded on accurate pest sampling (Stern 

et al. 1959, Binns and Nyrop 1992, Naranjo et al. 1996, 1998, Kogan 1998; Ellsworth and 

Martinez-Carrillo, 2001). As originally proposed over 50 years ago, the integration of 

economic thresholds and biological control remains a viable method for managing pest 

populations. Such tools can reduce insecticide application rates and/or frequencies when 

natural enemies provide suppression of insect pests (Stern et al. 1959, Newsom et al. 

1976, Croft 1990). However, these two tools generally act independently of each other, 

such that biological control operates only until thresholds dictate control actions (such as 

insecticidal sprays). While this approach can reduce economic and ecological costs of 
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pest management caused by pest damage and secondary pest outbreaks (Stern 1973, 

Pedigo and Higley 1992, Naranjo et al. 2015), refinements are needed. 

Conservation biological control of pests by natural enemies is often under-used in 

pest management, though a small number of studies have successfully incorporated 

biological control into pest management (Hoffman et al. 1991, Giles et al. 2003, 

Hamilton et al. 2004, Conway et al. 2006, Walker et al. 2010). Such research indicates 

that pest control decisions can be based not only on potential pest damage, but also on the 

natural enemies that regulate pest populations – a finding that truly allows biological 

control and chemical control to augment one another.  

The sweetpotato whitefly, Bemisia tabaci MEAM1 (Dinsdale et al. 2010) 

(Hemiptera: Aleyrodidae) is a key pest in the low desert cotton production system of the 

southwestern United States. While B. tabaci can reduce yields at elevated populations, it 

more commonly reduces lint quality by depositing honeydew excretions on open bolls 

thereby promoting stickiness and the associated sooty mold complex that grows on these 

and other sugars (Ellsworth et al. 1999, Oliveira et al. 2001, Frisvold et al. 2007). In the 

Arizona system, an advanced IPM strategy has minimized risks from B. tabaci and 

dramatically reduced overall insecticide use (Ellsworth and Martinez-Carrillo 2001; 

Naranjo and Ellsworth 2009a) by, for example, guiding pest managers to regularly 

sample pest populations and use action thresholds for control decisions (Ellsworth et al. 

2006). In this cotton system, a suite of over 20 natural enemies are known to prey on or 

parasitize B. tabaci, and arthropod predators are the primary source of irreplaceable 

mortality (Naranjo and Ellsworth 2005). This complex of natural enemies exists as a food 

web often feeding and preying upon alternative prey including each other, yet predators’ 
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role in B. tabaci suppression is significant (Naranjo and Ellsworth 2005, 2009b). Natural 

enemy conservation is currently promoted through the selection and timing of selective 

insecticides that are safer to the existing natural enemy community. However, decision-

making remains pest-centric, depending mostly on measures of pest densities (Naranjo et 

al. 2004, Naranjo & Ellsworth 2009a). Action thresholds for B. tabaci are based on the 

sampling of multiple life stages and applied variously according to population 

development. While this approach is not static, it is subject to errors in decision-making 

because of unmeasured or un-incorporated variables in B. tabaci population development. 

The explicit measurement and incorporation of control provided by arthropod predators 

would help to maximize CBC of B. tabaci and allow pest managers to make more 

informed control decisions.  

Elevated natural enemy densities and storm events can suppress B. tabaci 

populations (Naranjo and Ellsworth 2005), reducing the need for therapeutic insecticides. 

Conversely, plant variety selection, host plant stress (Asiimwe et al. 2013), or 

dramatically suppressed natural enemy communities from prior insecticide applications 

(Naranjo and Ellsworth 2009b) are all factors that can foster more rapid B. tabaci 

population growth necessitating earlier intervention with insecticides. A pest manager 

may consider many of these events whenever using the B. tabaci action threshold. 

However, quantifying the benefits of predator abundance or function is an important 

refinement to the decision-making process. Economic benefits could be realized by 

reducing whitefly control spray costs, and/or maintaining natural enemy populations that 

help to provide control over other pest populations inhabiting the same field. Similarly, 

knowledge of relatively low natural enemy densities could inform pest managers of the 
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need to advance an insecticide spray, improving control season-long without resorting to 

broad-spectrum chemistries that might be required to address harmful pest densities.  

To better understand the relationships of arthropod predators and B. tabaci in the 

cotton production system, we used insecticidal manipulations to establish predator and B. 

tabaci populations at varying densities. By manipulating populations to varying degrees 

we sought to identify key predators within the natural enemy community that suppress B. 

tabaci populations, and to calculate the predator : B. tabaci ratios that delineate ‘safe’ 

from ‘damaging’ B. tabaci densities around the standard B. tabaci threshold. Such ratios 

would be relevant during critical periods of active decision-making by pest managers 

(i.e., peri-threshold) and help to inform better timing of insecticidal interventions. 

Materials and Methods 

Experimental Setup  

Studies were conducted at the University of Arizona’s Maricopa Agricultural 

Center, Maricopa, AZ, USA in 2011 and 2012. A common Bollgard II / Roundup Ready 

Flex® cotton variety (Monsanto Company, St. Louis, MO) that confers resistance to 

lepidopteran insects and glyphosate herbicides was used each year (DP1032B2RF). The 

cotton was planted on 5 May 2011 and 15 May 2012 with all crops grown according to 

standard agronomic practices for the area. Due to concerns that B. tabaci populations 

would be low, cantaloupe and watermelon were planted 3 to 1 (Jumbo Hales Best and 

Crimson Sweet, respectively) in proximity to the cotton to augment B. tabaci populations 

locally. In 2011 melons were planted in four row strips bordering the west and east edges 

of the cotton and in the middle of the experimental area. In 2012, the melons ran in four 

row strips along the east and west borders of each plot. Melons were irrigated at the same 
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time as the cotton and were dried down slowly in the middle of July (concurrent with 

insecticide exclusion treatments, below) to allow B. tabaci to gradually move into the 

adjacent cotton. A randomized complete block design with four replicates was used in 

both years with arthropod predator and B. tabaci manipulations as the treatments. In 

2011, there were nine treatments replicated four times for a total of 36 plots. Plots were 

22.9m long and 24 rows (24.4m) wide with 4m alleys. In 2012, there were 12 treatments 

replicated four times for a total of 48 plots.  Plots were 21.9m long and 24 rows (24.4m) 

wide with 3.7m alleys. Unmanaged cotton borders were 17.1m (2011) and 7.6–9.1m 

(2012) and ran the full width, north and south, of the experimental area. 

Insecticide Exclusion  

Each insecticide manipulation treatment was applied with the intention of 

reducing B. tabaci and/or arthropod predator populations to varying degrees (Tables 1, 

2). The broad-spectrum insecticide acephate is known to reduce natural enemies while 

having minimal effect on B. tabaci (Ellsworth et al. 1998, Fournier et al. 2008, Asiimwe 

et al. 2013). The selective insecticides pyriproxyfen and buprofezin have been shown to 

reduce B. tabaci populations while having minimal effect on natural enemy populations 

(Palumbo et al. 2001, Naranjo et al. 2004). A fenpropathrin + acephate mixture was 

applied to suppress both B. tabaci and natural enemy populations in tandem. In 2012, the 

acaricide etoxazole was applied in select treatments to ensure that resurgent twospotted 

spider mites, Tetranychus urticae (Koch) (Acari: Tetranychidae) did not interfere with B. 

tabaci population development.  

B. tabaci and Arthropod Predator Sampling 
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B. tabaci populations were sampled weekly as described by Naranjo and Flint 

(1994, 1995) and in a manner compatible with current pest manager field practice 

(Ellsworth et al. 2006). B. tabaci adults were counted on the undersides of 5th mainstem 

leaves (from the terminal) while B. tabaci immatures were counted with the aid of a 

microscope on a 3.88cm2 disk between the main and left lateral leaf vein on the abaxial 

side of the 5th mainstem leaf. B. tabaci immature life stages were enumerated as egg, 

small nymph (1st and 2nd instars), and large nymph (3rd and 4th instars) counts. Large 

nymphs are the recommended preimaginal life stage sampled for management (Diehl et 

al. 1997; Ellsworth et al. 2006) and are the only immature life stage referred to 

throughout the remainder of this paper. Five B. tabaci adult samples were collected 

weekly from each plot over 5 weeks in 2011 and over 7 weeks in 2012. Ten B. tabaci 

large nymph samples were collected weekly from each plot over 5 weeks in 2011 and 

over 7 weeks in 2012.  

 Densities of arthropod predators were sampled with a 38cm diameter sweep net. 

Fifty sweeps from each plot were taken as two, 25-sweeps subsamples through the top of 

the canopy using standard pest manager tools and techniques (Ellsworth and Brown, 

2012). Each subsample of 25 sweeps was immediately bagged, frozen and later examined 

for the presence of over 20 different arthropod predators. Sweeps were collected on a 

weekly basis, concurrent with B. tabaci sampling. 

 Aphelinid B. tabaci parasitoids were not sampled because previous life table 

studies (Naranjo and Ellsworth 2005) suggest that parasitoids contribute very little 

irreplaceable mortality to B. tabaci, especially relative to generalist predators in this 

system.    
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Management of B. tabaci and Other Pests 

Elevated populations of Lygus hesperus Knight (Hemiptera: Miridae) can 

severely reduce cotton yield and affect plant growth (Leigh et al. 1998; Ellsworth 2001). 

To minimize these effects, L. hesperus populations were sampled concurrently with 

arthropod predators and counted in real time from the sweeps samples described above. 

When L. hesperus populations exceeded the action threshold (Ellsworth and Barkley 

2001, 2005; Barkley and Ellsworth 2004) the entire experiment was treated with 

flonicamid, a selective insecticide that has no impact on B. tabaci or the natural enemies 

in this system (Ellsworth, unpubl. data) at a rate of 16.1g A.I. ha-1. 

When B. tabaci large nymph and adult populations reached established action 

thresholds (Naranjo et al. 1998, Ellsworth et al. 2006), an application of selective 

insecticides were applied at recommended rates (Ellsworth et al. 1998, Ellsworth et al. 

2006). Spiromesifen (280.75g A.I. ha-1) was used in 2011 and buprofezin (393.05g A.I. 

ha-1) was used in 2012. 

Yield 

Seed cotton was machine harvested from the middle four rows of each plot at the 

end of each season. These samples were bagged, weighed, and ginned. Lint yields were 

estimated from plot-specific ginning parameters. 

Statistical Analysis  

Identifying Treatment Effects.  

A mixed-model ANOVA (JMP V9, SAS Institute Inc., Cary N.C.) was used to 

identify factors affecting B. tabaci densities, including fixed effects of year, sampling 

date and treatment. The block variable and associated interaction terms were entered as 
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random effects. A one-way ANOVA was performed to identify the effect of treatment 

manipulations on total predator abundance for each year. 

The effects of treatment manipulations on arthropod predator densities were also 

subjected to Principal Response Curve (PRC) analysis in CANOCO 5 (Ter Braak and 

Smilauer, 2012). PRCs are a multivariate, time dependent analysis (Van den Brink and 

Ter Braak 1998, 1999) that represent the arthropod community response to insecticide 

treatments over time. Canonical coefficients link species’ densities together on a common 

scale to a reference, in this case to an untreated control. Species with weights greater than 

0.5 have a response that is more closely correlated to the patterns expressed by PRCs. 

Species with values less than -0.5 are also influential but with responses opposite to the 

pattern expressed by the PRC. Species with weights between -0.5 and 0.5 are less 

influential and of less interest. Significance of each treatment was estimated by 

permutation-based F tests. 

Analysis of yield (kg lint ha-1) was run separately for both years to identify the 

effects of insecticidal treatments.  

Identifying Key Candidate Predators 

Multiple regression analyses were conducted to identify relationships between 

predator : B. tabaci ratios and B. tabaci densities. The response variable was the ln-

transformed mean B. tabaci densities (adults or large nymphs) while year, insecticidal 

treatment, and sampling date were included as fixed effects and ln–transformed predator : 

B. tabaci ratios were included as covariates. Non-significant terms were removed and the 

model was rerun with only significant effects. 
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Logistic regression was used to identify predator : B. tabaci ratios that 

corresponded to the frequency of B. tabaci (adults or large nymphs) exceeding the action 

threshold. The frequency of binary counts of B. tabaci densities relative to thresholds 

were conducted according to recommended sampling methods (Ellsworth et al. 2006) and 

classified as response variables.  

Assessing Candidate Predator Interactions 

Predator interactions that might reduce B. tabaci suppression (e.g., intraguild 

predation or other antagonistic behaviors) were examined via multiple regression. The 

response variable was the ln-transformed mean B. tabaci density (adults or large 

nymphs). Explanatory variables included year, insecticidal treatment, and sampling date 

as fixed effects and transformed predator : B. tabaci ratios of key predators (below) and 

all two-way predator interactions as covariates.  

Determining Critical Values for Ratios  

Simple linear regressions of predator : B. tabaci ratios on B. tabaci densities were 

used to estimate ratios that correspond to the B. tabaci action thresholds of 3 adults / leaf 

and 1 large nymph / leaf disk (Naranjo et al. 1998, Ellsworth et al. 2006). These 

calculated ratios were validated in two different manners. First, inverse predictions were 

performed to identify the ratio and 95% confidence intervals of key predators that 

correspond to the B. tabaci action threshold. The response variable was the ln-

transformed mean B. tabaci density (adults or large nymphs). The explanatory variables 

included transformed predator : B. tabaci ratios of all predators (below).  

Second, the recommendations for B. tabaci control sprays based on calculated 

ratios were compared with recommendations for B. tabaci control sprays based on the 
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current B. tabaci action threshold. Instances where these two recommendations diverged 

were identified as either Advanced or Deferred Spray disagreements (advancing 

insecticide intervention due to lower predator ratios, or deferring insecticide intervention 

due to elevated predator ratios, respectively). The rates of disagreement for each 

proposed ratio were then plotted to clarify where a ratio might be increased or decreased 

to optimize accuracy of B. tabaci management. Ratios that provided a lower total rates of 

disagreement (Advanced sprays + Deferred sprays), as well as lower rates of Advanced 

sprays, were identified as preferable by likely indicating B. tabaci suppression. For 

predators that correspond to suppressed B. tabaci populations, there is greater tolerance 

for Deferred sprays (likely indicating predator suppression of B. tabaci) than Advanced 

Sprays (indicating no suppression of B. tabaci). 

To reduce the incalculable values and achieve requirements for normality and 

homogeneity of variance, all ratio (predator : B. tabaci) data were transformed as 

ln(A/(B+0.1)+1), where A is the mean density of an arthropod predator / 100 sweeps, and 

B is the mean density of B. tabaci adults per leaf or B. tabaci large nymphs per leaf disk.  

Results 

Insecticide Treatment Effects 

Both B. tabaci adult and large nymph densities were significantly affected by 

treatment manipulation (F>12.6, df=9, 337.5, P<0.0001,), year (F>19.8, df=1, 8.4, 

P<0.0001,) and sampling date (F>19.45, df=6, 381.9, P<0.0001) (Figs. 1 and 2). In 

general, broad-spectrum acephate treatments in 2011 and 2012 resulted in densities 

higher than the UTC (untreated control), with lessening effects corresponding to reduced 

application rates of this material. Selective insecticide treatments were associated with 
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lowered B. tabaci densities, likely due to their target efficacy (Fig. 1) as well as their 

reduced impact on natural enemies (Fig. 2).   

 In 2011, broad-spectrum insecticidal treatments reduced the mean seasonal 

abundance of predators below the UTC and other selective insecticidal treatments 

(F=9.58, df=7, 39, p<0.0001). In 2012, those effects were not detected (P>0.05). The 

effects of insecticidal treatment manipulations on predator abundance through time was 

further examined with principal response curves (PRCs) and found to be significant in 

2011 (F=44.4, P=0.002) from the first axis of redundancy analysis, which explained 

19.3% of the variation. In 2012 the insecticide treatment effect was again significant 

(F=46.1, P=0.002) from the first axis of redundancy analysis, which explained 11.5% of 

the variation. Generally, broad-spectrum insecticidal treatments like various rates of 

acephate significantly reduced predator populations below the UTC (Figs. 2 and 3). 

Selective insecticide treatments, such as pyriproxyfen, did not differ from the UTC. 

The relative importance of each species within the natural enemy community is 

denoted by species weights calculated in PRC analyses. High species weights (>0.5) 

indicate greater correspondence to the general community pattern depicted by the PRC. 

Influential predators within the 2011 community were Misumenops celer (Hentz) 

(Araneae:Thomisidae), Geocoris spp. (Hemiptera:Geocoridae), Orius tristicolor (White) 

(Hemiptera:Anthocoridae), Drapetis nr divergens (Diptera:Empididae), Collops spp. 

(Coleoptera:Melyridae), Nabis alternatus (Parshley) (Hemiptera:Nabidae), and Zelus 

renardii (Hemiptera:Reduviidae). Chrysoperla carnea s.l. (Neuroptera:Chrysopidae) had 

a strongly negative species weight (Fig. 3A) suggesting it is also influential, but 

following a temporal trend opposite to that of other predators in the PRC. Predators 
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identified from 2012 included M. celer, Z. renardii, and Geocoris spp.. C. carnea and 

Hippodamia convergens (Guérin-Méneville) (Coleoptera:Coccinellidae) were associated 

with negative species weights (Fig. 3B). Other predators such as Rhinacloa forticornis 

(Reuter) (Hempitera:Miridae) and Coccinella septempunctata L. 

(Coleoptera:Coccinellidae) were not influential either year. 

 Yield was significantly affected by treatment in 2011 (F=27.8065, df=8, 27, 

P<0.0001) and in 2012 (F=2.1323, df=11, 36, P=0.0431). In 2011, yields for broad-

spectrum insecticidal treatments were significantly lower than selective insecticidal 

treatments where large mite populations were observed. In 2012, this same trend was 

observed, though differences were less clearly defined and potentially mitigated by 

prophylactic mite control in those same treatments.  

Identifying Key Candidate Predators 

Logistic regression showed that binary outcomes relative to the need for spraying 

based on both B. tabaci adults (ChiSquare=1577.66, df=21, P<0.0001, Table 3) or large 

nymphs (ChiSquare=1988.95, df=23, P<0.0001, Table 3) were significantly associated 

with predator : B. tabaci ratios for M. celer, D. nr divergens, O. tristicolor, and C. 

carnea. Fixed effects of year, treatment, and date were all significantly associated with B. 

tabaci binary outcomes. Multiple regression showed that predator : B. tabaci ratios for M. 

celer, D. nr divergens, O. tristicolor, Z. renardii, C. septempunctata, 

(Coleoptera:Coccinellidae), Hippodamia convergens, and ‘Other Coccinellids’ 

(Coleoptera:Coccinellidae) were significantly associated with reduced B. tabaci adult 

densities (F=100.52, df=24, 105 P<0.0001) and large nymph densities (F=147.51, df=23, 
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103, P<0.0001) (Table 3). Fixed effects of year, treatment, and date were all significantly 

associated with B. tabaci densities relative to the threshold.  

Assessing Candidate Predator Interactions 

One interaction effect corresponded to increased adult B. tabaci densities in 

multiple regression (F=137.21, df=34, 95, R2=0.9800, P <0.0001): M. celer * D. nr 

divergens (P<0.0001), while one interaction corresponded to decreased adult B. tabaci 

densities in multiple regression: M. celer * H. convergens (P=0.0007). Fixed effects of 

year, treatment and date were significantly associated with B. tabaci densities 

(P<0.0001). One two-way predator interaction associated significantly with increased B. 

tabaci large nymph densities (F=130.24, df=29, 97, R2=0.9749, P <0.0001): D. nr 

divergens * C. carnea (P=0.0452). Fixed effects of year, treatment and date were 

significantly associated with B. tabaci densities (P<0.0001). Extremely low densities of 

C. septempunctata and associated interaction terms could not be normalized requiring the 

removal of this predator from the analysis. 

Determining Critical Values for Ratios 

The eight predators identified were plotted, with focus on B. tabaci populations 

around the current B. tabaci action threshold (Fig 4, Table 4). From these charts specific 

ratios of predator : B. tabaci corresponding to the B. tabaci action threshold were 

estimated by back-calculation using the slope of the line fit to each relationship peri-

threshold (Table 5).  B. tabaci adult ratios estimated from plotting largely corresponded 

to ratios identified by inverse predictions of multiple regression. All ratios with exception 

to D. nr divergens overlapped with the 95% confidence interval of ratios identified with 



 43

inverse predictions. However, none of the B. tabaci large nymph ratios corresponded to 

ratios identified by inverse predictions. 

 Recommendations for B. tabaci control based on the current action threshold and 

proposed predator ratios were compared by considering the total disagreement rate 

(Advanced and Deferred Spray situations) of the two different control decisions over a 

restricted range of B. tabaci densities peri-threshold (Fig. 5). Ratios for all predators were 

refined in this manner to reduce rates of disagreement, while some calculated ratios were 

near zero (e.g. C. septempunctata and Z. renardii) (Table 5). The final step taken in 

optimizing ratios gives us the ratios we would recommend to pest managers (Fig. 5, 

Table 5). 

Discussion 

 Predator : prey ratios can reliably predict suppression of whiteflies in the Arizona 

cotton system. The ratios defined here for eight predators and for each of two whitefly 

life stages are useful indicators of biological control and will assist pest managers in 

classifying pest populations as injurious or innocuous. This will likely, on average, lead 

to deferring more sprays relative to the standard pest-centric threshold and provide 

greater confidence in pest manager decision making with respect to whitefly 

management. The key predators identified here have been shown to consume B. tabaci 

(Hagler 2002, Hagler and Naranjo 1994a,b, Hagler and Naranjo 2005, Hagler et al. 

2004), yet clearly not all are ideal indicators of biological control useful for B. tabaci 

management. There are numerous ecological and practical reasons to consider when we 

interpret the value of these predators to B. tabaci management. 
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The insecticidal manipulations we deployed were successful in their intended 

effects of varying both B. tabaci and arthropod predator densities. Similar to other studies 

of this system (Naranjo et al. 2002, Naranjo et al. 2003, Naranjo and Ellsworth 2009b), a 

large suite of multiple predators exhibited a pattern of decline and conservation under 

broad-spectrum and selective insecticide regimes, respectively. Yet the densities of two 

species, C. carnea and H. convergens, responded in an opposite manner, increasing under 

conditions of broad-spectrum insecticide usage. It seems plausible that they were either 

released from intraguild predation (Rosenheim et al. 1993, 1999), had some measure of 

resistance to broad-spectrum insecticides in use (Hoy 1990), or numerically respond very 

late to expanding or resurgent B. tabaci and other resurgent insect populations. B. tabaci 

honeydew, which is generally limited by timely use of the action threshold and selective 

insecticides, is a cue for C. carnea oviposition (Hagen et al. 1971, Hagen and Hale 1974) 

and likely facilitated this response. Ostensibly, C. carnea responded to increasing B. 

tabaci populations precipitated by broad-spectrum insecticide use that released B. tabaci 

populations from control provided by other earlier responding predators, after control of 

B. tabaci has likely already been lost.  

While more than one of these explanations may be accurate, in this study we also 

identified an interaction between C. carnea and D. nr divergens, as well as M. celer and 

D. nr divergens that suggests antagonism between these species. D. nr divergens is one of 

the smallest predators in this system and is a likely alternative prey-item for many 

generalist predators. The interactions and responses noted here should be considered 

when applying predator : B. tabaci ratios in control decisions  
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Practical concerns regarding the sampling of these predators and implementing 

ratios for decision-making should be considered when assessing their value to pest 

managers for B. tabaci management. Time-restricted pest managers will likely not count 

all predator species in conjunction with B. tabaci densities when making management 

decisions (Vandervoet, unpubl. data). Further, predators that are small and/or difficult to 

count or that are part of ratios requiring large densities to indicate pest suppression, may 

likely be under-sampled. D. nr divergens is small, fast moving, and time-intensive to 

sample. A 30:1 ratio would require very high counts of this species and might preclude 

adoption by many time-restricted pest managers. Nonetheless, D. nr divergens may also 

serve as an important indicator of the general health of the system. Future work should 

focus on identifying a different sampling system for this predator (e.g., a binomial 

measurements rather than numerical counts per 100 sweeps).   

For more transparent reasons, the coccinellid beetles (C. septempunctata, H. 

convergens, and all other Coccinellids) and the assassin bug Z. renardii would also be 

poor candidates despite correlations identified by our analyses. In both years the 

coccinellid beetles appeared only at very low densities and not as part of ratios indicative 

of conditions associated with deferral of a spray. Z. renardii, though not identified in this 

work as interacting significantly with other arthropod predators, is a top-level predator 

(Rosenheim 2005, Naranjo and Ellsworth 2009a), that in some analyses corresponded to 

increasing B. tabaci densities (Fig. 4). This relatively large predator likely focuses on 

larger prey items including other predators, and is not as clearly linked to B. tabaci 

suppression.  
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Year-to-year variation in abundance suggests that identifying a single predator 

may not be suitable for implementing consistent B. tabaci management. Thus, we have 

focused on identifying a group of important predators. Yet a number of the predators we 

sampled were not identified as significantly corresponding to B. tabaci suppression (e.g., 

Geocoris spp., Collops spp. N. alternatus, etc.) despite a large body of evidence 

suggesting otherwise (Hagler and Naranjo 1994a,b, Naranjo et al. 2002, Naranjo et al. 

2004, Naranjo and Ellsworth 2005). Future work may be directed towards defining 

multiple predator indices/ratios that incorporate the weighted impact of numerous 

predators in a single B. tabaci management ratio. Furthermore, the ratios calculated for 

nymphal B. tabaci more frequently overlapped with zero, suggesting that multiple 

predators act synergistically to suppress this life stage, and that single-predator ratios are 

not as applicable as they may be for adult B. tabaci ratios.  

The crab spider M. celer and minute pirate bug O. tristicolor are reliable 

measurements and indicators for conservation biological control (CBC) that can be 

incorporated into B. tabaci management. As the most abundant predator in this system, 

the impact of D. nr divergens may mask the effects of other predators, though monitoring 

of D. nr divergens may be of use for late-season B. tabaci management or when other 

predators are found to occur at extremely low densities.  

With these considerations we recommend that pest managers monitor two or more 

key predators when B. tabaci densities are peri-threshold and implement them into 

control decisions alongside the standard B. tabaci action threshold. The predator : prey 

ratios we have identified cannot realistically be implemented in the absence of the 

standard B. tabaci action threshold. Therefore, to minimize any difficulties in their 
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application, ratios that have been refined to reduce control spray disagreements will be 

the most practical to pest managers   

 Based on its origins and development, the standard B. tabaci threshold 

incorporates some level of baseline biological control. By deferring control sprays until 

critical B. tabaci densities (Naranjo et al. 1998, Ellsworth et al. 2006) are measured and 

considered with a reliable sampling scheme (Naranjo and Flint 1994, 1995) and action 

threshold, and by promoting the application of selective insecticides (Ellsworth et al. 

1998, Ellsworth et al. 2006) that have little impact on natural enemies, CBC can help 

limit B. tabaci damage. However, using predator : prey ratios to inform and refine control 

decisions performs two additional functions. Ratios indicate species-specific levels of 

CBC and represent the effects of the entire natural enemy community. The predators we 

have identified in this work are generalists that consume a wide range of prey items, 

including each other, while preying on B. tabaci. When the entire natural enemy 

community is suppressed (e.g., after a broad spectrum insecticide application), the CBC 

potential for the system will almost certainly be reduced. By identifying these impacts 

with ratios, decision-making peri-threshold becomes more informed, and as a result 

flexible to the variables that limit B. tabaci population growth and subsequent damage. 

Implementing predator : prey ratios for B. tabaci control should have the effect of 

optimizing insecticide applications. Reducing the rate of insecticide use has broad 

consequences for pest management in cotton (e.g., even in the distribution of invasive 

whitefly cryptic species, Pan et al. 2015) that may result in reduced crop management 

costs, enhanced control of other pests in the system, and reduced risk to human and 

environmental health. Importantly, actively reducing broad-spectrum insecticide use and 
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shifting to more selective chemistry can extend the impacts of all natural enemies and 

maximize the bioresidual, the combined activity of natural enemies and other natural 

forces following selective insecticide use (Ellsworth and Martinez-Carrillo 2001, Naranjo 

and Ellsworth 2009a,b). By identifying how natural enemy and pest interactions can help 

to limit pest-induced damage, predator : prey ratios are a tool that pest managers can 

actively wield to clarify pest management decision-making and in the process of doing so 

improve ecological, environmental, and economic outcomes.  
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Table 1. Insecticide treatments applied to cotton in 2011, Maricopa, AZ 

Treatment (g A.I. / 
hectare) 

Intended Manipulation Date Applied 

Acephate (1123) 1 Predators reduced 12 July, 29 July 

Acephate (561.5) 1 Predators reduced 12 July, 29 July 

Acephate (112.3) 1 Predators reduced 12 July, 29 July 

Acephate (11.23) 1 Predators partially reduced 12 July, 29 July 

Fenpropathrin (224.6) 2 + 
Acephate (561.5) 1.  

B. tabaci & Predators reduced 12 July, 29 July 

Acetamiprid (112.3) 3 
B. tabaci & Predators partially 
reduced 

12 July, 29 July 

Pyriproxyfen (60.64) 4.  B. tabaci reduced 12 July, 29 July 

Untreated Control     
1Orthene® 97, AMVAC, Newport Beach, CA 
2Danitol® 2.4 EC, Valent, Walnut Creek, CA 
3Intruder® 70 WSP, Gowan, Yuma, AZ 
4Knack®, Valent, Walnut Creek, CA 
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Table 2. Insecticide treatments applied to cotton in 2012, Maricopa, AZ 

Treatment (g A.I. / hectare) Intended Manipulation Date Applied 
Acephate (1123) 1 Predators reduced 11 July, 25 July, 6 Aug  

Acephate (1123) 1 + prophylactic 
mite control of etoxazole (22.46) 5 

Predators reduced, mite control 11 July, 25 July, 6 Aug 

Acephate (561.5) 1 Predators reduced 11 July, 25 July, 6 Aug 

Acephate (280.75) 1 Predators partially reduced 11 July, 25 July, 6 Aug 

Acephate (112.3) 1 Predators partially reduced 11 July, 25 July, 6 Aug 

Acephate (11.23) 1 Predators partially reduced 11 July, 25 July, 6 Aug 

Fenpropathrin (224.6) 2 + Acephate 
(561.5) 1.  

B. tabaci & Predators reduced 11 July, 25 July, 6 Aug 

Acetamiprid (112.3) 3. Before 
Threshold 

B. tabaci & Predators partially 
reduced 

11 July, 25 July, 6 Aug 

Acetamiprid (112.3) 3 + 
prophylactic mite control of 
etoxazole (22.46) 5  

B. tabaci & Predators partially 
reduced, mite control 

11 July, 25 July, 6 Aug  

Pyriproxyfen (60.64) 4. Followed 
by Buprofezin 6 (393.05).  

B. tabaci reduced 11 July, 25 July 

*Pyriproxyfen (60.64) 4. On 
Threshold, followed by Buprofezin 
6 (393.05) 

B. tabaci reduced 3 Aug, 31 Aug 

UTC     
1Orthene® 97, AMVAC, Newport Beach, CA 
2Danitol® 2.4 EC, Valent, Walnut Creek, CA 
3Intruder® 70 WSP, Gowan, Yuma, AZ 
4Knack®, Valent, Walnut Creek, CA 
5Zeal® WDG,  Valent, Walnut Creek, CA 
6Courier® SC, Nichino America, Inc., Wilmington, DE 
*Treated after reaching action threshold 
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Table 3.  Predator : B. tabaci ratios were negatively correlated to A) B. tabaci densities 
by multiple regression and to B)  B. tabaci binomial counts exceeding action thresholds 
by logistic regression. 

 
Predator : adult B. tabaci ratios 
A.      B. 

 
 
Predator : nymphal B. tabaci ratios 
A.      B. 

 
 

 
 
Table 4. The relationship of ln-transformed predator: ratio to ln-transformed B. tabaci 
mean density shown in Figure 4. 

Predator Taxon 
B. tabaci 
lifestage 

Relationship R2 df P-value 

M. celer Adult x=1.3406 – 0.3806y 0.0721 1, 52 0.0496 

D. nr divergens Adult x=3.1532 – 0.6599y 0.1829 1, 52 <0.0001 

Z. renardii Adult x=0.4522 + 0.0732y 0.0047 1, 52 0.6208 

H. convergens Adult x=0.1470 - 0.0446y 0.0204 1, 52 0.3033 

Other 
Coccinellids 

Adult x=0.0293 + 0.0218y 0.0070 1, 52 0.5462 

M. celer Large Nymph x=1.5054 – 0.9669y 0.1323 1, 34 0.0292 

D. nr divergens Large Nymph x=3.5830 – 0.4880y 0.2057 1, 34 0.0055 

O. tristicolor Large Nymph x=1.9518 – 0.7724y 0.2164 1, 34 0.0042 

C. carnea Large Nymph x=0.8983 - 0.8873y 0.3034 1, 34 0.0005 

C. 

septempunctata 
Large Nymph x= 0.0239 + 0.0191y 0.0173 1, 34 0.4447 

  

M. celer -0.28 0.005

D. nr divergens -0.54 <.0001

Z. renardii -0.49 <.0001

H. convergens -0.27 0.0154

Other Coccinellids -0.82 0.0196

Predator
Multiple Regression

Coefficient, P-Value

O. tristicolor -0.74 0.0002

D. nr divergens -0.97 <.0001

Logistic Regression

Coefficient, P-Value
Predator

M. celer -0.19 0.0007

O. tristicolor -0.46 <.0001

D. nr divergens -0.4 <.0001

C. septempunctata -0.58 0.0131

Predator
Multiple Regression

Coefficient, P-Value

M. celer -0.25 0.0002

O. tristicolor -0.42 <.0001

D. nr divergens -0.21 0.0067

C. carnea -0.19 0.0131

Predator
Logistic Regression

Coefficient, P-Value
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Table 5. Proposed predator : B. tabaci ratios calculated via three methods.   

Predator Taxon 
B. tabaci  

life stage 

Predator : prey ratio estimation method 

Charting Inverse 
predictions1 

Advanced 
and Deferred 

Spray 
Optimization 

M. celer  Adult 1.62 (2.2 - 0.74)3 4.12 (2.7, 
12.5)3 

11 

D. nr divergens  Adult 10.7 (15.7 - 5)  14.2 (12, 18) 8 

O. tristicolor  Adult 2.3 (3.5 - 0.8) 5.5 (3.8, 23.3) 0.5 

Z. renardii  Adult 0.73 (0.67-0.84) 8.9 (2.2, �) 0.1 

H. convergens Adult 0.11 (0.14, 0.06) 25448 (1.8,�) 0.1 

Other 
Coccinellids 

Adult 0.06 (0.04, 0.08) 1.2 (0.3,�) 0.3 

M. celer  
Large 
nymph 

2.5 (4.8 - 1.6) 0.8 (-.7, 2.1) 3.5 

D. nr divergens  
Large 
nymph 

38.4 (59.4 - 30.4) 20 (12.9, 25.4) 30 

O. tristicolor  
Large 
nymph 

6.6 (13.2-4.4) 1.7 (-1.1, 4.3)  7 

C. 

septempunctata  

Large 
nymph 

0.03 (0.034, 0.01) -0.6 (�,-0.23) 0.1 

C. carnea 
Large 
nymph 

1.6 (0.76, 4.3) 
0.46 (-0.48, 

1.2) 
1.25 

 
�, Not calculable 
1calculated via multiple regression 
2Values corresponding to B. tabaci suppression 
3Lower and Upper 95% confidence intervals 
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Figure Legend 
 
Figure 1. Insecticidal manipulation effects on post-treatment seasonal mean densities of 
B. tabaci large nymphs and adults (± SE) in A) 2011 and B) 2012, Maricopa, AZ.  
 
Figure 2. Insecticidal manipulation effects on seasonal mean densities of 14 common 
arthropod predators in A) 2011 and B) 2012, Maricopa, AZ. 
 
Figure 3. Insecticidal manipulation effects on arthropod predator communities based on 
Principal response curves (PRCs) analyses in 2011 (A) and 2012 (B). PRCs display the 
treatment effect of insecticide treatments on the arthropod predator community relative to 
the untreated control (y=0). Arrows at the top of the graph indicate insecticidal treatment 
sprays. Predator densities in treatments that are significantly different from predator 
densities in the UTC are indicated (*) and p-value from F-type permutation test noted. 
Species weights indicate the response of each taxon to the treatment manipulations (the 
product of the species weight and the canonical coefficient for a given treatment and time 
estimates the natural log change in density of that species relative to the standard). 
Species with weights greater than 0.5 have a response that is more closely correlated to 
the patterns expressed by PRCs. Negative weights indicate the opposite pattern. Key 
predators (> 0.5 and < -0.5 species weights) are in bold.  
 
Figure 4. Regressions of ln[Predator (per 100 sweeps)/ B. tabaci mean density] for all 
predators significantly correlated to B. tabaci suppression. B. tabaci density is expressed 
in adults per leaf or large nymphs per 3.88 cm2 leaf disk. Ratio values (dotted lines) are 
calculated from the intersection of the relationship fit line and B. tabaci action threshold 
(solid line). Spray decisions are indicated from the four resulting quadrants 

 
Figure 5. Ranges of ratios (x-axis) for each of the eleven key predator : B. tabaci ratios 
and the management decision disagreement rate (y-axis) resulting from Advanced and 
Deferred spray decisions using the B. tabaci action threshold and predator : B. tabaci 
ratio.  
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Figure 1. Insecticidal manipulation effects on post-treatment seasonal mean densities of B. tabaci large nymphs and adults (± SE) in 
A) 2011 and B) 2012, Maricopa, AZ.  
A. 

 
 
B. 

 
*Treatment sprayed at action threshold, not prophylactically



 61

Figure 2. Insecticide manipulation effects on seasonal mean densities* of 14 common 
arthropod predators in A) 2011 and B) 2012, Maricopa, AZ. 
A. 

  
B. 

 

 

*Means not sharing a letter indicate significantly different means (Tukeys HSD; P < 0.05).  



 62

Figure 3. Principal Response Curves and species weights in A) 2011 and B) 2012, 
depicting significant treatment effects over time in each year (P=0.002), Maricopa, AZ. 
P-values denote predator densities in treatments that are significantly different from 
predator densities in the UTC.  

 
A. 

       
 
 
B. 

      
1Treatment sprayed at action threshold, not prophylactically  

Species Weight

M.    celer 2.2359

Geocoris    spp. 2.0313

O.    tristicolor 1.0653

D.    nr     divergens 1.06

Collops    spp. 0.8192

N.    alternatus 0.6018

Z.    renardii 0.5249

R. forticornis 0.3725

S. albofasciatus 0.1857

H. convergens 0.1635

C. septempunctata -0.0059

Other Coccinellids -0.0362

C.    carnea -0.7381

Species Weight

M.    celer 2.1906

Z.    renardii 1.5715

Geocoris    spp. 1.2909

O. tristicolor 0.3863

N. alternatus 0.3022

Collops spp. 0.0603

Sinea spp. 0.0145

C. septempunctata 0.0013

R. forticornis -0.003

D. nr divergens -0.1222

S. albofasciatus -0.1167

Other Coccinellids -0.2096

H.    convergens -0.7826

C.    carnea -2.0337
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Figure 4. Regressions of ln[Predator (per 100 sweeps)/ B. tabaci mean density] for all 
predators significantly correlated to B. tabaci suppression. B. tabaci density is expressed 
in adults per leaf or large nymphs per 3.88 cm2 leaf disk. Ratio values (dotted lines) are 
calculated from the intersection of the relationship fit line and B. tabaci action threshold 
(solid gray line). Spray decisions are indicated from the four resulting quadrants.  
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Fig. 5. Ranges of ratios (x-axis) for each of the eleven key predator : B. tabaci ratios and 
the management decision error rate (y-axis) resulting from Advanced and Deferred spray 
decisions using the B. tabaci action threshold and predator : B. tabaci ratio. The solid line 
indicates the total rate of disagreement between thresholds, short dashed line shows the 
rate of deferred sprays recommended by predator : prey ratios, and the long dashed line 
indicates the rate of advanced sprays recommended by predator : prey ratios. Vertical 
solid line indicates the refined ratio recommended for pest managers.  
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Abstract 

Biological control can play an integral role in agricultural pest suppression, yet the tools 

to explicitly incorporate its impact are limited. Action thresholds that integrate biological 

control are one manner of achieving this goal, but before they can be implemented, 

rigorous validation is needed. Newly developed predator : prey ratios for decision-

making in whitefly management in cotton were validated using research field trials that 

manipulated populations of whitefly and associated arthropod predators and with data 

from commercial fields in Arizona and northern Mexico and historical field trials from 

Arizona. Control decisions based on the standard whitefly-only action threshold were 

compared with control decisions that were made with or could have been made with four 

proposed predator : prey ratios that incorporate Misumenops celer (Hentz), Geocoris spp., 

Orius tristicolor (White), and Collops spp. To more finely quantify lint quality, a qPCR 

technique was developed to measure whitefly-associated sooty mold abundance. 
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Management outcomes (yield, lint quality, sprays) did not vary according to the threshold 

system used in the experimental field trial, but noticeable changes in potential spray 

outcomes were observed from commercial fields and historical field trials. The majority 

of these spray outcomes would have been delayed, followed by situations where there 

was no change, and then advanced sprays. Ratio-based thresholds may provide increased 

certainty in decision-making for whitefly densities peri-threshold. The new predator : 

prey ratios may help pest managers reduce risk in decision making for pest control, 

strengthening an already successful IPM program. 

 

Keywords: arthropod predators, conservation biological control, IPM, action thresholds, 

uncertainty 
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Introduction 

 Arthropod natural enemies have long been recognized to play a positive role in 

herbivore pest suppression (Stern et al. 1959, Hairston et al. 1960, van den Bosch and 

Messenger 1973). In agricultural production systems the impacts of natural enemy-

mediated conservation biological control can broadly reduce pest management costs 

(Losey and Vaughn 2006, Zhang and Swinton 2012, Naranjo et al. 2015). While natural 

enemy abundance can lead to reduced pest suppression in certain settings (Rosenheim 

2005, Vance-Chalcraft et al. 2007), greater predator diversity is an important factor in 

improving pest suppression (Losey and Denno 1998, Snyder et al. 2006).  The integration 

of biological and chemical controls advanced by Stern et al. (1959) are largely absent in 

management systems today and there are few working examples of IPM programs that 

explicitly incorporate natural enemy impacts in an integrated and ecologically based 

manner (Zalom, 2000). However, through a measured understanding of natural enemy 

diversity and abundance, conservation biological control can be effectively incorporated 

into integrated pest management (IPM) strategies (Stern et al. 1959, Kogan 1998).  

Some notable examples have shown that the development and refinement of 

strategies that incorporate natural enemy impacts are feasible and potentially effective 

(Hoffman et al. 1991, Giles et al. 2003, Hamilton et al. 2004, Conway et al. 2006, Walker 

et al. 2010), though to a large degree these have not been implemented (SEN pers. comm. 

with authors). Even with the development of IPM tactics that explicitly incorporate 

biological control, the potential for uptake by farmers and pest managers only exists if 

these tools demonstrate improved economic outcomes and/or reduce risk and uncertainty 

associated with pest management decision-making. Arguably, this is one reason why the 
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aforementioned advances have been developed through research but not yet implemented 

by pest managers. 

The action or economic threshold, and the associated economic injury level (EIL), 

have long been considered fundamental components in IPM (Stern et al. 1959). However, 

the correct application of an action threshold can be problematic. Brown (1997) 

demonstrated that the probability of making an incorrect management decision relative to 

the EIL is at its greatest at the economic threshold (~50%), illustrating the difficulty of 

making decisions peri-threshold. In effect, the economic threshold designates a dividing 

line between densities of pest populations that are tolerable, and those that are perilous. 

Thus, an incorrect decision can precipitate economic pest damage or elevated 

management costs. Thus, reducing uncertainty would be most beneficial to pest managers 

when pest densities are peri-threshold, when error rates are highest. 

Predator : prey ratios that dynamically compliment the pest-density based action 

thresholds for the whitefly, Bemisia tabaci MEAM1 (Dinsdale et al. 2010; equivalent to 

Bemisia argentifolii Bellows et al. 1994) have recently been developed for management 

of this pest in Arizona cotton (Vandervoet et al. 2016, unpublished). In this system a 

complex of over 20 arthropod predators are recognized to prey upon B. tabaci in cotton 

(Hagler and Naranjo 1994a,b, Hagler and Naranjo 2005), and within this group a subset 

of three predators [Misumenops celer (Hentz) Araneae: Thomisidae; Orius tristicolor 

(White) Hemiptera: Anthocoridae; Drapetis nr divergens (Diptera: Empididae)] have 

been identified as indicators of B. tabaci suppression, (Vandervoet et al. 2016, 

unpublished). Improved outcomes with these more inclusive thresholds might include 

optimized control spray timing that reduces total spray applications and their associated 
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costs, but also significant reductions in uncertainty and risk associated with better-

informed control decisions at peri-threshold. Here we seek to validate these predator : 

prey ratios and two others calculated as described in Vandervoet et al. 2016 

(unpublished) as reliable indicators of general whitefly suppression in cotton and as tools 

for reducing management uncertainty. With two decision-making tools (the standard 

whitefly threshold, and predator : prey ratios that flex the standard threshold peri-

threshold) we test for any advantages to using one decision-making system over the 

other. 

Validation exercises are an important and necessary step in the process of 

developing and refining any new tool (Welch et al. 1981, Cox 1995), though they are not 

always pursued. These exercises should be designed to identify the impacts of a tool 

specifically in the setting in which it is to be applied (Cox 1995). In the field of IPM, 

these metrics might be economical (reduced control costs or increased yield), reduced 

risk, reliability (improved long-term management of a pest), or ecological (improved 

health of the agro-ecosystem). To promote the adoption of predator : prey ratios, this 

work focuses on the first two measures, which we assess to be the most relevant to pest 

managers who regularly make economic analyses and difficult decisions for whitefly 

control 

Whiteflies in cotton are more commonly recognized as quality-reducing rather 

than yield limiting pests because their honeydew excretions are deposited on exposed 

cotton fibers and jeopardize potential markets (Ellsworth et al. 1999). These sugary 

carbohydrates can cause stickiness in processing (e.g., ginning and carding), promote 

growth of a complex of sooty mold fungi (Marsh and Bollenbacher 1949, Mibey 1997, 
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Hequet et al. 2007), and are without standards for measurement in the industry. Thus, 

improving decision-making tools for B. tabaci management is complicated, because 

outcomes not tied to increased yield may be difficult to achieve and the consequences for 

unquantified “sticky cotton” extend regionally. The presence of elevated levels of 

stickiness and sooty mold frequently results in economic backlash of reduced market 

prices, export orders and domestic sales due to perceived risks to cotton mills (Ellsworth 

et al. 1999).  

We tested and measured the timing and magnitude of insecticidal sprays and pest 

populations in field trials, and evaluated potential changes in spray timing from 

commercial and historical field data in relation to the implementation of predator : prey 

based peri-threshold control decisions in whitefly management. We also developed a 

laboratory technique to quantify fungal contamination as a proxy measure for lint quality 

and risks of sticky cotton. We expected that there should no difference between yields 

and cotton lint quality in field plots managed with ratio-based thresholds and the standard 

whitefly threshold. However, we expect to see a difference in control timing or the total 

number of control sprays depending on the management threshold used. 

Materials and Methods 

Experimental Setup.   

An experimental field study was conducted at the University of Arizona’s 

Maricopa Agricultural Center, Maricopa, AZ, USA in 2013. A common Bollgard II / 

Roundup Ready Flex® cotton variety (Monsanto Company, St. Louis, MO) that confers 

resistance to lepidopteran insects and glyphosate herbicides was used (DP1359B2RF). 

Cotton was planted on 23 April, 2013 and grown according to standard agronomic 
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practices for the area. The design was a randomized complete block split-plot design with 

four replicates. Whole plots represented four different arthropod predator and whitefly 

density manipulations (see below) with split-plots randomly assigned to one of five 

different decision systems (four different predator : whitefly ratio influenced thresholds 

plus the standard whitefly-only action threshold) for a total of 80 plots. Each whole plot 

was 70.8m long by 12 rows (1.02m wide); split-plots were 12.2m long by 12 rows 

(1.02m wide) with 2.44m alleys. Unmanaged cotton borders were 6.1m running the full 

width of the trial area along the north and south sides of the experiment. 

Insecticide Exclusion.  

Insecticide treatments were designed and deployed to reduce whitefly and/or 

arthropod predator populations to varying levels (Table 1). Broad-spectrum insecticides 

such as the organophosphate acephate are known to reduce natural enemies while having 

minimal effect on whiteflies (Ellsworth et al. 1998, Fournier et al. 2008, Asiimwe et al. 

2013). Fully selective insecticides (e.g., spiromesifen, pyriproxyfen; Ellsworth et al. 

2006) have been shown to reduce whitefly populations while having minimal to no effect 

on arthropod predator populations (Palumbo et al. 2001; Naranjo et al. 2004). The 

acaricide etoxazole was applied in select treatments to ensure that twospotted spider 

mites, Tetranychus urticae (Koch) Acari: Tetranychidae did not displace whiteflies on 

leaves. In treatments that have miticidal activity (i.e., spiromesifen), etoxazole was not 

applied.  

Predator : Prey Ratio Tactical Decisions.  

Tactical decisions for five split plots within each insecticide manipulation whole 

plot treatment were based on predator : whitefly ratios for Misumenops celer (Hentz) 
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(Araneae:Thomisidae), Geocoris spp. (Hemiptera:Geocoridae), Orius tristicolor (White) 

(Hemiptera:Anthocoridae), and Collops spp. (Coleoptera:Melyridae). (Vandervoet et al., 

2016) and the standard whitefly-only action threshold of 3–5 whitefly adults / leaf and 1 

whitefly large nymph per 3.88cm2 leaf disk (Naranjo et al. 1998, Ellsworth et al. 2006). 

Specific ratios were; 0.75 Geocoris spp. / whitefly adult, 1 M. celer / whitefly adult, 2 

Collops spp. / whitefly large nymph, and 7 O. tristicolor / whitefly large nymph. 

Predators densities were per 100 sweeps while B. tabaci densities were per leaf of leaf 

disk (see below). Whitefly control sprays were made when whitefly densities reached an 

average of 2 large nymphs / leaf disk and/or an average of 8 adults / leaf regardless of the 

predator : prey ratio. 

Whitefly and Natural Enemy Sampling.  

Whitefly populations were sampled weekly as described by Naranjo and Flint 

(1994, 1995). Whitefly adults were counted on the abaxial side of 5th mainstem leaves 

(from the terminal); immature lifestages were enumerated as egg, small nymph (1st and 

2nd instars), and large nymph (3rd and 4th instars) counts. Large nymphs are the 

recommended preimaginal life stage sampled for control decisions (Diehl et al. 1997; 

Ellsworth et al. 2006). Five to eight leaves were sampled from the interior of each split-

plot on a weekly basis, July–October, and caution was taken not to repeatedly sample the 

same rows week to week.  

 Densities of arthropod predators were sampled with the use of 38cm diameter 

sweep nets. Twenty-five sweeps from each split-plot were taken through the top of the 

canopy using standard pest manager techniques (Ellsworth and Brown, 2012). Each 

subsample of 25 sweeps was immediately bagged, frozen and later examined for the 
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presence of over 20 different arthropod predators. Sweeps were collected on a weekly 

basis, concurrent with whitefly sampling.    

Whitefly And Other Pest Management.   

Elevated populations of Lygus hesperus (Knight) (Hemiptera: Miridae) can 

severely reduce cotton yield and affect plant growth (Leigh et al. 1998; Ellsworth 2001). 

To minimize these effects, L. hesperus densities were sampled concurrently with natural 

enemies and counted in real time. When the sum of L. hesperus across four replicates 

(100 sweeps) exceeded the action threshold (Ellsworth and Barkley 2001, 2005; Barkley 

and Ellsworth 2004), the entire experiment was treated with flonicamid, a selective 

insecticide that has no impact on B. tabaci or the natural enemies in this system 

(Ellsworth, unpubl. data) at a rate of 33.5 ml ha-1.  

When whitefly large nymph and adult populations reached action thresholds 

(Naranjo et al. 1998, Ellsworth et al. 2006) or fell below predator : prey ratios peri-

threshold an application of selective insecticides (pyriproxyfen) was applied at 

recommended rates (Ellsworth et al. 1999, Ellsworth et al. 2006). 

Whitefly Population Growth Rates Corresponding To Predator : Prey Ratios.   

Elevated predator : prey ratios peri-threshold indicate conservation biological 

control and suppression of whitefly populations (Vandervoet et al. 2016, unpublished). 

The proportional change in whitefly densities between two-week periods over the course 

of the entire sampling period was analyzed (see Eq. 1, below) to identify different growth 

rates correlated to higher or lower predator : prey ratios. Theoretically, whitefly 

population growth rates should be comparatively lower when predator : prey ratios are 

high compared to when these ratios are low, at least over a restricted range of whitefly 
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densities (e.g., peri-threshold). Growth rates where the standard whitefly threshold 

recommendations depart from ratio-informed thresholds (e.g., ‘spray / don’t spray’ or 

don’t spray / spray’) were contrasted peri-threshold.  

Fungal Abundance As A Proxy For Reduced Cotton Quality  

To quantitatively measure B. tabaci effects on cotton lint quality, we used 

quantitative Polymerase Chain Reaction (qPCR) to measure a sooty mold genetic marker.  

Cotton lint was hand-sampled after defoliation and prior to machine harvesting. Five 

plants were randomly selected within the same row in the middle of each split plot. Plants 

were divided into four strata of equal height (approximately 0.15m each), and three open 

1st or 2nd position bolls were separately collected from each of the bottom three strata of 

five plants. Bolls in the uppermost stratum were mostly unopened and not sampled. In 

total, 240 samples were collected representing three strata from 80 split-plots. Each 15 

bolls sample weighed 11.7 – 29.3g. 

Seed cotton from each sample was immersed in 500ml of Phosphate Buffered 

Saline (1X PBS) solution in a 1000ml Erlenmeyer flask, briefly agitated and left to soak 

24 hours to promote elution of sooty mold spores and mycelia. After soaking, each 

sample was briefly agitated again and a 100ml subsample of sample eluent was vacuum-

filtered through a 0.45μm filter (Millipore) to isolate fungal bodies and other particulates. 

Total DNA was extracted from each filter using the MOBio PowerWater DNA 

Isolation Kit according to manufacturers instructions at the Maricopa Agricultural Center 

Water Quality lab. DNA extracted samples were store at -80oC until molecular 

processing. qPCR was performed at Arizona State University’s DNA Laboratory to 

quantify the expression of the highly conserved ITS fungal gene region (Fierer et al. 
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2005, Boyle et al. 2007). qPCR assays were conducted in polypropylene 96-well plates 

on an Applied Biosystems 7900HT Sequence machine. Each 10 μl reaction contained the 

following: 5 μl of PerfeCTa SYBR® Green SuperMix, ROX (Quanta Biosciences), 1 μl 

of each primer (1.25 ng μl-1; Applied Biosystems), 2μl RNase free H2O, and 1 μl template 

DNA (1:10 dilution).  

PCR conditions were 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 

95°C for 30 s, 30 s at 53°C annealing, and 30 s at 72°C elongation, followed by the 

dissociation stage of 15 s at 95°C and 20 s at 60°C. Each plate included triplicate 

reactions per DNA sample and the appropriate set of standards, positive and negative test 

controls. Melting curve analysis of PCR products was conducted following each assay to 

confirm that the SYBR fluorescence signal originated from specific PCR products and 

not from non-specific amplification. 

A five-point standard curve was generated using triplicate 10-fold dilutions of ITS 

gene plasmids created by inserting the ITS gene into competent E. coli cells using the 

Invitrogen TOPO TA Cloning Kit (Life Technologies). ITS1f forward primer sequence 

used to amplify the ITS gene: CTTGGTCATTTAGAGGAAGTAA (Fierer et al. 2005), 

while the 5.8s reverse primer was CGCTGCGTTCTTCATCG (Boyle et al. 2007). 

Because the ITS region can vary in length between different fungal strains, for this study 

samples were considered positive via PCR amplification of a 280bp product visualized by 

agarose gel electrophoresis. qPCR assays were considered successful if R2 values were 

greater than 0.85. 

Yield.   
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After chemical defoliation, seed cotton was machine harvested from the middle 

four rows of each plot on 3 December 2013. These samples were bagged and weighed, 

after which grab samples (~1kg each) were randomly selected for ginning to identify lint 

and seed proportions. Yield estimates for each split plot were calculated from ginned 

cotton lint. Cotton lint samples from each split-plot were sent to the USDA-AMS Visalia 

Cotton Classing Office for HVI quality testing. 

Validation Of Predator : Prey Ratios In Commercial Fields.   

Seventeen commercial cotton fields in the low desert growing region of Arizona 

(Buckeye, Casa Grande, Coolidge, Eloy, Goodyear, Maricopa, Roll, and Yuma) as well 

as 60 fields in Mexicali and San Luis Rio Colorado of northern Mexico were sampled by 

both the authors and commercial pest managers in 2014 to identify changes in whitefly 

control decisions using predator : prey ratios. Whitefly adult and large nymph densities 

were sampled as described above.  

Proposed whitefly sprays were identified when whiteflies were peri-threshold. If 

one of the four predator species was above the critical ratio level, and whiteflies were 

peri-threshold, then the outcome was ‘defer’. If all predator species were below the 

critical ratio level and whiteflies were peri-threshold then the outcome was ‘spray’. 

Proposed whitefly control spray dates based on predator : prey ratios were compared with 

actual whitefly control spray dates identified by PCAs and assessed as either advancing, 

deferring, or not changing the actual spray-timing elected by PCAs.    

Historical Data Analysis.  

Whitefly and arthropod predator densities collected from cotton field trials at 

Maricopa Agricultural Center from 1997–2010 (Naranjo et al. 2004, Naranjo 2005, 
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Asiimwe et al. 2013, unpublished) were analyzed to assess how spray decisions would 

have changed when based on predator : prey ratios. Similar to proposed changes in 

control decisions in commercial field data, proposed historical sprays based on predator : 

prey ratios were assessed as either advancing, deferring, or not changing the actual 

whitefly-only spray-timing.  

Statistical Analysis.   

All data, unless otherwise noted, were analyzed with JMP Pro 12.1 (SAS Institute 

Inc., Cary N.C.).  

A mixed model split-split plot analysis was performed to examine experimental 

factors affecting whitefly densities. Fixed effects were insecticidal manipulations (or 

whole plot treatment), thresholds (or split plot treatment), and week of sampling. 

Replicate and interactions associated with replication were entered as nested random 

effects. Whitefly densities were transformed ln(x+1) for normality and homogeneity of 

variance. Due to the large number of zeros for whitefly densities during the first four 

weeks of the study, analyses were conducted on results starting in week five (before any 

sprays for whiteflies based on thresholds).  

The effects of insecticide manipulations on arthropod predator densities through 

time were analyzed with Principal Response Curve (PRC) analysis in CANOCO 5 (Ter 

Braak and Smilauer, 2012). PRCs are a multivariate, time dependent analysis (Van den 

Brink and Ter Braak 1998, 1999) that depict the arthropod community response to 

insecticide treatments over time. Canonical coefficients link species’ densities together 

on a common scale to a reference, in this case to an untreated control. Species with 

weights greater than 0.5 have a response that is more closely associated with the patterns 
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expressed by PRCs. Species with values less than -0.5 are also influential but with 

responses opposite to the pattern expressed by the PRC. Species with weights between -

0.5 and 0.5 are less influential and of less interest. The significance of each treatment was 

estimated by permutation-based F tests. 

The change in whitefly densities peri-threshold was analyzed relative to divergent 

spray decision outcomes (spray, don’t spray, advanced spray, and deferred spray). Here 

we focused on mean whitefly densities peri-threshold, i.e., within a range of densities 

important to making control decisions (i.e., 1.8 – 8 adults / leaf, or 0.5 – 2 large nymphs / 

leaf disk. Advanced spray decisions were defined as occurring when ratios fell below a 

critical level for control and whitefly densities were still lower than the standard whitefly-

only action threshold. Deferred spray decisions were defined as occurring when ratios 

surpassed a critical level for control and whitefly densities were higher than the standard 

whitefly-only action threshold.  

Relative daily growth rates were estimated as: 

[(A – B)/(B)]/(C)         (1) 

Where A is B. tabaci density at weekx+2, B is B. tabaci density at weekx, and C is days 

between weekx+2 and weekx. The proportional increase of B. tabaci densities was ln(x) 

transformed to achieve normality and homogeneity of variance. Orthogonal contrasts 

were used to identify significant differences among treatment means. 

A mixed model split plot analysis was performed to examine experimental factors 

affecting lint quality as affected by fungal contamination. Fixed effects were insecticidal 

manipulations (whole plot treatment), thresholds (split plot treatment), and strata of 

sampling. Replicate and interactions associated with replication were entered as nested 
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random effects. ITS gene abundance results were normalized to per gram of seed cotton. 

Data were transformed by ln(x) for normality and homogeneity of variances. 

Results 

Whole Plot: Insecticidal Treatment Manipulations.  

Whitefly densities were significantly affected by insecticide manipulation for 

adults (F=21.7, df=3, 6.31, P=0.001) and large nymphs (F=54.2, df=3, 7.58, P<0.0001) 

(Fig. 1), as well as sampling date for adult densities (F=46.1, df=11, 29.93, P<0.0001) 

and large nymph densities (F=47.3, df=7,16.73, P<0.0001). Treatment and date 

interactions also were significant for adult densities (F=12.9, df=33, 100.4, P<0.0001) 

and large nymph densities (F=7.55, df=21, 67.91, P<0.0001). Broad-spectrum 

organophosphate treatments resulted in higher densities, with reduced effects 

corresponding to lower application rates of this material. Selective insecticide treatments 

resulted in reduced whitefly densities. Weekly whitefly densities were generally higher in 

the broad-spectrum manipulation until mid–late July and similar to the reduced rate 

broad-spectrum manipulation thereafter, indicating that natural enemies were suppressed 

early in the season by broad-spectrum treatments, but not in the selective insecticide 

treatments. (Fig. 1). Weekly whitefly densities in the selective insecticide treatment were 

largely similar to the untreated control season-long.  

 The effects of insecticidal manipulations on arthropod predator abundance 

through time was examined with principal response curves (PRCs) and found to be 

significant (F=74.3487, P=0.002) from the first axis of the redundancy analysis, which 

explained 39% of the variation (Fig. 2). Broad-spectrum insecticidal treatments 

significantly reduced arthropod predator populations below the untreated control 
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(P=0.034). The selective insecticide treatment, spiromesifen, had marginally more 

predators present, but not significantly different from the untreated control (p=0.062). 

Influential arthropod predators within the community analysis were identified as 

M. celer, Zelus renardii (Kolenati) (Hemiptera:Reduviidae), Geocoris spp., O. tristicolor, 

as well as a synthetic grouping of all jumping spiders (Araneae: Salticidae). Chrysoperla 

carnea (Stephens) (Neuroptera: Chrysopidae) and Drapetis nr divergens (Diptera: 

Empididae) displayed influential, but negative species weights (Fig. 2) indicating that 

they show a similar but opposite trend to that of other natural enemies with high positive 

species weights.   

Split Plot: Predator : Prey Ratios And Standard Thresholds.  

Densities of neither whitefly adult or large nymphs were significantly affected by 

the type of threshold used to trigger control sprays (P = 0.51, P = 0.09, respectively, Fig. 

3). Threshold and date interactions were not significant for adults or large nymphs (P = 

0.32 and P = 0.69, respectively). Insecticide treatment and threshold interactions were not 

significant for adult and large nymph densities (P = 0.39 and P = 0.33, respectively). 

Whitefly densities were not consistently sprayed either earlier or later with ratio-based 

thresholds in comparison with whitefly-only action threshold (Table 2). 

Yield.  

Yield was significantly affected by whole plot insecticide manipulation (F=4.03, 

df=3, 9, P=0.045) but not threshold split plot (P = 0.48). There was no significant 

interaction between insecticide treatment and threshold (P = 0.33). Yield was lowest in 

the untreated check (2349kg ha-1, 4.36 Bales/acre), followed by the selective insecticide 

treatment (2435kg ha-1, 4.52 Bales/A), the broad-spectrum insecticidal treatment (2448 
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kg ha-1, 4.54 Bales/A) and the reduced rate broad spectrum treatment (2509 kg ha-1, 4.66 

Bales/A). Yields in Arizona are typically 3-4 Bales/A.  

Whitefly Population Growth Rates Relative To Ratio Thresholds.  

Whiteflies were shown to have faster growth rates in ‘advance’ spray decisions 

(where predator : whitefly ratios were low, Fig. 4) than in ‘defer’ spray decisions (where 

ratios were high) for two of the four ratios; M. celer (F=2.12, df=3, 179, P = 0.0203), 

Geocoris spp. (F=3.12, df=3, 179, P=0.0148) (Fig. 5 A–C). Whiteflies had slower growth 

rates in ‘advance’ spray decisions (Fig. 4) than in ‘defer’ spray decisions for O. tristicolor 

ratio (F=2.26, df=3, 122, P=0.0155). Variation of proportional growth for Collops spp. 

ratios could not be assessed due to scarcity of ‘defer’ spray situations.  

Sooty Mold Abundance On Cotton Lint.  

Abundance of sooty mold was significantly affected by strata (F = 36.86, df = 2, 

7.06, P=0.0002), but not insecticide whole plot treatment (P=0.43), threshold split plot 

treatment (P=0.34) or their interactions (P=0.82). Mean abundance (±SE) of ITS gene 

copies per g of seed cotton at the lowest stratum was 3,063,348 (±469,136), 1,199,638 

(±267,224) at the middle stratum, and 642,471 (± 253,849) at the highest stratum. 

Commercial Field Whitefly Control Decisions. 

 Whitefly and arthropod predator densities collected from 77 commercial fields in 

the low desert cotton production region of Arizona and northern Mexico indicated 

substantial changes in proposed spray outcomes comparing the standard threshold to 

those based on predator : prey ratios (Fig. 6). Of 77 commercial fields, 41 whitefly 

control sprays would have been deferred, nine sprays would have been advanced, and 27 

spray decisions would have remained the same compared to the actual spray decisions 
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that pest managers made. The majority of sprays for Arizona PCAs would have been 

deferred (59%), followed by advanced sprays (35%), and no difference (6%). Whereas 

the majority of sprays for Mexican PCAs would have been deferred (52%), followed by 

no difference (43%), and advanced sprays (5%) (Fig. 6). 

Whitefly Control Decisions From Historical Data.  

Historical data collected at Maricopa Agricultural Center from whitefly 

experimental trials in cotton spanning 14 years (1997–2010) produced 46 field trials for 

examination. Of these 46 fields, 28 whitefly control sprays would have been delayed had 

decisions been made using predator : prey ratios compared with the date whitefly sprays 

were actually made using whitefly-only thresholds (Fig. 6). Three sprays would have 

been advanced, and 15 spray decisions would have remained the same. Both whitefly and 

predator populations varied dramatically over these 14 years (Fig. 7). 

Discussion 

Ratios that monitor two key predators’ abundance, M. celer and Geocoris spp., 

reliably identified significantly lower whitefly population growth rates peri-threshold 

when ratios were elevated, increasing clarity when decisions relative to pest densities are 

most difficult (Brown 1997). Furthermore, implementing ratio-assisted thresholds for 

commercial and historical management decisions would have deferred the majority of 

control sprays that were made. Clarifying whitefly spray decisions in this manner will 

likely aid pest managers in deferring control sprays and increase confidence in whitefly 

management.  

Yet, the use of ratio-assisted thresholds did not change whitefly spray outcomes 

compared with the standard whitefly threshold in our 2013 research trial, and we were 
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unable to detect quality differences between cotton lint managed with ratio-based 

decisions compared with our standard whitefly-only thresholds. We expected that control 

decisions considering ratio-based threshold in our field trials would defer sprays longer 

than decisions based on the standard threshold alone. Predator : prey ratios indicate when 

biological control is functioning and sprays may be deferred, whereas the standard 

threshold is a pest-centric metric that cannot incorporate the effect of biological control at 

elevated whitefly densities. Despite successfully varying both predator and whitefly 

densities, we did not observe this in our experimental field trial.   

There are a number of possible explanations as to why ratio-based spray decisions 

did not clearly vary from the whitefly-only action threshold. First, the abundance of 

Collops spp. and Geocoris spp. were atypically low providing few situations where 

elevated predator abundance indicated the option to defer a control spray. Second, the 

abundance of whiteflies also was lower than usual. Thus, these generalist predators may 

have relied more upon alternate prey resources (including other predators) than on 

whiteflies as compared with more typical years. Low whitefly densities may have 

deferred control sprays later than they might have otherwise occurred, reducing our 

ability to detect the impact of predators on spray timing. 

 While the standard threshold may not explicitly measure biological control, it 

was originally developed within a system where biological control was operating and was 

being promoted through the deployment of selective insecticides on an as needed basis 

and part of an overall IPM strategy (Ellsworth and Martinez-Carrillo 2001, Naranjo and 

Ellsworth 2009a). Despite our inability to observe such effects, whiteflies were still 

affected by conserved biological control agents at these low densities and this critical 
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factor cannot be isolated from the standard whitefly threshold. Similar to the adjustable 

action threshold developed by Walker et al. (2010), the advantage and impact of predator 

: prey ratios is most noticeable when pest densities surpass the standard action threshold 

and there are sufficient predators to provide suppression. That the standard whitefly 

threshold and the ratio-assisted threshold appear to produce indistinguishable 

management outcomes in our experimental trial can be considered a validation of each 

measure. Alternative management tools need not provide improved outcomes to be of 

greater value (Welch et al. 1981). By providing similar outcomes with greater precision, 

less risk, or greater confidence, ratio-assisted thresholds provide clarity to whitefly 

management peri-threshold. 

There is great value to pest managers in clarifying control decisions peri-threshold 

when decision-making is most difficult (Brown 1997). To address this, we measured 

whitefly population growth rates in situations where ratio-assisted thresholds would 

‘defer’ and ‘advance’ sprays relative to the standard threshold alone. Two ratios (M. celer 

: whitefly adult, and Geocoris spp. : whitefly adult) indicate that whiteflies in ‘defer’ 

spray scenarios have a lower rate of growth than in ‘advance’ spray situations. Two other 

ratios (O. tristicolor : whitefly large nymph, and Collops spp. : whitefly large nymph) did 

not identify these differences, possibly because they function relative to large nymph 

densities, which are naturally subject to different population regulating factors. Over +20 

years of research (Naranjo and Ellsworth 2005, 2009b) has clearly indicated the value of 

predator-induced mortality to immature whiteflies and the metrics we have validated 

regarding adult whitefly population growth complements this wide body of research.  
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Situations where control sprays made with ratio-based thresholds differed from 

the standard threshold were uncommon in our 2013 research trials, but we observed clear 

advantages from the commercial and historical datasets, where spray timing was delayed 

in 50–60% of fields when decisions were made with ratio-assisted thresholds. We cannot 

extrapolate these delayed sprays in commercial fields to reduced management costs, but 

there is evidence that delayed spray applications of selective insecticides can have major 

impacts on whitefly management by maintaining elevated natural enemy densities 

(Ellsworth and Martinez-Carrillo 2001, Naranjo et al. 2002). While whitefly spray 

decisions can be potentially optimized in these settings, it is important to acknowledge 

that commercial cotton growers may have many legitimate and competing reasons to 

advance or defer a whitefly control spray. They may have other pests to consider, and 

crop management and perceived risk to human and environmental health can all play an 

important role in pest management decision-making. We would propose that these 

predator : prey ratios could serve as one additional piece of information to enhance 

overall pest management decision-making. 

The finding that two ratios are superior predictors of whitefly damage is 

important, yet when originally developed (Vandervoet, unpublished), these ratios were 

considered equivalent indicators of the impact imposed by the entire natural enemy 

community (+20 different species) on whitefly populations. M. celer and Geocoris spp. 

based ratios were more sensitive to whitefly population growth rates in this study. 

However, monitoring all four predators will provide pest managers the greatest flexibility 

in interpreting potential conservation biological control in their many, varied fields.  
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Though we were unable to identify different whitefly densities or changed spray 

outcomes as a result of ratio-based thresholds in the 2013 trial, we thought that perhaps 

treatment outcomes could be measured through finer estimates of lint quality from 

honeydew contamination. While whiteflies are not commonly a yield-limiting pest in 

Arizona cotton production, they can pose a significant economic threat to lint quality and 

are managed to prevent risks of honeydew-contaminated cotton from reaching processing 

channels (Ellsworth et al. 1999, Hequet et al. 2007). Unlike yield, which is readily 

measured and quantified, lint quality attributes related to risks for “sticky cotton” are not 

routinely measured or standardized despite at least three decades of research on this 

question (Perkins 1971, Frydrych 1986, Frydrych et al.1994, Hendrix and Wei 1994, 

Hequet et al. 2007; Ellsworth et al. 2014).  

Our qPCR technique did not identify significant differences between the standard 

action threshold and ratio assisted thresholds, confirming the overall conclusions of this 

study. However, the method did identify significant differences among cotton lint 

exposed to more or less whitefly exposure. Older, lower strata cotton bolls were exposed 

to more whitefly-excreted honeydew over a longer period of time than higher strata 

cotton bolls and had greater abundance of the fungal gene ITS. Quantification of the 

fungal gene ITS copies may prove to be a tool for researchers, cotton producers, and lint 

buyers. Identifying the quality of cotton lint prior to milling would be valuable, relieving 

the burden imposed by buyers to guess about which growing regions are associated with 

‘sticky’ cotton (Ellsworth et al. 1999, Hequet et al. 2007). 

The impetus to develop predator : prey ratios for whitefly management in cotton 

was two-fold: to identify and measure the impact of natural enemies on whitefly 
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populations, and to optimize management decisions for cotton producers. Beyond this, 

we see substantial value from decreasing uncertainty in decision-making and allowing 

farmers and pest managers to reduce reliance upon chemical controls in cotton pest 

management by maximizing conservation biological control. Whiteflies were the focus of 

this research but Arizona cotton is plagued by other insect pest issues that may require 

the use of broader-spectrum insecticides, which in turn disrupt natural enemies. In such 

instances, producers may benefit from monitoring predator abundance. Identifying low 

abundances of predators will help preempt resurgent whitefly and other pest populations 

by advancing control sprays. Monitoring the abundance of natural enemies can also move 

this system to what Kogan (1998) defines as the second level of IPM, the integration of 

multiple control tactics for multiple pests. The explicit measurement of biological control 

with tools such as predator : prey ratios may help move us forward in this direction.  
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Table 1. Insecticide treatments applied to cotton, Maricopa, AZ  

Treatment (g a.i / hectare) 
Intended 

Manipulation 
Application Dates 

acephate1 (1123) + etoxazole2 (22.46) Predators reduced 
26 June, 22 July, 16 
Aug 

acephate1 (224.6) + spiromesifen3 (280.75) 
Predators reduced, 
whiteflies reduced 

26 June, 22 July, 16 
Aug  

spiromesifen3 (280.75) at pre-threshold density 
of whiteflies (0.25 large nymphs/disk) 

Whiteflies reduced 29-Jul 

UTC 
Normal balance of 
predators & whiteflies 

N/A 

1Orthene® 97, AMVAC, Newport Beach, CA 
2Zeal® WDG, Valent, Walnut Creek, CA 
3Oberon® 4SC, Bayer CropScience, Research Triangle Park, NC; not sprayed on 16 Aug 
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Table 2. Change in the timing of insecticide sprays for management of whiteflies in 
cotton using four different thresholds based on predator:prey ratios compared with the 
standard whitefly-only threshold, Maricopa, AZ.  Data are categorized by the main plot 
insecticide manipulation.  

  Predators 
reduced 

Predators and whiteflies 
reduced 

Whiteflies 
reduced 

Control 
  

Geocoris spp. Ratio1 0 0 + + 

M. celer Ratio1 0 + - - 

O. tristicolor Ratio2 - + - 0 

Collops spp. Ratio2 0 + + + 

- Delayed whitefly control spray 
+ Advanced whitefly control spray 
0 No difference in control spray 
1Per whitefly adults 
2Per whitefly large nymphs 
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Figure Legend 
 
Figure 1. Whole-plot effects of insecticidal treatment manipulation on whitefly large 
nymph densities (per 3.88 cm2 leaf disk ± SE) (A) and adult densities (per 5th leaf below 
the terminal ± SE) (B). Arrows at the top of the graph indicate insecticidal sprays. Note, 
spiromesifen was not added to acephate on the final spray date. 
 
Figure 2. Whole-plot effects of insecticidal treatment manipulation on natural enemies. 
Principal response curves (PRCs) and species weights display the effect of insecticide 
treatments on the natural enemy community relative to the untreated control (y=0). 
Arrows at the top of the graph indicate insecticidal sprays made. Canonical coefficients 
link species’ densities together on a common scale to a reference, in this case to an 
untreated control. Species with weights greater than 0.5 have a response that is more 
closely associated to the patterns expressed by PRCs. Species with values less than -0.5 
are also influential but with responses opposite to the pattern expressed by the PRC. 
Species with weights between -0.5 and 0.5 are less influential and of less interest. The 
significance of each treatment was estimated by permutation-based F tests. Key natural 
enemies are in bold.  

 
Figure 3. Threshold treatment (split-plot) effects on whitefly large nymph densities (per 
3.88 cm 2 leaf disk ± SE) (A) and adult densities (per 5th leaf below the terminal ± SE) 
(B).  
 
Figure 4. Whitefly density (adults per leaf) in relation to arthropod predator density (per 
100 sweeps). Spray decisions (‘Spray’ or ‘Don’t Spray’) are categorized in relation to the 
whitefly-only action threshold (vertical grey line) and predator : whitefly ratio (black 
dashed line). Red points are situations where both the ratio and whitefly-only action 
threshold indicate the same action: ‘Don’t Spray’. Green points are situations where both 
indicate the same action: ‘Spray’. Blue points are ‘Advance Spray’ situations where the 
ratio indicates spraying at densities lower than the whitefly-only action threshold. Orange 
points are ‘Defer Spray’ situations where the ratio indicates spraying at densities higher 
than the whitefly-only action threshold. Grey points are whitefly densities outside the 
peri-threshold range where active management usually occurs and where the two 
methods always concur. 
  
Figure 5. A - C. Daily increase of whiteflies peri-threshold in each spray category 
(‘spray’, ‘don’t spray’, ‘advance’ and ‘defer’; see Fig. 4) A) M. celer ratio, B) Geocoris 

spp. ratio, and C) O. tristicolor ratio. Box plots show the range of transformed growth 
rates for each category. * denotes that the Defer slope is significantly different from 
Advanced Spray slope, P < 0.05, by orthogonal contrast 
 
Figure 6. Change in spray decisions for whitefly management if predator: prey ratios and 
the standard threshold were used as the decision-making tool for fields sampled in 
Arizona (N=15), Mexico (N=60) in 2014, and historical densities in research trials at 
Maricopa Agricultural Center 1997 – 2010 (N=46).  
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Figure 7. Seasonal mean densities of whiteflies and (A), and predators (B) and predator : 
prey ratios for M. celer, Geocoris spp., O. tristicolor, Collops spp. (C) in untreated fields 
at Maricopa Agricultural Center, Maricopa, AZ from 1997 - 2013. 
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Figure 1. Whole-plot effects of insecticidal treatment manipulation on whitefly large 
nymph densities (per 3.88 cm2 leaf disk ± SE) (A) and adult densities (per 5th leaf below 
the terminal ± SE) (B). Arrows at the top of the graph indicate insecticidal sprays. Note, 
spiromesifen was not added to acephate on the final spray date. 
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Species Weight 

M. celer 2.337 

Z. renardii 1.3418 

O. tristicolor 1.3333 

Geocoris spp. 1.1615 

N. alternatus 0.443 

R. forticornis 0.2 

Collops spp. 0.1531 

Sinea spp. 0.0274 

C. septempunctata 0.0114 

H. convergens -0.0528 

Other Coccinellids -0.0894 

S. albofasciatus -0.1423 

D. nr divergens -0.3896 

C. carnea -1.7798 

 
Figure 2. Whole-plot effects of insecticidal treatment manipulation on natural enemies. 
Principal response curves (PRCs) and species weights display the effect of insecticide 
treatments on the natural enemy community relative to the untreated control (y=0). 
Arrows at the top of the graph indicate insecticidal sprays made. Canonical coefficients 
link species’ densities together on a common scale to a reference, in this case to an 
untreated control. Species with weights greater than 0.5 have a response that is more 
closely associated to the patterns expressed by PRCs. Species with values less than -0.5 
are also influential but with responses opposite to the pattern expressed by the PRC. 
Species with weights between -0.5 and 0.5 are less influential and of less interest. The 
significance of each treatment was estimated by permutation-based F tests. Key natural 
enemies are in bold. 
 
A.  
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Figure 3. Threshold treatment (split-plot) effects on whitefly large nymph densities (per 
3.88 cm2 leaf disk ± SE) (A) and adult densities (per 5th leaf below the terminal ± SE) 
(B). 
18/1/13: Geocoris spp. (aceph.), M. celer, (aceph.), Collops spp. (aceph.), Standard (aceph.), 
28/7/13: O. tristicolor spp. (aceph.), Geocoris spp. (UTC.), : Collops spp. (UTC.) 
39/13/13: M. celer, (aceph.+spiro.), Collops spp. (aceph.+spiro.), O. tristicolor (aceph.+spiro.), O. 

tristicolor (UTC), Collops spp. (UTC), Standard (aceph.) 
49/18/13: Geocoris spp. (aceph.+spiro.), Standard (aceph.+spiro.), M. celer (UTC), Geocoris spp. (UTC), 
Collops spp. (UTC), Geocoris spp. (aceph.), M. celer (aceph.), O. tristicolor (aceph.), Standard (aceph.), 
Geocoris spp. (spiro.) 
59/23/13: Collops spp. (spiro.), Standard (spiro.) 
69/26/13: O. tristicolor (spiro.) 
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Figure 4. Whitefly density (adults per leaf) in relation to arthropod predator density (per 
100 sweeps). Spray decisions (‘Spray’ or ‘Don’t Spray’) are categorized in relation to the 
whitefly-only action threshold (vertical grey line) and predator : whitefly ratio (black 
dashed line). Red points are situations where both the ratio and whitefly-only action 
threshold indicate the same action: ‘Don’t Spray’. Green points are situations where both 
indicate the same action: ‘Spray’. Blue points are ‘Advance Spray’ situations where the 
ratio indicates spraying at densities lower than the whitefly-only action threshold. Orange 
points are ‘Defer Spray’ situations where the ratio indicates spraying at densities higher 
than the whitefly-only action threshold. Grey points are whitefly densities outside the 
peri-threshold range where active management usually occurs and where the two 
methods always concur. 
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A. 

  
B. 

    
C. 

    
 
Figure 5. A - C. Daily increase of whiteflies peri-threshold in each spray category 
(‘spray’, ‘don’t spray’, ‘advance’ and ‘defer’; see Fig. 4) A) M. celer ratio, B) Geocoris 

spp. ratio, and C) O. tristicolor ratio. Box plots show the range of transformed growth 
rates for each category.  
* denotes that the Defer slope is significantly different from Advanced Spray slope, P < 
0.05, by orthogonal contrast 
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Figure 6. Change in spray decisions for whitefly management if predator: prey ratios and 
the standard threshold were used as the decision-making tool for fields sampled in 
Arizona (N=15), Mexico (N=60) in 2014, and historical densities in research trials at 
Maricopa Agricultural Center 1997 – 2010 (N=46).  
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Figure 7.  Seasonal mean densities of whiteflies and (A), and predators (B) and predator : 
prey ratios for M. celer, Geocoris spp., O. tristicolor, Collops spp. (C) in untreated fields 
at Maricopa Agricultural Center, Maricopa, AZ from 1997 - 2013. 
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Abstract 

 The development of new technologies for pest management in agriculture can 

help practitioners to improve management outcomes that are more in line with their 

goals. Yet, the active dissemination of such tools to encourage adoption is seldom 

implemented. In 2014 and 2015, an outreach program was implemented to promote new 

biological control based action thresholds (predator : prey ratios) for whitefly 

management in cotton. Extension meetings and workshops were used to instruct and 

educate cotton pest managers on these tools and other foundation whitefly management 

practices. Surveys were deployed to measure participants’ knowledge, attitudes and 

practices, as well as any changes in these attributes that resulted from this program. 

Whitefly management decisions that incorporate conservation biological control can 

reduce pest managers’ uncertainty in decision-making, as well as insecticide use and 

management costs. 

Keywords: IPM, uncertainty, risk management, predator : prey ratios, conservation 

biological control  
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Introduction 

 New technologies that reduce risk in agriculture should be rapidly adopted, yet 

their diffusion among stakeholders does not always occur (Ryan and Gross, 1943, Feder 

and Umali 1993, Rogers 2003). This is especially true for the field of insect pest control, 

where pest managers can be more risk adverse than typical adopters of technology due to 

unknown biological and abiotic variables. Integrated Pest Management (IPM) is the 

current paradigm for managing risks posed by pests (USDA 2013) even though decision-

making in IPM takes place in a world of uncertainty. Soft technologies (Rogers 2003) 

such as action thresholds are critical for reducing uncertainty and any tool that reduces 

risk and clarifies decision-making, may be of great value to farmers and pest managers 

(Patrick 1998).  

Action thresholds function by reducing the costs associated with uninformed 

decision-making, with these costs measured as losses or increased inputs (Hardaker et al. 

1997). However, the large size of farms that pest managers monitor has put a premium on 

efficiency — extra time required to sample can be a barrier to collecting the information 

needed to make well-informed decisions (Ehler 2006). There is a trade-off between 

information that improves decision-making and the cost of acquiring that information 

(Nyrop et al. 1986). Thus, new technologies for improving decision-making should be 

easy to use and applied only when relevant within information intensive IPM programs 

(Jones et al. 2009). In IPM, this may be interpreted as developing improved metrics for 

use around the action threshold, when decisions are most risky. Dating back over 50 

years (Stern et al. 1959), the economic injury level (EIL) and the associated economic or 

action threshold are now considered fundamental to IPM strategies. Despite this history, 
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the correct application of an action threshold can be problematic. Brown (1997) 

demonstrated that the probability of making an incorrect management decision is at its 

greatest (~50%) at the action threshold. In effect, the action threshold delineates densities 

of pest populations that are tolerable from those that are perilous. Thus, a decision 

predicated on an incorrectly interpreted threshold can precipitate pest damage and/or 

elevated management costs. 

The incorporation of a biological control agent into action thresholds has the 

potential to allow greater tolerance of pest populations and diminish errors in decision-

making (Brown, 1997). Furthermore, by considering the impact of biological control by 

natural enemies on the action threshold, the threshold changes from being ‘fixed’ to 

‘comprehensive’ or ‘descriptive’ (Pedigo et al. 1986, Higley and Pedigo 1996). Making 

more knowledgeable and dynamic pest management decisions with additional 

information on natural enemies may thereby allow pest managers to reduce uncertainty 

and associated economic risks. 

In the low desert cotton production regions of Arizona, California, and the 

Mexicali and San Luis valleys in northern Mexico, pest management decisions are made 

by a professional cadre of Pest Control Advisors (PCAs) and their Mexican analogue, 

technicos (considered PCAs from here forward). These individuals are responsible for 

sampling pest densities, making control recommendations, and overseeing the application 

of insecticides. In the management of the whitefly Bemisia tabaci MEAM1 (Dinsdale et 

al. 2010, equivalent to Bemisia argentifolii Bellows et al. 1994) (Hemiptera:Aleyrodidae) 

uninformed management can result in reduced cotton lint quality and occasionally in 

reduced yields (Naranjo et al. 1998, Ellsworth et al. 2006). Over the past 20 years the 
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problematic impact of B. tabaci has been contained by the development and use of 

effective sampling systems (Naranjo and Flint 1994, 1995), action thresholds (Naranjo et 

al. 1996, 1998, Ellsworth et al. 2006), and selective insecticides (Ellsworth et al. 1998, 

Ellsworth & Martinez-Carrillo 2001, Naranjo et al. 2004, Ellsworth et al. 2006). 

Recently, refined action thresholds have been developed that incorporate the impact of 

conservation biological control on B. tabaci provided by arthropod predators (Vandervoet 

et al., unpublished). Ratios of predator : prey quantify the impact of natural enemies at B. 

tabaci densities around the action threshold (i.e., peri-threshold) and can help reduce 

uncertainty in B. tabaci management.  

Active sampling of predator abundance and B. tabaci densities by PCAs is 

necessary to implement control decisions using these ratios. To promote the diffusion of 

predator : prey ratios as well as their integration into the decision-making process, an 

outreach program targeting pest managers was developed. The deployment of current 

whitefly-only decision-making aides in Arizona has been shown to reduce management 

costs for whiteflies in cotton (Ellsworth and Martinez-Carrillo 2001, Naranjo and 

Ellsworth 2009) and adoption of these programs has also benefitted producers in 

northwestern Mexico (Colmenárez et al. 2016; Ellsworth et al. 2016).  

An effective and relatively inexpensive manner of disseminating pest 

management knowledge to stakeholders is through meetings and workshops (Foster et al. 

1995, Yang et al. 2008, Hashemi et al 2008, 2009, Halblieb and Jepson 2015). 

Workshops and meetings may facilitate dissemination of knowledge more rapidly than 

‘classroom’ settings by providing hands-on trial and application of pest management 

technology (Yang et al. 2008). Furthermore, by engaging multiple individuals, inter-
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personal communication between pest managers has been shown to facilitate and increase 

the dissemination of ideas (Unay-Gailhard et al. 2015). When properly designed, short 

and focused outreach programs have been shown to yield improvements in knowledge 

and skills in agricultural settings (Foster et al. 1995, Halblieb and Jepson 2015). Such 

Outcome Based Education (OBE) programs that integrate scientific decision-support 

tools can reduce the uncertainties in IPM (Halblieb and Jepson 2015), helping 

stakeholders to manage risk and realize desired outcomes.  

To promote the implementation and adoption of a tool that can help optimize 

decision-making and reduce uncertainty in B. tabaci management, an intensive outreach 

program was designed and implemented in 2014 and 2015. To maximize knowledge 

dissemination, this program was conducted through the University of Arizona 

Cooperative Extension system and implemented with the goals of changing PCA 

knowledge and attitudes toward natural enemy impacts on B. tabaci. This was done by 

promoting the continued use of B. tabaci sampling schemes for decision making and 

introducing active sampling of key predators to enable the use of new thresholds based on 

predator : prey ratios. 

Materials and Methods 

Outreach Design 

 An outreach program was designed with the goal of reducing PCA uncertainty 

associated with whitefly management decision-making in the low desert cotton 

production region. A short, high intensity program was designed with the development of 

a Logic Model to enable changes in knowledge and behavior of cotton PCAs (Fig. 1). 

The Logic Model is a planning and evaluation framework that guides the design of a 
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program to link specific educational outputs (e.g., workshops, extension publications, 

etc.) to expected outcomes, including expected changes in knowledge and behavior (e.g., 

implementation of predator : prey ratios) (Wholey 1979, Taylor-Powell et al. 2003). 

Briefly, this program was designed to incorporate educational tools, a series of meetings 

and dedicated workshops, pest manager engagement, as well as active sampling of B. 

tabaci densities and predator abundance in grower fields.  

Educational Tools   

Six, 1-page extension publications (referred to from here on as IPM Shorts) were 

produced describing the biology and importance of key arthropod predators in B. tabaci 

suppression, as well as the applicability and value of predator : prey ratios for pest-

management decision-making (Asiimwe et al. 2014, Brown et al. 2014, Ellsworth et al. 

2014, Mostafa et al. 2014, Vandervoet et al. 2014a,b). These IPM shorts were distributed 

to participants at each outreach event and made available on a University of Arizona 

Cooperative Extension web site (url: 

http://cals.arizona.edu/crops/cotton/agronomic_ipm.html). Four IPM Shorts focused on 

key predator biology and impacts, while one IPM Short explained the value of predator : 

prey ratios for B. tabaci in cotton and how they can be deployed (Fig. 2). One final IPM 

Short was produced and distributed as a reference table for PCAs to use when sampling 

B. tabaci and predators (Fig. 3). This sampling table is the key tool for pest managers 

who intend to use predator : prey ratios for decision-making. 

Publications that covered the topics in this outreach program were produced for 

and by the popular press, and disseminated to thousands of individuals. Articles were 

published in the Western Farm Press (2014, 2016), and Delta Farm Press (2014) as well 
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as a webinar through Pest Management Network (Ellsworth 2014). These outputs were 

not developed to further the aims of this specific program, yet they likely had an impact 

on the outcomes. 

Pest Manager Engagement – Meetings and Workshops  

 The authors presented talks on predator : prey ratios at county Cooperative 

Extension meetings in Arizona and California for cotton growers and PCAs, attended 

industry sponsored extension meetings in Mexico, and held dedicated workshops for 

PCAs in Arizona between June – July, 2014 to maximize opportunities for PCAs to learn 

about and discuss the value of predator : prey ratios. Overall, nine extension meetings 

were attended in Arizona (Buckeye, Casa Grande, Goodyear, Marana, Parker, and 

Yuma), as well as parts of California (Blythe), Sonora (Mexicali), and Baja California 

(San Luis Rio Colorado) to provide training on predator : prey ratios. Two dedicated 

PCA workshops were held in Buckeye and Maricopa, AZ, reaching a total of nine 

participants and focused on in-field demonstration of B. tabaci and predator sampling, as 

well as how and when PCAs might deploy predator : prey ratios. Continuing Education 

Units for attending the PCA workshops were conferred by the Arizona Department of 

Agriculture. A total of 314 participants were reached through these extension meetings 

and workshops over the course of this outreach program. 

At each meeting and workshop, presentations were delivered and designed to 

maximize learning by focusing topics of B. tabaci sampling, sampling and identification 

of B. tabaci predators, and how the deployment of predator : prey ratios might improve or 

clarify B. tabaci management decision-making. Both before and after these presentations, 

surveys on topics that the authors deemed prerequisite to adopting predator : prey ratios 
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were conducted to measure participants’ knowledge, attitudes and current whitefly 

management practices.  

More direct engagement occurred with eighteen PCAs who agreed to trial 

predator : prey ratios in their fields. These PCAs were not asked to implement ratios-

based control decision in their fields, but agreed to sample B. tabaci and four predator 

densities according to recommended methods, and provided these counts to the authors. 

This ‘trialability’ (Rogers 2003) was deemed a necessary component of the outreach 

program to maximize familiarity with predator : prey ratios. 

Pest Manager Engagement - Data Collection 

Voluntary pre- and post- surveys were conducted at each meeting, immediately 

prior to any presentations or demonstrations and again at the end of the meeting. Not 

every survey participant answered every question for both the pre survey and post survey 

for technological or other reasons.  

In most meetings, surveys were deployed using audience response technology 

(‘clickers’; Turning Technologies, Youngstown, OH) and occasionally on paper when 

projectors were not available (e.g., meetings held outdoors on farms). Due to a limited 

number of ‘clickers’ at large meetings (>40 individuals) we asked that PCAs in 

attendance receive the first option of using them. In these scenarios, not all attendees 

participated in surveys. 

Of the 314 participants reached through these meetings and workshops, 167 of 

these individuals took part in the surveys conducted before and after presentations and 

demonstrations. Participants were asked to self-identify as either growers, PCAs, or other 

(e.g. industry representatives, Extension professionals, etc.). Responses were thus 
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collected from 36 growers, 55∗* PCAs, and 72 others. Only responses from PCAs are 

reported here. 

Survey Questions.  The survey questions were divided into 3 main themes: 1; 

general knowledge of B. tabaci management and predator identification, 2; B. tabaci 

management practices, and 3; attitudes towards B. tabaci management and natural 

enemies. 

Foundational knowledge relevant to the application of biological control in this 

system was measured by asking participants to identify images of key arthropod 

predators of B. tabaci. Other questions asked participants to identify good B. tabaci 

sampling practices by indicating the correct sample techniques.  

Seeking to quantify the rate at which participants engage in practices necessary to 

implement predator : prey ratios, a number of questions asked participants to indicate the 

level at which they engage in a variety of important B. tabaci management practices. 

These questions covered the frequency of B. tabaci sampling and collecting sweeps (for 

other pest management sampling), as well as how participants implement the standard B. 

tabaci action threshold. Pre-survey questions focused on current practices, whereas post-

survey questions focused on intended practices.  

We asked a variety of questions regarding the importance of natural enemies and 

their impact on B. tabaci to better understand some of the perceptions that might shape 

PCAs’ receptiveness to eventually making control decisions based on predator : prey 

ratio influenced thresholds. We also asked participants to identify what they perceived to 

be the impact of B. tabaci control chemistries on natural enemies. We asked participants 

                                                        
∗ *One survey deployed did not ask for demographic identification. At this meeting 16/18 attendees self-

identified as PCAs on sign-in lists; we project from this that from 25 attendees, 22 were PCAs. 

[x=25*(16/18)]. 
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to identify whether they currently consider or sample natural enemies when making B. 

tabaci management decisions in an effort to gauge PCAs’ willingness to adopt specific 

practices that are not presently recommended for B. tabaci management. Some questions 

were asked both prior to and after outreach to measure any changes in attitudes. Due to 

time limits, other attitude questions were asked only once. 

A number of questions asked PCAs to identify their level of certainty in making 

B. tabaci management decisions to probe attitudes and perceptions of confidence in B. 

tabaci management generally. Further, they were asked to consider the decisions made 

over the past several years and identify the percentage of B. tabaci control decisions they 

thought had been implemented too early, too late, or right on time. 

Finally, participants were asked to identify potential barriers to adopting the 

practices for implementing predator : prey ratios by choosing from a list of concerns, that 

included time requirements, additional work, validity of the measures, and more. 

PCAs Trialing Predators and B. tabaci in Commercial Fields 

 Eighteen Arizona and Mexico PCAs participated in a sampling program to trial 

predator : prey ratios and agreed to share B. tabaci and predator counts, along with their 

B. tabaci control decisions. These PCAs were identified during the outreach program 

described above and asked to sample predators along with B. tabaci while managing 

cotton in the summer (July–Aug) of 2014. These PCAs agreed to sample B. tabaci 

densities by taking 30 leaf turns / field as described by Ellsworth et al. (2006). Four key 

arthropod predators were sampled with 38cm diameter sweep nets as described by 

Ellsworth and Brown (2012), taking 100 sweeps / field. PCAs also provided data on B. 

tabaci control spray timing for each field they sampled. In 2015, these same data were 
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again collected, but by Mexican PCAs only. The actions PCAs took to manage B. tabaci 

populations were guided by the information they wished to use and were not compelled 

to use predator : prey ratios.  

Follow-up Survey 

Telephone surveys were conducted at the end of the 2016 growing season to 

measure attitudes and knowledge retention of eight Arizona PCAs who participated in the 

commercial trials. To help identify the impacts of this outreach effort, a 13-question 

survey was deployed containing questions that asked PCAs to indicate what they thought 

to be the four most important B. tabaci natural enemies, their awareness of IPM Shorts on 

natural enemies, their perceived value of predator : prey ratios, and their perception of the 

economic benefit of natural enemies.  

Results 

The results presented here are only inclusive of PCA responses. Though farmers 

and others were also surveyed, their responses are not included. The surveys from all 

meetings and workshops in Arizona and Mexico were summed to identify the attitudes, 

knowledge, and practices of all PCAs we engaged in this program. Sample sizes ranged 

from 22-55 respondents for each question except for the follow up survey where only 

eight respondents were surveyed. 

Educational Efforts 

Attitudes.  

Most PCAs indicated that they perceive natural enemies as important to B. tabaci 

management, though in some cases results are inconsistent (Fig. 4). For example, >90% 

of respondents agreed or strongly agreed that broad-spectrum insecticide applications 
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could suppress natural enemy populations, but fewer (58%) agreed or strongly agreed 

that they thought spraying broad-spectrum insecticides would increase B. tabaci 

densities.  

 When asked some of these same questions after outreach, some attitudes did not 

appear to change substantially, but in other important areas they did. For example, the 

percentage of respondents who indicated that they thought that natural enemies suppress 

B. tabaci decreased from 97.5% to 92%. However, the percentage of respondents who 

agreed or strongly agreed that they would sample natural enemies for more confident 

decision-making increased from 65% to 87% (Fig. 4).  

Knowledge.  

PCAs identified four key B. tabaci predators with >73% accuracy before outreach 

and this improved to >94% after outreach (Fig. 5). Knowledge of B. tabaci sampling 

improved in a similar manner from 55% to 74%. (Fig. 5).  

Practices.  

While survey responses varied, PCAs indicated wide ranging adherence to 

practices necessary for deploying predator : prey ratios for B. tabaci management. While 

>70% already used part or all of the B. tabaci action threshold and >80% sample B. 

tabaci densities once or more per week, fewer than 50% indicated taking 100 sweeps or 

more per field (Fig. 6). After each meeting, similar, but not identical questions, were 

asked to measure intended changes in management practices. The responses indicated 

that PCAs were considering substantial changes to their practices. Over 93% indicated 

they would sample and count natural enemies, while 86% of PCAs indicated that they 

would use predator : prey ratios for management decisions (Fig. 6). When asked 
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specifically whether they would use predator : prey ratios in the future, >18% and >42% 

of PCAs indicated they would definitely, or be very likely will use them (Fig. 7). 

Uncertainty in B. tabaci management.  

Questions were asked to probe participants regarding their perceived certainty in 

making B. tabaci control decisions, as well as assessing their past control decisions. Over 

50% of PCAs indicated that they felt they had less than 90% certainty when making 

control decisions (Fig. 8).  

Constraints.  

Respondents were provided a list of potential constraints to adoption and were 

asked to select any and all potential barriers to the implementation of predator : prey 

ratios. The most commonly identified constraints were additional time and work (89% 

and 73%, respectively). Despite acknowledging these issues, over 35% thought that there 

were no major constraints (Fig. 9). 

Trialing Predator : Prey Ratios in Commercial Settings  

 As part of our engagement with commercial pest managers in this outreach effort 

eight PCAs in Arizona and 10 PCAs in Mexico sampled four key predators along with 

conventional B. tabaci management (Vandervoet et al., unpublished). Insecticide spray 

outcomes for these 76 fields varied substantially, overall 65% of B. tabaci control spray 

timings would have been changed from what was applied by PCAs; 53.3% of PCA 

sprays deferred and 11.7% advanced (Fig. 10).  

Follow-up Survey 

Key Predators.  
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Participants in the 2014 commercial trials identified a total of ten natural enemies 

that they perceived to be the most important for B. tabaci control. The most commonly 

mentioned predator was spiders (primarily identified as crab spiders), followed by 

lacewings and assassin bugs (Table 1). 

Perceived Value of Biological Control Tools and Adoption.  

PCAs indicated high levels of familiarity with predator : prey ratios and relevant 

IPM Shorts  (>75% and 100%, respectively, Fig. 11). IPM ‘Shorts’ were ranked as 75% 

effective in overall usefulness. Research on predator : prey ratios was similarly regarded 

and ranked as 67.5% effective. When asked if an understanding of these ratios resulted in 

economic savings for B. tabaci management, 87.5% agreed. While only 12.5% of 

respondents indicated that they had explicitly used ratios in B. tabaci management, 

62.5% said that ratios had influenced their decision-making. PCAs estimated the 

economic savings to B. tabaci control from natural enemies over the course of a growing 

season at $52 - $79 / hectare (maximum $260 / hectare). Most respondents suggested the 

savings were worth the value of one spray / season.   

Discussion 

To reduce uncertainty in B. tabaci decision-making and optimize spray decisions 

we conducted a short, intensive outreach program to cotton pest managers in the 

southwestern USA and northwestern Mexico. We found that PCA respondents had good 

familiarity with natural enemies and B. tabaci sampling, which improved after our 

presentations. While attitudes toward the value of natural enemies was mixed and 

changed little at the end of presentations, we observed high rates of responses indicating 

that PCAs would adopt the use of predator : prey ratios, as well as the practices necessary 
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to implement them. A follow up survey PCAs indicated that the explicit incorporation of 

ratios into control decisions was low, though partial adoption was high and most agree 

that natural enemies reduce management costs. The implementation of ratio-based action 

threshold into decision-making will likely help reduce unnecessary pesticide applications 

and reduce B. tabaci management costs.  

A number of the practices necessary to implement predator : prey ratios were 

already being used by a substantial percentage of stakeholders. This was expected as our 

predator : prey ratios were designed to incorporate the practices PCAs already use with 

some frequency (e.g. sampling B. tabaci and taking sweep samples). Surveys conducted 

after outreach presentations indicate that the intention to adopt these practices was very 

high, suggesting that education efforts were well received by stakeholders. Further, over 

60% of PCAs indicated that they were either ‘very likely’ or would ‘definitely’ adopt the 

use of predator : prey ratios. While these responses indicated likely rapid implementation 

of predator : prey ratios, we did not find comparable levels of comprehensive adoption 

from our 2016 follow-up surveys.  

While knowledge gain and positive change in attitudes towards conservation 

biological control were identified, our small follow up survey of PCAs did not indicate 

that they have explicitly incorporated of predator : prey ratios into decision-making. Yet 

the majority of PCAs acknowledged in this same survey that predator : prey ratios 

influenced their decision-making for B. tabaci control and that they estimated substantial 

economic savings attributable to natural enemies. 

The measurement of more fundamental themes influencing the implementation of 

predator : prey  ratios (e.g. knowledge and attitudes) indicated some positive changes. As 
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expected, we observed that PCA stakeholders entered this outreach program well-

informed on matters such as B. tabaci sampling and natural enemy identification. PCAs 

in this system are a professional, well-trained and experienced group familiar with 

multiple arthropods in the agro-ecosystem and the educational programs (i.e. continuing 

educational units) required to maintain professional licenses likely play a large role in 

this familiarity. The shift in attitudes also was small. Attitudes are based on perceptions 

and experiences and can be founded more on feeling than cognition (Rogers 2003). 

Despite the on-going effort to engage cotton PCAs on topics of natural enemy importance 

to B. tabaci management (Ellsworth 2006, Naranjo and Ellsworth 2009) the likelihood of 

attitudes changing significantly over the course of a short outreach event was perhaps 

over-estimated.  

Follow up on PCA attitudes and practices in 2016 indicated unexpected impacts. 

The implementation of predator : prey ratios was indicated by very few respondents, 

contrary to the broader intention to adopt measured in 2014. Yet the majority of PCAs 

surveyed indicated that they perceived value from the tools and research conducted in 

developing predator : prey ratios. We interpret these responses to show that ratios are not 

being implemented comprehensively as originally intended, but the concept of the ratios 

appears to be influencing PCA decision-making. There are numerous reasons, both 

internal and external to this project that might help to explain these responses. At the time 

of this program we indicated to PCAs that the specific ratio values we identified, while 

based on comprehensive research, were still being validated. Equivocating in this manner 

could have inhibited the implementation of predator : prey ratios by PCAs interested in 
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their use. This interpretation, coupled with low commodity prices, possibly impacted 

implementation of ratios for B. tabaci management.   

There also is clearly a value associated with natural enemies with PCAs 

estimating the economic benefit from natural enemies at that ranged on average from $52 

- $79 ha-1 (N=8), equivalent to the saving of approximately one insecticide spray per 

season. These estimates of economic savings are comparable to those identified by 

Naranjo et al. (2015) measuring the value of conservation biological control at $108 ± 

$123 (standard deviation) ha-1 (N=19) over a broad range of crops. Without consideration 

of the economic value conservation biological control provides to farmers and pest 

managers, the active incorporation of natural enemies into B. tabaci management would 

be slowed. Convincing quantifications of the economic value conservation biological 

control provides will likely be necessary (Naranjo et al. 2015) to accelerate the 

implementation of predator : prey ratios.   

In many systems, adoption of new technologies may be gradual and incomplete, 

requiring refinement of the technology along the way (Rogers 2003, Pannell et al. 2006). 

Indeed, one participant in this program demonstrated what Rogers (2003) describes as 

“reinvention” of this tool by focusing on one key predator and monitoring its abundance 

in a different cropping system as an indicator of pest suppression (Vandervoet, pers. 

comm.). Predator : prey ratios are likely important in many agricultural systems, 

suggesting that further development of these ratios in other systems may hold value. 

Foundational to implementation of predator : prey ratios is the demonstration and trialing 

of these measures in commercial settings  (i.e., encouraging PCAs to sample and quantify 

predators along with B. tabaci). This allows stakeholders to consider predators in 
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whitefly management, without the actual commitment to making control decisions with 

an unfamiliar tool.  

While <13% of respondents in our follow-up survey indicated that they had 

explicitly used predator : prey ratios in B. tabaci management, >62% indicated that their 

B. tabaci decision-making was influenced by ratios. Like the dissemination of 

technologies described by Rogers (2003), we appear to be observing a gradual 

incorporation of predator : prey ratios into B. tabaci management.  

We have observed the partial adoption of predator : prey ratios in B. tabaci 

control decisions through this outreach program. The active incorporation of conservation 

biological control into IPM has been a long-term goal of many IPM programs and an area 

of active investigation for us. The incorporation of conservation biological control into 

pest management was first formalized by Stern et al. (1959) as the Integrated Control 

Concept (ICC). In this framework, biological and chemical controls are used to ‘augment 

one another.’ As integral as the ICC is to modern day IPM, the explicit tools that 

facilitate the interplay of chemical and biological controls have rarely been successfully 

developed (but see Naranjo and Ellsworth 2009). Selective insecticides that minimize 

impacts on natural enemies are important for conservation of natural enemies, but so too 

are tools that allow pest managers to make informed management decisions based on 

natural enemy impacts. Such tools will be useful in limiting unnecessary pesticide 

applications and the rapid development of insecticide resistance frequently observed 

among B. tabaci populations (Prabhaker et al. 1985, Horowitz et al. 2005, Carrière et al. 

2012).  
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We acknowledge that the responses from participants we surveyed are possibly 

biased. These PCAs elected to attend Extension meetings and workshops and are most 

likely more open to new technologies promoted by Extension scientists. Thus, these 

participants possibly skewed responses towards indicating higher levels of interest and 

adoption of our new thresholds relative to a random group of PCAs. To trial predator: 

prey ratios we intentionally engaged with individuals who were likely to be early 

adopters of new technologies, with the goal of enhancing dissemination to others once 

these stakeholders have an opportunity to use and gain confidence in the use of predator : 

prey ratio thresholds. The PCA attendees at Extension meetings and workshops could 

also have been motivated by the need to obtain continuing education units necessary to 

maintain their professional licenses. The responses we collected in surveys likely 

represent both early and late adopters of new technologies. 

Without experiencing the economic or risk reduction benefits of these ratios 

directly, PCA adoption may be slow or non-existent. When crop prices are low or B. 

tabaci densities are naturally low, there may be little incentive to actively measure 

predator abundances. In 2015 unusually low B. tabaci populations in Arizona resulted in 

the 2nd lowest year on record for whitefly sprays (PCE pers. comm.) and may have played 

a role in inhibiting the implementation of predator : prey ratios. Furthermore, when 

implementing IPM programs and promoting adoption of new techniques there is need for 

continuous, interactive outreach (Jones et al. 2009, Gadino et al. 2015), suggesting that 

this topic will need to be addressed regularly over the next several years. The U.S. 

Cooperative Extension model provides the system of doing this through long-standing 

programs and durable relationships with stakeholders.  
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We see encouraging responses from Arizona and Mexico PCAs. With on-going 

education and demonstration of predator : prey ratios we expect to observe their 

implementation at increasing levels. In addition, the development and successful adoption 

of these ratios might inspire the development of similar approaches in other cropping 

systems in this and other production regions, advancing the goals laid out by Stern et al. 

(1959) over 50 years ago.  
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Table 1. Key predators as recognized by PCAs in follow-up surveys conducted in 2016. 
Key predators (Vandervoet et al., unpublished) are in bold.  

Key 
Predators  

% Identified 
by PCAs 

Spiders 21.90% 

C. carnea 15.60% 

Z. renardii 12.50% 

O. tristicolor 9.40% 

Lady bugs 9.40% 

Geocoris spp. 6.25% 

Collops spp. 6.25% 

Parasitoids 6.25% 

N. alternatus 6.25% 

Thrips 3.10% 
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Figure Legend 
 
Figure 1. A Logic Model developed to plan and evaluate specific outputs of this outreach 
program, and expected outcomes to be implemented by cotton PCAs.  

 
Figure 2. IPM Shorts for four key whitefly predators and predator : prey ratios. Each 
IPM Short is a 1-page educational document that reviews the biology and impact of key 
predators on whiteflies, as well as the action thresholds based on predator : prey ratios.  

 
Figure 3. Predator : prey sampling tables that tabulate the abundance necessary for each 
predator (relative to whitefly densities) that modify the action threshold.  

 
Figure 4. Spider chart indicating mean responses of all PCA attitudes to B. tabaci 
management in cotton. Responses scored as ‘agree’ (outer level). 
 
Figure 5. Mean responses indicating change in knowledge. The blue line shows pre-
outreach responses, the red line shows post-outreach responses, and the green line shows 
the maximum possible score. 
 
Figure 6. Mean responses (blue) indicating practices before outreach compared to 
maximum possible score (red). Practices to the right of the black line represent current 
practices. Practices to the left of the black line were asked post-outreach and are intended 
actions. Responses scored as ‘agree’ (outer level). 
 
Figure 7. Self-identified likelihood of PCAs’ adoption of predator : prey ratios, surveyed 
at the end of outreach events. Ranked on a scale of 1-5: 1-Definitely will not adopt ratios, 
and 5-Defintely will adopt ratios. 

 
Figure 8. Responses of PCAs that were asked to identify their percent certainty in B. 

tabaci management decisions.  
 
Figure 9. Perceived barriers towards adoption/implementation of predator : prey ratios. 
Respondents were able to select as many of the responses as they felt appropriate. 
 
Figure 10. Total change in spray decisions for whitefly management if predator: prey 
ratios and the standard threshold were used as the decision-making tool for fields 
sampled in Arizona (N=15) 2014, and Mexico (N=60) in 2014 – 2015. (Reused from 

Vandervoet et al., unpublished). 
 
Figure 11. Mean responses (blue) from follow-up surveys on PCA awareness, and the 
value and use of predator : prey ratios compared to maximum possible score (red). (N=8) 
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Figure 1. A Logic Model developed to plan and evaluate specific outputs of this outreach 
program, and expected outcomes to be implemented by cotton PCAs.   

Situation Inputs  Outputs Outcomes- Impacts 

Activities Participation Short Medium Long 

 

What	is	the	

problem/need?	

What	we	invest	 What	we	do	 Who	we	reach	    

Natural Enemies have 

the potential to control 

whiteflies in Arizona 

cotton. This natural 

control can reduce 

reliance on pesticides 

and decrease control 

costs. We have 

developed predator : 

prey ratios that can 

enumerate the control 

provided in a given field. 

An obstacle to 

incorporating this 

control in spray-

decisions is a lack of 

knowledge among 

growers and Pest 

Control Advisors 

(PCA’s). Our 

stakeholders recognize 

that natural enemies can 

impact pest populations 

but are unfamiliar with 

predator : prey ratios 

and lack the necessary 

understanding to 

implement them.  

 

 

1) Labor and 

publishing costs for 

publications.  

 

2) Time, set-up, & 

labor costs 

associated with 

workshops and 

extension meetings. 

 

3) Interactions with 

stakeholder 

partners (project 

growers & PCA’s) 

for review of 

publications and 

recommended 

spray decisions 

based on use of 

ratios. 

 

4) Labor and time for 

sampling 

demonstration 

fields, as well as 

processing samples. 

 

5)  

1) Run demonstrations of 

ratios in commercial fields 

directly with 

growers/PCAs and 

indirectly with remote 

fields 

 

2) Disseminate the use of 

ratios to growers and 

PCA’s through dedicated 

workshops and standard 

extension meetings, as 

well as field days and 

publications.  

 

3) Produce basic ratio 

tables and other 

publications to guide PCAs 

and growers 

 

1) Farmers 

 

2) Pest Control 

Advisors 

 

3) Ag industry 

representatives 

 

4) Other 

agricultural 

professionals 

(other crop 

systems) 

 

5)  

1) Improved 

awareness, 

knowledge, 

and 

understanding 

of the role of 

natural 

enemies in 

our cotton 

systems 

  

2) Increased 

ability of 

growers and 

PCA’s to use 

predator : 

prey ratios in 

conjunction 

with 

conventional 

pest 

thresholds. 

 

3) Facilitate 

growers’ and 

PCAs’ use and 

adoption of 

IPM practices 

including 

conservation 

biological 

control and 

use of 

selective 

insecticides 

1) Increased 

appreciation 

and reliance 

on NE’s in 

Western / 

Southwestern 

agricultural 

IPM 

 

2) Reduction 

in the use of 

broad 

spectrum 

pesticides that 

may harm NE 

populations 

 

3) Delayed 

selective 

insecticide use 

based on 

biocontrol 

potential 

 

4) More 

informed 

decision 

making 

regarding the 

timing of 

insecticidal 

applications 

based on NE 

populations 

 

1) Reduction in 

pesticide residues in 

the environment 

2) Reduced risk to 

the health and 

safety of pesticide 

applicators and the 

public 

3) Higher and more 

diverse populations 

of NE’s in Arizona 

cotton. 

4) Even more stable 

natural controls and 

sustainable 

agricultural 

production for the 

region, subject to far 

fewer secondary 

pest outbreaks and 

pest resurgences 

5) Provide a model 

for other production 

systems to follow to 

incorporate NEs 

into conservation 

biocontrol, and 

measure biocontrol 

potential  
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Figure 2. IPM Shorts for four key whitefly predators and predator : prey ratios. Each 
IPM Short is a 1-page educational document that reviews the biology and impact of key 
predators on whiteflies, as well as the action thresholds based on predator : prey ratios.  
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Figure 3. Predator : prey sampling tables that tabulate the abundance necessary for each 
predator (relative to whitefly densities) that modify the action threshold.   
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Figure 4. Spider chart indicating mean responses of all PCA attitudes to B. tabaci 
management in cotton. Responses scored as ‘agree’ (outer level) or disagree (inner level). 
 
 
 

Broad-spectrum sprays  
may disrupt natural  

enemy populations (N=22) 

Broad-spectrum insecticides 
can increase whitefly 

densities (N=52)  

Better not to spray  
whiteflies before threshold 

(N=22) 

I would take an additional 
whitefly sample to improve  

decisions making (N=37) 

I would take an additional 
natural enemy sample to  

increase confidence in decision 
making (N=52)  

Whiteflies can be  
suppressed with more  

than just insecticides (N=51) 

Natural enemies  
suppress whiteflies  

(N=52) 
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Figure 5. Mean responses indicating change in knowledge. The blue line shows pre-
outreach responses, the red line shows post-outreach responses, and the green line shows 
the maximum possible score. 
 
  

O. tristicolor  

Identification (N=36) 

Geocoris spp.  
Identification  

(N=35) 
 

M. celer  

Identification  

(N=36) 
 

Collops spp. 
 Identification 

(N=37) 

Appropriate B. tabaci  

sample size 

(N=35) 
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Figure 6. Mean responses (blue) indicating practices before outreach compared to 
maximum possible score (red). Practices to the right of the black line represent current 
practices. Practices to the left of the black line were asked post-outreach and are intended 
actions. Responses scored as ‘agree’ (outer level) or disagree (inner level). 
 
  

I consider natural enemies  
when managing whiteflies (N=42) 

I sample natural enemies for  
whitefly management 

(N=40)  

I use part or all of  the 
 action threshold for 

 whitefly management 
(N=39) 

I take 100 sweeps/ field or more 
(N=41) 

I sample whiteflies once or more 
 each week during peak season 

(N=39) 

I will sample and count  
natural enemies 

(N=29) 

I will take an additional whitefly  
sample to improve decision-making 

(N=24)  

I will take an additional  
natural enemy sample to  

improve decision-making 
(N=25)  

I will calculate predator : prey  
ratios and use them to improve  

decision-making  
(N=28) 

I will follow the recommended 
 whitefly sampling procedure more  

carefully than I have in the past  
(N=31) 
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Figure 7. Self-identified likelihood of PCAs’ adoption of predator : prey ratios, surveyed 
at the end of outreach events. Ranked on a scale of 1-5: 1-Definitely will not adopt ratios, 
and 5-Defintely will adopt ratios.  
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Figure 8. Responses of PCAs that were asked to identify their percent certainty in B. 

tabaci management decisions.  
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Figure 9. Perceived barriers towards adoption/implementation of predator : prey ratios. 
Respondents were able to select as many of the responses as they felt appropriate. 
 
 

 
Figure 10. Total change in spray decisions for whitefly management if predator: prey 
ratios and the standard threshold were used as the decision-making tool for fields 
sampled in Arizona (N=15) 2014, and Mexico (N=60) in 2014 – 2015. (Reused from 

Vandervoet et al., unpublished). 
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Figure 11. Mean responses (blue) from follow-up surveys on PCA awareness, and the 
value and use of predator : prey ratios compared to maximum possible score (red). (N=8) 
 

 

Are you aware of  the  
predator : whitefly ratios  

for whitefly management?  

Are you aware of  any of  the  
Extension publications regarding 

 natural enemies and  
whitefly suppression? 

What is the overall usefulness  
of  these publications 

What is the value of  this  
research on predator : prey  

ratios to you. 

Beyond 2014, have you 
 used these ratios? 

Have the predator : prey 
 ratios influenced  

your decision-making?  

Does understanding of   
these ratios contribute  

to economic savings in any way?  


