
ABSTRACT 

McWhirt, Amanda L. The Use of Sustainable Soil Management Practices in Fumigated and 

Non-fumigated Plasticulture Strawberry Production in the Southeastern United States. 

(Under the direction of Drs. Michelle Schroeder-Moreno and Yasmin J. Cardoza). 

Conventional strawberry growers in the southeastern United States rely on soil 

fumigation as a critical component of their annual production cycle as a means to eliminate 

soil organisms that inhibit plant growth and crop production. This practice limits soil health 

in strawberry production systems due to the elimination of beneficial soil organisms. Soil 

health is further limited in these systems by low organic matter inputs and high erosion 

potential when fields sit fallow during the summer months between cropping seasons.  The 

use of compost, cover crops and soil inoculation with beneficial soil microorganisms has 

been shown to improve soil health; however, there is a lack of understanding of how these 

practices might promote soil health within fumigated strawberry production systems. To 

answer this question a two year strip-plot field study at the Center for Environmental 

Farming Systems (CEFS) in Goldsboro, NC evaluated soil management practices (compost, 

summer planted cover crops and the addition of vermicompost and arbuscular mycorrhizal 

fungi (AMF) to the strawberry plug media (plug inoculation)) applied individually and in 

various combinations in both Pic-clor 60 fumigated and non-fumigated plasticulture 

production systems. The effects of these soil management combinations on strawberry yield, 

fruit quality, plant growth, plant nutrient uptake, arthropod populations in the plant canopy 

and soil chemical, physical and biological properties were evaluated. 

Similar marketable yields were observed in the fumigated and non-fumigated main 

treatments in both years. Fruit shelf life was higher in the fumigated system, but fruit quality 

attributes including fruit soluble solids (SSC), pH and SSC/titratable acidity were higher in 



the non-fumigated system during the second year.  In both years, AMF introduced via the 

plug inoculation treatment into the fumigated system failed to establish, which suggests that 

even after the plant back period introduced live inoculum is impacted by fumigation. At the 

end of the second year fumigation resulted in higher soil bulk density and reductions to 

several phospholipid fatty acid (PLFA) soil microbial biomarkers.  

In both years cover crop treatments had higher total yields in the fumigated system 

relative to the non-fumigated system, and the combination of compost and cover crops in the 

non-fumigated plots yielded similarly to the fumigated control. Other effects of soil 

management practices on yields varied. Marketable yields in the plug inoculation treatment 

were higher in the non-fumigated system in year 1, but total and marketable yields for this 

treatment were higher in the fumigated system in year 2. The combination of compost and 

cover crops supplied sufficient pre-plant nitrogen to the strawberry crop in both years and 

compost resulted in higher measures of several soil fertility indicators (pH, and cation 

exchange capacity) across both the fumigated and non-fumigated systems. Within the 

fumigated system compost also resulted in higher measures of AMF PLFA biomarkers and 

all soil management practices had higher total PLFA microbial biomass relative to the 

fumigated control. 

A separate greenhouse experiment was conducted to compare the live microbial 

effects of AMF and vermicompost on population growth rates of Tetranychus urticae (two-

spotted spider mites), plant growth, and leaf area for three strawberry varieties. Bottom-up 

effects of the soil microbes present in the inoculants were variable across varieties; in some 

cases the microbes were shown to suppress mite population growth and in others to promote 



T. urticae populations. AMF root colonization was lower on plants when T. urticae were 

present, which suggests a top-down effect of an arthropod on a soil microbial symbiont.  

Our results demonstrate soil management influence on multiple aspects of the 

production system, which may help growers evaluate the short-term benefits of sustainable 

soil management practices based on their system of soil fumigation. 
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Over the last 100 years strawberry production in the United States has shifted from 

disperse production distributed across the country that serviced local markets, to a 

consolidation of over 80% of strawberry production to the state of California that services 

national markets with long-distance shipping (Roberts, 2014).  Production practices have also 

shifted to repeat cropping of strawberries on land dedicated to solely this crop. Long-term 

continuous cropping of strawberries leads to a buildup of soil borne diseases, and inoculum 

of severe soil borne pathogens including Verticillium, Rhizoctonia and Pithium which can 

drastically reduce strawberry yields (Maas, 1998). To address this problem, soil fumigation 

was implemented in California in the 1950s (Roberts, 2014; Wilhelm et al., 1974) and by 

1970 became a widely adopted soil management practice for strawberry production both in 

the US and worldwide (Roberts, 2014). In strawberries under continuous production soil 

fumigation has resulted in increased yields (Shaw and Larson, 1999), but this practice has 

more recently been associated with a range of negative environmental impacts.  Most notably 

the soil fumigant methyl bromide was widely used in strawberry production until 1993, but 

due to its damaging effects on the ozone layer, the Montreal Protocol mandated it be phased 

out through by the end of 2016 (US EPA, 2015).  More recently strawberry growers have 

shifted to using choloropicrin, 1-3 D and Metam sodium as alternatives to methyl bromide, 

but these chemicals are also associated with concerns to human and environmental health 

(Duniway, 2002). Concerns persist among regulatory agencies, consumers and growers in 

regards to impacts of repeated use of soil fumigants on long-term soil functioning and 

ultimately the sustainability of strawberry production.  

Research has demonstrated that soil fumigation reduces soil microbial activity, both 

in terms of plant pathogenic and beneficial soil organisms (Dangi et al., 2015). Reductions to 
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soil biological life represent are a threat to the functioning of the soil, particularly from the 

stand point of nutrient cycling, pathogen suppression and organic matter turn-over (Doran 

and Zeiss, 2000).  Soil health, also called soil quality, is the capacity of a soil to function in 

such a way as to promote healthy plant and animal growth within it natural limits, and is 

measured by changes to chemical, physical and biological indicators (Doran and Parkin, 

1996; Doran and Parkin, 1996; Karlen et al., 1997).  Maintaining soil health is increasingly 

recognized as important to protecting the contributions of soils to global biodiversity, climate 

change mitigation and agricultural production. The Food and Agriculture Organization 

(FAO) of the United Nations named 2015 as the “International Year of the Soil” in an effort 

to raise awareness of the benefits to maintaining healthy soil worldwide (FAO, 2015).  

North Carolina has a history of strawberry production reaching back to the 1890s 

(Roberts, 2014). In the Southeastern (SE) United States concern for soil health in strawberry 

production systems is confounded by warm temperatures that result in rapid declines to soil 

organic matter and increases in pest pressure. Furthermore strawberry production systems 

that follow a production cycle from October to May, as do those in North Carolina, often lack 

crop rotation, have low organic matter inputs, and are left fallow for long stretches of time. 

Collectively these issues present multiple challenges to maintaining soil health in strawberry 

production systems in the SE. 

Soil management practices that contribute to building soil health have been widely 

evaluated as potential measures to counter soil degradation. Practices shown to increase soil 

health include: compost (Brinton, 1985; Bullock et al., 2002; Khaleel et al., 1981), cover 

crops (Creamer and Baldwin, 2000; Phatak and Diaz-Perez, 2007; Reeves, 1994; 

Sarrantonio, 2007) and soil microbial inoculants (Calvo, Nelson, and Kloepper, 2014). More 
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specifically a few previous studies have also evaluated these types of soil management 

practices incorporated into strawberry production systems in the SE with variable results in 

regards to their impacts on soil health and strawberry yields. Results for soil health indicate 

cover crops can increase soil nitrogen levels (Beck, 2012), vermicompost inoculation 

increased soil microbial populations (Arancon et al.,, 2006), and compost increased soil pH, 

CEC and reduced bulk density (Ferguson, 2006). Summer cover crops increased strawberry 

yields in some cases (La Mondia et al., 2002) while not in others (Beck 2012; Garland et al., 

2011). Dual inoculation with vermicompost and arbuscular mycorrhizal fungi (AMF) has 

also increased strawberry yields (Beck, 2012). While the identification and adoption of 

sustainable alternatives to soil fumigants is important to the future of strawberry production 

systems, it also critical for present day declines in soil health to be ameliorated by both 

conventional and organic strawberry producers through the increased use of soil building 

practices.  To date, the author is not aware of work evaluating the combination of soil 

management practices that build soil health with soil fumigation or how these management 

practices impact soil health and strawberry yields relative to when they are incorporated into 

non-fumigated systems.  

There is also increasing interest in the interactions of soil microbial communities on 

higher trophic arthropod populations in the plant canopy. Identified interactions of soil 

microbes and arthropod plant pests include: microbial symbionts that improve plant nutrition 

and result in increased biomass or secondary metabolites that help plant deal with insect 

herbivory (Contreras-Cornejo et al., 2009; Glazebrook, 2005; Koricheva et al., 2009), 

microbial induction or priming of plant defenses (Kempel et al., 2010) and microbial effects 

on the composition of plant volatile organic compounds (VOCs), which increase attraction of 
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beneficial insects (Dicke et al., 2009). These interactions are of potential use in integrated 

pest management programs and sustainable agricultural production. The interactions of soil 

microbes on arthropods in the plant canopy may be altered in fumigated strawberry 

production systems relative to their non-fumigated counterparts. 

This dissertation research explores the effects of three soil management practices, 

applied individually and in various combinations with one another, on multiple aspects of the 

strawberry system in both fumigated and non-fumigated fields. Specifically, the management 

practices of compost, summer cover crops, and plug inoculation with the beneficial soil 

microbial inoculants of arbuscular mycorrhizal fungi (AMF) and vermicompost were 

evaluated individually and in the combinations of compost + cover crop and compost + cover 

crop + plug inoculation. A two-year strip-plot field study was conducted at the Center for 

Environmental Farming Systems (CEFS) in Goldsboro, North Carolina from 2013 to 2015 to 

evaluate fumigation and non-fumigation (main plot), soil management practices (sub plot) 

and their interactions on the strawberry production system.  The treatment combinations 

effects on plant growth, nutrient uptake, fruit yields, fruit quality, and arthropod populations 

are summarized in Chapter 1.  The treatment combinations effects on soil health, including 

soil nutrient content, pH, cation exchange capacity (CEC), aggregate size distribution, 

organic matter, AMF species composition and phospholipid fatty acid (PLFA) composition 

are explored in Chapter 2. 

The effect of soil microbial inoculants on two-spotted spider mites, the most 

significant arthropod pest of strawberries, was further evaluated in a split-plot randomized 

complete block design (RCBD) greenhouse experiment, presented in Chapter 3.  In this 

study, three varieties of strawberry plants were inoculated with one of four soil treatments: 
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vermicompost, a combination of AMF and vermicompost, steam-sterilized vermicompost, or 

steam-sterilized AMF+ vermicompost, to assess the microbial effects of these inoculants on 

plant growth, AMF percent root colonization, nutrient uptake, leaf area, leaf chlorophyll 

contents and two-spotted spider mite populations. 
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Abstract 

Soil health is of particular concern in strawberry production systems, which have 

historically relied on soil fumigation as the foundation for their pest management programs. In 

the Southeastern (SE) U.S warmer temperatures and poorer soils have greater pathogen pressures 

and experience more rapid declines to soil organic matter. These combined factors mean 

strawberry producers need sustainable alternatives to soil fumigants, as well as options for soil 

building practices that fit into current production systems. To address these concerns, I evaluated 

the impacts of sustainable soil management practices on yield, growth, nutrient uptake and fruit 

quality in both fumigated and non-fumigated plasticulture strawberry production systems in 

North Carolina.  Fumigated and non-fumigated main-plot treatments were split into five sub plot 

treatments of: June applied compost, summer cover crop, strawberry plugs inoculated with 

vermicompost and arbuscular mycorrhizal fungi (AMF) at plug establishment, the combination 

of compost and cover crops, the full combination of all three soil management practices and a 

control.  All treatments were compared across two years. Marketable yields were comparable 

between fumigation treatments in both years.  Soil management effects on yield were more 

variable with the exception that, in both years cover crop plots resulted in higher total yields in 

the fumigated system relative to the non-fumigated system and the combination of compost and 

cover crops in the non-fumigated plots had similar yields as the fumigated control. Plug 

inoculation with AMF and vermicompost resulted in higher marketable yields in the non-

fumigated system in year 1, but resulted in higher yields in the fumigated system in year 2.  In 

the second year, plant dry weights were higher for fumigated compared to non-fumigated plots 

and fruit shelf life was higher for the fumigated plots, while indicators of fruit quality (fruit 

soluble solids (SSC), pH and SSC/titratable acidity) were higher for the non-fumigated system.  
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The combination of compost and cover crops supplied sufficient pre-plant nitrogen, phosphorus 

and potassium to the strawberry crop in both years.  Additionally, the fumigated treatment had 

lower populations of native syrphid fly pollinators and higher populations of two-spotted spider 

mites. Overall, soil management practices were shown to be capable of impacting strawberry 

yield and fruit quality, and to contribute to reducing the need for pre-plant fertilizer applications 

in each of the two years of this study.  

Introduction 

A topic at the forefront of current agricultural research is the importance of sustaining the 

long-term productivity of agricultural systems through the use of practices that protect soil 

health, reduce chemical inputs and maintain ecosystem services.  Maintaining and building soil 

health is of particular concern in strawberry production systems, which have historically relied 

on soil fumigation as the foundation for soil borne pest management and often lack a system of 

crop rotation (Sydorovych et al., 2006; Maas, 1998; Wilhelm and Paulus, 1980).  A dependence 

on fumigants is the primary challenge to long-term environmentally sustainable strawberry 

production, as soil fumigation contributes to the majority of chronic human health risk associated 

with conventional strawberry production systems (Rysin et al., 2015). In the Southeastern (SE) 

U.S warm temperatures and poor soils lead to greater pest pressures and more rapid declines to 

soil organic matter which intensify challenges to soil health. Two of the largest fresh market 

strawberry producing states (Florida #2 and North Carolina #3 in market value) are located in the 

SE (NASS, 2009; NCDA CS, 2012). While it is important for strawberry producers to adopt 

sustainable alternatives to soil fumigants, it also critical that declines in soil health be 

ameliorated through increased use of soil building practices by both conventional and organic 

strawberry producers.  
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Soil building practices that promote beneficial soil organisms, enhance soil fertility and 

build soil physical properties, can ultimately lead to healthier, and higher yielding plants. The 

secondary benefits of soil building practices on increases to fruit yields, quality and shelf life are 

important considerations as grower acceptance of new technologies is often contingent on the 

economics of yield improvements and not on the less quantifiable benefits to long-term soil 

health. Production practices such as cover cropping, compost, additions and the use of soil 

microbial inoculants may function as sustainable practices in strawberry production for their 

reported ability to enhance both soil health and crop production (Mäder et al., 2000; Tilman, 

1999). 

Rotating cash crops with summer cover crops has potential as a sustainable soil 

management practice in strawberry production systems, especially in the SE where growers 

repeatedly replant strawberries in the same area, year after year, and often leave fields fallow 

during summer. Previous work with various crops has demonstrated that cover crop rotations can 

increase soil nitrogen (when a legume is used), reduce nutrient runoff, prevent erosion, improve 

soil health, and suppress pest and weed populations (Creamer and Baldwin, 2000; Phatak and 

Diaz-Perez, 2007; Sarrantonio 2007). Elmer and La Mondia (1999) found that oat cover crops 

combined with (NH4)2SO4 fertilizer reduced the incidence of strawberry black root rot, which is 

an important strawberry disease that rapidly reduces yield in strawberry production systems 

(Maas, 1998; Wing and Pritts, 1994). Summer cover crops have been shown to increase 

strawberry yields (La Mondia et al. 2002) or to have no effect on yield (Beck, 2012; Garland et 

al., 2011).   

The application of stabilized compost has also been widely demonstrated to improve soil 

physical and chemical characteristics and to reduce plant pathogens for various crops (Dick and 
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McCoy, 1993; Ferguson, 2006; Grandy, Porter and Erich, 2002; Hoitink and Fahy, 1986; 

Litterick et al., 2004; Lumsden et al., 1983; Millner, Ringer and Maas, 2004). Furthermore, 

compost applications to non-fumigated soil have been shown to result in strawberry yields 

comparable to those of methyl bromide treated soils receiving no compost, but still receiving the 

same nutrient inputs supplied by the compost (Grabowski, 2001; Louws et al., 2000). Increases 

in soil calcium concentrations following compost applications were also linked to reductions in 

strawberry cull weights (Ferguson, 2006). However, high salt concentrations present in some 

composted materials may cause toxicities in strawberry plants, a risk that can be mitigated by 

compost applications during the season preceding the crop (Hoitink and Schmitthenner, 1988; 

Hoitink et al., 1997).  Furthermore, the combination of summer compost applications with 

summer cover crop has been shown to supply sufficient pre-plant nitrogen for fall planted 

strawberries in the SE (Beck, 2012).  

Lastly, plug production practices provide an opportunity to pre-inoculate strawberries 

with beneficial soil organisms that are often eliminated through fumigation and even bio-

fumigation practices (Werner et al., 1990; Owen et al., 2010). Inoculation with arbuscular 

mycorrhizal fungi (AMF) has been shown to benefit strawberry growth and nutrition 

(Khanizadeh et al., 1995) and reduce damage caused by diseases (Harrier and Watson, 2004).  

Vermicompost, or compost processed by earthworms, another type of soil inoculant, has been 

shown to reduce incidences of parasitic plant nematodes (Arancon et al., 2002), confer plant 

resistance to pathogens (Arancon et al., 2005), and increase fruit yields (Arancon et al., 2003) in 

strawberries.  Inoculation with AMF and vermicompost has also been found to enhance 

strawberry yields compared to non-inoculated plants in non-fumigated production systems 

(Beck, 2012).  
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While this previous work has demonstrated that these soil management practices can 

positively impact measures of soil health and fruit yields, they have been limited to organic or 

non-fumigated production systems. While the search for sustainable alternatives to fumigants is 

on-going, the ability of cover crops, compost and plug inoculants to positively impact yields in 

fumigated systems is largely unknown. Our study evaluates the use of compost, summer cover 

crops, and plug inoculation (with AMF and vermicompost) as individual practices and in several 

combinations as applied to both fumigated and non-fumigated plasticulture strawberry 

production systems.   

In this study I seek to understand how these soil management practices impact the entire 

strawberry production system, including yield, soil characteristics, strawberry plant growth and 

arthropod populations.  For instance it should be considered that fumigation practices reduce soil 

biological life and as a result interruptions in natural trophic level interactions between below 

and above-ground organisms may result (De Ceuster and Hoitink 1999). Research has 

established how soil amendments like organic composts; vermicompost and AMF inoculations 

can promote interactions over multiple trophic levels (Altieri, 1998; Arancon et al., 2007; 

Cardoza, 2010; Edwards et al., 2010; Gange Bower and Brown, 1999; Koricheva, Gange and 

Jones, 2009; Little and Cardoza, 2011). Vermicompost additionally has been shown to increase 

length of floral visitation by bumblebees (Bombus impatiens) (Cardoza et al., 2012).  Here I 

focused on the influence of soil management on above-ground arthropod populations, in 

particular, a pest species, the spider mite (Tetranychus urticae Koch), and beneficial populations 

of native pollinators. Soil management effects on altering T. urticae populations could have 

economic consequences as this is a major pest of strawberries nationwide and their feeding can 

result in drastic reductions in yield (Strand, 2008). Pollinator visitation rates have been 
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demonstrated to fluctuate as a result of soil fertility or microbial populations that result in 

changes in floral characteristics, (Burkle and Irwin, 2009; Gange and Smith, 2005; Gardener and 

Gillman, 2001; Munoz et al., 2005; Wolfeet al. 2005), which may could result in changes to fruit 

yield and quality as greater rates of pollinator visitation has been shown to increase strawberry 

fruit set (Skrebtsova, 1957). 

The combined evaluation of the impacts of soil management practices impacts on yields, 

fruit quality, and plant growth will improve recommendations to farmers in the SE about how 

sustainable practices can impact their specific strawberry production systems.   

 

Methods 

Experimental design 

Experimental plots were established at the Center for Environmental Farming Systems 

(CEFS) in Goldsboro, North Carolina (NC) (lat. 35°36’ N, long. 78°04’ W).  The soil at this site 

was made up of Wickham and Lynchberg series sandy loam soil. This strip-plot randomized 

complete block design (RCBD) field experiment was conducted in two consecutive years to 

compare fumigated (FUM) and non-fumigated (NON-FUM) plasticulture (main plot treatments) 

with five soil management practices combinations and a control (sub plot treatments) (Table 

2.1). The experiments were established in 9.1 m by 3.7 m sub plots. Sub plot treatments were 

randomly distributed within each block (n=5) of the main plot area, and one wide double row 

bed laid through the middle of each plot which was planted in a double row of 24 plants. The 

experiment began with the treatments applied in the summer of 2013 and data collection 

continued through harvest in 2014, and the entire experiment was repeated in the summer of 

2014 through harvest in 2015. The two years of the experiment are referred to as YR 1 and YR 2.   
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Compost and cover crop management 

Agricultural grade compost was supplied by McGill AG compost (McGill Environmental 

Systems, Rose Hill, NC) in YR 1 and by Brooks Compost (Brooks Contracting, Goldston, NC) 

in YR 2. Compost was applied to COM, COMCOV and ALL plots at a rate of 8.4 tons ha
-1

 on 30 

May in YR 1 and on 6 June in YR 2 using a Chandler litter spreader (Chandler Equipment 

Company, Gainesville, GA) and incorporated with a disk. During compost application, all non-

compost plots (COV, INOC, and CNTRL) were covered with plastic sheeting to ensure they did 

not receive compost. Subsamples of the compost were sent to North Carolina Department of 

Agriculture & Consumer Services (NCDA & CS) Agronomic Testing Division (Raleigh, NC) to 

analyze nutritional content that would be supplied to the fall planted strawberry crop. The day 

after compost application, the cover crop was planted using a Sukup 2055 No-till Grain Drill 

(Sukup Manufacturing Company, Sheffield, IA) and consisted of a mix of pearl millet 

(Pennisetum glaucumgenus L.) var. SS635 (Southern States Cloverdale, VA) at the rate of 11.2 

kg
-1

 ha and cowpea (Vigna unguiculata (L.) var. ‘Iron and Clay’ (Mixed Cowpea Southern States 

Cloverdale, VA) at the rate of 109.7 kg
-1

 ha. Prior to planting, cowpea seed was inoculated with 

Graph-EX SA rhizobia cover crop inoculant (proprietary rhizobia species mix, Advanced 

Biological Marketing, OH).  Cover crops were terminated with a flail mower and incorporated 

into the soil with a disk to approximately 15 cm depth at the end of the first week of August in 

both years. Prior to cover crop termination, cover crop aboveground biomass was sampled using 

a 0.5 m
2
 quadrant placed at the center of each plot, and all cover crop aboveground biomass 

within the quadrat was cut at ground level, collected, dried at 60 °C for 96 h, and weighed. 

Subsamples of the biomass were sent to the NCDA & CS to estimate nutrients supplied by the 

cover crop to the fall planted strawberry crop.  



 

19 

 

Plug inoculation   

Plug inoculation took place in late August in both years. Inoculants were thoroughly 

mixed with Farfard Mix (sphagnum, pearlite and vermiculite mix), (4P Pro-formula, Agawam, 

MA) before filling 50-cell trays and setting ‘Chandlar’ variety tips (Cottle Farms, Faison, NC) 

which were rooted under mist as outlined by Poling and Monks (1994) in the greenhouses at NC 

State University for approximately 3 weeks. Plug inoculants consisted of 9.1 g vermicompost 

(20% volume of cell) (Oregon Soil Corporation, Oregon) and 25 g of mixed species arbuscular 

mycorrhizal fungi (AMF) per each cell of 50-cell trays. AMF inoculum was collected from 

agricultural systems at CEFS in Goldsboro and produced according to the method outlined in 

Garland et al. (2011).  

Field preparation and management 

Compost and cover crop nutritional composition analysis obtained from NCDA & CS 

was used to determine additional nutrients requirements for the strawberry crop for YR 1 and YR 

2 (Table 2.1). Sub plots that received both cover crop and compost (COMCOV and ALL) 

required no further chemical fertilization, as the nutrient levels supplied by these inputs 

surpassed the recommended N pre-plant rate of 67.2 kg·ha
–1

 (Poling and Monks, 1994). In the 

remaining plots, ammonium nitrate 34-0-0 (Hudson Hardware, Clayton, NC) was hand applied 

and disked into each plot during the second week of September of both years to achieve pre-plant 

N recommendations. Soil test reports indicated that no additional phosphorus (P) or potassium 

(K) was required in YR 1. However in YR 2, 44.0 kg·ha
–1

 of potassium sulfate 0-0-50 (Coor 

Farm Supply, Princeton, NC) was needed in the INOC and CNTRL sub plots and 16.8 kg·ha
–1

 in 

the COV sub plots to meet the recommendation of 44.0 kg·ha
–1

 K (Poling and Monks, 1994). 

Compost alone supplied sufficient pre-plant P and K in both years for the COMCOV and ALL 

sub plots.   
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Following fertilizer application to plots in fall, beds (0.91 m high x 1.4 m wide) were 

formed through the middle of each sub plot and plastic was laid using a Kennco bed shaper and 

mulch layer (Kennco Manufacturing, Ruskin, FL). As plastic was laid fumigation took place in 

the FUM using Pic-Chlor 60 at a rate of 134.4 kg plasticulture ha
-1

 . Plastic was laid normally in 

the NON-FUM without a fumigant applied. In both years, a minimum of 21 d plant back period 

was allowed between fumigation and planting. Planting holes were made 30.5 cm apart in each 

row on the beds 2 d before planting.  In order to avoid plot edge effects, twenty-four plug plants 

were planted in the middle of each bed within each plot. Only the middle 12 plants were used for 

yield data and the outer 12 plants on each end were used for whole plant biomass data collections 

and as a buffer. Planting took place on 4 October in YR 1 and 14 October in YR 2. A slight delay 

in planting occurred in YR 2 due to wet soil conditions that postponed bed preparation and 

fumigation activities, which also resulted in a longer period between pre-plant fertilizer 

applications and bed preparation in YR 2.  

Spring fertigation occurred weekly in both years beginning with calcium nitrate (17.3 

kg·ha
–1 

in Yr 1, 23.7 kg·ha
–1 

in Yr 2) over 2 weeks in the late March and after fruiting began with 

potassium nitrate (8.6 kg·ha
–1 

in Yr 1, 7.6 kg·ha
–1 

in Yr 2) over three weeks. The spring rate of 

nitrogen was increased slightly in YR 2 due to a delay between chemical fertilizer application 

and fumigation which resulted in plants showing signs of nitrogen deficiency early in the spring. 

In both years these rates of spring applied nitrogen represent the low range of the full 

recommendations of 67.2 kg·ha
–1

 as our goal was to evaluate the potential of summer applied 

compost and cover crop to supply some nitrogen in the spring.  

One ounce weight row covers (Harris Seeds, Rochester, NY) were used in January 

through March of both years to protect crowns and spring blossoms during periods when 
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temperatures were predicted to fall below -6.7° C or 0° C respectively. Low temperatures of -

15.8° C on 30 Jan. (YR 1), and -12.4° C on 20 Feb (YR 2) were observed. No crown damage 

was found on plants after each cold event. However in YR 2, a late freeze at -3.7° C on 29 March 

resulted in considerable loss (>15%) to emerged primary and secondary flowers, despite row 

cover protection. Throughout the experiment, plants were monitored for signs of disease and 

suspicious plant tissue samples were submitted for identification at the North Carolina State 

University’s Plant Disease and Insect Clinic (Raleigh, NC). 

Harvest 

Fruit from the middle 12 plants in each sub plot were harvested twice per week, 

beginning 28 April through 23 May in YR 1 and 20 April through 26 May in YR 2. Fruit were 

separated into marketable and cull yields and these weights were combined for the calculation of 

total yield. At each harvest a composite sample of 25 berries representative of those from each 

plot was weighed to obtain average berry weight. Total, marketable, cull weights and average 

berry weights per plant were taken twice a week, and were used to generate the cumulative 

season yield data presented herein.  

Plant biomass, AMF colonization, and nutrient analysis 

Plant biomass and percent AMF colonization were evaluated at planting and monthly 

thereafter from January through May to correspond with the plant phenological stages of plug, 

dormancy, spring growth, peak flowering, peak fruiting and final harvest. At each sample date, a 

single strawberry plant was collected from among the 12 plants on the outside edge of each sub 

plot. A 30.5 cm × 30.5 cm area was dug around each plant to unearth it, soil was removed gently 

and roots were rinsed under tap water to remove remaining soil particles. Plants were then 

divided into roots, crowns, leaves, petioles, and flowers and each plant section was oven dried at 

60
o 
C for a minimum of 72 h then weighed. Fresh fruit weights from biomass plants were also 
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obtained if fruit was present at plant harvest. Percent AMF colonization was assessed by clearing 

roots with KOH and HCl and staining roots with trypan blue and using the modified grid-line 

intersect method (Giovannetti and Mosse, 1980; McGonigle et al., 1990).  Plant tissue nutrient 

analysis was conducted over four (YR 1) or five dates (YR 2), corresponding to a first sampling 

prior to initial fertigation and to March, April and May biomass sampling. An additional 

sampling took place in late March of YR 2 following results in the previous year that indicated 

higher rates of plant nutrient uptake occurred during the season under certain treatments. 

Nutrient analysis on fresh leaf and petiole samples was performed by NCDA & CS using 

standard methods (Plank, 1992).  

Fruit Quality  

Fruit quality was assessed on harvested berries in YR 2 with fruits collected for four 

consecutive Mondays between 27 April and 18 May. Standard methods for analysis of fruit 

decay and flavor parameters recommended by Dr. Perkins-Veazie (personal communication, 

2015) were used and consisted of collecting four to five fully ripe, damage free berries placed in 

pint containers and immediately cooled to 5 °C.  Fruit were checked at the lab to eliminate 

bruised or leaky berries and only intact berries were placed in 250 g vented plastic clamshells.  

Fruits were held at 4 °C for 8 d and rated subjectively for appearance, which included fruit 

shrivel, fruit darkening, calyx shrivel, calyx browning, presence and degree of mold/decay, and 

firmness.  A value of 0 was assigned for no shrivel, browning, or darkening and a value of 3 

represented the worst appearance and unmarketable quality for each of these attributes.  Presence 

of grey mold (Botrytis cinerea) was rated on a 0 to 3 scale respectively as: absence, up to 10% of 

berry surface, up to 30% of berry surface, or more than 30% of berry surface.  The values 

assigned for measures of appearance were then summed for a “summary” value. For fruit 

composition, 6-8 injury-free, fully ripe berries were selected at harvest, calyxes were removed, 
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and fruit were frozen at -20
o 
C for later analysis. Prior to fruit composition analysis, fruit were 

thawed, de-capped, and blended into a puree with a homogenizer (Polytron Kinematica, NJ). The 

puree was evaluated for soluble solids (SSC) (brix units) using a digital refractometer (Refracto 

30P, Mettler Toledo, OH). A 2 g sample of puree was mixed with 60 mL of distilled water and 

evaluated first for pH (DU Series 700, Beckman Coulter, CA) and then titrated with 0.1 N KOH 

using an automated titrimeter (DL15 Titrator, Mettler Toledo, OH) to determine titratable 

acidity, as % citric acid. The ratio of soluble solids to titratable acidity was also calculated. 

Arthropod populations 

Two-spotted spider mite populations were assessed on 10 randomly selected leaflets from 

middle tier trifoliates per plot and were collected monthly (27 Feb, 21 March, 9 April and 12 

May) in YR 1 and bi-weekly (16, 23, 30 March, 6, 13, 24 April) in YR 2. The number of motile 

mites (larval and adult stages) and eggs per leaflet were counted under a dissecting microscope.  

The number of pollinators was measured in the first, third and fifth blocks in both the 

fumigated and non-fumigated sides of the field. Pollinators were observed three times in YR 1 

and four times in YR 2 during the two to three weeks of peak flowering in March by walking 

slowly for 30 secs per each side of the row of each plot between the hours of 12 and 2 pm EST. 

Pollinators were visually identified to family upon landing on floral structures. 

Statistical Analyses 

All data were visually checked for normality of residuals and Shapiro-Wilk tests were 

used to confirm normality and homogeneity of variances.  Ordinal measures of fruit quality that 

did not meet data normality standards were analyzed by the Kruskal-Wallis test for individual 

fixed effects and by Friedman’s two-way nonparametric ANOVA for potential interactions 

between soil management practice and fumigation. Due to significant effects of year on all 

variables, data for each of the years were analyzed separately. ANOVA models in PROC 
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GLIMMIX (SAS v. 9.4; SAS Institute, Cary, NC) with fumigation,  soil treatment, and their 

interaction as fixed effects were used to evaluate yield, plant biomass, AMF colonization, plant 

tissue nutrient content, arthropod populations and fruit quality (shelf life and flavor). Significant 

effects were further analyzed using least-squares means separation tests with degrees of freedom 

estimated using the Satterthwaite approximation to account for the strip-plot design. Fixed 

effects interactions with time (sampling date) were evaluated via repeated measures in PROC 

MIXED, and when no interactions were observed time was removed from the model. When the 

higher order interaction was significant, single treatment effects were ignored. Contrast analysis 

using contrasts was used. Contrast analysis was used to evaluate the effects of the individual soil 

management practices (compost, cover crop and plug inoculation) across the sub plot treatment 

combinations on measures of yield and plant tissue nutrient concentrations. A Bonferroni 

adjustment was used to account for non-orthogonality of contrasts.   Only data for plant tissue 

nutrients shown to positively correlate to yield (data not shown) were run in the contrast analysis. 

Results 

There was no difference between marketable yields and average berry weights in 

fumigated (FUM) and non-fumigated (NON-FUM) main-plot treatments in either year. 

However, NON-FUM plots had lower cull weights than the FUM plots in YR 1. In addition, in 

YR 2, total yield was higher in the FUM than in the NON-FUM (Table 2.2).  In the case of sub 

plot effects, INOC had higher total yield than all other management practices and the CNTRL, 

and had higher cull weights than the CNTRL and every other treatment except the ALL in YR 1. 

There were no sub plot effects on yield in YR 2. 

There was a significant higher order interaction between sub plot soil management 

treatment and main plot fumigation treatments in both years for total and marketable yield (Table 
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2.2).  Between the two years there were differences in how the soil management practices 

interacted with the two fumigation treatments to impact yield. The exception was COV had 

higher total yields in the FUM treatment as compared to the NON-FUM treatment in both years 

(Table 2.2). Additionally in YR 1, COV in the FUM had significantly higher average marketable 

yields compared to COV NON-FUM and the FUM control (Table 2.2).   Furthermore, 

COMCOV in the NON-FUM did not differ from the FUM CNTRL for the measure of 

marketable yields in either year. Both total and marketable yields were the highest in NON-FUM 

INOC plots compared to both the NON-FUM CNTRL and FUM INOC in YR 1 (Table 2.2). 

However, in YR 2, neither total nor marketable yield in INOC treatment differed between the 

FUM and NON-FUM main plots.  Marketable yield was lower in the NON-FUM COMCOV 

treatment relative to the NON-FUM CNTRL and as compared to FUM COMCOV in YR 1 

(Table 2.2). In contrast, FUM COMCOV was the only treatment with both lower marketable and 

total yield than its CNTRL during YR 2. In the NON-FUM during YR 2, there was no significant 

effect of soil management sub plot treatment on either total or marketable yield (Table 2.2).  

There was only an interaction effect of the main and sub plot treatments for average berry 

weight in YR 1 where INOC had the largest berry weights in the NON-FUM at 13.1 g berry
-1

 

(Table 2.2). While INOC berries weights in the NON-FUM were not different from the CNTRL, 

they were statistically different from COV, ALL and COMCOV treatments within the NON-

FUM. Furthermore, INOC in the NON-FUM also had larger berries as compared to INOC in the 

FUM in YR 1. COMCOV had the largest berries in the FUM during YR 1, and was statistically 

higher than the CNTRL. 

Contrast analysis revealed that sub plot treatment containing plug inoculation (INOC and 

ALL) had higher cull weights relative to the controls in YR 1 (Table 2.3). All sub plot treatments 
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containing cover crops, (COV, COMCOV, and ALL) had higher total yields, marketable yields 

and cull weights in the FUM as compared to the NON-FUM in YR 1, while in YR 2 all 

treatments containing plug inoculations, had higher total and marketable yields in the fumigated 

system relative to the non-fumigated system (Table 2.3).  

 In YR 1 negligible or no foliar and root disease pressure were identified at our field 

site. However, in YR 2, the field southern stem blight caused by the soil borne pathogen 

Sclerotium rolfsii was identified and there was a significant effect of main plot treatment 

(P<0.05) on disease prevalence where FUM plots averages 0.2 symptomatic plants per plot and 

NON-FUM plots averaged 1.7 plants per plot at the end of the harvest season.  No interaction 

between soil management sub plot treatments and disease prevalence was observed. 

 FUM averaged larger crown dry weights in YR 1 and larger root, crown, stem and leaf, 

and flower dry weights in YR 2 (Table 2.4).  Plants in the INOC treatment had larger root, stem 

and leaf dry weights at the time of planting in both years, but this trend was not significant for 

root biomass samples taken from the field and soil management treatments and was not found to 

significantly influence measures of plant biomass in the field in either year. In YR 2, an 

interaction between soil management sub plot treatments and fumigation significantly affected 

mean root dry weight biomass such that INOC plants had larger root systems in the NON-FUM 

(7.68 g) as compared to the same sub plot treatment in the FUM (6.49 g) and all other treatments 

in the NON-FUM. Whereas, COM (7.16 g) and COV (7.29 g) treatment plants had larger root 

systems in the FUM as compared to the NON-FUM (5.30 g, and 5.17 g, respectively) but no 

treatment had significantly different root biomass from the CNTRL (6.19 g) in the FUM in YR 2. 

There were both significant main effects of main plot fumigation treatments and soil 

management sub plot treatment as well as their interaction on plant tissue nutritional 
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composition. The main and interaction effects can be found in Appendix A. Data for sodium 

(Na) were not presented because treatment effects were not significant in either year. Contrast 

analysis revealed that there were no differences in either year between soil management 

treatments and their control for measures of plant tissue N, or P, but that in YR 1 K was higher in 

treatments containing compost and cover crop as compared to the control. However, Zn 

concentrations in plant tissue were higher in compost plots over the control in both years and in 

cover crop plots as compared to the control in YR 1. Mg was higher in all treatments in 

comparison to the control in YR 1, but only higher in compost plots in YR 2 relative to the 

control. Contrast analysis also showed that cover crops and plug inoculation resulted in higher 

plant tissue N in the FUM relative to the NON-FUM in YR 1 (Table 2.3), which corresponded to 

a difference in yields for cover crop between the fumigated and non-fumigated system in that 

year. Further comparisons of the same soil management treatment between the two fumigation 

systems revealed, S was increased with plug inoculation in the NON-FUM in YR 1. Fe, Mn and 

Zn were all uniformly higher in the FUM for all soil management practice treatments relative to 

the NON-FUM in YR 1, and Mn and Zn continued to be higher in FUM in YR 2. Mn was higher 

in compost and cover crops relative to their controls in YR 1 but only by compost in YR 2 (Table 

2.3).  

Fumigated plots had lower rates of fruit decay with respect to overall appearance, fruit 

shrivel and the summary value (Table 2.5).  Fumigated plots also had lower measures of SSC, 

pH and SSC/TA (Table 2.5). Soil management sub plot treatment affected SSC content, where 

COM had higher percentage SSC as compared to all other treatments (Table 2.5).  No main plot 

by sub plot interactions were found to be significant for measures of fruit decay. The only 

significant main plot*sub plot effect on a measure of fruit flavor was for titratable acidity as 
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percentage citric acid (TA) (P= 0.009) (Appendix 2), in which fruit from the COM had higher 

acid content in the FUM (0.83) than in the NON-FUM (0.72).  For the measure of TA neither 

treatment, however, was different from its respective control; FUM CNTRL (0.7838) and NON-

FUM CTRL (0.7380).   

Plants in fumigated plots had higher numbers of two-spotted spider mite (Tetranychus 

urticae ) adults and eggs in both years (Table 2.6). The average number of syrphid flies plot
-1

 

was higher in the NON-FUM than in fumigated plots during both years.  There were no 

differences in populations of honey or bumble bees between the fumigation treatments in either 

year. No soil management treatment effect or an interaction with fumigation was observed for 

any of the arthropod population assessed in either year.  

Discussion 

The sustainable soil management practices of cover crops and plug-inoculation were 

shown to positively impact strawberry fruit yields compared to the controls but this effect was 

complex and dependent on the type of fumigation system into which they were incorporated and 

the other soil management practices with which they were combined.  Plug inoculation with 

AMF and vermicompost consistently resulted in larger plug plants as compared to non-

inoculated plugs, and once transplanted inconsistently resulted in higher yields in both the 

fumigated and non-fumigated systems. Furthermore, in our experiments, the combination of 

compost and cover crops on average supplied adequate amounts of pre-plant nitrogen, 

phosphorus and potassium required by the strawberry crop. Finally, fumigation had an impact on 

altering measures of fruit flavor and on reducing fruit decay, while compost was shown to 

increase SSC (units Brix) in both the fumigated and non-fumigated system. However, over our 

two year study fumigation did not consistently lead to higher average yields, and the use of 
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compost and cover crops in the non-fumigated system yielded on average the same as fumigation 

without additional management practices. Thus compost and cover crops may serve as an 

alternative system to annual soil fumigation for strawberry production, particularly if combined 

with crop rotation.  

Fumigated plots averaged higher total yields only in YR 2, but did not average higher 

marketable yields over the non-fumigated plots in either year.  This is in contrast to a meta-

analysis that suggests that fumigation in California’s conditions results in yield increases of 

59.2% and 100.2% in the 1
st
 and 2

nd
 years respectively compared to non-fumigation (Shaw and 

Larson, 1999). While this meta-analysis was comprised largely of a comparison of fumigation 

with a methyl bromide + chloropicrin mixture and our study used a 1, 3-Dichloropropene and 

chloropicrin mixture, Shaw and Larson (1999) showed methyl bromide + chloropicrin mixtures 

only resulted in 9.6% higher yields over chloropicrin alone. However, the majority of the studies 

comprising the meta-analysis were conducted on land continuously cropped in strawberries, and 

our study had been out of strawberry production for two years. This break in the cropping cycle 

is likely integral to the observed lack of difference between fumigated and non-fumigated yields 

in our study. Long-term evaluation of yield differences between non-fumigated strawberry 

production that utilizes selected sustainable soil management practices and annual crop-rotation, 

as compared to continuous fumigated strawberry production is warranted to evaluate the 

economic benefit on yield of crop rotation vs. fumigation. 

In our study cover crop treatments consistently yielded higher in the fumigated system 

over the non-fumigated system in both years. I am not aware of studies evaluating cover crops 

combined with fumigation, but previous work in non-fumigated systems has shown inconsistent 

effects of various species of cover crops on strawberry yields. In some cases no effect has been 



 

30 

 

demonstrated (Beck, 2012; Garland et al., 2011), while in other cases strawberry yields were 

increased (LaMondia et al., 2002; Portz, and Nonnecke, 2011) and even increased relative to 

fumigated plots (Seigies and Pritts 2006). The difference in cover crop’s impact on yield 

between the two fumigation systems may be correlated to a difference in higher strawberry plant 

tissue N in cover crops plots in the FUM in YR 1.  Plant nitrogen status has been shown to be a 

predictor of yield and fruit quality in strawberry (May and Pritts, 1990) and soil nitrogen has 

been shown to increase following fumigation due to the decomposition of microbial biomass 

(Rovira, 1975; Yamamoto et al., 2008).  In this study the close timing of organic N additions 

from cover crop incorporation followed by soil fumigation could have resulted in a shift in N 

release from cover crop biomass due to changes in soil microbial mineralization rates or 

decomposition of soil microbes following fumigation. Nitrification can be inhibited for at least 

two weeks following chloropicrin fumigation (Zhang et al., 2011). In YR 2 there was no 

difference between fumigated and non-fumigated cover crop plots for plant tissue N 

concentration, however an important difference between YR 1 and 2 is that there was an 

additional 14 days between cover crop incorporation into the soil and fumigation in YR 2 which 

would allow a longer period for soil microbes to mineralize the cover crop biomass N prior to 

fumigation and planting.  Further research is needed to confirm observed interactions of nitrogen 

uptake from cover crop biomass and soil fumigation, and any associated impacts on nutrient 

uptake and yield. Our result showing cover crops increase yields consistently under fumigation 

relative to non-fumigation represents a unique opportunity for conventional strawberry growers 

to increase yields and incorporate a soil building practice into their soil health limited systems. 

Previous work demonstrating that a small amount of AMF and vermicompost added to 

strawberry plugs in September can result in higher strawberry yields in the spring of the 
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following year (Beck, 2012) or that inoculation with AMF and other plant growth promoting 

compounds can increase berry size (Bona et al., 2014). These results are supported by our results 

in YR 1 that plug inoculation with AMF and vermicompost had higher average total yields 

relative to its control in the non-fumigated system and larger average berry size relative to the 

fumigated system.   The addition of AMF and vermicompost resulted in larger plug root and 

stem biomass at the time of planting in both years and AMF have been shown to increase 

strawberry root dry biomass (Fan et al., 2011). However this effect only carried on to field 

results in YR 2, where plug inoculated plants had larger roots in the non-fumigated system. The 

disease pressure that predominated in the NON-FUM in YR 2 makes the result that plug 

inoculation yielded higher in the FUM in YR 2 difficult to interpret, as disease pressure may 

have inhibited any positive effects of plug inoculation on yield within the non-fumigated plots.  

Interpretation of the variation in the effect of the plug inoculation on yield between years should 

take into account that this treatment involves live organisms which may be disproportionately 

impacted by environmental factors, such as weather, plant disease and soil wetness (Bardgett et 

al., 2005).  

When soil management practices were combined, positive impacts on yield were not 

always additive in both years. For example in YR 1, compost and cover crops individually 

(COM and COV) had statistically similar total yields to their control but when combined 

(COMCOV) yielded lower that the control, except with the addition of plug inoculation (INOC). 

Further research is needed to pinpoint the specific interaction effects of combining soil 

management practices on yield. Observed differences between years for the combination of 

cover crop and compost on impacting yields may be due to differences in compost sources 

between the two years. Multiple sources have noted the importance of consistency or challenges 
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with quality control in compost production (De Ceuster and Hoitink, 1999; Hoitink and Changa, 

2004; Hoitink et al., 1997; Hoitink and Fahy, 1986; Inbar et al., 1993b), and recommendations 

for the use of these materials in strawberry production systems should likely be dependent on the 

quality of locally available materials. Despite this, fumigation without additional soil 

management practices (CNTRL, FUM) and not fumigating but planting a cover crop and putting 

down compost (COMCOV, NON-FUM) yielded similarly in both years. This remained true even 

in YR 2 when disease presence predominated in the non-fumigated system and as such the 

compost and cover crop combination may represent a possible alternative management system 

for growers who have concerns about the long-term use of soil fumigants.  

Plant biomass analysis, particularly root and crown dry weights, have been shown to be 

correlated to larger strawberry fruit weights (Hancock et al., 1984). However in our study these 

measurements were generally not a consistent predictor of yield in either year as crown dry 

weights were higher in fumigated plots in both years, but total yield was only higher under 

fumigation in YR 2. Crown number and not crown weight may be a more accurate indicator of 

increased yields, particularly for ‘Chandler’ variety plants (Lopez-Galarza et al., 1997).  There 

were no soil management treatment effects on plant tissue nitrogen or phosphorus in either year, 

which indicated that there was no difference between sub plots that got their entire pre-plant N 

from organic sources (compost and cover crops) and plots that got their pre-plant N from 

ammonium nitrate. This confirms previous work in North Carolina that found the same result in 

regards to pre-plant nitrogen for strawberry (Beck, 2012) and points to a method for strawberry 

growers to reduce off-farm inputs and increase the sustainability of their systems (Mäder et al., 

2000), with no negative impacts on yield.  The fact that differences in nutrient contents did not 

seem to explain most observed differences in yield are likely due to the fact that plant tissue 
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nutrient contents largely remained within the range recommended by multiple sources (Bottoms 

et al., 2013; Campbell and Miner 2000). In order to assess if any residual nitrogen from compost 

or cover crops might be available to the strawberry crop in the spring, rates of drip applied N 

were reduced in this study relative to recommended rates with the goal of using plant tissue 

nutrient testing to assess differences in plant N across treatments. This reduction likely 

contributed to smaller berry and yield averages, in addition to low average % N in plant tissue.  

Berries from fumigation averaged lower values of fruit decay for overall appearance, fruit 

shrivel, fruit darkness and the summary rating and had altered fruit flavor components. In 

contrast to our results, other work found organically (non-fumigated) produced berries had better 

shelf life (Reganold et al., 2010); however their method evaluated berries after just 3 days of cold 

storage while I evaluated berries after 8 days. Additionally, our non-fumigated plots did not 

receive organically approved fertilizers as would be required in an organic certified system 

which may explain the difference in our results. Plant tissue Zn, which was higher in the 

fumigated system, is essential to the integrity of cell membranes and thus could be related to our 

measurements of less fruit shrivel in the FUM (Lieton, 2000).  Higher values for strawberry fruit 

brix, SSC/TA and lower pH were obtained under the NON-FUM and previous work has 

demonstrated that for certain strawberry varieties organically produced berries have rated higher 

in flavor sensory panels (Reganold et al., 2010). Inoculation of strawberry plug plants with AMF 

and plant growth promoting rhizobacteria was found to result in higher average fruit brix (Bona 

et al., 2014) which matches our result that Brix was higher in the NON-FUM where AMF were 

present in the plant’s roots. Other soil microorganisms including Methylobacterium extorquens 

which has been associated with increasing furanoid compounds that are important constituents of 

strawberry flavor may also have been impacted by fumigation practices (Verginer et al., 2010) 
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and could have contributed to our differences in measures of strawberry flavor between the FUM 

and NON-FUM.  However, further work is needed to assess the impact of soil fumigation 

specifically on this microorganism as it relates to changes in strawberry fruit flavor. Fruit flavor 

measures are of particular concern in North Carolina due to the high reliance of strawberry 

growers on direct marketing techniques, like ‘Pick-your-own’, which favor berry fruit flavor 

over shipping quality. Berries from compost treated sub plots averaged higher brix in both 

fumigated and non-fumigated systems and thus represents a potential tool for all types of 

growers who have concerns about berry sweetness. In contrast, COM treated sub plots in the 

fumigated system had berries with higher titratable acid compared to the other treatments except 

the control. Interactions of soil management practices and fumigation on fruit flavor warrant 

further investigation due to growing consumer desire for high measures of flavor.  

Populations of T. urticae have been shown to negatively impact yields, while greater 

pollinator visitations improve fruit set; however, in our study there were more mites and fewer 

pollinators in the FUM in both years, and this system yielded no differently than the NON-FUM 

in YR 1 and had higher total yields in YR 2. Differences in T. urticae may in part be due to the 

fact that the FUM system averaged higher N content and T. urticae populations are known to be 

positively correlated with higher plant tissue N (Huffaker, Vrie, and McMurtry, 1968). 

Additionally, higher numbers of strawberry phenolic compounds have been shown to relate 

inversely to T. urticae populations (Luczynski et al., 1990), while numerous strawberry foliar 

phenolic compounds have been identified to be higher under AMF inoculation (Sbrana, Avio and 

Giovannetti, 2014) which was reduced in the FUM. Syrphidae pollinators may have been more 

concentrated in the NON-FUM due to changes in floral characteristics resulting from changes to 

nutrient uptake or soil microbial populations both of which were impacted by fumigation and 



 

35 

 

have been demonstrated to impact floral phenolic and visual characteristics previously (Cahill et 

al., 2008; Gange and Smith, 2005).  Particularly, greater pollinator visitation has been observed 

in plants whose roots are colonized by AMF, which were only present in the NON-FUM in our 

study (Gange and Smith, 2005; Wolfe, Husband, and Klironomos, 2005). While in our study 

lower T. urticae populations and higher syrphidae pollinator populations were not found to 

correlate directly to increasing yields in the NON-FUM, these observations are important as they 

demonstrate the capacity of soil management, in this case fumigation, to alter fundamentally the 

whole agricultural system. 

Previous work has evaluated the economic costs of fumigated, non-fumigated and 

organic production systems based on assumed reductions in yields once fumigation was removed 

(Rysin et al., 2015).  Our results only showed an occasional advantage of fumigation on 

increasing yields in this two-year study which may give growers a better indication of the 

economic value of fumigating versus the use of other combinations of practices in conjunction 

with rotation in the short-term. However, sustainable soil management practices showed value to 

both growers who do and do-not fumigate, as compost and cover crops removed the need for 

additions of chemical pre-plant fertilizers and compost increased fruit sweetness. Since practices 

like cover cropping, may only show a benefit to plant health and yield after long-term use, 

further work is needed to fully understand how soil management practices affect the overall 

strawberry system (yield and soil health) in both fumigated and non-fumigated strawberry 

production systems over a longer period of time.  This is of particular interest as sustainable soil 

management practices may contribute to increasing yields in the short term under fumigated 

systems, but may not be able to overcome long-term decreases to soil health associated with low 

soil microbial populations resulting from annual soil fumigation. 
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Table 2.1 Pre-plant rates of soil applied nutrients from organic and chemical sources in years 1 and 2 of plasticulture strawberry field 

study. 

N P K N P K N P K N P K

ALL Compost, cover crop and plug inoculation 44.9 33.6 69.7 52.6 2.5 14.2 . . . 97.6 36.1 83.9
COMCOV Compost and cover crop 44.9 33.6 69.7 52.6 2.5 14.2 . . . 97.6 36.1 83.9

COV Cover crop . . . 52.6 2.5 14.2 14.6 0 0 67.2 2.5 14.2

COM Compost 44.9 33.6 69.7 . . . 22.4 0 0 67.3 33.6 69.7

INOC Plug inoculation . . . . . . 67.2 0 0 67.2 0 0

CNTRL Control (no soil management applied) . . . . . . 67.2 0 0 67.2 0 0

ALL Compost, cover crop and plug inoculation 35.7 57.5 38.2 50.9 2.7 13.7 . . . 86.6 60.19 52.0

COMCOV Compost and cover crop 35.7 57.5 38.2 50.9 2.7 13.7 . . . 86.6 60.19 52.0

COV Cover crop . . . 50.9 2.7 13.7 16.8 0 16.8 67.7 2.7 30.5

COM Compost 35.7 57.5 38.2 . . . 22.4 0 5.6 58.1 57.5 43.8

INOC Plug inoculation . . . . . . 67.2 0 44.0 67.2 0 44.0

CNTRL Control (no soil management applied) . . . . . . 67.2 0 44.0 67.2 0 44.0

* Rates of nutrient additions are based on estimates of plant available nutrients, not the total applied.

Treament 

Name Management Practices Applied

Chemical Fertilizer Total Pre-plant

2015

(kg hectare 
-1

) (kg hectare 
-1

) (kg hectare 
-1

) (kg hectare 
-1

)

2014

Compost Cover Crop



 

44 

 

Table 2.2. Mean per plant yield of marketable, total, cull and average strawberry weights for 

years 1 and 2 under different soil management practices in fumigated and non-fumigated 

plasticulture production.  

 
 

Fumigation 
NON-FUM 519.1 375.0 583.1 408.1 b 64.1 b 40.3 11.6 10.4

FUM 526.9 427.2 623.7 475.2 a 96.8 a 50.1 11.4 9.9

P  value 0.75 0.06 0.21 0.04 0.02 0.23 0.61 0.44

ALL 483.1 428.7 568.1 b 469.9 85.0 ab 43.6 10.9 9.9

COMCOV 493.9 380.5 572.9 b 414.3 79.0 b 41.3 11.7 9.5

COV 534.7 388.9 596.9 b 425.9 62.2 b 49.2 11.3 9.6

COM 523.7 387.3 603.0 b 428.0 79.3 b 40.8 11.4 9.7

INOC 573.0 415.3 678.2 a 459.9 105.2 a 48.3 12.3 11.1

CNTRL 529.6 406.6 601.4 b 451.9 71.8 b 48.3 11.1 11.1

P  value 0.10 0.53 0.04 0.44 0.02 0.49 0.15 0.28

Interaction

ALL

NON-FUM 489.4 cd 394.3 abc 558.8 cde 426.8 bcd 69.4 37.4 10.9 cd 10.1

FUM 476.7 cd 463.1 a 577.4 cde 512.9 ab 100.6 49.8 11.0 cd 9.7

COMCOV

NON-FUM 445.2 d 414.3 abc 499.6 e 442.9 abcd 54.4 36.5 10.7 cd 10.2

FUM 542.6 abc 346.6 c 646.3 abc 385.8 d 103.7 46.1 12.7 ab 8.8

COV

NON-FUM 468.1 cd 357.1 c 511.1 de 378.8 d 43.0 45.9 11.1 cd 9.5

FUM 601.4 ab 420.6 abc 682.7 ab 473.0 abc 81.3 52.4 11.5 bcd 9.6

COM

NON-FUM 540.4 abc 365.9 c 605.3 bcd 402.4 cd 64.9 36.5 11.6 abcd 10.0

FUM 507.1 cd 408.6 abc 600.8 bcde 453.6 abcd 93.7 45.0 11.3 bcd 9.4

INOC

NON-FUM 621.0 a 376.5 bc 718.6 a 422.8 bcd 97.6 46.3 13.1 a 10.5

FUM 525.0 bcd 454.1 ab 637.8 abc 497.1 ab 112.9 50.2 11.6 bcd 11.8

CNTRL

NON-FUM 550.3 abc 341.5 c 605.5 bcd 374.6 d 55.2 39.2 11.9 abc 11.9

FUM 508.9 cd 471.7 a 597.2 bcde 529.1 a 88.3 57.4 10.4 d 10.3

P  value 0.004 0.02 0.01 0.04 0.60 0.90 0.01 0.68

z
 Letters indicate least square mean differences at P <0.05 for within the same year and same response variable. For the 

interaction effect, significant differences (P<0.05) between the fumigated (FUM) and non-fumigated (NON-FUM) 

systems for the same management practice are in bold. 

Marketable Yields Total Yields  Cull Weights Average Berry Size

(g plant 
-1

) (g plant 
-1

) (g plant 
-1

) (g berry 
-1

)

YR 1
 z

YR 2 YR 1 YR 2 YR 1 YR 1 YR 2YR 2

Management Practice
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Table 2.3.  Contrast analysis for effect of different soil management practices on measures of strawberry yield and plant tissue nutrient analysis in 

years 1 and 2 for two types of fumigation system. 

 
 

 

 

 

 

Total 
 z Market Cull Berry Wt N NO

3-
 N P K Ca Mg S Fe Mn Zn Cu B

Management Practice

Plug Inoculation vs Control ns ns + ns ns ns ns ns ns + ns ns ns ns ns ns

Compost vs Control ns ns ns ns ns ns ns +++ ns +++ ns ns ++ + ns ns

 Cover crop vs Control ns ns ns ns ns ns ns +++ ns +++ ns ns + ns ns ns

FUM vs NON-FUM

Plug Inoculation ns ns ns ns - ns ns ns ns ns - - --- --- - ns

Compost ns ns - ns ns ns ns ns ns ns ns --- --- -- - ns

Cover Crops -- - -- ns -- ns ns ns ns ns ns --- --- --- -- ns

Management Practice

Plug Inoculation vs Control ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns

Compost vs Control ns ns ns ns ns ns ns ns ns +++ ns ns ++ ++ ns ns

 Cover crop vs Control ns ns ns ns ns ns ns ns ns ns ns ns ns + ns ns

FUM vs NON-FUM

Plug Inoculation - - ns ns ns ns ns ns ns ns ns ns --- --- - ns

Compost ns ns ns ns ns ns ns ns ns ns ns ns - - - ns

Cover Crops ns ns ns ns ns ns ns ns ns ns ns ns --- --- - ns

Yield Plant Tissue Nutrients

YR 1

YR 2

z
Significant differences are designated with asterisk/s: (+/-) at P< 0.05 , (++/--)at P< 0.01  (+++/---) at P< 0.001 and (ns) not significant. The (+) indicates a increase and (-) a decrease  of 

the management practice relative to the control, or for the intreaction the comparision of the management practice in the non-fumigated relative to the fumigated system. Bonferonni 

adjustment used for all contrasts.

Interaction

Interaction

Contrast 
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Table 2.4. Mean dry weight strawberry plant biomass of plug plants at field transplanting date and from five field sampling dates in 

years 1 and 2 in study evaluating combinations of soil management practices and soil fumigation. 

 

Roots Crown

Stem & 

Leaf Flowers Fruit Roots Crown

Stem & 

Leaf Flowers Fruit

Inoculated Plugs 0.18 a . 1.34 a . . 0.23 a . 1.09 a . `

Not-Inoculated Plugs 0.09 b . 1.04 b . . 0.15 b . 0.72 b . .

P value 
z

0.0004 . 0.03 . . 0.003 . 0.003 . .

Field Plants

Fumigation

NON-FUM 7.36 5.47 b 15.61 1.09 21.28 5.58 b 2.90 b 15.52 b 1.03 b 25.45

FUM 8.48 6.68 a 21.47 1.21 22.19 7.60 a 4.81 a 20.66 a 2.41 a 29.91

P value 0.13 0.03 0.16 0.42 0.70 0.04 0.009 0.009 0.0002 0.28

Management Practice

ALL 7.17 5.93 15.22 1.04 21.37 6.24 3.37 18.27 1.43 29.93

COMCOV 8.06 6.24 16.08 1.25 19.74 5.84 2.93 15.56 1.21 24.65

COV 8.14 5.94 15.47 1.04 19.71 6.02 3.35 18.42 1.12 29.09

COM 7.53 5.40 28.57 1.13 27.37 6.03 3.23 17.05 1.16 25.30

INOC 8.95 7.08 18.02 1.23 24.24 6.88 3.58 19.26 1.26 33.84

CNTRL 7.68 5.86 17.88 1.22 17.99 5.54 3.66 16.98 1.16 23.29

P value 0.42 0.12 0.41 0.76 0.28 0.23 0.55 0.32 0.57 0.26

P value 0.68 0.11 0.59 0.15 0.68 0.04 0.26 0.06 0.72 0.21

* 

Plug Plants  *

z
 letters indicate least square mean differences at P <0.05 for within the same year. 

Treaments that received inoculated plugs include INOC and ALL, and those that recived not-inoculated plugs include, COMCOV, COV, COM and 

CNTRL.

YR 1 YR 2

 g plant
-1

 g plant
-1
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Table 2.5. Measures of fruit quality in year 2: shelf life after 8 days and flavor at peak ripeness, under different soil management 

practices and fumigation systems. 

 

 

 

 

 

Fumigation

NON-FUM 2.3 a 0.8 1.8 a 1.8 a 0.5 1.1 11.8 a 6.8 a 3.99 a 0.74 9.3 a

FUM 1.9 b 0.6 1.4 b 1.4 b 0.4 1.1 10.4 b 7.5 b 3.96 b 0.77 8.6 b

P  value 0.0003 0.25 0.0007 0.02 0.30 0.58 0.004 0.02 0.04 0.17 0.02

Management Practice

ALL 2.2 0.8 1.7 1.6 0.4 1.2 11.3 6.6 b 3.98 0.76 8.8

COMCOV 1.8 0.6 1.5 1.3 0.4 1.0 10.2 6.8 b 4.00 0.75 9.1

COV 2.1 0.7 1.5 1.7 0.2 1.1 10.9 6.6 b 3.96 0.75 9.0

COM 2.1 0.7 1.7 1.6 0.5 1.1 11.4 7.1 a 3.97 0.77 9.3

INOC 2.1 0.7 1.5 1.8 0.5 1.1 11.2 6.6 b 3.98 0.74 9.0

CNTRL 2.2 0.8 1.6 1.7 0.5 1.1 11.5 6.5 b 3.98 0.76 8.7

P  value 0.25 0.75 0.81 0.43 0.65 0.96 0.68 0.01 0.69 0.84 0.45

z

%  % citric acid

For "overall apperance" to "summary" a lower number represents less fruit decay and better quality. Treatments with the same letter in the same column are 

not significantly different (P = 0.05). Ordinal data for ranking of fruit shelf life was analyzed using the Kruskal-Wallis Test.

Overall 

Apperance 
z

Fruit 

Firmness

Fruit 

Shrivel

Fruit 

Darkness

Calyx 

Browning

Calyx 

Shrivel Summary SSC ph TA SSC/ TA
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Table 2.6. Mean Tetranychus urticae (Two-spotted spider mite) population counts and various pollinator species populations for 

strawberry grown under different soil management practices and fumigation strategies for years 1 and 2. 

              

 

 

 

 

10 leaflet 
-1

10 leaflet 
-1

10 leaflet 
-1

10 leaflet 
-1

plot 
-1

plot 
-1

plot 
-1

plot 
-1

plot 
-1

plot 
-1

plot 
-1

plot 
-1

Fumigation 

NON-FUM 5.2 b 7.7 b 8.0 b 32.0 b 0.1 0.0 0.1 a 0.2 0.7 0.0 3.7 a 0.1

FUM 10.5 a 18.5 a 13.9 a 49.7 a 0.1 0.0 0.0 b 0.3 0.8 0.0 2.3 b 0.2

P- value 0.03 0.03 0.004 0.01 0.55 NA 0.05 0.57 0.73 0.16 <.0001 0.51

Management Practice

P- value 0.67 0.91 0.76 0.90 0.82 NA 0.17 0.72 0.60 0.55 0.86 0.20

P- value 0.31 0.51 0.71 0.61 0.55 NA 0.75 0.77 0.88 0.55 0.71 0.96

z Different letters indicate statistical differences within the sam year at P < 0.05 and are in bold. No bumble bees were observed in YR 1. 

YR 1

Interaction

Tetranychus urticae  Populations

Adult Eggs Adult Eggs Other

YR 2

Pollinator  Populations

YR 2YR 1

Honey Bumble Syrphid Other Honey Bumble Syrphid
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III. Effects of compost, cover crops and 

beneficial soil inoculants on soil health in 

fumigated strawberry production systems. 
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Abstract 

Soil health is a measurement of various soil qualities that are indicative of the ability of 

the soil to support ecosystem function and plant and animal growth.  Soil amendments, such as 

compost, cover crops and beneficial soil microorganisms have been demonstrated to promote 

long-term soil health. However, if and how these practices might benefit fumigated plasticulture 

strawberry systems that are generally soil health limited is unknown.  I  conducted a two-year 

strip-plot randomized complete block design field study to evaluate the use of June applied 

compost, a summer cover crop mix of cowpea (Vigna unguiculata (L.) var. ‘Iron and Clay’) and 

pearl millet (Pennisetum glaucumgenus var. SS635.), plug inoculation with arbuscular 

mycorrhizal fungi (AMF) and vermicompost, the combination of compost + cover crop, and 

compost + cover crop + plug inoculation on changes to indicators of soil health, within both 

fumigated and non-fumigated plasticulture strawberry production in the SE United States. 

Changes to several measures of soil health, including chemical, physical and biological 

parameters were measured over 2 years of continuous management with these various 

combinations of practices in the two fumigation treatments. In both years live AMF introduced 

into the fumigated system via plug inoculation did not survive and percent root colonization rates 

were below 5% in the fumigated treatment throughout the spring season. This represents a 

unique finding of fumigation on live inoculum introduced beyond the plant back period. 

Fumigation was also shown to increase soil bulk density relative to the non-fumigated treatment 

after the second year, which may be related to reductions in several phospholipid fatty acid 

(PLFA) soil microbial biomarkers that also occurred in the fumigated relative to the non-

fumigated treatment. This is of special interest because sampling was conducted nearly 256 days 

after the last fumigation event and may indicate strong residual effects of the fumigant, beyond 
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what has been observed in other studies. Conversely, within the fumigated system compost was 

shown to result in higher measures of AMF and microbial biomarkers and all soil amendments 

(compost, cover crop and plug inoculation) had higher total microbial biomass relative to the 

fumigated control. However, no practice applied in the fumigated system was able to re-establish 

microbial activity to the same level as those observed in the non-fumigated treatment. Further the 

use of compost resulted in higher measures of several soil fertility indicators (pH, CEC, AC and 

BS %) in both fumigated and non-fumigated systems. These results demonstrate the potential of 

soil management practices to improve measures of soil fertility, while recognizing that 

limitations to soil health in fumigated systems for certain physical and biological parameters 

cannot be fully overcome with the use of alternative soil management practices.  

   

Introduction 

Soil is a major resource in the earth’s biosphere and one that is increasingly recognized 

for its contributions to ecosystem functions like atmospheric gas exchange, nutrient cycling and 

agricultural production. The capacity of a soil within its natural limits to promote healthy plant 

and animal growth, as well as to provide these ecosystem functions is often referred to 

interchangeably as soil health or soil quality (Doran and Parkin, 1996; Karlen et al., 1997). 

Indicators that assess changes to the chemical, physical and biological aspects of the soil have 

been suggested as a means of monitoring changes to soil health (Doran and Parkin, 1996). 

Recommended indicators of soil health include pH, bulk density, aggregate stability, organic 

matter, water capacity, porosity, respiration and organic carbon contents (Doran and Jones, 

1996).  Additionally, diversity and abundance of soil microbes are suggested to be sensitive 

indicators of ecosystem functions and future agricultural viability (Doran and Zeiss, 2000; Turco 
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et al., 1994), including specifically arbuscular mycorrhizal fungi (AMF) (Stenberg 1999; 

Vestberg et al., 2005), nematode populations (Ferris et al., 2001), and total soil microbial 

biomass (Stenberg, 1999). 

  Global reports have shown that agricultural production has resulted in reductions to soil 

health worldwide (FAO, 2015; Oldeman, 1994).  The capacities of certain soil management 

practices to counteract these losses are important to promoting sustainable land management 

(Karlen et al., 1997). For example, cover crop rotations have been shown to improve soil health 

through increases in organic matter, water infiltration and soil nitrogen (when a legume is used), 

while also reducing nutrient runoff, erosion, and pest and weed populations (Creamer and 

Baldwin, 2000; Phatak and Diaz-Perez, 2007; Reeves, 1994; Sarrantonio, 2007). Similarly, 

compost applications are linked to a range of improvements in soil physical, chemical, and 

biological properties, including increases in soil organic matter, nitrate retention, water 

infiltration and reduced bulk density (Brinton, 1985; Bullock et al., 2002; Khaleel et al., 1981). 

Additionally, increases to soil microbial biomass have been correlated to increased organic 

matter inputs from compost and cover crop applications (Demoling et al., 2007).  Furthermore, 

because of the important economic and ecological contributions of soil microbial populations to 

nutrient cycling, aggregate stability, water infiltration and disease suppression (Brussaard, 1997 

Costanza et al., 1997; Pankhurst et al., 1997), the use of microbial inoculants can improve soil 

health in agricultural systems with eroded microbial diversity and abundance (Calvo et al., 

2014). For instance, additions of vermicompost to the soil have been shown to increase soil 

microbial activity (Arancon et al., 2006), while AMF inoculants can benefit soils that have 

undergone long fallow periods and that have low AMF inoculum potential (Thompson 1987; 

Thompson 1991). Given that agricultural soil management practices that focus on promoting soil 
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fertility, improving physical structure and conserving beneficial soil microorganisms are viewed 

as practices that contribute to the ability of a soil to sustain healthy plant growth and agricultural 

production over the long-term (Mäder et al., 2000), I will refer to cover cropping, compost 

amendments and soil microbial inoculants as sustainable soil management practices in this paper. 

The issue of soil health is of particular concern in plasticulture strawberry production 

systems, which generally rely on annual soil fumigation as the basis of their soil borne pest 

control program (Maas, 1998; Sydorovych et al., 2006; Wilhelm and Paulus, 1980), often lack a 

system of crop rotation, and generally have low organic matter inputs (Gliessman et al., 1989). A 

dependence on fumigants is the primary challenge to long-term sustainable strawberry 

production as soil fumigation contributes to the majority of chronic human health risks 

associated with conventional strawberry production systems (Rysin et al., 2015) and has been 

associated with immediate reductions to beneficial soil microbial communities, with variable 

results concerning population recovery over time (Martin 2003; Yamamoto et al., 2008). These 

challenges to soil health are intensified in the Southeastern (SE) United States where warmer 

temperatures and poorer soils have increased pest pressures and experience more rapid declines 

to soil organic matter.   

Within strawberry production systems, studies have demonstrated that summer cover 

crops can reduce pest populations (LaMondia et al., 2002), including the incidence of strawberry 

black root rot (Elmer and LaMondia, 1999) and can also increase soil nitrogen levels (Beck, 

2012). In strawberry production vermicompost inoculation has been shown to increase soil 

microbial populations (Arancon et al., 2006), and compost to increase soil pH, CEC and reduced 

bulk density (Ferguson, 2006). Inoculation of strawberry with AMF has been shown to reduce 

the root pathogen Phytophthora fragariae and to increase AMF root mycorrhizal frequency and 
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rhizosphere spore counts in non-fumigated soil (Derkowska et al., 2015).  However, all of these 

studies applied these soil management practices in non-fumigated strawberry production 

systems, generally with the goal of evaluating their potential as substitutes for soil fumigation. 

While sustainable alternatives to fumigants are still sought, there is a critical lack of 

understanding on how declines to soil health in fumigated systems might be ameliorated through 

the incorporation of sustainable soil management practices into these systems. To date, the 

authors are not aware of any studies that have evaluated soil building practices for their effects 

on soil health in fumigated and non-fumigated strawberry systems. Therefore, the objective of 

our study was to evaluate the use of cover crops, compost and beneficial soil inoculants, 

independently and in combinations on soil health parameters in both fumigated and non-

fumigated treatments and if reductions to soil health can be mediated with the use of these 

practices in fumigated systems.  

 

Methods  

Experimental Design  

In May of 2013, a split plot randomized complete block design (RCBD) experiment was 

established at the Center for Environmental Farming Systems (CEFS), in Goldsboro North 

Carolina (lat. 35°36’ N, long. 78°04’ W) on Wickham and Lynchberg series loamy sand.  

Fumigated (FUM) and non-fumigated (NON-FUM) plasticulture main plots where divided into 

blocks (n=5) with the following five soil management treatments and a control plot where no soil 

management practice was applied (sub plots) (9.1 m by 3.7 m) randomly distributed within each 

block: Compost (COM), Cover Crop(COV), Plug Inoculation (INOC),  Compost + Cover crop 

(COMCOV),  Compost + Cover crop + Plug Inoculation  (ALL), and an untreated control 
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(CNTRL). The study was conducted for two consecutive years, year 1 (YR 1) began in the 

summer of 2013 through the harvest in 2014, and the entire experiment was repeated in year 2 

(YR 2) beginning the summer of 2014 through the harvest in 2015.   

Field Management 

On 30 May in YR 1 agricultural grade compost was obtained from McGill AG compost 

(McGill Environmental Systems, Rose Hill, NC) and on 6 June in YR 2 was obtained from 

Brooks Compost (Brooks Contracting, Goldston, NC) and was applied to COM, COMCOV, and 

ALL plots at a rate of 8.4 tons ha
-1

 using a Chandler litter spreader (Chandler Equipment 

Company, Gainesville, GA) and incorporated with a disk. During compost application, all non-

compost plots (COV, INOC and CNTRL) were covered with plastic sheeting to ensure they did 

not receive compost. Sub-samples of the compost were sent to North Carolina Department of 

Agriculture & Consumer Services (NCDA & CS) Agronomic Testing Services lab (Raleigh, NC) 

to estimate nutrients supplied by this input (Table 3.1). The day after compost application the 

cover crop was planted into COV , COMCOV, and ALL plots using a Sukup 2055 No-till Grain 

Drill (Sukup Manufacturing Company, Sheffield, IA), and consisted of a mix of pearl millet 

(Pennisetum glaucumgenus L. var. SS635) (Southern States Cloverdale, VA) at the rate of 11.2 

kg·ha
 -1

  and cowpea (Vigna unguiculata L., var. ‘Iron and Clay’ (Mixed Cowpea Southern 

States Cloverdale, VA) at the rate of 109.7 kg·ha
 -1

. Cowpea seed was inoculated with Graph-EX 

SA rhizobia cover crop inoculant (proprietary rhizobia species mix) (Advanced Biological 

Marketing, OH) prior to planting. Cover crops were terminated at the end of the first week of 

August in both years with a flail mower and incorporated into the soil with a disk to 

approximately 15 cm depth. Termination date was based on timing needed for material to 

biomass to break down prior plastic laying and fumigation activities.  
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In the second week of September of each year strawberry beds (0.91 m high x 1.4 m 

wide) were formed through the middle of each sub plot and plastic was laid using a Kennco bed 

shaper and mulch layer (Kennco Manufacturing, Ruskin, FL). Fumigation took place in the FUM 

main plot using Pic-Chlor 60 at a rate of 134.4 kg plasticulture hectare
-1

, applied as the plastic 

was laid. In the NON-FUM main plot plastic was laid normally with no fumigant applied. In 

both years a minimum of 21 d re-entry period was allowed between fumigation and planting.  

Strawberry Plug Inoculation, Establishment and Planting   

All strawberry plugs were established following the same method (Poling and Monks 

1994), but with the addition of the inoculation step for plugs that were planted into plots 

receiving the INOC and ALL treatments. Inoculants were thoroughly mixed with Farfard Mix 

(sphagnum, pearlite and vermiculite mix), (4P Pro-formula, MA) before filling 50-cell trays with 

the inoculated media and setting ‘Chandlar’ variety tips (Cottle Farms, Faison, NC) which were 

rooted under mist following the method outlined by Poling and Monks (1994) in the greenhouses 

at NC State University for approximately 3 weeks in late August and early September of both 

years. Plug inoculants consisted of 9.1 g vermicompost (20% volume of cell) (Oregon Soil 

Corporation, Oregon) and 25 g of mixed species arbuscular mycorrhizal fungi (AMF) per each 

cell of 50-cell trays. AMF inoculum was collected from agricultural systems at CEFS in 

Goldsboro and produced according to the trap culture method outlined in Garland et al. (2011). 

In YR 1 AMF inoculum consisting of root fragments and spores of the following species: 

Glomus intraradices, Gl. etunicatum, Gl. clarum, Gl. mosseae, Acaulospora morrowiae, 

Gigaspora rosea, Gi. margarita and Scutellospora heterogama.  While in YR 2, AMF inoculum 

included all the species from YR 1 except Gl. mosseae, but also included Entrophospora 

infrequens, Scutellopspora pellucida, and Acaulospora spinose. Strawberry plugs where planted 
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in the field on 4 October in YR 1 and 14 October in YR 2, with 24 plug plants planted in two 

rows in the middle of the sub plot on 30.5 cm spacing.  

Percent AMF Colonization  

Percent AMF colonization was assessed at the six plant phenological stages of: plug, 

dormancy, spring growth, peak flowering, peak fruiting and final harvest. At each sampling date, 

a single strawberry plant was collected from among the 12 plants on the outside edge of each sub 

plot. Roots were washed, dried at 60 °C for 72 h and percent AMF colonization was assessed by 

clearing and then staining roots with trypan blue and using the modified grid-line intersect 

method (Giovannetti and Mosse, 1980; McGonigle et al., 1990).   

Soil Sampling for Chemical, Physical and Biological Soil Properties  

Baseline soil sampling took place in May of 2013 and consisted of the removal and 

homogenization of 20 soil cores sampled from each block within each main plot taken to a depth 

of 15-20 cm.  Homogenized samples were divided into aliquots as necessary to assess: presence 

and abundance of native AMF populations, nematode populations, total soil organic matter, bulk 

density (W/V), humic matter (HM%), cation exchange capacity (CEC), pH, exchangeable acidity 

(Ac), base saturation (BS%) and soil nutrients.  An additional undisturbed sample was taken 

from the middle of each experimental block with a hand spade to a depth to 15-20 cm for 

aggregate size distribution analysis. Subsamples (100g) of the soil sample collected from the 

whole plot were mixed with sand 1:1, potted and planted in Sorghum-Sudan (Sorghum bicolor x 

S. bicolor var. Sudanese) for trap culture of native AMF. After 4 months, the watering was 

slowly reduced to induce AMF sporulation, and the soil was collected and stored.  Spores were 

sieve separated from the pot cultures and visual identification and counting of spores was used to 
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quantify AMF species.  Shannon-Weiner diversity index (Shannon and Weaver, 1963) was 

calculated on AMF trap culture identified spore species in both years. 

The loss-on-ignition method was used to determine total organic matter (Schulte and 

Hopkins 1996). North Carolina Department of Agriculture & Consumer Services (NCDA & CS) 

Agronomic Testing Division (Raleigh, NC) determined basic chemical (nutrient content, pH, Ac, 

BS, HM%) and bulk density (WV) analysis. Soil nutrient content was analyzed by means of the 

Mehlich-3 extraction (Mehlich 1984a), soil pH was determined on a 1:1 soil/water volume ratio, 

and humic mater determinations were made using a NaOH digestion with colorimetric 

determination (Mehlich 1984b).  

Dry sieving was used to determine soil aggregate size distributions following the method 

outlined in Muruganandam et al. (2009) and subsequently aggregate mean weight diameter 

(MWD) was calculated (Kemper and Rosenau, 1986). Given the fact that the soil at our research 

site does not contain coarse sand and that there were no texture differences between main plots 

aggregate size weights were not corrected by sand content as indicated by Six et al. (1998). At 

the end of YR 1 and YR 2 harvest seasons each sub plot was soil sampled following the 

previously described method with cores pulled equally from the aisle and bed and then mixed to 

assess the whole sub plot. Another sample for aggregate size distribution was collected in the 

aisle which was the area of the sub plot least affected by tillage. 

Total soil microbial biomass was assessed using phospholipid fatty acid (PLFA) only at 

the end of YR 2 to analyze the soil microbial community composition of the rhizosphere 

following two years of continuous management under the different treatment combinations. Ten 

soil cores were removed between plants in the plasticulture bed at a depth of 15-20 cm, mixing 

the cores well and placing the sample on ice. The three blocks shown to have the least variability 
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in baseline soil parameters across the main plots were sampled in this way. Samples were 

assessed for qualitative and quantitative microbial parameters by Microbial Identification Inc. 

(MIDI Inc., Newark, NJ) and were extracted following the method outlined by Buyer et al. 

(2012). PLFA signatures were used to identify and quantify populations of microbial groups for 

analysis of total biomass and % fatty acids of each microbial group (Table 3.2).   

Statistical Analysis  

Data for soil chemical properties, WV, MWD, AMF trap culture spore species and PLFA 

were analyzed via ANOVA in PROC GLIMMIX (SAS v. 9.4; SAS Institute, Cary, NC) and 

evaluated using least squares means with fumigation, soil management practice, and their 

interaction as fixed effects and baseline soil data included as a covariate.  Due to significant 

interactions of year with both main effects for several variables, years were analyzed separately.  

All data were visually checked for normality of residuals, and Shapiro-Wilk tests were used to 

confirm normality and homogeneity of variances. Data for AMF percent colonization, organic 

matter and phosphorus were non-normal, but were left un-transformed as normality was not 

improved via transformation. Data for root colonization by AMF was analyzed using repeated 

measures ANOVA in PROC MIXED to test interactions of time (sampling date) and the main 

effects and the main effect’s interaction. When no interactions were observed with time it was 

removed from the model.  Contrast analyses in PROC MIXED were used to compare the effect 

of the three individual soil treatments to the controls across the different treatment combinations 

in both fumigation treatments on measures of AMF trap culture species, Shannon-Weiner index 

values and PLFA.     
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Results 

Whole sub plot effect, Chemical, Physical and Biological  

Fumigation had no effect on measures of soil chemistry in either year (Table 3.3). In YR 

1 soil pH was higher in ALL, COMCOV and COV plots, base saturation (BS%) was lower under 

COV  and AC was lower in the COM and COMCOV, while soil S was lower in COV  plots in 

YR 1. Similarly in YR 2 soil pH was higher, BS was lower and AC was higher in all plots 

receiving compost (ALL, COMCOV and COM). Also in YR 2, AC was higher in the COV and 

CEC was higher in the ALL than the control for each parameter. Soil Ca was higher in the COM 

and ALL than the control in YR 2(Table 3.3). Higher soil S and Ca in YR 1 and 2 respectively 

was correlated to high concentrations of these nutrients in the applied compost materials of each 

year via Pearson product coefficients at P <0.05. In order tease out the effect of the individual 

treatments from the combinations both years were combined in contrast analysis that revealed at 

P <0.01 compost application was associated with higher soil pH, BS, and lower AC. Data on soil 

Na, Mn, Cu and Zn are not presented as they were not affected by any management in either 

year. There were no significant interactions of fumigation and soil management practice on 

measures of soil chemistry in either year.  

The physical measure of soil WV was higher in the FUM in YR 2 (Table 3.3).  Soil 

management and it’s interaction with fumigation were not significant in either year of the study 

for physical soil properties. Total organic matter and MWD were not changed by any treatment 

in either year.  

Fumigation had no effect on reducing nematode populations on the whole plot scale at 

the sampling 8 months after the fumigation event in either year at P <0.05.  INOC had higher 

Lance nematodes (Hoplolaimus spp.) (Mean 67.5, P=0.05) in YR 1 than compost plots (Mean 
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24.9) but neither treatment was different from the control (Mean 28.5). Soil management sub 

plot treatment did not impact any species of nematode in YR 2. No interaction between main 

effects was observed in either year for nematode population counts.   

Initial whole plot soil samples analyzing AMF species via trap cultures identified 10 native 

species of AMF (Gl. etunicatum, Gl. mosseae, Gl. tortuosum, Gl. intraradices, Gi. margarita, 

Ac. morrow, Sc., Sc. heterogama, Sc. pellucida, Sc. gregaria, Sc. nigra) found in the field site 

prior to treatments began. At the end of YR 1 of the study all of these species were again 

identified via trap culture with the exception of Gl. tortuosum but also found additional AMF 

species (Gl. clarum, Ac. laevis, Ac. mellea, Ac. morrow and Ent. infrequens).  The INOC 

treatment which included Gl. clarum in the AMF inoculum, had higher spore counts than the 

control for this species at P=0.05 at the end of YR 1. All of the species identified in trap cultures 

in YR 1 were found again in YR 2 except Gl. clarum, Ac. mellea and Ent. infrequens, but Gl. 

tortuosum and Ac. brown were newly identified.  In YR 2 the species Sc. pellucida, had lower 

sporulation in the FUM relative to the NON-FUM at P<0.05.  The species Ac. morrow was not 

found in the original pre-experiment trap culturing but was a part of the AMF inoculant 

treatment, however it had higher spore averages only in the COV plots relative to the control in 

YR 2 (P <0.05) while INOC and ALL where not different from the control.  Sc. gregaria spore 

numbers were higher than the control and all other sub-plot treatments in the COM in YR 2.  

There were interactions of soil management practice and fumigation for several AMF species 

identified in trap cultures in YR 2 which were investigated via contrast analysis (Table 3.4).  

Compost application in the NON-FUM had lower Gl. intraradices spore numbers than the 

control and all treatments had higher spore numbers for Gl. mosseae than the control in the 

NON-FUM (Table 3.4). Whereas compost had higher number of Ac. scrobiculata spores in both 
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fumigation treatments, and cover crop also had higher spore counts for this species in the NON-

FUM (Table 3.4). Treatments that included compost and cover crop had lower trap culture Sc. 

heterogama spores in the FUM than the control. There were no main or interaction effects on 

whole plot AMF diversity as assessed by the Shannon-Weiner index in either year (Table 3.4).  

Rhizosphere Sub plot, Biological  

On the fall planting date inoculated plugs had average percent AMF root colonization of 

24.6% and 24.3 % in YRs 1 and 2 respectively, while non-inoculated plugs had statistically 

lower (P=0.001) AMF root colonization of 0% in both years. Reductions to percent AMF root 

colonization between the planting date in October and the next sampling date in January were 

observed in both years (Figure 3.1). In the non-fumigated system percent AMF root colonization 

increased for all treatments over the spring, but did not increase over time in the fumigated 

system.  At all spring sampling dates in both years, rate of AMF root colonization was lower in 

the fumigated system as compared to the non-fumigated systems (Figure 3.1), plug inoculation 

thus did not re-establish AMF into the fumigated system at rates observed in the NON-FUM.  

There was no interaction of main or sub plot effects with sampling date for AMF root 

colonization. Soil management practice or an interaction with fumigation did not influence AMF 

percent root colonization in either year.  

The fumigated treatment had lower total PLFA microbial biomass at the end of YR 2, 

256 days after the last fumigation event (Figure 3.2).  This was due to a reduction in % fatty 

acids for all microbial groups except for the anaerobes. Observed shifts in percent makeup of the 

total PLFA by different microbial groups between fumigation treatment include higher fatty 

acids percentages for the microbial biomarkers for AMF and eukaryotes in the NON-FUM plots 

relative to the FUM but lower percentages for gram positive and anaerobe groups in the NON-
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FUM (Figure 3.3). When the soil management practice effects were evaluated via contrast 

statements all treatments had higher total soil microbial biomass compared to the control within 

the FUM (Figure 3.4), while no treatment within the NON-FUM differed in total microbial 

biomass from the control. Further, percentages of AMF microbial markers were higher when 

compost was applied in the FUM, but no treatment affected this bio marker in the NON-FUM 

(Figure 3.5). No other significant effects on other microbial biomarker groups were revealed via 

contrast analysis.   

Discussion  

Our evaluation of two years of continuous management with various combinations of soil 

management practices showed limitations to soil health resulting from fumigation in strawberry 

production systems cannot be fully overcome with the incorporation of soil health promoting 

management practices. However, soil management can buffer reductions to soil biological loss 

resulting from soil fumigation and can increase soil chemical measures related to soil fertility.  

In both years of our study compost had higher soil pH and CEC, which was previously 

demonstrated only in non-fumigated strawberry production systems (Ferguson 2006), and thus 

compost application is a method that can promote soil fertility in both fumigated and non-

fumigated systems. Soil pH is an important to soil health due to its impact on nutrient 

availability, nitrogen mineralization and ultimately plant growth (Doran and Jones, 1996). Also 

after the 2
nd

 year of the study the fumigated treatment had higher soil WV than under the non-

fumigated system on the main plot scale. While the observed difference in bulk density after 2 

years between the fumigated and non-fumigated system was small, our results may point to long 

term changes to soil physical structure with the repeated use of soil fumigation, particularly as 

fumigation only took place in the middle of the plot but affected whole plot assessments of bulk 
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density. Previous work has demonstrated a relationship between decreasing bulk density and 

higher soil microbial biomass in organic agricultural systems (Araújo et al., 2009) and forest 

soils (Jin et al., 2009), and our PLFA analysis of the rhizosphere between the two fumigation 

treatments supports this result. Further work to analyze whole plot reductions to microbial 

biomass and associated increases in bulk density are needed, as increasing bulk density is an 

indication of compaction that may restrict both plant and microbial growth long-term.   

On the whole plot scale 256 days after fumigation took place, neither soil management 

practice nor fumigation had an impact on the two most important nematode pests of strawberry 

(Meloidogyne spp. and Belonolaimus) identified in our experimental site in either year. Previous 

work has found that inhibitory effects of cover crop rotations on nematodes to last for only one 

season, as important parasitic nematode species populations rebound quickly during strawberry 

production (LaMondia et al., 2002). This result points to the limited short term impact of 

fumigation on controlling this important pest of strawberry production.  

Trap culture analysis has limitations for use as a quantitative method of analysis of AMF 

species, as spores represent the dormant phase of the organism and sporulation rates may vary 

among species (Robinson-Boyer et al., 2009).  However identification of spores has been shown 

to correlate well with molecular techniques in comparing effects of different agricultural 

management practices on AMF species diversity and abundance (Hijri et al., 2006). In our study 

shifts in AMF species on the whole plot scale via trap cultures indicated that both soil 

management and fumigation could impact specific species but not overall diversity. 

Agroecosystem has been shown to impact AMF species composition and diversity (Oehl et al., 

2009), particularly the Scutellaspora and the Acaulospora genera to be reduced under 

conventional management relative to organic systems (Oehl et al., 2004).  Our study did not 
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contain any organically managed treatments, but Sc. pellucida was the only species reduced by 

conventional fumigation and higher Ac. morrow spore counts were associated with the cover 

crop treatment in YR 2 which is a requirement of organic management. Our observation during 

the two years of our study that compost plots had higher numbers of Sc. gregaria spores than the 

control support the idea that compost may be a potential source of AMF inoculum, though high 

temperatures during composting generally preclude high spore counts (Cavagnaro 2015).  Plug 

inoculation was only shown to introduce Gl. clarum in YR 1 and had no effect on other species, 

which supports other work that has shown native species to out compete introduced commercial 

AMF species (Garland et al., 2011). While previous work has shown higher AMF diversity 

under organic management (Oehl et al., 2004), our observation that fumigation did not result in 

shifts in AMF diversity on the whole plot scale may be a result of the aisle serving as a refuge for 

species to escape fumigation and the relatively short time scale (2 years) of our study. Our bed 

spacing was wider (1.06 m) than the grower average (0.61 m) and this un-fumigated soil may 

have served as a larger refuge for AMF. The ability of aisles to maintain AMF inoculum in 

fumigated fields warrants further evaluation.  

In contrast to whole plot analysis of shifts in AMF trap culture species compositions, 

analysis of AMF via root colonization assessments did show a strong effect of fumigation on 

reducing AMF activity.  The fumigant Pic-Clor 60 (60% Chloropicrin, 40% 1,3-

Dichloropropylene) used in our study has been shown to reduce soil AMF populations (Dangi, 

Gerik, and Ajwa, 2011), and 1,3-Dichloropropylene a component of the fumigant is known to be 

a particularly effective fungicide (Ibweke 2004).  A unique finding of our study however is that 

despite inoculated strawberry plugs going into the field colonized by AMF at rates of 24% at the 

planting date, live root colonization was not maintained in the fumigated plots at rates higher 
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than non-inoculated plugs in either year. Plug inoculation thus is not a viable technique for re-

establishing AMF into fumigated systems and this result may point to an effect of Pic-Clor 60 

fumigation on suppressing the live introduced AMF even beyond the 21 day plant-back period. 

Other work has shown commercial inoculum introduced into potted bare root plants that were 

later transplanted into soil fumigated with dazomet and fosetyl-Al (fosetyl aluminium) to 

experience reductions in rates of AMF colonization between planting (60%) and 1 year later 

(33%) (Mark and Cassells, 1999), however, field colonization rates were higher relative to the 

near zero rate of colonization observed for our AMF inoculated plants introduced via the plug 

into the fumigated system.  Another consideration is that populations of soil microorganisms 

have been demonstrated to have synergistic effects on supporting AMF establishment, growth 

and development (Barea et al., 2005; Garbaye, 1994). These synergistic effects may not have 

been present in the fumigated system in our study as PLFA analysis showed reductions to most 

soil microbial groups under fumigated plots. Plug inoculation also did not result in higher AMF 

activity in roots relative to non-inoculated plugs in the non-fumigated system which indicates 

native species colonized plants just as well as pre-inoculated plants starting at 3 months after the 

planting date and continuing through May of the spring season. This is likely due to the diversity 

and activity of the native AMF populations in our field site. 

Native AMF have previously shown to rapidly colonize introduced plants at this same 

research site (Garland et al., 2011) and different soils have inherently different AMF inoculum 

potentials (Santos-González et al., 2011). While plug inoculation with AMF and vermicompost 

did not result in an effect on AMF activity in either fumigation treatment, plug inoculation did 

result in yield increases in some years, as discussed in chapter 1 of this dissertation. AMF have 

been viewed as an indicator species of soil health (Stenberg, 1999) and are estimated to make up 
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between 5 and 50% of the biomass contributions of soil microbes (Olsson et al., 1999). Our 

observation that native AMF species rapidly colonized plants in the non-fumigated system, but 

did not survive or recover from fumigation events during the course of the 8 month growing 

season points to significant effects of soil fumigation on biological activity that could not be 

overcome with post-fumigation re-inoculation via the strawberry plug. 

Reductions to overall soil microbial biomass were also observed under the fumigated 

system which supports previous observations of immediate reductions to soil microbial biomass 

following soil fumigation with Telone C35 4 weeks after application (Dangi et al., 2015). Our 

study evaluated Pic-clor 60 but found reduced microbial biomass to persist throughout the season 

with no recovery of microbial populations to the same levels as those present in the non-

fumigated system even 256 days after the last fumigation event. Our results are in contrast to 

other work that showed drastic reductions to all groups of soil microbes following chloropicrin 

fumigation, with the exception of the gram-negative bacteria later recovered within the 68 day 

sampling period after fumigation (Yamamoto et al., 2008). While other work with chloropicrin 

has shown microbial biomass carbon and nitrogen to remain reduced for as much as 120 days 

after application of the fumigant (Tanaka et al., 2003). Differences between our results and other 

studies are likely due to differences in fumigants effects on soil microbial populations (Ibekwe et 

al., 2001) and the cumulative effect of two years of fumigation compared to other studies that 

only comprised results from 1 year (Ibekwe et al., 2001). In our study this reduction to total 

microbial biomass by fumigation was accompanied with a shift to a greater predominance of 

gram positive and anaerobes as contributing to the total microbial biomass, while reductions to 

AMF and eukaryotes groups were observed. This is in contrast to other work that observed short-

term reductions to biomass with chloropicrin but no shift in which groups predominated 
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(Yamamoto et al., 2008). These shifts may be important long-term, as fumigation has been 

shown to select for organisms with specific physiological characteristics, which may have 

implications for ecosystem functioning over time (Griffiths et al., 2000). The predominance of 

gram negative or positive bacteria following fumigation has been shown to be quite variable, 

with results to support either group (Drenovsky et al., 2005; Ibekwe et al., 2001; Macalady et al., 

1998; Martin, 2003; Yao et al., 2006). I found no effect 256 days after the last fumigation event 

on actinomycetes, despite other work demonstrating increases in the short term after fumigation 

(Drenovsky et al., 2005; Macalady et al., 1998). Further reductions to microbial activity could 

have impacts on the physical structure of the soil long-term, as increasing microbial biomass has 

been show to correlate with aggregate stability (Mäder et al., 2000) and our work showed a shift 

to smaller aggregate sizes distribution after 2 years.  

While reductions to PLFA microbial biomass represent a sensitive indicator of decline in 

soil health (Turco et al., 1994), all of the evaluated soil management practices were shown to 

partially mitigate reductions to soil microbial biomass under fumigation and in the case of 

compost to additionally mitigate reductions to the biomarker for AMF. Increases in total 

microbial biomass have been observed following applications of compost (Carpenter-Boggs et 

al., 2000), cover crops (both incorporated and left on the soil surface) (Buyer et al., 2010, Ingels 

et al., 2005; Ndiaye et al., 2000; Wang et al., 2007) and that populations of fungi and bacteria 

were increased following applications of farmyard manure (Birkhofer et al., 2008). The 

observation, however, in this study that plots receiving these materials had higher soil microbial 

biomass even after soil fumigation is unique. Higher microbial biomass in compost plots could 

be related to a shorter half-life of chloropicrin in compost amended soils (Ibweke, 2004). 

Compost and cover crops also may have resulted in a higher number of micro-pore sites where 
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microbial populations could escape fumigation, as additions of high levels of fresh OM have 

been shown to impede the efficacy of fumigation resulting in the need for higher rates of the 

fumigant to kill root knot nematodes (Goring, 1957).  This may be particularly relevant 

considering organic matter inputs from cover crop incorporation were closely timed with soil 

fumigation. However, inhibition of the pest control effect of fumigation from organic inputs did 

not result in differences in nematode populations by the end of the season or disease presence 

throughout the season within the fumigated system but did seem to have supported a greater 

survival of total microbial biomass. Plug inoculation’s higher total biomass compared to the 

control in the fumigated system, was not associated with live AMF as assessed as percent 

colonization in the roots, but may have been associated with the vermicompost material’s 

demonstrated microbial activity (Arancon et al., 2006), including contributing to increases in 

PLFA total microbial biomass (Lazcano et al., 2013).  Observed higher AMF biomarker content 

under compost application was not confirmed via subjective visual assessments of root 

colonization for any sampling date and may be a result of PLFA sampling specifically live 

hyphal and spore activity (Olsson et al., 1995) while root colonization monitors root activity of 

the symbiont. Further, the 16:1w5c biomarker is not fully specific to AMF, and is also present in 

bacteria (Ngosong et al., 2012) may explain in part the differences we observed between rates of 

AMF root colonization and PLFA concentration.   Increases in AMF biomarkers have been 

associated with increasing soil pH (Rousk et al., 2010), and our observations that compost 

resulted in higher soil pH and AMF biomarkers support this finding and may be related to some 

AMF species preference for less acidic soils (Van Aarle et al., 2002). 

As soil microbes play important roles in ecosystem function and ultimately agricultural 

sustainability, changes to their populations are often recognized as critical indicators of soil 
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health (Turco et al., 1994). Our result that at the end of the strawberry cropping cycle soil 

microbial populations were reduced by fumigation and that this reduction was only partially 

ameliorated by the incorporation of sustainable soil management practices after two years is an 

important indication of the potential long-term effects of fumigation on soil health and soil 

function. The observed reductions to soil microbial activity and shifts in which microbial groups 

predominated under fumigation may have implications on the ability to sustain strawberry 

production under current production systems.  The observed short-term impacts on soil microbial 

populations in this study are important indicators of potential long-term changes to soil health, as 

changes to other important measures like soil organic matter and physical characteristics may be 

harder to detect in the short-term (Pankhurst et al., 1997). Our results do show that despite the 

negative effects of fumigation on soil health compost can be utilized to help support higher 

populations of total soil microbial biomass and AMF biomarkers within annually fumigated 

systems. However, these modest gains to microbial activity within fumigated systems do not 

represent a full recovery to non-fumigated levels of microbial populations.  
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Table 3.1. Compost nutrient analysis from year 1 and 2 of field study 

 

 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N P K Ca Mg S Fe Mn C EC C/N pH Dry Matter

ppm ppm ppm ppm ppm ppm ppm ppm ppm  (mS/cm) %

YR 1 23,000     6,920     7,660     54,600      3,720     19,800     9,290     288        274,000      6.2         11.9       4.3         77.6             

YR 2 12,400     2,910     3,080     149,000    2,770     2,450       8,080     306        204,000      3.4         16.5       7.2         68.6             
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Table 3.2. Fatty acid peaks used for biomarker groups.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fatty Acid Peaks Biomarker Group Reference

16:1 w5c Arbuscular mycorrhizae (AMF) (Olsson, 1999)
Monounsaturated fatty acids, cyclopropyl 17:0 and 19:0 Gram-negative bacteria (Zelles, 1999)
Polyunsaturated fatty acids Eukaryote (Zelles, 1999)
18:2 w6c Fungi (Frostegård and Bååth, 1996)

Iso and anteiso branched fatty acids Gram-positive bacteria (Zelles, 1999)
15:0 DMA , 16:1 w7c DMA, 18:0 DMA Anaerobe (Zelles, 1999)

10-methyl fatty acids Actinomycetes (Zelles, 1999)
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Table 3.3.  Mean chemical and physical soil properties for two years as influenced by fumigation and soil management practices in a 

plasticulture strawberry system.  

 
 

 

MWD ⱡ OM HM WV pH BS Ac CEC P K Ca Mg S

Fumigation mm % % g  cm
3 %

FUM 0.279 2.37 0.24 1.30 6.0 80.8 1.1 6.0 458.5 118.2 792.1 89.4 26.0

NON-FUM 0.454 2.29 0.24 1.27 6.2 85.5 0.8 6.0 334.3 117.5 794.9 108.7 22.7

P value 0.67 0.64 0.90 0.11 0.77 0.62 0.86 0.27 0.29 0.65 0.28 0.57 0.29

Soil Management 

ALL 0.349 2.44 0.25 1.27 6.2 a 86.4 ab 0.9 ab 7.1 487.2 139.8 1,011.3     92.7 23.8 ab

COMCOV 0.307 2.30 0.24 1.30 6.3 a 85.8 abc 0.8 b 6.1 371.1 125.6 842.1 96.5 27.4 a

COV 0.359 2.21 0.24 1.31 6.0 a 80.5 cd 1.0 a 5.6 365.3 114.7 669.9 111.4 19.0 b

COM 0.343 2.23 0.24 1.28 6.3 ab 86.9 a 0.8 b 6.1 375.1 118.0 865.5 89.9 25.5 ab

INOC 0.412 2.12 0.25 1.30 5.9 b 78.5 d 1.1 a 5.4 379.0 99.0 650.9 98.2 22.5 ab

CNTRL 0.428 2.67 0.24 1.28 5.9 b 80.6 bcd 1.0 a 5.8 400.6 110.2 721.2 105.6 28.0 a

P value 0.58 0.66 0.83 0.33 0.01 0.02 0.004 0.42 0.63 0.09 0.16 0.47 0.03

Interaction

P value 0.42 0.74 0.55 0.21 0.33 0.20 0.69 0.19 0.27 0.63 0.14 0.21 0.12

Covariate

P value 0.001 0.31 0.79 0.35 0.09 0.23 0.04 0.02 0.09 0.003 0.04 0.002 0.30

Fumigation 

FUM 0.231 2.61 0.24 1.26 a 6.6 92.4 0.4 6.0 441.5 136.0 942.8 68.2 13.0

NON-FUM 0.311 2.28 0.23 1.21 b 6.7 94.4 0.3 5.9 310.4 123.3 924.8 79.8 13.3

P value 0.65 0.10 0.69 0.02 0.66 0.59 0.58 0.22 0.31 0.36 0.19 0.30 0.38

Soil Management 

ALL 0.256 2.71 0.25 1.24 6.9 a 96.9 a 0.2 c 7.1 a 451.2 139.9 1,197.2     a 69.7 14.0

COMCOV 0.261 2.30 0.24 1.23 6.9 a 97.1 a 0.2 c 6.3 ab 339.3 118.2 1,044.6     ab 68.1 13.9

COV 0.296 2.08 0.24 1.24 6.4 b 88.9 b 0.6 a 5.2 b 358.8 137.6 722.7        c 80.8 12.3

COM 0.255 2.56 0.22 1.24 7.0 a 97.8 a 0.1 c 6.4 ab 357.3 128.4 1,088.2     a 66.4 13.5

INOC 0.277 2.39 0.24 1.24 6.4 b 88.7 b 0.5 ab 5.1 b 361.6 123.9 729.2        c 79.3 12.7

CNTRL 0.282 2.63 0.22 1.21 6.4 b 91.1 b 0.5 b 5.5 b 387.4 129.9 821.0        bc 79.7 12.6

P value 0.72 0.12 0.20 0.45 <.0001 <.0001 <.0001 0.04 0.72 0.53 0.001 0.41 0.32

Interaction

P value 0.32 0.30 0.72 0.27 0.54 0.81 0.93 0.34 0.47 0.29 0.32 0.45 0.64

Covariate

P value 0.001 0.91 0.76 0.49 0.14 0.02 0.01 0.01 0.04 0.001 0.02 0.001 0.43

  mg dm
3  

ⱡ MWD= mean weight diameter, OM= Organic matter, HM= Humic Matter, WV=  Bulk deisty; weight per volume, BS= Base saturation, Ac= soil acidity, CEC= cation exchange capacity. *Effects significant at 

P <0.05 are in bold

YR 2

YR 1

meq 100cm
3
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Table 3.4. Soil management practices effects on spore counts (100 g soil) of several species of arbuscular mycorrhizal fungi and the 

Shannon-Weiner diversity index in fumigated and non-fumigated strawberry plasticulture in year 2 as assessed through trap culture.

 
                 

  

Estimate t-value Pr > |t| Estimate t-value Pr > |t| Estimate t-value Pr > |t| Estimate t-value Pr > |t| Estimate t-value Pr > |t|

 Plug Inoculant vs control 6.66 e
-16 0.00 1.00 -0.80 -1.29 0.21 2.4 0.87 0.40 -1.20 -0.87 0.39 -0.93 -0.61 0.55

 Compost vs Control 2.00 0.64 0.53 -0.80 -0.91 0.37 8.8 2.24 0.04 -4.80 -2.47 0.02 1.90 1.24 0.23

Cover crop vs Control -0.80 -0.25 0.80 -0.80 -0.91 0.37 7.6 1.94 0.07 -4.00 -2.05 0.05 1.91 0.88 0.39

 Plug Inoculant vs control -4.40 -1.98 0.06 2.00 3.23 0.004 2.8 1.01 0.32 -1.60 -1.16 0.26 4.08 1.88 0.07

 Compost vs Control -6.80 -2.16 0.04 2.40 2.74 0.01 12 3.06 0.006 -3.60 -1.85 0.08 2.05 0.94 0.36

Cover crop vs Control -4.40 -1.4 0.18 2.40 2.74 0.01 12.4 3.16 0.005 -2.40 -1.23 0.23 3.64 1.68 0.11

Effects significant at P <0.05 are in bold

Gl. interadices Gl. mosseae Ac. scrobiculata Sc. heterogama

Trap Culture (whole plot)

Shannon-Weiner Index

Contrast

Fumigated

Non-Fumigated
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Figure 3.1. Effect of soil management practice and fumigation on arbuscular mycorrhizal fungi 

(AMF) root colonization of ‘Chandler’ strawberry in year 1 (top) and year 2 (bottom).  Means of 

five replicates for each soil management practice at each sampling date are presented. 

Fumigation treatments were different at all sampling dates in both years. 
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Figure 3.2. Effect of 2 years of soil fumigation on total PLFA microbial biomass (mols/ gram of 

soil) and amounts of major biomarker groups as assessed 256 days after last fumigation event. 

Means for 18 replicate samples taken at the strawberry rhizosphere are presented for each 

fumigation treatment. Different letters signify effects significant at P<0.05 between the 

fumigation treatments. All microbial groups assessed for their contributions to total soil 

microbial biomass were reduced in the fumigated treatment relative to the non-fumigated 

treatment except for the anaerobes (*) at P<0.05. 
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Figure 3.3. Effect of two years soil fumigation and non-fumigated plasticulture on contribution (% fatty acid) of major biomarker 

groups to the total soil microbial biomass (total % fatty acids measured). Differences indicate which biomarker groups predominated 

within each fumigation system. Different letters signify effects significant at P<0.05 within the same biomarker group. 

 

 

 

 

a 

a 

a a 

b 

b 

a 

b 

a 

b 
a 

a 

a 

a 

0

5

10

15

20

25

30

35

40

45

AMF  Gram

Negative

 Eukaryote  Fungi Gram Positive Anaerobe Actinomycetes

F
at

ty
 a

ci
d
  
p
er

ce
n
t 

(%
) 

  

Non-Fumigated

Fumigated



 

89 

 

Figure 3.4. Effect of soil management practices within fumigated and non-fumigated strawberry production on total soil microbial 

PLFA biomass at the end of year 2. Letters indicate differences significant at P<0.05 via contrast analysis across fumigation treatment. 
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Figure 3.5. Effect of soil management practices within fumigated and non-fumigated strawberry production on arbuscular mycorrhizal 

fungi (AMF) PLFA biomarker at the end of year 2. Letters indicate differences significant at P<0.05 via contrast analysis across 

fumigation treatment.
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IV. Microbial effects of vermicompost and arbuscular 

mycorrhizal fungi on two-spotted spider mite 

populations (Tetranychus urticae) in long- and short-

day strawberry cultivars 
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Abstract 

Soil microbial interactions with plant roots that result in reduced plant herbivory by 

arthropods in the plant canopy may be harnessed to the benefit of crop production.  These 

bottom-up effects have begun to be evaluated; however, the specific interaction of vermicompost 

and vermicompost combined with arbuscular mycorrhizal fungi (AMF) on two-spotted spider 

mites (Tetranychus urticae) in strawberry has not.  Our study evaluated the microbial effects of 

vermicompost and AMF inoculants, in a greenhouse-pot experiment replicated twice over two 

years. Live and steam-sterilized vermicompost and vermicompost combined with AMF 

inoculum were added to strawberry plugs that were later potted up and randomly chosen to be 

inoculated with T. urticae or remain mite-free. Cumulative mite populations, leaf area, mite 

damage ratings, rates of percent AMF root colonization, final plant biomass and plant nutrient 

uptake were evaluated for their response to soil inoculation treatments across three strawberry 

varieties (Albion, Chandler, and Sweet Charlie) and mite infested and non-infested treatments. 

Results indicated variability across variety and year of the studied inoculant’s microbial effect on 

T. urticae populations. In year 1 live AMF + vermicompost had lower T. urticae populations 

relative to its control in Albion, but had higher populations relative to all treatments on Sweet 

Charlie in year 2. Consistently across year mite presence reduced rates of AMF root 

colonization, which represents a top-down effect of a canopy arthropod on reducing populations 

of a soil dwelling symbiont. These inter-trophic interactions were not clearly explained by 

changes in whole plant biomass, nutrient uptake or damage assessments but warrant further 

investigation regarding the specific mechanisms involved and their potential to be manipulated 

as a control measure of two-spotted spider mites in the strawberry plant canopy.  
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Introduction  

Plants interact with both below- and above- ground organisms and in some cases the 

plant may act as an intermediary between the two groups. For example, below-ground soil 

microbial symbionts are known to benefit plant growth and alter plant physiology. Changes to 

plant quality may result in chain-reaction effects to both above- and below-ground arthropod 

pests that interact with the plant. Depending on the resulting arthropod response, these changes 

may result in either plant beneficial or detrimental effects. When bottom-up effects caused by 

soil microbe interactions with plant roots result in increased attraction of beneficial organisms or 

reduced plant herbivory they may be harnessed to the benefit of crop production. A growing 

number of studies and literature reviews have demonstrated interactions between above-ground 

foliar arthropod pests and below- ground soil microbes such as arbuscular mycorrhizal fungi 

(AMF) (Gange 2001; Gange and West 1994; Koricheva et al. 2009), several genera of plant 

growth promoting rhizobacteria (PGPR) (Pseudomonas, bacillis, rhizobia) (Pineda et al. 2010; 

Pineda et al, 2012), and vermicompost materials known to have high microbial activity (Arancon 

et al 2005, Arancon et al. 2007; Cardoza 2010; Little and Cardoza, 2011).  Plant resistance to 

herbivore damage has been attributed to initiation of changes in plant morphology, reductions to 

damage caused by feeding and the production of secondary metabolites as initiated by soil 

microbial symbionts (Pieterse et al. 2007). The potential for these interactions to be exploited to 

provide ecologically-friendly alternatives for pest control continues to be evaluated. 

Specifically, vermicompost has been shown to have minimal effects on suppressing mite 

populations on eggplant (Arancon et al. 2007), while other work has shown that vermicompost 

did suppress mite populations on peanut (Rao et al., 2001).  The microbial effect of 

vermicompost even at concentrations as low as 5% as compared to sterilized controls has been 
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shown to increase plant growth (Bachmann 1998; Cavender et al 2003). A review by Van Wees, 

et al. (2008) found soil microbes including AMF and various soil bacterial groups can be 

important for priming plant defenses. Kempel et al. (2010) suggest AMF may be an important 

activator of induced plant defenses. Levels of cytokynins, important plant defense hormones, 

have been shown to be increased in response to AMF colonization (Barker and Tagu, 2000).  The 

combination of AMF, diazotrophic (nitrogen fixing) bacteria and vermicompost increased plant 

growth for corn (Gutiérrez-Miceli et al., 2008).   A review of inter-trophic interactions between 

AMF and arthropods suggests that mesophyll feeders, like mites, had lower performance on 

mycorrhizal plants (Koricheva et al., 2009).  However the majority of the studies reviewed have 

not investigated the microbial aspects of vermicompost material on arthropod pests, despite its 

diverse composition of beneficial bacteria, fungi and other microbes (Adhikary 2012). 

Furthermore, few studies have investigated the interactions of vermicompost and AMF fungi on 

arthropod pests, and none for the specific interaction of two-spotted spider mites in strawberry.   

Two-spotted spider mites (Tetranychus utricae ‘Koch’) are considered a primary 

arthropod pest in annual field strawberry production in the Southeastern United States and a 

major pest of strawberries throughout the U.S. (Galletta and Bringhurst, 1990). Spider mites feed 

on the spongy mesophyll layer of host plant leaves, which can destroy chloroplasts and disrupt 

photosynthesis resulting in overall reductions in plant growth and development (Campbell et al. 

1990; Freitas et al 2009).  Importantly, early mite infestation has been strongly correlated to 

yield losses in field production of strawberries (Nyoike and Liburd, 2013; Sances et al., 1979; 

Walsh et al., 1998; Walsh et al., 2002).  Additionally there are no known strawberry cultivars 

with complete resistance to T. urticae, though varietal differences in resistance do exist (Ferrer et 

al., 1993). Emerging interest in the use of these types of natural interactions for pest control  is a 
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reflection of growing consumer concern regarding pesticide use, particularly as  some pesticide 

chemistries used in strawberries against mites are toxic to honeybees and non-target predators 

(UC IPM, 2014) when used incorrectly and can be expensive for strawberry producers with 

repeated use.  

Our study analyzed the specific microbial relationship between vermicompost and the 

combination of AMF and vermicompost on spider mites in strawberries with the idea that any 

interactions identified might be taken advantage of to provide more ecologically-friendly 

alternatives for pest control. Specifically our study evaluated the effects of strawberry plug 

inoculation with the live soil microbes inoculants of vermicompost and vermicompost mixed 

with a multi-species AMF inoculum on strawberry plant growth responses (including changes to 

chlorophyll contents, and nutrient uptake), differences in spider mite populations over a 5-6 

week period after the plugs were transplanted into pots and ratings of mite feeding damage for 

three strawberry varieties which dominate production in the Southeastern U.S.: Albion, 

Chandler, and Sweet Charlie.  As our interest was primarily vermicompost and its interaction 

with AMF on spider mites, AMF inoculation singularly was not evaluated.  Steam sterilization of 

the two tested inoculums served as the controls for the two live soil treatments. In this way I 

tested only the contribution of biological activity by the microbes to plant growth, and mite 

responses and not the nutrients added by these soil treatments themselves. The absence of a 

treatment without any amendment (complete control) is justified in this way as I was not 

interested in testing the effects of the addition of elemental nutrients but rather that of soil 

biological activity on plant physiology and their impact on spider mite populations and plant 

damage.   
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Materials and Methods 

Experimental Design. 

A greenhouse experiment was conducted at the Method Road greenhouses on North 

Carolina State University’s (NCSU) campus in Raleigh, North Carolina. This study was designed 

as a split-plot randomized complete block design (RCBD) with the two main-plot mite 

treatments (mite infested (+MITE), and mite free (-MITE)) consisting of five cages each that 

served as blocks.  In each cage a full replication of the 3 strawberry variety treatments (‘Albion’, 

‘Chandler’, and ‘Sweet Charlie’) inoculated individually with each of the four soil inoculant 

treatments (12 pots per cage). The four inoculation treatments were comprised of the following: 

live AMF inoculum plus live vermicompost (AMF+VERM), steam sterilized AMF inoculum 

plus steam sterilized vermicompost (sterilized AMF+VERM), live vermicompost and steam 

sterilized vermicompost. In this way I evaluated mite x variety x soil inoculant effects on the 

selected response variables. This study was replicated in time and data collection on mite 

populations was conducted in June-July of 2013 (YR 1) and April-May of 2014 (YR 2). 

Maximum daily temperatures for the experimental period of YR 1 fluctuated between 20.5°C 

and 36.7°C with a average temperature of 31.8°C. Temperatures for the experimental period for 

YR 2 ranged between 19.4°C and 31.7°C with a mean of 29.4°C.   

Plant Establishment and Plug Inoculation.  

Disease and mycorrhizal free Chandler, Albion and Sweet Charlie variety mother 

strawberry plants were obtained from the NCSU’s micro-propagation unit and were forced to 

produce runners, which were harvested and soaked for 5 minutes in a 6 ml soap 473 ml
-1

 water 

bath then rinsed in clear water to make sure experimental plants were free of accidental pests. All 

soil inoculant treatments were applied to single strawberry plug plants by adding the inoculants 

to each individual cell of a rooting tray at tip establishment. For the sterilized controls the 
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vermicompost and AMF materials were steam sterilized for 30 minutes two times, to ensure 

complete sterilization.  Each treatment was mixed thoroughly with the required volume of 

Farfard Mix (sphagnum, pearlite and vermiculite mix), (4P Pro-formula, MA) needed to entirely 

fill the cell, before filling each cell of the tray. Inoculation rates of 9.1g of vermicompost 

(Oregon Soil Corporation, Philomath, Oregon) per cell were added based on a tray cell size of 90 

cm
3
 and previously recommended rates of 20% vermicompost by volume (Beck 2012). The 

AMF inoculant was comprised of spores and root fragments of a mixture of eight AMF species 

(Glomus intraradices, Gl. etunicatum, Gl. clarum, Gl. mosseae, Acaulopsora morrowiae, 

Gigaspora rosea, Gi. Margarita and Scutellospora heterogama) added at 20 g per cell to the 

AMF treatments. AMF inoculum was collected from agricultural systems at CEFS in Goldsboro 

and produced according to the method outlined in Garland et al. (2011). Once planted trays were 

placed directly under mist following the protocol established by Poling et al. (2005), and 

remained there for approximately 3 weeks, during which time they were monitored for mites and 

treated with a soapy water wash if found. Two days after planting runner tips, microbial filtrate 

developed from the AMF inoculum was added (2 ml per cell) to the live AMF treatment, and an 

equal amount of water was added to the live vermicompost treatment. After strawberry plug 

plant establishment, plugs were transplanted individually into 15.2 cm pots containing fabric 

liners placed at the bottom of the pots to reduce soil or AMF losses through drainage holes and 

filled with Farfard Mix (4P Pro-formula, MA).  Pots were placed inside 107 cm
3
 chiffon cages to 

keep the plants mite free. All plants were maintained at a well-watered status and fertilized bi-

weekly with a 15-5-15, 4-Ca 2-Mg soluble fertilizer (Jacks Professional LX, Allentown, 

Pennsylvania), and allowed to establish for approximately 6 weeks of growth. Each combination 

of soil treatment and variety was then placed into a +MITE and a –MITE treatment consisting of 
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separate 107 cm
3
 chiffon cages. Ten active T. urticae mites were introduced into the mid-tier of 

each plant of the +MITE treatment. The mites came from cultures in Dr. Hannah Burrack’s lab at 

NCSU and were reared on ‘Chandler’ strawberry for 4-6 weeks and then transferred via mouth 

aspirator into micro-centrifuge tubes and introduced on the experimental plants.  

Beginning five days after introduction one random mid-tier leaflet per variety and soil 

treatment combination was removed from both mite treatments and was assessed for damage 

ratings (percent bronzing) using the scale described by Hussey and Parr (1963). After scoring, 

leaflets were frozen until they could be inspected under a dissecting scope to count adult motile 

T. urticae mite numbers (adult, nymph, and larvae). Leaflets were removed from the –MITE 

treatment to account for effects of plant tissue removal in the +MITE and to check for mite 

contamination. This three replicate sampling recurred weekly for 6 weeks in YR 1 and full 

replicate sampling occurred for 5 weeks in YR 2. If mites were found in the –MITE the leaves 

were treated with a 6 ml soap/ 100 ml water spray.  Following counting of mites leaf area 

analysis was done on all sampled leaflets using a CIAS 2.0 Image analysis, Gateway 2000 

Computer and Cannon Re-350 Video Visualizer.  

Using the number of mites counted per leaflet, and the number of days since introduction, 

cumulative “mite-day” accumulation was calculated as the number of mites per leaflet times the 

number of days since introduction, summed for each sampling date (Sances et al., 1979). 

Cumulative mite-day calculations were later standardized by dividing the mite-day estimate at 

each sampling date by the respective leaf area (mm
2
) to account for differences in leaf area 

observed between variety and in some cases soil inoculation treatment, as shown in equation 1. 

Eq. 1    Cumulative Mite-day (CMD) = Ʃ 
number of days 

(Mites / cm
2
 x Days of mite exposure).  
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SPAD Readings. 

In YR 1 chlorophyll measurements were taken in order to assess if mite damage and mite 

day accumulation could be correlated with chlorophyll losses such that SPAD measurements 

could be used to predict mite populations. A Minolta Chlorophyll Meter SPAD-502 (Minolta Co 

LTD, Japan) was used to take individual readings from the upper side of each of the three 

trifoliate leaflets of the sampled mid-tier leaf and then the three values were averaged. Three 

replicate SPAD readings from each mite x variety x soil inoculant combination were obtained 

using this method the day prior to the introduction of the mite treatment and then subsequently at 

each weekly mite sampling date.  

Final Plant Biomass and Nutrient Sampling  

After the 5-6 week mite population sampling period, plants were destructively sampled 

for whole plant biomass, nutrient content and percent colonization of roots by AMF.  Plant 

biomass was assessed by washing the soil from the roots of each plant, separating the roots and 

leaves and drying the plant at 60 °C for 96 h, before dry weights were obtained. Roots were 

cleared with KOH and HCl, stained using Tryphan-blue (Phillips and Hayman, 1970) and then 

analyzed for percent AMF colonization using the gridline intersect method (Giovannetti and 

Mosse, 1980).  In YR 1 the three most uniform plant leaves of the five replicates for each mite x 

variety x soil inoculant treatment combination were used for tissue nutrient analysis carried out 

by the North Carolina Department of Agriculture & Consumer Services (NCDA & CS) 

Agronomic Testing Service (Raleigh, NC).  In YR 2 all 5 replicates for each treatment were 

combined and sent as a composite sample.  

Statistical Analysis  

All data were visually checked for normality of residuals, and Shapiro-Wilk tests were 

used to confirm normality and homogeneity of variances Log transformation of CMD and 
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damage rating data didn’t improve normality, and data were left untransformed for analysis.  

Differences in mite population growth, leaf area, and AMF percent colonization were observed 

between the two years of our experiment, and so years were analyzed separately. For individual 

years, a repeated measures ANOVA in Proc Mixed in SAS (SAS v. 9.4; SAS Institute, Cary, 

NC) using sample date as the repeated measure factor was used to analyze CMD, damage, and 

leaf area data for effects of mite, variety, and soil inoculant treatments as single factors, as well 

as  their two- and three-way interactions. Significant effects were further analyzed using least-

squares means separation tests. When no day (sampling date) interaction was present, day was 

removed from the model. Data for biomass, AMF percent colonization, and nutrient contents 

were analyzed using ANOVA in Proc Mixed for effects of mite, variety, and soil inoculant 

treatment as single factors and their two and three way interactions, with significant factor 

effects followed by least-squares means separation tests. Pearson correlation tests in SAS were 

used to evaluate correlation between response variables.  

 Results 

Mite and variety treatments significantly contributed to the calculation of mean mite 

populations in both years, where mite populations where higher on Albion and in the +MITE 

treatment. Significant effects for the calculation of leaf area were observed for mite and variety 

treatments in both years, soil inoculant treatment only in YR 1, and inoculant x variety only in 

YR 2 (Table 4.1). There were no other significant (P<0.05) higher order interactions between the 

simple treatment effects for mean mite counts or leaf area in either year.  In both years the -

MITE treatment had negligible populations of mites (mean < 0.5 motile mite per leaflet) (Table 

4.1). Within the +MITE treatment, Albion supported the highest motile mite populations in YR 1 

and Sweet Charlie supported lower populations than the other varieties in YR 2 (Table 4.1). The 

+MITE treatment had lower leaf area and Albion had the lowest average leaf area in both years.  
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In YR 1 steam sterilized vermicompost had reduced leaf area relative to the other inoculant 

treatments, while in YR 2 Sweet Charlie had the lowest leaf area averages in the sterilized 

AMF+VERM. Data for other varieties for the variety x soil inoculant interaction were not 

significant and are thus not presented. Due to the effect of variety and soil inoculant on leaf area 

the calculation of cumulative mite days per unit leaf area measures over time (CMD) is used to 

compare mite accumulation at each sampling date per unit leaf area.  

Across both years a mite x variety x soil inoculant effect was the highest order interaction 

significant at P<0.05 for the calculation of CMD, and thus lower order interactions are not 

presented.  Averages for CMD were higher in YR 2 (P<0.0001) than in YR 1 (Figure 4.1). No 

interaction with sampling date for the calculation of CMD was observed in either year (data not 

presented). In YR 1 (P=.0001) and YR 2 (P=0.03) the highest order interaction for the measure 

of CMD was a mite x variety x soil inoculant effect.  In YR 1 the AMF+VERM and steam 

sterilized vermicompost treatments had lower CMD than the sterilized AMF+VERM and the live 

vermicompost treatments but only for the variety Albion (Figure 4.1).  In YR 2 for the variety 

‘Sweet Charlie’ the AMF+VERM treatment averaged the highest CMD over other soil inoculant 

treatments (Figure 4.1). The sterilized AMF+VERM, live vermicompost and steam sterilized 

vermicompost for ‘Sweet Charlie’ in YR 2 were not different between the +MITE and –MITE. 

Leaf damage values were affected by mite treatment (P=0.001) where damage ratings were 

higher in the +MITE treatment (mean 0.54) than the -MITE (mean 0.10), but were un-affected by 

variety, soil inoculant or any higher order interaction in either year. 

SPAD measurements were not influenced by mite treatment (P= 0.54), soil inoculant 

treatment (P= 0.97) or sampling date (P= 0.15). However there was a variety (P= <0.0001) and 

variety x mite (P= 0.04) treatment effect (Figure 4.2), with Sweet Charlie having higher SPAD 
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measurements on average under the +MITE treatment than the -MITE treatment (Figure 4.2). In 

YR 1 SPAD values did not correlate with measurements of CMD (P= 0.43), for this reason 

SPAD measurements were discontinued in YR 2.  

Due to no significant treatment effects for roots and above-ground biomass, these two 

variables were summed to create the variable “whole plant biomass”.  Variety and soil inoculant 

were significant for the calculation of whole plant biomass in YR 1 and mite treatment was 

significant in YR 2. A mite x soil inoculant effect was the highest order interaction significant 

for total plant biomass in both years.  In YR 1, ‘Albion’ averaged the lowest plant dry weight 

biomass and between years overall plant biomass was bigger in YR 2 (P <0.05) (Figure 4.3). 

Final plant biomass was affected by an mite x soil inoculant interaction in both YR 1 (P= 0.03) 

and YR 2 (P= 0.03). In YR 1, no soil inoculant treatment was different from its steam sterilized 

control within the +MITE for whole plant final biomass (Figure 4.4). However, the two live 

treatments were different, with lower total biomass in the AMF+VERM treatment relative to the 

live vermicompost in both ACARO treatments in YR 1. Within the -MITE treatment 

AMF+VERM had lower total biomass than sterilized AMF+VERM and live vermicompost had 

higher final biomass than the steam sterilized vermicompost.  In comparing the same soil 

inoculant treatment between the mite treatments in YR 1final biomass averages in the sterilized 

AMF+VERM were lower in the +MITE treatment as compared to the –MITE, but were not 

different for any of the other soil inoculant treatments between the two mites treatments (Figure 

4.4). In YR 2, within the +MITE treatment live vermicompost had lower final biomass than the 

steam sterilized vermicompost, whereas within the -MITE no treatments were significantly 

different. However, in YR 2 all treatments except the steam sterilized vermicompost had lower 

final biomass in the +MITE treatment relative to the -MITE.  
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Mite x soil inoculant treatment was the highest order significant (P <0.05) effect for the 

calculation of percent AMF colonization in both years, variety x soil inoculant was additionally 

significant in YR 1 (Table 4.2). Simple effects involved in the higher order interactions were 

additionally significant, but only the highest order interaction will be discussed. Soil inoculant 

treatment had a significant effect (P=<0.0001) on percent AMF colonization in both years, where 

AMF colonization was successfully established in the AMF+VERM and no AMF colonization 

was found in any of the other treatments across all varieties. Percent colonization across all 

AMF+VERM pots was reduced in YR 2 relative to YR 1 (P=0.0001).  In YR 1 Sweet Charlie 

had higher percent colonization than Albion and Chandler varieties (Table 4.2).  The +MITE 

treatment resulted in reduced percent AMF colonization across all varieties in both years (Table 

4.2).  In YR 1 percent AMF colonization was negatively correlated to final plant biomass 

weights (Table 4.2). 

In YR 1 the +MITE treatment resulted in higher plant tissue nitrogen (N) and lower plant 

tissue potassium (K) than the -MITE, while the variety Albion had the highest N content (Table 

4.3). In YR 2 the +MITE treatment averaged lower plant tissue P and K content than the –MITE. 

In YR 2 ‘Albion’ had the lowest N content and Sweet Charlie had the highest P and K content. In 

YR 1 soil inoculant did not have an effect on the three main plant tissue nutrients evaluated.  soil 

inoculant did influence plant tissue N content with the steam sterilized vermicompost averaging 

lower N content relative to vermicompost in YR 2. No higher order interactions of soil inoculant 

with mite or variety were present for measures of plant tissue nutrients in either year.  Nitrogen 

was negatively correlated to final plant biomass, and positively correlated to CMD and SPAD 

measurements in YR 1 (Table 4.4), while P and K were both negatively correlated to SPAD 
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measurements (Table 4.4). In YR 2, P and K were positively correlated to final biomass and 

negatively correlated to CMD.  

Discussion 

Simultaneous top-down and bottom-up interactions between soil microbial inoculants and 

two-spotted spider mites (T. urticae) in the strawberry plant canopy were demonstrated in this 

study. T. urticae populations were shown to have a consistent top-down effect on reducing 

percent arbuscular mycorrhizal colonization across all strawberry varieties studied.  The bottom 

up effect of the live soil microbial inoculant combination was shown to average lower two-

spotted spider mite day accumulation per unit leaf area for the variety Albion under low mite 

populations and high-plant stress, while the combination averaged higher mite populations per 

unit leaf area for Sweet Charlie at higher mite populations and reduced plant stress. Our study 

thus indicates that soil microbes can have variety specific effects on enhancing plant resistance 

and that variation may be due to soil microbial population rates and climatic conditions. 

A review by Gehring and Whitham (1994) showed that across the plant species analyzed 68% of 

studies demonstrated a reduction to AMF colonization rates following arthropod herbivory. More 

recent meta-analysis work suggests reductions to percent colonization following leaf damage are 

not wide-spread and occur only in specific systems (Barto and Rillig, 2010); though other studies 

continue to find reductions do occur (Barber et al., 2012). I am not aware of studies 

demonstrating this effect in the strawberry and two-spotted spider mite complex however. 

Reductions in root colonization by AMF may represent an interspecific competition for the 

plant’s resources, particularly following reductions to photosynthates resulting from herbivory 

(Klironomos et al. 2004).  Our assessments of chlorophyll concentrations do not directly confirm 
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that reductions in photosynthesis occurred due to mite feeding as SPAD measurements were only 

affected by mite treatment for the variety Sweet Charlie and were increased under mite feeding.   

Reductions to AMF colonization by mite feeding could be of importance if bottom-up benefits 

from AMF root colonization related to mitigating plant stress correspond to rates of AMF 

colonization. Our observations on the direction of the effect of the combined live soil inoculant 

on mites appeared to vary with rates of AMF colonization, which served as our proxy of how the 

microbial populations differed between years, as I was not able to quantify differences in 

vermicompost contribution to microbial populations in either year.  

 Kemple et al. (2010) found that decreases in plant growth or herbivore performance were 

generally independent of rates of mycorrhizal colonization; however, other work has shown that 

leaf-feeding herbivores performed better or caused greater damage on plants with low rates of 

AMF colonization (Gange and West, 1994). This result matches our observations that at high 

rates of colonization AMF + vermicompost reduced mite population success on ‘Albion’, while 

at low rates it increased mite success on ‘Sweet Charlie’.  While low colonization rates in YR 2 

may be the result of low inoculum viability, these low rates do not preclude observations of 

mycorrhizal effect, as other studies found impact on herbivores at AMF colonization rates of 10-

15% (Gange 2001).  Percent AMF colonization and CMD counts were not correlated in either 

year. Thus, the observed effects seem to be independent of AMF colonization, and we can 

assume that the simple presence of AMF or its interaction with vermicompost are the reason for 

the observed effect of the AMF+VERM inoculation treatment as it impacted mites differently 

than when vermicompost was applied alone. A lack of information on what species from our 

mixed species inoculum colonized the roots in each year could help clarify our result, as 

mycorrhizal plant response to spider mite feeding can be influenced by the specific AMF species 
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or mixture. Nishida et al. (2010) demonstrated that Lotus japonicas colonized with the AMF 

species Gi. margarita and Ac. longula had fewer female T. urticae than plants colonized by Gl. 

etunicatum and Gl. intraradices. Alternatively, host-plant choice studies on bean found that 

several life history parameters for T. urticae like oviposition preference and time to development 

were improved by single species Glomus mosseae AMF root colonization (Hoffmann et al. 

2009). The interaction of AMF species and vermicompost on two-spotted spider mite population 

rates re likely important for the overall effect and warrant further evaluation. Explanations for 

the variability of the live soil microbes associated with AMF and vermicompost on reducing T. 

urticae population must be considered in the context of climatic conditions, inherent variety 

susceptibility and mite population densities. 

In the case of the bottom-up effect other studies have demonstrated that soil inoculants 

increase arthropod populations primarily through increases in plant biomass or nutrition (Pieterse 

and Dicke, 2007). Live vermicompost alone did lead to increased plant size, and leaf area or 

reduced damage relative to its control as has been demonstrated by other studies (Arancon et al 

2005; Bachmann 1998; Cavender et al. 2003) but this effect was not maintained when mites were 

present.  By contrast the AMF + vermicompost had lower plant biomass when mites were not 

present relative to live vermicompost alone, but it also did not experience a decline in biomass 

when mites were introduced. This may be a result of a microbial cost to plant biomass by live 

AMF or a cost of AMF inducing the plant to allocate more resources to plant defense.  Kempel et 

al. (2010) showed that AMF induced plant defense to herbivory for multiple plant species and 

hypothesized that increased resources were spent on defenses, resulting in no change in plant 

growth.  This theory is supported by our work as the live AMF + vermicompost inoculation 

combination in YR 1 did not experience a reduction in total biomass when mites were introduced 
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which demonstrates a microbial effect on mediating losses to plant biomass under mite pressure.  

In contrast, however at low AMF colonization rates in YR 2, when mites were present live 

vermicompost represented a cost to plant biomass, while AMF+ Vermicompost had the opposite 

result and had increased leaf area.  

Reductions in percent AMF colonization rates also did not translate into changes in 

nutrient uptake between mite treatments for the same inoculation treatment, thus any potential 

effects of soil microbes on plant growth are unclear. Borowicz (1997) found that AMF increased 

survival of Mexican bean beetle larvae due to increased plant nutrition. In our study AMF did 

not increase plant tissue phosphorus uptake in either year as has been widely demonstrated 

(Linderman 1988). Because of the correction for leaf area and no observed difference in plant 

nutrition between live treatments and their controls for the nutrients analyzed we know that the 

observed differences in accumulated mite populations are not due to changes in plant size or 

nutrient content but to effects of the soil microbes on some other chemical or physical change 

outside those studied  

The variety Albion had the highest plant tissue N in YR 1 while at the same time N was 

positively correlated to CMD calculations, which may have influenced its support of higher mite 

numbers (Rodriguez et al., 1970).  Lower mite population rates were correlated to higher P and 

K in YR 2 when these nutrients were negatively correlated to CMD and where at their highest 

concentrations in Sweet Charlie.  Furthermore, temperature differences between the two years 

may have had some influence on both plant stress and mite development rates. Optimum 

development for T. urticae has been identified at 30° C, and development drops off rapidly at 

temperatures above that (Bounfour and  Tanigoshi, 2001). Average daily high temperatures for 

YR 1 were above 30° C, and many single day high temperatures reached 35° C during the 
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experimental period, which likely halted mite development and resulted in the low mite numbers 

observed in this year of the study. During YR 1 a reduction in plant biomass and leaf area across 

all varieties compared to YR 2 demonstrate greater plant stress. Specifically smaller final 

biomass relative to the other varieties for the day-neutral variety Albion only in YR 1 confirm 

that this variety experienced greater plant stress and may be related to it supporting higher CMD 

populations. Previous work has recognized day-neutral cultivars of strawberry like Albion are 

more susceptible to T. urticae damage (Strand 2008). Whereas the short-day variety Sweet 

Charlie supported lower mite populations in YR 2 under conditions that better mimic the field 

conditions of when spider mites first arrive in strawberry fields in the Southeastern U.S. 

Furthermore this variety experienced increases in chlorophyll under the mite treatment which has 

been suggested in other studies (Strauss and Agrawal, 1999) that increases in photosynthetic 

activity may be due to plant compensation in response to insect damages.   Increases in 

chlorophyll under mite stress in Sweet Charlie may point to why it has more resistance to mite 

populations as it is better able to compensate for mite feeding than other varieties. Previous work 

has shown Sweet Charlie to be less susceptible to mites than other varieties (Afifi et al., 2010). 

Inherent varietal differences in mite susceptibility and nutrient contents likely influenced our 

results, while a lack of proper chilling of transplants to increase vigor against mites (Strand 

2008) may have further influenced our observations of varietal susceptibility. 

 It is of interest that the combination of AMF + Vermicompost was only seen to increase 

the resistance of the most mite susceptible variety under the conditions of high plant stress and 

low mite populations. While the same combination increased mite populations on the variety that 

demonstrated the lowest susceptibility. Future investigations should assess how inherent varietal 

susceptibility influences the cost-benefit of association with AMF and vermicompost additions in 
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regards to increases in plant resistance compounds at variable rates of AMF colonization, 

temperature, and plant stress. Further while varieties varied in their support of mite populations 

this was not related to visual assessments of damage which did not vary across variety.  

No correlation of SPAD and mite day accumulation was found and thus SPAD 

measurements were not found to be a reliable measure of mite populations or of damage from 

feeding based on losses to chlorophyll. A lack of differences in SPAD measurement may in part 

be due to low mite populations in this year that did not reach thresholds needed for damage to be 

distinguishable for all varieties, as other studies found reduced photosynthesis at mite density’s 

starting at 50 adults in strawberry (Klamkowski et al., 2006).  However, spider mite feeding at 

any infestation level was not found to reduce chlorophyll contents (Sances et al., 1979) and 

reductions may have been hard to detect as SPAD measurements were taken on the upper side of 

the leaf closest to where most of the chlorophyll is concentrated while spider mite feeding occurs 

on the lower leaf surface (Sances et al., 1979). Further SPAD measurements varied considerably 

between replicate samples for the same leaflet and thus are not a precise enough measure to 

detect changes in leaf color as a result of mite feeding. 

Our study was limited to evaluating the interactions of two-spotted spider mites with soil 

microbial inoculants over 5-6 weeks after strawberry plug establishment and not these 

interactions over an entire season under field conditions, nor the impacts on fruit yields. Despite 

this we were able to demonstrate that a small amount of AMF and vermicompost inoculum 

added to plants at the propagation stage could impact the population growth rates of T. urticae 

and mediate reductions to plant biomass as much as 12 weeks later, all while T. urticae reduced 

soil dwelling AMF colonization rates. This is an interesting example of the variability of the 

effect soil microbes can have on arthropod pests in the plant canopy under varying conditions. 
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These results warrant further evaluation in field settings as a potential integrated pest 

management (IPM) tool for ‘Albion’ plants, however, as much of commercial strawberry 

production is conducted on fumigated land and these plants were not mycorrhizal (Gliessman et 

al., 1989; McWhirt un-published data) field application may be limited.  
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Table 4.1. Mean motile Tetranychus urticae populations and leaf area for the mite, variety, soil 

inoculant and interaction of inoculant by variety over two years of replication. Different letters 

indicate differences at P<0.05 for within the same main effect and year. NS= not significant at 

P<0.05. 

 

  

 

Mite

- MITE 0.3 b 0.5 b     2,805.3 a     6,429.4 a

+ MITE 14.5 a 46.9 a     2,506.3 b     5,815.7 b

P value <.0001 <.0001 <.0001 0.007

Variety

Albion 9.8 a 28.2 a     2,061.6 b     4,965.4 b

Chandlar 6.0 b 32.4 a     3,164.0 a     6,889.9 a

Sweet Charlie 6.2 b 15.0 b     2,741.7 a     6,513.6 a

P value 0.003 0.003 <.0001 <.0001

Soil Inoculant

AMF+Verm 7.9 24.4     2,718.5 a     6,263.9 

Sterilized AMF+Verm 5.7 24.4     2,667.0 a     5,704.5 

Vermicompost 7.8 21.9     2,790.5 a     6,123.2 

Sterilized Vermicompost 8.1 28.6     2,447.1 b     6,524.3 

P value 0.31 0.71 0.004 0.15

Sweet Charlie

AMF+Verm     6,934.6 a

Sterilized AMF+Verm     5,381.7 b

Vermicompost 7,036.2    a

Sterilized Vermicompost     6,681.4 a

P value NS NS NS 0.0078

Motiles per leaflet

Mean Mite Populations Mean Leaf Area

Year 1 Year 2 Year 1 Year 2 

mm
2

Variety x Soil Inoculant



 

 

118 

Table 4.2.  Mean percent arbuscular mycorrhizal fungi (AMF) colonization of three 

strawberry varieties and two mite (Tetranychus urticae) treatments inoculated with live AMF 

inoculum and vermicompost.  

 

 

 

% %

Variety x Soil Inoculant

AMF+VERM

Albion 32.2 b 6.5

Chandlar 36.2 b 10.8

Sweet Charlie 50.2 a 10.2

P value <.0002 0.06

AMF+VERM

- MITE 44.9 a 11.1 a

+ MITE 34.2 b 7.2 b

P value <.0002 0.0015

YR 1 YR 2

Mite x Soil Inoculant
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Table 4.3. Mean final plant tissue nutrient content for mite, variety and inoculant treatments in strawberry across two years. 

 

 

 

N P K N P K

Treatment % % % % % %

Mite

- MITE 1.37 b 0.30 2.34 a 3.01 0.67 a 2.57 a

+ MITE 1.52 a 0.22 1.64 b 2.92 0.51 b 2.35 b

P value 0.02 0.17 0.02 0.22 <.0001 0.004

Variety

Albion 1.6 a 0.25 2.01 2.71 b 0.58 b 2.39 b

Chandlar 1.3 b 0.32 2.14 3.07 a 0.55 b 2.32 b

Sweet Charlie 1.4 b 0.22 1.80 3.12 a 0.66 a 2.66 a

P value 0.0018 0.26 0.60 0.0002 0.008 0.002

Soil Inoculant

Live AMF+Verm 1.45 0.37 2.52 2.83 b 0.57 2.51

Sterilized AMF+Verm 1.37 0.23 1.82 2.90 b 0.59 2.35

Vermicompost 1.43 0.23 1.80 2.98 ab 0.61 2.53

Sterilized Vermicompost 1.55 0.22 1.79 3.14 a 0.61 2.43

P value 0.19 0.12 0.19 0.03 0.68 0.24

Yr 2Yr 1
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Table 4.4. Pearson product correlation coefficients for final strawberry plant biomass, 

calculations of cumulative mite days per unit leaf area (CMD) and SPAD as they relate to 

final measures of percent arbuscular mycorrhizal fungi (AMF) root colonization and the plant 

tissue nutrients nitrogen (N), phosphorus (P) and potassium (K) over two years.  

 

 

 

 

Final 

Biomass CMD SPAD

YR 1 % AMF -0.18 -0.07 0.01

0.05 0.5 0.9

N -0.55 0.45 0.47

<.0001 0.0001 0.001

P -0.06 0.12 -0.46

0.6 0.3 0.001

K -0.07 -0.03 -0.45

0.6 0.8 0.001

YR 2 % AMF 0.08 0.03 .

0.4 0.8 .

N 0.37 -0.27 .

0.09 0.22 .

P 0.60 -0.74 .

0.004 <.0001 .

K 0.43 -0.60 .

0.04 0.003 .

Pearson Correlation Coefficients

Prob > |r| under H0: Rho=0
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Figure 4.1. Mean cumulative Tetranychus urticae mite-days per unit leaf area of three 

strawberry varieties over the sampling period for different soil inoculant treatments under 

mite pressure (+MITE). Letters indicate differences at P<0.05 for within the same variety 

and year.
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Figure 4.2. Average SPAD values over the sampling period for three strawberry varieties in 

both the presence and absence of Tetranychus urticae in Year 1. Letters indicate differences 

at P<0.05 across all varities and mite treatments. 
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Figure 4.3.  Mean total dry weight plant biomass at termination of the experiment for three 

strawberry varities in years 1 and 2 of replicated experiements. Letters indicate differences at 

P<0.05 for all varities across both years.  
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Figure 4.4. Mean total dry weight biomass per plant at termination of the experiment for 

strawberry plants inoculated with various soil microbial treatments, and with Tetranychus 

urticae present (+MITE) and absent (-MITE) over two years. Letters indicate differences at 

P<0.05 across mite treatment within the same year. 
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V. Conclusions 
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The overarching finding of this research is that soil management practices, including 

cover crops, compost and beneficial soil microbial inoculum, can impact nearly all aspects of the 

strawberry production system including yields, fruit quality, soil health and arthropod 

populations. Additionally, our results demonstrate the need for specific recommendations 

regarding the use of the evaluated sustainable soil management practices based on grower’s use 

of soil fumigation, as potential benefits of soil management practices were shown to vary 

depending on soil fumigation practice. 

Additionally, fumigation was not shown to positively impact yields in both years to the 

strong degree that might be expected, but did have negative effects on other aspects of the 

production system that in both the short- and long-term could be of concern. Short-term impacts 

of fumigation included reductions in fruit flavor measures, increases in two-spotted spider mite 

populations and reductions in specific genera of pollinator populations. The negative impact of 

fumigation on strawberry fruit flavor measures may be particularly important for Southeastern 

growers who rely heavily on direct marketing. Potential fumigation-driven increases in spider 

mite populations may lead to higher input costs to control; whereas, reduction of pollinator 

visitations could result in reduced fruit set. On the other hand reductions to AMF colonization 

rates, PLFA microbial biomass and physical measures of soil aggregation (MWD) in fumigated 

plots relative to the non-fumigated counterparts could have long-term implications on soil 

functioning and resistance to erosion which could reduce plant productivity and  overall 

sustainability. Further as our greenhouse study revealed, there are links between below-ground 

soil microbial inocula and above-ground arthropod pests that in some cases prove beneficial in 

suppressing pest populations. These interactions warrant further evaluation for their potential use 

in integrated pest management (IPM) programs. While generalized use of these live inoculants 
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for pest control may be difficult, as I observed variety-specific interactions of soil microbes on T. 

urticae in both years of our greenhouse study, the consistent effect of T. urticae on reducing 

AMF percent colonization rates does demonstrate the ability of bottom-down effects on soil 

microbes by arthropods in the plant canopy.  

However, for the evaluation of yields, cover crops consistently led to higher strawberry 

yields in the fumigated system as compared to the non-fumigated system. This result seemed to 

be related to changes in nitrogen availability to strawberry plants from the cover crop in the 

fumigated plot, and may be related to shifts in nitrogen release rates from the cover crop biomass 

following soil fumigation. This hypothesis warrants further evaluation because if cover crops 

indeed provide a better synchronization of nitrogen release relative to strawberry demand under 

fumigation, this represents an alternative, practice conventional growers could use to increase 

berry yields and mitigate the reductions of soil microbial populations due to fumigation, as 

shown by our results to PLFA total biomass.  

In the case of soil health all of the evaluated practices mitigated reductions to soil 

microbial biomass under the fumigated system, but no practice could re-establish PLFA 

microbial biomass in this system to the same levels as observed in the non-fumigated system.  

Most notably the plug inoculation technique was un-successful at re-establishing AMF into the 

fumigated system in both years. This unique finding of the inability of plug inoculation to 

overcome reductions to AMF root activity in fumigated production systems represents the strong 

effect of fumigation on reducing microbial activity of this important indicator of soil health in 

the short term. 

 Within the non-fumigated system plug inoculation was also not successful at increasing 

percent AMF colonization relative to non-inoculated treatments due to active AMF populations 
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native in the experimental field site. However, plug inoculation was the highest yielding 

treatment in year 1 and this technique warrants further evaluation as a method to increase yields 

for growers who don’t fumigate. The specific effect of the plug inoculants on yields should be 

evaluated to determine if it is a result of the effect of the vermicompost, or an interaction 

between vermicompost and AMF inoculants.  

In other cases soil management practices impacted response variables regardless of 

fumigation treatment and these practices represent useful tools for both growers who do and do 

not rely on soil fumigation. For instance summer cover crops reduced summer weed biomass and 

the addition of compost just prior to seeding the cover crop resulted in even lower summer weed 

biomass. Further the combination of compost and cover crops supplied sufficient pre-plant 

nitrogen, and some phosphorus and potassium in both years, which demonstrates a dual benefit 

for the use of these practices.  

While the results from this study indicate the range of changes that can occur within 

strawberry production systems when different systems of soil management are implemented over 

two-years (summarized in Appendix F), there is an on-going need for long-term studies. 

Assessments of the economics associated with soil fumigation in regards to the actual input cost 

of fumigation and it’s impacts on soil health that may ultimately reduce soil functioning and 

result in changes to yield returns over a long-time scale, may help provide better understanding 

of both the environmental and economic impacts of soil fumigation.  

 

As a part of this research extensive grower outreach activities were conducted and several 

educational materials were produced, most of which are listed in appendices D and E. 
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Appendix A.  

Mean strawberry plant tissue nutrient content for averaged over 5 spring collection dates in years 1 and 2. Letters indicate differences 

at P <0.05 within the same the same response variable, effect and year combination. 

N NO
3
 N P K Ca Mg S Fe Mn Zn Cu B Na N:S N:K Fe:Mn

% ppm % % % % % ppm ppm ppm ppm ppm %

Management Practice

All 2.79 1,385  0.38 1.38 a 1.21 ab 0.30 d 0.183 86.51 126.82 b 30.78 b 5.96 34.02 0.01 15.20 a 2.08 c 0.86 ab

Compost + Cover Crop 2.72 1,495  0.38 1.34 a 1.24 a 0.34 c 0.183 87.34 142.02 b 29.02 b 5.86 33.83 0.01 14.88 a 2.07 c 0.89 a

Cover Crop 2.78 1,397  0.39 1.28 b 1.10 c 0.37 b 0.182 84.97 186.79 a 32.49 a 5.97 33.69 0.01 15.29 a 2.21 b 0.72 bc

Compost 2.71 1,428  0.38 1.30 a 1.26 a 0.32 c 0.182 87.87 137.90 b 29.04 b 5.94 33.73 0.01 14.90 a 2.12 c 0.84 ab

Plug Inoculation 2.84 1,705  0.38 1.11 d 1.13 bc 0.41 a 0.185 87.82 249.30 a 35.88 a 5.85 34.43 0.01 15.32 a 2.61 a 0.65 c

Control 2.74 1,569  0.39 1.20 c 1.16 bc 0.38 b 0.187 90.07 211.56 a 33.16 a 5.86 33.70 0.01 14.68 b 2.30 b 0.65 c

P- value 0.1449 0.1381 0.8819 <.0001 0.0024 <.0001 0.6434 0.7049 0.0041 0.0269 0.9185 0.9025 0.3308 0.0265 <.0001 0.0195

Fumigation

Fumigated 2.85 a 1,604  a 0.39 a 1.29 1.19 0.35 0.189 a 92.74 a 258.62 35.68 a 6.21 a 33.65 0.01 15.10 2.26 0.43 b

Non-fumigated 2.68 b 1,389  b 0.38 b 1.25 1.17 0.35 0.178 b 82.12 b 92.84 27.78 b 5.61 b 34.15 0.01 14.99 2.21 1.10 a

P- value 0.0023 0.0256 0.0466 0.1757 0.4729 0.9336 0.0028 0.0066 0.0001 0.0038 0.0019 0.4083 0.6075 0.5667 0.2537 0.0007

Interaction

P- value 0.1456 0.1072 <.0001 0.4547 0.2487 0.0377 0.0133 0.8700 0.0002 0.1775 0.3047 0.0651 0.6075 0.2454 0.2935 0.0357

N NO
3
 N P K Ca Mg S Fe Mn Zn Cu B Na N:S N:K Fe:Mn

% ppm % % % % % ppm ppm ppm ppm ppm %

Management Practice
All 2.89   2,351 0.41 1.59 1.11 a 0.30 c 0.182 62.36 51.29 b 21.23 4.92 30.02 0.00 15.99 1.83 1.33 a

Compost + Cover Crop 2.79   1,968 0.41 1.53 1.09 a 0.31 b 0.178 63.41 66.00 b 19.09 4.82 30.43 0.00 15.91 1.83 1.10 a

Cover Crop 2.78   2,166 0.44 1.57 0.97 b 0.34 a 0.179 61.53 120.69 a 31.54 4.75 30.66 0.00 15.57 1.77 0.75 b

Compost 2.80   2,103 0.41 1.57 1.09 a 0.30 b 0.178 59.43 51.71 b 19.94 5.13 29.28 0.00 15.80 1.78 1.28 a

Plug Inoculation 2.78   2,106 0.42 1.55 0.97 b 0.34 a 0.180 60.76 126.10 a 31.20 4.69 30.02 0.00 15.56 1.79 0.67 b

Control 2.75   2,018 0.44 1.59 1.01 b 0.33 a 0.180 63.05 103.80 a 28.57 4.81 30.22 0.00 15.34 1.74 0.76 b

P- value 0.3822 0.6785 0.0513 0.3519 0.0002 <.0001 0.8768 0.6854 <.0001 <.0001 0.0828 0.2665 0.9613 0.3235 0.2700 0.0001

Fumigation

Fumigated 2.86 a 2,163  0.41 1.57 1.08 a 0.32 0.183 a 64.08 119.16 a 29.90 a 5.10 a 29.79 0.00 15.71 1.82 a 0.74 b

Non-fumigated 2.74 b 2,075  0.43 1.56 1.00 b 0.31 0.176 b 59.45 54.02 b 20.62 b 4.61 b 30.42 0.00 15.68 1.76 b 1.22 a

P- value 0.0002 0.2775 0.2130 0.5140 0.0206 0.0944 0.0132 0.1739 0.0010 0.0125 0.0066 0.1157 0.3958 0.8161 0.0474 0.0002

Interaction

P- value 0.1773 0.0031 0.0031 0.0020 0.3738 0.0021 0.3812 0.1972 <.0001 <.0001 0.1176 0.0073 0.0501 0.7658 0.4584 0.0550

p-values significant at 0.05 are in bold

Year 1

Year 2
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Appendix B.  

Interaction effect of fumigation system and soil management practices on the measure of calyx 

shrivel (rating value, 1-3) and titratable acidity (TA) in YR 2. 

  

      
Calyx 

Shrivel  
  TA    

Interaction        % citric acid   

  ALL 

NON-

FUM 1.3 a 0.7563 b 

    FUM 1.0 abc 0.7608 b 

              

  COMCOV 

NON-

FUM 0.7 c 0.7537 b 

    FUM 1.2 ab 0.7557 b 

              

  COV 

NON-

FUM 1.3 a 0.758 b 

    FUM 0.8 bc 0.7351 b 

              

  COM 

NON-

FUM 1.0 abc 0.7155 b 

    FUM 1.3 ab 0.8298 a 

              

  INOC 

NON-

FUM 1.2 abc 0.7124 b 

    FUM 0.9 abc 0.7653 b 

              

  CNTRL 

NON-

FUM 1.1 abc 0.738 b 

    FUM 1.1 abc 0.7838 ab 

  P- value   0.02   0.01   

              
z 
letters indicate differences at P<0.05 within each response variable 

column. Significant differences between the two fumigated (FUM) and 

non-fumigated (NON-FUM) systems for the same soil management 

practice compared are in bold.  
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Appendix C.  

Cowpea, pearl millet cover crop biomass and summer weed biomass from main plot and sub plot 

treatments averaged over the two summer (2013 and 2014) seasons as there was no interaction 

with year for any treatment effect.  

      Cowpea   Pearl Millet   Weeds   

      g/ m
2
    g/ m

2
    g/ m

2
    

Fumigation Treatment                     

  Fumigated   160.35     105.28     74.01     

  NOT   168.22     88.93     64.26     

  P value   0.6774     0.5499     0.5021     

Soil Management Treatment                

  Control   0.00     0.00     121.61 A   

  Cover Crop   164.00     80.79     39.78 B   

  Compost   0.00     0.00     130.45 A   

  Cover crop + Compost   166.43     104.09     1.47 B   

  Plug Inoculation   0.00     0.00     118.43 A   

  ALL   162.41     106.44     5.27 B   

  P value   0.9818     0.6820     <.0001     

Interaction                     

  P value   0.5888     0.7448     0.9877     
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Appendix D. 

Links to Extension Resources 

 

Social Media 

- https://www.facebook.com/SustainableSoilManagementforStrawberries?ref=hl 

- https://www.youtube.com/channel/UCvmh6sEnJIiAGCcXY4sK3Sg 

Enterprise Budgets and Webinar 

 “2015 SE Strawberry Enterprise Budgets Tutorial”, May 2015. 

https://www.youtube.com/watch?v=BWq9vUtC60I 

 Links to conventional, compost and organic enterprise budgets 

https://strawberries.ces.ncsu.edu/2015/03/conventional-organic-and-compost-based-

strawberry-production-budgets-updated-march-2015/ 

Educational Videos 

 “The Use of Beneficial Inoculants for Strawberry Tip Production.” Fall 2013. 

http://strawberries.ces.ncsu.edu/2014/02/video-the-use-of-beneficial-soil-inoculants-for-

strawberry-tip-production/ 

  “Recorded Webinar: Incorporating Sustainable Practices into Plasticulture 

Strawberry Production” 

https://www.youtube.com/watch?v=-sK_zIsKFgE 

 

  “Views from the Field.”   May 2015. 

- Russ Vollmer, https://www.youtube.com/watch?v=lpqXkh_Nn7g&feature=youtu.be 

- JR Odom,  https://www.youtube.com/watch?v=FKDo036ykkk&feature=youtu.be 

- Karma Lee, https://www.youtube.com/watch?v=zsZ7Gq_MKgI&feature=youtu.be 

 

On-Farm Evaluation of Sustainable Soil Management Practices for NC Strawberry 

Production 

- https://strawberries.ces.ncsu.edu/2015/08/on-farm-evaluation-of-sustainable-soil-

management-practices-for-nc-strawberry-production/ 

 

Research in the Press 

- NCSU Technician , http://www.technicianonline.com/features/article_4640c4d8-f759-

11e3-a637-001a4bcf6878.html#.U6Qcnzcl0MI.facebook 

- Southeast Farm Press , http://southeastfarmpress.com/orchard-crops/research-looks-

keep-north-carolina-strawberries-sustainable-competitive 

- News and Observer, Raleigh, NC, 

http://www.newsobserver.com/2014/07/28/4035902/ncsu-researchers-look-at-ways.html 

- My Dig Magazine, 

http://mydigimag.rrd.com/publication/index.php?i=209781&m=&l=&p=12&pre= 

- American Farm, http://www.americanfarm.com/publications/the-new-jersey-

farmer/archives/1675-strawberry-research-in-n-carolina-may-benefit-nj-growers 
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Appendix E. 

Citations and Links to Publications 

Rysin, O., McWhirt, A.,  Fernandez, G., Louws, F.J., and Schroeder-Moreno, M. 2015. 

Economic Viability and Environmental Impact Assessment of Three Different 

Strawberry Production Systems in the Southeastern United States. Hort Tech. 25(4): 

585-594. 

McWhirt, A., Fernandez, G. and Schroeder-Moreno, M. 2014 “Sustainable Practices for 

Plasticulture Strawberry Production in the Southeast” Extension Publication. 

(http://content.ces.ncsu.edu/sustainable-practices-for-plasticulture-strawberry-

production-in-the-southeast/) 
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Appendix F. 

Results summary table for 2 year (2013-2015) strawberry field study conducted at the Center for Environmental Farming Systems 

(CEFS).

 
 


