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Growing strawberries under protective low tunnels is becoming increasingly 

popular among growers in the northeastern U.S. due to benefits of season extension 

and crop protection. However, it is currently unclear how this new system impacts the 

presence of pests and beneficial invertebrates, and options for pest management. The 

first two chapters of this dissertation summarize projects that compared the presence 

of pests (weeds, pathogens, and invertebrates) and beneficial arthropods (predators, 

pollinators and parasitoids) on strawberry grown under low tunnels vs. the open-field. 

We conclude that low tunnels benefit strawberry production by improving yield and 

protecting against fruit and foliar pathogens while having minimal impact on services 

provided by beneficial predators, parasitoids and pollinators. However, tunnels are 

likely to support higher densities of Tetranychus urticae and offer no protection 

against the most economically important pest identified, Lygus lineolaris. Chapter 3 

describes how biocontrol efficacy against L. lineolaris using the microbial pathogen 

Beauveria bassiana can be improved using low tunnel coverings that block UVB 

radiation. To develop an integrated management plan for T. urticae under low tunnels, 

we evaluated host plant resistance (Chapter 4) and biological control (Chapter 5) 

tactics. We identified several cultivars that are susceptible to T. urticae, and associated 

susceptibility with small plant size. When comparing biocontrol efficacy of two 



 

commercially available predatory mites Phytoseiulus persimilis and Neoseiulus 

fallacis against T. urticae, we found that both species (released singly or together) can 

manage T. urticae in greenhouse systems. In the field we observed low retention by P. 

persimilis, even when multiple releases were made, and therefore suggest that N. 

fallacis may be a better candidate for biocontrol on low tunnel strawberry. Chapter 6 

focuses on describing the dispersal behavior of N. fallacis and P. persimilis and how 

rearing practices may influence dispersal and biocontrol efficacy of these important 

predators. Phytoseiulus persimilis was a more active disperser compared to N. fallacis, 

and dispersal for both species was often higher for those reared on strawberry 

compared to standard bean plants. Disperal was also higher when predators were 

released onto bean plants, regardless of rearing host plant. The implications for how 

dispersal behavior can be manipulated to improve biocontrol are discussed. The 

objective of this reseach was to address knowledge gaps in low tunnel strawberry 

management, specifically how tunnels impact the presence of pests, beneficials and 

options for pest management that can be used to build an IPM framework for this 

system as it expands in the Northeast.  
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INTRODUCTION 

 

Strawberry production in the United States has increased ~ 17% by acreage 

since 1990, largely due to expanding production in California which occupied an 

estimated 91% of the fresh market in 2017 (USDA/NASS, 2014; USDA, 2013, 

2018a). In recent years however, persistent drought, increased urbanization, lack of 

labor and other factors have contributed to a decline in California production despite 

increasing fruit consumption and demand by consumers (Samtani et al., 2019; USDA, 

2018b, 2018a). Many states in the northeastern U.S. are well poised to meet this 

demand due to the diversity of farms located across the region that sell directly to 

consumers via farmers markets and Pick-Your-Own operations (Samtani et al., 2019).  

A major constraint to expanding strawberry production in the Northeast is the 

short and unpredictable growing season. Many growers are interested in adopting 

protected culture production practices (i.e., growing under high or low plastic tunnels) 

to extend the growing season and protect the crop against wind, rain, frost and pest 

infestation (Castilho et al., 2015; Lopez et al., 2017; Neri et al., 2012). Indeed, 56% of 

top strawberry producing countries produce under high or low tunnels (López-Aranda 

et al., 2011). In the Northeastern U.S., day neutral cultivars are commonly planted as 

bare roots under low tunnels to provide a warmer, drier and protected environment 

that can extend the growing season and improve yield during the off-season (Lewers et 

al., 2017; Maughan et al., 2014; Orde et al., 2018). The tunnels are usually in place 

during the entire growing season, but one or both sides of the tunnels are raised to 

facilitate pollination and ventilation. When rain or cold temperatures are expected, 
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both sides of the tunnels are temporatiliy lowered. There are also many different types 

of plastics used to cover crops, including some that block ultraviolet radiation that 

could reduce pest infestation and increase pesticide longevity (Antignus et al., 1996; 

Cramer et al., 2019; Leach et al., 2017).  

What is less known about protected culture growing systems is how they 

influence the presence of pests and beneficials and options for pest management. 

Indeed, concerns regarding pest management under tunnels is a major factor 

contributiong to hesitancy in adopting protected culture systems by growers in the 

Northeast (Wallheimer, 2017). It is possible that low tunnels provide a hospitable 

environment to enable pest proliferation, or may negatively impact services provided 

by pollinators, predators and parasitoids (Antignus et al., 2001; Braun and Sutton, 

1987; Cramer et al., 2019; Doukas and Payne, 2007; Ingwell et al., 2017; Leach and 

Isaacs, 2018; Pritts and Kelly, 2001). For key pests on strawberry, growers largely rely 

on pesticide sprays due to low economic injury levels and lack of efficacy data on 

alternative products such as biopesticides and biological control, especially under 

tunnels (Hazelrigg and Kingsley-Richards, 2015). As production of strawberry 

expands under tunnels in the Northeast, information on pests, beneficials and pest 

management will be needed to build effective IPM programs in this system. 

Chapters 1 and 2 of this dissertation summarize projects comparing the 

presence of pests and beneficials on low tunnel vs. open field production systems. Past 

studies found that high tunnels support higher densities of some pests, while others 

indicate that tunnels protect against others (Antignus, 2000; Antignus et al., 2001; 

Cramer et al., 2019; Doukas and Payne, 2007; Ingwell et al., 2017; Kumar et al., 2011; 
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Leach and Isaacs, 2018; Lewers et al., 2017; Orde et al., 2018). Even less information 

exists for tunnel impacts on beneficial pollinators, predators and parasitoids. The focus 

of these chapters were to address this knowledge gap for strawberry to provide a 

foundation for subsequent IPM research.  

Surveys described above identified tarnished plant bug (Lygus lineolaris 

Palisot de Beauvois [Hemiptera: Miridae]) as the most economically important pest of 

strawberry across both low tunnel and open-field systems. We found that > 30 % of 

fruit was rendered unmarketable by tarnished plant bug when uncontrolled. Tarnished 

plant bug is especially problematic on strawberry due to its direct and severe feeding 

damage to developing fruits. There are few effective options for managing tarnished 

plant bug that do not rely on pesticides that pose risks to non-targets. However, there 

are excellent microbial biological control options that are available commercially, and 

can be applied using standard sprayers. One pathogen that is widely available and 

labeled for tarnished plant bug is Beauveria bassiana Vuill. (Hypocreales). A known 

limitation for effective microbial control using B. bassiana, however, is high 

vulnerability to UVB (280 – 320 nm) degradation in the field (Ignoffo, 1992; Kaiser et 

al., 2019; Thompson et al., 2006). Growing strawberry under UVB-blocking plastics 

may provide a unique opportunity to reduce UV degredation of B. bassiana products. 

Chapter 3 thus examines how plastic selection can be used as a tool to improve 

biocontrol efficacy of B. bassiana, in comparison to a conventional product, against 

tarnished plant bug on strawberry.   

Chapters 4-6 summarize separate projects that contribute towards building an 

effective IPM program against Tetranychus urticae Koch “TSSM” on low tunnel 
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strawberry. TSSM is an extreme generalist herbivore that can feed on a diversity of 

host plants, including many crops (Grbić et al., 2011; Migeon et al., 2012). On 

strawberry, severe feeding damage by TSSM can reduce yield, berry size and number 

of berries produced (Sances et al., 1982). In Chapter 1, we found significantly higher 

densities of TSSM under tunnels compared to the open-field (a 300-500% increase), 

indicating that active management of this pest may be necessary on low tunnel 

strawberry in New York.  

Recommendations for TSSM management are based on open-field production 

of traditional June-bearing cultivars that fruit during a brief 4-6 week period each year 

(Pritts and Handley, 1998). TSSM can prefer cultivars of specific crop species, 

including strawberry (Greco et al., 2006; Puspitarini et al., 2021; Xu et al., 2019), but 

few studies have compared TSSM preference and performance on day neutral 

strawberry cultivars that are planted under low tunnels. Further, the mechanisms of 

plant resistance or tolerance to TSSM is unclear for strawberry. Chapter 4 is focused 

on describing trends of TSSM preference and performance on several day neutral 

cultivars that are relevant to growers in the Northeast, and to explore possible 

mechanisms of resistance to TSSM.  

Biological control using predatory mites (Phytoseiidae) is a readily available 

method of control for TSSM on many crops. Two predators in particular are important 

for TSSM management on strawberry in New York, Phytoseiulus persimilis Athias-

Henriot and Neoseiulus fallacis Garman. Phytoseiulus persimilis is a highly aggressive 

and specialized feeder of TSSM and is currently the most popular biological control 

agent sold for TSSM management worldwide (Knapp et al., 2018). Neoseiulus fallacis 
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is considered a selective feeder of tetranychid mites, but will also consume tarsonemid 

mites and occasionally thrips (Croft et al., 1998; McMurtry et al., 2013). In contrast to 

P. persimilis, N. fallacis is native to New York and common in the area. A consistent 

issue in applying these biocontrol agents, however, is unpredictable control success 

and low retention in the field (especially by P. persimilis) (Alatawi et al., 2011; Coop 

and Croft, 1995; Drukker et al., 1997; Rhodes et al., 2006; Warner and Getz, 2008). In 

addition, there is a wealth of information on TSSM biocontrol in California and 

Florida where TSSM pressure is a persistent issue, but few studies have been 

conducted on TSSM biocontrol in the Northeast (Liburd et al., 2007; Oatman et al., 

1977, 1968, 1967; Rhodes et al., 2006).  

The primary objective of Chapter 5 was to evaluate the relative efficacy of P. 

perimilis and N. fallacis against TSSM on low tunnel strawberry in the Northeast. In 

addition, this chapter compares the relative efficacy of releasing these species singly, 

or in combination, and by releasing them a single vs. multiple times in the field. 

Chapter 6 builds on Chapter 5 by comparing the dispersal behavior of P. perimilis and 

N. fallacis when reared on alternative crops, and how manipulating this behavior 

impacts biocontrol. Several studies propose that the artificial nature of biocontrol 

rearing in commercial facilities produce predators that are poor navigators of natural 

plant systems, where prey abundance is varied and plant traits diverse (Tixier, 2018; 

van Lenteren, 2000; Van Lenteren, 2006). To test this hypothesis, we compared the 

dispersal behavior and biocontrol efficacy of P. perimilis and N. fallacis when reared 

on standard bean or strawberry plants, and how their behavior changes where released 

onto a host that is familiar or unfamiliar to their rearing host.  
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Growing speciliaty crops under plastic tunnels is expected to expand across the 

U.S., and especially in the Northeast, to extend the growing season and supply fresh 

produce during the off season. In response, it is important that growers have access to 

pest management information specific to these systems. This dissertation provides a 

comprehensive review of the most common pests present on low tunnel strawberry, 

and describes several options for their management. The ultimate goal of this work 

was to contribute towards an IPM program tailored to low tunnel strawberry that 

prioritizes sustainability and the health and wellbeing of growers and the land they 

steward.   
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ABSTRACT  

While growing strawberries under plastic low tunnels is an increasing trend in 

the northeastern U.S., the effect of low tunnels on the incidence and severity of 

arthropod pests, pathogens, and weeds is largely unknown and presents a possible 

barrier to commercial adoption.  During 2018 and 2019, we identified and quantified 

pest abundance on low tunnel versus open field grown strawberries at a research site 
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in Geneva, New York, and compared these trends under three plastic types in 2019.  

Overall, we found that while yield and fruit marketability increased under tunnels of 

all plastic types compared to the open-field, ground-dwelling and foliar herbivore 

(mostly Tetranychus urticae) abundance was higher under low tunnels compared to 

open plots.  In contrast, herbivores caught on clear sticky cards were more prevalent in 

open plots than under tunnels.  A neutral effect of tunnels was present for Lygus 

lineolaris density and weed biomass during both years, although damage by L. 

lineolaris decreased under UV-limiting plastics.  Tunnels also reduced infestation by 

Drosophila suzukii and several pathogens on foliage and fruit.  This study provides 

needed information on pest communities of low tunnel strawberry in the Northeast, 

and could be used as an essential foundation for future IPM research. 

Keywords: protected culture, IPM, strawberry, pest monitoring, low tunnels, UV-

limiting plastics, pest community 

1. INTRODUCTION 

A major limitation of commercial strawberry (Fragaria × ananassa Duchesne) 

production in the northeastern United States is the short and unpredictable growing 

season (Orde and Sideman, 2019). Growers can address this issue by growing day-

neutral cultivars (i.e., those that will fruit continuously under optimal temperatures) 

under polyethylene plastics, specifically low or high tunnels (Castilho et al., 2015; 

Lopez et al., 2017; Neri et al., 2012).  This production system offers growers in 

temperate continental climates a way to sustainably produce high-quality strawberries 

for six months of the year, and protects plants against rain, wind and frost damage 

(Anderson et al., 2019; Lewers et al., 2017; Orde et al., 2018; Petran et al., 2017; 
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Sorkel et al., 2006).  However, while growing under plastic tunnels often results in 

higher yield, tunnels may also support higher pest pressure compared to the open field, 

leading to low adoption by growers in the Northeast (Wallheimer, 2017; personal 

communication with K. Reeves, a local grower in western New York).  Determining 

how plastic tunnels, and specifically low tunnels, impact pest communities is 

necessary to promote this profitable and sustainable system.   

Low and high tunnels provide a warmer, drier and protected environment that 

can lead to improved overall plant growth (Anderson et al., 2019; Orde and Sideman, 

2019; Voća et al., 2007).  Those same changes in the abiotic environment can also 

enable pest proliferation.  Indeed, past studies on several high tunnel crops including 

raspberry, tomato, broccoli and cucumber found higher arthropod pest abundance 

under high tunnels compared to open fields (Ingwell et al., 2017; Leach and Isaacs, 

2018).  In addition, higher temperatures under low tunnels can result in earlier and 

more aggressive weed growth.  Weeds interfere with harvesting, provide secondary 

hosts for invertebrate pests and pathogens, and directly compete with strawberry 

plants (Braun and Sutton, 1987; Pritts and Kelly, 2001).  Although weeds under high 

tunnels are known to be a major issue, few studies have evaluated weed pressure under 

low tunnels (Goldy, 2012). 

In above examples, plastic tunnels provided a suitable environment for pests 

leading to higher densities.  Other studies, however, indicate the opposite trend and 

suggest that plastic tunnels provide an inhospitable environment for pests, leading to 

reduced abundance.  Plastics may prevent insect pests from locating their hosts by 

physically blocking them (as was observed for spotted wing drosophila (Drosophila 
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suzukii Matsumura) (Leach et al., 2016; Rogers et al., 2016)), or by disrupting their 

navigation process by limiting UV transmission.  For example, lower infestations of 

Japanese beetle, whitefly, aphid and thrips have been observed under UV-blocking 

plastics compared to those transmitting UV (Antignus, 2000; Antignus et al., 2001; 

Cramer et al., 2019; Doukas and Payne, 2007).  In addition, observations of strawberry 

pathogens including powdery mildew (Podosphaera macularis Wallr.), common leaf 

spot (Mycosphaerella fragariae Lindau), leaf blight (Phomopsis obscurans Sutton) on 

leaves and Botrytis cinerea Pers. on fruit indicate that plastic tunnels also reduce 

incidence of these diseases (Kumar et al., 2011; Lewers et al., 2017; Orde et al., 2018).  

Keeping plants dry and blocking UV transmission by photoselective plastics are 

possible mechanisms reducing infestation of these diseases under low tunnels (Tan 

and Epton, 1973).   

Although past studies have evaluated the effects of tunnel environments on 

individual pest species, the comprehensive effect of covered production on broader 

pest communities, including generalist insects and mites, pathogens, and weeds is 

unclear (Al-Khatib, 1995; Cross et al., 2001; Husaini and Neri, 2016; Wallace and 

Webb, 2012).  In New York, where low tunnels could benefit crop production and 

contribute to IPM, such basal information is necessary prior to widespread 

implementation.  Thus our first objective was to characterize the low tunnel strawberry 

abiotic environment during the growing season by recording daily temperatures and 

relative humidity.  Our second objective was to survey common pathogens, weeds and 

invertebrate pests found on low tunnel versus open-field grown strawberry during two 

seasons.  Lastly, our third objective was to determine how UV-selective plastics affect 
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pest abundance.  

2. METHODS AND MATERIALS  

2.1. Field site preparation  

During May 2018, June 2019 and June 2020 a day-neutral cultivar Albion was 

planted into low tunnel and open-field plots (i.e. “covering treatment”) at Cornell 

AgriTech in Geneva, NY (42°52'17.3''N 77°02'33.2''W).  Multiple replicates of each 

covering treatment was planted along separate rows, which served as blocks in the 

experimental design. All plots were planted on raised beds covered by white plastic 

mulch.  Plants were drip-irrigated twice per week or as needed and fertilized with 20-

20-20 fertilizer once per week at a rate of 5 lbs. N per acre.  Runners cut once per 

week during the entire season and flowers picked weekly during the first month.  

When low tunnels were constructed, one side of the plastic remained down while the 

opposite side was raised or lowered if rain or high temperatures were expected on each 

day.  No pesticides were applied during either season.   

In 2018, 24 plots were constructed, each 3 m long and containing 24 bare-root 

Albion strawberry plants (supplied by Nourse Farms, Whatley MA).  A randomized 

complete block design was used wherein eight plots, randomly assigned as open-field 

or low tunnel, were planted within three rows.  This resulted in twelve replicate plots 

of each covering treatment.  Sheets of Dubois plastic (1.5-mil film; Trioplast AB, 

distributed by Dubois Agrinovations in Quebec, Canada) were then fitted to metal 

hoops over tunnel-assigned plots.  Dubois plastic is used by most low tunnel growers 

and thus served as a grower standard in this study.  A similar approach was taken in 

2019, but multiple plastics were used in addition to the open-field.  2019 treatments 



 

18 

 

included a no covering control (“open”), a UV-A/B transmitting plastic (“Dubois”) 

used in 2018, a partially UV-A/B blocking plastic (“Tufflite” IV, 6 mil [Berry Global 

Inc., Evansville, IN]), and a UV-A/B blocking plastic (“Warps” 4 yr, 6 mil UV-Clear 

[Warps Bros., Chicago IL]).  All plastics had similar properties in terms of clarity and 

light diffusion, but Dubois was thinner (1.5 mil) than Warps and Tufflite (6 mil).  

Each treatment was replicated once within six rows, resulting in six replicates of each 

covering treatment.  Treatments in 2020 were similar to those in 2019, but the partially 

UV-A/B blocking plastic “Tufflite” was not included in the experiment.  As in 2019, 

one replicate of each treatment was included within six rows, resulting in six replicates 

of each treatment in 2020.   

2.2. Temperature and humidity monitoring  

To monitor for temperature and humidity, HOBO data loggers (Onset 

MX1101, Bourne, MA) were deployed at 2-3 replicate plots of each open-field and 

low tunnel treatment.  Data were recorded each hour from June/July to November and 

summarized by determining daily average temperature and maximum relative 

humidity (RH).     

2.3. Yield estimates 

Harvests occurred weekly from late July to early November in 2018 and 2019.  

Ripe berries per plant were weighed from each plot in 2018, and from a subset of three 

plants per plot in 2019 to increase processing efficiency.  Each berry was scanned for 

damage caused by invertebrates and fruit rots.  Marketable berries were identified as 

weighing > 5 grams and having minimal damage.  Haphazardly selected berries were 

then set aside to monitor for emerging D. suzukii adults (see below).  
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2.4. Pest monitoring  

 Arthropod surveys. Pitfall trap, sticky cards, and leaflet samples were collected 

weekly in 2018 and twice per month in 2019.  A single pitfall trap consisting of a 

plastic funnel nested within an outer cup that was buried at ground level (Carolina 

Biological Supply Company, Burlington, NC) was installed within plastic beds in the 

center of each plot and loaded with 60-80 mL of 50% propylene glycol.  Pitfall traps 

were covered with a clear plastic plate set in place above pitfall traps by gluing them 

to ground stakes.  Two clear sticky cards (12 x 10 cm) (Catchmaster®, Bayonne, NJ), 

attached to wire stands, were placed in each plot at roughly 5 cm above the plant 

canopy.  To determine foliar herbivore density, ten leaflets were collected and brushed 

onto soapy plates that were scanned under a dissecting microscope.  All herbivores 

were counted and identified to order, family, or if possible to species.  Density of 

Lygus lineolaris Palisot de Beauvois was assessed weekly in 2018 and twice per 

month in 2019 by tapping three flower clusters on to white plastic plates and counting 

the number of adults and nymphs present.  Drosophila suzukii infestation was 

determined by placing 3-10 ripe berries from each plot into deli cups (Prime Source, 

St Louis, MO) held at 25°C, 50% RH, 16:8 hr. light/day and sealed at the top with fine 

fabric.  Adults of D. suzukii reared from berries were counted every two days for three 

weeks.  Sampling for D. suzukii occurred four times during peak infestation in 2018, 

and twice per month in 2019.  

Pathogen surveys. To determine disease incidence on strawberry fruit, 

individual berries harvested as described above were scored for the presence or 

absence of disease symptoms.  Fruit diseases of particular interest to this study 
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included anthracnose (Colletotrichum acutatum Simmonds) and botrytis or “gray 

mold” (Botrytis cinerea), but other diseases including Rhizopus stolonifera Vuillemin 

were recorded if present.  Foliar leaf pathogens including common leaf spot 

(Mycosphaerella fragariae), phomopsis leaf blight (Phomopsis obscurans) and 

powdery mildew (Podosphaera macularis) were also assessed using a 

presence/absence survey on strawberry leaflets.  Five plants, and 5-10 leaflets on each 

plant, were selected without bias and observed for symptoms.  This survey took place 

on one date in September-October in 2018-19 when disease symptoms were most 

apparent.   

Weeds. Weed harvests occurred on 12 and 26 June, 10 and 24 July, 9 and 22 

August, and 24 September in 2018 and on 30 June, 24 July, 13 August, and 25 

September in 2019.  All weeds rooted within raised plastic beds were collected.  An 

effort was made to carefully hand-pull all parts of the weed, including roots, without 

damaging the strawberry plants.  Weeding resulted in minimal damage to the plastic 

mulch, as most weeds were rooted on bare soil near the base of strawberry plants.  

After collection, weeds were identified, counted and dried for 24 hours at 70°C to 

determine dry weight.   

2.5. Statistics 

  All analyses were conducted in R (R version 3.5.1; R Core Team. 2018).  All 

surveys were analyzed using repeated measures linear mixed effect models or repeated 

measures generalized linear mixed effects models (package ‘lme4’).  Covering 

treatment was included as a main effect in all models, while plots sampled on 

subsequent days nested within row and observer were included as random effects to 
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account for repeated measures, blocking, and observer bias respectively.  Linear 

mixed-effect models with appropriate transformations were used to analyze HOBO 

data and weed abundance.  Binomial logistic regression models were used for 

presence/absence surveys of pathogen and invertebrate damage on foliage and fruit.  

Poisson mixed models were used for count data (all arthropod surveys) and if 

overdispersion of variance was detected, negative binomial models were used 

(package ‘glmmTMB’).  Tukey contrasts (package ‘emmeans’) were used to 

determine pairwise differences for all mixed models.  At Research 1 in 2019, cultivar 

data were pooled when no significant differences in pest abundance were detected 

among cultivars.  If differences occurred, data on ‘Albion’ were analyzed. To 

standardize pest comparisons between sites in 2019, only data collected from ‘Albion’ 

planted under Dubois plastic were included in analyses.  

3. RESULTS 

3.1. Temperature and humidity observations between plastic treatments  

Average temperatures were higher under plastic tunnels of any type compared 

to open-field plots in 2018 and 2019 (F1,2 = 235.41, p < 0.01 and F3,4 = 6.63, p = 0.04).  

Minimum temperatures were similar between open and Dubois-covered plots in 2018 

(F1,2 = 16.58, p = 0.06; Fig 1.1A) but lower on open plots compared to Warps and 

Tufflite plastics in 2019 (F3,4= 9.07, p = 0.03; Fig 1.1B).  Maximum temperatures 

were higher on average under Dubois tunnels in 2018 (F1,2  = 357.51, p < 0.01; Fig 

1.1C), but did not differ between open and all plastic coverings in 2019 (F3,4= 3.02, p 

= 0.13; Fig 1.1D).  Average maximum relative humidity (RH) was 3.15 ± 0.24 % 

lower for open plots compared to those covered by Dubois tunnels in 2018 (F1,2 = 
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18.79, p = 0.05; Fig 1.1 E), but 3.99 ± 0.05 % higher compared to Warps and Tufflite 

tunnels in 2019 (F3,4= 7.53, p = 0.04; Fig 1.1 F). 

 

3.2. Strawberry yield and damage 

Overall plant yield was 12-50 % higher under low tunnels of all plastic types 

compared to open plots during both years (2018: F1,10 = 1.20,  p = 0.29; 2019: F3,69 = 

7.27,  p < 0.001).  Although greatest differences occurred during late September-

November of both years (Fig 1.2), there was no significant date by plastic interaction 

in 2019 (2018: F15,714 = 2.08,  p = 0.01; 2019: F36,819 = 0.75,  p = 0.86).  In addition, all 

plastic types resulted in similarly high yields compared to open plots during the 2019 

season (p > 0.05 for all Tukey contrasts).  Plastic tunnels also resulted in a 35 – 57 % 

Figure. 1.1. The effect of tunnel treatment on the minimum temperatures (A and B), 

maximum temperature (C and D), and maximum RH (E and F), from June/July to 

November in 2018 (top) and 2019 (bottom).  For visual aid, only data recorded every 

4 days is presented. 
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higher proportion of marketable fruit during both years (Fig 1.3; Table 1.1).  Higher 

proportions of marketable fruit were observed under plastics increasing in UV-

limitation, but this effect was not statistically significant.  Damage by L. lineolaris was 

severe (31 – 48%) across open and low tunnel plots during both years, and decreased 

under plastics increasing in UV-limitation in 2019 (Fig 1.3).  There was no observable 

effect of tunnels on the proportion of fruit damaged by slugs in either year (Fig 1.2 A-

B).  Anthracnose, Botrytis gray mold and Rhizopus fruit rots were the primary diseases 

present on strawberry fruit during 2018 and 2019, and all were found at higher 

proportions on open plots compared to those under plastic tunnels during both years, 

although detection of Rhizopus was low in 2019 (Table 1.1).   

 

2018 Comparison between plastic treatment  

Damage χ2 df p-value Average % present 

None - Marketable 14.62 1 < 0.01 Open: 14%; Dubois: 22% 

TPB 0.09 1 0.75 Open: 48%; Dubois: 48% 

Slugs 0.18 1 0.66 Open: 3%; Dubois: 3% 

Anthracnose 40.76 1 < 0.01 Open: 14%; Dubois: 5% 

Botrytis 12.45 1 < 0.01 Open: 4%; Dubois: 2% 

Rhizopus 4.61 1 0.03 Open: 7%; Dubois: 4% 

          

2019 Comparison between plastic treatment  

Damage χ2 df p-value Average % present 

None - Marketable 13.95 3 < 0.01 Open: 28%; Dubois: 39%; Tufflite: 41%; Warps: 44% 

TPB 8.24 3 0.04 Open: 42%; Dubois: 42%; Tufflite: 35%; Warps: 31% 

Slugs 3.45 3 0.32 Open: 1%; Dubois: 3%; Tufflite: 5%; Warps: 2% 

Anthracnose 41.16 3 < 0.01 Open: 18%; Dubois: 4%; Tufflite: 4%, Warps: 3% 

Botrytis 12.84 3 0.09 Open: 2%; Dubois: 1%; Tufflite: 1%; Warps: 1% 

Rhizopus 8.61 3 0.03 Open: 1%; Dubois: < 1%; Tufflite: < 1%; Warps: 1% 

 

Table 1.1. Summary statistics demonstrating the effect of covering treatment 

(open and Dubois for 2018 and Open, Dubois, Tufflite and Warps for 2019) on 

the proportion of fruit damaged from total fruit harvested during two seasons.   
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Figure. 1.2. Weight of strawberry yield collected per 

plant on open and low tunnel plots during the 2018 

(top) and 2019 (bottom) seasons. 
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3.3. Invertebrate surveys 

The total number of herbivores recovered from pitfall traps was higher under 

all tunnels compared to open plots in 2018 and 2019 (χ2 = 4.17, df = 1, p = 0.04 and 

χ2 =8.69, df = 3, p = 0.03) (Fig 1.4).  In contrast, the total number of herbivores 

recovered from sticky cards was significantly higher on open plots compared to 

Figure 1.3. Mean proportion (± SE) of fruit damaged by invertebrates 

and fruit rots of total yield harvested during 2018 (top) and 2019 

(bottom) seasons. Anthracnose is abbreviated as “Anthrac.”  

* p < 0.05, ** p < 0.01, *** p < 0.001 
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Dubois tunnels in 2018 (χ2 = 10.77, df = 1, p < 0.01), and numerically higher for open 

plots and Dubois tunnels compared to Tufflite and Warps tunnels in 2019 (χ2 = 7.39, 

df = 3, p = 0.06) (Fig 1.4).  The only pitfall herbivores that varied in abundance 

between open and low tunnel plots during one or both years were Gryllidae (crickets), 

Drosophilidae (fruit flies), Galerucinae (flea beetles), and Thysanoptera (thrips) (Table 

1.2), with all excluding thrips found at higher abundances under tunnels.  Crickets and 

flea beetles were found at highest abundances under UV-limiting plastics in 2019.  

Anthomyiid flies (mostly seedcorn maggot), Cicadellidae (leafhoppers), Drosophilidae 

and Miridae (plant bugs) varied in capture number on sticky cards among open and 

low tunnel plots during one or both years (Table 1.2), with all but leafhoppers found at 

higher abundances on open plots compared to plots under any type of plastic tunnel. 
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Density of foliar herbivores collected from leaflets was higher under Dubois-

tunnels compared to open plots in 2018 (χ2 = 15.69, df = 1, p < 0.001; Fig 1.4).  This 

effect was largely driven by spider mites (Tetranychus urticae Koch), which reached 

higher densities under Dubois low tunnels (Table 1.2).  The opposite trend was 

Figure 1.4. Mean number (± SE) of herbivores recovered from pitfall 

traps, sticky cards and leaf brushing during the 2018 (top) and 2019 

(bottom) seasons. Different letters indicate significant differences based 

on Tukey contrasts (p < 0.05). 
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observed for aphids, and no effect was observed for thrips. There was no significant 

effect of tunnel presence on the total number of foliar herbivores observed in 2019 

(i.e., spider mites, thrips and aphids combined: χ2 = 2.78, df = 3, p = 0.43), although 

densities of spider mites were higher under all plastic types compared to open plots (p 

< 0.05 for all open-plastic comparisons).  Aphid density was highest under Tufflite 

and Warps plastic compared to open and Dubois plots, and no difference in density 

was observed for thrips among open and tunnel plots in 2019 (Table 1.2).    

 

Table 1.2. Summary statistics demonstrating the effect of covering treatment 

(open and Dubois for 2018 and Open, Dubois, Tufflite and Warps for 2019) 

on the number of herbivorous arthropods recovered from pitfall traps, sticky 

cards, leaflets, and from direct counts of TPB and SWD during two seasons. 



 

29 

 

Density of L. lineolaris nymphs and adults peaked on 1 Aug and 23 Aug in 

2018 and on 22 Aug and 4 Sept. in 2019.  There was no significant difference in 

season-averaged L. lineolaris density among open and low tunnel plots during both 

years (Table 1.2).  Drosophila suzukii was first detected in late August and reached 

peak density during September of both years.  Higher numbers of adults were reared 

from berries collected from open versus low tunnel plots in 2018 and 2019 (Table 1.2; 

Fig 1.5), although density was lower in 2019. 

 

Figure 1.5. Mean number (± SE) of SWD adults reared from strawberries 

during the 2018 (top) and 2019 (bottom) seasons. Different letters 

indicate significant differences based on Tukey contrasts (p < 0.05). 
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3.4. Weeds and foliar pathogens 

The presence of tunnels had no observable impact on total weed biomass (i.e. 

dry weight) compared to open plots when pooling across dates in 2018 and 2019 (F1,10 

= 0.52, p = 0.48 and F3,100 = 0.94, p = 0.42).  When considering each date separately, 

weed biomass was significantly higher under low tunnels on two dates in 2018, 24 

July (F1,10 = 5.79, p = 0.04) and 9 Aug (F1,10 = 5.02, p = 0.05).  Biomass was similar 

for all remaining dates sampled in 2018 and 2019.   

Common leaf spot (“CLS” in figures) and Phomopsis leaf blight (“LB” in 

figures) were the only two pathogens identified on strawberry leaflets during 2018 and 

2019.  Powdery mildew was not detected during either year.  The proportion of 

leaflets infested by common leaf spot was nearly double on open plots compared 

Dubois tunnels in 2018 (χ2 = 38.14, df = 1, p < 0.001; Fig 1.6).  In 2019, lowest 

infection of common leaf spot occurred under Tufflite and Warps (UV-limiting 

plastics) compared to open plots and those under the Dubois UV-transmitting plastic 

(χ2 = 34.22, df = 3, p < 0.001).  There was no difference in symptom presence among 

open or low tunnel plots for leaf blight during either year (χ2 = 0.21, df = 1, p = 0.64 

and χ2 = 5.39, df = 3, p = 0.14). 
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4. DISCUSSION 

Protected culture farming has the potential to reduce input and extend the 

growing season of specialty crops (Lewers et al., 2017; Maughan et al., 2014; Orde et 

al., 2018).  While the plastic used in tunnel systems improves crop growth, these same 

shifts in abiotic conditions may also facilitate changes in pest abundance that must be 

Figure 1.6. Mean proportion (± SE) of leaflets infected with common leaf 

spot (“CLS”) and leaf blight (“LB”) of 5-10 leaflets observed per 5 plants 

in open and low tunnel plots during the 2018 (top) and 2019 (bottom) 

seasons.  Different letters indicate significant differences based on Tukey 

contrasts (p < 0.05). 
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described prior to implementation.  We found that plant yield and marketable fruit 

significantly increased under plastic tunnels of all UV-limiting types, regardless of 

thickness, and supported higher densities of some, but not all pests compared to open 

plots.  Overall, this production system provides growers in cold climates a way to 

sustainably maximize yields of day-neutral strawberry.  

Our study supported both hypotheses that high and low tunnels offer protection 

against some arthropod pests, while they offer “protection for rather than from” others 

(Anderson et al., 2019; Cramer et al., 2019; Ingwell et al., 2017; Leach and Isaacs, 

2018), depending on the sampling method and particular pest of interest.  When higher 

arthropod pest numbers are present under low tunnels compared to open-field grown 

strawberry, our study suggests that warm and dry conditions under such tunnels may 

enable high reproductive rates of these pests, as is consistently observed for spider 

mites (Danielsen, 2018; Suzuki et al., 2009).  Some pests, including crickets and 

leafhoppers in our study, may also benefit from the reduced and less toxic UV 

environment (Hori et al., 2014).  On the other hand, tunnels may provide a physical or 

photoselective barrier against other arthropod pests.  In the case for spotted-wing 

drosophila, infestation was similarly low across plastic types compared to the open 

field in our study, indicating that tunnels were likely providing a physical barrier 

against this pest, akin to exclusion netting used on raspberries (Leach et al., 2016; 

Leach and Isaacs, 2018; Rogers et al., 2016; Stockton et al., 2020).  We did not see 

any strong photoselective barriers against insect pests in our study, although we did 

find less damage by tarnished plant bug under plastics increasing in UV-limitation.  

Overall, this suggests that the reduced navigation and host-finding of drosophilids, 
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aphids, thrips, whiteflies and Japanese beetles observed in the lab or under high 

tunnels is less apparent on smaller low tunnels (Antignus et al., 2001; Cramer et al., 

2019; Doukas and Payne, 2007; Gao et al., 2008; Kirkpatrick et al., 2016; Zhu, 2013). 

The presence of several fruit and foliar pathogens was significantly reduced 

under all plastic coverings compared to the open field in our study.  Some pathogens 

(namely botrytis) require exposure to near UV for spore germination, and others 

require standing water for infection (Raviv and Antignus, 2004; Wharton and 

Diéguez-Uribeondo, 2004).  Tunnel plastics can both block UV and reduce moisture 

buildup to reduce pathogen infestation.  However, we found reduced symptoms of 

common leaf spot, Rhizopus, and Botrytis under both UV-transmitting and UV-

blocking plastics, indicating that plastics likely reduce pathogen infection by keeping 

plants dry, rather than by limiting exposure to UV.  These results are consistent with 

past observations in the region suggesting that low tunnels could be an integral part of 

IPM against strawberry pathogens (Kumar et al., 2011; Orde et al., 2018; Orde and 

Sideman, 2019).   

Weed biomass was generally higher under low tunnels, but this was only 

significant on two of seven sampling days in 2018 and on zero dates in 2019.  Weeds 

typically germinate and grow more quickly under warm air and soil temperatures.  

Although warmer air temperatures were observed under low tunnels compared to open 

plots, effects on soil temperature were not tested in this study.  However, Orde and 

Sideman (2019) found no difference in soil temperatures between open and low tunnel 

plots, indicating that warmer air temperatures may be driving the positive effect of 

tunnels on weed biomass when present.   
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 Our results indicate that populations of crickets, flea beetles, leafhoppers, and 

herbivorous spider mites are likely to reach higher numbers on low tunnel strawberry 

compared to the open field.  In addition, regardless of tunnel presence, we found 

severe damage (31 – 48 %) by tarnished plant bug that will be a major target for pest 

management.  There are several management practices available for protected culture 

systems, including clean harvest, removal of infested plant parts, deploying 

insecticidal lures and traps, and biological control (Pottorff and Panter, 1991; Stockton 

et al., 2020; Thomas et al., 2004).  Pesticide availability differs by state in the U.S., as 

few labels explicitly include protected cultures and interpretation of such systems are 

inconsistent across state regulatory agencies (Hunter et al., 2010; Piñero and Byers, 

2019; Pritts et al., 2017).  However, pesticide and biopesticide efficacy is likely to 

increase under protected cultures due to reduced UV degradation (Leach et al., 2017).  

In addition, plastic tunnels may also provide a favorable environment for biological 

control agents, especially for those highly successful in greenhouse production 

systems (Calvo et al., 2012).  Overall, most management practices have not been 

tested on low tunnel strawberry in the region, thus investigation on effective pest 

management practices are needed before this production system becomes widely 

adopted by growers.  

5. CONCLUSIONS 

Our study suggests that low tunnels provide a warmer and protected 

environment for growing strawberries compared to the open-field; conditions leading 

to higher yield.  In addition, low tunnel strawberries may benefit from reduced pest 

damage due to some flying insects like D. suzukii and fungal diseases present on 
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foliage and fruit by providing a physical barrier.  However, low tunnels may also 

exacerbate the abundance of other pests favoring the altered abiotic environment, 

including especially spider mites that thrive in protected systems.  Overall, our results 

suggest that spider mites and L. lineolaris are likely to be significant economic pests 

of low tunnel strawberry in the Northeast, as they were found at high densities on low 

tunnel strawberry across multiple sites.  Above considerations are critical when 

determining whether low tunnel implementation is appropriate for a local farm.  In 

addition, exploration for effective control options is greatly needed for this new 

production system before it becomes widely adopted in the region.  
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ABSTRACT 

 

Although growing strawberries under low tunnels is increasing in popularity 

across the northeastern United States, little is known of how they impact the presence 

of natural enemies and pollinators that provide key ecosystem services on strawberry.  

We employed passive (fruit collections, sticky cards and pitfall traps) and direct 

(direct observations, leaf brushing and fruit bagging) monitoring over 2-3 growing 

seasons to compare the abundance and impact of beneficial insects and mites on 
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strawberry grown under low tunnels versus the open field.  Three different low tunnel 

plastics ranging in UV-selectivity were included to determine any effect of UV 

exclusion on natural enemy and pollinator presence.  Plant yield and fruit 

marketability was higher under low tunnels compared to the open field for two of 

three years observed.  The abundance of predators, and to a lesser extent parasitoids, 

was similar or higher under low tunnels compared to the open field.  However, catch 

on sticky cards revealed lower densities of parasitoids under tunnels.  There was some 

evidence that UV-selecting plastics resulted in poorly pollinated fruit compared to 

UV-transmitting and open-field treatments.  However, there was no difference in 

pollinator presence among treatments, so the mechanisms causing the plastic effect are 

unclear.  Overall, we conclude that growing strawberries under low tunnels, regardless 

of UV selectively, can support higher and more marketable yield in some years while 

likely having neutral to positive impacts on beneficial predators, parasitoids and 

pollinators. 

Keywords: protected culture, strawberry, pollination, ecosystem services, low tunnels, 

UV-selective plastics, biological survey  

1. INTRODUCTION     

Preserving natural enemies and ecosystem services while maintaining high 

plant yields are the primary goals of sustainable agriculture.  Protected culture farming 

provides growers the opportunity to achieve some of these goals by extending the 

growing season, maximizing yield, improving fruit quality, and reducing infestation 

by some, but not all pests (see below).  Indeed, 56% of top strawberry producing 

countries grow most of their crop under high or low tunnels (López-Aranda et al., 
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2011).  What is less understood is the impact plastic tunnels have on the presence of 

beneficial predators, parasitoids and pollinators that offer key agroecosystem services 

such as pest control and pollination.  Determining this impact would provide useful 

information on the sustainability of protected culture systems in terms of conserving 

beneficial invertebrates.  

A major challenge of producing protected culture crops like strawberry is the 

possibility that plastic tunnels provide an optimal environment for some pests to 

proliferate (Ingwell et al., 2017; Leach and Isaacs, 2018).  Such a concern is justified 

for the two-spotted spider mite (Tetranychus urticae Koch), which can reach markedly 

higher densities under tunnels compared to the open field (El-Laithy, 1996; Pertot et 

al., 2008; Willden et al., 2021).  Although a concern, common strawberry diseases 

including anthracnose (Colletotrichum acutatum Simmonds), Botrytis cinerea Pers., 

Rhizopus stolonifera Vuillemin, powdery mildew (Podosphaera macularis Wallr.), 

common leaf spot (Mycosphaerella fragariae Lindau), and leaf blight (Phomopsis 

obscurans Sutton) are often lower on strawberries grown under low tunnels compared 

to those in the open-field (Kumar et al., 2011; Lewers et al., 2017; Orde et al., 2018; 

Willden et al., 2021).  Cost of materials and maintenance are also barriers to low 

tunnel implementation; however, net strawberry revenue under low tunnels is 

$10,000-$40-000 higher per acre compared to open field systems in New York when 

plants are managed properly, likely paying for cost of materials during the first year  

(Pritts and McDermott, 2017). 

It is possible that plastic tunnels also support larger populations of natural 

enemies.  For example, naturally occurring and commercially-reared predatory mites 
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are known to perform well under high and low tunnels compared to the open-field 

(Çakmak et al., 2005; Castilho et al., 2015; Hoza et al., 2016).  Tunnels may offer 

direct protection (e.g., from UV exposure, rain, and freezing temperatures) or indirect 

protection (e.g., more abundant prey) that support higher abundances of natural 

enemies.  On the other hand, tunnels may negatively impact natural enemies by 

providing a physical or UV-barrier that reduces navigation and foraging (Antignus et 

al., 2001; Cramer et al., 2019; Doukas and Payne, 2007).  Overall, few comparisons 

have been made to test these hypotheses, and more generally, little is known of the 

impact plastic tunnels have on the presence of natural enemies.  

Although strawberries can be self and wind pollinated, additional pollination 

by insects can increase berry size and reduce deformity (Ganser et al., 2018; 

Żebrowska, 1998).  The ability of pollinators to perform under low tunnels, and 

especially those blocking UV, is unknown.  Many bees and flies rely on UV markers 

to forage, thus limiting UV could reduce pollination services (Hansen et al., 2012; 

Leonard and Papaj, 2011).  In past studies on high tunnels, fewer wild and honey bees 

were observed under tunnels compared to the open field, but lack of pollination 

service was offset by deploying commercialized bees within the tunnel (Kaiser and 

Ernst, 2019; Leach and Isaacs, 2018).  Low tunnels may also reduce the presence of 

pollinators important to strawberry, but releasing commercial bees within low tunnels 

is infeasible due to space constraints.  Thus, comparisons of natural pollinator activity 

on low tunnel vs. open-field strawberry is needed to better conserve pollinators and 

support this system.    

Few studies have compared the presence of natural enemies and pollinators on 
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protected culture vs. open-field grown crops, and none have been conducted on 

strawberry.  The primary objectives of this study were to compare the abiotic 

conditions, yield, and abundance or activity of predators, parasitoids and pollinators 

on open-field versus low tunnel grown strawberry in New York.  A second underlying 

objective was to determine the importance of UV selectively on these responses when 

comparing low tunnel plastics.  

2. METHODS AND MATERIALS  

2.1. Field site preparation  

During May 2018, June 2019 and June 2020 the day-neutral cultivar Albion 

(supplied by Nourse Farms, Whatley MA) was planted into low tunnel and open-field 

plots at Cornell AgriTech in Geneva, NY (42°52'17.3''N 77°02'33.2''W) (Fig. 2.1).  

Each plot included a single 3-5 m long bed, each containing 24-30 planted in a 

staggered double row.  Replicates of each covering treatment were planted along 

separate rows, each row serving as a block in the experimental design (Fig 2.1).  All 

plots were on raised beds covered by white plastic mulch.  Plants were drip-irrigated 

twice per week and fertilized with 20-20-20 fertilizer weekly at a rate of 0.5 g. N per 

4047m2.  To facilitate optimal plant growth, runners were cut weekly during the entire 

season and flowers removed weekly during the first month.  When low tunnels were 

constructed, one side of the plastic remained down while the opposite side was raised 

or lowered if rain or high temperatures were expected.  Because rain was infrequent, 

one side remained raised for the majority of the season.  HOBO data loggers (Onset 

MX1101, Bourne, MA) were deployed at 2-3 replicate plots of each open-field and 

low tunnel treatment to determine daily average temperatures and relative humidity 
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(RH).  No pesticides were applied during any season to encourage the presence of 

beneficial invertebrates.   

 

In 2018, a randomized complete block design was used wherein four plots 

were planted along six rows, resulting in a total of 24 plots (Fig. 2.1).  Plots along each 

row were randomly assigned to one of two treatments (i.e., open-field or low tunnel; 

Table 2.1) resulting in 12 replicate plots of each treatment.  Sheets of Dubois plastic 

film (1.5-mil; Trioplast AB, distributed by Dubois Agrinovations in Quebec, Canada) 

Figure 2.1. Field design for the 2018, 2019 and 2020 seasons 

comparing yield and natural enemy presence on strawberries grown 

under three low tunnel treatments compared to the open field.    
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were then fitted to metal hoops over tunnel-assigned plots.  Dubois plastic is 

commonly used by low tunnel growers and researchers and thus served as a standard 

in this study (Anderson et al., 2019; Orde and Sideman, 2019). A similar approach 

was taken in 2019, but multiple plastics were used in addition to the open-field.  2019 

treatments included a no covering control (“open”), a 82% UV transmitting plastic 

(“Dubois”) used in 2018, a 67% UV transmitting plastic (“Tufflite” IV, 6 mil [Berry 

Global Inc., Evansville, IN]), and a 14% UV transmitting plastic (“Warps” 4 yr, 6 mil 

UV-Clear [Warps Bros., Chicago IL]).  All plastics had similar properties in terms of 

clarity and light diffusion, but Dubois was thinner (1.5 mil) than Warps and Tufflite (6 

mil).  Each treatment was replicated once within six rows, resulting in six replicates of 

each covering treatment (Fig. 2.1).  Treatments in 2020 were similar to those in 2019, 

but the partially UV-A/B transmitting plastic “Tufflite” was not included in the 

experiment.  As in 2019, one replicate of each treatment was included within six rows, 

resulting in six replicates of each treatment in 2020 (Fig. 2.1).  

2.2. Fruit rating for poor pollination 

Harvests occurred weekly from late July to early November in 2018-20 (Table 

2.1).  Total yield per plant (g) was determined by dividing the total weight per plot by 

the number of plants present.  A randomly selected quart basket from each plot was 

chosen from the harvest to determine average berry weight.  This was done by 

dividing the weight of filled baskets by the number of berries present.  Each berry 

within these quart baskets was also scanned for the presence/absence of marketability 

(i.e., weighing > 5 grams and having minimal damage) and any evidence of poor 

pollination (i.e., observable unfertilized achenes).   
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2.3. Monitoring for beneficial arthropods and pollinators  

 Monitoring for natural enemies. Pitfall traps, sticky cards, and leaflet samples 

were collected weekly in 2018 and twice per month in 2019 to determine the activity 

and presence of beneficial arthropods.  A single pitfall trap (i.e., a plastic funnel nested 

within an outer cup; Carolina Biological Supply Company, Burlington, NC) was 

buried at ground level within the center of each plot and loaded with 60-80 mL of 50% 

propylene glycol.  A plastic plate glued to ground stakes was set above the pitfall trap 

to reduce infiltration by rainwater.  Two clear sticky cards (12 x 10 cm) 

(Catchmaster®, Bayonne, NJ), each attached to a wire stand, were deployed within 

each plot at roughly 5 cm above the plant canopy.  Ten strawberry leaflets were 

collected, brushed onto soapy plates, and observed under a dissecting microscope to 

determine the presence of predatory mites (Phytoseiidae) (Macmillan and Costello, 

Table 2.1. Covering treatments evaluated and data collected from the 

2018, 2019 and 2020 field seasons in Geneva, NY. 
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2015).  All beneficial arthropods captured by pitfall traps, sticky cards, and leaflet 

collections were counted and morphologically identified to order, family, or if 

possible, to species.   

 Direct counts of pollinators and pollination damage. Bagging fruit to exclude 

pollinators and direct counts of pollinators occurred during the 2020 season (Table 

2.1).  On the warm and sunny days of 31 July, 17 Aug, and 10 Sept in 2020, each plot 

was observed for 5 minutes within 9AM-12PM time interval (i.e., when pollinators are 

most active), and the number and identification of pollinators visiting flowers was 

recorded.  For these observations, one side of the tunnel remained up.  Only those 

pollinators in contact with flower anthers were counted.  Observed pollinators were 

sight-identified and if possible, brought back to the lab to confirm sight ID.  To 

directly determine if pollination exclusion impacts fruit quality, pairs of secondary 

buds on fruiting inflorescences of 3 plants within each plot were either unbagged or 

bagged using organza bags (ULINE, model: S-10648W Pleasant Prairie, WI).  All 

accessory flowers and buds on the same stem were clipped.  Once ripened, fruit from 

these buds were weighed and scanned for marketability and poor pollination as 

described above.      

2.4. Statistics  

Analyses were conducted in R (R version 3.5.1).  Data for each year were 

analyzed separately using linear or generalized mixed effect models (package ‘lme4’), 

including covering treatment and date as fixed effects and plots nested within rows 

and date a random effect to account for blocking and repeated measures.  Subsamples 

within each replicate plot were averaged for all data.  Linear mixed-effect models with 
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appropriate transformations when necessary were used to analyze temperature and 

humidity data, plant yield (square root transformation), fruit weights, and arthropod 

densities (log transformation).   A linear regression was used to determine the 

relationship between spider mite density and Phytoseiidae predatory mites.  F-tests 

were fit to linear models using a residual maximum likelihood estimations (REML) to 

estimate variance components with random effects.  Poisson models were used for 

count data (i.e., arthropod counts on pitfall and sticky cards, and direct pollinator 

counts).  If overdispersion of variance was detected, negative binomial models were 

used (package ‘glmmTMB’).  Binomial logistic regression models were used for 

presence/absence surveys of fruit marketability and poor pollination from yield 

collections.  A chi-square test of independence was used to compare proportions of 

pollinator groups between treatments for direct pollinator counts.  Model 

simplification was employed for all data analyses, where non-significant interactions 

of main effects were dropped to determine the most parsimonious model.  A Tukey’s 

multiple comparisons test (package ‘emmeans’) was used to determine pairwise 

differences for all mixed models with adjustment for multiple comparisons.  This 

package was also used to determine model estimates and confidence intervals that is 

reported in accompanying tables.  Raw data was used to generate figures.  

3. RESULTS 

3.1. Temperature and humidity observations between plastic treatments 

Average seasonal temperature of plots under low tunnels ranged from 17-21°C 

and did not differ by covering type in 2019 and 2020 when multiple plastics were used 

(all pairwise comparisons p = 0.05).  Temperature for open field plots ranged between 
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16-19°C and was significantly lower than plots under tunnels for all years (2018: F1, 2 

= 221.70, p < 0.01; 2019: F3, 4 = 6.63, p = 0.05 and 2020: F2, 6 = 33.15, p < 0.01).  

Average relative humidity (RH) was 2-3 % lower for open plots compared to those 

covered by Dubois tunnels in 2018 (F1, 2 = 1.18, p = 0.39), but 2-4 % higher compared 

to Warps and Tufflite tunnels in 2019 and 2020 (2019: F3, 4 = 7.53, p = 0.04; 2020: F2, 

6 = 2.28, p = 0.19).  There was also no observable differences in relative humidity 

among plastic types (all pairwise comparisons p = 0.05).  The largest difference in 

temperature and relative humidity between covered and open-field plots occurred 

during September – October (see appendix Table A for temperature and RH 

differences by month).  

3.2. Strawberry yield and marketability  

Daily plant yield varied significantly by week over each season and peaked in 

September during all years (Fig. 2.2; 2018: F15, 329 = 106.82, p < 0.001; 2019; F12, 240 = 

84.43,  p < 0.001; 2020: F9, 455 = 153.41,  p < 0.001).  Model estimated plant yield was 

21-51% higher under low tunnels of all plastic types compared to the open field during 

2018 and 2019, but no observable difference in yield occurred among treatments in 

2020 (Table 2.2).  The presence of tunnels and date also had a significant interaction 

in predicting plant yield in 2018 and 2020 (2018: F15, 329 = 6.94, p < 0.001; 2019: F36, 

240 = 0.96, p = 0.53; 2020: F18, 455 = 2.82, p < 0.001).  During both years, a larger 

difference in yield was observed between treatments late in the season compared to 

remaining dates sampled (Fig. 2.2).  
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Plastic tunnels resulted in a model estimated 48-93 % higher proportion of 

marketable fruit during 2018 and 2019, but no detectable difference in marketability 

was observed during 2020 (Fig. 2.3; Table 2.2).  A higher proportion of marketable 

fruit was observed under plastics increasing in UV-limitation in 2019, but this effect 

was not statistically significant.  The proportion of fruit with evidence of poor 

pollination varied between 5-13 % from model estimates, and was numerically higher 

under covered plots compared to those in the open-field during all years; however, this 

effect was only significant in 2020 where higher rates of poor pollination was 

observed under the UV-blocking Warps plastic compared to the UV-transmitting 

Dubois plastic and open-field treatments in 2020 (Table 2.2).  

Figure 2.2. Average (±SE) yield per plant during the 2018, 2019 and 2020 growing 

seasons.  Different letters next to treatments in the figure legend indicate significant 

differences based on Tukey HSD (p < 0.05). 
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Figure 2.3. The average proportion (±SE) of marketable 

and fruit damaged by poor pollination of the total harvest 

made during 2018, 2019 and 2020 growing seasons.  

Different letters indicate significant differences within each 

season based on Tukey HSD (p < 0.05). 
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2018    

 Cover. Average, 95% CI [LL, UL]  Model summary 

Plant yield  Open 20.5 [18.5, 23.5] F1,10 = 4.96, p = 0.05  

(g/plant) Dubois 24.9 [20.9, 29.3]  

Proportion Open 14.5 [10.1, 18.5] χ2 = 15.47, df = 1, p < 0.01 

marketable Dubois 21.6 [19.3, 22.5]  

Prop. poor Open 5.7 [3.2, 7.4] χ2 = 3.41, df = 1, p = 0.31 

pollination  Dubois 7.3 [4.2, 10.5]  

    

2019    

 Cover. Average, 95% CI [LL, UL]  Model summary 

Plant yield  Open 12.9 [10.4, 15.6] F3,17 = 4.74, p = 0.01 

(g/plant) Dubois 19.4 [16.4, 22.8]  

 Tufflite 19.0 [15.9, 22.2]  

 Warps 18.1 [15.3, 21.3]  

Proportion Open 25.5 [17.2, 36.0] χ2 = 16.95, df = 3, p < 0.01 

marketable Dubois 40.0 [29.2, 51.9]  

 Tufflite 40.9 [30.0, 52.7]  

 Warps 49.1 [37.4, 60.9]  

Prop. poor Open 6.6 [2.3, 17.6] χ2 = 4.52, df = 3, p = 0.21 

pollination  Dubois 12.6 [4.9, 28.7]  

 Tufflite 9.6 [3.7, 22.9]  

 Warps 8.5 [3.2, 21.2]  

    

2020    

 Cover. Average, 95% CI [LL, UL]  Model summary 

Plant yield  Open 21.6 [19.2, 15.6] F2,47 = 1.89, p = 0.17 

(g/plant) Dubois 19.7 [17.5, 22.1]  

 Warps 18.4 [16.2, 20.7]  

Proportion Open 19.0 [13.3, 26.4] χ2 = 3.47, df = 2, p = 0.18 

marketable Dubois 20.9 [14.8, 28.8]  

 Warps 19.8 [13.8, 27.4]  

Prop. poor Open 8.0 [6.1, 10.6] χ2 = 26.62, df = 2, p = 0.01 

pollination  Dubois 9.8 [7.5, 12.7]  

 Warps 13.6 [10.7, 17.3]  

Table 2.2. Model statistics from linear and logistic regression mixed effect models 

determining significant differences among covering treatments in plant yield and 

proportion of fruit rated as marketable or with presence of poor pollination of 

harvests made during the 2018, 2019 and 2020 seasons.  
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3.3. Predators  

Predators recovered from pitfall traps mostly included Opiliones (35-43 % of 

total number of individuals), Araneae (25-39 % of total), Carabidae (19-20 % of total), 

Mesostigmata (1-4% of total), and Staphylinidae (2-3% of total) (see supplemental 

Table B in the appendix for more information).  Other predators included those in 

Chilopoda, Nabidae, Reduviidae, Coccinellidae and Chilopoda which were recovered 

less frequently.  Overall predator abundance in pitfall traps was higher under plastic 

tunnels compared to the open field in 2018 and 2019, but this difference was not 

statistically significant in 2019 when multiple plastics were compared (Fig. 2.4; Table 

2.3).  The only pitfall predator that varied consistently across tunnel treatments was 

Opiliones, which was found at higher densities under tunnels of any plastic type 

compared to the open field during both years (Tukey HSD p < 0.05; see supplemental 

Table B in the appendix).  The average number of predators recovered from sticky 

cards did not vary among covering treatments during 2018 and 2019 (Fig. 2.4; Table 

2.3).  Common predators observed on sticky cards included Araneae (30-40%), 

Staphylinidae (13-21%), Dolichopodidae (10-15%), Anthocoridae (4-8%), Opiliones 

(5-7%), and Coccinellidae (2-5%).  Others included Carabidae, Opiliones, and 

Vespidae.  Of these, none resulted in similar densities between years among covering 

treatments.   
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Figure 2.4. The average number (±SE) of predators collected from pitfall traps 

(top) and sticky cards (bottom) during the 2018 and 2019 field seasons.  

Different letters indicate significant differences within each season based on 

Tukey HSD (p < 0.05).  
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2018    

 Pitfall traps 
Trt. Average, 95% CI [LL, 

UL]  

Model summary 

Predator Open 5.82 [4.06, 8.35] χ2 = 6.58, df = 1, p = 0.01 

 Dubois 9.64 [6.72, 13.83]  

Parasitoid Open 1.06 [0.63, 1.80] χ2 = 10.99, df = 1, p < 0.01 

 Dubois 2.11 [1.25, 3.57]  

    

Sticky cards 
Trt. Average, 95% CI [LL, 

UL]  

Model summary 

Predator Open 5.63 [4.72, 6.70] χ2 = 1.15, df = 1, p = 0.28 

 Dubois 5.02 [4.25, 5.92]  

Parasitoid Open 11.69 [9.91, 13.78] χ2 = 15.76, df = 1, p < 0.01 

 Dubois 7.25 [6.17, 8.52]  

    

2019    

Pitfall traps 
Trt. Average, 95% CI [LL, 

UL]  

Model summary 

Predator Open 19.7 [5.32, 72.9] χ2 = 0.98, df = 3, p = 0.81 

 Dubois 29.0 [7.85, 87.4]  

 Tufflite 26.7 [7.21, 98.6]  

 Warps 27.78 [5.54, 75.8]  

Parasitoids Open 14.3 [3.19, 64.5] χ2 = 1.38, df = 3, p = 0.71 

 Dubois 23.8 [5.29, 107.0]  

 Tufflite 22.5 [4.99, 101.0]  

 Warps 19.0 [4.22, 85.4]  

    

Sticky cards 
Trt. Average, 95% CI [LL, 

UL]  

Model summary 

Predator Open 1.41 [1.06, 1.86] χ2 = 5.77, df = 3, p = 0.12 

 Dubois 1.60 [1.22, 2.09]  

 Tufflite 1.75 [1.35, 2.27]  

 Warps 1.14 [0.84, 1.54]  

Parasitoids Open 3.38 [2.82, 4.36] χ2 = 15.52, df = 3, p < 0.01 

 Dubois 3.63 [2.82, 4.67]  

 Tufflite 4.68 [3.67, 5.87]  

 Warps 2.95 [2.27, 3.83]  

Table 2.3. Summary statistics from Poisson mixed-effect models determining 

significant differences among covering treatments in the number of predators, 

parasitoids and pollinators observed from pitfall and sticky card traps during the 

2018 and 2019 seasons.  Too few pollinators were recovered from both traps 

during each season to apply robust statistical analyses, thus these data are not 

reported. 
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The vast majority (> 96 %) of predators recovered from leaf brushing were 

predatory mites (Phytoseiidae) and of those, > 99 % were Neoseiulus fallacis Garman.  

Other predators captured included Anthocoridae adults and Chrysopidae larvae, but 

fewer than 10 individuals were found during the 2018 and 2019 seasons combined.   

During both years, phytoseiids were found at higher densities under low tunnels of any 

type, and especially under UV-selective films in 2019 (Fig. 2.5; 2018: χ2= 5.23, df = 

1, p = 0.02; 2019: χ2= 12.24, df = 3, p = 0.01; Tukey contrast between open-field and 

Warps for 2019: p = 0.01).  Trends in Phytoseiidae density largely followed spider 

mite density in 2018 and 2019 (linear regression of spider mite density and 

Phytoseiidae density 2018: F1,178 = 276.71, p < 0.001, R2 = 0.61; 2019: F1,451 = 203.4, p 

< 0.001, R2 = 0.6) where spider mite density was also higher under plastics compared 

to the open field. However, in 2019 predators were found at consistently low densities 

on open plots despite high spider mite presence (see supplemental Tables B and C in 

the appendix).   
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3.4. Parasitoids  

Common parasitoids recovered from pitfall traps were of the superfamilies 

Platygastroidea and Chalcidoidea. Trimorus and Baeus spp. were recovered at 

particularly high densities (25-77% and 1-5% of total catch, respectively).  Season-

averaged parasitoid density from pitfall traps was higher under Dubois plastic 

compared to the open field in 2018, but did not vary significantly between treatments 

in 2019 (Fig. 2.6; Table 2.3).  Parasitoid density on sticky cards varied significantly 

between covering treatments during 2018 and 2019 in that highest densities occurred 

on the open field in 2018 and under Tufflite plastics in 2019 (Fig. 2.6; Table 2.3).  

Figure 2.5. The average number (±SE) of predators collected from 

pitfall traps (top) and sticky cards (bottom) during the 2018 and 2019 

field seasons.  Different letters indicate significant differences within 

each season based on Tukey HSD (p < 0.05).  
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Common parasitoids observed on sticky cards included Ichneumonoidea (45-46%), 

Chalcidoidea (40-50%), Platygastroidea (2-15%), and Pompilidae (1-8%).  None of 

these groups varied consistently in density among covering treatments between 2018 

and 2019 (see supplemental Table B in the appendix). 

 

3.5 Pollinators  

 Passive sampling. Pollinator catch from pitfall traps and sticky cards did not 

Figure 2.6. The average number (±SE) of parasitoids collected from pitfall traps 

(top) and sticky cards (bottom) during the 2018 and 2019 seasons.  Different 

letters indicate significant differences within each season based on Tukey HSD (p 

< 0.05). 
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vary among covering treatments during 2018 and 2019; however, fewer than 50 

pollinators were recovered during each year therefore results should be interpreted 

with caution (Table 2.3).  Of the combined 42 total pollinators collected from sticky 

cards in 2018 and 2019, 55% were Syrphidae, 31% Halictidae, and 14% Apidae.   

 Direct observation. The average number of pollinators directly observed on 

strawberry flowers ranged between 0.64-0.68 individuals per 5 minutes and did not 

appear to vary among open-field and low tunnel treatments in 2020 (Fig. 2.7; F2,67 = 

0.18, p = 0.84).  However, the proportion of flies (mostly Syrphidae) to bees (mostly 

Lasioglossum spp., Augochlorini, and Apis mellifera L.) significantly differed by 

covering treatment (Fig. 2.7; χ2= 14.79, df =2, p < 0.001).  Flies dominated counts on 

open field and Dubois treatments (60 and 56%, respectively), while bees were the 

dominant group on the Warps treatment (50%).  ‘Other’ insects indicated in Fig. 2.7 

included moths, beetles, and predatory bugs that were found interacting with flower 

However, they were found at low proportions (< 15%) and only under low tunnels.  
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 Pollinator exclusion from flowers. Bagging flowers to exclude pollinators had 

a significant impact on pollination service and fruit marketability during the 2020 

season (Table 2.4).  Bagged flowers generally resulted in poorly pollinated fruit and 

low fruit marketability compared to unbagged flowers, and this result was significant 

for Warps (poor pollination) and open-field (fruit marketability) treatments (Fig. 2.8; 

Table 2.4).  Covering treatment, regardless of bagging, had no effect on fruit 

marketability and damage by poor pollination (Table 2.4).  Average berry weight 

ranged from 3-7 grams (note these were secondary fruits) and did not differ between 

bagged or unbagged berries or among covering treatments in 2020 (Table 2.4).   

Figure 2.7. The average number (±SE) of pollinators observed during 5 min. 

intervals pooled from 31 July, 17 Aug, and 10 Sept sampling dates in 2020.  

Textured sections within columns indicate the type of pollinator present and the 

relative proportion it is represented of total observed.  ‘Other’ includes pollinators 

that were not flies or bees.  Different letters indicate significant differences within 

each season based on Tukey HSD (p < 0.05). 
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Figure 2.8. The average proportion (±SE) of marketable or fruit damaged by poor 

pollination from bagged or unbagged flowers across covering treatments during 

2020.  Different letters indicate significant differences across the factored six 

treatments based on Tukey HSD (p < 0.05). 
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4. DISCUSSION  

Producing strawberry under high or low plastic tunnels offers growers a way to 

extend the growing season, maximize yield, and reduce the impact of some pests 

without additional pesticides (Lewers et al., 2017; Maughan et al., 2014; Orde et al., 

2018; Sorkel et al., 2006).  Indeed, 56% of top strawberry producing countries grow 

most of their crop under high or low tunnels (López-Aranda et al., 2011).  However, 

concerns regarding increased pressure of secondary pests and negative impact on 

beneficial invertebrates may limit the adoption of tunnels for strawberry production 

among growers in the northeastern U.S., where they may benefit the most from this 

system.  To address this concern, our study evaluated the impact of low tunnels on 

strawberry yield and activity of natural enemies and pollinators in New York.  Our 

objective was to describe the potential benefits and limitations of producing 

 *Poor pollination % *Marketability % **Berry weight (g) 

2019 Treatment Average, 95% CI [LL, UL]  Treatment Average, 95% CI [LL, UL]  Trt. Average, 95% CI [LL, UL]  

Open Unbag 44.39 [10.86, 83.9] Unbag 26.1 [4.82, 71.10] Unbag 3.65 [0.17, 7.47] 

Bag 32.14 [6.77, 75.55] Bag 33.00 [6.95, 76.50] Bag 4.62 [0.79, 8.43] 

Dubois Unbag 5.25 [0.38, 44.60] Unbag 38.60 [0.08, 81.35] Unbag 7.74 [3.91, 11.57] 

Bag 13.86 [1.70, 59.90] Bag 67.10 [23.51, 93.01] Bag 8.71 [4.88, 12.53] 

Tufflite Unbag 0 [0, 1] Unbag 70.00 [24.17, 94.50] Unbag 7.99 [4.03, 11.94] 

Bag 12.39 [1.40, 58.1] Bag 78.20 [31.79, 96.50] Bag 8.96 [5.02, 12.91] 

Warps Unbag 20.85 [3.15, 68.1] Unbag 50.70 [12.88, 87.70] Unbag 6.75 [2.78, 10.70] 

Bag 50.41 [12.25, 88.35] Bag 31.40 [5.96, 7] Bag 7.72 [3.76, 11.67] 

Model: Bagging: χ2 = 0.65, df = 3, p = 0.42 Bagging: χ2 = 0.34, p = 0.55 Bagging: F1,98 = 1.97, p = 0.16 

 Covering: χ2 = 2.32, df = 3,  p = 0.41 Covering: χ2 = 2.28, df = 3, p = 0.52 Covering: F3,8 = 1.51,  p = 0.27 

          

2020 Treatment Average, 95% CI [LL, UL]  Treatment  Average, 95% CI [LL, UL]  Treatment Average, 95% CI [LL, UL]  

Open Unbag 23.40 [9.97, 45.70] Unbag 25.16 [13.13, 42.80] Unbag 2.85 [1.41, 4.79] 

 Bag 34.9 [17.18, 58.20] Bag 11.87 [4.63, 27.2] Bag 2.49 [1.16, 4.31] 

Dubois Unbag 32.10 [14.06, 57.00] Unbag 29.12 [14.55, 49.80] Unbag 2.75 [1.24, 4.85] 

 Bag 62.30 [37.85, 81.70] Bag 9.84 [3.23, 26.30] Bag 2.01 [0.77, 3.84] 

Warps Unbag 16.60 [5.83, 39.10] Unbag 17.31 [7.28, 35.80] Unbag 2.13 [0.84, 3.98] 

Bag 60.41 [34.60, 81.50] Bag 9.26 [2.77, 26.8] Bag 2.39 [1.05, 4.36] 

Model: Bagging: χ2 = 12.44, df = 1, p < 0.01 Bagging: χ2 = 6.74, df = 1,  p < 0.01 Bagging: F1,95 = 0.41, p = 0.52 

 Covering: χ2 = 1.67, df = 2, p = 0.43 Covering: χ2 = 0.85, df = 2,  p = 0.65 Covering: F2,164 = 0.09,  p = 0.91 

 

Table 2.4. Summary statistics from logistic regression models and linear mixed-

effect models demonstrating differences in berry weight and the presence of poor 

pollination and marketability between bagged and unbagged fruit and among 

covering treatments during the 2019 and 2020 season.    
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strawberries under tunnels in terms of natural enemy and pollinator conservation.    

In our study, strawberry yield per plant was higher under low tunnels 

compared to the open field for2 of 3 seasons, especially in Oct-Nov when 

temperatures were relatively low.  It is important to note the low fruit marketability 

during all years compared to conventional systems.  This is likely due to the lack of 

pesticide sprays in this study against disease and damage by tarnished plant bug (see 

Willden et al., 2021) that may not reflect grower standards.  Tunnels may promote 

higher plant yield by providing physical and UV barriers that improve fruit quality 

(Orde et al., 2018), reduce pest infestation (Cramer et al., 2019), and provide ideal 

temperatures for continuous fruit production (Anderson et al., 2019).  Our study found 

that tunnels do support higher temperatures compared to the open field, especially late 

in the season, but rarely breached the 29°C threshold that arrests flower initiation 

(Hoover et al., 2016).  There was no consistent impact of tunnels on relative humidity, 

and no impact of UV-selective films on fruit yield.  However, the low replication of 

treatments in this study warrants some caution here.  Overall these data indicate that 

regardless of UV limitation and impact on humidity, low tunnels provide a good 

growing environment for day-neutral strawberry in New York.  Temperature, relative 

humidity and UV limitation may also impact the density of insect and mites that is 

discussed in more detail below.   

Density of several pest species are often higher under plastic tunnels compared 

to the open field, as was observed on strawberry, raspberry, tomato, broccoli and 

cucumber in past studies (Ingwell et al., 2017; Leach and Isaacs, 2018; Willden et al., 

2021).  It is likely that densities of natural enemies also differ between these systems, 
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which could have large impacts on biological control and IPM.  Monitoring methods, 

however, must be carefully considered when evaluating natural enemy abundance.  

For example, a study on high tunnel raspberry observed higher densities of natural 

enemies on leaves under tunnels compared to the open-field, but a reversed trend for 

catch on sticky cards, which may have impacted pest densities (Leach and Isaacs, 

2018).  Our study also found differing results depending on the method of monitoring 

and type of natural enemy.  Densities of ground-dwelling and leaf inhabiting predators 

and parasitoids were higher under low tunnels compared to the open-field; however, 

aerial parasitoids caught on clear sticky cards were lower under low tunnels during 

one of two years.  Although some of our results lacked robustness, they were largely 

similar to a similar study by Leach and Isaacs (2018).  Similar results across studies 

suggest that tunnels may have a predictable impact on natural enemies, although 

specific to monitoring methods employed and type of natural enemy collected (e.g., 

ground dwelling predator vs. aerial parasitoid).     

The low tunnel environment could impact the density of natural enemies in 

several direct ways.  First, low tunnels may provide a direct and physical barrier 

against dispersing or foraging natural enemies, similar to the effect of exclusion 

netting on spotted wing drosophila (Rogers et al., 2016; Stockton et al., 2020).  This 

may explain the low density of parasitoids on sticky cards.  In addition to providing a 

physical barrier, tunnels may also provide a direct UV barrier if the plastic blocks 

UVA or UVB radiation.  Some insects rely on UVA markers for navigation (Lunau et 

al., 2020; Penny, 1983), but largely avoid prolonged UVB exposure to reduce damage 

to cuticular proteins and DNA (Potter and Woods, 2013; Svetec et al., 2016; 
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Wasielewski et al., 2015).  Thus, blocking UVA may lead to reduced insect density (as 

was observed for Japanese beetles, whiteflies, aphids, thrips, chalcid parasitoids and 

syrphids) while blocking UVB may lead to higher densities under tunnels (Antignus, 

2000; Antignus et al., 2001; Cramer et al., 2019; Doukas and Payne, 2007).  Second, 

the warm and protected abiotic environment under low tunnels may be more 

compatible for some natural enemies.  For example, reproductive rates and 

metabolism of arthropods is often higher under warm conditions, possibly leading to 

higher densities and/or activity levels under low tunnels (Régnière et al., 2012).  

Lastly, the impact of moisture on invertebrate presence is less clear, but imbalances in 

relative humidly can disrupt water balances in vivo leading to reduced population 

density (Chang et al., 2008).  However, humidity levels were similar across treatments 

for two of three years observed in this study, thus the impact of differential humidity 

on beneficial invertebrates is likely minor.   

Low tunnels may also indirectly affect the presence of natural enemies by 

influencing prey and host availability.  This is most relevant for predatory mites, as 

spider mite densities were up to 500% higher under low tunnels compared to the open 

field at this site (see supplemental Table B in the appendix; Willden et al., 2021).  In a 

similar study on cucumber, parasitism of aphids and syrphid counts were higher under 

UV transmitting compared to UV blocking films, and authors suggest this was due to 

higher aphid densities under UV transmitting films (Doukas and Payne, 2007).   It is 

also known that predatory mite oviposition is generally higher in dense prey patches 

for most species, which may have explained our result in combination with the direct 

effects on predatory mite density listed above (Reis et al., 2003).  These direct and 
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indirect effects are not mutually exclusive, and likely specific to the groups or species 

observed in this study.  Further investigation is thus needed to determine the 

proximate drivers of natural enemy abundance for specific groups and on other crops 

grown in protected culture.  

Reduced pollination service by wind or insects under low and high tunnels is a 

common concern among growers (personal communication).  Tunnels could provide 

physical barriers that block insect pollinators or reduce wind vibration needed for self-

pollination.  Although strawberries and raspberries can self-fertilize, fruit quality and 

size is often associated with insect-mediated pollination (Jett, 2006; Leach and Isaacs, 

2018).  Thus, it is important to determine how low tunnels impact foraging of insect 

pollinators on strawberry and especially, resulting impact on fruit quality.  

Syrphid flies appear to be the most important pollinators (and possible 

biocontrol agents) present on strawberry, as indicated by our study and others in the 

past (Albano et al., 2009; Dunn et al., 2020; Hodgkiss et al., 2018).  Curiously, fewer 

syrphid flies were observed under UV-selective tunnels where bees were more often 

observed.  It is possible that syrphid flies rely more heavily on UV-markers as “nectar 

guides” for navigation compared to bees, thus explaining their lower abundance under 

UV-selective plastics.  However, both insects rely to some extent on UV-markers, so 

this hypothesis requires testing (Hansen et al., 2012; Koski and Ashman, 2014; 

Leonard and Papaj, 2011).  Another explanation is that UV-selective tunnels harbor 

fewer prey for syrphid larvae, thus leading to lower rates of feeding and oviposition by 

syrphid adults under UV-selective tunnels compared to bees.  A past study at the same 

site found higher aphid densities on open plots during one year, providing some 
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evidence for this hypothesis; however, this trend was not consistent across years and 

syrphid larvae were rare on strawberry leaflets (see supplemental Tables A and B in 

the appendix; Willden et al., 2021).  In addition, a past study also found higher syrphid 

densities under UV transmitting plastics, and associated this with higher aphid 

densities with treatment (Doukas and Payne, 2007).  Overall, more studies are needed 

to evaluate syrphid flies as pollinators and predators on strawberry, and especially 

under UV-selective tunnels where services may be limited.   

Actively excluding pollinators by bagging resulted in low fruit marketability 

and poor pollination.  Wind exclusion may have also contributed to these results for 

bagged fruit, however this effect was consistent even for open plots where wind 

exclusion was low.  Overall, there was little evidence that low tunnels caused a 

physical barrier against pollinators, both in terms of pollinator presence and fruit 

marketability.  Instead, higher rates of poor pollination were observed under UV-

blocking compared to UV-transmitting plastics, suggesting a possible UV barrier to 

pollination.  However, it is important to note that these plastics differed in their 

thickness and no effect on overall fruit marketability or pollinator presence was 

detected (as mentioned above), so further interpretation must be made with caution.  

Overall, the possible risk of pollination exclusion under low tunnels of any UV-

selective type appears to be minor when considering the significant increase in plant 

yield and fruit marketability under tunnels compared to the open-field.   

5. CONCLUSIONS  

Low tunnels provided a good environment for growing strawberries and 

resulted in higher yield and fruit marketability compared to the open-field.  In 
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addition, predators, and to a lesser extent parasitoids, were found in equal or larger 

numbers under low tunnels.  Excluding pollinators by bagging flowers resulted in less 

marketable and poorly pollinated fruit, but there was little indication that low tunnels 

provided a similar physical barrier against pollinators.  Instead, there was some 

evidence that UV-selective tunnels provide a UV barrier to pollination, especially for 

syrphid flies, but this result requires further investigation.  Thus, our study concludes 

that growing strawberries under low tunnels can result in higher yields while having 

positive to minimal impacts on beneficial predators, parasitoids and pollinators.  

Overall, this system is likely to benefit New York strawberry growers and others in 

temperate continental climates where the growing season is limited.   
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ABSTRACT  

BACKGROUND: Effective, safe and practical biocontrol options are greatly needed 

for combating Lygus lineolaris on protected culture strawberry. This study 

demonstrated how UV-selective plastics can improve efficacy of the fungal biocontrol 

agent Beauveria bassiana (Mycotrol) compared to the conventional insecticide 
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acetamiprid (Assail) against L. lineolaris on low tunnel strawberry.  

 

RESULTS: We found that UVB-blocking treatments improved B. bassiana spore 

viability in both in vitro and in vivo lab experiments. In the field, survival of 

Mycotrol-treated sentinel L. lineolaris was lowest under UVB-blocking low tunnels, 

but this did not translate into significant differences among covering treatments in 

local L. lineolaris density or fruit damage. In contrast, applying the product Assail 

resulted in the lowest L. lineolaris density and highest quality yield compared to 

Mycotrol sprays. This was especially pronounced under low tunnels of any UV-

limiting plastic.  

 

CONCLUSIONS: This study indicates that growing under low tunnels is a useful tool 

to improve efficacy of conventional products and biopesticides containing microbial 

biocontrol agents. The impact of both products on L. lineolaris surivial was improved 

under low tunnels, and specifically under UVB-blocking plastics for Mycotrol 

containing B. bassiana. However, there was little evidence that UVB plastics resulted 

in lower L. lineolaris densities and proportion of damaged fruit for either product in 

the field. Therefore we conclude that growing under any plastic covering is likely to 

benefit growers, but the economic value of growing under UVB tunnels is unclear.  

 Keywords: IPM, protected culture, biocontrol, photodegradation, entomopathogens 

 

1. INTRODUCTION     

 Protected culture farming (i.e., growing under high or low plastic tunnels) is 
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increasing in popularity among strawberry growers in the northeastern U.S. These 

farming techniques can extend the growing season and provide crop protection against 

wind, rain, frost, disease, and some pests  (Orde et al., 2018; Pritts and McDermott, 

2017; Pritts and Sjulin, 2019; Willden et al., 2021). There are many different types of 

plastics used to cover tunnels that vary in light modification (Demchak, 2016). Some 

plastics can block ultraviolet radiation that may reduce pest infestation and increase 

pesticide longevity (Antignus et al., 1996; Cramer et al., 2019; Leach et al., 2017). 

This study hypothesizes that such plastics can also be used to reduce UV degradation 

of commercially available microbial biocontrol agents, leading to improved efficacy 

against strawberry (Fragaria × ananassa Duchesne) pests in the field.    

 Lygus lineolaris Palisot de Beauvois (Hemiptera: Miridae) or “tarnished plant 

bug” is a notorious generalist pest across much of the U.S. This species is particularly 

problematic on strawberries due to its direct and severe feeding damage to developing 

fruit, which results in ‘catfaced’ berries that are unmarketable (Dara, 2016; Handley 

and Pollard, 1993; Young, 1986). A recent study found that greater than 30% of day-

neutral strawberries were damaged by L. lineolaris across open and low tunnel 

plantings when uncontrolled (Willden et al., 2021). Management recommendations 

that successfully combat L. lineolaris with little risk of insecticide resistance and 

impacts on non-targets are greatly needed, especially for new protected culture 

systems where options may be limited (Mahmood et al., 2016; Snodgrass, 1996; 

Wagner et al., 2021). Microbial control of pests is an expanding avenue of research 

that may help to address this need.  

Fungal entomopathogens are biocontrol agents that can be easily applied in the 
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field using standard sprayers, and can be very effective under the right abiotic 

conditions (Bidochka et al., 1993; Leland et al., 2005). Beauveria bassiana Vuill. 

(Hypocreales) is one such pathogen that is commercially available and labeled for L. 

lineolaris on strawberry. However, a major limitation of applying B. bassiana in the 

field is UV degradation of conidia, specifically from UVB (280 – 320 nm) (Ignoffo, 

1992; Kaiser et al., 2019; Thompson et al., 2006). Indeed, 2 h of full spectrum 

radiation present in ambient sunlight is lethal to most strains of B. bassiana 

(Acheampong et al., 2020; Fernandes et al., 2007). To combat UV degradation, many 

commercial B. bassiana formulations contain UV protectants and strains with UVB 

inactivation resilience (Fernández-Bravo, María Garrido-Jurado et al., 2016; 

Fernández-Bravo et al., 2017; Inglis et al., 1995; Kaiser et al., 2019). However, 

without additional control measures, these products can still provide limited and 

inconsistent control of L. lineolaris in the field (Costa et al., 2001; Kovach and 

English-Loeb, 1997).   

Protected culture farming provides a unique opportunity to protect UV-

sensitive fungal biocontrol agents from degradation by deploying UV blocking plastic 

coverings. In past laboratory and greenhouse experiments, applying B. bassiana under 

such plastics resulted in increased spore viability (Costa et al., 2001; Fernandes et al., 

2007; Inglis et al., 1995). To our knowledge no peer-reviewed studies have evaluated 

the efficacy of entomopathogens on low tunnel strawberry where L. lineolaris 

continues to be a priority pest. Thus, in this study we examine how plastic selection 

can be used as a tool to increase efficacy of B. bassiana and conventional products 

against L. lineolaris on strawberry. Our objectives were to 1) determine if UV-
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blocking plastics improve spore viability and pathogenicity against L. lineolaris 

compared to UV-transmitting plastics, and 2) determine if applying B. basssiana and 

conventional products under UV-selective low tunnels in the field results in reduced L. 

lineolaris densities and higher quality yield. The goal of this research is to strengthen 

IPM practices that provide safer, efficient and economical pest control options on low 

tunnel strawberry.   

2. METHODS AND MATERIALS  

2.1. Lab experiments 

 In vitro tests on agar plates. Technical conidia of Beauveria bassiana strain 

GHA was sourced from Certis USA LLC (Columbia, MD). The strain GHA was 

chosen due to its accessibility, breadth of application to other pests and systems, and 

suitability to the New York climate. Ideal growth temperatures of B. bassiana strain 

GHA is 25° C, with suboptimal temperatures ranging from 32-35° C (Noma and 

Strickler, 2000). Past observations at our study location indicate that average 

temperature rarely exceed 32° C in the open field and under plastic tunnels. Conidia 

were stored in the refrigerator at 4°C for several days until experiments could be 

conducted. Ten mg of conidia was added to 10 ml of 0.01% aqueous Silwet L-77 

solution and serially diluted to reach a target concentration of 1 x 106 conidia/ml. This 

concentration was confirmed with a hemocytometer. One gram of 2 mm glass beads 

was added to the suspension, which was then vortexed for 1 minute to agitate spores. 

A 60 μl aliquot of each suspension was added to sterile 50 mm Petri dishes containing 

½ strength SDAY agar under a laminar flow hood. A spore spreader was used to 

evenly spread the aliquot throughout the Petri dish. Dishes containing B. bassiana 
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were randomly assigned to one of five covering treatments that varied in UV 

transmissibility: 1) “Saran Wrap” [ChicWrap; The Allen Reed Co, Malibu , CA], 2) 

“Dubois” plastic [1.5-mil film; Trioplast AB, distributed by Dubois Agrinovations in 

Quebec, Canada], 3) “Tufflite IV” plastic [6 mil, Berry Global Inc., Evansville, IN], 4) 

“Warps” plastic [4 yr, 6 mil UV-Clear plastic, Warps Bros., Chicago IL]), and 5) 

standard aluminum foil [Reynolds LLC Lake Forest, IL]. Coverings were tightly 

affixed to the dish using a rubber band (Fig. 3.1A). We constructed six replicates of 

each covering treatment and performed the bioassay twice for a total of 12 replicates 

per treatment. All covering treatments were prescreened for UVB limitation under 

artificial UVB fluorescent tubes (model UVB-313EL; Q-Panel Lab Products) using a 

spectroradiometer (model SD2000; OcenOptics) before each experiment (Fig. 3.1A).  
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Covered plates were exposed to a UVB strip with an irradiance of 2.39 W/m2 

for 1 hour (resulting in a total dose of 8604 J/m2). This dose is the equivalent of 

approximately 51 minutes of noon sun exposure during late August in Geneva, NY. 

Figure 3.1. Arena design and treatments evaluated in lab and field experiments. 

(A) Petri dish experiments on the survival of B. bassiana conidia on artificial 

media after exposure to UVB under 5 covering treatments that ranged in UVB 

transmission. (B) Mycotrol applied to live insects and exposed to UVB under 5 

covering treatments ranging in UVB transmission in lab experiments. (C) Arena 

design for leaf and insect sprays during 2019 and 2020 field experiments. 

Mycotrol was applied to strawberry leaves under 4 (2019) or 3 (2020) covering 

treatments that ranged in UVB limitation. Sentinel insects within bags were 

sprayed with 3 management treatments under 3 covering treatments that ranged in 

UVB transmission in 2020. (D) Plot layout for a 3 x 3 factorial experiment in the 

field during the 2020 season. One replicate of each treatment combination 

occurred within 6 blocks.   

† Only included in 2019 experiments  

‡ Only included in 2020 experiments  
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After inoculation and exposure to UVB, plates were stored in darkness at 25°C and 

75% RH. Ten blank SDAY plates (i.e. not exposed to B. bassiana) were also 

incubated to ensure the sterility of the media and preparation procedure. Percentage 

spore germination was determined 16-19 h post-UVB exposure and the number of 

colony forming units (CFUs) were counted after 3 d.   

 In vivo tests on live insects. Lygus lineolaris were reared on bean pods, 

broccoli florets and celery sticks within BugDorms (Rancho Dominguez, CA) at 27°C, 

55% RH and 16:8 LD. Fresh food and water was supplied every 48 h. Mixed-aged 

adults were arbitrarily selected and assigned to treatments. We conducted a 2x5 

factorial experiment testing a water control or Mycotrol WPO [GHA strain; EPA reg. 

No: 82074-2; Certis USA LLC, Columbia, MD] under 5 covering treatments that 

ranged in UVB-limitation (Fig. 3.1B).  We conducted 6 replicates of each treatment 

combination on 3 independent occasions for a total of 18 replicates of each treatment. 

Mycotrol was prepared following manufacturer recommendation of 454 g/100 gallons. 

A hemocytometer was used to confirm spore concentrations. 

 Insects were hand-sprayed individually with the Mycotrol suspension or sterile 

water using a 59 ml fine mist sprayer (GreenHealth, Lorton VA). Glass coverslips (18 

x 18 mm) were sprayed in a similar fashion and suspended in 1 ml 0.01% Silwet 

solution. This solution was observed using a hemocytometer to approximate the 

number of conidia applied. Insects were then moved individually to sterile 50 mm 

Petri dishes and covered with one of five covering treatments (Fig. 3.1B). Based on 

results from the above experiments, dishes were exposed to the same dosage of UVB 

(8604 J/m2). After UVB exposure, insects were individually moved to new sterile 50 
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mm Petri dishes covered in mesh and given fresh bean cutlets and water soaked 

cotton. Insects were kept in a growth chamber at 27º C, 65% RH, and 12:12 LD, and 

given fresh food and water every 48 h. The status of each insect (alive or dead) was 

determined every 24–48 h until all insects had died.    

2.2. Field experiments  

 Plot preparation. During June 2020, 54 plots of the day-neutral strawberry 

cultivar Albion (supplied by Nourse Farms, Whatley MA) were planted along 3-5 m 

staggered double rows on raised beds covered by white plastic mulch. Nine plots were 

grouped into 6 blocks. Plots within blocks were assigned to one of nine treatments in a 

3x3 factorial design, resulting in a total of 6 replicates of each treatment (Fig. 3.1D). 

The first factor ‘management treatment’ included a water control, the standard 

insecticide Assail (Assail 30 SG Insecticide [EPA reg. No 8033-36; Nippon Soda Co., 

ltd. New York) and Mycotrol. The second factor, ‘covering treatment’, included a no 

plastic open-field control, the UV-transmitting plastic ‘Dubois’, and the UV-blocking 

plastic ‘Warps’. All field experiments were conducted at Cornell AgriTech in Geneva, 

NY (42°52'17.3''N 77°02'33.2''W).  

Plants were drip-irrigated twice per week and fertilized with 20-20-20 fertilizer 

weekly at a rate of 2.27 kg N per 4046 m2. To facilitate optimal plant growth, runners 

were cut weekly during the entire season and flowers picked weekly during the first 

month. When low tunnels were constructed, one side of the plastic remained down 

while the opposite side was raised or lowered if rain or high temperatures were 

forecasted.   

Spore deposition and survival in the field. To estimate spore viability in the 



 

87 

 

field prior to applications on sentinel L. lineolaris, we performed the following 

experiment in 2019 and 2020 using the same plot arrangement described above. Two 

differences that occurred between the 2020 and 2019 experiments is that an additional 

covering treatment ‘Tufflite IV’ was included in 2019 and Assail was included as a 

management treatment in 2020 (Fig. 3.1C). Mycotrol was prepared as 454 grams/94.6 

L (higher concentration than recommended) to ensure spores would be present. The 

suspension was prepared following the manufacturer recommendation of 454 

grams/378.5 L in 2020. Spore viability was confirmed by inoculating 60 μl of 

suspension to ½ strength SDAY agar plates and observing CFU formation after 3 d. 

Three strawberry leaflets were arbitrarily selected in each covering by management 

treatment and surface sterilized in 60% ethanol. A single glass coverslip (18 x 18 mm) 

was placed on the center of the leaflet. Fine mist sprayers (same as above) were used 

to apply a single spray of sterile water or Mycotrol to the coverslip. Both sides of the 

low tunnels were then lowered and left in place for 48 h. After 48 h had elapsed, 

coverslips were collected and submerged in 1ml 0.01% Silwet solution to dislodge 

spores. A hemocytometer was used to estimate the average spore concentration found 

on the coverslip. A 60 μl aliquot from each sample was added to sterile 50 mm Petri 

dishes containing ½ strength SDAY agar under a laminar flow hood. A spore spreader 

was used to evenly spread the aliquot throughout the Petri dish. Samples were then 

incubated in total darkness at 25°C and 75% RH. Three days later, we quantified the 

number of B. bassiana colony forming units per plate.  

Molecular tests were conducted to confirm the sight identification of B. 

bassiana colony forming units from 2019 and 2020 leaf sprays. Mycelia from a subset 
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of 3 fungal colonies (one representative colony from each covering treatment) were 

individually ground in a mortar with pestle previously frozen with liquid nitrogen to 

obtain a fine powder. DNA was then extracted from these samples using the 

commercial kit DNeasy (Qiagen, Netherlands). PCR was conducted to amplify the ITS 

region using ITS1F (5'-TCCGTAGGTGAACCTGCGG-3') and ITS4R (5'-

TCCTCCGCTTATTGATATGC-3') primers (White et al., 1990). Sequences were 

enzymatically cleaned and submitted to Cornell University’s sequencing facility in 

Ithaca, NY for Sanger sequencing using an Applied BioSystems automated 3730xl 

DNA Analyzer.  Returned sequences were analyzed in CLC Main Workbench 20 

(version 20.1.1) and confirmed as B. bassiana using the BLAST sequence database 

(NCBI, Bethesda, MD). 

 Field applications of products targeting L. lineolaris. We conducted a field 

experiment to determine how applications of Mycotrol and Assail impacted the 

survival of L. lineolaris under three covering treatments that ranged in UVB 

transmissibility. Adult insects were field collected or sourced from lab-reared 

colonies. Ten arbitrarily selected individuals were aspirated into mesh bags that were 

deployed to the field (Fig. 3.1C, D). Mesh bags blocked some UVB (52% UVB 

transmission from lab spectroradiometer readings described above), but they were 

necessary to contain insects within plots. We affixed the bags singly to a central 

strawberry plant within a plot using a twist tie. The products Mycotrol and Assail were 

prepared following manufacturer’s recommendations (Mycotrol: 907 grams / 190-379 

liters per 0.40 hectare; Assail: 155 grams / 190-379 liters per 0.40 hectare), and were 

applied to the plots using a backpack sprayer (Solo, Newport News, VA), equipped 
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with a TJ60-8003VS nozzle (TeeJet Glendale Heights, IL) at 40 psi. Our first 

application was delivered in a volume of 190 liters per 0.40 hectare. Because spray 

coverage was a concern after the first application, we doubled the volume of the 

applications for sprays 2 and 3, but applied the same amount of active ingredient as in 

the first application. All sprayers were calibrated before treatments were applied. After 

each application, both sides of each tunnel were lowered for 48 h to maximize UV 

protection. HOBO data loggers (Onset MX1101, Bourne, MA) were deployed in 2-3 

replicate plots of each open-field and low tunnel treatment to determine daily average 

temperature and relative humidity (RH) on dates when management applications were 

made. 

Spray applications were made on the warm and sunny days of 28 July, 25 Aug, 

24 Sept in 2020. A field UVB meter (Solarmeter™ Glenside, PA) was used to 

determine UVB irradiance under the different covering treatments on these days (Fig. 

3.1C). Additional applications (without sentinel insects) were made on 10, 15, 22 Sept 

and 10 Oct, when field L. lineolaris populations were above an economic threshold of 

0.15 nymphs per flower cluster. Population estimates were made weekly by tapping 

three haphazardly-selected flower clusters within each plot onto white plastic plates 

and counting the number of adults and nymphs present. To estimate the efficacy of our 

spray applications we returned our sentinel insects to the laboratory 48 h post-

application. We sorted the insects individually and placed them into 50 mm Petri 

dishes topped with mesh for ventilation. Each individual was provided a green bean 

pod and water-soaked cotton that was replaced every 48 h. All insects were 

maintained in growth chambers at 27° C, 65% RH and 12:12 LD. The status of each 
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insect (i.e. dead or alive) was recorded every 24-48 hr until the last individual died.  

 Yield estimates. Strawberries were harvested weekly from late July to early 

November in 2020. Average total yield per plant (g) was determined by dividing total 

weight per plot by the number of plants present across sampling dates. Average berry 

weight (g) and percent marketability (i.e., those weighing > 5 grams and having 

minimal damage by L. lineolaris of total berries collected) was determined for a 

randomly selected 14 x 14 x 8 cm (L:W:H) collecting basket that was filled 

indiscriminately with berries collected from each plot.   

2.4. Statistics 

Analyses were conducted in R (R version 3.5.1). All data were analyzed using 

linear or generalized mixed effect models (packages ‘lme4’ and ‘coxme’). We 

included covering treatment and management application (field study) as main effects, 

and plots, dishes or individuals nested within date/trial and block within the field as 

random effects to account for repeated measures. Binomial logistic regression models 

were used to analyze proportion data (germinated spores for agar plate experiments 

and proportion of marketable and damaged fruit for yield analyses). A Cox 

proportional hazards regression was used to analyze survival data of sprayed insects 

over time for lab and field studies. Unsprayed control insects that were exposed to 

UVB did not vary in their death rates among covering treatments, and were thus 

pooled across covering treatment for survival curves. Poisson distributions were used 

for all count data (i.e., L. lineolaris counts in the field and B. bassiana colony forming 

units for agar plate and leaf spray experiments). To correct for overdispersion of our L. 

lineolaris counts, we modeled our data using the negative binomial distribution 
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(package ‘glmmTMB’). Linear models were used to analyze yield and temperature 

data. A Tukey’s multiple comparisons test (package ‘emmeans’) was used to 

determine pairwise differences for all mixed models with the exception of the Cox 

hazard regressions where pairwise differences were assessed after application of the 

Bonferroni adjustment.  

3. RESULTS 

3.1. Lab experiments 

 In vitro tests on agar plates.  Hemocytometer counts of spore suspensions used 

in agar plate experiments ranged from 1.46-1.70 x 105 B. bassiana spores per ml. We 

observed a strong negative effect of UVB radiation on rates of conidial germination. 

Plastics that transmitted less than 5% of UVB resulted in 70% germination of conidia, 

whereas plastics that transmitted 75-90% of UVB resulted in less than 10% 

germination (Fig. 3.2A; F4,69 = 106.18, p < 0.0001). Fewer colony forming units were 

also recovered from high UVB-transmitting coverings compared to those that blocked 

most or all UVB (F4,35 =38.03,  p < 0.0001; Fig. 3.2B).  
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 In vivo lab tests on live insects. The concentration of spores in our Mycotrol 

suspensions ranged from 1.08-3.4 x 1010 spores per ml, and our spray applications 

deposited 172 ± 25 spores per mm2. Unsprayed control insects had a significantly 

higher survival rate compared to those sprayed with Mycotrol when pooled across 

covering treatment (χ2 = 21.97, df = 2, p < 0.0001; Fig. 3.3A). Covering treatment had 

no impact on the survival rate of control insects, but a significant impact on those 

sprayed with Mycotrol (Control: χ2 = 1.45, df = 4, p = 0.84; Mycotrol: χ2 = 12.10, df 

= 5, p = 0.03). Sprayed individuals under the window screen mesh covering treatment 

Figure 3.2. A) The effect of covering treatment (increasing from left to right in 

UVB limitation) on spore germination of B. bassiana 16-19 hours post incubation.  

Different letters indicate significant differences based on Tukey’s HSD (p < 0.05).  

B) Representative photos illustrating impact of covering treatments on B. 

bassiana colony forming units 72 hours post incubation.  
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(i.e. exposed to direct UVB) had higher survival rates compared to those under the 

remaining covering treatments where UVB passed through a plastic covering (p < 0.05 

for Bonferroni-adjusted pairwise tests; Fig. 3.3 B). In fact, insects treated with 

Mycotrol and exposed to UVB under window screen performed similarly to control 

insects that did not receive a Mycotrol spray. However, there were no significant 

differences in the survival rate of sprayed insects among the covering treatments from 

conservative pairwise tests adjusted for multiple comparisons (Bonferroni-adjusted α 

= 0.003, Fig. 3.3 B) although survival was numerically lowest for plastics that blocked 

UVB. 
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3.2 Field experiments 

 Spore deposition and survival in the field.  Spore concentrations of the 

Mycotrol suspension sprayed on coverslips was 7.15 x 106 spores per ml in 2019 and 

5.90 x 106 spores per ml in 2020. The number of spores recovered from sprayed 

coverslips was 8.49 spores per mm2 and 4.25 spores per mm2, respectively. The 

number of confirmed B. bassiana colony forming units (CFUs) from coverslips varied 

substantially between years due to differences in suspension concentrations (see 

Figure 3.3. Survival of water or Mycotrol treated L. lineolaris following UVB 

exposure in the lab. Panel A compares the effect of water vs. Mycotrol treatment 

on insect survival, averaging across covering treatments. Panel B shows how 

covering treatment impacts survival of Mycotrol treated insects following UVB 

exposure compared to a water control. Data was generated from a Cox 

proportional hazards regression. Different letters right of treatment labels in the 

legend indicate significant pairwise differences based on post hoc tests using a 

Bonferroni correction for multiple comparisons (α/η).  
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methods above) (Fig. 3.4). There was some contamination of B. bassiana into control 

plots in both years, especially on those in the open-field, but overall contamination 

was low. The number of B. bassiana CFUs did not vary among covering treatments 

for plots sprayed with Mycotrol during 2019 and 2020 F3, 88 = 1.92,  p = 0.13; 2020 

and F2, 227  = 0.97,  p = 0.38, respectively), although counts were highest under the 

UVB-blocking ‘Warps’ plastic treatment for both years (Fig. 3.4).    

 

Field applications of products targeting L. lineolaris. Average daily 

temperature was similar between plastic tunnels in 2020, and each had a higher 

Figure 3.4. 2019 and 2020 results comparing B. bassiana colony forming units 

(CFUs) from Mycotrol sprays made in the field under covering treatments that 

ranged in UV limitation. Samples were taken from the field 48 h post application 

and incubated for 72 h on ½ strength SDAY agar at 25 °C, 75% RH in darkness.  

Different letters indicate significant differences based on Tukey HSD tests (p < 

0.05).  
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average temperature compared to the open field (F2,6 = 33.15, p < 0.01; Tukey’s test 

for multiple comparisons p > 0.05). Average relative humidity (RH) was 4 – 5 % 

higher on open plots compared to those covered by ‘Dubois’ or ‘Warps’ tunnels, but 

this difference was not statistically significant (F2,6 = 3.87, p = 0.08). These results 

were consistent on 28 July, 25 Aug, and 22 Sept. when spay applications were made 

(Table 3.1). Ambient UVB reads for these dates are summarized in Table 3.1 and Fig. 

3.1. Overall, field temperatures did not exceed suboptimal temperatures for B. 

bassiana (GHA) growth under any of the covering treatments (Noma and Strickler, 

2000).  

 

 

Covering 

treatment 

Temperature 

Mean ± SE 

(°C) 

Relative 

humidity 

Mean ± SE (%) 

UVB transmission 

Mean ± SE 

(mW/cm3) 

    

28-Jul-20    

Open 25 ± 0.12 (A) 74.89 ± 0.58 (A) 0.12 ± 0.006 (A) 

Dubois 27 ± 1.06 (B) 74.21 ± 0.66 (A) 0.10 ± 0.008 (B) 

Warps 28 ± 1.47 (B) 71.46 ± 1.48 (A) 0 (C) 

     

8/25/20    

Open 23 ± 0.46 (A) 78.03 ± 0.81 (A) 0.15 ± 0.002 (A) 

Dubois 25 ± 1.08 (A) 76.12 ± 1.37 (A) 0.13 ± 0.005 (B) 

Warps 25 ± 0.29 (A) 75.98 ± 1.72 (A) 0 (C) 

     

9/22/20    

Open 11 ± 0.49 (A) 78.32 ± 0.48 (A) 0.28 ± 0.002 (A) 

Dubois 13 ± 0.68 (B) 76.09 ± 0.92 (A) 0.25 ± 0.005 (B) 

Warps 13 ± 1.14 (B) 74.37 ± 1.84 (A) 0 (C) 

 

Table 3.1. Mean temperature, humidity and UV irradiance among covering 

treatments in 2020 when management applications were made. Temperature and 

humidity estimates were made from the plant canopy. Different letters next to 

values indicate significant differences based on Tukey comparisons (p < 0.05).  
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Applications of Mycotrol and Assail in the field caused significant levels of 

mortality of sentinel L. lineolaris compared to unsprayed control insects in the field 

(χ2 = 130.38, df = 2, p < 0.0001; Fig. 3.5). Nearly 70% of insects sprayed by Assail 

died within 48 h of treatment application. Only 10% mortality occurred for control 

insects and those sprayed with Mycotrol during the same time 48 h interval, but the 

probability of survival decreased more rapidly for Mycotrol-treated insects compared 

to the control insects thereafter (Fig. 3.5). Covering treatment also had a significant 

impact on the survivorship of L. lineolaris (χ2 = 2304.19, df = 2, p < 0.0001), but only 

for insects sprayed with Assail or Mycotrol (interaction of covering treatment and 

management: χ2 = 1250.23, df = 2, p < 0.0001). Survival of insects sprayed with 

Assail was similarly low under both the UVB-transmitting and UVB-blocking 

coverings compared to the open field (Fig. 3.6A). For insects sprayed with Mycotrol, 

survival was similarly high for both the open field and UV-transmitting covering, and 

lowest for insects under the UVB-blocking covering (Fig. 3.6B). No such plastic effect 

was observed for control insects sprayed with water.  



 

98 

 

 

Figure 3.5. Survival comparison of L. lineolaris treated with a water control, 

Assail, or Mycotrol spray in field experiments over time (days). Data were 

generated from a Cox proportional hazards analysis. Different letters right of 

treatment labels in the legend indicate significant pairwise differences based on 

post hoc tests using a Bonferroni correction for multiple comparisons (α/η). 
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Figure 3.6. Survival comparison of Assail (top) and Mycotrol (bottom) treated L. 

lineolaris under three covering treatments ranging in UVB limitation in the field. 

Different letters right of treatment labels in the legend indicate significant 

pairwise differences based on post hoc tests using a Bonferroni correction for 

multiple comparisons (α/η). 
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Naturally occurring L. lineolaris density was lower under tunnels compared to 

the open-field across all management treatments (Covering: χ2 = 58.82, df = 2, p < 

0.0001; Fig. 3.7). Density did not differ between control and Mycotrol-treated plots, 

but was 12 – 55% lower on plots treated with Assail compared to either treatment 

(Management: χ2 = 102.73, df = 2, p < 0.001). This effect was largely driven by the 

high performance of Assail under ‘Dubois’ and ‘Warps’ coverings compared to the 

open-field, leading to a significant covering by management treatment interaction 

(Interaction: χ2 = 16.40, df = 4, p < 0.01). For plots treated with Mycotrol, L. 

lineolaris density did not differ between plastic types, but was significantly lower 

under the UV-blocking ‘Warps’ plastic compared to the open-field treatment (Tukey’s 

test for multiple comparisons p < 0.05).  

 

Figure 3.7. Average density of L. lineolaris “TPB” (±SE) across management and 

covering treatments. Different uppercase letters indicate significant differences 

among management treatments (i.e., averaged across covering treatment), and 

different lowercase letters represent differences among all treatments (i.e., 

management x covering treatment). Differences based on Tukey’s HSD tests (p < 

0.05).  
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Treatment impacts on yield. Significant differences in fruit marketability were 

detected among management treatments, but not among covering types in 2020 (Table 

3.2). Plants sprayed with Assail produced 95% more marketable fruit than those 

sprayed with water, and 57% more than those sprayed with Mycotrol (Table 3.2; Fig. 

3.8). This effect was largely consistent among covering types, although differences 

were most was pronounced for Assail applied under ‘Dubois’ and ‘Warps’ compared 

to remaining treatment combinations. The proportion of fruit damaged by L. lineolaris 

varied among covering type and management treatments, and there was a significant 

interaction between these main effects (Table 3.2). Fewer fruit were damaged by L. 

lineolaris in plots sprayed with Assail compared those sprayed with water or Mycotrol. 

Similar to our results on marketable fruit, less damage by L. lineolaris was observed 

under ‘Dubois’ and ‘Warps’ tunnels compared to the open-field, but this was due to 

the high efficacy of Assail under ‘Dubois’ and ‘Warps’ coverings. 

 

Table 3.2. Model statistics of binomial regressions on the proportion of marketable fruit 

and those damaged by L. lineolaris ‘TPB’ among covering and management treatments.  

 

Prop. marketable Comparison among treatments 

  χ2 df p-value 

Covering type 3.45 2 0.18 

Mgmt. 

Treatment 

85.18 2 < 0.001 

Covering * 

Mgmt. 

1.60 4 0.81 

        

Prop. TPB 

damage 

Comparison among treatments 

  χ2 df p-value 

Covering type 26.67 2 < 0.001 

Mgmt. 

Treatment 

146.49 2 < 0.001 

Covering*Mgmt. 10.27 4 0.03 
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Figure 3.8. Average proportion (±SE) of marketable fruit 

(A) and fruit damaged by TPB (B) across management and 

covering treatments. Different uppercase letters indicate 

significant differences among management treatments (i.e., 

averaged across covering treatment) while different 

lowercase letters indicate significant differences among all 

treatments (i.e., management x covering treatment). 

Differences based on Tukey’s HSD tests (p < 0.05).  
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4. DISCUSSION  

Producing strawberries under plastic tunnels offers growers a way to grow 

higher-yielding plants compared to the open-field without additional pesticide sprays 

(Anderson et al., 2019; Cramer et al., 2019; Orde and Sideman, 2019; Willden et al., 

2021). However, fruit damage by L. lineolaris continues to be a primary source of 

yield loss. Given the trend of increasing spray restriction and potential risk to non-

targets, growers are in need of safe and practical management options for this 

challenging pest. This study found that growing strawberries under plastic low tunnels 

may increase efficacy and longevity of pesticide products. For Mycotrol containing 

the entomopathogenic fungus B. bassiana, efficacy was highest under UVB-limiting 

coverings for all lab experiments and field experiments on sentinel insects. However 

this effect did not translate into population-level suppression of L. lineolaris and 

reduced yield loss compared to UV-transmitting plastics in the field.   

All microorganisms are known to be highly vulnerable to UVB radiation. To 

reduce UVB degradation, commercially produced biopesticdes typically contain UV 

protectants and strains with UVB inactivation resilience (Fernández-Bravo et al., 

2017; Inglis et al., 1995). These products are also recommended to be applied in the 

evening or on cloudy days to reduce UVB exposure (Portilla et al., 2014). We 

predicted that UVB-blocking plastics would provide an extra layer of protection for 

Mycotrol containing B. bassiana (GHA), but found inconclusive results overall. Our 

study found increased performance of B. bassiana (applied as technical conidia and 

Mycotrol) when applied under UVB-blocking plastics in lab and field experiments on 

sentinel insects. It is important to note that sentinel insects in the field were deployed 
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within mesh bags that blocked some UVB, possibly affecting spore survival and L. 

lineolaris survival time. However there was little downstream impact of Mycotrol 

sprays on local L. lineolaris density and fruit marketability, and there was no 

difference in these variables between UVB-blocking and UVB-transmitting films. 

These findings suggest that UVB-blocking plastics may offer little overall value 

compared to standard and less-expensive UVB-transmitting plastics. The low 

performance of Mycotrol in our field study may be explained by several factors 

described below.        

Given that compatible abiotic conditions were present in our field study for 

successful B. bassiana germination and infection (as indicated by past studies and 

successful infection of sentinel insects in our study (Fargues and Luz, 2000; Luz and 

Fargues, 1997; Noma and Strickler, 2000; Ugine, 2011)), the low impact of Mycotrol 

sprays on local L. lineolaris density and yield may have resulted from other interacting 

factors. First, the substantial lag time between application and insect mycosis by B. 

bassiana supports the continued feeding and reproduction by infected individuals 

(Ugine, 2011). Lygus spp. adults are highly mobile and can travel great distances. 

There is a strong possibility that untreated adults from outside of our test plots 

immigrated into our plots. This would serve to dilute the effect of Mycotrol and seems 

likely given our relatively small plot size. Indeed, plot size was small in our study 

compared to past studies where B. bassiana applications were successful against 

Lygus spp. (Dara, 2013, 2016; Sabbahi et al., 2007). Strong outside pressure by L. 

lineolaris in our study may have warranted more frequent Mycotrol applications 

considering the longer lag time to death compared to Assail applications (see below). 
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It is also important to note that consistent B. bassiana applications are necessary to 

control all life stages of L. lineolaris, as they shed spores every time they molt. It is 

also likely that the B. bassiana strain GHA varies in UVB inactivation resistance 

compared to other strains that may have impacted germination (Fernández-Bravo et 

al., 2017). Full evaluation of UVB inactivation resistance across B. bassiana strains, 

including estimations of culturability and colony growth rates post UVB exposure 

would help to resolve this issue (Fernández-Bravo, María Garrido-Jurado et al., 2016; 

Fernández-Bravo et al., 2017). 

Of all the management treatments evaluated, Assail resulted in the lowest 

survival of sentinel insects, lowest resident L. lineolaris density, and lowest proportion 

of damaged fruit. Curiously, these effects were especially pronounced under ‘Dubois’ 

and ‘Warps’ tunnels. Past studies indicate that tunnels reduce exposure to rain and UV 

that can increase insecticide longevity and efficacy (Inglis et al., 2000; Leach et al., 

2017). Although the ‘Dubois’ plastic transmitted 87 – 89% of UVB compared to 0–

2% for Warps in our study, both plastics may have blocked enough UVB to reduce 

degradation of the product. However it is more likely that tunnels reduced runoff by 

rain and provided high temperatures and low humidity conditions that supported 

higher rates of volatilization that increased pesticide exposure (Bessin, 2016). In other 

words, pesticide droplets and volatiles would be concentrated within tunnels compared 

to the open-field, leading to higher exposure and mortality of L. lineolaris (Doan Ngoc 

et al., 2015). More studies are needed to confirm this hypothesis and especially to 

determine if maximum residue levels are reached to protect growers, farm workers and 

natural enemies from harmful exposure.  
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Although Mycotrol did not result in lower L. lineolaris densities and protected 

fruit in our study, we suggest that future experiments using other B. bassiana strains / 

products should be conducted to address the concerns above. In addition, there is 

considerable evidence that Mycotrol and other biopesticides are compatible, or 

synergistic, with conventional insecticides including Assail (Dara, 2013; Steinkraus 

and Tugwell, 1997). There is also potential to evaluate the synergism of biopesticides 

and insect growth regulators to prevent molting and lengthen exposure to insect 

pathogens. Thus, while not directly as effective as some conventional control tactics, 

biopesticides could be incorporated into IPM programs that maintain efficacy while 

reducing reliance on potentially harmful insecticides.  

5. CONCLUSIONS  

Our study indicates that growers can use low tunnels as an IPM tool to 

improve efficacy of biopesticides and conventional products against L. lineolaris on 

low tunnel strawberry. We found improved spore viability and pathogenicity of B. 

bassiana applied as Mycotrol under UVB-blocking plastics in lab and field studies 

using sentinel insects. However, there was little overall impact of B. bassiana on 

naturally occurring L. lineolaris populations and fruit marketability under UVB-

blocking or UVB-transmitting plastics. In comparision to the insecticide Assail, our 

study suggests that B. bassiana is less effective at maintaining L. lineolaris below 

economic thresholds but futher research is needed to compare these products on a 

larger scale under UVB-blocking plastics.   

ACKNOWLEDGEMENTS  

This research was funded by the NYS Berry Grower’s Association supported through 



 

107 

 

NYS Department of Agriculture and Markets (#C00184GG, #C00247GG) and USDA 

NE SARE (project #GNE189-191-32231). We thank our technical staff Stephen 

Hesler, Karen Wentworth, Dara Stockton, Rowan Collins, Kayli Harling, Gabrielle 

Brind’Amour, Emma Rosser, Linnea Meier, and Yaro Grynyshyn for their assistance 

in conducting this research, and David Gadoury for his assistance in experimental 

design and operating equipment. We also thank the Cornell Statistical Consulting Unit 

for their guidance on experimental design and statistics. Finally, we extend our 

gratitude to our reviewers for their comments and suggestions on this manuscript.    



 

108 

 

REFERENCES 

Acheampong, M.A., Hill, M.P., Moore, S.D., Coombes, C.A., 2020. UV sensitivity of 

Beauveria bassiana and Metarhizium anisopliae isolates under investigation as 

potential biological control agents in South African citrus orchards. Fungal 

Biol. 124, 304–310.  

Anderson, H.C., Rogers, M.A., Hoover, E.E., 2019. Low tunnel covering and 

microclimate, fruit yield, and quality in an organic strawberry production 

system. Horttechnology 29, 590–598.  

Antignus, Y., Mor, N., Ben Joseph, R., Lapidot, M., Cohen, S., 1996. Ultraviolet-

absorbing plastic sheets protect crops from insect pests and from virus diseases 

vectored by insects. Environ. Entomol. 25, 919–924.  

Bessin, R., 2016. Factors affecting pesticide drift. Univ. Kentucky. 

Bidochka, M.J., Miranpuri, G.P., Khachatourians, G.G., 1993. Pathogenicity of 

Beauveria bassiana (Balsamo) Vuill. toward Lugus bug (Hemiptera : Miridae). 

J. Appl. Entomol. 115, 313–317. 

Costa, H.S., Robb, K.L., Wilen, C.A., 2001. Increased persistence of Beauveria 

bassiana spore viability under high ultraviolet-blocking greenhouse plastic. 

HortScience 36, 1082–1084. https://doi.org/10.21273/hortsci.36.6.1082 

Cramer, M.E., Demchak, K., Marini, R., Leskey, T., 2019. UV-blocking high-tunnel 

plastics reduce Japanese beetle (Popillia japonica) in red raspberry. 

HortScience 54, 903–909.  

Dara, S., 2013. Evaluating chemical, botanical and microbial control options for 

strawberry pest management. Watsonville, CA. 



 

109 

 

Dara, S.K., 2016. Managing strawberry pests with chemical pesticides and non-

chemical alternatives. Int. J. Fruit Sci. 16, 129–141.  

Demchak, K., 2016. Advances in high tunnel covers, in: Empire State Fruit and 

Vegetable Expo. 

Doan Ngoc, K., van den Berg, F., Houbraken, M., Spanoghe, P., 2015. Volatilisation 

of pesticides after application in vegetable greenhouses. Sci. Total Environ. 

505, 670–679. 

Fargues, J., Luz, C., 2000. Effects of Fluctuating Moisture and Temperature Regimes 

on the Infection Potential of Beauveria bassiana for Rhodnius prolixus. J. 

Invertebr. Pathol. 75, 202–211. 

Fernandes, É.K.K., Rangel, D.E.N., Moraes, Á.M.L., Bittencourt, V.R.E.P., Roberts, 

D.W., 2007. Variability in tolerance to UV-B radiation among Beauveria spp. 

isolates. J. Invertebr. Pathol. 96, 237–243.  

Fernández-Bravo, María Garrido-Jurado, I., Valverde-García, P., Enkerli, J., Quesada-

Moraga, E., 2016. Responses to abiotic environmental stresses among 

phylloplane and soil isolates of Beauveria bassiana from two holm oak 

ecosystems. J. Invertebr. Pathol. 141, 6–17. 

Fernández-Bravo, M., Flores-León, A., Calero-López, S., Gutiérrez-Sánchez, F., 

Valverde-García, P., Quesada-Moraga, E., 2017. UV-B radiation-related 

effects on conidial inactivation and virulence against Ceratitis capitata 

(Wiedemann) (Diptera; Tephritidae) of phylloplane and soil Metarhizium sp. 

strains. J. Invertebr. Pathol. 148, 142–151. 

Handley, D.T., Pollard, J.E., 1993. Microscopy examination of tarnished plant bug 



 

110 

 

(Heteroptera: Miridae) feeding damage to strawberry. J. Econ. Entomol. 86, 

505–510. 

Ignoffo, C.M., 1992. Environmental factors affecting persistence of entomopathogens. 

Florida Entomol. 75, 516–525. 

Inglis, G.D., Goettel, M.S., Johnson, D.L., 1995. Influence of ultraviolet light 

protectants on persistence of the entomopathogenic fungus, Beauveria 

bassiana. Biol. Control.  

Inglis, G.D., Ivie, T.J., Duke, G.M., Goettel, M.S., 2000. Influence of rain and conidial 

formulation on persistence of Beauveria bassiana on potato leaves and 

Colorado potato beetle larvae. Biol. Control 18, 55–64.  

Kaiser, D., Bacher, S., Mène-Saffrané, L., Grabenweger, G., 2019. Efficiency of 

natural substances to protect Beauveria bassiana conidia from UV radiation. 

Pest Manag. Sci. 75, 556–563.  

Kovach, J., English-Loeb, G., 1997. Testing the efficacy of Mycotrol ES, Beauveria 

bassiana, on tarnished plant bugs, Lygus lineolaris, in New York strawberries. 

New York State Integr. Pest Manag. Progr. 

Leach, H., Wise, J.C., Isaacs, R., 2017. Reduced ultraviolet light transmission 

increases insecticide longevity in protected culture raspberry production. 

Chemosphere 189, 454–465.  

Leland, J.E., McGuire, M.R., Grace, J.A., Jaronski, S.T., Ulloa, M., Park, Y.H., 

Plattner, R.D., 2005. Strain selection of a fungal entomopathogen, Beauveria 

bassiana, for control of plant bugs (Lygus spp.) (Heteroptera: Miridae). Biol. 

Control 35, 104–114.  



 

111 

 

Luz, C., Fargues, J., 1997. Temperature and moisture requirements for conidial 

germination of an isolate of Beauveria bassiana, pathogenic to Rhodnius 

prolixus. Mycopathologia 138, 117–125. 

Mahmood, I., Imadi, S.R., Shazadi, K., Gul, A., Hakeem, K.R., 2016. Effects of 

Pesticides on Environment, in: Hakeem, K., Akhtar, M., Abdullah, S. (Eds.), 

Plant, Soil and Microbes. Springer, Cham, pp. 253–269. 

Noma, T., Strickler, K., 2000. Effects of Beauveria bassiana on Lygus hesperus 

(Hemiptera: Miridae) Feeding and Oviposition. Environ. Entomol. 29, 394–

402. 

Orde, K., Sideman, B., Pritts, M., Demchak, K., 2018. Low tunnel strawberry 

production guide. University of New Hampshire Cooperative Extension. 

https://extension.unh.edu/resources/files/Resource007429_Rep10703.pdf. 

Orde, K.M., Sideman, R.G., 2019. Low tunnel and cultivar effects on day-neutral 

strawberry yield and characteristics in New Hampshire. Horttechnology 29, 

795–810.  

Portilla, M., Snodgrass, G., Luttrell, R., 2014. Effects of morning and night 

applications of Beauveria bassiana strains N18 and GHA against the tarnished 

plant bug on cotton, in: Beltwide Cotton Conferences. New Orleans, LA, pp. 

729–734. 

Pritts, M., McDermott, L., 2017. Protected culture for strawberries using low tunnels, 

NY Farm Viability Institute. Syracuse, NY. 

Pritts, M., Sjulin, T.M., 2019. Strawberries: a case study of how evolving market 

expectations impact sustainability, in: Lang, G.A. (Ed.), Achieving Sustainable 



 

112 

 

Cultivation of Temperate Zone Tree Fruits and Berries. Burleigh Dodds 

Science Publishing, Cambridge, UK, pp. 1–8. 

Sabbahi, R., Merzouki, A., Guertin, C., 2007. Efficacy of Beauveria bassiana (Bals.) 

Vuill. against the tarnished plant bug, Lygus lineolaris L., in strawberries. J. 

Appl. Entomol. 132, 124–134. 

Snodgrass, G.L., 1996. Insecticide resistance in field populations of the tarnished plant 

bug (Heteroptera: Miridae) in cotton in the Mississippi Delta. J. Econ. 

Entomol. 89, 783–790.  

Steinkraus, D.C., Tugwell, N.P., 1997. Beauveria bassiana (Deuteromycotina: 

Moniliales) effects on Lygus lineolaris (Hemiptera: Miridae). J. Entomol. Sci. 

32, 79–90. 

Thompson, S.R., Brandenburg, R.L., Arends, J.J., 2006. Impact of moisture and UV 

degradation on Beauveria bassiana (Balsamo) Vuillemin conidial viability in 

turfgrass. Biol. Control 39, 401–407.  

Ugine, T.A., 2011. The effect of temperature and exposure to Beauveria bassiana on 

tarnished plant bug Lygus lineolaris (Heteroptera: Miridae) population 

dynamics, and the broader implications of treating insects with 

entomopathogenic fungi over a range of temperatures. Biol. Control 59, 373–

383.  

Wagner, D.L., Grames, E.M., Forister, M.L., Berenbaum, M.R., Stopak, D., 2021. 

Insect decline in the Anthropocene: Death by a thousand cuts. Proc. Natl. 

Acad. Sci. U. S. A. 118, 1–10.  

White, T.J., Bruns, T.D., Lee, S.D., Taylor, J.W., 1990. Amplification and direct 



 

113 

 

sequencing of fungal ribosomal RNA genes for phylogenetics., in: Innis, M.A., 

Gelfand, D.H., Sninsky, J.J., White, T.J. (Eds.), PCR Protocols: A Guide to 

Methods and Applications. United States Academic Press, pp. 315–322. 

Willden, S.A., Cox, K.D., Pritts, M.P., Loeb, G.M., 2021. A comparison of weed, 

pathogen and insect pests between low tunnel and open-field grown 

strawberries in New York. Crop Prot. 139, 105388.  

Young, O.P., 1986. Host plants of tarnished plant bug, Lygus lineolaris (Heteroptera: 

Miridae). Ann. Entomol. Soc. Am. 79, 747–762. 

 

  



 

114 

 

 

 

CHAPTER 4 

 

TWOSPOTTED SPIDER MITE PREFERENCE AND PERFORMANCE ON 

DAY-NEUTRAL STRAWBERRY IN NEW YORK AND ROLE OF 

STRUCTURAL CHARACTERISTICS IN PLANT SUSCEPTIBILITY  

 

Samantha A. Willden1, Marvin P. Pritts2, and Gregory M. Loeb1 

 

1Department of Entomology, Cornell AgriTech, 

15 Castle Creek Drive, Geneva, NY 14456  

2Horticulture Section of School of Integrative Plant Science, 

137 Plant Science, Ithaca, NY 14853 

 

Submitted as: Willden, S.A., Pritts, M.P., and Loeb, G.M. 2022. Twospotted spider 

mite preference and performance on day-neutral strawberry in New York and role of 

structural characteristics in plant susceptibility. Journal of the American Pomological 

Society. 

 

ABSTRACT  

 Growing strawberries under plastic low tunnels is increasing in popularity 

among growers in the northeastern U.S. despite reports of higher Tetranychus urticae 

Koch (TSSM) pressure in this system. This study evaluated differences in 

susceptibility to TSSM among cultivars that are commonly planted in the Northeast. A 
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second objective was to quantify differences in key structural characteristics (trichome 

density, leaflet area, average number of leaflets, and total above-ground biomass) that 

may contribute to variation in cultivar susceptibility to TSSM. We evaluated TSSM 

preference and performance using leaf disc and whole plant assays in the 

lab/greenhouse, and in the field at several commercial sites. Performance tests 

conducted on leaf discs yielded inconclusive results, but ‘Albion’ and especially 

‘Seascape’ cultivars were identified as the most susceptible cultivars to TSSM for all 

experiments on whole plants. Of the structural characteristics measured, total above-

ground biomass was the best predictor of TSSM presence, with larger plants having 

lower TSSM densities on leaflets. However, there was no correlation between TSSM 

density and yield for any of the cultivars tested in the field. We discuss potential 

explanations for these results with implications on TSSM management under low 

tunnels. 

1. INTRODUCTION     

 Strawberry growers in the Northeast have several options for expanding their 

business and increasing yield. First, growers can plant day-neutral cultivars that will 

fruit continuously throughout the summer and fall and during the first year of planting 

if temperatures are between 4 – 30 °C. When planted in annual plasticulture systems, 

yields from day-neutral cultivars can be larger than traditional June-bearing cultivars 

and can add several weeks of production (Petran et al., 2017). Second, day-neutral 

cultivars can be planted under high or low plastic tunnels that provide additional 

benefits including season extension and protection from disease and some insects 

(Orde et al., 2018; Orde and Sideman, 2019; Willden et al., 2021). Indeed, several 



 

116 

 

studies in the Northeast and Midwest observed a 10-50% greater proportion of 

marketable yield under low tunnels compared to open beds (Lewers et al., 2017; 

Petran et al., 2017; Pritts and McDermott, 2016; Willden et al., 2021). Due to these 

benefits, an increasing number of growers are adopting tunnel production of day-

neutral cultivars in the Northeast, with most producing the cultivars Albion, San 

Andreas and Seascape under low tunnels (Orde and Sideman, 2019).  

A primary issue for day-neutral strawberry production under plastic tunnels is 

increased presence of twospotted spider mite (Tetranychus urticae Koch) (Costa et al., 

2017; Ingwell et al., 2017; Willden et al., 2021). Twospotted spider mite, hereby 

referred to as ‘TSSM’, thrives under warm and dry conditions provided by protective 

tunnels and is able to reach high population densities by late summer when day-

neutrals are still producing fruit. TSSM is an extreme generalist herbivore that can 

feed on over 4000 host plant species worldwide, many of which are important crops 

(Grbić et al., 2011; Migeon et al., 2012). Although TSSM rapidly accepts and adapts 

to novel host plants (Snoeck et al., 2018; Sousa et al., 2019), preference and 

performance of TSSM can vary by plant species, even at the cultivar level for a single 

species (Greco et al., 2006; Puspitarini et al., 2021; Xu et al., 2019). For strawberry, 

many studies have evaluated TSSM preference and performance on various cultivars 

(Dana et al., 2018; de Resende et al., 2020; Ferrer et al., 1993; Figueiredo et al., 2013; 

Giménez-Ferrer et al., 1994; Gong et al., 2018; Rezaie et al., 2013; Steinite and 

Ievinsh, 2003), but none have directly compared those that are relevant to the 

Northeast.  

Variability in TSSM performance is likely tied to host plant quality, a metric 
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that includes presence of constitutive and induced plant defenses (including both 

structural and chemical barriers), and nutrient availability (Santamaria et al., 2020; 

War et al., 2012). These defenses can reduce pest abundance or injury, or improve 

tolerance to injury upon infestation. A recent meta-analysis determined that plant 

susceptibility to herbivores across 40 plant species was more correlated with variation 

in plant life-history traits, gross morphological traits and physical defenses rather than 

chemical defenses, such as secondary metabolites (Carmona et al., 2011). Physical 

plant defenses in strawberry largely include increased leaf hairiness, presence of 

glandular and non-glandular trichomes, and leaf texture (Kishaba et al., 1972; Liu et 

al., 2020). Trichomes, particularly those that are glandular, are often described as 

important plant defenses against TSSM in strawberry (de Resende et al., 2020; Esteca 

et al., 2017; Luczynski et al., 1990), despite contradictory reports of positive or neutral 

associations between TSSM performance and leaf pubescence (Gong et al., 2018; 

Gugole Ottaviano et al., 2013; Kishaba et al., 1972; Steinite and Ievinsh, 2003). Plant 

size could be an important morphological trait in strawberry that contributes to TSSM 

tolerance by reducing feeding intensity (Carmona et al., 2011; Castells et al., 2016). 

The role of key physical defenses (trichomes) and morphological traits (plant size) in 

predicting TSSM performance is largely unknown for day-neutral strawberry 

cultivars. 

As growers increase adoption of protected culture production practices of day-

neutral cultivars, additional management efforts will be necessary against TSSM. 

Risks of pesticide resistance is exceptionally high for TSSM, thus alternative 

management options will be greatly needed (Van Leeuwen et al., 2015, 2010). Plant 
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selection is an important facet of IPM, and if done carefully can reduce the need for 

additional management tactics. It is currently unclear which day-neutral strawberry 

cultivars grown in Northeast are better protected against TSSM, and such information 

would be a useful to IPM programs. The objective of this study was to first determine 

trends of TSSM preference and performance on several day neutral cultivars that are 

relevant to growers in the Northeast. A second objective was to describe how varying 

trichome density and plant size (biomass, leaflet area, and number of leaflets) may 

contribute to cultivar susceptibility.   

2. METHODS AND MATERIALS  

Plant and colony maintenance 

TSSM used in all experiments was reared on whole bean plants (Phaseolus 

vulgaris L.) in growth chambers for multiple years prior these experiments. Rearing of 

host plants and TSSM occurred at 25 C and 70% RH. Ten day-old bean plants were 

fed to TSSM twice per week. Day-neutral strawberry cultivars used for lab, field and 

greenhouse experiments at Cornell AgriTech were supplied by Nourse Farms, 

Whatley MA. For lab and greenhouse experiments, strawberry plants were potted as 

bare roots and kept under greenhouse conditions for 4 weeks. Plants were hand 

watered twice weekly and fertilized once per week using a 20-20-20 fertilizer (Jack’s 

Professional, JR Peters, Inc.) at rate of 15 g per 7 L of water. Runners and flowers 

were cut daily. Once plants were matured (a minimum of 4 leaves), plants were 

selected for experiments. 

Lab experiments on leaf discs 

Oviposition and offspring development on leaf discs. Strawberry cultivars used 



 

119 

 

for ovipoisition experiments on leaf discs included Monterey, Albion, Cabrillo, 

Portola, San Andreas, Seascape and Sweet Ann. Leaflets from each cultivar was 

collected from similarly aged plants grown in the greenhouse. A 25 mm leaf disc was 

cut from the center of each leaflet and placed abaxial side up on water-soaked cotton 

in covered shallow dishes. Two similarly aged TSSM females reared on bean plants 

were then placed onto each strawberry leaf disc using a fine brush. Twenty replicates 

of each cultivar were tested, split between two trials separated by 2 weeks. After 24 h, 

TSSM females were removed and the number of oviposited eggs counted. Every 2-3 

days thereafter, the number of hatched larvae, nymphs and adults were counted until 

adults began laying eggs, which occurred 11 days post inoculation.  

Cultivar choice tests. Strawberry cultivars included in choice trials included 

Portola, Albion, Seascape and San Andreas. Similarly aged leaflets from each cultivar 

were harvested from greenhouse-grown plants. Square 5 cm2 sections were cut along 

the midvein of each leaflet. Each of the four cultivar sections were randomized in 

space, and placed abaxial side up onto water-soaked cotton so leaf margins were 

touching (Fig. 4.1). A total 32 replicates, or arenas were included in this experiment, 

and 6 arenas were randomly selected to be monitored by EthoVision XT tracking 

software (Noldus Information Technology, Wageningen, Netherlands). A single 

TSSM adult female was placed on a parafilm platform at the center of the arena and 

allowed to move among the cultivar choices. Six replicates were monitored using 

EthoVision to determine short-term movement patterns. The “darker” subject color at 

30 sensitivity and the differencing method was used in detection settings of 

EthoVision to discriminate TSSM from the leaf background. Each cultivar was 
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included as a separate zone within each arena. The distance moved (cm) was 

determined for each cultivar zone after a 90 min period for EthoVision arenas. At 48 

hr post inoculation, the number of eggs deposited on each cultivar was counted.  

 

 

Impacts of artificial trichomes on TSSM movement and oviposition.  Leaf disc 

experiments were conducted to simulate the effect of added trichomes on movement 

patterns and oviposition capacity of TSSM females using EthoVision tracking. Leaf 

disc arenas were cut from bean, a preferred low-trichome host of TSSM, and ‘Albion’ 

strawberry, a moderately preferred host plant with a relatively high trichome density. 

Each leaf disc was 25 mm in diameter and a random half were selected for the added 

trichome treatment. A small amount of cotton batting was used as the artificial 

trichome source and was spread evenly over half of the leaf disc (Fig 1). A single 

individual TSSM was inoculated onto each of the four treatments (bean or strawberry, 

with or without added trichomes) and observed using EthoVision tracking for a 1 hr 

Figure 4.1. EthoVision arena design for TSSM preference on four cultivars (left) 

and with and without artificial trichomes (right).  
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interval. The same detection settings were used as described above, with additional 

zones of no-trichome and added-trichome for those that received trichomes (Fig. 

4.1B). Samples were then incubated at 25 C, 70 % RH for 24 hrs after which the 

number of oviposited TSSM eggs were counted.      

Greenhouse experiments on whole plants 

 Greenhouse experiments were conducted to determine TSSM performance on 

whole plants in controlled greenhouse conditions. Day-neutral cultivars Albion, 

Monterey, Portola, San Andreas and Seascape were potted and maintained using 

methods described above, and randomly selected for greenhouse experiments once 

they matured. Four plants of a cultivar were moved into individual 160 µm aperture 

BugDorms (MegaView Science CO., Ltd., Taichung, Taiwan) and placed close 

together so foliage overlapped. A total of 18 replicates of each cultivar treatment was 

included in this experiment, split between two trials that occurred two weeks apart. 

For each trial, an even number of replicates for each treatment was blocked by 

location in the greenhouse to account for variances in location on TSSM population 

dynamics.  

Sixteen TSSM adult females were then placed onto plants within dorms, 

spaced evenly between plants. Destructive sampling was conducted at 14 and 21 days 

post inoculation by harvesting 4 leaflets from each plant and brushing their contents 

onto soapy plants that were viewed under a dissecting microscope (Macmillan and 

Costello, 2015). The number of TSSM eggs and motiles was counted for each sample. 

Comparing plant structural characteristics. After 21 days, the above plants 

used for estimating TSSM density were measured for average leaflet area, leaflet 
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number, trichome density on leaflets, and plant biomass. For measuring leaflet area, 

two similarly-aged center leaflets were collected from a random subsample of 5 plants 

of each cultivar and measured using LeafByte (Getman‐Pickering et al., 2020). 

Trichome density was also measured on these leaflets using the imaging software 

ImageJ (Rasband, 1997). To estimate trichome density, a center 1 cm section of the 

midvein on the abaxial leaf surface and a 50 mm2 section of the leaf surface adjacent 

to the midvein was photographed and uploaded to ImageJ. The number of trichomes 

and leaf hairs present at each location was counted in ImageJ using cell counter. To 

estimate plant biomass, all above ground plant parts (including the leaflets used for 

leaflet area and trichome estimates) were collected and dried in brown paper bags for 

24 h at 70 C to determine relative differences in biomass among the cultivars.  

Field experiments  

Research site. This experiment took place at a research farm located on the 

Cornell AgriTech campus in Geneva, NY. During June 2019, plots of the day-neutral 

strawberry cultivars Albion, Seascape, and Portola were planted as bare roots along 3 

m staggered double rows. Each row was on a raised bed covered in white plastic 

mulch. A single replicate of each cultivar was randomized within a row section, which 

was then covered by a single sheet of Dubois plastic (1.5-mil film; Trioplast AB, 

distributed by Dubois Agrinovations, Saint-Rémi, Canada) to construct a low tunnel. 

Each plot within a tunnel was spaced 3 m apart and received 20 plants. Eighteen 

replicate plots of each cultivar were planted, resulting in total of 54 plots under 18 

tunnels. Plants were drip-irrigated twice per week and fertilized with 20-20-20 

fertilizer weekly at a rate of 2.25 kg. N per 4047m2. To facilitate optimal plant 
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growth, runners were cut weekly during the entire season and flowers picked weekly 

during the first month. When low tunnels were constructed, one side of the plastic 

remained down while the opposite side was raised or lowered if rain or high 

temperatures were forecasted. No pesticides or biocontrol agents were applied during 

the season, although predatory mites appeared naturally.    

TSSM and yield estimates. During late-July, half of tunnels were randomly 

selected to receive supplemental twospotted spider mite inoculations to standardize 

spider mite density. Each plot within selected tunnels received 40 adult twospotted 

spider mite females. Every two weeks after spider mite inoculations, 10 leaflets from 

each plot were indiscriminately selected and brought back to the lab to determine mite 

density. These leaflets were brushed onto soapy plates and observed under a dissecting 

microscope for the presence of twospotted spider mites. Strawberries were harvested 

weekly from early August to early November in 2019. Average total yield per plant 

was determined by dividing total weight per plot by the number of plants present 

across sampling dates. The proportion of marketable yield was determined dividing 

the number of marketable berries (i.e., those with minimal damage and > 5 g) from the 

total number collected.  

Monitoring at commercial farms. Two commercial farms were selected to 

compare differences in naturally occurring TSSM density among day-neutral cultivars 

grown under low tunnels. The first site “Commercial 1” was located in western NY 

and the second “Commercial 2” was located in eastern NY. The day-neutral cultivars 

Albion, San Andreas, and Seascape were planted at both commercial sites on 

continuous raised beds under Dubois plastic. Plants were managed similarly to 
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research plants above, following recommendations by Pritts and McDermott (2016). 

Pesticides and biocontrol agents were applied as needed at both sites to manage TSSM 

and other pests. Four 3 m sections along a row of each cultivar were flagged as 

replicate plots at both sites. Each plot contained 20 plants and were spaced 6 m from 

other plots. Every 2 weeks, 10 leaflets from each plot were collected and processed 

using the same method described above to determine relative TSSM density.   

Statistics  

Analyses were conducted in R (R version 3.5.1; R Core Team. Vienna, Austria 

2020). Data for lab no-choice and choice experiments on leaf discs were analyzed 

using a generalized linear mixed effect models with a Poisson and a negative binomial 

distribution, respectively (packages ‘lme4’ and ‘MASS’). The fixed effect for both 

models included cultivar treatment and time post inoculation, and random effects 

included dish/mite nested within trial. To compare the proportion of individuals that 

survived to different life stages in no-choice tests, and the proportion of females 

present on specific cultivars for choice tests, similar mixed models were used with a 

binomial logistic regression.  

To compare TSSM density, yield and plant structural characteristics (plant 

biomass, leaflet area, average number of leaflets, and trichome density) on whole 

plants for greenhouse experiments, linear mixed effect models were used with a log 

transformation of TSSM density / yield. No transformations were used for plant 

structure models, but a generalized mixed effects model with a gamma distribution 

was used for comparing average number of leaflets among cultivars to account for 

violation of normality assumptions. To describe the direct effects of plant size (plant 
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biomass, average number of leaflets, leaflet area and trichome density) on TSSM 

density, structural equation modeling with a path analysis (package ‘lavaan’ [Rosseel, 

2012]) was used. In the same analysis, we also included the direct relationships of 

plant structural characteristics and TSSM density on plant yield. Because we found no 

significant correlations among plant structural characteristics and yield, we removed 

these paths from the analysis to simplify the model.  

Field data were analyzed for each site (commercial site 1, 2, and the research 

site) separately. For commercial sites 1 and 2, a generalized mixed effect model with 

negative binomial distribution was used to compare TSSM density among ‘Albion’, 

‘Seascape’ and ‘San Andreas’. TSSM density at the research site was analyzed using a 

linear mixed effect model with a log transformation of TSSM density. Yield per plant 

(g) was analyzed at all sites using a generalized mixed effect model with a gamma 

distribution. Random effects for all field models included replicate plot and date to 

account for repeated measures.  

For all linear mixed effect models, F-tests were fit using a residual maximum 

likelihood estimations (REML) to estimate variance components with random effects. 

Model simplification was employed for all data analyses, where non-significant 

interactions of main effects were dropped to determine the most parsimonious model. 

A Tukey’s multiple comparisons test (package ‘emmeans’) was used to determine 

pairwise differences among fixed effects and estimated marginal means for all 

variables. Estimated marginal means and standard errors from models were used to 

generate all figures.  
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3. RESULTS 

Lab experiments on leaf discs 

Oviposition and offspring development on leaf discs. The average number of 

eggs laid by foundress TSSM females on leaf discs over 24 hr ranged between 7 – 11 

eggs and did not vary among the cultivars (Table 4.1). The majority of eggs hatched 

after 4-6 days in incubation, but the proportion of those that successfully reached the 

nymph stage varied significantly by cultivar (Fig. 4.2: χ2 = 21.11, df = 6, p < 0.01). 

The lowest egg-nymph survival rate occurred on ‘Sweet Ann’, followed by ‘Portola’, 

‘Cabrillo’, ‘Monterey’, ‘Seascape’, ‘San Andreas’, and finally the highest survival rate 

was observed on ‘Albion’ (Fig. 4.2). The proportion of nymphs that survived to 

adulthood was not impacted by cultivar (Fig. 4.2: χ2 = 3.55, df = 6, p = 0.74). Cultivar 

differences in survival rates from egg-nymphs resulted in fewer nymphs and adults 

present on leaf discs at 6, 8 and 11 days after oviposition (Table 4.1).  
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Table 4.1. Estimated marginal means (± SE) of the number of 

individuals present at each life stage during 11 d on each cultivar.  

Each of the five data sections represents data collected at separate 

time intervals for a single data set. Different letters next to the 

means indicate significant differences based on a Tukey’s test for 

multiple comparisons (p < 0.05). No letters indicate no significant 

difference among the cultivars. 
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 Cultivar choice tests. When given a choice to feed and oviposit on cultivars 

Albion, Portola, San Andreas, or Seascape, TSSM laid more eggs on Albion compared 

to the remaining three cultivars after 48 hrs (Fig. 4.3; χ2 = 2.52, df = 3, p = 0.50). This 

Figure 4.2. Raw data of the proportion of individuals that 

survived from eggs to nymphs (top), and from nymphs to 

adults (bottom). Different letters indicate significant 

differences in survival based on a Tukey’s test for multiple 

comparisons (p < 0.05). 
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trend, however, was not statistically significant nor supported by short-term 

EthoVision tracking or direct observations of foraging TSSM females in real time 

(Figs. 4.3, 4.4). TSSM traveled an average distance of 183.42 ± 32.68 cm as measured 

by EthoVision during a 1 hr interval, but moved equally among the cultivars (χ2 = 

4.59, df = 3, p = 0.20). Longer term observations of foraging individuals indicated a 

moderate preference for the Portola cultivar at 5 hrs., but overall preference compared 

to remaining cultivars was not statistically significant (χ2 = 0.99, df = 3, p = 0.80).   

 

Figure 4.3. Model estimated (± SE) mean eggs oviposited by single TSSM females 

on cultivars Albion, Portola, San Andreas and Seascape after 48 hr in incubation 

(top) and the proportion of TSSM females that were observed foraging on each 

cultivar at 2, 5, 24 and 48 hr post inoculation. Different letters indicate significant 

differences in oviposition based on a Tukey’s test for multiple comparisons (p < 

0.05). See Fig. 4.4 for results on short term movement tracking.  
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 Impacts of artificial trichomes on TSSM movement and oviposition. Single 

TSSM females moved an average distance of 97.25 ± 16.52 cm during a 1 hour 

interval on bean or strawberry discs. There was little difference in overall TSSM 

movement between the plant species (F1,59 = 0.11, p = 0.74), or between discs with or 

without additional trichomes (F1,52 = 1.04, p = 0.31). However, for the discs with 

additional trichomes, most of their movement occurred on the zone where the 

trichomes were located (Fig. 4.4; F1,8 = 10.80, p = 0.01). The number of eggs laid by 

TSSM females was consistently higher on bean (10.52 ± 4.59 eggs) compared to 

strawberry (8.49 ± 4.69 eggs), but this difference was not significant (F1,79 = 2.08, p = 

0.15). Added trichomes also had no impact on TSSM egg laying (F1,79 = 0.02, p = 

0.87), but some preference for ovipositing in trichomes was observed (F1,59 = 3.57, p = 

0.06).    

 

 

Figure 4.4. Representative arenas that demonstrate the non-preference for cultivars 

(left), and a preference for movement within artificial trichomes (right) from 

EthoVision tracking on leaf disc arenas. Total movement for TSSM on ‘No 

trichome’ and ‘Added trichome’ was similar on bean and strawberry discs. The 

black-outlined semicircle represents the region where artificial trichomes were 

added. Data were summarized over a 1 hr interval for both experiments.  
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Greenhouse experiments on whole plants 

 TSSM density and yield. After 21 days in incubation, TSSM density ranged 

between 11-30 motiles per leaflet and this density varied significantly by cultivar (F4,77 

= 4.91, p < 0.01). Highest counts were observed on cultivars Seascape and Albion, 

followed by San Andreas, Portola and Monterey. The significant effect of cultivar was 

driven by the considerably higher counts on Seascape compared to San Andreas, 

Portola, Monterey and to a lesser extent Albion (Fig. 4.5). Differences in TSSM 

density, however, did not have any detectable impact on yield (χ2 = 3.24, df = 3, p = 

0.52).  
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Plant structural characteristic correlations with TSSM performance. 

Comparisons of plant structural characteristics indicate significant difference among 

the cultivars in plant biomass (F4,69 = 53.03, p < 0.01), leaflet area (F4,45 = 17.38, p < 

0.01), average number of leaflets (χ2 = 88.93, df = 3, p < 0.01) and average number of 

Figure 4.5. Model estimated means (± SE) of TSSM density 

per leaflet (top) and plant yield (bottom) for greenhouse 

experiments 21 d after TSSM inoculation on whole plants of 

five cultivars. Different letters indicate significant differences 

based on a Tukey’s test for multiple comparisons (p < 0.05).  
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trichomes (F4,25 = 3.32, p = 0.02). The cultivars Albion and Seascape were consistently 

the smallest plants in terms of plant biomass, number of leaflets present, and leaflet 

area, while the cultivar Portola was the largest (Table 4.2). ‘Monterey’ and ‘San 

Andreas’ were consistently mid-sized among the cultivars. Trichome density was 

similar among the cultivars Portola, San Andreas, Albion and Seascape, but was 

significantly lower for ‘Monterey’ compared to ‘San Andreas’ that had the highest 

trichome density. The path analysis revealed little evidence for significant correlations 

between these plant structural characteristics and TSSM density (Fig. 4.6; χ2 = 5.17, 

df = 3, p = 0.15). The strength of the relationship between variables is determined by 

the path coefficient, which is summarized alongside coefficients and significant p-

value indicators on Fig. 4.6. Among them, there was a nearly significant negative 

effect of plant biomass and TSSM density, in that heavier plants were correlated with 

lower TSSM densities. Plant biomass was highly predicted by leaflet area and average 

leaflet number, but neither leaflet area nor leaflet number had a significant direct 

effect on TSSM density. Additional pathways were included in the model to describe 

correlations between plant structural characteristics and yield, but none resulted in 

significant relationships and were thus not pictured in Fig. 4.6 for simplicity. 
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Table 4.2. Model estimated means (± SE) of plant weight, average leaflet area, 

average number of leaflets and average trichome density among five strawberry 

cultivars. Different ‘Group’ letters indicate significant differences based on a 

Tukey’s test for multiple comparisons (p < 0.05). 

 

 
 

Plant weight (g)  Average leaflet area (cm2) 

 emmeans SE Group   emmeans SE Group 

Seascape 5.26 0.58 A  Seascape 32.10 1.38 A 

Albion 5.86 0.42 A  Albion 32.40 1.25 A 

Monterey 8.48 0.45 B  Monterey 38.10 1.54 B 

San Andreas 8.70 0.43 B  San Andreas 39.50 1.32 B 

Portola 11.73 0.45 C  Portola 46.00 1.38 C 

         
Average num. leaflets  Average trichome density 

 emmeans SE Group   emmeans SE Group 

Albion 16.00 0.98 A  Monterey 54.80 10.6 A 

Seascape 16.70 1.36 AB  Seascape 67.60 10.25 AB 

San Andreas 19.90 1.28 B  Albion 85.90 10.45 AB 

Monterey 21.70 1.43 B  Portola 88.80 11.02 AB 

Portola 31.00 2.33 C  San Andreas 104.20 13.53 B 

 1 

Figure 4.6. A conceptual path analysis illustrating the effects of structural plant 

characteristics (plant biomass, average number of leaflets, leaflet area and trichome 

density on TSSM density, and TSSM density impacts on yield. Path coefficients 

are untransformed and represent relative strength of the interaction. Directionality 

of the interaction is indicated by the direction of the arrow, with green (+) arrows 

indicating a positive correlation, and red (-) arrows indicating a negative 

correlation.  Double headed-arrows indicate covariance between variables. A single 

asterisk (*) represent marginal significance (p < 0.10) and double asterisks (**) 

represent significance p < 0.05. 
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Field experiments on whole plants 

 The density of naturally occurring TSSM at commercial strawberry farms 

varied significantly by cultivar during the 2019 season for both sites observed (Site 1; 

χ2 = 6.02, df = 2, p = 0.04; Site 2: χ2 = 13.19, df = 2, p < 0.01). For both sites, 

‘Seascape’ hosted a 47-73% higher TSSM density compared to ‘Albion’, and a 62-

95% higher TSSM density compared to ‘San Andreas’ (Fig. 4.7). TSSM densities 

were also highest on the Seascape cultivar at the research site, but comparisons among 

cultivars Seascape, Portola and Albion were not statistically significant (not pictured; 

χ2 = 2.37, df = 2, p = 0.31). Season averaged strawberry yield per plant ranged 

between 17-24 g and did not differ among sites and cultivars (Cultivar: χ2 = 2.23, df = 

3, p = 0.52; Site: χ2 = 1.46, df = 2, p = 0.48). The average proportion of marketable 

fruit among all sites was 0.45 ± 0.39 and also did not vary by site or cultivar (Cultivar: 

χ2 = 5.76, df = 3, p = 0.12; Site: χ2 = 4.52, df = 2, p = 0.10). 
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4. DISCUSSION  

 To meet increasing market expectations, strawberry growers in the 

northeastern U.S. have the opportunity to adopt protected culture growing practices 

Figure 4.7. Model estimated means (± SE) of TSSM density per 

leaflet (top) and yield per plant (bottom) among cultivars 

evaluated at two commercial sites during the 2019 field season. 

TSSM density represents weekly averages collected during the 

season (July – Oct). Different letters indicate significant 

differences based on a Tukey’s test for multiple comparisons (p < 

0.05).  
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using day-neutrals. In past studies, growing day-neutrals under low tunnels resulted in 

higher and more marketable yield and a longer growing season with minimal impact 

on the presence of beneficial predators, parasitoids and pollinators (Anderson et al., 

2019; Lewers et al., 2017; Maughan et al., 2014; Orde et al., 2018; Sorkel et al., 2006; 

Willden et al., 2022). However, a tradeoff associated with this system is a greater risk 

of severe TSSM infestation under low tunnels compared to the open field (Costa et al., 

2017; Willden et al., 2021). Results of this study indicate that cultivar selection could 

be a useful cultural control tactic for managing TSSM under low tunnels, and that 

plant biomass is the best predicator of TSSM tolerance among the structural 

characteristics measured in this study.   

 Plants can counter attacks from herbivores using several defense mechanisms 

that include structural defenses (trichomes, hairs, leaf thickness, plant size, and ratio of 

susceptible plant parts, etc.), chemical defenses (secondary metabolites that impact 

pest behavior and physiology, or herbivore-induce plant volatiles that attract natural 

enemies), and nutrition availability (War et al., 2012). These defenses can 

simultaneously contribute to pest resistance (prevent insect herbivory) or tolerance 

(ability of a plant to withstand herbivory). Although chemical defenses play an 

important role in determining a plant’s susceptibility to herbivory, there is some 

evidence that structural defenses are the leading mechanisms of resistance and 

tolerance against herbivores (Carmona et al., 2011). In this study, we described the 

role of structural defenses among strawberry cultivars that can contribute to resistance 

(trichomes) or tolerance (plant size) against TSSM.  

Our lab experiments on survival, preference, and oviposition by TSSM did not 
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reveal consistent trends in TSSM preference or performance among cultivars at the 

leaf scale. This indicates that structural characteristics of the leaf (e.g., density of 

trichomes, leaf thickness, surface texture, etc.) are either poor predictors of TSSM 

performance, or that they do not vary enough among strawberry cultivars to elicit a 

clear response. Despite past studies that report a positive correlation between TSSM 

resistance and trichome density (de Resende et al., 2020; Esteca et al., 2017; 

Luczynski et al., 1990), others report the opposite effect or no correlation between 

TSSM resistance and trichome density (Gong et al., 2018; Gugole Ottaviano et al., 

2013; Kishaba et al., 1972). Steinite and Ievinsh (2003) and Figueiredo et al. (2013) 

conclude that TSSM resistance to strawberry cultivars is likely tied to the density of 

glandular trichomes rather than non-glandular trichomes, which might explain some of 

this variability. In our study, the density of non-glandular trichomes also varied among 

cultivars, but with no impact on TSSM density or oviposition. However, we did see 

more movement and higher oviposition preference within artificial trichomes on 

strawberry compared to control zones. Overall, these results support that non-

glandular trichomes are unlikely mechanisms of resistance to TSSM in strawberry, but 

may play an important role when variation in trichome density is more conspicuous. 

Population dynamics on whole plants did result in consistent differences 

among cultivars in greenhouse and field experiments. ‘Seascape’ supported higher 

numbers of TSSM on whole plants, followed closely by ‘Albion’, and finally ‘San 

Andreas.’ This trend was also consistent at two commercial low tunnel strawberry 

sites. It is possible that mechanisms for TSSM resistance occurs at the whole plant 

scale (e.g. plant size), or that defense at the leaf scale is stronger on intact leaves. 
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Indeed, mechanical damage from cutting leaf discs for bioassays could release 

sequestered alkaloids and terpenoids and alter defense response to TSSM (Schmelz et 

al., 2001). Nutrient availability would also vary between intact or excised leaves (van 

Emden and Bashford, 1976). It is therefore likely that differences in TSSM resistance 

would vary between experiments on leaf discs and whole plants, and comparisons 

between them should be made with caution.   

When comparing plant size among the cultivars, ‘Albion’ and ‘Seascape’ were 

consistently smaller in terms of above ground biomass, leaflet area, and average 

number of leaflets present. These cultivars, especially the smaller or the two Seascape, 

consistently supported higher TSSM densities on whole plants. Total biomass was 

negatively correlated with TSSM density, and was the strongest predictor of TSSM 

density in our path model. This indicates that a large biomass could reduce TSSM 

density on strawberry leaflets, which may contribute to plant tolerance by reducing 

TSSM feeding intensity and damage potential (Tehri et al., 2014; Tiffin, 2000). It is 

important to note that total biomass was positively correlated with leaflet area and the 

number of leaflets present, as would be expected. Morphological traits not measured 

in this study but contribute to total biomass are petiole and peduncle biomass. In 

strawberries, petioles connect leaves to the crown and peduncles connect fruit to the 

crown. These connection points could assist in TSSM dispersal within a plant, and 

could therefore be correlated with TSSM density at the leaf scale (Aguilar-Fenollosa 

et al., 2016; Strong et al., 1999).  

Regardless of cultivar differences in TSSM density, we observed similar yield 

and proportions of marketable fruit among cultivars in all experiments. This result is 
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not unlike a similar study conducted in the same region where peak densities greatly 

exceeded a proposed threshold of 5 mites per leaf with no noticeable impact on yield 

(English-Loeb and Hesler, 2004). Another study in Florida, where mite pressure is 

high relative to the Northeast, found that 50-80 mites per leaf were required before 

yield reductions were detected (Nyoike and Liburd, 2013). Therefore, although 

cultivar differences in TSSM performance was detected in this study, the impact on 

yield is unclear and requires further investigation.  

5. CONCLUSIONS 

 We conducted a series of lab, greenhouse and field experiments to determine 

the relative preference and performance of TSSM on day-neutral cultivars relevant to 

growers in the northeastern U.S. Leaf disc assays were inconclusive, but experiments 

conducted on whole plants at several sites identified ‘Seascape’ and ‘Albion’ as the 

most susceptible of the cultivars. We conducted a path analysis to determine 

correlations between plant structural characteristics (trichome density, leaflet area, 

average number of leaflets, and total above-ground biomass) and TSSM density to 

describe possible mechanisms of TSSM resistance or tolerance. Of these, above-

ground biomass was the strongest predictor where smaller plants were associated with 

higher TSSM densities. However, increased TSSM density did not result in detectable 

reductions in yield. This study provides useful information in using cultivar choice as 

an IPM tactic against TSSM on protected culture strawberry in the Northeast.   
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ABSTRACT  

  As protected culture production practices of strawberry and other specialty 

crops expands in northeastern U.S., sustainable management recommendations for the 

twospotted spider mite (Tetranychus urticae Koch) are needed to reduce the impact of 

this pest. This study utilized lab, greenhouse and field experiments to evaluate 
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biocontrol efficacy and compatibility of Phytoseiulus persimilis and Neoseiulus 

fallacis (Phytoseiidae) against TSSM on low tunnel strawberry. We found higher 

walking activity of P. persimilis compared to N. fallacis on leaf discs, and better 

management of T. urticae by P. persimilis, released singly or in combination with N. 

fallacis, on contained plants in the greenhouse. However, we did not detect any 

significant differences in T. urticae reduction in the field by either species, even 

between releases that were made once vs. multiple times. We also found very low 

retention of P. persimilis in the field, and the presence of naturally occurring N. 

fallacis that may have impacted treatment effects for our field study. Although P. 

persimilis appeared to be compatible with N. fallacis, we infer that P. persimilis 

released for augmentative control is unlikely to persist on plants long enough to 

provide preventative or sustained control of T. urticae on low tunnel strawberry in 

New York. However, we also found little evidence that low strawberry yield was 

correlated with high T. urticae density. We discuss the potential limitations of 

augmentative biocontrol in this system and potential avenues for future research to 

improve biocontrol practices.  

1. INTRODUCTION     

 Tetranychus urticae Koch, or the twospotted spider mite “TSSM”, is a 

notorious generalist pest present across the globe on many crops, including important 

tree fruit, berries, vegetables and ornamentals (Attia et al., 2013; Grbić et al., 2011). 

TSSM is a piercing/sucking feeder present primarily on the underside of leaves, where 

it targets cell contents and reduces photosynthetic capacity and productivity of its host 

(Bensoussan et al., 2016). Because TSSM can produce parthenogenetically and has a 



 

151 

 

rapid life cycle, high densities of TSSM can occur in a short amount of time if 

unmanaged. This life history also contributes to rapid evolution of pesticide resistance 

by TSSM; indeed, TSSM is currently considered the ‘most resistant’ arthropod to 

pesticides in terms of the number of pesticide active ingredients to which populations 

have gained resistance (Adesanya et al., 2021; Van Leeuwen et al., 2010).  

TSSM can be especially problematic on protected culture crops (i.e., plants 

grown under protective plastic tunnels or in greenhouses), due to the warm and dry 

conditions compared to the open field (Ingwell et al., 2017; Leach and Isaacs, 2018). 

Growing strawberries and other specialty crops under plastic tunnels is becoming 

increasingly popular in the northeastern U.S., due to the benefits of crop protection 

and season extension under tunnels (Lamont Jr., 2009; Orde et al., 2018). Strawberry 

growers are also replacing traditional June-bearing cultivars with day-neutrals to 

produce fruit throughout the summer and fall (Orde and Sideman, 2019). The 

combination of low tunnels and day-neutral cultivars provides an ideal environment 

for TSSM. Indeed, our recent study found a 300 – 500% increase in TSSM density on 

day-neutrals grown under low tunnels compared to the open field (Willden et al., 

2021). Given the risk of pesticide resistance and increased threat under tunnels, 

integrated pest management programs with a strong non-chemical component such as 

biocontrol are needed combat TSSM in this system. 

Several commercial biocontrol agents are available for TSSM management on 

strawberry. Phytoseiulus persimilis Athias-Henriot is currently the most popular 

augmentative biocontrol agent for TSSM management in the U.S. (Knapp et al., 2018; 

van Lenteren, 2012). Phytoseiulus persimilis is a highly aggressive and specialized 
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feeder of TSSM, and can be effective against TSSM on many crops, especially in 

greenhouses (Krips et al., 1999; McMurtry et al., 2013). In addition to P. persimilis, 

northeastern strawberry growers tend to apply Neoseiulus fallacis Garman, a native 

biocontrol agent that is also available commercially. Neoseiulus fallacis is a predator 

of tetranychid mites, but will also consume tarsonemid mites and occasionally thrips 

(Croft et al., 1998; McMurtry et al., 2013). Given that Phytoseiulus and Neoseiulus 

spp. occupy a slightly different niche on strawberry, there is potential to release them 

in combination to provide a knockdown of TSSM outbreaks (by P. persimilis) and 

longer-term suppression and prevention of outbreaks (by N. fallacis) (Lee and Lo, 

1989; Rhodes et al., 2006; Schausberger and Walzer, 2001). A consistent issue in 

applying these biocontrol agents, however, is low retention in the field (especially for 

P. persimilis) and intraguild predation that may result in variable pest management 

(Alatawi et al., 2011; Rhodes et al., 2006). 

There is a wealth of information on the biocontrol of TSSM on field-grown 

strawberry in California and Florida where TSSM is a persistent issue (Liburd et al., 

2007; Oatman et al., 1977, 1968, 1967; Rhodes et al., 2006); however, there is limited 

information on new protected culture systems in cooler climates such as the Northeast. 

The primary objective of this study was to evaluate biocontrol efficacy between two 

popular and commercially available biocontrol agents, P. persimilis and N. fallacis, 

against TSSM on day-neutral strawberry from the leaf to whole plant scale as 

evaluated under lab, greenhouse and field conditions under low tunnels. A second 

objective was to determine if multiple biocontrol releases are necessary to improve 

predator retention and biocontrol efficacy in the field. Lastly, we aimed to determine if 
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P. persimilis and N. fallacis can be released concurrently to improve biocontrol. Our 

goal was to provide needed information on biocontrol of TSSM on protected culture 

strawberry as this production system expands in the Northeast.   

2. METHODS AND MATERIALS  

Plant and colony maintenance 

Original colonies of N. fallacis and P. persimilis were purchased through IPM 

Laboratories, Inc. (Locke, NY) and moved onto TSSM-infested bean plants 

(Phaseolus vulgaris L.) for multiple generations prior experiments. Rearing of 

phytoseiids occurred in growth chambers set to 16:8 (L:D), 70% RH, and 25 C. 

Freshly TSSM-infested bean plants were rotated into phytoseiid colonies twice per 

week. Rearing of TSSM for all biocontrol experiments on strawberry occurred on 

whole plants of the strawberry cultivar ‘Albion’ (Nourse Farms, Whatley MA) in 

growth chambers set to 16:8 (L:D), 70% RH, 25 C. ‘Albion’ plants were also used for 

lab, greenhouse and field experiments evaluating biocontrol efficacy of commercially-

reared phytoseiids. For lab and greenhouse experiments, strawberry plants were potted 

as bare roots and kept under greenhouse conditions prior to experiments. Plants were 

hand watered twice weekly and fertilized once per week at a rate of 2.14 g / L water 

using Jacks 20-20-20 fertilizer (Allentown, PA). Runners and flowers were cut daily 

until experiments began and no pesticides were applied for diseases or pests.  

Lab experiments on leaf discs 

To directly compare behavior and rates of egg consumption between N. 

fallacis and P. persimilis, predators were released onto strawberry leaf discs and their 

behavior observed for short term movement, feeding and oviposition. Leaf discs for 
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these bioassays were cut from similarly aged strawberry leaflets and placed abaxial 

side up on water-soaked cotton in covered Petri dishes. Each leaf disc arena was 2.5 

cm in diameter. Before predator inoculation, two TSSM females reared from 

strawberry were placed onto leaf discs and allowed to oviposit for 24 hr. After 24 hr, 

TSSM females and excess eggs were removed so only 10 prey eggs remained. Within 

10 min thereafter, single adult females of either P. persimilis or N. fallacis were 

released onto leaf discs and their movement tracked using EthoVision (Noldus, 

Leesburg, VA) for 1 hr. EthoVision can be used to track behavior and activity at small 

scales that can be used to infer on predator navigation and predation on strawberry 

leaves. The “lighter and darker” subject color at 30 sensitivity and the differencing 

method was used in detection settings of EthoVision to discriminate phytoseiids from 

the leaf background. Twenty replicates were conducted for each phytoseiid species. 

After EthoVision observations, the leaf discs with predators were incubated at 25 C 

and 70% RH. After 24 hr, the number of TSSM eggs consumed, phytoseiid eggs 

oviposited, and the presence / absence of the predator was recorded.  

Greenhouse experiments on whole plants 

Once potted ‘Albion’ plants reached a stage of 8 leaves per plant, they were 

selected for experiments. Three plants were moved into BugDorms (MegaView 

Science CO., Ltd., Taiwan) and each was inoculated with two similarly-aged TSSM 

females. Predatory mites were released at 21 d post TSSM inoculation at a rate of 14 

adults per plant (roughly a 1:10 TSSM: predatory mite ratio as indicated by pre-

sampling). Treatments included a no predator control, N. fallacis, P. persimilis, and a 

combination of both species (7 individuals of each species released on each plant) 
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(Table 5.1). Thirteen replicates of each treatment were included. A second predatory 

mite application of the same treatments was made at 36 d post TSSM inoculation. 

Every 7 d for 6 weeks after the first treatment application, 3 mid-tier leaflets were 

collected and processed from each dorm using a mite brushing machine and brushed 

contents were counted for the number of TSSM and phytoseiid present (Macmillan 

and Costello, 2015).   

Field experiments  

This experiment took place at a research farm located on the Cornell AgriTech 

campus in Geneva, NY, during the 2017 and 2018 field seasons. Twenty strawberry 

plants were planted as bare roots along 3 m staggered double rows that were 

designated as replicate plots. Plots were spaced 3 m apart along a raised bed and 

covered in white plastic mulch. Plots were then covered by a single sheet of Dubois 

plastic (1.5-mil film; Trioplast AB, distributed by Dubois Agrinovations in Quebec, 

Canada) to construct a low tunnel. Plants were drip-irrigated twice per week and 

fertilized weekly using a 20-20-20 fertilizer at a rate of 2.25 kg. N per 4047m2. 

Runners were cut weekly during the entire season and flowers picked weekly during 

the first month to promote plant growth. When high temperature were forecasted, one 

side of each tunnel was raised to facilitate ventilation.  

Forty TSSM females from our laboratory colony were inoculated into each plot 

on 11 July in 2017. Two weeks later, predatory mite treatments (Table 5.1) were 

applied, and reapplications of “multiple release” treatments were made every two 

weeks until 20 Sept in 2017. Similar treatments were applied in 2018, but TSSM 

inoculations were not made to facilitate natural TSSM colonization, and each 
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treatment was applied twice during the season. Six replicates of each treatment were 

included in both the 2017 and 2018 field experiments. Weekly densities of TSSM and 

phytoseiids were determined from July-Oct during both years by collecting 15-25 mid-

tier strawberry leaflets from each replicate plot and brushing their contents onto soapy 

plates using a mite brushing machine. The number of TSSM and phytoseiid motiles 

were counted. Starting in late-July, ripe strawberries were harvested weekly from both 

2017 and 2018 field experiments until October / November. Average total yield per 

plant (g) was determined. 

The same research site used above was used in 2020 to compare rates of 

retention between N. fallacis and P. persimilis when reared in the lab on strandard  

cranberry bean plants (Phaseolus vulgaris L.). The study site was built identically to 

the plots above, but a subset of them received marked N. fallacis and P. persimilis. 

Three hundred individuals of each species (reared in lab on bean plants as described 

above) were marked with SmartWater® (Kent, United Kingdom), an odorless and 

permanent UV-fluorescent marker using a 3 oz fine-mist sprayer. One hundred 

marked individuals of a species was moved onto a center plant within 3 replicate plots 

(i.e., N=3 for each species). A different marking color was used for each replicate plot. 

After 48 hr, 25 leaflets were collected from each plot and processed similarly to 

above. The number of marked individuals was confirmed by scanning recovered 

predators under a 365 nm UV flashlight (Defender, Kent UK). This marking method 

was tested in preliminary trials and was not found to affect movement, survival, egg 

consumption or ovipositoin by predatory mites.   
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Table 5.1. Details on treatment assignments and application for greenhouse and field 

experiments on whole strawberry plants. 

 

Greenhouse treatments 

 Number 
released 

Number of 
releases 

Num. 
replicates 

Control (no predator) NA NA 13 

N. fallacis 40 Two 13 

P. persimilis 40 Two 13 

Mixed 40 Two 13 

    
Field treatments 2017 

 Number 
released 

Number of 
releases 

Num. 
replicates 

Control (no predator) NA NA 6 

N. fallacis 10 One 6 

P. persimilis 10 One 6 

Mixed 10 One 6 

N. fallacis 10 Multiple 6 

P. persimilis 10 Multiple 6 

Mixed 10 Multiple 6 

    
Field treatments 2018 

 Number 
released 

Number of 
releases 

Num. 
replicates 

Control (no predator) NA NA 6 

N. fallacis 20 Two 6 

P. persimilis 20 Two 6 

Mixed 20 Two 6 

    
Commercial release 2020 

 Number 
released 

Number of 
releases 

Num. 
replicates 

Control (no predator) NA 3 3 

N. fallacis 1,000 3 3 

P. persimilis 1,000 3 3 
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Statistics  

Analyses were conducted in R (R version 3.5.1; R Core Team. Vienna, 2020). 

Distance moved, egg consumption, oviposition and retention data for EthoVision trials 

were analyzed using a linear mixed-effect models including ‘Trial’ as a random effect 

(package ‘lme4’). Distance moved was analyzed using a square root transformation. 

TSSM egg consumption and oviposition data were analyzed as a generalized mixed 

effect model with negative binomial distribution (package ‘MASS). Retention (i.e., the 

proportion of individuals present on leaf discs after 24 hrs) was analyzed using 

binomial logistic regression.  

TSSM and phytoseiid counts for greenhouse and field experiments were 

analyzed using a generalized linear mixed effect model with a Poisson distribution. 

Yield per plant was analyzed for both the greenhouse and field experiment using linear 

mixed effect model with a square root transformation. Random effects for both the 

greenhouse and field experiments included replicate plot / dorm to account for 

repeated measures and location in the experiment (i.e., row or block). Fixed effects for 

the greenhouse experiment included predatory mite treatment and date, and fixed 

effects for the field experiments included predator treatment, number of releases (2017 

only) and date. For the field data comparing biocontrol efficacy, the 2017 and 2018 

seasons were analyzed separately. Field recovery of released phytoseiids observed 

during the 2020 season was analyzed as the proportion of predators recovered of the 

total released using a generalized linear model with a binomial distribution.  

  For all mixed effect models, F-tests were fit using a residual maximum 

likelihood estimations (REML) to estimate variance components with random effects. 
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Model simplification was employed for all data analyses, where non-significant 

interactions of main effects were removed to determine the most parsimonious model. 

A Tukey’s multiple comparisons test (package ‘emmeans’) was used to determine 

pairwise differences among fixed effects and estimated marginal means for all 

variables. Estimated marginal means and standard errors from models were used to 

generate all figures.  

3. RESULTS 

Lab experiments on leaf discs 

 Distance moved by adult female P. persimilis on strawberry leaf discs was 

higher (72.90 ± 8.26 cm) compared to N. fallacis (31.40 ± 6.88 cm) during a 1 hr 

observation period (Fig. 5.1; F1, 68.89 = 17.55, p < 0.01). One day after EthoVision 

trials, runoff (i.e., the proportion of individuals absent on discs) was significantly 

higher for P. persimilis (45.00 ± 0.09 %) compared to N. fallacis (16.9 ± 0.06 %) (χ2 = 

6.51, df = 1, p = 0.01). Therefore egg consumption by P. persimilis was lower overall 

including individuals that escaped (4.90 ± 0.71 eggs consumed) compared to N. 

fallacis (6.93 ± 0.94 eggs consumed) (Fig. 5.1; χ2 = 5.39, df = 1, p = 0.02), while 

oviposition rate was similar between the species (χ2 = 0.71, df = 1, p = 0.39).  
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Greenhouse experiments on whole plants 

When tested on whole plants in the greenhouse, predatory mite treatment had a 

significant impact on the density of TSSM 5 weeks post treatment application (F3, 50.82 

= 8.45, p < 0.01; Fig. 5.2). Phytoseiulus persimilis and the combination treatment 

resulted in the lowest TSSM density overall. TSSM density also varied by date of 

Figure 5.1. A comparison between N. fallacis and P. persimilis in the 

average distance moved by individual adult females during 1 hr (top) and 

eggs consumed by these individuals after 24 hr (bottom). Note that higher 

runoff of P. persimilis was observed in this experiment that impacted egg 

consumption.   
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observation (F5, 233.47 = 92.77, p < 0.01), which also influenced efficacy of phytoseiids 

in that treatment effects were only observed 3 weeks post predator inoculation 

(interaction: F15, 233.63 = 4.44, p < 0.01). The number of phytoseiids present after 

inoculation did not vary among treatments at any point during the greenhouse 

experiment (F2,32.52 = 1.01, p = 0.38; no interaction with date).  

  

Field experiments on whole plants 

 Biocontrol efficacy. TSSM first appeared in July during both the 2017 and 

2018 seasons Fig. 5.3). Peak TSSM density occurred during September in 2017 and 

July in 2018. Curiously, TSSM densities crashed by August in 2018. Phytoseiid 

density was positively correlated with TSSM density during 2017 and 2018 (2017: 

F1,12 = 4.10, p = 0.05, R2 = 0.24; 2018: F1,13 = 44.95, p < 0.01, R2 = 0.77), although 

phytoseiids arrived earlier and reached higher densities in 2018 compared to 2017 

Figure 5.2. The effect of predatory mite treatment on TSSM density (top) 

and yield (bottom) 5 weeks post treatment application on whole strawberry 

plants contained in BugDorms. Different letters above treatments indicate 

significant differences based on a Tukey’s test for multiple comparisons (p 

< 0.05). 
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(Fig. 5.3). Predatory mite treatment had a significant effect on TSSM density in 2017 

(Fig. 5.3; χ2 = 9.32, df = 3, p = 0.03), but only during August (treatment interaction 

with date: χ2 = 8985, df = 39, p < 0.01) and no treatment effects were observed at any 

point in 2018 (Fig. 5.4; χ2 = 1.95, df = 3, p = 0.19). There was also no difference in 

TSSM density between predatory mite releases made a single vs. multiple times 

during the 2017 season for any treatment (Fig. 5.4; main effect of release number on 

TSSM density: χ2 = 0.02, df = 1, p = 0.87; no interaction between phytoseiid 

treatment and release number).  
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Figure 5.3. Relative densities of TSSM and phytoseiids (top panels, treatments 

combined) and impact of phytoseiid treatment on TSSM density (bottom panels) 

for field experiments. Data is summarized for the 2017 (left) and 2018 (right) 

seasons. Monitoring for mites occurred on low tunnel strawberry after phytoseiid 

treatments were applied. Different letters above treatments on bottom panels 

indicate significant differences based on a Tukey’s test for multiple comparisons (p 

< 0.05). Capital letters represent seasonal differences in TSSM density whereas 

lowercase letter represent treatment differences within each month.   
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Naturally occurring N. fallacis were present in all treatments before the 

experiments were initated and any insectary-reared predatory mites were released 

during 2017 and 2018, although densities were lower in the controls in one year (2017: 

χ2 = 7.82, df = 3, p = 0.05; 2018: χ2 = 0.68, df = 3, p = 0.87). Phytoseiid densities 

among treatments that received predatory mites, either by single or multiple releases, 

did not differ at any point during either year (p > 0.05 for density comparisons among 

Figure 5.4. Relative densities of TSSM among phytoseiid treatments (control, N. 

fallacis released once or multiple times, P. persimilis released once or multiple 

times, and both species released once or multiple times). Data is summarized for 

the 2017 on low tunnel strawberry. Standard errors were removed from phytoseiid 

treatment figures for simplicity. No significant differences in TSSM density was 

observed among any treatment, or between single vs. multiple releases within each 

treatment.  
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phytoseiid treatments; impact of release number on phytoseiid density: χ2 = 0.62, df = 

1, p = 0.43).  

  Yield. For strawberries grown under low tunnels, average yield ranged between 

8 – 44 g per plant and peaked during September – October during both seasons. An 

analysis of covariance comparing the effects of date and TSSM density on yield 

revealed little evidence for a strong TSSM impact during either season (TSSM: F1,963 = 

0.01, p = 0.91;  Date: F20,854 = 161, p < 0.01). Consequently there was little impact of 

phytoseiid treatment on yield (F3,136 = 1.04, p = 0.38).  

Predator retention. An average of 55 ± 2.88 N. fallacis individuals were 

recovered from low tunnels 48 hr post inoculation, but only 58% were marked. Fewer 

P. persimilis were recovered (27 ± 3.51), but a similar 49% of them were marked. 

When comparing the proportion of marked individuals recovered to the total number 

inoculated into each plot (100 individuals), retention was significantly higher for N. 

fallacis compared to P. persimilis (χ2 = 32.45, df = 1, p < 0.01). This result is similar 

when comparing the total number individuals collected between the species (marked 

and unmarked combined), but N. fallacis is found naturally on strawberry thus only 

marked individuals were considered for this comparison.   

4. DISCUSSION  

 An increasing number of growers in the northeastern U.S. are implementing 

protected culture practices for strawberry and many other specialty crops despite 

higher risk of TSSM infestation (Ingwell et al., 2017; Willden et al., 2021). As this 

production system expands in the region, information on TSSM pressure and 

management will be needed. Management practices, including biological control, 
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should also be evaluated that fit within an IPM framework. The objective of this study 

was to compare efficacy of two popularly used biocontrol agents (N. fallacis and P. 

persimilis ) against TSSM on low tunnel strawberry in New York. Given our results, 

we predict that P. persimilis is unlikely to perform well on strawberry grown under 

low tunnels due to low prey availability and / or retention. We also found little 

evidence that increased TSSM density on protected culture strawberry has a 

significant impact on yield, which may reduce the need for management as informed 

by current action thresholds especially if endemic predators are present.   

We found that movement (i.e., distance moved on leaf discs) was higher for P. 

persimilis compared to N. fallacis similar to previous studies (Jung and Croft, 2001). 

This was not surprising given that P. persimilis is considered a more active and 

aggressive feeder of T. urticae compared to N. fallacis (McMurtry et al., 2013). 

Because of its diet specialization, P. persmilis must be able to locate highly clumped 

prey distrubtions compared to N. fallacis that may explain its high activity and 

movement on leaf discs in our study (Alatawi et al., 2011; McMurtry and Croft, 1997; 

Zhang and Sanderson, 1993). Aerial dispersal is a second mode of dispersal by 

predatory mites that is also more utilized by specialist species (Jung and Croft, 2001). 

We did not measure aerial dispersal in our study, but acknowledge the importance of 

aerial dispersal in predator colonization of a cropping system. 

Higher rates of ambulatory and aerial dispersal for P. persimilis may help to 

explain the low retention of this species compared to N. fallacis in our field studies. 

Although we pre-inoculated plants with TSSM to equalize TSSM densities across 

plots, it is possible that TSSM densities were too low to retain P. persimilis on plants 
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in the field (Vanas et al., 2006). This is indirectly supported by our greenhouse 

experiment where P. persimilis performed well on high TSSM density strawberry 

contained within BugDorms. Despite following recommended releases rates of 1 

predator for every 5 – 10 prey in the field on strawberry, and making multiple 

treatment applications during the season (Greco et al., 2005; Howell and Daugovish, 

2016; Oatman et al., 1976) we did not see significant impact of phytoseiid treatment 

on TSSM or phytoseiid density. It is also possible that our plot sizes in the field were 

too small to contain P. persimilis searching for prey, and longer continuous beds 

would improve retention and biocontrol efficacy. We also found N. fallacis in the field 

that were naturally present before treatments were applied that likely diluted treatment 

effects in our field study (Bernstein, 1984). These results suggest that conservation 

biocontrol could be an important tactic for maintaining TSSM below economic injury 

levels on low tunnel strawberry (Tixier, 2018).  

Similar studies comparing phytoseiid efficacy on strawberry also report low 

recovery of P. persimilis after release, and hypothesize that intraguild competition and 

low prey availability contributed to low retention of this predator (Howell and 

Daugovish, 2016; Rhodes et al., 2006). However, we saw little evidence for intraguild 

predation (IGP) between N. fallacis and P. persimilis in our study, specifically in the 

greenhouse where combined P. persimilis and N. fallacis treatment performed as well 

as P. persimilis treatment in reducing TSSM numbers. In addition, the number of 

phytoseiids present on greenhouse plants after 5 weeks did not vary by predator 

treatment. These results indicate that Phytoseiulus and Neoseiulus spp. are compatible 

biocontrol agents on strawberry (Fonseca et al., 2020; Rhodes et al., 2006).  
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Action thresholds have historically been low for TSSM on strawberry in the 

Northeast and across the U.S. (~5 TSSM per leaf early in the season) due to risk of 

outbreaks (English-Loeb and Hesler, 2004; Rhodes et al., 2006; Wyman et al., 1979). 

We found little evidence of a correlation between yield (g/plant) and TSSM density in 

both field and greenhouse studies, similar to a study by Oatman et al. (1976). It is 

important to note that TSSM density was generally low in our field study (peaked at ~ 

18 motiles / leaflet), much lower than economic injury levels known to reduce yield on 

strawberry (> 50-100 motiles per leaflet) (English-Loeb and Hesler, 2004; Oatman et 

al., 1981; Wyman et al., 1979). The timing of T. urticae establishment is also 

important to consider, as strawberry plants can tolerate higher densites of TSSM after 

fruit set (Zalom et al. 2018; Cook, 2021; Burrack and Baker, 2013). Peak desnites in 

our study occurred in September, well after harvests began in August. Because of low 

TSSM pressure early in the season, combined with the presence of naturally occurring 

phytoseiids, we suggest that TSSM is unlikely to become an economically important 

pest in New York, especially compared to growing regions in California and Florida 

where consistent warm temperatures and few crop rotations enable higher and earlier 

TSSM establishment (Nyoike and Liburd, 2013; Sances et al., 1982; Trumble and 

Morse, 1993). 

5. CONCLUSIONS 

 We found higher activity of P. persimilis compared to N. fallacis in terms of 

movement on leaf discs that may help to explain low retention of P. persimilis in our 

field study. However, P. persimilis performed well when released singly, or in 

combination with N. fallacis in contained greenhouse experiments. Taken together, 
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these results indicate that P. persimilis and N. fallacis are compatible biocontrol 

agents, but P. persimilis is unlikely to remain on plants in the field long enough to 

provide sustained control of TSSM. In addition, multiple releases of either species did 

not perform better than single releases made early in the season. Overall, we found 

little impact of biocontrol treatments on TSSM density in the field on low tunnel 

strawberry during two seasons, and hypothesize that naturally occurring N. fallacis 

may have diluted treatment effects. Although T. urticae is a key pest of strawberry, 

and especially on strawberry grown under low tunnels, we found little evidence that 

low yield was correlated with high TSSM densities. We therefore suggest that future 

research should reassess TSSM economic thresholds on low tunnel strawberry, 

consider conservation approaches to biocontrol, and evaluate possible limiting factors 

resulting in failed establishment of augmentative biocontrol agents on low tunnel 

strawberry in the Northeast.   
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ABSTRACT  

Dispersal behavior is an important yet poorly understood mechanism of 

biocontrol successes using predatory mites. We hypothesized that dispersal behavior 

could be influenced by the host plants on which predators are reared, leading to poor 



 

178 

 

acclimation and retention when released onto unfamiliar host plants in the field. We 

tested this hypotheses using two important biocontrol agents for spider mite 

management on strawberry in New York, Phytoseiulus persimilis and Neoseiulus 

fallacis. We established colonies of each species reared on bean (standard rearing host 

plant) and strawberry (focus plant) for a minimum of 5 generations and compared 

patterns of ambulatory dispersal and biocontrol efficacy when released on either bean 

or strawberry, i.e., hosts that were familiar or unfamiliar to their rearing host plant. We 

observed wide ranges in dispersal behavior between experiments, suggesting plasticity 

of behavior between individuals and populations. We generalize from our results that 

biocontrol success on strawberry by P. persimilis and N. fallacis mites was most 

influenced by 1) life history traits for each species (e.g., diet specialization and 

response to low prey density), and 2) population differences in dispersal and prey 

location when reared on alternative host plants. We found little evidence that host 

familiarity impacts dispersal capacity of N. fallacis or P. persimilis, although there 

was some indication that prey consumption and ovipostion may be improved when 

released onto the same hosts they were reared on. We recommend that future research 

should explore possible mechanisms leading to population shifts in behavior (i.e., 

response to plant traits or prey).  

Keywords: predator behavior, augmentative biocontrol, strawberry, twospotted spider 

mite,  

1. INTRODUCTION    

 Predatory mites (mostly Phytoseiidae) are important biocontrol agents of 

spider mites, thrips and whiteflies worldwide. In fact, predatory mites occupy more 
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than 60% of the augmentative biocontrol market (Knapp et al., 2018). Despite many 

examples of success, biocontrol efficacy using predatory mites can be variable given 

the variety of environments and plant systems in which biocontrol agents are released 

(Coop and Croft, 1995; Drukker et al., 1997; Rhodes et al., 2006; Warner and Getz, 

2008). In addition, some predators must effectively disperse to locate patchily 

distributed prey or feed on alternative recources to persist in a cropping system (Croft 

and Jung, 2001; Jung and Croft, 2001a). However, high dispersal tendency in a 

cropping system could negatively affect biocontrol by reducing predator-prey 

interaction time (Howell and Daugovish, 2016; Rhodes et al., 2006).  

Poor retention has been identified as a major limiting factor of biocontrol by 

predatory mites in strawberry and other crops against mite pests (Alatawi et al., 2011; 

Rhodes et al., 2006). Several studies predict that the artificial nature of biocontrol 

rearing in commercial facilities may produce predators that are ill equipped for natural 

plant systems, where prey abundance and plant chemical and physical traits are 

variable (van Lenteren, 2000). In response, new recommendations for quality control 

of biocontrol agents now include addressing dispersal behavior in natural settings 

(Tixier, 2018; Van Lenteren, 2006).   

 Dispersal behavior of predatory mites often follows a food specialization 

gradient, in that specialists are more active dispersers compared to generalists (Jung 

and Croft, 2001a; Pratt et al., 1998). However, populations of predatory mites can also 

vary in their dispersal behavior within a species (Jia et al., 2002; Revynthi et al., 

2018). For example, some populations of Phytoseiulus persimilis Athias-Henriot have 

behavior that drives them to eliminate prey before dispersal (“killer” strains) while 
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others disperse before prey are eliminated to provision offspring with prey (“milker” 

strains) (Pels and Sabelis, 1999; van Baalen and Sabelis, 1995). Predators can also 

disperse in response to plant traits that affect foraging and reproduction (Norton et al., 

2001; Roda et al., 2001). Some predatory mite species are highly sensitive to plant 

traits that may provide non-prey resources such as domatia and trichomes for shelter, 

or that provide structural obstacles to foraging (glandular trichomes) (Schmidt, 

2014).Variance in dispersal behavior within a species could be the result of genetic 

adaptation, or non-genetic parental effects passed between generations (Bitume et al., 

2014; Revynthi et al., 2018; Schausberger and Rendon, 2022; Stevens et al., 2013). 

Another level of plasticity in dispersal behavior can occur among individuals, as 

‘personalities’ can occur based on individual experience (Durkin et al., 2020; Kralj-

Fišer and Schuett, 2014). 

It is therefore possible that dispersal behavior of predatory mites may be 

influenced by rearing experience on host plants that vary in prey availability and/or 

plant traits. Variance in dispersal behavior in response to rearing host plants may 

produce predators that are ill equipped to perform on novel host plants in the field. For 

example, predatory mites are often reared on bean plants Phaseolus vulgaris L. in 

commercial settings, because these plants are easy to rear, a preferred host by prey 

mites, and are glabrous (i.e., lacking trichomes, domatia and leaf hairs). However, 

these traits often differ from crop plants on which predator are released, which may 

result in low retention and performance of commercially-reared predators in the field.  

 There are several key commercially available biocontrol agents used against 

Tetranychus urticae Koch on strawberry in New York, especially in protected culture 
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systems where pressure is high (Ingwell et al., 2017; Willden et al., 2020). 

Phytoseiulus persimilis is the most popular predator in this system management 

because it is considered a highly specialized and aggressive feeder of Tetranychus spp. 

A second species, Neoseiulus fallacis Garman feeds on Tetranychidae, and sometimes 

tarsonemid mites and occasionally thrips (Croft et al., 1998; McMurtry et al., 2013). 

Neoseiulus fallacis is also popular in New York because it is native and can be more 

effective against smaller densities of T. urticae for preventative control. Because P. 

persimilis and N. fallacis vary in their diet specialization, they can be used congruently 

although intraguild predation (N. fallacis feeding on P. persimilis) can occur if prey 

density is low (Lee and Lo, 1989; Rhodes et al., 2006; Schausberger and Walzer, 

2001).   

 The objective of this study was to determine if rearing P. persimilis and N. 

fallacis on a standard host (bean plants) vs. an alternative host (strawberry) over 

several generations would impact their biocontrol efficacy on strawberry. Our 

hypothesis was that rearing phytoseiids on alternative host plants over multiple 

generations would result in differences in their dispersal behavior when released on 

familiar or unfamiliar host plants in the field. We predict that rearing phytoseiids, and 

especially the highly active P. persimilis, on strawberry would result in higher 

retention and performance on strawberry compared to those reared on standard bean 

plants. The goal of this study was to describe possible sources of variation in 

biocontrol efficacy by commercially reared phytoseiids when released in the field, and 

how dispersal behavior affects biocontrol performance. We tested our hypothesis on 

the ambulatory dispersal of phytoseiids in this study to focus on small scale inter-patch 
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movement, but recognize the high importance of aerial dispersal to colonization of an 

entire crop (Tixier et al., 2000).   

2. METHODS AND MATERIALS  

Plant maintenance  

Cranberry bean plants (Phaseolus vulgaris L.) and ‘Albion’ strawberry 

(Fragaria x ananassa Duch.) (Nourse Farms, Whatley MA) were reared in growth 

chambers at 25 C, 50 % RH, 16:8 (L:D). Bean plants were potted from seed and 

watered twice per week. Strawberry plants were potted as bare roots and kept under 

greenhouse conditions for 4 weeks. Strawberries were watered twice weekly and 

fertilized once per week at a rate of 2.14 g / L using Jack’s fertilizer 20-20-20 

(Allentown, PA). Runners and flowers were cut daily. Once bean plants matured (10 d 

for bean and 3 weeks for strawberry) there were selected for experimental use.  

Phytoseiid colony maintenance  

 Neoseiulus fallacis and Phytoseiulus persmilis were sourced from IPM 

Laboratories, Inc., a local biocontrol distributor (Locke, NY). Once received, they 

were transferred onto whole bean or strawberry plants in growth chambers set to 25 C, 

75% RH, 16:8 (L:D). Each colony consisted of 10 whole plants infested with plant-

habituated T. urticae within 160 µm aperture BugDorms (MegaView Science CO., 

Ltd., Taiwan). We had two colonies of each species reared on bean or strawberry and 

pulled individuals from each colony for experiments. Freshly infested plants were 

rotated into phytoseiid colonies twice per week. Phytoseiid were reared on bean or 

strawberry host plants for a minimum of 5 generations (roughly 50 days) before 

experimental use.  
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EthoVision bioassays 

 EthoVision XT software (Noldus Information Techonology, the Netherlands) 

was used to quantify movement patterns and prey location of predatory mites on leaf 

surfaces. Cameras (monochrome GIG-E: Baslar, Exton, Pennsylvania) were 

positioned above arenas using tripods (Fig. 6.1). Full spectrum LED strip lights 

(Litever, China) were placed above the arenas on metal frames so proper lighting and 

contrast could be achieved. Only 2-4 replicates of each treatment could be run 

simultaneously, thus replicates were staggered across several days to reach a minimum 

of 10 replicates per treatment. Cameras were connected to the EthoVision system via 

Ethernet, so live tracking could be conducted. We used “lighter and darker” subject 

color at 30 sensitivity and the differencing feature in detection settings of EthoVision 

to distinguish phytoseiids from the leaf background.   

Each experimental unit for EthoVision bioassays consisted of 2 cm leaf disc 

arenas (Fig. 6.1). Leaf discs were cut from uninfested bean or strawberry plants and 

placed on water-soaked cotton within Petri dishes. Leaf discs were cut from the 

identical section of similarly aged leaves. For bioassays where prey was included, two 

T. urticae adult females from the same host plant were placed on the leaf disc for 24 h 

to allow for oviposition. After 24 h, females and excess eggs were removed so only 10 

eggs remained on the arena. Experimental factors included species (P. persimilis or N. 

fallacis), colony (reared on bean or strawberry), and familiar or novel host (bean or 

strawberry) (Fig. 1) and each combination of these factors.  

Quantifying dispersal, oviposition and feeding efficacy on leaves and whole plants 

Lab: Leaf disc assays. The first bioassay was conducted on a single leaf disc 
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arena with or without prey eggs (Fig. 6.1). Prey was included or excluded to compare 

the influence of prey presence on dispersal on novel hosts. The second bioassay was 

conducted with or without prey but consisted of two leaf discs that were bridged 

together by a staple (Fig. 6.1). A bridge was added to determine if some phytoseiids 

are more likely to ‘disperse’ between leaf discs of different treatments. Leaf disc 1 was 

designated as the released leaf disc that received no prey eggs. Leaf disc 2 was 

designated as the dispersed leaf disc that was either uninfested or infested with prey. 

The third bioassay was a choice test where the leaf disc 1 on which the phytoseiid was 

released was bridged to both bean and strawberry. Similarly to the previous assay, leaf 

disc 1 was the released leaf disc that did not receive prey, but was bridged to either 

bean or strawberry leaf discs that were either unifested or infested with prey (Fig. 6.1). 

Once arenas were constructed, a single mixed-aged adult female from either colony 

was carefully moved onto bean or strawberry discs using a paintbrush. EthoVision 

tracking began immediately after inoculation and ran for exactly 1 hr. The distance 

moved by individuals on leaf discs (cm) was recorded. We also viewed tracking 

footage to confirm the proportion of phytoseiids that crossed the staple bridges for 

bridged dispersal experiments. After 24 h post inoculation, the number of prey eggs 

consumed (if relevant) and phytoseiid eggs present on leaf discs was counted. 

Greenhouse: whole plant assays. To describe plant-to-plant dispersal, 

experiments were conducted on whole plants in the greenhouse to evaluate the same 

factor combinations as in the leaf disc assays (Fig. 1). For a no-choice experiment, two 

plants of the same type (bean or strawberry) were placed within 160 µm aperture 

BugDorms. Each plant was spaced 30 cm apart. Plant 1 was designated as the predator 
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inoculation plant that received no prey. Plant 2 either received prey or no prey. For 

those that received prey, 10 T. urticae adult females were inoculated onto plant 2. 

After 24 hr, plants 1 and 2 were bridged together using a string (standard cotton, 2 mm 

in diameter) and 10 adult female phytoseiids from each colony were moved onto plant 

1 for 48 hr, after which leaves from both plants were collected and processed. Leaf 

contents were brushed onto soapy plates using a mite brushing machine and the 

number phytoseiids (eggs and motiles) were counted on both plants to compare 

proportion dispersed. A second experiment was conducted similarly, but predators 

were allowed a choice between bean and strawberry that was infested or uninfested 

with prey. For this experiment, predators were moved onto a center plant of the same 

rearing host, but the center plant was bridged to both a bean and strawberry plant. Prey 

and predators were released similarly to above, and samples also processed after 48 hr. 

A third greenhouse study (‘Greenhouse 2’ on Fig 6.1) was conducted to compare 

biocontrol efficacy between the species reared on either bean or strawberry when 

released on prey-infested strawberry. For this experiment, 6 adult T. urticae females 

reared from strawberry was placed onto whole strawberry plants within BugDorms. 

Five days after T. urticae inoculation, 6 predators of each treatment were placed onto 

the plant. This treatment also included a no-predator control. Three days after predator 

inoculation, all leaves were collected and observed for the presence of T. urticae and 

phytoseiid eggs. For all greenhouse studies, experiments with and without prey were 

conducted separately and a total of 6 replicates of each treatment combination were 

included.  

 Pilot field study to compare field dispersal. A small research site at the Cornell 
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AgriTech campus was used to compare plant-to-plant dispersal on strawberry under 

field conditions in September of 2021 (Fig. 6.1). ‘Albion’ strawberry plants were 

planted during June as bare roots into 3 m plots that were on raised beds covered in 

plastic mulch. Each plant was spaced ~ 30 cm and watered weekly using a drip 

system. Some runners were allowed to grow to connect plants. Plots were also covered 

by a single sheet of Dubois plastic (1.5-mil film; Trioplast AB, distributed by Dubois 

Agrinovations in Quebec, Canada). One week prior to this experiment, pre-sampling 

was conducted to determine relative density of T. urticae between plots. An even 

number of predatory mite treatments were assigned to ‘low’ and ‘high’ T. urticae 

infested plots. Only P. persimilis reared on bean or strawberry was included in this 

experiment. A batch of P. persimilis adults reared on bean or strawberry was marked 

with color specific UV fluorescent dye, SmartWater® (Kent, United Kingdom) using 

a fine mist spray bottle. Ten adults from each colony were then placed onto each of 5 

leaf discs that were then moved onto a center plant within 3 replicate plots, thus 

releasing 50 phytoseiids per plot. To compare movement from the center plant, 5-10 

strawberry leaflets were collected from the center plant, and at two checkpoints 

located 30 cm and 60 cm along the rows at 16, 24 and 40 hr post predator inoculation. 

However, because of low predator recovery, data were combined for each observation 

interval and for the direction of each checkpoint. Samples were then brought back to 

the lab and leaflets scanned for the presence of marked adults.  

Statistics 

Analyses were conducted in R (R version 3.5.1). Three treatments were 

evaluated for most experiments (species, rearing colony and released plant), with the 
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exception of the ‘Greenhouse 2’ and the field experiment where all releases were 

made on strawberry (Fig. 6.1). Random effects in all models included ‘Trial’ where 

experiments were blocked by time. Subject ID was used as a random effect for choice 

experiments evaluating movement, egg consumption and oviposition on leaf discs. 

Distance moved on leaf disc assays was analyzed using linear mixed effect models 

with a square root transformation when needed to fit model assumptions (package 

‘lme4’). Dispersal between leaf discs for lab experiments and between whole plants 

for greenhouse and field experiments was analyzed using a binomial logistic 

regression. For these models, the proportion of individuals found on dispersed plants 

from the total released was compared among treatments. Egg consumption and 

oviposition counts for all experiments were analyzed using generalized linear mixed 

effect models with a Poisson distribution. If overdispersion of variance was detected 

for Poisson models, a negative binomial analysis was used (package “MASS”).  

Model simplification was used for all models to determine the most parsimonious 

model.  A Tukey HSD test was used to determine pairwise difference among 

treatments while accounting for multiple comparisons (package ‘emmeans’). 

Estimated marginal means and standard errors generated from models were used in all 

figures to demonstrate model predictions.  
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3. RESULTS 

Movement, oviposition and feeding efficacy on leaf discs 

Movement and interleaf dispersal. When prey was absent on single leaf discs, 

the average distance moved by predators was significantly impacted by each of the 

three main effects included in this experiment (species, rearing colony, and released 

host plant) (Table 6.1). Neoseiulus fallacis moved a shorter distance (83.50 ± 12.20 

Figure 6.1. Treatments evaluated in this study that included three factors applied to 

a series of lab, greenhouse and field experiments. Each experiment included a fully 

factorial design that assessed each factor combination. Exceptions included the 

greenhouse 2 experiment that was only applied to whole strawberry plants that 

were infested with prey and the field experiment where only P. persimilis, reared 

on bean or strawberry, was released onto strawberry grown under low tunnels. For 

lab and greenhouse 1 experiments we measured movement or dispersal, prey 

consumption and oviposition by phytoseiids. For the greenhouse 2 experiment, we 

measured prey consumption on prey infested strawberry. For the field experiment, 

we measured plant-plant-dispersal.     
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cm) compared to P. persimilis (124.90 ± 14.80) (Fig. 6.2). Both predators moved less 

when they were reared on bean compared to those reared on strawberry. Finally, 

movement was lower when released on strawberry compared to bean. No significant 

interactions were observed between main effects. Similar treatment effects were 

present when prey was available, but less predator movement was detected (Table 6.1; 

Fig. 6.2). 

 

 

Figure 6.2. Average distance moved ± SE (left panels) by individuals of each 

phytoseiid species, reared on bean or strawberry, and released onto single bean or 

strawberry discs with or without prey available. Data on movement was recorded 

for 1 hr. Right panels show the number of prey eggs consumed and number of 

phytoseiid eggs oviposited on discs that included prey after 24 hr. Different letters 

indicate significant differences based on Tukey’s HSD (p < 0.05). See tables 6.2 

and 6.3 for model summaries.  
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Table 6.1. Model summaries for movement quantified on leaf discs by EthoVision 

tracking during 1 hr for six experiments (single, bridge or choice) with or without the 

addition of prey.  

 

 

Single disc movement: no prey Model summary 

Species F1,113 = 12.39, p < 0.01 

Colony F1,113 = 10.01, p < 0.01 

Released F1,113 = 28.06, p < 0.01 

   

 

Single disc movement: with prey Model summary 

Species F1,152 = 82.29, p < 0.01 

Colony F1,157 = 1.45, p = 0.23 

Released F1,158 = 14.75, p < 0.01 

   

 

Bridge prop. dispersed: no prey Model summary 

Species  χ2 = 3.49, df = 1, p = 0.06 

Colony  χ2 = 1.69, df = 1, p = 0.19 

Released  χ2 = 0.00, df = 1, p = 0.99 

   

 

 

Bridge prop. dispersed: with prey Model summary 

Species  χ2 = 4.49, df = 1, p = 0.03 

Colony  χ2 = 0.05, df = 1, p = 0.83 

Released  χ2 = 2.63, df = 1, p = 0.10 

Species*Colony  χ2 = 4.00, df = 1, p = 0.05 

Species*Released  χ2 = 8.00, df = 1, p < 0.01 

   

 

Choice distance moved: no prey Model summary 

Species χ2 = 9.31, df = 1, p < 0.01 

Colony χ2 = 1.78, df = 1, p = 0.18 

Choice χ2 = 1.67, df = 1, p = 0.20 

Species*Colony χ2 = 5.11, df = 1, p = 0.02 

   

 

Choice distance moved: with prey Model summary 

Species χ2 = 1.19, df = 1, p = 0.27 

Colony χ2 = 3.64, df = 1, p = 0.06 

Choice χ2 = 0.54, df = 1, p = 0.45 
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Adding a bridge to enable interleaf movement revealed significant differences 

among treatments in the proportion of individuals that ‘dispersed’ (i.e., crossed the 

bridge), but only when prey was present (Table 6.1). A higher proportion of P. 

persimilis individuals dispersed to prey-infested leaf discs compared to N. fallacis, and 

this difference was most apparent for P. persimilis released on bean (Fig. 6.3). In fact, 

100% of P. persimilis released on bean demonstrated interleaf dispersal despite 

familiarity with this host, which largely accounted for the significant species by 

released host plant interaction. A significant species by colony interaction was also 

observed wherein bean-reared N. fallacis was more dispersive compared to those 

reared on strawberry, while the opposite trend was supported for P. persimilis (Fig. 

6.3). For both species, colony effects were only present when released on strawberry. 

For N. fallacis, dispersal on strawberry was higher for those reared on bean compared 

to strawberry while the opposite was observed for P. persimilis. Regardless, there 

were no significant comparisons among main effects when adjusted for multiple 

comparisons, likely due to a small sample size.  
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Movement for choice tests was also driven by the presence or absence of prey. 

When prey was absent, N. fallacis walked a shorter distance compared to P. persimilis, 

and this effect was driven by rearing colony (Fig. 6.4; Table 6.1). Movement was 

highest for P. persimilis reared on strawberry compared to all remaining treatments, 

regardless of whether individuals were released on a familiar (strawberry) or 

unfamiliar host (bean). When given a choice, there was no strong preference for bean 

or strawberry in terms of movement for either species reared on either host plant. 

When prey was present, there were no significant differences in movement among 

treatments (Table 6.1; Fig. 6.4). 

Figure 6.3. The average proportion of individuals that dispersed 

between leaf discs to locate prey for bridge experiments.  
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Egg consumption, oviposition and predator retention on leaf discs. On single 

discs, the only significant main effect on egg consumption was predator species, but 

the effect of species was influenced by rearing colony (Fig. 6.2; Table 6.2). Egg 

consumption was highest for N. fallacis reared on bean (7.21 ± 0.69 eggs consumed) 

but lowest for P. persimilis reared on bean (4.73 ± 0.45 eggs consumed), resulting in a 

significant interaction between species and colony. The probability of retention was 

also lower for P. persimilis (0.46 – 0.78) compared to N. fallacis (0.79 – 0.94). 

Predator retention was not directly impacted by colony, but rather an interaction 

between colony and released host plant (data not shown; Table 6.2). Both species were 

better retained on strawberry leaf discs, and especially those reared on strawberry.  

Figure 6.4. Average distance moved ± SE (left panels) by single individuals when 

given a choice to disperse to bean or strawberry discs with or without prey 

available. Data on movement was recorded for 1 hr. Right panels show egg 

consumption and oviposition of phytoseiid eggs on leaf discs that included prey 

after 24 hr. Different letters indicate significant differences based on Tukey’s HSD 

(p < 0.05). The absence of letters indicate no significant differences among 

treatments. See tables 2 and 3 for model summaries. 
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Oviposition by phytoseiids on single leaf discs varied significantly by each of 

the three main effects (spcies, colony and released host) and an interaction between 

colony and released host (Fig. 6.2; Table 6.2). Neoseiulus fallacis laid more eggs (1.93 

± 0.23) than P. persimilis (1.44 ± 0.17), and for both species, ovipositoin was higher 

on familiar plants for each colony (i.e., bean-reared individuals laid more eggs on 

bean, and strawberry-reared individuals laid more eggs on strawberry.  was  

There were no significant treatment effects on egg consumption for no-choice 

bridged leaf disc experiments where predators were required to move between leaf 

discs to locate prey (not shown; Table 6.2). Retention on bridged arenas after 24 hr 

followed a similar pattern to single leaf disc experiments in that N. fallacis was better 

retained on arenas compared to P. persimilis. There were also no differences in 

oviposition among treatments for this experiment, although retention varied between 

the species.   

Egg consumption for choice tests was significantly impacted by species, and 

various interactions between factors, including a significant three-way interaction 

between species, colony, and choice of bean or strawberry in egg consumption. The 

number of eggs consumed was higher for P. persimilis compared to N. fallacis, but 

only when predators were present on strawberry regardless of source colony. 

However, host familiarity impacted egg consumption by N. fallacis, in that egg 

consumption was higher on a familiar host (Fig 6.4; Table 6.2). Oviposition for choice 

tests did not vary among treatments (Tukey’s HSD p > 0.05), although oviposition 

was higher for P. persimilis compared to N. fallacis, and there appeared to be a higher 

preference for oviposition on strawberry by both species.  
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Table 6.2. Model summaries for prey consumption, phytoseiid oviposition and 

retention after 24 hr on leaf discs for single, bridge or choice experiments.  

 
Single disc experiment  

 
 
 
 

 

Prey consumption: Model summary 

Species χ2 = 5.20, df = 1, p = 0.02 

Colony χ2 = 3.04, df = 1, p = 0.08 

Released χ2 = 0.72, df = 1, p = 0.39 

Species*Colony χ2 = 13.54, df = 1, p < 0.01 

  

Predator oviposition  Model summary 

Species  χ2 = 16.39, df = 1, p < 0.01 

Colony  χ2 = 9.60, df = 1, p < 0.01 

Released  χ2 = 4.25, df = 1, p = 0.04 

Colony*Released χ2 = 5.29, df = 1, p = 0.02 

  

Predator retention  

Species  χ2 = 34.48, df = 1, p < 0.01 

Colony  χ2 = 2.32, df = 1, p = 0.13 

Released  χ2 = 14.25, df = 1, p < 0.04 

Colony*Released χ2 = 3.98, df = 1, p = 0.05 

Bridge experiment   

 
 
 
 

 

Prey consumption:   

Species χ2 = 1.25, df = 1, p = 0.26 

Colony χ2 = 0.03, df = 1, p = 0.87 

Released χ2 = 0.07, df = 1, p = 0.79 

  

Predator oviposition  

Species χ2 = 0.04, df = 1, p = 0.83 

Colony χ2 = 3.11, df = 1, p = 0.08 

Released χ2 = 0.49, df = 1, p = 0.48 

Species*Colony χ2 = 3.57, df = 1, p = 0.06 

  

Predator Retention  

Species χ2 = 9.96, df = 1, p < 0.01 

Colony χ2 = 0.62, df = 1, p = 0.43 

Released χ2 = 0.63, df = 1, p = 0.43 

Choice experiment 

 

 

Prey consumption: Model summary 

Species χ2 = 7.41, df = 1, p < 0.01 

Colony χ2 = 0.01, df = 1, p = 0.91 

Choice χ2 = 1.38, df = 1, p = 0.25 

Species*Colony χ2 = 0.009, df = 1, p = 0.93 

Species*Choice χ2 = 3.84, df = 1, p = 0.05 

 Colony*Choice χ2 = 3.35, df = 1, p = 0.06 

Species*Colony*Choice χ2 = 4.99, df = 1, p = 0.02 

  

Predator oviposition Model summary 

Species χ2 = 3.33, df = 1, p = 0.07 

Colony χ2 = 0.11, df = 1, p = 0.74 

Choice χ2 = 2.22, df = 1, p = 0.13 
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Dispersal, oviposition and feeding efficacy on whole plants 

 Plant-plant dispersal in the greenhouse. Dispersal trends for no-choice 

experiments on whole plants were largely driven by the presence of prey (Fig. 6.5). 

When prey was absent, few individuals of the 10 foundress females were found on the 

dispersed plant (0 – 8%) and there was no treatment effect on predator dispersal 

(Table 6.3). When prey was present on the dispersed plant, the proportion of females 

that dispersed to the prey patch ranged from 8 – 58% depending on the treatment (Fig. 

6.5). Species, colony and several interactions among factors, including a three-way 

interaction between all main effects had a significant impact on predator dispersal. 

Successful dispersal for N. fallacis was higher for those reared on bean compared to 

those reared on strawberry, regardless of the released host plant. For P. persimilis, 

dispersal was highest for strawberry-reared individuals on bean plants. Colony effects 

were dependent on the host plant for P. persimilis that was not present for N. fallacis, 

leading to a significant three-way interaction among species, colony and released host.  
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 For choice tests on whole plants, predator dispersal was not impacted by 

treatments when prey was absent because few predators were recovered (1.11 ± 1.08 

% recovery) (not shown; Table 6.3). When prey was present, there was a preference 

for dispersal to bean (16.60 ± 3.0 %) compared to strawberry (8.10 ± 1.98 %) for both 

predator species. Predator dispersal was also impacted by colony, in that strawberry-

reared individual dispersed at higher rates compared to those reared on bean (Fig. 6.6). 

No effect of species or interactions among factors was observed for choice tests on 

Figure 6.5. Average proportion of dispersed individuals (top) and the number of 

eggs oviposited by phytoseiids (below) for whole plant bridge tests conducted in 

the greenhouse. Two experiments are summarized, the first without prey on the 

dispersed plant (left), and the second with prey on the dispersed plant (right). 

Data was were recorded 48 hr after predator inoculation. Different letters indicate 

significant differences based on Tukey’s HSD (p < 0.05). The absence of letters 

indicate no significant differences among treatments. See table 4 for model 

summaries.  
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whole plants.   
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Table 3. Model summaries for evaluating the proportion of dispersed individuals 

and phytoseiid oviposition after 48 hr on whole plants in greenhouse experiments.  
Whole plant bridge: prey absent  

 
 
 

 

Proportion on dispersed plant  Model summary 

Species χ2 = 1.99, df = 1, p = 0.16 

Colony χ2 = 0.70, df = 1, p = 0.40 

Released χ2 = 3.17, df = 1, p = 0.07 

  

Total predator oviposition  Model summary 

Species  χ2 = 37.55, df = 1, p < 0.01 

Colony  χ2 = 26.41, df = 1, p < 0.01 

Released  χ2 = 12.30, df = 1, p < 0.01 

Species*Released χ2 = 3.93, df = 1, p = 0.05 

Whole plant bridge: prey present  

 
 
 
 
 

 

Proportion on dispersed plant Model summary 

Species χ2 = 37.14, df = 1, p < 0.01 

Colony χ2 = 0.32, df = 1, p = 0.57 

Released χ2 = 10.72, df = 1, p < 0.01 

Species*Colony χ2 = 7.73, df = 1, p < 0.01 

Species*Released χ2 = 0.04, df = 1, p = 0.85 

Colony*Released χ2 = 5.04, df = 1, p = 0.03 

Species*Colony*Released χ2 = 4.25, df = 1, p = 0.04 

  

Total predator oviposition Model summary 

Species χ2 = 8.99, df = 1, p < 0.01 

Colony χ2 = 0.03, df = 1, p = 0.86 

Released χ2 = 4.84, df = 1, p = 0.03 

Species*Colony χ2 = 20.04, df = 1, p < 0.01 

Whole plant choice: prey absent 

 

 
 

Proportion on dispersed plant Model summary 

Species χ2 = 0.07, df = 1, p = 0.78 

Colony χ2 = 2.46, df = 1, p = 0.12 

Choice χ2 = 0.15, df = 1, p = 0.72 

  

Total predator oviposition Model summary 

Species χ2 = 0, df = 1, p = 0.99 

Colony χ2 = 0, df = 1, p = 1 

Choice χ2 = 0.27, df = 1, p = 0.61 

Whole plant choice: prey present 

 

 

Proportion on dispersed plant Model summary 

Species χ2 = 1.11, df = 1, p = 0.29 

Colony χ2 = 5.75, df = 1, p = 0.02 

Choice χ2 = 8.41, df = 1, p < 0.01 

  

Total predator oviposition Model summary 

Species χ2 = 12.45, df = 1, p < 0.01 

Colony χ2 = 47.07, df = 1, p < 0.01 

Choice χ2 = 0.50, df = 1, p = 0.48 

Species*Choice χ2 = 4.91, df = 1, p = 0.03 
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 Oviposition and prey consumption. For no-choice bridge experiments on whole 

plants, the number of eggs oviposited by N. fallacis was less influenced by the 

presence or absence of prey compared to P. persimilis (Fig. 6.5). Neoseiulus fallacis 

reared on bean consistently laid more eggs compared to those reared on strawberry, 

regardless of the presence of prey and released host plant (Table 6.3). Oviposition by 

P. persimilis was significantly impacted by the presence of prey (Fig. 6.5; Table 6.3). 

Few P. persimilis eggs were observed on plants without prey, and most came from 

bean-reared individuals released on either host, similar to N. fallacis. When prey was 

present, oviposition by P. persimilis was similar between the colonies, and was not 

impacted by host plant. For choice tests, there were no treatment impacts on 

oviposition when prey was absent (not shown; Table 6.3). When prey was present, 

strawberry-reared individuals of both species laid significantly more eggs than those 

reared on bean, especially for P. persimilis (Fig. 6.6). There was no preference for 

bean or strawberry in terms of oviposition by either species for choice tests.  
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 Prey consumption for the ‘Greenhouse 2’ experiment on strawberry revealed 

significant differences among predatory mite treatments, especially in comparison to a 

control that received no predators (χ2 = 1034, df = 1, p < 0.01; Fig. 6.7). Without 

predators, the average number of T. urticae eggs was 235 ± 12 per plant. The best 

performing treatment in terms of egg reduction was P. persimilis reared on strawberry 

followed by N. fallacis reared on bean. This resulted in a non-significant effect of 

species (χ2 = 0.86, df = 1, p = 0.35), a significant effect of colony (χ2 = 7.92, df = 1, p 

< 0.01), but a significant interaction between species and colony (χ2 = 26.20, df = 1, p 

Figure 6.6. The impact of released host plant choice on dispersal 

(top) and egg laying (bottom) by N. fallacis and P. persimilis when 

reared on bean or strawberry. Both panels present data that was 

recorded after 48 hr when prey was present on each host choice. 

Different letters indicate significant differences based on Tukey’s 

HSD (p < 0.05). See table 4 for model summaries. 
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< 0.01). Predator oviposition was higher for both N. fallacis treatments compared to P. 

persimilis (χ2 = 23.53, df = 1, p < 0.01), but the effect of species also varied by colony 

in that P. persimilis reared on bean laid more eggs compared to those reared on 

strawberry and the opposite trend was observed for N. fallacis (species by colony 

interaction: χ2 = 8.36, df = 1, p < 0.01). There was no significant main effect of colony 

oviposition for this experiment (χ2 = 0.04, df = 1, p = 0.82).  

 

Plant-plant dispersal in the field: pilot study.  

Of the 300 P. persimilis individuals that were released onto low tunnel 

strawberry in the field, we recovered less than 30 individuals and 50% of them were 

positively marked (Fig. 6.8). The majority of recapture occurred on the center plant, 

Figure 6.7. Average number of T. urticae eggs ± SE (left) and phytoseiid eggs 

(right) on whole strawberry plants 3 d after phytoseiid treatment application for 

greenhouse experiment 2. “P.Straw” represents P. persimilis reared on 

strawberry, “N.Bean” represents N. fallacis reared on bean, “N.Straw” represents 

N. fallacis reared on strawberry, “P.Bean” represents P. persimilis reared on 

bean, and finally “Cont.” represents the control treatment that did not receive 

predatory mites. Different letters indicate significant differences based on 

Tukey’s HSD (p < 0.05).  
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and higher numbers were recovered at the 60 cm checkpoint compared to the 30 cm 

checkpoint. A higher number of bean-reared P. persimilis were recovered at each 

location compared to those that were reared on strawberry, but these differences were 

not statistically significant (Fig. 6.8).   

 

4. DISCUSSION  

Low retention or coexistence of predatory mites within prey patches, especially 

for P. persimilis, has been hypothesized to be a limiting factor in biological control of 

T. urticae on strawberry and other crops (Howell and Daugovish, 2016; Rhodes et al., 

2006). In response, recommendations for future research on commercially produced 

biocontrol agents now include evaluations of dispersal capacity and role of dispersal in 

biocontrol (Tixier, 2018; Van Lenteren, 2006). This study provides important insight 

Figure 6.8. Average number of recovered P. persimilis individuals (marked and 

unmarked) at three checkpoints along a row of strawberry. Individuals from 

each colony were released onto the center plant, where recovery was the 

highest. Three replicates of each colony was included in this experiment. 

Different letters indicate significant differences based on Tukey’s HSD (p < 

0.05).  
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into possible mechanisms of dispersal by two commercially available predatory mites 

important for biological control of T. urticae on strawberry in New York. We 

hypothesized that rearing on standard bean plants would produce ineffective dispersers 

and lead to poor management of T. urticae on strawberry when compared to rearing 

phytoseiids on strawberry. There was little evidence to support our hypothesis, 

however, indicating that rearing phytoseiids on bean is ukliley to impact movment and 

dispersal on strawberry.  

When considering movement and dispersal capacity of predatory mites in this 

study, most observed trends were driven by the species of predatory mite, followed by 

prey availability, source colony, and lastly by the familiar or unfamiliar hosts on 

which they were released. Movement and dispersal of predatory mites is affected by 

many factors, including diet specialization, prey stimuli, spatial structure of the patch, 

and plant structure that was evaluated in this study (Jung and Croft, 2001a; Pratt et al., 

1998; Schmidt, 2014; Takafuji, 1976; Zhang and Sanderson, 1992). How these factors 

interact with each other to influence phytoseiid movement, dispersal and ultimately 

biocontrol efficacy, is less clear. In our study, there were few interactions between 

rearing colony and released host in predicting dispersal, providing little support for our 

hypothesis that host familiarity improves retention. Although several experiments 

indicated that increased retention, feeding and oviposition occurred familiar hosts, this 

trend was not consistent throughout the study. In terms of feeding efficacy, our study 

found that high walking activity within a prey patch may reduce prey consumption and 

egg laying, but this behavior increases the probability of dispersal success to new prey 

patches. It is important to note that exceptions existed for this generalized summary, 
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thus plasticity in behavior among individuals and populations should be considered 

when interpreting our results. 

Species vary in ambulatory and aerial dispersal, which is likely related to diet 

specialization (Jung and Croft, 2001a, 2001b). In our study, P. persimilis consistently 

had a higher dispersal capacity in terms of walking distance, interleaf dispersal and 

interplant dispersal compared to N. fallacis. These results are supported by a past 

study comparing walking speed between P. persmilis and N. fallacis when prey was 

absent, although we found that walking speed nearly doubled using EthoVision 

tracking (Jung and Croft, 2001a). Because P. persimilis is considered an aggressive 

specialist of Tetranychus spp., high movement and dispersal activity would increase 

the likelihood of locating clumped prey patches compared to N. fallacis that can 

survive on a broader range of prey (McMurtry et al., 2013). For example, we found 

that prey consumption within a patch was similar or lower for P. persimilis compared 

to N. fallacis, likely due to low retention of P. persimilis on leaf discs. Furthermore 

high activity by P. persimilis likely contributed to more successful inter-patch 

dispersal to locate prey compared to N. fallacis.  It is important to note that high egg 

consumption didn’t always translate into higher rates of oviposition (see Fig. 6), 

indicating that these phytoseiids may vary in food conversion efficiency on strawberry 

(Jia et al., 2002). It is also possible that P. persimilis reduced oviposition in this 

experiment to avoid intraguild predation by conspecifics (Walzer et al. 2006).   

Although exceptions occurred, rearing host plant was found to impact 

movement, dispersal and biocontrol efficacy of phytoseiids in several experiments. 

When differences among rearing populations were detected, P. persimilis was more 
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active in terms of movement and dispersal when reared on strawberry compared to 

bean (one exception was the inter-leaf choice experiment with prey), while rearing 

host plant effects for N. fallacis were less consistent. Indeed from movement on leaf 

discs, to plant to plant dispersal in the field, movement and dispersal was often highest 

for P. persimilis when reared on strawberry compared to remaining treatments. 

Variability in host acceptance (and inversely dispersal) can lead to population-level 

shifts in dispersal behavior for herbivorous and predatory mites (Aguilar-Fenollosa et 

al., 2016; Castagnoli et al., 1999). Differences in movement and dispersal behavior on 

alternative hosts could be a direct response to attributes of the host plant (e.g., the 

presence of non-prey resources, especially trichomes that provide shelter), or an 

indirect response to differences in prey availability and quality supported by 

alternative host plants (Drukker et al., 1997; Jia et al., 2002; Lv et al., 2016; Norton et 

al., 2001; Pels and Sabelis, 1999; Revynthi et al., 2018; Roda et al., 2001; Schmidt, 

2014).  

Of the three factors evaluated in this study (species, colony, and released host), 

the released host resulted in the most inconsistent effects on dispersal and biocontrol. 

When differences occurred, they mostly suggested that movement and dispersal was 

higher on bean plants compared to strawberry, but egg consumption and oviposition 

was higher on strawberry. Decreased movement on strawberry was likely a direct 

response to the higher density of trichomes and hairs present the leaf phylloplane 

compared to glabrous bean plants. These structures can impede movement of 

especially large phytoseiids, but can also provide refuge from intraguild predation for 

themselves and their offspring (Krips et al., 1999; Schmidt, 2014). Because predators 
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tended to feed more and oviposit more eggs on strawberry, despite a reduction in 

movement, the moderate presence of trichomes on strawberry likely benefits N. 

fallacis and P. persimilis in terms of retention and coexistence with T. urticae. 

However it is important to note that highly pubescent plants, and especially those with 

glandular trichomes (e.g. many Solanaceae) can negatively impact both N. fallacis and 

P. persimilis (Krips et al., 1999; Schmidt, 2014).  

There was little evidence to support our hypothesis that rearing host plant 

impacts dispersal of predatory mites on released hosts, i.e., that predators reared on 

strawberry would be better retained when released on strawberry compared to those 

reared on bean. However, there were several examples where feeding and oviposition 

was higher on released plants that matched rearing host plants, especially for N. 

fallacis, providing some support of our hypothesis in terms of feeding and oviposition. 

These examples support past observations that predators can more quickly recognize 

prey on familiar hosts compared to those that are unfamiliar (Dicke et al., 1990; Zhang 

and Sanderson, 1992). Such an adaption would help to explain low efficacy on 

unfamiliar hosts by commercially-reared phytoseiids, but the prevalence of this 

behavior was low in our study. Overall, we predict that commercially-reared predators 

can rapidly respond and perform well on strawberry, but it is possible that effect of 

familiarity, or lack thereof, would be more conspicuous on a more unsuitable host, like 

tomato (Castagnoli et al., 1999). In addition, we did not measure aerial dispersal 

among treatments in any experiment. Aerial dispersal is an essential dispersal 

mechanism for predatory mites to colonize crops in the field, and could be another 

indicator for biocontrol performance that requires further investigation (Croft and 
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Jung, 2001; Jung and Croft, 2001a, 2001b)  

5. CONCLUSIONS 

Based on our results, we predict that dispersal behavior by predatory mites is 

may be determined in part by 1) life history traits for each species (e.g., diet 

specialization and response to low prey density), and 2) rearing host plant in colony. 

Dispersal behavior also varied by released host plant, in that dispersal was higher for 

both colonies on bean plants. The mechanisms underlying population-level shifts in 

dispersal among colonies is unknown, but likely a response to host plant 

characteristics (namely the presence of trichomes) and prey abundance or quality that 

requires further investigation. Overall, we found little evidence for a colony by 

released host plant interaction (i.e., that bean-reared phytoseiids are more dispersive 

on strawberry compared to bean), although there was some indication (although 

inconsistent) that prey consumption and ovipostion was higher on hosts that predators 

were reared on. This suggests that host familiarity may be a factor in predicting 

biocontrol efficacy in the field. It is important to note that our study was limited to 

describing ambulatory dispersal, and further research investigating aerial dispersal is 

needed to fully address how rearing host plants may influence dispersal and biocontrol 

efficacy by phytoseiids in natural settings.  
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APPENDIX 

Supplemental Table A. Summary statistics from linear mixed effect models determining 

significant differences among covering treatments in temperature and humidity during the 

2018, 2019 and 2020 seasons.  

 

 Year Cover Temp°C  Model summary RH ± SE Model summary 

July 2018 Open 23.81 ± 1.84 F1,2 = 141.44, p 

< 0.01 
69.37 ± 6.67 F1,2 = 0.33, p = 

0.62   Dubois 25.85 ± 1.96 68.60 ± 6.49 

 2019 Open  24.57 ± 2.06 F3,4 = 2.13, p = 

0.24 
75.23 ± 6.13 F3,4 = 13.49, p = 

0.01   Dubois 24.65 ± 1.92 73.91 ± 3.79 

  Tufflite 24.99 ± 1.94 73.18 ± 5.63 

  Warps 25.06 ± 1.91 73.15 ± 5.62 

 2020 Open 25.01 ± 1.92 F2,6 = 22.16, p < 

0.01 
75.02 ± 2.77 F2,6 = 1.02, p = 

0.41   Dubois 26.67 ± 1.92 74.16 ± 3.24 

  Warps 27.41 ± 1.74 73.11 ± 3.21 

Aug 2018 Open 22.85 ± 1.52 F1,2 = 108.05, p 

< 0.01 
79.70 ± 4.87 F1,2 = 0.39, p = 

0.59   Dubois 24.63 ± 1.48 80.96 ± 4.31 

 2019 Open  20.79 ± 1.59 F3,4 = 11.58, p = 

0.02 
79.04 ± 5.04 F3,4 = 7.27, p = 

0.04   Dubois 21.75 ± 1.58 75.98 ± 2.90 

  Tufflite 22.43 ± 1.53 74.19 ± 4.51 

  Warps 22.27 ± 1.50 74.38 ± 4.52 

 2020 Open 22.48 ± 1.42 F2,6 = 36.75, p < 

0.01 
77.19 ± 3.59 F2,6 = 1.54, p = 

0.29   Dubois 23.86 ± 1.28  75.38 ± 3.47 

  Warps 24.47 ± 1.24  74.68 ± 4.09 

Sept 2018 Open 19.15 ± 1.31 F1,2 = 98.42, p = 

0.01 
81.21 ± 3.63 F1,2 = 2.01, p = 

0.29   Dubois 20.54 ± 1.22 84.41 ± 3.12 

 2019 Open  17.65 ± 1.84 F3,4 = 20.41, p = 

0.01 
83.19 ± 2.78 F3,4 = 2.78, p = 

0.17   Dubois 18.65 ± 1.72 81.41 ± 1.83 

  Tufflite 19.47 ± 1.73 79.05 ± 2.90 

  Warps 19.23 ± 1.73 78.81 ± 3.09 

 2020 Open 16.77 ± 2.52 F2,6 = 36.75, p < 

0.01 
81.38 ± 3.39 F2,6 = 1.45, p = 

0.30   Dubois 17.87 ± 2.33  79.20 ± 3.19 

  Warps 18.35 ± 2.17  79.61 ± 3.79 

Oct 2018 Open 9.98 ± 2.02 F1,2 = 69.54, p = 

0.01 
82.27 ± 5.68 F1,2 = 2.93, p = 

0.23   Dubois 11.24 ± 2.42 86.33 ± 4.54 

 2019 Open  10.76 ± 2.39  F3,4 = 12.56, p = 

0.02 
88.51 ± 4.93 F3,4 = 1.00, p = 

0.47   Dubois 11.78 ± 2.20 86.81 ± 3.15 

  Tufflite 12.54 ± 2.20 84.91 ± 5.18 

  Warps 12.75 ± 2.10  85.53 ± 5.11 

 2020 Open 11.04 ± 1.86  F2,6 = 37.45, p < 

0.01 
85.75 ± 4.58 F2,6 = 1.49, p = 

0.29   Dubois 12.23 ± 1.79 85.51 ± 4.02 

  Warps 13.18 ± 1.71 90.10 ± 4.17 
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Supplemental Table B. Summary statistics demonstrating the effect of covering on the 

average number of beneficial arthropods recovered from pitfall traps, sticky cards and leaflets 

during 2018 and 2019. Number collected is the total number of individuals collected from 

each treatment.  

 
2018 Comparison between covering treatment 

    χ2 df p-value Number collected 

Pitfall trap      

Predators Opiliones 13.48 1 < 0.01 Open: 781; Dubois: 1595 

  Araneae 11.48 1 < 0.01 Open: 463; Dubois: 958 

  Carabidae  7.17 1 0.01 Open: 357; Dubois: 647 

  Mesostigmata 1.93 1 0.16 Open: 66; Dubois: 129 

 Staphylinidae 2.21 1 0.13 Open: 61; Dubois: 94 

 Chilopoda 0.01 1 0.83 Open: 29; Dubois: 39 

 Coccinellidae 0.29 1 0.58 Open: 19; Dubois: 25 

 Nabidae 0.42 1 0.51 Open: 4; Dubois: 7 

 Reduviidae 0.12 1 0.72 Open: 3; Dubois: 2 

Parasitoids Platygastroidea 7.52 1 0.01 Open: 379; Dubois: 684 

 Chalcidoidea 5.11 1 0.02 Open: 78; Dubois: 156 

 Pompilidae 1.03 1 0.31 Open: 4; Dubois: 8 

 Ceraphronidae 0.15 1 0.69 Open: 5; Dubois: 5 

Pollinators Syrphidae 0.91 1 0.34 Open: 1; Dubois: 1 

Sticky Cards      

Predators Araneae 1.59 1 0.21 Open: 86; Dubois: 155 

 Staphylinidae 2.29 1 0.13 Open: 62; Dubois: 49 

  Carabidae 3.99 1 0.04 Open: 38; Dubois: 20 

 Opiliones 0.38 1 0.53 Open: 34; Dubois: 35 

  Anthocoridae 0.67 1 0.41 Open: 12; Dubois: 8 

 Dolichopodidae 1.54 1 0.22 Open: 10; Dubois: 8 

  Coccinellidae 0.10 1 0.75 Open: 3; Dubois: 5 

 Vespidae 0.05 1 0.82 Open: 6; Dubois: 0 

 Mesostigmata 0.001 1 0.98 Open: 2; Dubois: 2 

Parasitoids Platygastroidea 18.45 1 < 0.01 Open: 696; Dubois: 70 

 Chalcidoidea 7.65 1 0.04 Open: 107; Dubois: 78 

 Ichneumonoidea 0.02 1 0.87 Open: 84; Dubois: 87 

 Pompilidae 0.03 1 0.86 Open: 1; Dubois: 4 

Pollinators Apidae 0.11 1 0.74 Open: 1; Dubois: 1 

 Halictidae 0.10 1 0.75 Open: 3; Dubois: 2 

 Syrphidae 0.29 1 0.58 Open: 7; Dubois: 3 

Leaf 

Brushing 
Predators 

Ave. number 

per leaflet 

     

Neoseiulus 

fallacis 

5.28 1 0.02 Open: 134: Dubois: 304 

Chrysopidae 1.23 1 0.30 Open: 10; Dubois: 7 

Anthocoridae 1.15 1 0.28 Open: 5; Dubois: 5 
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2019 Comparison between covering treatment 

    χ2 df p-value Number collected 

Pitfall trap      

Predators Opiliones 8.65 3 0.03 Open: 407; Dubois: 674; Tufflite: 581; Warps: 711 

  Araneae 8.12 3 0.04 Open: 670; Dubois: 642; Tufflite: 886; Warps: 421 

  Carabidae  5.75 3 0.12 Open: 278; Dubois: 400; Tufflite: 397; Warps 277 

 Formicidae 4.43 3 0.22 Open: 208; Dubois: 291; Tufflite: 250; Warps: 217 

 Mesostigmata 3.92 3 0.29 Open: 6; Dubois: 16; Tufflite: 4; Warps: 7 

 Staphylinidae 1.61 3 0.66 Open: 26; Dubois: 38; Tufflite: 25; Warps: 33 

 Nabidae 1.79 3 0.62 Open: 15; Dubois: 28; Tufflite: 16; Warps: 17 

 Vespidae 9.23 3 0.03 Open: 8; Dubois: 10: Tufflite: 2; Warps: 1 

 Reduviidae 2.11 3 0.54 Open: 1; Dubois: 5; Tufflite: 0; Warps: 1 

 Coccinellidae 1.15 3 0.76 Open: 4; Dubois: 5; Tufflite: 2; Warps: 6 

 Chilopoda 2.49 3 0.48 Open: 4; Dubois: 10; Tufflite: 11; Warps: 9 

 Meloidae 1.01 3 0.79 Open: 1; Dubois: 3; Tufflite: 0; Warps: 3 

Parasitoids Platygastroidea 3.48 3 0.32 Open: 860; Dubois: 1262; Tufflite: 1201; Warps: 950 

 Chalcidoidea 3.50 3 0.32 Open: 6; Dubois: 7; Tufflie: 7; Warps: 16 

 Pompilidae 3.78 3 0.29 Open: 7; Dubois: 3; Tufflite: 12; Warps: 10 

 Ceraphronidae 1.82 3 0.60 Open: 19; Dubois: 18; Tufflite: 32; Warps: 29 

Pollinators Syrphidae 0.06 3 0.99 Open: 1; Dubois: 0; Tufflite: 0; Warps: 1 

Sticky Cards      

Predators Araneae 0.80 3 0.83 Open: 24; Dubois: 27; Tufflite: 30; Warps: 25 

 Anthocoridae 6.52 3 0.09 Open: 5; Dubois: 14; Tufflite: 7; Warps: 3 

 Staphylinidae 1.81 3 0.62 Open: 15; Dubois: 9; Tufflite: 10; Warps: 12 

 Mesostigmata 2.99 3 0.39 Open: 4; Dubois: 4; Tufflite: 1; Warps: 1 

  Carabidae 0.42 3 0.94 Open: 1; Dubois: 2; Tufflite: 2; Warps: 2 

 Opiliones 3.28 3 0.35 Open: 1; Dubois: 5; Tufflite: 4; Warps: 8 

  Coccinellidae 0.87 3 0.83 Open: 1; Dubois: 3; Tufflite: 2; Warps: 0 

 Vespidae 0.50 3 0.92 Open: 0; Dubois: 0; Tufflite: 2; Warps: 3 

 Dolichopodidae 9.75 3 0.03 Open: 12; Dubois: 9; Tufflite: 6; Warps: 0 

Parasitoids Platygastroidea 3.42 3 0.33 Open: 32; Dubois: 23; Tufflite: 32; Warps: 39 

 Chalcidoidea 13.25 3 0.04 Open: 70; Dubois: 107; Tufflite: 113;  

Warps: 65 

 Ichneumonoide

a 

10.79 3 0.01 Open: 103; Dubois: 81; Tufflite: 133; Warps: 70 

 Pompilidae 10.23 3 0.02 Open: 17; Dubois: 15; Tufflite: 34; Warps: 5 

      

Pollinators Apidae 0.15 3 0.98 Open: 0; Dubois: 2; Tufflite: 1; Warps: 1 

 Halictidae 0.32 3 0.95 Open: 1; Dubois: 2; Tufflite: 2; Warps: 1 

 Syrphidae 0.23 3 0.97 Open: 3; Dubois: 4; Tufflite: 3; Warps: 3 

Leaf 

Brushing 

Predators 

Ave. number 

per leaflet 

     

Neoseiulus 

fallacis 

11.23 3 0.01 Open: 0.18; Dubois: 1; Tufflite: 0.46: Warps: 1.18 

Chrysopidae 0 3 1 Open: 0; Dubois: 0; Tufflite: 0.02; Warps: 0 
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Supplemental Table C. Summary statistics on the effect of covering treatment on the number 

of herbivorous arthropods recovered from pitfall traps, sticky cards, leaflets, and from direct 

counts of TPB and SWD during 2018 and 2019. 

Data from (Willden et al. 2021). 

 
2018 Comparison between covering treatment 

    χ2 d

f 

p-value Number collected 

Pitfall trap - 

Total 

collected  
  

  

  

Gryllidae 7.32 1 < 0.01 Open: 295; Dubois: 626  

Aphididae 0.53 1 0.46 Open: 131; Dubois: 143 

Elateridae 0.69 1 0.40 Open: 74; Dubois: 101 

Drosophilidae 4.29 1 0.04 Open: 43; Dubois: 23 

Thysanoptera 4.61 1 0.03 Open: 44; Dubois: 95 

Cicadellidae 4.75 1 0.03 Open: 22; Dubois: 46 

Nitidulidae 0.11 1 0.73 Open: 16; Dubois: 15 

Chrysomelidae 0.37 1 0.54 Open: 11; Dubois: 7 

                    

Sticky 

Cards - 

Total 

collected 
  

  

  

  

Anthomyiidae 63.38 1 < 0.001 Open: 950; Dubois: 418 

Cicadellidae 4.31 1 0.04 Open: 129; Dubois: 239 

Drosophilidae 14.27 1 < 0.001 Open: 234; Dubois: 147 

Miridae 4.06 1 0.04 Open: 112; Dubois: 71 

Thysanoptera 0.81 1 0.36 Open: 2282; Open: 2278 

Chrysomelidae 1.19 1 0.38 Open: 39; Dubois: 37 

Aphididae 0.86 1 0.35 Open: 40; Dubois: 30 

                    

Leaf 

Brushing - 

Average per 

leaflet 

  

  

Tetranychus 

urticae 

11.61 1 < 0.001 Open: 0.31; Dubois: 9.66 

Aphididae 34.39 1 < 0.001 Open: 1.95; Dubois: 0.65 

Thysanoptera 0.16 1 0.69 Open: 0.51; Dubois: 0.44 

Ave. TPB counts on flower 

clusters 

0.02 1 0.81 Open: 0.81; Dubois: 0.82 

Ave. SWD adults from berries 31.26 1 < 0.001 Open: 0.71; Dubois: 0.24 

                    

2019 Comparison between covering treatment 

    χ2 d

f 

p-value Average number 

Pitfall trap Gryllidae 14.46 3 < 0.001 Open: 207; Dubois: 387; Tufflite: 472; Warps: 594 

 Aphididae 9.60 3 0.02 Open: 47; Dubois: 69; Tufflite: 38; Warps: 25 

 Elateridae 0.78 3 0.85 Open: 21; Dubois: 27; Tufflite: 27; Warps: 32 

  Drosophilidae 1.07 3 0.78 Open: 10; Dubois: 9; Tufflite: 4; Warps: 9 

  Chrysomelidae  10.26 3 0.02 Open: 18; Dubois: 52; Tufflite: 12; Warps: 34 

 Cicadellidae 0.36 3 0.95 Open: 19; Dubois: 18; Tufflite: 16; Warps: 19 

  Thysanoptera 3.27 3 0.35 Open: 11; Dubois: 23; Tufflite: 15; Warps: 17 

                    

Sticky 

Cards 

Anthomyiidae 44.82 3 < 0.001 Open: 82; Dubois: 30; Tufflite: 55; Warps: 12 
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  Cicadellidae 6.79 3 0.03 Open: 31; Dubois: 36; Tufflite: 37; Warps: 56 

  Drosophilidae 1.89 3 0.54 Open: 13; Dubois: 8; Tufflite: 10; Warps: 15 

 Chrysomelidae 5.12 3 0.16 Open: 11; Dubois: 11; Tufflite: 15; Warps: 9 

  Miridae 5.06 3 0.17 Open: 24; Dubois: 17; Tufflite: 19; Warps: 10 

  Thysanoptera 18.91 3 < 0.001 Open: 257; Dubois: 257; Tufflite: 144; Warps: 226 

                    

Leaf 

Brushing - 

Average per 

leaflet 
  

  

Tetranychus 

urticae 

7.41 3 0.04 Open: 0.12; Dubois: 1.25; Tufflite: 0.49; Warps: 0.76 

Aphididae 8.16 3 0.04 Open: 0.02; Dubois: 0.03; Tufflite: 0.07; Warps: 0.10 

Thysanoptera 1.69 3 0.64 Open: 0.02; Dubois: 0.02; Tufflite: 0.91; Warps: 0.02 

Ave. TPB counts on flower 

clusters 

1.43 3 0.70 Open: 0.77; Dubois: 0.71; Tufflite: 0.61; Warps: 0.59 

Ave. SWD adults from berries 8.98 3 0.03 Open: 0.18; Dubois: 0.01; Tufflite: 0.01; Warps; 

0.01 

 

 


