
ABSTRACT 

BECK, JOHN EVAN. Integrating Compost, Cover Crops, Mycorrhizal Fungi, and 

Vermicompost as Sustainable Management Practices for Strawberry Production in the 

Southeastern United States. (Under the direction of Dr. Michelle Schroeder-Moreno). 

 

North Carolina strawberry growers maintain a high level of production, ranking 3
rd

 

nationally in fresh market strawberry production. The warm climate and high humidity, 

combined with the common practice of re-planting in the same location, has led to 

challenging soilborne pathogen and weed problems in NC and the Southeastern US. With the 

current restrictions and impending removal of methyl bromide fumigation as the primary pest 

management tool, strawberry growers need integrated pest and soil management strategies 

that serve as sustainable alternatives to fumigation. A two-year field experiment was 

conducted to examine the integrated effects of compost applications to summer cover crops 

and strawberry plants inoculated with arbuscular mycorrhizal fungi (AMF) and 

vermicompost on organic strawberry growth, yield, weed pressure, and soil nitrogen levels. 

Composts were applied before cover crop treatments consisting of pearl millet, soybean, 

cowpea, pearl millet/soybean, and pearl millet/cowpea. A control without composts and 

cover crops was also included. Beneficial inoculant treatments consisted of either the 

background native AMF species present in the field or AMF in combination with 

vermicompost added at planting. Compost/cover crop and beneficial inoculant treatments 

were assessed for their impact on strawberry growth and yield, weed abundance, AMF 

colonization and inorganic soil N levels. While cover crop treatments did not increase 

strawberry yields, they were similar to the control treatment in both years. The AMF and 

vermicompost combination treatment significantly improved strawberry biomass, total and 

marketable fruit yield, and soil N content, but not AMF colonization. While all cover crops 



reduced summer annual weed biomass in 2009, this benefit did not carry into the strawberry 

season, where weed abundance was lowest in no cover crop plots. The amount of total 

inorganic N supplied by compost and cover crops to subsequent strawberry plantings appears 

to serve as a replacement to adding supplemental fertilizers in organic production systems. 

This research suggests the recommended N fertilizer rates for the Southeastern US may 

exceed the requirements for strawberries when using cover crops and organic amendments.  

To evaluate if AMF or vermicompost had any effects on strawberry plants when 

parasitized by a pathogen, a second experiment was conducted to examine the effects of 

AMF and vermicompost on strawberry growth and disease incidence of strawberry roots 

when inoculated with Pythium irregulare. This study was carried out in controlled growth 

chambers in the Phytotron facility at North Carolina State University. P. irregulare is 

common in strawberry fields throughout the Southeastern US, often resulting in root death, 

poor growth, and yield reductions. Micropropagated strawberry plants were inoculated with 

either a live soil inoculant treatment: AMF mixed inoculum, vermicompost, or a combination 

of AMF and vermicompost; or sterilized AMF inoculum and/or no vermicompost. Pre-

inoculated plants were grown on misting benches and then transplanted to six-inch pots and 

inoculated with P. irregulare inoculated rye grains or sterilized rye grains. Each soil 

inoculant/pathogen treatment combination was assessed for impact on plant biomass 

responses (root, crown, and stem and leaf dry weight, and leaf area), P. irregulare lesion 

incidence, and AMF colonization of roots. Poor drainage in pots resulted in waterlogged 

conditions and root necrosis across treatments. The AMF and vermicompost pre-inoculant 

treatment with P. irregulare produced greater total plant and root dry weights and greater 

leaf area than any other treatment, even though lesion presence was greater than the control. 



Mycorrhizal colonization was not reduced due to lesion infection and neither mycorrhizal 

associations nor vermicompost presence appeared to restrict pathogen development in the 

root system. Results from this experiment suggest plant growth was improved under stressful 

abiotic conditions through enhanced nutrition due to the combination of AMF colonization 

and vermicompost, rather than through suppression of P. irregulare. 
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North Carolina ranks 3
rd

 nationally in fresh market strawberry production (NCDA 

Agricultural Statistics, 2010). Across the Southeastern United States (SEUS), strawberries 

are usually produced on small- to mid-sized family farms (Sydorovych et al., 2006) where 

the bulk of production is destined for the fresh market. The focus on direct sales and pick 

your own operations has resulted in strawberry production systems located in the same fields 

year after year (Poling, 1993). Moreover, the warm climate and high humidity conditions in 

the SEUS exacerbates soilborne pathogen and weed problems, especially when strawberry 

production is not rotated between fields. The combination of market forces, lack of rotation, 

and inherent pest pressures has resulted in strawberry production systems that depend on 

methyl bromide fumigation and other chemically-based measures to control pests in the 

SEUS. Furthermore, these chemical controls are not relevant to organic production. Both 

conventional and organic producers will benefit from research on sustainable soil and pest 

management strategies that improve the long-term viability of strawberry production 

systems.  

Methyl bromide fumigation has become the standard pest management strategy, yet it 

is currently being phased-out due to its effect on ozone depletion (United States 

Environmental Protection Agency, 2011). With the imminent removal of methyl bromide and 

the lack of effective substitutes (United States Environmental Protection Agency, 2009), 

strawberry producers are in need of sustainable, biologically-based soil and pest management 

practices with the potential to reduce pest pressures, while not decreasing yields. These 

strategies that focus on cultural practices, including addition of composts, cover crop 
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rotations, and conservation of soil micro-flora and -fauna that enhance soil health in 

strawberry production systems will benefit both organic and conventional growers.  

Integration of biologically-based management practices that enhance soil quality have 

the potential to provide a multitude of benefits, including increased fertility, weed and 

pathogen suppression, and may serve as alternatives to synthetic fertilizers and pesticides. 

Inclusion of summer cover crops with compost additions between strawberry plantings has 

the potential to reduce pest pressures and increase yields (Elmer and LaMondia, 1999; Raviv, 

2005; Sarrantonio, 2007). A variety of studies have demonstrated that inoculation with 

arbuscular mycorrhizal fungi (AMF) can enhance strawberry plant growth, yield, nutrient 

uptake, drought tolerance, and suppress some soilborne pathogens (Gianinazzi et al., 2010; 

Harrier and Watson, 2004). Several studies examining the use of commercially produced 

AMF inoculum have shown no yield benefit (Bull et al., 2005; Garland et al., 2011; Niemi 

and Vestberg, 1992), while other studies examining native and on-farm produced AMF 

inoculation have shown positive yield benefits (Douds et al., 2008; Sharma and Adholeya, 

2004). There is little research on practices that promote diversity and stability of native AMF 

populations in strawberry production. Additional studies on practices to maintain and 

conserve native AMF communities are needed.  

Inoculation with vermicompost also has been demonstrated to enhance strawberry 

growth and yield, and reduce physiological disorders in fruit and disease incidence (Arancon 

et al., 2004; Scheuerell et al., 2005; Singh et al., 2008). Vermicompost additions have been 

shown to increase microbial biomass and activity, as well as production of plant growth 

hormones and humic acids that have been associated with increased plant growth and 
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pathogen suppression (Arancon et al., 2004; Arancon et al., 2006). Studies on the effects of 

AMF and vermicompost on strawberries have concentrated on the individual effects of these 

inoculants. It is possible that integration of AMF and vermicompost may multiply their 

individual benefits to strawberries and result in synergistic effects. It is unlikely that a single 

biological amendment will compare with control afforded by methyl bromide. Integration of 

the alternatives presented here may improve strawberry performance in the field and serve as 

sustainable alternatives to fumigation for conventional and organic growers.  

The research in this thesis examines the effect of summer cover crops integrated with 

compost applications, and beneficial soil inoculants of AMF and vermicompost on 

strawberry plant growth and yield, as well as effects on inorganic nitrogen levels, weeds and 

pathogen pressures. The first chapter describes a field experiment conducted over two years 

(2009-11) at the Center for Environmental Farming Systems (CEFS) in Goldsboro, NC. In 

this study, I examined the integrated effects of compost and cover crops with beneficial soil 

inoculants—the background native AMF species present in the field and AMF with added 

vermicompost. Compost and cover crop treatments were assessed for above ground biomass, 

tissue nutrient content, and impact on weed abundance, inorganic NO3
-
 and NH4

+
 levels and 

subsequent strawberry plant growth and yield. Strawberry plants were destructively 

harvested at five key phenological points throughout the growing season and analyzed for 

dry weights of roots, crowns, stems and leaves, reproductive structures, leaf area, percent 

AMF colonization of roots, as well as total, marketable and cull (unmarketable) fruit yields. 

Additional data was collected on weed abundance and inorganic N levels within strawberry 

treatment plots. 
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 The second experiment was conducted in controlled growth chambers in the 

Phytotron facility at North Carolina State University (Raleigh, NC) between November 2010 

and March 2011. This experiment was intended to examine the effects of AMF and 

vermicompost used as pre-inoculants on plant growth and disease incidence of roots when 

inoculated with Pythium irregulare, a common soilborne strawberry pathogen. Disease-free 

micropropagated strawberry tips were obtained from the Micropropagation and Repository 

Unit at NCSU and inoculated with either a live soil inoculant treatment: AMF mixed 

inoculum, vermicompost, or a combination of AMF and vermicompost in growing media 

mixtures; or their corresponding controls: double stream-sterilized AMF and no 

vermicompost. Pre-inoculated strawberry plugs were grown on misting benches and then 

transplanted to six-inch pots and inoculated with P. irregulare or no pathogen. Each soil 

inoculant and pathogen treatment was replicated ten times for a total of 100 plants. Treatment 

combinations were assessed for their impact on plant biomass responses (root, crown, and 

stem and leaf dry weight, and leaf area), Pythium lesion incidence, and AMF colonization of 

roots.  
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Abstract 
 

Cultural practices – such as cover crop rotations, addition of compost, and beneficial 

soil inoculants – are often underutilized in strawberry production systems. With the 

impending removal of methyl bromide fumigation as the primary pest management tool, 

strawberry growers need integrated pest management practices that serve as sustainable 

alternatives to chemical inputs. The objective of this study was to examine the integrated 

effects of compost and cover crops with beneficial soil inoculants on organic strawberry 

plant growth, yield, weed pressure, and soil nitrogen levels. Compost and cover crop 

treatments consisted of 1) pearl millet [Pennisetum glaucumgenus (L.) cv. Tifleaf 3]; 2) 

soybean [Glycine max (L.) Merrill cv. Laredo], 3) Cowpea [Vigna unguiculata (L.) Walp. cv. 

Iron & Clay]; 4) pearl millet/soybean and 5) pearl millet/cowpea, and 6) a no cover crop 

control treatment without compost. Beneficial soil inoculant treatments consisted of the 

background native arbuscular mycorrhizal fungi (AMF) species present in the field and AMF 

with added vermicompost. Organic fertilizers were applied to meet the recommended rates 

for strawberry production in the Southeastern US. Compost/cover crop and inoculant 

treatments were assessed for their impact on plant growth and yield, weed abundance, AMF 

colonization and inorganic NO3
-
 and NH4

+
 levels. While cover crop treatments did not 

increase strawberry yields, they were similar to the control treatment both years. The 

integrated use of AMF and vermicompost improved strawberry biomass and yield, and soil N 

content, but not AMF colonization both years. Weed suppression by cover crops in the 

summer did not carry over into the strawberry season, where weed abundance was lowest in 

control plots. The amount of total N supplied through compost and cover crops in subsequent 
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strawberry seasons appears to equalize the effect of adding supplemental fertilizers in organic 

production systems. Results from our research suggest that recommended fertilizer 

application rates for the Southeastern US might exceed the nitrogen (N) requirements for 

strawberries when using cover crops and organic amendments.  

 

Introduction 
 

The strawberry (Fragaria X ananassa Duch.) is a valuable fruit with increasing 

marketability in the US. All trends indicate continued steady increase in acreage and value, 

as most of the production (>80% in 2005) is sold for the fresh market (Pollack and Perez, 

2008). In 2008, the total value for strawberries reached nearly $2 billion, approximately $1.5 

billion of which came from fresh market berries (Agricultural Statistics Board, 2008). Today, 

two of the top three fresh market strawberry-producing states (Florida and North Carolina) 

are in the Southeast (SE) (NCDA Agricultural Statistics, 2010).  

Most strawberry production in the Southeastern US occurs on small- to mid-size 

farms (Sydorovych et al., 2006), where growers commonly replant strawberries in the same 

location.  In 2007, 87% of strawberry farms in North Carolina harvested less than five acres 

(National Agricultural Statistics Service, 2007). The warm climate, poor soil fertility, and 

high pest pressures in the SE, however, present unique production challenges. Weeds and 

soilborne pathogens, especially root rot diseases and nematodes, frequently cause yield 

reductions in strawberries (Wing et al., 1995). Furthermore, these problems can become 

chronic when continually replanting in the same location. These production factors have led 

to reliance on pre-plant fumigation as a routine pest management strategy.   
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Methyl bromide fumigation, historically the standard approach to controlling 

soilborne pests in strawberries, is currently being phased out for its role in ozone depletion. 

Research into methyl bromide alternatives has not resulted in widespread acceptance of 

effective substitutes (United States Environmental Protection Agency, 2009). Therefore, a 

critical-use exception to the phase out of methyl bromide remains open for some strawberry 

growers in the SE (United States Environmental Protection Agency, 2011).  Mounting 

evidence suggests that the traditional methods of addressing these challenges—including 

fumigating and applying synthetic fertilizers—carry significant negative environmental 

consequences (Martin, 2003; Vitousek et al., 1997). Moreover, these chemical alternatives 

are not allowed in organic production. Both conventional and organic growers in the SE need 

integrated soil management practices that serve as sustainable alternatives to chemical inputs.  

Research into non-chemical, biologically based pest and fertility management 

alternatives for both conventional and organic strawberry growers is lacking. Soil 

management practices, such as cover crop rotations, addition of compost, and beneficial soil 

inoculants may be useful sustainable alternatives to chemical inputs. These cultural practices 

are underutilized in strawberry production systems, and, if used, are often employed 

individually. Integration of these soil management practices may lead to synergistic effects 

that improve the sustainability of the system and reduce the need for chemical inputs.   

Strategies for biologically based strawberry production must be economical, 

environmentally beneficial or benign, and provide multiple benefits to the agroecosystem. 

Cover crops are a common cultural practice that delivers numerous benefits, including 

increased N fertility (Fageria, 2007), retention of nutrients in the system (Creamer and 
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Baldwin, 2000; Muster and Trankle, 1997), reduced erosion and runoff (Dabney et al., 2001), 

improved soil physical properties (Dabney et al., 2001), and suppression of pest populations 

(Elmer and LaMondia, 1999), replant disorder (Seigies and Pritts, 2006) and weed control 

(Creamer and Baldwin, 2000). Cover crops are integral components in sustainable 

production, yet their utility and management must be investigated for particular production 

systems and environments. 

In the SE, growers repeatedly replant strawberries on the same site, leaving 

inadequate time for an intervening cash crop. Production fields are commonly left fallow 

over the summer. While inserting a summer cover crop in the intervening months between 

the final berry harvest in June and planting in October is feasible, this narrow window may 

not provide adequate time to maximize cover crop biomass production to affect positive yield 

benefits to strawberries (Garland et al., 2011). Garland et al. (2011) suggest this problem may 

be remediated by enhancing the seeding rate and additional pre-plant fertility to cover crops, 

such as compost, to maximize cover crop growth potential.  

Composts are commonly utilized as an economical fertility source for succeeding 

crops, but they offer many additional benefits. Compost can reduce wastes, improve soil 

physical properties, and suppress soilborne pathogens (Raviv, 2005). In strawberry 

production systems, composts are usually added prior to planting, not as a strategy to 

enhance growth of a preceding cover crop. Moving the compost application prior to cover 

crop planting may provide a dual benefit by enhancing cover crop growth and reducing risk 

to strawberries.   
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Enhancing cover crops with compost may also benefit strawberry agroecosystems by 

adding and recycling nutrients. Soluble nitrogen fertilizers are applied through drip irrigation 

lines in most strawberry systems, but in organic production these products are difficult to 

procure and have a greater cost per unit N than conventional fertilizers (Gaskell and Smith, 

2007). Maximizing the mineralizable N from organic materials may be a substitute for 

soluble N sources, whose high costs may deter growers aspiring to transition to organic 

production. As mineralized nitrogen from cover crop biomass will become available during 

the strawberry season, maximizing of cover crop biomass is vital for receiving the greatest 

nitrogen benefit in the succeeding crop, while reducing off-farm inputs.  

Though compost and cover crops are steps to improve the overall soil quality in 

strawberry agroecosystems, the addition of beneficial soil inoculants through arbuscular 

mycorrhizal  fungi (AMF) and vermicompost provides an opportunity to augment the soil 

microbial ecosystem with an array of beneficial organisms that are often eliminated through 

chemical fumigation (Koron, 2009; Werner et al., 1990) and even biofumigation practices 

(Owen et al., 2010). AMF provide numerous plant benefits including increased plant vigor, 

nutrient (especially P) uptake, drought tolerance, and disease resistance (Gianinazzi et al., 

2010). Several studies have shown no yield response to AMF inoculation (Niemi and 

Vestberg, 1992), or clear marketable yield benefit to commercially produced inoculants (Bull 

et al., 2005; Garland et al., 2011). Contrasting studies have found positive yield effects from 

AMF inoculation using native (Sharma and Adholeya, 2004) and on-farm produced inoculum 

(Douds et al., 2008). Additionally, inoculation with AMF has been shown to benefit 

strawberry plants by improving vegetative growth (Khanizadeh et al., 1995), increasing root 
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mass, and reducing damage caused by Phytophthora root rot (Norman et al., 1996). Practices 

that enhance the conservation of native AMF populations can be as beneficial as adding 

exotic inoculum (Oliveira et al., 2005; Quilambo et al., 2005).  

Vermicompost applications in strawberries can increase beneficial microbial 

populations, which enhance production of plant growth hormones (auxin, gibberellins and 

cytokinins) and humic acids. Several strawberry experiments have indicated that these 

hormones and acids may improve plant growth (leaf area, shoot biomass, number of flowers 

and runners) (Arancon et al., 2004) and yield (Arancon et al., 2004; Singh et al., 2008). 

Vermicompost applications are known to increase microbial biomass N (Arancon et al., 

2006a) and protect fruit marketability through reduction in physiological disorders and fruit 

disease (Botrytis rot) in strawberries (Singh et al., 2008).  

Well-designed cover crop rotations that increase soil organic matter content may 

improve the below-ground environment for enhanced functioning of AMF and the soil 

microbial community, augmented by vermicomposts. Research suggests that diversifying 

rotations with crop species that support AMF may enhance the indigenous AMF community 

and subsequent crop benefit (Gosling et al., 2006), though this is relatively unexplored in 

practice. Only one study has investigated integrating summer cover crops and mycorrhizal 

inoculation on strawberries (Garland et al., 2011). Although a yield benefit was not observed, 

the authors postulate that this was due to equal fertility applied to all treatments at 

recommended rates. No studies have investigated the combined effects of composts, cover 

crops, AM fungi, and vermicompost on strawberry yield.  
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Evaluating integrated approaches—including use of composts and cover crops, along 

with AM fungi and vermicompost applications—represent major advancements in 

developing sustainable soil and pest management systems for SE strawberry production. The 

primary objective of this 2-year field study was to examine the integrated effects of cover 

crops planted with compost applications, as well as inoculations with beneficial native AMF 

and vermicompost, on organic strawberry plant growth and fruit yield. Additional objectives 

included evaluation of cover crop and beneficial inoculants on weed pressure and soil 

nitrogen levels throughout the strawberry season.   

  

Materials and Methods 

Experimental Design 

A field experiment was conducted at the Center for Environmental Farming Systems 

(CEFS) in Goldsboro, North Carolina (35
o
22’14” N, 78

o
2’53” W) from June 2009 to June 

2011 in a field that had not previously been in strawberry production. For two years prior to 

the study, the site was managed in a conventional corn: soybean: oat rotation. The field 

experiment was a split plot randomized complete block design with six replications and two 

factors. The main plot factor was cover crop (six treatments) and beneficial soil inoculants 

(two treatments) were the sub-plot, split factor.  

The six cover crop treatments consisted of one grass grown alone: 1) pearl millet 

(PM) [Pennisetum glaucumgenus (L.) cv. Tifleaf 3; Kaufman Seed Company, Ashdown, 

AR]; two legumes grown alone: 2) soybean (SB) [Glycine max (L.) Merrill cv. Laredo; 

Kaufman Seed Company, Ashdown, AK] and 3) cowpea (CP) [Vigna unguiculata (L.) Walp. 
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cv. Iron & Clay; Wyatt Quarles Seed Company, Garner, NC]; two grass/legume 

combinations: 4) pearl millet/soybean (PMSB) and 5) pearl millet/cowpea (PMCP); and a 6) 

no cover crop control (NOCC). A 3.6 m sudangrass [Sorghum bicolor (L.) Moench. cv. 

Piper; Kaufman Seed Company, Ashdown, AR] buffer was planted between blocks and 

around the field perimeter. The beneficial inoculant treatments consisted of either the 

background native AMF species present in the field at the time of planting (AMF) or the 

native AMF species in combination with vermicompost applications (VERM) [Vermicycle 

Organics, Wilson, NC].  

Cover crop treatments were randomized into six replicated blocks, each consisting of 

six 6.1 m x 12.2 m sized plots for a total of 36 plots. For planting strawberries, each cover 

crop main plot was split into two raised beds 0.9 m x 4.3 m spaced 2.4 m apart from center 

that separated the soil inoculation treatments. The location of cover crop and soil inoculant 

treatments were conserved each year.  

 

Field Management  

Prior to cover crop planting, McGillAG (Agricultural Grade) compost (McGill 

Environmental Systems, Rose Hill, NC) was applied at 24,662 kg ha
-1

 on 18 June 2009 and 

30,940 kg ha
-1

 on 24 June 2010 to cover crop treatment plots using a Chandler Litter 

Spreader (Chandler Equipment Company, Gainesville, GA) and incorporated with a disk. 

Using these rates, an estimated 224 kg N ha
-1

, 288 kg P2O5 ha
-1

, and 262 kg K2O ha
-1 

were 

available to the cover crop plots in 2009; while 291 kg N ha
-1

, 355 kg P2O5 ha
-1

, 295 kg K2O 

ha
-1

 were available to the cover crop plots from compost in 2010.  All control plots (NOCC) 
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were covered with plastic sheeting during compost application, and then immediately 

removed to ensure control plots did not receive compost.  

Cover crops were planted 24 June 2009 and 2 July 2010 using a Sukup 2055 No-till 

Grain Drill (Sukup Manufacturing Company, Sheffield, IA). Soybean was inoculated in 2009 

with Bradyrhizobium japonicum (INTX Microbials, Kentland, IN) and cowpea was 

inoculated with Bradyrhizobium sp. (Vigna) in 2009 and 2010 (INTX Microbials, Kentland, 

IN). Cover crop treatments were planted using enhanced seeding rates (Table 2.1), greater 

than those previously described for Eastern North Carolina (Creamer and Baldwin, 2000) in 

order to maximize biomass production in a short time-frame. Irrigation was not used on 

cover crops. Precipitation was monitored using data from the State Climate Office of North 

Carolina at NCSU and average daily measurements were above the 30-year normals for 

Goldsboro, NC. After nine weeks of growth (29 August 2009, 3 September 2010), cover 

crops were flail mowed and incorporated with a disk.  

Strawberry fertility decisions were based on pre-plant soil test reports and an 

estimated 44.8 kg N ha
-1

(⅓ recommended pre-plant rate) input from cover crops (Creamer 

and Baldwin, 2000). Fertilizers were then applied to meet the recommended rates for 

strawberry production in the Southeastern US (Poling and Monks, 1994). Soybean meal 7N-

1P-1K (Nahunta Feed Supply, Pikeville, NC) and sodium borate spray (Crop Production 

Services, Princeton, NC) were applied one week after cover crop biomass incorporation each 

year. Soybean meal was broadcast using a Gandy Model 1006 Drop Spreader (Gandy 

Company, Owatonna, MN) at 22.4 kg N ha
-1

 across all plots and control plots received an 
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additional 44.8 kg N ha
-1

 from soybean meal to balance the estimated N inputs received from 

compost and cover crops. Sodium borate was applied with an 8-row sprayer at 1.12 kg ha
-1

.  

 

Beneficial Inoculant Treatment  

Strawberry plugs were pre-inoculated with either a mixture of the native AMF species 

(AMF) or a combination of AMF and swine manure based Vermicycle
®
 Worm Castings 

(Vermicycle Organics, Inc., Wilson, NC) (VERM) in greenhouse conditions. But owing to 

problems with Phytophtora cactorum (2009) and water stress due to high heat and 

inadequate moisture in the greenhouse (2010), these pre-inoculated plugs were not used in 

the field experiment. Instead, non-organic plants, ‘Camarosa’ (2009) and ‘Chandler’ (2010), 

were purchased from local growers and transplanted in the study field. These plants did not 

receive the pre-inoculated during propagation. Instead, inoculants were added in the field at 

the time of planting.  

VERM treatment sub-plots received 1tbsp. (~8 g) of vermicompost mixed into each 

strawberry planting hole prior to transplanting. This was an approximate equivalent to the 

amount of vermicompost the plant would have received in the planting mix (15%). The 

VERM vermicompost treatment also included the background native AMF species present in 

the field. The AMF treatments consisted of only the background AMF species present in the 

field. 

To identify the native mycorrhizal fungal species present in the field, twenty soil 

samples were collected on 15 June 2009 at of depth of 15-20 cm from the center of each plot 

and then composited. Mycorrhizal trap cultures were established in a greenhouse at NCSU in 
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Raleigh, NC by combining 800 g of composited field soil with 800 g steam-sterilized sand 

for a 1:1 volume ratio in standard 15.2 cm clay pots.  Thirty-six pots (one for each plot) were 

seeded with sudangrass [Sorghum bicolor (L.) Moench cv. Piper] and fertilized with 1 tbsp. 

Osmocote 19N-6P-12K fertilizer (Scotts Company, Marysville, OH). All plants grew for 120 

days from seedling emergence, then plant shoots were cut and water was withheld for the 

final 14 days to induce fungal sporulation.  

The following fifteen AMF species were identified from the baseline trap cultures: 

Acaulospora colossica, A. laevis, A. mellea, A. morrowiae, A.scrobiculata, A. sp. (brown), 

Giagaspora margarita, Glomus clarum, Gl. epigaeum, Gl. etunicatum, Gl. intraradices, Gl. 

mosseae, Gl. sp. (pale yellow), Gl. tenue, and Scutellospora pellucida. 

 

Strawberry Field Management  

Strawberry plasticulture beds were formed with a Kennco bed shaper and plastic 

mulch layer (Kennco Manufacturing, Ruskin, FL) using embossed 1.25 mil black plastic 

mulch and 10 mil drip tape (.4 GPM, 12-inch (30.48 cm) spacing). Strawberry transplants 

were planted on 16 October 2009 and 19 October 2010. Within each main plot, the center 4.3 

m of each row was marked for planting and holes punched in two rows at 30.5 cm offset 

spacing to fit 26 plants per sub-plot treatment and 52 plants per cover crop main plot 

replicate. The center twelve plants were marked off for yield data collection. Five of the 

buffer plants were randomly selected and marked for biomass collection. Organic Materials 

Review Institute (OMRI) approved soluble fertilizers ALLGANIC Potassium Sulfate 

(K2SO4) 0N-0P-52K (Coor Farm Supply Service, Smithfield, NC) and ALLGANIC Sodium 



 

22 

 

Nitrate (NaNO3), 16N-0P-0K+minerals (Seven Springs Farm, Check, VA) were applied 

across all treatments through drip irrigation. Beginning 18 March 2010 and 15 March 2011, 

potassium sulfate was applied at 53.76 kg ha
-1 

(split to 3.5 kg week
-1

) and sodium nitrate at 

26.88 kg ha
-1

 (split to 5.6 kg week
-1

) over a total of four weeks. Sodium nitrate was applied 

as 20% of the nitrogen budget in accordance with United States Department of Agriculture 

(USDA) National Organic Program Rules. In 2011, our supply of sodium nitrate was 

exhausted at the end of the season, so the final week’s supply of nitrogen (5.6 kg week
-1

) was 

replaced with Verde Growth Enhancer 16N-1P-2K (Humboldt Nutrients, Eureka, CA).  

 

Data Collection  

Whole field soil fertility was analyzed from composited soil samples collected in June 

2009, October 2009, and October 2010. The NCDA & CS Agronomic Services Division 

(Raleigh, NC) analyzed the samples. 

Total above-ground biomass was evaluated in cover crop plots nine weeks after 

planting in 2009 and 2010. Three randomized replications of a 0.25 m
2
 quadrat were used to 

collect weed samples from each plot. The numbers of plants of each weed species were 

collected and dry weight was taken for total above ground biomass. Cover crop biomass 

collected from two randomized 0.5 m
2
 quadrats in each cover crop plot during the same 

sampling period was assessed. All aboveground biomass within each quadrat was removed 

and dried at 60
o
C, for 5 days, weighed and ground using a Cyclotec 1093 Sample Mill 

(FOSS, Hillerød, Denmark). Individual species in mixed cover crop treatments were 

separated in the field and analyzed independently to account for each species biomass and 
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nutrient contribution. Ground cover crop material was sent to the North Carolina Department 

of Agriculture Agronomic Services Division (NCDA) for plant tissue analysis.  

One strawberry plant was collected per sub-plot treatment bed at planting and five 

times during each growing season: 16 October, 28 December, 21 February, 5 April, 3 May, 

and 31 May for the 2009-10 season, and 19 October, 3 January, 7 March, 7 April, 11 May, 

and 31 May for the 2010-11 season. Sampling dates were intended to correspond with 

phenological stages of dormancy, spring growth, peak flowering, peak fruiting and final 

harvest. Plants were removed from the field by digging a 30.5 cm x 30.5 cm area around each 

plant, carefully shaking the soil from the roots and then gently rinsing the roots with water. 

Plants were then returned to the lab in plastic bags and destructively separated to roots, 

crowns, leaves, petioles, flowers and fruits. Leaf area of fresh leaf and petiole samples (cm
3
) 

was measured with a LI-COR LI-3100C Area Meter (LI-COR Biosciences, Lincoln, NE). 

Nutrient analysis on leaf and petiole samples from the third and fifth biomass harvests were 

completed by the NCDA. All plant tissue was dried at 60
o
C for a minimum of 72 h and 

weighed. Mycorrhizal colonization was assessed following a procedure modified from 

Phillips and Hayman (1970) by rehydrating and subsampling roots, clearing pigments, and 

staining with trypan blue. Percent mycorrhizal colonization of stained roots was calculated 

following a grid-line intersect method (Giovannetti and Mosse, 1980). 

Strawberry fruit yield was collected on Mondays and Thursdays beginning on 22 

April 2010 and lasting for 4.5 weeks. The process was repeated on 14 April 2011 and lasted 

for 6 weeks. Weeds within strawberry harvest areas were counted and removed at dates 

corresponding to biomass collection both years. In 2011, weeds were removed from the field 
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on 04 January 2011, 7 March 2011, and 2 April 2011, dried at 60
o
C for a minimum of 72 h, 

and weighed. At the completion of the field study, six soil cores were collected at a depth of 

15cm from each subplot treatment area for final AM fungal species diversity and nutrient 

analysis.  

 

Inorganic NO3
-
 and NH4

+
 Soil Analysis  

 Soil samples were taken from the root zones of strawberry plants in each of the 72 

subplots at 5 times during the 2009-10 season (Year 1) and 6 times during the 2010-11 

season (Year 2). These correspond with strawberry plant biomass collection dates, with the 

exception of the 2
nd

 through 5
th

 sample dates (above) in 2010, which were taken one day after 

biomass collection. Six samples per subplot were collected from approximately 15 cm depth 

and composited. All samples from Year 1 and the first two sets from the Year 2 were 

fumigated with methyl bromide in accordance with NCDA noxious weed quarantine 

procedures. Beginning February 1, 2011, methyl bromide use was eliminated from CEFS, 

therefore the March, April, and May 2011samples were not fumigated. Samples were 

returned to NCSU and dried at 45
o
C for a minimum of 72 h, depending on soil moisture, 

ground to pass a 2mm sieve, and then stored at room temperature.  

Inorganic nitrate-N (NO3
-
-N) and ammonium-N (NH4

+
-N) were extracted from each 

soil sample following a procedure modified from Keeney and Nelson (1982). An 8 g 

subsample was combined with 40 ml of a 1 M KCl solution in an acid-washed urine 

specimen cup and agitated for 1 h. Blank samples, consisting of 1 M KCl solution, were 

included to account for any N present in the filter paper. Shaken samples settled for ~20 
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minutes and then filtered through Fisherbrand Quantitative Q2 filter paper and decanted into 

20 ml scintillation vials which were then frozen. Thawed samples were analyzed for NO3
-
-N 

and NH4
+
-N on a Lachat Quik-Chem 8000 Flow Injection Analyzer (Hach Company, 

Loveland, CO).  The results were corrected by subtracting the inorganic N levels returned 

from blank samples and then multiplied by the extractant:soil mass ratio (5:1). Final results 

are reported in mg N kg
-1

.  

 

Statistical Analysis  

Data were analyzed separately by year (Year 1 = 2009-10; Year 2 = 2010-11) using 

the PROC MIXED and PROC GLM procedures of SAS software version 9.2 (SAS Institute, 

Cary, NC). Statistical significance was expressed at the P < 0.05 level based on Type III 

sums of squares. In order to meet equal variance assumptions, log or square root 

transformations were applied to data, where necessary. Pairwise mean comparisons were 

performed on all significant effects using Tukey’s Honest Significant Difference at the P < 

0.05 significance. All variables were analyzed following a split plot randomized complete 

block design with the fixed effects as cover crop, beneficial inoculant, and their interactions, 

with time as a crossed fixed effect; and random effects as rep, rep*cover crop and rep*cover 

crop* beneficial inoculant. Analysis of data taken outside of strawberry season (cover crop 

biomass, weeds, and soil variables) did not include inoculum effects. Data taken during each 

strawberry season (strawberry yield, biomass, mycorrhizal colonization, weeds, plant 

nutrients, soil extractable N) were analyzed separately following the overall split plot design 

for each sample date. Three-way Multivariate Analysis of Variance (MANOVA) was used to 
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analyze soil nutrients, leaf/petiole nutrients, strawberry yield (marketable, cull, average berry 

weight) and biomass (roots, crowns, leaves, flowers, fruits) data, since they are related 

responses. 

 

Results 

Soil nutrients  

A MANOVA of soil nutrient and chemical properties of the baseline (10 June 2009) 

and final AMF and VERM (31 May 2011) sub-plots showed significant overall cover crop 

effects on levels of Ca, Cu, K, Mg, P, Zn, base saturation (BS%), cation exchange capacity 

(CEC), and pH (Appendix A). A MANOVA of the differences between the final AMF and 

baseline, and the final VERM and baseline plots showed a significant overall cover crop 

effect on Ca, Cu, K, P, Zn, BS%, CEC, and pH (Appendix B). Mixed model analysis of the 

final sub-plot and baseline soil analysis showed significant differences of the same nutrients 

as the MANOVA above, with the addition of a significant difference in the VERM sub-plot 

for Mg and the AMF sub-plot for S (Table 2.2). Levels of Ca, P, BS%, and CEC in NOCC 

plots were significantly lower than all other main plot treatment levels. The analysis also 

revealed that the levels of K in NOCC plots were significantly lower than all other main plot 

treatments. Both final sub-plots measurements were lower than the baseline, indicating an 

overall decline in K over 2 years (Table 2.2). 
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Cover crops  

Cover crop treatments produced significantly different amounts of dry biomass (P < 

0.0001) both years. Post-hoc Tukey’s HSD indicated that treatments including PM produced 

significantly greater amounts of biomass than those with legumes alone (CP, SB) (Tukey-

Kramer P < 0.05) in Year 1. In Year 2, PM produced significantly more biomass than all 

other treatments, soybean produced significantly less biomass than all other treatments, and 

PMSB produced a significantly greater amount of biomass than CP (Tukey-Kramer P < 0.05, 

Fig. 2.1). All macro- and micro-nutrient levels in above-ground cover crop tissue were 

significantly different in Year 1 and Year 2 (Table 2.3), and all macro-nutrient concentrations 

(N, P, K) were significantly greater in PMCP and PMSB tissue in both years as well (Table 

2.3).   

Weed biomass was significantly affected by cover crop in Year 1 (P < 0.0001) and 

Year 2 (P = 0.0002). The PM and PMCP treatments in Year 1 and the PM treatments in Year 

2 significantly reduced weed biomass such that no weeds were collected in these plots (Fig. 

2.2). In Year 1, weed biomass in NOCC plots was significantly greater than all other cover 

crop treatments, while weed biomass in SB plots was greater than the PM and PMCP 

treatment plots (Tukey-Kramer P < 0.05). In Year 2, PM was significantly lower than the 

NOCC, SB, CP, and PMCP treatments, while SB weed biomass was also significantly 

greater than PMSB (Tukey-Kramer P < 0.05). 

 

Strawberry yield, biomass, and weeds  

There were no significant effects of cover crop or beneficial inoculant treatments on 

any yield factor (mean total (marketable + cull), marketable, and cull yields, or mean berry 
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weight) in Year 1. A MANOVA of total, marketable and cull strawberry yields for Year 2 

showed an overall cover crop effect (Wilks’ λ = 0.33, F(10, 48) = 3.55,  P = 0.0014) and an 

overall beneficial inoculant effect (Wilks’ λ = 0.79, F(2, 29) = 3.85, P = 0.033). A 

MANOVA of the mean marketable yield, cull yield, and mean per plant berry weight  from 

Year 2 showed an overall cover crop effect (Wilks’ λ= 0.242, F(15, 63.894) = 2.86, P = 

0.002). In Year 2, total and marketable per plant yields were significantly affected by cover 

crop (P = 0.0001, P = 0.0097) and beneficial inoculant (P = 0.0009, P = 0.011), and cover 

crop treatments had a weak effect on per plant cull yield (P =0.056, Table 2.4). The PM 

treatment had significantly lower average marketable yield than the NOCC, CP, PMCP, and 

PMSB treatments and the SB treatment had significantly lower average marketable yield than 

the NOCC treatment in Year 2 (Tukey-Kramer P < 0.05).  Pairwise comparison of the cover 

crop and control split-plot treatments (AMF) showed significant differences between the PM 

treatment (lower) and NOCC, PMCP, and PMSB treatments for 2011(Tukey-Kramer P<.05).  

A MANOVA of strawberry plant biomass (roots, crowns, petioles and leaves, and 

reproductive structures) across all sample dates showed no overall treatment effects for Year 

1, but both cover crop (Wilks’ λ = 0.132, F(20, 76.16) = 3.11, P = 0.0002) and beneficial 

inoculant (Wilks’ λ = 0.958, F(4, 237) = 2.56, P = 0.039) significantly affected biomass in 

2011. Additional MANOVA’s for individual plant parts showed significant affects from 

cover crop treatments for roots (Wilks’ λ = 0.205, F(25, 79.513) = 1.69, P = 0.041), crowns 

(Wilks’ λ = 0.163, F(25, 79.513) = 2.01, P = 0.011), reproductive structures (Wilks’ λ = 

0.178, F(25, 79.513) = 1.88, P = 0.018), and leaves and petioles (Wilks’ λ = 0.203, F(25, 

79.513) = 1.71, P = 0.039); and beneficial inoculant treatments for leaves and petioles 
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(Wilks’ λ = 0.652, F(5, 26) = 2.77, P = 0.039) and reproductive structures (Wilks’ λ = 0.637, 

F(5, 26) = 2.96, P = 0.0304). Mixed model analysis of plant parts in Year 2 by individual 

harvest date showed that, where significant differences occurred, dry weights were 

consistently greater in VERM plots among beneficial inoculant treatments (Table 2.5). A 

mixed model showed that cover crop did significantly affect strawberry plant leaf area (P = 

0.043) in Year 2, with NOCC significantly greater than PM (Tukey-Kramer P < 0.05), while 

no differences were observed in Year 1 (Table 2.5).  

A MANOVA of leaf and petiole nutrient concentration did not show any overall 

effects from cover crop or beneficial inoculant treatments in the 21 February 2010, 3 May 

2010, or the 7 March 2011 samples. The 11 May 2011 sample did show a significant overall 

effect from cover crop (Wilks’ λ = 0.007, F(65, 65.379) = 1.85, P = 0.007), but not beneficial 

inoculant. Individual mixed model analysis showed the phosphorus (P) concentration was 

affected by cover crop treatment in the May 2010 sample (P = 0.037), although there was 

only one significant difference with the PM being greater than the SB treatments (Tukey-

Kramer P = 0.05, Table 2.6). In March 2011, cover crop treatment had a significant effect on 

Mg (P = 0.027), Mn (P = 0.034) and a weak effect on petiole nitrate-N (P = 0.052) 

concentrations (Table 2.6). May 2011 nutrient concentration of P (P = 0.003), Mg (P < 

0.0001), S (P = 0.0013), Cu (P = 0.013), and Na (P = 0.025) were affected by cover crop 

treatment, and VERM soil inoculant treatments had significantly greater concentrations of Ca 

(P = 0.015), Mg (P = 0.008), and B (P = 0.015) (Table 2.6).    

The average number of weeds in strawberry plots was weakly affected by cover crop 

(P = 0.0504) and the interaction of cover crop and beneficial inoculant (P = 0.014), although 
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there were no pairwise effects in Year1 (Fig. 2.3). In Year 2, average weed individuals (P = 

0.036) (Fig. 2.3) and weed biomass (P = 0.045, Fig. 2.4) were affected by cover crop. Across 

both years, mean weed individuals were lowest in the NOCC plots. In Year 2, average weed 

biomass was significantly lower in the NOCC than PMSB plots (Tukey-Kramer P < 0.05, 

Fig. 2.4). When analyzed by harvest date, pairwise comparisons showed that mean weed 

individuals in the NOCC plots significantly differed from the PM plots (data not shown).  

 

Percent mycorrhizal colonization  

Percent AMF colonization was significantly affected by cover crop (P = 0.0001) in 

Year 1, but not in Year 2 (Fig. 2.5). In Year 1, PM treatments had significantly greater mean 

colonization than NOCC, CP, and SB (Tukey-Kramer P < 0.05) and SB had significantly 

lower mean colonization than PMSB (Tukey-Kramer P < 0.05, Fig. 2.5). Percent AMF 

colonization was significantly affected by inoculant in Year 1 (P < 0.0001) and Year 2 (P < 

0.0001, Fig. 2.6); with AMF treatments showing a greater mean percent root colonization in 

both Year 1 (24.1% vs. 16%) and Year 2 (28.1% vs. 22.9%).   

 

Inorganic NO3
-
 and NH4

+
  

Soil extractable N was significantly affected by cover crop treatment across both 

years (Table 2.7). In Year 1, cover crop treatments displayed a significant effect on overall 

extractable NH4
+
-N (P < 0.0001) and NO3

-
-N (P < 0.0001). For Year 1, NOCC treatments, 

mean extractable NH4
+
-N was significantly lower than all other cover crop treatments 

(Tukey-Kramer P < 0.05), but NOCC extractable NO3
-
-N was only significantly lower than 
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PM, PMCP, and PMSB treatments (Tukey-Kramer P < 0.05). Cowpea (CP) extractable NO3 
-

-N was also significantly lower than the combination treatments (PMCP, PMSB). In Year 2, 

cover crop treatments also had a significant effect on overall extractable NH4
+
-N (P = 

0.0221) and NO3
-
-N (P = 0.0012), where the NOCC treatment was significantly lower than 

the PM and PMSB treatments for NH4
+
-N and the CP, PMCP, and PMSB treatments for 

NO3
-
-N (Tukey-Kramer P < 0.05).  

Mixed model analysis by sample date in Year 1, revealed significant cover crop 

effects for NH4
+
-N on 22 Feb and 6 April, and on the 19 October, 3 January, and 11 May 

sample dates in Year 2 (Fig. 2.7). NOCC plots contained the lowest mean extractable NH4
+
-

N at all sample dates, except the final (1 June) 2010 and initial (19 October) 2011 ones. In 

Year 1, NO3
-
-N was significant across all sample dates, as well as the 3 January, 11 May, and 

31 May sample dates in Year 2. Total inorganic NH4
+
-N + NO3

-
-N was consistently lowest in 

NOCC plots (Table 2.7, Fig. 2.7). 

 

Discussion 
 

Integrated soil management treatments with compost, cover crops, and beneficial soil 

inoculants resulted in similar strawberry yields to the control. While none of the cover crop 

treatments produced significantly greater strawberry yields than the NOCC control, yield was 

similar across all treatments in Year 1 and for most of them in Year 2. This yield trend was 

observed in both years with different strawberry varieties, amounts of cover crop biomass, 

and weather conditions. Other studies have found yield benefits from summer cover crops in 

lettuce (Isk et al., 2009; Wang et al., 2008; Wang et al., 2009), muskmelon (Wang et al., 
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2008), okra (Wang et al., 2006), and tomato (Wang et al., 2005). Seigies and Pritts (2006) 

found that cover crops improved yield over continuous plantings of strawberries without 

rotation or cover crops, but not over plots using fumigation. Although our experiment did not 

demonstrate significant yield differences, achieving comparable organic strawberry yields 

with reduced fertilizer amendments indicates strawberry growers may be able to decrease the 

amount of nitrogen fertilizer purchased off-farm. 

In Year 1, there were no significant strawberry yield differences using the variety 

‘Camarosa.’ The strawberry season in Eastern NC was shortened 1-2 weeks, likely caused by 

high early season temperatures (upper 20-30’s
 o
C) damaging open flower buds (Poling, 

2010). Although the integrated treatments did not increase yields, the compost and cover 

crop treatments performed similarly to the control in a season when yields were low.  

In Year 2, cover crop and inoculant treatments using the variety ‘Chandler’ 

significantly affected both total and marketable strawberry yields, where the CP, PMCP, and 

PMSB treatments had slightly lower but statistically similar yields than the control and 

strawberry yields were reduced in the legume (CP, SB) cover crop treatments. All cover crop 

biomass, except for PM, decreased in Year 2. This decline was possibly caused by an 

extensive pigweed (Amaranthus sp.) infestation across CEFS and likely compounded by the 

pre-cover crop fertility added through compost. There was a substantial decline in SB 

biomass (151%) in Year 2, but the exact cause is unknown. The decline in strawberry yield in 

these soybean plots for Year 2 is not surprising. Although overall cover crop yield decreased, 

strawberry total yield increased for all treatments in Year 2. Sufficient amounts of nutrients 

may have been retained in the system from the first season to positively affect soil quality in 
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a short time-frame. Additionally, weather conditions during spring and summer Year 2 were 

more favorable for strawberry growth than conditions in Year 1.   

Macro-nutrient concentrations in cover crop tissue were greater when grasses were 

combined with legumes both years, yet those plots did not result in significantly greater 

strawberry yield than the CP or NOCC treatments. Additionally, there was a trend toward 

lower levels of soil nutrients in NOCC control plots between the baseline and final soil 

nutrient analyses for Ca, Cu, P, K, S, Zn, BS%, and CEC. Evidence suggests that the residual 

effects of incorporating cover crops into the soil would carry over through an entire cropping 

cycle and improve the long-term physical, chemical, and fertility properties of the soil (Wang 

et al., 2007).  As continual organic matter additions build both micro- and macro-nutrient 

reserves, the differences between no cover and cover crop plots would likely further diverge. 

Since benefits of additional organic matter are cumulative, effects from covers are not always 

observed the first few years and may take four to five years to achieve yield increases 

compared to conventional systems (Wang et al., 2009). Yearly addition of high quality 

compost and cover crop biomass would contribute to maintaining important macro- and 

micro-nutrient levels in soils and could remove the need for added N sources in some soils.  

In this study the amount of nitrogen supplied through compost and cover crops in 

subsequent strawberry seasons appears to replace the effect of adding supplemental fertilizers 

in organic production systems.  Across both years, the levels of NH4
+
-N & NO3 

-
-N in NOCC 

plots was consistently lower than cover crop plots, and significantly lower than combination 

treatments, except for NH4
+
-N in PMCP in Year 2. Miner et al. (1997) found that a split 

application of N in the fall (60 kg ha
-1

) and spring (60 kg ha
-1

) produced the greatest 
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marketable strawberry yield in North Carolina. This fertilization regime used synthetic 

fertilizers and may not be appropriate for organic production. In our experiment, all 

treatments of strawberry plots received 86% less than the recommended spring application of 

N, yet Camarosa (Year 1) and Chandler (Year 2) total yields were 76% and 85%, 

respectively, of average yields from a study in conventional fields in Eastern NC (Fernandez 

et al., 2001). Previous studies have found that organic strawberry yields are typically 65-89% 

of those in conventional production with fumigation (Martin and Bull, 2002). The N benefit 

received from compost and cover crop treatments appear to have been sufficient to replace 

the reduced N fertility rate and maintain typical organic strawberry yields.  

While plants generally show preference for NO3
-
-N, strawberries have been shown to 

preferentially uptake NH4
+
-N

 
(Cárdenas-Navarro et al., 2006); therefore, the form of N 

available may not affect uptake rates. Yield benefits from applying soybean meal versus 

compost and cover crops as fertility sources are comparable, but strawberry bed fertigation 

may mask the late season effects. Pre-plant soil inorganic N levels were significantly lower 

in the NOCC treatment prior to spring fertilization and remained lower than cover crop 

treatments (Fig. 2.7). Further reducing or eliminating spring fertilizer additions may result in 

additional spring fertility benefits from cover crop and compost additions.  

A substantially greater amount of total N was added to the cover crop treatment plots 

over the course of the season (Table 2.8). The amount of N potentially available to the 

subsequent crop depends on a variety of factors including: biomass produced, chemical 

composition of biomass, N content, mineralization rate, climate, and soil microbial 

populations (Bair et al., 2008). Typically, about 50% of the N in organic materials will 
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become available in the first year after incorporation (Sarrantonio, 2007), yet the high 

amount of N added through compost both years may have resulted in excess N applied to 

cover crops plots, potentially leading to losses of N from the system. Excess nitrate-N may 

be leached from agricultural fields, degrading water quality and leading to hypoxia and 

eutrophication of waterways (Oquist et al., 2007). Additionally, excessive N uptake reduces 

strawberry fruit quality through loss of fruit firmness that increases susceptibility to 

pathogens and mechanical damage (Ojeda-Real et al., 2009). These damaging effects on fruit 

quality were not observed in this study and levels of N and petiole nitrate-N in strawberry 

tissues were not significantly different (Table 2.6), indicating the high rate of N applied 

through compost and cover crop organic materials was not detrimental to strawberry growth 

or yield.  Future studies should examine the effects of reduced compost application rates on 

nitrate-N leaching, water quality, strawberry plant uptake, and fruit quality.   

Benefiting from the combined effects of their different physiologies, combinations of 

legume and grass cover crops may prove the best soil management option for strawberry 

growers. Combining pearl millet with cowpeas or soybeans resulted in greater biomass 

produced than legumes planted alone (Fig. 2.1) and increased the amount of N added through 

cover crop tissues (Table 2.3). High N content legumes, such as soybeans and cowpeas, will 

release a flush of N into the soil within a week of incorporation, but most N containing 

materials are mineralized in six to eight weeks (Gaskell et al., 2009). More lignified, high 

C:N ratio grasses, such as pearl millet, will immobilize N and decompose slowly, as N is 

gradually released (Sarrantonio, 2007) and made available later in the season (during 

flowering and fruiting) when fertilizer application is more difficult and expensive. 
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Additionally, nitrogen from the fall applied compost will become available over time. In our 

study, the Year 2 PM treatment evidenced the greatest cover crop biomass and lowest 

strawberry yield. This indicates that the amount of N released in the strawberry growing 

season may not have met plant demand and reinforces the need for legumes. The early season 

mineralization rate is reduced to meet subsequent crop demand by combining grass species 

with high C:N and legume species with low C:N ratios (Giller and Cadisch, 1995). The 

complex chemical structures in grasses and low temperatures over winter would slow the 

over-winter decomposition rate by the microbial population and increase the amount of N 

that can be made available in the soil from cover crop organic matter in the spring when 

temperatures increase, days grow longer, and the strawberries enter the reproductive phase. 

Improving nutrient cycling will help reduce the amount of inputs required in strawberry 

production. There is potential to supply enough N to cut out in-season N fertilization and 

mediate some of the negative environmental consequences associated with excessive 

fertilizer additions. 

The integrated use of AMF and vermicompost (VERM) exerted a greater effect on 

strawberry yield than AMF alone (AMF) both years, with a clear significant effect of the 

VERM treatment on yield in Year 2. The combined soil inoculant treatment also showed a 

slight improvement above AMF alone in analysis of strawberry plant biomass (VERM was 

significantly greater Year 2) and soil chemical properties, including inorganic N. Based on 

average results for each sample date, VERM treatments resulted in greater strawberry plant 

growth characteristics (roots, crowns, stems and leaves, and reproductive structures) and 

inorganic N levels during 53% and 73% of the sample dates, respectively. In Year 2, of the 
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six instances where significant strawberry biomass effects were observed, the mixed VERM 

treatments were greater.  

The combination AMF and vermicompost resulted in strawberry plants with lower 

percentages of AMF colonization both years. Studies using sorghum have shown that 

combined AMF and vermicompost may be inhibitory (Cavender et al., 2003), or not 

(Hameeda et al., 2007). In each case, the combination was detrimental to plant growth, 

particularly at high vermicompost concentrations. Additional studies are needed on the dose-

dependent effects of vermicompost on mycorrhizal colonization and plant growth. Sainz et 

al. (1998) found that addition of vermicompost increased growth of red clover and cucumber, 

but decreased AM fungi colonization. The authors point out that P added through 

vermicompost may have reduced the net benefit of mycorrhizal colonization to the plants. In 

our study, P levels in the soil were high, potentially reducing AMF benefits.  

Both vermicompost and AMF have been shown to improve various production 

factors (yield, biomass, soil quality) individually, but more information is needed on the 

mechanisms that directly affect fruit yield and plant growth in strawberry when both factors 

are present. The mechanisms behind potential synergistic effects of inoculation with AMF 

and vermicompost were not explored. However, we demonstrated a yield benefit from 

vermicompost when P is not limited. Organic practices can enhance mycorrhizal populations 

and functioning (Gosling et al., 2006), reinforcing the need to understand the interactive 

effects of AMF and vermicompost in strawberry systems in varying soil types.  

Cover crop benefits to weeds are primarily seen in-season (Creamer and Baldwin, 

2000; Pritts and Kelly, 1993), yet other studies have noted weed reduction in subsequent 
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crops (Isk et al., 2009; Portz and Nonnecke, 2011). This study showed that weed suppression 

by cover crops in the summer did not carry over into the strawberry season. Summer cover 

crop treatments did reduce summer weeds both years. In Year 1, weed biomass averaged 

over all cover crops (378 kg ha
-1

) was reduced 172%, compared to the NOCC control (5098 

kg ha
-1

). Weed biomass was slightly reduced by 17% in cover crop plots (4594 kg ha
-1

) when 

compared to the control (5456 kg ha
-1

) in Year 2. The decrease in cover biomass and increase 

in weed pressure in the Year 2 did not negatively affect subsequent strawberry yields. Winter 

and spring annual weeds were not reduced in cover crop treatment plots. During the 

strawberry season, weed individuals in competition with strawberry plants were lowest in 

control plots (NOCC) both years. Additionally, weed biomass in control plots was 68% 

lower than weed biomass averaged over all cover crop plots in Year 2; the only year biomass 

was assessed.  In Year 1, occurrence of weed individuals in strawberry plots increased 12% 

with the addition of vermicompost, but in Year 2, weed individuals increased 4% in AMF 

plots. AMF have been shown to benefit weed populations in organic systems (Bilalis et al., 

2011). The literature lacks examples of the impact of vermicompost on weeds. More research 

is needed on the impact of vermicompost application and weed seed germination and growth.  

It is assumed that benefits received by strawberry plants from each of our soil inoculant 

treatments are also received by weeds, so it follows that weed pressure would increase in 

these plots. This may not be agronomically significant since weeds can be managed by hand-

picking in winter and spring, resulting in minimal weed presence during fruiting. Adjusting 

field management and labor during strawberry season to control weeds will remove 
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competitive effects from weed pressure and potentially enhance strawberry benefits from the 

soil microbial ecosystem.   

There were no major pathogen pest problems in this study. Over the winter of Year 1, 

there was an outbreak of Botrytis cinera during a cool, wet period. Infected leaves were 

removed from the field and signs of the disease were not observed once temperatures rose in 

the spring. Location of the research site in a field with no history of strawberry production 

may have assisted in avoidance of pathogens and weeds commonly found in fields with 

repeated strawberry plantings (LaMondia et al., 2002). It will be important to understand the 

effects of the treatments utilized in this experiment when conducted on a site with a history 

of strawberry production and typical pest pressures. 

 This study was the first to investigate the integrated effects of compost, cover crops, 

AMF and vermicompost in strawberry production. This integrated approach is an initial step 

in developing sustainable soil and pest management strategies for strawberry production, 

which is especially important in the Southeast, where pest pressures are high. The dynamic 

effects of these interactions, however, are not well understood. The diversity of management 

techniques available in organic systems often generates site-specific responses. Elucidating 

the mechanisms behind complex soil ecosystem interactions make it difficult to develop 

generalized recommendations. This knowledge gap emphasizes the need for research in 

biologically based soil management for both organic and conventional production systems.  

The results from our research provide evidence that recommended fertilizer 

application rates for the Southeast might exceed the N requirements for strawberries when 

using cover crops and organic amendments. More research is needed to determine strawberry 
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nitrogen use efficiency when using organic amendments in strawberry production. 

Investigating practical soil management techniques to increase nutrient utilization and 

improve overall soil quality proves critical to the long-term viability of strawberry production 

in North Carolina and the Southeast. 
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Table 2.1. Cover crop seeding rates (kg ha
-1

) for Year 1 and Year 2. 

Cover 

crop
z
   

Seeding Rate 

(kg ha
-1

)   

PM  33.6  

SB  134.4  

CP  112  

PM/SB  11.2/134.4  

PM/CP   11.2/112  

z
Cover crop treatments include:                         

PM = pearl millet; SB = soybean; CP = cowpea; 

PMSB = pearl millet + soybean combination; 

PMCP = pearl millet + cowpea combination. 
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Table 2.2. Mean differences between the baseline and final soil nutrient analysis results in 

cover crop sub-plot treatments.  
Soil 

Analysis  

 Sub-plot 

treatment P-value 

 

NOCC
z 

PM SB CP PMCP PMSB 

BS% 
 AMFy 

<0.0001  8.17bx  16.83a 16.33a 17.50a 17.00a 16.83a 

 VERM 0.001  9.33b 17.50a 15.83a 17.17a 16.17a 15.17a 

           

Ca 
 AMF <0.0001  158.00b 602.00a 642.67a 720.50a 727.67a 707.67a 

 VERM <0.0001  190.33b 695.33a 686.33a 720.33a 658.33a 625.50a 

           

CEC 
 AMF <0.0001  0.20b 2.12a 2.27a 2.57a 2.60a 2.50a 

 VERM <0.0001  0.30b 2.63a 2.52a 2.63a 2.17a 2.17a 

           

Cu 
 AMF 0.002  0.10b 0.67a 0.77a 0.60ab 0.85a 0.50ab 

 VERM 0.004  0.13b 0.83a 0.82a 0.88 a 0.53ab 0.48ab 

           

Fe 
 AMF 0.358  32.33a 15.00a 24.17a 37.17a 8.67a 7.83a 

 VERM 0.998  26.83a 23.00a 31.83a 27.83a 28.50a 25.67a 

           

HM% 
 AMF 0.131  0.02a -0.02a -0.02a 0.03a -0.03a 0.01a 

 VERM 0.228  0.01a -0.02a -0.04a -0.002a -0.03a 0.01a 

           

K 
 AMF 0.004  -102.67b -53.33a -69.33ab -66.83ab -61.33a -53.00a 

 VERM 0.001  -102.17b -37.00a -52.67a -48.17a -68.17a -58.83a 

           

Mg 
 AMF 0.128  10.67a -0.67a -0.33a -6.50a -2.50a -4.33a 

 VERM 0.029  13.67a 1.17ab 1.17ab -2.50ab -11.17b -7.00ab 

           

Mn 
 AMF 0.128  1.33a 6.22a 3.08a 4.82a 1.68a 6.33a 

 VERM 0.811  4.58a 6.15a 3.57a 6.75a 6.60a 7.90a 

           

Na 
 AMF 0.705  44.50a 34.00a 36.67a 30.33a 40.33a 32.33a 

 VERM 0.096  50.17a 38.17a 39.00a 25.33a 35.17a 23.83a 

           

pH 
 AMF <0.0001  0.93b 1.28a 1.38a 1.48a 1.42a 1.45a 

 VERM 0.004  0.98b 1.37a 1.40a 1.48a 1.48a 1.32ab 

           

P 
 AMF 0.006  18.52b 72.62a 74.35a 78.60a 89.55a 76.13a 

 VERM 0.001  15.35b 89.35a 88.90a 82.85a 74.87a 87.98a 

           

S 
 AMF 0.136  6.83b 17.00ab 22.00ab 20.83ab 24.50a 20.00ab 

 VERM 0.001  7.50a 18.33a 21.50a 25.17a 22.50a 26.17a 

           

Zn 
 AMF 0.0001  -0.40b 1.98a 2.13a 1.42a 2.10a 1.75a 

 VERM 0.002  -0.47b 2.70a 2.25a 1.87a 1.30ab 1.62ab 
zCover crop treatments include:  PM = pearl millet; SB = soybean; CP = cowpea; PMSB = pearl millet + soybean 

combination; PMCP = pearl millet + cowpea combination. 
yAMF = native arbuscular mycorrhiza fungi; VERM = vermicompost + native arbuscular mycorrhizal fungi. 
xValues with the same letter are not significantly different (P < 0.05) using Tukey’s HSD. Data were analyzed with 2-way 

ANOVAS. 
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Table 2.3. Mean nutrient concentrations of cover crop dry biomass at 9 weeks after planting in Year 1 and Year 2. 

 

N P K      Ca   Mg S Fe Mn Zn Cu    B    Na 

  Nutrient analysis in parts per million (ppm) 

Year 1             

  PM
z  

13778 c
y 

4820 b 29865 bc 3356 c 2344 c 2504 b 589 b  48 b 36 b 10 b 6 c 250 ab 

 SB 27473 b 3313 c 24723 c 7823 b 2941 b 2418 b 179 ab 41 b 33 b 21 ab 31 b 184 b 

 CP 30467 b 3165 c 36779 b 12079 a 3040 b 3128 b 64 b 82 a 49 b 10 b 31 b 188 b 

PMCP 40455a 8641 a 69477 a 15228 a 5622 a 6618 a 123 a  135 a 86 a 21 a 35 ab 558 ab 

PMSB 
47023 a 8906 a 58779 a 12149 a 5419 a 5522 a 122 a 86 a 74 a 22 a 43 a 449 a 

P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0003 .00004 

 

<0.0001 <0.0001 <0.0001 0.0022 

 

Year 2             

 PM 15367 c 3767 b 31933 c 3767 d 2217 c 1933 d 72 b 39 c 31 d 10 c 10 d 250 b 

 SB 27267 b 3633 b 32400 c 10717 c 3617 b 2650 c 232 a 39 c 34 cd 22 b 39 bc 217 b 

 CP 30383 b 3017 b 44433 b 13550 bc 3900 b 3550 b 146 ab 71 b 40 c 14 c 35 c 317 b 

PMCP 52233 a 7517 a 91150 a 18583 a 6650 a 5917 a 278 a 120 a 83 a 27 ab 47 a 233 a 

PMSB 44750 a 7850 a 70717 a 13133 b 5817 a 4867 a 272 a 74 b 71 b 31 a 44 ab 250 a 

P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0001 

 

<0.0001 <0.0001 <0.0001 0.0007 

 
z
Cover crop treatments include:  PM = pearl millet; SB = soybean; CP = cowpea; PMSB = pearl millet + soybean combination; 

PMCP = pearl millet + cowpea combination. 
y
 Values with the same letter are not significantly different (P <0.05) using Tukey’s HSD. Years were analyzed separately using 1-

way ANOVAs. 

 

 

 

 



 

54 

 

Table 2.4. Mean total, marketable, and cull yield, and average berry weight for cover crop and beneficial soil inoculant treatments 

in Year 1 and Year 2.   

    Total yield    Marketable yield   Cull Yield   Avg fruit wt  

  (g plant
-1

)   (g plant
-1

)   (g plant
-1

)  (g berry
-1

) 

  Year 1 Year 2  Year 1 Year 2  Year 1 Year 2  Year 1 Year 2 

Cover crop treatment
z                     

NOCC  404 a
x
  574 a  356 a 479 a  48 a 95 a  14 a 21 a 

PM  412 a 433 b  361 a 356 c  51 a 78 a  14 a 20 a 

SB  408 a 497 ab  352 a 398 bc  56 a 99 a  14 a 20 a 

CP  429 a 562 a  372 a 452 ab  56 a 110 a  14 a 20 a 

PMCP  405 a 555 a  352 a 444 ab  53 a 110 a   15 a 20 a 

PMSB  443 a 525 a  392 a 428 ab  51 a 97 a  15 a 21 a 

P-value
w 

  0.7455  0.0001    0.7307  0.0009    0.6680  0.0559    0.3346  0.5189 

Beneficial soil inoculant 

treatment
y            

AMF  409 a 502 a  357 a 408 a  53 a 95 a  14 a 20 a 

VERM  424 a 546 b  372 a 445 b  53 a 101 a  14 a 20 a 

P-value   0.3459  0.0097    0.3364  0.0113    0.9882  0.1541    0.9832  0.4184 

Cover crop* beneficial 

inoculant interaction             

P-value   0.7935  0.2165    0.8239  0.0929    0.2537  0.3256    0.3825  0.2794 
z
Cover crop treatments include:  PM = pearl millet; SB = soybean; CP = cowpea; PMSB = pearl millet + soybean  

combination; PMCP = pearl millet + cowpea combination. 
y
AMF = native arbuscular mycorrhizal fungi; VERM = vermicompost + native arbuscular mycorrhizal fungi. 

x
Values with the same letter are not significantly different (P < 0.05) using Tukey’s HSD.  

w
Reported P-values are from 2-way ANOVA models 
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Table 2.5. Mean per-plant dry weights of strawberry roots, crowns, petioles and leaves, and reproductive structures (fruits + 

flowers) of the cover crop and beneficial soil inoculant treatments for the Year 1 and Year 2 growing seasons.  

      Year 1           Year 2     

 

28-Dec 21-Feb 5-Apr 3-May 31-May 

 

3-Jan 7-Mar 7-Apr 11-May 31-May 

Treatment           Roots (g)           

NOCC
z 

3.02 5.19 5.82 4.78 5.26 

 

2.94 a
x 

3.95 3.57 5.16 4.23 

PM 3.18 4.85 5.65 5.74 5.83 

 

1.64 b 2.69 2.42 4.49 3.64 

SB 2.96 5.00 5.73 5.44 6.01 

 

2.21 ab 3.20 3.53 4.36 3.69 

CP 2.77 4.61 7.04 4.84 5.57 

 

2.40 ab 3.21 3.51 4.04 3.32 

PMCP 2.20 4.52 5.66 4.79 5.59 

 

2.48 ab 3.97 3.63 4.65 3.42 

PMSB 2.82 4.41 5.41 4.16 5.40 

 

2.31 ab 3.52 3.58 4.46 3.50 

P-value
w 

0.3384 0.7781 0.4404 0.9680 0.9125 

 
0.0134 0.1395 0.0374 0.5185 0.2641 

MYCO
y 

2.78 4.89 5.82 5.15 5.72 

 

2.78 4.89 5.82 5.15 b 5.72 

VERM 2.87 4.64 5.95 4.76 5.49 

 

2.87 4.64 5.95 4.76 a 5.49 

P-value 0.7355 0.4759 0.7889 0.3125 0.5701 

 

0.6729 0.0619 0.1121 0.0297 0.4958 

            Treatment           Crowns (g)           

NOCC 1.39 2.38 5.05 9.52 10.93 

 

1.32 2.60 a 7.19 a 7.12 10.35 a 

PM 1.51 2.50 4.88 8.63 11.73 

 

0.85 1.88 b 4.73 b 6.21 7.90 ab 

SB 1.38 2.25 4.93 9.10 10.80 

 

1.16 2.09 ab 6.34 ab 6.26 8.73 ab 

CP 1.53 2.34 4.90 8.88 11.84 

 

1.23 2.46 ab 6.59 ab 5.35 8.23 ab 

PMCP 1.18 2.51 4.49 9.39 10.74 

 

1.24 2.68 a 6.66 ab 7.11 6.97 b 

PMSB 1.37 2.37 4.85 8.82 10.49 

 

1.36 2.55 ab 6.76 ab 7.24 8.86 ab 

P-value 0.6897 0.9425 0.9755 0.9377 0.7547 

 

0.1192 0.0044 0.0727 0.2422 0.0703 

MYCO 1.38 2.29 4.93 9.08 11.48 

 

1.38 2.29 b 4.93 9.08 11.48 

VERM 1.41 2.50 4.77 9.03 10.70 

 

1.41 2.50 a 4.77 9.03 10.70 

P-value 0.8068 0.2209 0.6637 0.9237 0.2229 

 

0.3588 0.0016 0.0610 0.3181 0.7162 

Continued next page…                 
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Table B. continued                     

      Year 1           Year 2     

 

28-Dec 21-Feb 5-Apr 3-May 31-May 

 

3-Jan 7-Mar 7-Apr 11-May 31-May 

Treatment            Reproductive (flowesrs, fruits) structures (g)     

NOCC 0.52 0.81 5.01 7.85 2.34 

 

0.00 1.07 ab 8.41 a 10.31 8.74 

PM 0.61 0.86 5.27 8.17 2.37 

 

0.01 0.74 b 5.56 b 8.44 6.54 

SB 0.50 0.72 4.72 8.93 2.72 

 

0.01 0.94 ab 8.50 a 10.35 8.22 

CP 0.51 0.76 5.26 7.54 3.47 

 

0.00 1.13 ab 8.56 a 8.48 7.51 

PMCP 0.46 0.98 4.66 9.34 2.93 

 

0.00 1.18 a 8.90 a 12.27 7.89 

PMSB 0.50 0.88 4.46 9.90 3.99 

 

0.04 1.17 a 8.46 a 11.24 8.68 

P-value 0.8541 0.5250 0.7155 0.4957 0.4691 

 

0.1600 0.0290 0.0044 0.2138 0.6325 

MYCO 0.49 0.86 4.97 9.20 2.80 

 

0.49 0.86 b 4.97 9.20 b 2.80 

VERM 0.55 0.81 4.82 8.05 3.13 

 

0.55 0.81 a 4.82 8.05 a 3.13 

P-value 0.3850 0.5023 0.5936 0.0604 0.5542 

 

0.5041 0.0455 0.6741 0.0041 0.7037 

            Treatment                  Leaves and Petioles (g)         

NOCC 3.88 5.87 15.03 26.93 34.51 

 

2.58 5.81 18.03 27.34 32.06 a 

PM 3.66 5.88 15.39 28.97 37.63 

 

1.80 3.94 11.57 23.25 24.30 ab 

SB 3.43 5.86 15.21 30.40 37.51 

 

2.24 4.59 17.45 23.40 24.60 ab 

CP 3.58 5.01 16.66 24.71 38.18 

 

2.50 5.41 15.90 21.13 24.95 ab 

PMCP 2.78 5.35 15.88 29.21 32.79 

 

2.66 5.86 14.74 24.45 20.40 b 

PMSB 3.64 5.48 14.59 31.48 38.30 

 

2.35 5.18 15.38 25.40 23.01 ab 

P-value 0.3411 0.5531 0.7884 0.3855 0.6291 

 

0.1024 0.0506 0.0791 0.4071 0.0631 

MYCO 3.47 5.42 15.34 28.69 38.65 

 

3.47 5.42 15.34 28.69 38.65 

VERM 3.51 5.73 15.58 28.55 34.32 

 

3.51 5.73 15.58 28.55 34.32 

P-value 0.8958 0.2820 0.7726 0.9348 0.0576   0.4573 0.0017 0.6881 0.0305 0.8239 
zCover crop treatments include:  PM = pearl millet; SB = soybean; CP = cowpea; PMSB = pearl millet + soybean; PMCP = pearl millet + cowpea. 
yAMF = native arbuscular mycorrhizal fungi; VERM = vermicompost + native arbuscular mycorrhizal fungi. 
xValues with the same letter are not significantly different (P < 0.05) using Tukey’s HSD. 
wReported P-values are from 2-way ANOVA models. 
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Table 2.6. Mean nutrient concentrations of strawberry leaf and petiole samples in Year 1 and Year 2. 
 

 N P K Ca Mg S Fe Mn Zn Cu B Na 

Petiole 

NO3
-
-N 

 Nutrient analysis in parts per million (ppm) 

21 February 2010            

NOCC
z
 30050 4850 15200 8050 4650 2200 46 82 35 7 72 200 315 

PM 31100 4600 15100 8400 3950 2150 55 83 29 11 79 200 330 

CP 30500 4850 15400 8500 4250 2250 81 84 29 8 73 200 335 

SB 29400 4150 15250 8500 3950 2100 74 78 28 9 75 200 295 

PMCP 30800 4300 15300 8950 4050 2150 68 76 26 7 83 200 340 

PMSB 31800 4650 15300 9400 4400 2200 68 76 26 7 78 200 365 

P-value 0.4800 0.3443 0.9932 0.3578 0.1079 0.8851 0.0554 0.7059 0.3970 0.6611 0.3155 1.0000 0.5362 

              2 May 2010 

            NOCC 24267 2308 ab
y
 19858 14125 3483 1292 106 71 26 9 103 133 874 

PM 25358 2650 a 20117 14075 3467 1442 110 53 25 10 117 117 952 

CP 25925 2233 b 19642 15050 3450 1392 109 50 23 8 108 133 1044 

SB 26242 2250 ab 20400 14742 3342 1417 114 44 23 8 93 142 1158 

PMCP 25817 2258 ab 19892 14800 3400 1300 100 46 23 8 113 167 978 

PMSB 26075 2358 ab 19875 13625 3167 1375 116 40 22 8 86 150 1024 

P-value 0.4720 0.0368 0.8622 0.2329 0.2976 0.0512 0.8472 0.1447 0.0986 0.1877 0.1927 0.3339 0.9276 

 

Continued next page… 
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Table 2.6 Continued.         

 

N P K Ca Mg S Fe Mn Zn Cu B Na 

Petiole 

NO3
-
-N 

                    Nutrient analysis in parts per million (ppm)       

7 March 2011           

NOCC 34500 3950 15550 8550 3350 ab 1900 112 57 ab 29 9 50 100 1555 

PM 36400 3650 15100 8100 3150 b 1750 96 48 b 28 8 46 100 2260 

CP 36800 4150 15150 8800 3600 ab 1850 94 59 ab 29 9 46 100 2540 

SB 35500 4400 14350 8850 4350 a 1700 113 68 a 34 9 47 100 2765 

PMCP 36950 4100 15600 9400 3750 ab 1950 96 58 ab 31 10 52 150 2500 

PMSB 34550 3800 15400 8400 3200 b 1900 117 58 ab 28 10 51 100 1495 

P-value 0.5015 0.2121 0.4752 0.2015 0.0286 0.2793 0.1370 0.0340 0.0800 0.0904 0.1609 0.5000 0.0520 

              11 May 2011 

          NOCC 19400 2583 b 16867 16883 3283 a 1083 b 72 62 24 6 b 46 150 a 722 

PM 21267 3242 a 18375 17283 2917 b 1208 a 73 48 25 7 ab 43 117 ab 674 

CP 19492 2533 b 17342 17350 2850 bc 1092 b 72 51 25 7 ab 45 100 b 723 

SB 20217 2800 ab 18658 17400 2717 bc 1200 a 67 46 26 8 a 42 125 ab 655 

PMCP 20175 2575 b 18108 16592 2592 c 1125 ab 68 43 23 7 ab 42 108 ab 701 

PMSB 20533 2592 b 17583 17567 2775 bc 1125 ab 70 40 26 7 ab 46 108 ab 738 

P-value 0.2595 0.0032 0.0605 0.4268 <.0001 0.0013 0.4584 0.2427 0.5485 0.0126 0.2492 0.0246 0.7571 
z
Cover crop treatments include:  PM = pearl millet; SB = soybean; CP = cowpea; PMSB = pearl millet + soybean combination; PMCP = pearl 

millet + cowpea combination. 
y
Values with the same letter are not significantly different (P <0.05) using Tukey’s HSD. Years were analyzed separately using 2-way 

ANOVAs. 
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Table 2.7. Mean extractable inorganic NH4
+
-N and NO3

-
-N (mg N kg

-1
) levels from field soils.  

    Inorganic NH4
+
-N   Inorganic NO3

-
-N 

  Year 1 Year 2  Year 1 Year 2 

Cover crop treatment
z         

NOCC  7.93 b
x 

8.96 b  5.42 c 3.07 b 

PM  10.20 a 11.11 a  6.96 ab 3.93 ab 

SB  9.39 a 10.19 ab  7.55 abc 3.94 ab 

CP  11.75 a 10.44 ab  5.96 bc 4.48 a 

PMCP  11.18 a 10.14 ab  9.70 a 3.96 a 

PMSB  11.66 a 11.04 a  8.68 a 4.55 a 

P-value   <0.0001 0.0221   <0.0001 0.0012 

Beneficial soil inoculant treatment
y 

     

     

AMF  10.76
w 

10.31  6.88 3.79 

VERM  10.47 10.32  7.88 4.19 

P-value   0.5536 0.9448   0.0533 0.5596 

Cover crop*beneficial inoculant 

interaction      

P-value    0.3736 0.5378   0.5685 0.6613 
z
Cover crop treatments include:  PM = pearl millet; SB = soybean; CP = cowpea; PMSB = pearl 

millet + soybean combination; PMCP = pearl millet + cowpea combination. 
y
AMF = native arbuscular mycorrhizal fungi; VERM = vermicompost + native arbuscular 

mycorrhizal fungi. 
x
Values with the same letter are not significantly different (P < 0.05) using Tukey’s HSD. 

w
Tukey’s HSD showed no significant differences (P < 0.05) between beneficial soil inoculant 

treatments or interactions between treatments for the data presented here. Data was analyzed 

with 2-way ANOVAS. 
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Table 2.8. Total organic and inorganic N applied through mean cover crop tissue, compost, 

soybean, and sodium nitrate (NaNO3
-
) in kilograms per square hectare each year. 

  

Cover 

crop N 

Compost 

N 

Soybean 

meal N 

Sodium 

nitrate  Total 

 

    Year 1     

NOCC
z
 . . 67 27 94 

PM 130 432 22 27 611 

SB 148 432 22 27 629 

CP 174 432 22 27 655 

PMCP 389 432 22 27 870 

PMSB 492 432 22 27 973 

      

 

    Year 2     

NOCC . . 67 27 94 

PM 147 582 22 27 777 

SB 21 582 22 27 651 

CP 110 582 22 27 741 

PMCP 298 582 22 27 928 

PMSB 293 582 22 27 924 
z
Cover crop treatments include:  PM = pearl millet; SB = soybean; CP = cowpea; PMSB = pearl 

millet + soybean combination; PMCP = pearl millet + cowpea combination.
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Figure 2.1. Mean above-ground cover crop dry weight (kg ha
-1

) sampled 9 weeks after 

planting in Year 1 and Year 2. Hatched areas in the combination treatments represent the 

legume fraction. Error bars represent SE and bars with the same letter are not significantly 

different according to Tukey’s HSD (P < 0.05). Each year was analyzed separately using 1-

way ANOVAs. Capitalization of letters refers to separate year analysis.  
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Figure 2.2. Mean above-ground weed dry weight (kg ha

-1
) from cover crop plots sampled 9 

weeks after planting in Year 1 and Year 2. Error bars represent SE and bars with the same 

letter are not significantly different according to Tukey’s HSD (P < 0.05). Each year was 

analyzed separately using 1-way ANOVAs. Capitalization of letters refers to separate year 

analysis.  
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Figure 2.3. Mean number of weeds in strawberry plots per cover crop treatment for collection 

dates 12/29/2009, 02/22/2010, and 04/01/2010 (A) and 01/04/2011, 03/07/2011, and 

04/02/2011 (B). Error bars represent SE and no sub-plot treatments were significantly 

different according to Tukey’s HSD (P=0.05). Sub-plot treatments include: AMF = native 

arbuscular mycorrhizal fungi; VERM = vermicompost + native arbuscular mycorrhizal fungi. 
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Figure 2.4. Mean weed biomass produced in strawberry plots per cover crop treatment for 

collection dates 01/04/2011, 03/07/2011, and 04/02/2011. Error bars represent SE and bars 

with the same letter are not significantly different according to Tukey’s HSD (P=0.05). 

Treatments were analyzed using a 2-way ANOVA.  
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Figure 2.5. Percent AMF colonization of strawberry roots at different days after planting in 

Year 1 (A) and Year 2 (B) for each cover crop treatment. Cover crop treatments include:  PM 

= pearl millet; SB = soybean; CP = cowpea; PMSB = pearl millet + soybean combination; 

PMCP = pearl millet + cowpea combination.   
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Figure 2.6. Percent AMF colonization of strawberry roots at different days after planting in 

Year 1 (A) and Year 2 (B). Sub-plot treatments include: AMF = native arbuscular 

mycorrhizal fungi; VERM = vermicompost + native arbuscular mycorrhizal fungi. 
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Figure 2.7. Mean total soil inorganic N levels (NH4

+
 + NO3

-
) for each cover crop treatment in 

Year 1 (A) and Year 2 (B). Cover crop treatments include:  PM = pearl millet; SB = soybean; 

CP = cowpea; PMSB = pearl millet + soybean combination; PMCP = pearl millet + cowpea 

combination. 
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Abstract 
 

Pythium irregulare is a common pathogen of strawberries in the Southeastern US, 

often resulting in root death, poor growth, and yield reductions. An experiment was 

conducted in controlled growth chambers in the Phytotron facility at North Carolina State 

University (NCSU) to examine the effects of arbuscular mycorrhizal fungi (AMF) and 

vermicompost used as pre-inoculants on plant growth and disease incidence of roots when 

inoculated with P. irregulare. Micropropagated strawberry plants were inoculated with either 

a live soil inoculant treatment—AMF mixed species inoculum, vermicompost, or a 

combination of AMF and vermicompost—in growing media mixtures; or their controls. Pre-

inoculated plants were transplanted in pots and inoculated with P. irregulare or no pathogen. 

Treatment combinations were assessed for their impact on plant biomass responses (root, 

crown, and stem and leaf dry weight, and leaf area), P. irregulare lesion incidence, and AMF 

colonization of roots. Due to poor drainage in pots, treatments became waterlogged and 

received high doses of nutrients. In conditions advantageous to pathogen development, AMF 

and vermicompost pre-inoculant treatment with P. irregulare produced greater total and root 

dry weights and greater leaf area than any other treatment, even though lesion presence was 

not lower than the control. Mycorrhizal colonization was not reduced due to lesion infection. 

Neither mycorrhizal associations nor vermicompost appeared to restrict pathogen 

development in the root system. Results from this experiment suggest plant growth was not 

improved due to suppression of the pathogen, but may have been enhanced by the 

combination of mycorrhizal colonization and vermicompost under these stressful abiotic 

conditions through alternative benefits, including increased nutrition or microbial activity.   
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Introduction 
 

Soilborne root rot pathogens can hinder strawberry production, and frequently cause 

considerable yield reductions in strawberries, as high as 85% in some cases (Berg, 2007). 

Pest problems in the Southeastern (SE) US can become chronic quickly, due to the common 

practice of monoculture and replanting in the same area (Sydorovych et al., 2006). 

Furthermore, introducing nursery stock potentially infested with pathogens may compound 

pest problems and management challenges. Although attempts are made to provide clean 

plants to growers, the use of nursery certified “disease-free” bare-root strawberry plants has 

not significantly reduced pathogen transmission (Leandro et al., 2004). Although pervasive 

pathogen pressures in strawberry fields have led to methyl bromide (MeBr) fumigation as the 

main pest management strategy in strawberry production, many are now looking for 

sustainable alternative soil management practices that promote enhanced soil health and 

biological suppression of soilborne pathogens.  

Methyl bromide fumigation is currently being phased out due to its contribution to 

ozone depletion; yet due to the lack of effective alternatives, a critical-use exception remains 

open for strawberry growers in the SE (United States Environmental Protection Agency, 

2011). Reliance on MeBr and other fumigants in strawberry production has successfully 

reduced pest populations, but has also reduced the emphasis on disease suppression through 

microbial activity.  Additionally, the high rate of control afforded by MeBr deemphasized 

plant breeding for disease resistance (Martin and Bull, 2002), resulting in plants with weak or 

no resistance to common pathogens.  Research on new biologically-based approaches to 
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manage soilborne pathogens and enhance overall soil health in both conventional and organic 

strawberry systems is necessary as MeBr is phased out.  

Biological control involves the management of the agroecosystem to protect plants 

against pests and reduce the incidence and severity of disease. Biocontrol strategies in 

strawberry should seek to manage the rhizosphere microbial populations to promote root 

health and plant growth (Martin and Bull, 2002). Enhancing beneficial soil microbial 

populations in strawberry systems through arbuscular mycorrhizal fungi (AMF) and 

vermicompost may improve control of pest populations and reduce dependency on pesticides 

and fumigants.  

Plug production practices provide an opportunity to pre-inoculate strawberries with 

beneficial soil organisms that may suppress common pathogens in propagation and field 

settings. Growers often treat bare root tips with fungicides prior to transplanting in order to 

control pathogens that originate on runner tips at nurseries (Martin and Bull, 2002). Pre-

inoculating plants may provide an alternative to chemical control during the propagation 

phase, and can also introduce beneficial microbes often eliminated through chemical (Koron, 

2009) and biological (Owen et al., 2010) fumigation practices in a field setting. Microbial 

biomass and activity levels in soilless container media amended with composts have been 

associated with suppression of Pythium species (Scheuerell et al., 2005). Plug inoculation 

with AMF and vermicompost may provide a method of biological control for strawberry 

growers due to their potential to suppress common root pathogens by enhancing plant growth 

and microbial activity. Inoculating strawberry plugs during propagation places beneficial 

microbes in close proximity to the rhizosphere, increasing the likelihood of controlling the 
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pathogens present. This experiment examines the effects of pre-inoculating strawberry tips 

with AMF and vermicompost on overall strawberry plant growth and suppression of Pythium 

irregulare.   

Benefits from AMF are well documented and diverse, including increased plant 

vigor, enhanced nutrient uptake, increased drought tolerance, and improved soil aggregation 

(Gianinazzi et al., 2010). Additionally, AMF have been shown to reduce damage caused by 

many important agricultural pathogens, including Fusarium, Phytophthora, Pythium, 

Rhizoctonia, Verticillium, and some nematodes (Harrier and Watson, 2004; Norman et al., 

1996). Proposed methods of AMF/pathogen interaction include, enhanced plant nutrition, 

root morphology (architecture and cell wall lignification), competition for infection points, 

altered rhizosphere deposition disturbing pathogen chemotaxis, and activation of plant 

defense mechanisms (Harrier and Watson, 2004). AMF associations generally suppress—not 

inhibit—disease, therefore, pre-inoculation to ensure colonization and extensive growth of 

mycorrhizae before the pathogen infects strawberry roots is necessary to have suppressive 

effects (Demir and Akkopru, 2007).  

Plug production systems also provide an opportunity to pre-inoculate strawberry 

plants with an array of beneficial organisms through vermicompost applications. 

Vermicompost inoculations to strawberries have been demonstrated to increase beneficial 

microbial populations (including microbial biomass and activity) (Arancon et al., 2006; Chen 

et al., 1988) and enhance production of plant growth hormones and humic acids that may 

improve plant growth (leaf area, shoot biomass, number of flowers and runners) (Arancon et 

al., 2004). Vermicompost applications have also been shown to suppress common soilborne 
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diseases, including Pythium and Rhizoctonia. (Arancon et al., 2003), as well as reduce 

physiological disorders and increase resistance to grey mold (Botrytis cinerea) on strawberry 

fruit (Singh et al., 2008). Scheuerell et al. (2005) found that a 50:50 mix of vermicompost 

and peat-perlite based container media significantly reduced P. irregulare damping-off in 

cucumber seedlings.  

There are numerous Pythium species capable of infecting strawberry roots, causing 

damping off of seedlings (Scheuerell et al., 2005), necrosis, and reduced plant vigor (Wing et 

al., 1994). Pythium irregulare has been associated with black root rot (BRR), a pervasive 

pathogen complex, commonly consisting of Rhizoctonia spp., Pythium spp., and 

Pratylenchus penetrans (Cobb) Filip. & Stek. (Wing et al., 1994), that results in root death, 

poor growth, and yield reductions. Surveys of pathogens infecting strawberry roots 

demonstrate that P. irregulare is one of the most prevalent species (Leandro et al., 2007; 

Louws, 2009; Martin, 1999). Conditions of high soil moisture, lower temperatures (~9-20
o
C), 

and finer textured soils with slow drainage (Wing et al., 1994) can favor Pythium 

populations. Therefore, site specific treatments and cultural control methods are needed as 

particular growing conditions are often beneficial to pathogen development. Biological 

control strategies that build soil quality and support the microbial population to suppress 

pathogens are essential.  

Application of inoculants during the propagation phase of strawberry production has 

the potential to reduce risks for organic and conventional growers by suppressing disease 

pressures in the field. Additionally, pre-inoculation may give plants a growth advantage at an 

early stage, thus increasing competitiveness to pests and reducing chances of disease 
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transmittance to the field. Moreover inoculating strawberry plants with beneficial soil 

organisms may enhance the overall biological community in soils under strawberry 

production that have been inhibited from years of MeBr fumigation. With the loss of MeBr, 

management practices that stimulate a healthy and microbially active soil serve to build the 

natural capability of the soil to suppress common pathogens, thus improving the long-term 

viability of strawberry production in North Carolina and the SE.  

Evaluation of biological control strategies—including pre-inoculation with AMF and 

vermicompost—is an important step in developing soil management strategies to reduce 

pathogen pressures in both conventional and organic strawberry production systems. The 

primary objective of this study was to evaluate the individual and combined effects of AMF 

and vermicompost pre-inoculation on reducing Pythium irregulare damage on strawberry 

roots. Additional objectives included evaluation of pre-inoculant effects on strawberry 

growth and rates of mycorrhizal infection when inoculated with P. irregulare.  

 

Materials and Methods 

Experimental Design  

A growth chamber experiment was conducted in the Phytotoron facility at North 

Carolina State University (NCSU) between November 2010 and March 2011. The study was 

designed as a 5 x 2 fully factorial experiment with five soil inoculant treatments: AMF mixed 

inoculum (AMF, NO AMF), vermicompost (VERM, NO VERM), AMF+vermicompost 

(AMF+VERM)], and one pathogen (Pythium irregulare) treatment (PYTH, NO PYTH), 

replicated ten times for a total of 100 plants. Treatment groups were split evenly between two 
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(1.2 m x 2.4 m x 2.1 m) growth chambers. The AMF and vermicompost inocula were applied 

via growth media mixtures to 20 ‘Chandler’ strawberry plugs for each level; live (AMF) and 

double stream sterilized (NO AMF) for AMF treatments and live (VERM) or absent (NO 

VERM) for vermicompost treatments. Only one combination (AMF+VERM) treatment (20 

plants) with live AMF mixed inoculum and live vermicompost was necessary because its 

control is the same as the NO AMF treatment. The Pythium irregulare treatment was applied 

through inoculated rye grains to 10 plants for each level of the above treatments; live 

(PYTH) and double steam sterilized (NO PYTH). 

 

Plant Material and Inoculum Production 

Disease-free cultivar ‘Chandler’ strawberry tips were acquired from the 

Micropropagation and Repository Unit at North Carolina State University (NCSU) in 

Raleigh, NC. Native AMF mixed species inoculum was produced using propagules (spores 

and root fragments) from greenhouse trap cultures established with soil samples collected 

from the Lake Wheeler Road Field Laboratory (Raleigh, NC). The AMF mixed species 

inoculum included Glomus etunicatum, Gigaspora margarita, and Scutellospora pellucida. 

Vermicompost was purchased from Vermicycle Organics, Inc. (Wilson, NC). An isolated P. 

irregulare strain (provided by Dr. Bo Liu, NCSU, Raleigh, NC) was collected from field 

grown (Laurel Springs, NC) strawberry roots and selected based on its infection potential. 

Mycelia cultures were grown on potato dextrose agar (PDA) (Fisher Scientific, Waltham, 

MA) amended with 25 mg/L ampicillin (Fisher Scientific, Waltham, MA). Mycelial plugs (1 



 

76 

 

cm
2
) were removed from cultures and mixed with double steam-sterilized rye grains (cv. 

Wren’s Abruzzi).  

All soil inoculant treatments were mixed thoroughly with Sunshine Organic Planting 

Mix (Sun Gro Horticulture, Bellevue, WA) prior to setting strawberry tips in 50-cell plug 

trays. Each type of AMF inoculum (AMF, NO AMF) was added at 20 g per 90 cm
3
 cell and 

vermicompost was added at 3.8 g per 90 cm
3
 cell (15%). On 10 November 2010, 

micropropagated ‘Chandler’ strawberry tips were dipped in a combination of Floramite 

(Crompton Manufacturing Company, Inc., Middlebury, VT) and Pylon (BASF Corporation, 

Research Triangle Park, NC) to prevent mite introduction to the Phytotron prior to being set 

in planting trays.  Soil inoculant treatments were randomized and separated by 2 rows within 

each tray and set on a misting bench in a 2.4 m x 3.7 m x 2.1 m growth chamber for seven 

weeks. Growth chamber conditions were set at 16-h photoperiod, 12% relative humidity and 

24
o
C day/18

o
C (±1

o
) night conditions. Trays were re-randomized on the misting bench every 

three days. Plants were misted following the recommendations of Poling et.al. (2005), 

although the graduated decline in misting time was modified to account for an extended 

period on the misting bench to accommodate P. irregulare inoculum preparation.   

On 29 December 2010, individual plugs were transplanted into six-inch pots with a 

1:1 soil:sand (1500 g / 1050 cm
3
) mixture. Half (50) of the pots received 25 g of the PYTH 

(inoculated rye grains) treatment and the remaining 50 pots received 25 g of the NO PYTH 

(sterilized rye grains) treatment. A microbial filtrate was developed from AMF inoculum and 

10 mL added to every pot. Treatment pots were placed on carts in two different growth 

chambers (2.4 m x 1.2 m x 2.1 m), each containing half (50) of all treatments, and grown for 
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9 weeks. The growth chamber conditions were set at 16-h photoperiod, 12% relative 

humidity and 18
o
C (±1

o
) day/night temperature to enhance P. irregulare development. Light 

intensity ranged between 450-500 µmol m
-2

 s
-1

 using a combination of VHO fluorescent and 

incandescent bulbs. After four days the temperature was changed to 24
o
C day/18

o
C (± 1

o
) 

night conditions. Carts were rotated within chambers every three days to reduce positional 

effects. Pots were hand-watered using the stock NCSU Phytotron modified Hoagland nutrient 

solution (see the NCSU Phytotron Procedural Manual for a complete description at 

http://www.ncsu.edu/phytotron/manual.pdf) or distilled water on alternating days. An 

average of 150 mL was applied to each pot and adjusted according to visual plant symptoms 

or soil moisture levels throughout the experiment (Appendix C). 

 

Data Collection  

Two soil core samples (138 cm
3
) were removed from each pot at 2 (15 DAT) and 6 

weeks (44 DAT) after transplanting. Fresh roots were separated from soil core samples and 

analyzed for percent P. irregulare root lesion incidence following a modified grid-line 

intersect method (Giovannetti and Mosse, 1980).   

At destructive harvest (62 DAT), whole root systems were washed and visually 

scored for percent P. irregulare infection (tan lesions) and necrosis (black roots) following a 

modified Horsfall-Barratt rating scale: 1-12 scale: 0= no lesions, 1=Trace (1 lesion-< 0.6%), 

2= .6-3%, 3= 3-6%, 4= 6-12%, 5= 12-25%, 6= 25-50%, 7= 50-75%, 8=75-87%, 9= 87-97%, 

10= 94-97%, 11= 97-100%, 12= 100% of root mass with visible lesions. Plants were then 

separated into roots, crowns, leaves and petioles for biomass analysis. Leaf area (cm
3
) on 

http://www.ncsu.edu/phytotron/manual.pdf


 

78 

 

fresh leaf and petiole samples was measured with a LI-COR-LI-3100C Area Meter (LI-COR 

Biosciences, Lincoln, NE). All plant tissue was then dried at 60
o
C for 72-h and weighed. 

Total plant biomass values are from combined root, crown, and stem and leaf dry weights.  

All roots samples were dried, rehydrated and then cleared and stained with 0.05% 

trypan blue following procedures modified from Phillips and Hayman (1970) for AMF 

assessment. Percent mycorrhizal colonization of stained roots was calculated following the 

modified grid-line intersect method, while percent occurrence of arbuscules, vesicles, and 

internal hyphae were observed at 400x magnification and assessed using a modified 

magnified intersect method (McGonigle et al., 1990).  

 

Pathogen Validation 

Following percent P. irregulare infection assessment, 3 plants were randomly 

selected from each treatment for pathogen validation analysis. A 3-cm root piece with visible 

lesions was cultured on Pythium selective media composed of 39 g/L PDA, 5.2 mg/mL 

Pentachloronitrobenzene (PCNB) (Sigma Aldrich, St. Louis, MO), 10mg/mL Topsin 

(Uniphos Agro Industries, Maharashtra, India), 25mg/mL Ampicillin, 10mg/mL Rifampicin 

(Fisher Scientific, Waltham, MA), 25mg/mL Nystatin (Fisher Scientific, Waltham, MA) and 

cultured at room temperature for 3 days. Mycelium was identified based on morphological 

characteristics at the Integrated Disease Management Lab at NCSU.  

 

Statistical Analysis  

Data were analyzed using the PROC MIXED, PROC GLM, and PROC CORR 

procedures of SAS software version 9.2 (SAS Institute, Cary, NC). Statistical significance 
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was expressed at the P < 0.05 level based on Type III sums of squares. Data were checked 

for normality and square root transformations were applied to data, where necessary, in order 

to meet equal variance assumptions. All variables were analyzed following a 5 x 2 fully 

factorial design with the fixed effects as inoculant, pathogen, and their interactions. 

Separated residual variances were fitted for each level of PYTH to better account for 

homogeneity of residual variation. Pairwise mean comparisons were performed on all 

significant effects using Fisher’s Least Significant Difference at the P < 0.05 significance. A 

two-way Multivariate Analysis of Variance (MANOVA) was used to analyze inoculants and 

pathogen treatment effects on biomass responses (shoot, root, etc.). A separate 2-way 

MANOVA was utilized to analyze treatment effects on lesion and mycorrhizal structure 

presence. Subsequent 2-way ANOVAs were performed on all analyses. An additional 

analysis of lesion rating included necrosis rating as a covariable to explain the effect of 

necrosis on lesion incidence. Spearman’s rank correlation was used to analyze the association 

between percent incidence of P. irregulare and necrotic lesions, and between percent 

incidence of P. irregulare lesions, AMF colonization and mycorrhizal structure occurrence 

after accounting for the treatment effects.  

 

Results 

Strawberry Biomass  

A 2-way MANOVA of biomass responses (root, crown, stem and leaf, leaf area) at 

harvest (62 DAT) indicated an overall treatment effect of inoculants (Wilks' λ = 0.597, F(16, 
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266.43) = 3.06, P = < 0.0001), pathogen (Wilks' λ = 0.833, F(4, 87) = 4.35, P < 0.003), and 

the soil inoculant*pathogen interaction  (Wilks' λ = 0.721, F(16, 260.43) = 1.88, P = 0.022).  

Subsequent individual biomass responses (total biomass, roots, crowns, stems and 

leaves, and leaf area) were analyzed using separate 2-way ANOVAs. Total plant dry weight 

(root, crown, and stem and leaf dry weight (g) was significantly affected by the inoculant 

treatment (P = 0.011), but not for the pathogen treatment (P = 0.057). Within the PYTH 

treatment, the AMF+VERM plants had significantly greater dry weight than all other 

treatments (Fisher’s LSD P < 0.05, Fig. 3.1). Additionally, the AMF+VERM plants had the 

greatest total dry weights in both NO PYTH and PYTH treatments, but these differences 

were not significant. There was a significant inoculant treatment (P = 0.008) effect on root 

dry weights. Within the PYTH treatments, the AMF+VERM plants had significantly greater 

root dry weights compared to the other inoculant treatments (Fisher’s LSD P < 0.05, Table 

3.1).  

There were no significant effects of any treatment on crown dry weight (data not 

shown). Stem and leaf dry weights were significantly affected by the inoculant treatment (P 

= 0.013, Table 3.1). Within the NO PYTH treatments, the VERM mean leaf and stem dry 

weights were significantly greater than the AMF treatments. Within the PYTH treatment, 

AMF+VERM leaf and stem dry weights were significantly greater than AMF, VERM, and 

NO AMF treatments (Fisher’s LSD P < 0.05, Table 3.1). Additionally, VERM stem and leaf 

dry weights were significantly greater in the NO PYTH than the PYTH treatments (Fisher’s 

LSD P < 0.05). Leaf area was significantly affected by the inoculant treatment (P = 0.029) 

and the inoculant*pathogen interaction (P = 0.008). Within the PYTH treatment, 
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AMF+VERM, AMF and NO VERM treatments were significantly greater than the NO AMF 

and VERM treatments, but none of the NO PYTH treatments significantly differed in leaf 

area (Table 3.1). Additionally, the VERM/NO PYTH treatment had significantly greater 

mean leaf area than the VERM/PYTH treatment (Table 3.1). There were no significant 

overall correlations between root, crown, stem and leaf, or leaf area and lesion rating residual 

values (Appendix D). Root weight and lesion ratings were significantly correlated in the 

AMF+VERM/PYTH (r = -0.66085, n = 10, P = 0.038) and NO AMF/NO PYTH (r = 

0.64322, n = 10, P = 0.045) treatments. In general, the AMF+VERM treatment produced the 

highest dry weights for strawberry biomass responses at harvest across all treatments and 

especially when inoculated with P. irregulare. The NO AMF treatment consistently 

produced the lowest biomass responses.  

Separate analysis of plants inoculated with AMF (AMF and AMF+VERM treatment 

groups) revealed a significant inoculant effect on total (P = 0.008), root (P = 0.038), and 

stem and leaf (P = 0.003) dry weight (g) (Table 3.2). AMF+VERM/PYTH plants had 

significantly greater total dry weights than AMF plants in both NO PYTH and PYTH 

treatments (Table 3.2). Root mass in AMF+VERM/PYTH treatments were significantly 

greater than AMF/PYTH (Fisher’s LSD P < 0.05, Table 3.2). Stem and leaf biomass in the 

AMF+VERM/PYTH treatment was significantly greater than both the NO PYTH and PYTH 

AMF treatments (Table 3.2). Leaf areas in PYTH treatments were greater than the NO PYTH 

treatments and both AMF/PYTH and AMF+VERM/PYTH treatments were significantly 

greater than the AMF/NO PYTH treatment (Fisher’s LSD P < 0.05). 
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P. irregulare Lesions  

At 15 DAT, lesion incidence was significantly affected by both inoculant (P = 0.018) 

and pathogen (P < 0.0001) treatments (Fig. 3.2). PYTH treatment plants had significantly 

greater (98.6%) lesion incidence than NO PYTH plants (Fisher’s LSD P < 0.05). Within the 

NO PYTH treatments, AMF plants had significantly greater percent lesion incidence than all 

other inoculant treatments (Fisher’s LSD P < 0.05, Fig. 3.2). At 44 DAT, percent lesion 

incidence was also significantly affected by the inoculant (P = 0.009) and pathogen (P < 

0.0001) treatments, as well as their interaction (P = 0.004, Fig. 3.2). PYTH treatments had a 

significantly greater (102%) lesion incidence than NO PYTH treatments at 44 DAT (Fisher’s 

LSD P<0.05). The interaction of the PYTH and VERM treatments produced a significantly 

greater percent lesions incidence than AMF+VERM, NO VERM, and NO AMF, but these 

effects were not observed in NO PYTH treatments (Fisher’s LSD P < 0.05, Fig. 3.2). Within 

NO PYTH treatments, the AMF+VERM inoculant treatment had significantly greater percent 

lesion incidence than the NO AMF treatment.  

A 2-way MANOVA of P. irregulare lesion and necrotic tissue ratings at 62 DAT 

showed an overall treatment effect of the pathogen (Wilks' λ = 0.423, F(2, 85) = 1.66, P < 

0.0001), but not the inoculant treatment (Wilks' λ = 0.898, F(8, 170) = 1.18, P = 0.315). A 

subsequent 2-way ANOVA of lesion rating values that controlled for the necrotic rating as an 

explanatory covariable showed there was a significant effect of necrosis across all treatments 

(P = 0.047, Fig. 3.3). The pathogen treatment was also found to be significant (P < 0.0001); 

with a significant increase in lesion incidence in PYTH treatment pots (Fisher’s LSD P < 

0.05). The inoculant did not have a significant effect (P=0.459), and there were no significant 
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differences between soil inoculants within the PYTH treatments (Fisher’s LSD P < 0.05, Fig. 

3.3). Two-way ANOVA analysis of necrosis ratings showed a significant effect of the 

pathogen treatment (P = 0.007), but pairwise comparison of these treatments showed 

significantly more necrotic tissue in the NO PYTH treatment pots (Fisher’s LSD P < 0.05). 

There were no significant correlations between lesion and necrosis ratings (Appendix F).  

 

Mycorrhizal Colonization  

Results from a 2-way ANOVA on all AMF inoculated plants (AMF and 

AMF+VERM for both NO PYTH and PYTH treatments) at 44 DAT revealed significant 

effects of the inoculant treatment on percent mycorrhizal colonization (P = 0.006), percent 

occurrence of vesicles (P = 0.008) and hyphae (P = 0.006). AMF plants receiving the PYTH 

treatment had significantly greater mycorrhizal colonization and P. irregulare lesion 

incidence than all other treatments (Fisher’s LSD P < 0.05, Appendix E). For all mycorrhizal 

factors at 44 DAT, values for the AMF treatments (PYTH and NO PYTH) were greater than 

the AMF+VERM treatment (Fisher’s LSD P < 0.05, Appendix E). Vesicle and hyphae 

occurrence in AMF treatments, both NO PYTH and PYTH, were significantly greater than 

AMF+VERM/NO PYTH treatments (Fisher’s LSD P < 0.05). Significant effects of the 

pathogen treatment were observed in percent mycorrhizal colonization (P = 0.048), percent 

occurrence of arbuscules (P=0.004), and percent lesion incidence (P < 0.0001). The AMF 

and AMF+VERM PYTH treatments had significantly greater occurrence of arbuscules than 

the AMF+VERM/NO PYTH treatment (Fisher’s LSD P < 0.05). P. irregulare lesion 

incidence was also significantly affected by the interaction of inoculant and pathogen (P = 
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0.036). The interaction of the soil inoculant and PYTH treatments produced significantly 

greater amounts of lesions in the AMF treatments, but without the pathogen, lesion incidence 

in these soil inoculant treatments was not different. Additionally, both the AMF and 

AMF+VERM PYTH treatments were significantly greater than their NO PYTH counterparts 

(Fisher’s LSD P < 0.05, Appendix E).   

A 2-way MANOVA of all mycorrhizal factors (mycorrhizal colonization, arbuscule, 

vesicle, and hyphae occurrence), lesion, and necrotic ratings in AMF and AMF+VERM 

treatments at 62 DAT showed an overall pathogen effect (Wilks' λ = 0.361, F(6, 31) = 9.15, 

P < 0.0001). Two-way ANOVAs on this subset of plants amended with AMF, showed a 

significant effect of the pathogen treatment on lesion rating (P < 0.0001), but there was no 

effect on necrosis (P = 0.846). Pairwise comparisons of lesion ratings showed that PYTH 

plants had a significantly greater percentage of root area with visible lesions than those in the 

NO PYTH treatment (Fisher’s LSD P < 0.05, Fig. 3.4). PYTH treatment plants had a greater 

amount of mycorrhizal colonization in roots than NO PYTH plants, but no treatment means 

were significantly different (Fisher’s LSD P < 0.05). The AMF+VERM and AMF plants in 

the PYTH treatment also had significantly greater lesion ratings when compared to NO 

PYTH (Fisher’s LSD P < 0.05). There were no differences in treatment means related to root 

necrosis (Fisher’s LSD P < 0.05, Fig. 3.4). NO PYTH treatments had the greatest occurrence 

of mycorrhizal structures. Arbuscule presence was significantly affected by the 

inoculant*pathogen interaction (P = 0.038). Within the NO PYTH treatments, the 

AMF+VERM inoculant treatments had significantly greater numbers of arbuscules than the 

AMF treatments, but this effect was lost when the pathogen was added (Fisher’s LSD P < 
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0.05).  The AMF/NO PYTH treatment had the greatest occurrence of vesicles and was 

significantly greater than the AMF+VERM/PYTH treatment (Fisher’s LSD P < 0.05, Fig. 

3.4). Hyphae were significantly affected by the pathogen treatment (P = 0.008), with a 

greater mean hyphal occurrence in NO PYTH treatments (Fisher’s LSD P < 0.05, Fig. 3.4). 

Unlike mycorrhizal colonization points, occurrence of arbuscules, vesicles, and hyphae 

decreased when inoculated with the pathogen. While not significant, the correlations between 

mycorrhizal colonization and lesion rating were positive (n = 40, r = 0.078, P = 0.630, 

Appendix G). There was a significant correlation between arbuscules and lesion rating 

showing that as lesions increased, arbuscules decreased (n = 40, r = -0.439, P = 0.005, 

Appendix G).  

 

Discussion 
 

The biotic and abiotic factors in a soil ecosystem strongly influence the ability of a 

pathogen to cause disease. The high moisture and low temperatures in this study were 

favorable to Pythium infection (Wing et al., 1994), which likely resulted in greater rates of 

lesion incidence observed at 15 DAT. Continued high moisture levels in pots created an 

environment advantageous to pathogen infection and unfavorable to plant growth, as plants 

in waterlogged soils may become predisposed to pathogen infection (Maas, 1998). The 1:1 

sand and soil mix used in this experiment may have encouraged pathogen development, due 

to the fine textured soil and slower drainage (Wing et al., 1994). Soils with high percentages 

of clay and silt have been associated with greater levels of the black root rot disease complex, 

which commonly includes Pythium spp. (Wing et al., 1995). Additionally, reduced root 
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growth due to environmental conditions may have masked some of the beneficial effects of 

the inoculants on plant growth and pathogen suppression in treatment pots.  

In this study, we found the mixed beneficial soil inoculum (AMF+VERM) treatment 

produced the greatest total and root dry weights and greater leaf area, when inoculated with 

Pythium irregulare. Overall, plants in the PYTH treatment were, on average, only 9.7% 

smaller than plants that did not receive the pathogen treatment. The positive biomass 

responses associated with in the AMF+VERM/PYTH treatment was observed in these plants 

even though the percentage of root mass infected with P. irregulare lesions was significantly 

greater than the controls. Although lesion incidence was similar across the PYTH treatments 

at the end of the experiment, plant biomass responses were improved in root systems pre-

inoculated with an AMF and vermicompost mixture in a soil environment advantageous to 

the pathogen.  

Our results indicated that vermicompost alone did not suppress P. irregulare 

infection. In root samples inoculated with P. irregulare, at 15 and 44 DAT, the VERM 

treatment had the greatest lesion incidence rate, and at 62 DAT, the NO VERM and VERM 

treatments had the greatest lesion rating. Although the AMF+VERM treatment significantly 

reduced lesion incidence at 44 DAT, this suppressive effect did not carry through the 

completion of the experiment at 62 DAT. Even though the reduction in lesions incidence was 

not significant at all sample dates, the rate of infection was reduced when VERM was 

combined with AMF. Chen et al. (1988) observed suppression of Pythium ultimum in 

cucumber due to microbial biomass and activity. Arancon et al. (2006) additionally showed 

that vermicompost positively affects microbial biomass and activity when field applied to 
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strawberries. Pathogen suppression due to microbial biomass and activity from 

vermicompost pre-inoculants alone may be ineffectual when the environment is stimulatory 

to pathogen development. It is possible that the plants benefitted from growth promotion due 

to vermicompost in the plug stage, but the pathogen pressure in pot conditions were too much 

to overcome with the small amount of vermicompost in the plug cell. Increasing the amount 

of vermicompost applied at the pot or field scale may be necessary to receive benefits from 

increased microbial activity and potential competition with pathogens.   

No pre-inoculant treatment significantly reduced lesion incidence in pathogen 

treatments at the end of this experiment (62 DAT), but infection was reduced in AMF and 

AMF+VERM treatments. Lesion ratings in AMF and AMF+VERM treatments had a lower 

mean rating of 2 (0.6-3%), while the remaining treatments averaged 3 (3-6%). Plants with 

active mycorrhizal associations produce different root exudates and bacteria that affect the 

microbial community structure differently than non-mycorrhizal plants (Linderman, 1988). 

Changes in the microbial community structure of the mycorrhizosphere due to the combined 

effect of colonization with AMF and addition of vermicompost prior to interaction with a 

pathogen appear to have had a greater effect on suppression than either treatment alone.  

Phenolic compound and plant defense related enzyme synthesis and accumulation has been 

shown to increase due to AMF colonization (Al-Askar and Rashad, 2010). This 

mycorrhizosphere may stimulate growth of bacterial populations that promote plant growth 

and are antagonistic towards pathogens (Lioussanne et al., 2010). Norman and Hooker 

(2000) found that root exudates from strawberry roots colonized by Glomus etunicatum and 

G. monosporum reduced sporulation of Phytophthora fragariae. The dual inoculation of 
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AMF and vermicompost may have significantly benefited the plant through increases in 

beneficial, plant growth promotion services, including beneficial rhizobacteria and hormones, 

even though they did not reduce pathogen development.  

 There was no overall reduction in mycorrhizal colonization due to lesion infection. 

When inoculated with P. irregulare, mycorrhizal infection points in AMF treatments were 

significantly greater than AMF+VERM at 44 DAT, but by 62 DAT, all treatments were 

similar. At 62 DAT there was a positive correlation between mycorrhizal colonization and 

lesion rating, but increasing AMF and P. irregulare infection in roots of AMF+VERM plants 

did not negatively affect plant growth. In one study, inoculation with Glomus mosseae 

resulted in greater plant fresh weights and reduced root necrosis in tomato when infected 

with Phytophthora nicotianae var. parasitica (Trotta et al., 1996). Dehne (1982) notes many 

studies have found mycorrhizal plants suffer greater disease incidence in poor growing 

environments. While the pathogen only had one available host in this experiment, the 

benefits of AMF association may make these plants better hosts than non-mycorrhizal plants. 

This may help explain the increase in both lesion incidence and biomass in AMF+VERM 

plants.  

Since all treatments receiving live mycorrhizal inoculum had similar colonization 

levels and P. irregulare lesions were not significantly reduced in these plants, it is unlikely 

that mycorrhizal associations restricted pathogen development in the root system. It is more 

likely that mycorrhizal plant growth was improved through enhanced nutrition. Al-Askar and 

Rashad (2010) found that AMF significantly increased plant growth and mineral nutrient 
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concentrations (N, P, K, Zn, Mn, and Cu) in both healthy and diseased (Fusarium root rot) 

common bean plants.  

When inoculated with the pathogen, the occurrence of arbuscules, vesicles, and 

hyphae were reduced when vermicompost was included. The AMF+VERM/PYTH treatment 

had a similar mycorrhizal colonization rate to the other treatments, but reduced levels of all 

mycorrhizal structures analyzed.  Plant defense compounds in roots may negatively affect 

mycorrhizal structures. The iridoid glycoside aucubin was negatively correlated with 

arbuscule colonization in Plantago lanceolata L., but this reduction in arbuscules did not 

negatively affect biomass (Deyn et al., 2009). The combination of high water content soil and 

pathogen pressure may limit the ability of the plant to allocate carbon and maintain active 

arbuscule associations in a stressful environment.  

The high water content in pots may have caused colonization levels to be equivalent.  

In this case, presence of AMF in plant roots may have depended on the extent of colonization 

achieved before the water stress occurred and the duration of the stress. Results are variable 

in studies on colonization in high water environments (García and Mendoza, 2009). AMF 

symbiosis occurring before a flooding event has been shown be preserved after the flood 

event (García and Mendoza, 2009). Mycorrhizal structure response to excess water stress 

may depend on the plant/AMF species present, although colonization is often reduced in 

waterlogged plants (García and Mendoza, 2009). In one experiment, arbuscule occurrence 

was reduced and vesicle occurrence increased in waterlogged Lotus tenuis roots (García and 

Mendoza, 2009). 
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AMF colonization at an early stage will greatly reduce the potential infection loci for 

invading pathogens. A mixed inoculum may be more effective than a pure AMF culture due 

to variability in different species’ ability to infect certain plants and compete with pathogens 

(Dehne, 1982). A greater diversity of AMF species will increase the likelihood of introducing 

a competitive AMF species. A mixed AMF inoculum was shown to reduce mycorrhizal 

colonization, as well as root rot (Fusarium solani) severity and incidence in common bean 

(Phaseolus vulgaris L.)  (Al-Askar and Rashad, 2010). AMF colonized roots decreased 

Phytophthora parasitica infection loci and necrotic root tissue in tomato (Vigo et al., 2000). 

Additionally, pre-inoculation with highly associative and competitive AMF species will 

reduce potential pathogen infection loci. The success of particular biocontrol agents will 

depend on virulence of the pathogen, as highly virulent pathogens are more likely to damage 

host tissue and mycorrhizal associations (Dehne, 1982). 

Adequate aeration is necessary to receive the greatest benefit from biological activity. 

Our environmental conditions promoted pathogen development through high moisture and 

nutrient content at the expense of plant growth. In the waterlogged soils, it is likely that 

plants could not respond as well to the beneficial microbial population added with the soil 

pre-inoculants. It is possible that the rate of infection may have changed after the drainage 

issue was corrected in our experiment. Additionally, control (NO PYTH) treatment pots had 

higher rates of P. irregulare infection than expected. Validation cultures exhibited mycelia 

from the same strain of P. irregulare, but mycelia exhibiting structures representative of 

Fusarium oxysporum were also present in some cultures. The source of contamination was 

likely due to infested soil (although it was steam sterilized) or through splashing during 
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watering. The high rate of water applied to the pots increased the likelihood of transmission 

through water movement. The natural background pathogen levels were likely exasperated 

due to the waterlogged soils, increasing pathogen infection rates in all pots.  

 In organic and conventional farming systems, soil management practices that 

promote a healthy growing environment and support microbial diversity may be the best 

strategies to enhance soil suppression of strawberry root rot pathogens. This study has shown 

that efforts to enhance the soil microbial community can benefit plant response to root 

pathogens in less than ideal environmental conditions. Minor differences in the environment 

and pest pressures can alter the efficacy of biological control agents, necessitating research 

into location specific strategies for different production systems and regions.  

 Additional studies on the effect of AMF and vermicompost in typical field 

conditions with adequate moisture are needed. Microbial biomass and activity, root exudates, 

and secondary metabolites were not assessed in this experiment. This information will assist 

in explaining some of the probable mechanisms involved in suppression using pre-inoculants 

and should be incorporated in future studies. Sikes et al. (2009) found that root system 

architecture and AMF family can also affect disease severity. Additional studies on the 

relationship between strawberry varieties and specific AMF family or species may reveal 

ideal plant/fungal associations that help reduce disease incidence in strawberry plants. 

Additionally, because MeBr has been heavily utilized to control soilborne pathogens, 

breeding programs have not focused efforts on pathogen resistance (Martin and Bull, 2002). 

There are currently no viable options for disease resistance to Pythium spp. (Berg, 2007). 

With the phase-out of MeBr it will be important to resume efforts to build host resistance to 
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common soilborne pests, with emphasis on gearing these to performance in organic systems. 

Building a healthy soil microbial community through inoculation of AMF and vermicompost 

may be an important strategy for sustaining organic strawberry production and rebuilding the 

beneficial microbial community in conventional production systems with a history of MeBr 

fumigation. 
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Table 3.1: Mean dry weights of strawberry plant biomass responses (roots, crowns, stems and 

leaves, leaf area) at 62 DAT. Treatments include live (AMF) and sterilized (NO AMF) AMF 

mixed inoculum, live (VERM) or absent (NO VERM) vermicompost,  and combined live AMF 

mixed inoculum and live vermicompost (AMF+VERM), each with (PYTH) and without (NO 

PYTH) Pythium irregulare inoculum.    

Pathogen 

treatment 

Soil inoculant 

treatment Roots (g) 

Crowns 

(g) 

Stems and 

Leaves (g) 

Leaf Area 

(cm
3
) 

NO 

PYTH 

NO AMF   24.1 AB
z
 2.7 A 13.5 ABCD 483.9 BC 

NO VERM 19.5 BC 2.5 A 14.0 ABC 525.9 BC 

AMF 21.1 AB 2.6 A 12.6 CD 513.6 BC 

VERM 16.9 BC 2.8 A 15.7 A 605.2 AB 

AMF+VERM 23.6 AB 2.6 A 14.1 ABC 607.8 AB 

  
       

 

PYTH  

NO AMF 15.4 BC 2.1 A 10.9 D 502.7 BC 

NO VERM 14.8 C 2.5 A 14.8 AB 663.9 A 

AMF 19.1 BC 2.5 A 13.1 BCD 656.1 A 

VERM 15.5 C 2.8 A 12.3 BCD 436.3 C 

AMF+VERM 27.0 A 2.7 A 15.4 A 702.3 A 
z
Values with the same letter are not significantly different (P < 0.05) using Fisher’s LSD. 

Biomass components were analyzed separately using 2-way ANOVAs. 
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Table 3.2: Mean dry weight of AMF and AMF+VERM plant roots, crowns, stem and leaves, and mean leaf area at 62 DAT. 

Treatments include live AMF mixed inoculum (AMF), and combined live AMF mixed inoculum and live vermicompost 

(AMF+VERM), each with (PYTH) and without (NO PYTH) Pythium irregulare inoculum.    

Pathogen 

Treatment 

Soil inoculant 

treatment Total (g) Roots (g) Crowns (g) 

Stems and 

Leaves (g) Leaf Area (cm
2
) 

NO 

PYTH 

AMF 36.3 B 21.1 AB 2.6 A 12.6 B 513.6 B 

AMF+VERM 40.4 AB 23.6 AB 2.6 A 14.1 AB 607.8 AB 

            
PYTH 

AMF 34.8 B 19.1 B 2.5 A 13.1 B 656.1 A 

AMF+VERM 45.0 A 27.0 A 2.7 A 15.4 A 702.3 A 
z
Values with the same letter are not significantly different (P < 0.05) using Fisher’s LSD. Biomass components were 

analyzed separately using 2-way ANOVA models. 
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Figure 3.1: Mean total dry weights (g) of strawberry plants at 62 DAT.  Error bars represent 

SE and values with the same letter are not significantly different (P < 0.05) using Fisher’s 

LSD. Data were analyzed using a 2-way ANOVA. Treatments include live (AMF) and 

sterilized (NO AMF) AMF mixed inoculum, live (VERM) or absent (NO VERM) 

vermicompost,  and combined live AMF mixed inoculum and live vermicompost 

(AMF+VERM), each with (PYTH) and without (NO PYTH) Pythium irregulare inoculum.  
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Figure 3.2: Mean percent P. irregulare lesions on strawberry root sub-samples at 15 (A) and 

44 (B) DAT. Error bars represent SE and values with the same letter are not significantly 

different (P < 0.05) using Fisher’s LSD. Data was analyzed separately using 2-way ANOVA 

models. Treatments include live (AMF) and sterilized (NO AMF) AMF mixed inoculum, live 

(VERM) or absent (NO VERM) vermicompost,  and combined live AMF mixed inoculum 

and live vermicompost (AMF+VERM), each with (PYTH) and without (NO PYTH) Pythium 

irregulare inoculum.    
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Figure 3.3: Mean lesion (after controlling for necrotic ratings) (A) and necrotic (B) ratings of 

strawberry roots at 62 DAT. Error bars represent SE and values with the same letter are not 

significantly different (P < 0.05) using Fisher’s LSD. Data was analyzed separately using 2-

way ANOVA models. Treatments include live (AMF) and sterilized (NO AMF) AMF mixed 

inoculum, live (VERM) or absent (NO VERM) vermicompost,  and combined live AMF 

mixed inoculum and live vermicompost (AMF+VERM), each with (PYTH) and without (NO 

PYTH) Pythium irregulare inoculum.    
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Figure 3.4: Mean percent mycorrhizal infection, arbuscule, vesicle, hyphae occurrence (A), 

and P. irregulare lesion and necrosis ratings (B) using a modified Horsfall-Barratt rating 

system on strawberry root sub-samples at 62 DAT. Error bars represent SA and values with 

the same letter are not significantly different (P < 0.05) using Fisher’s LSD. Data were 

analyzed separately using a 2-way ANOVA for each response variable. Treatments include 

live AMF mixed inoculum (AMF), and combined live AMF mixed inoculum and live 

vermicompost (AMF+VERM), each with (PYTH) and without (NO PYTH) Pythium 

irregulare inoculum.    
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IV. Conclusions 
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One of the main findings in this study was that the integration of compost and cover 

crops in a strawberry production system, following organic practices, resulted in similar 

yields to organic fertilizers alone. Since benefits of cover crops are often increased after 

several years of incorporation, long-term studies are needed to see how strawberry yields 

compare over time. While yields in this study were 76-85% of those in typical conventional 

production systems with fumigation, it is probable that our yields would improve over time 

with increasing soil quality. I believe that additional studies will demonstrate that strawberry 

systems can benefit from increases to soil health through compost, legume/grass combination 

cover crops, arbuscular mycorrhizal fungi (AMF), and vermicompost additions.  

Organic and conventional growers may be able to substantially reduce usage of 

fertilizers over time, without reducing productivity. A long-term economic analysis on 

inclusion of covers and compost in organic and conventional production would be useful to 

growers. A clear description of the estimated financial benefits to replacing synthetic 

fertilizers, especially spring fertilization through drip irrigation lines, will help growers make 

informed decisions. Studies investigating the effects of different types of organic fall fertility 

sources and greater reductions in spring soluble fertilizers may reveal areas for adjustment in 

the typical recommendations for growers in the Southeastern US.  

Since a substantially greater amount of total N was added to the cover crop treatment 

plots over the course of the season, understanding of the movement of N through the system 

is essential to determining potential N uptake and losses throughout the season. Some fall 

and spring applied organic fertilizers may be superfluous if plant needs are met through 

compost and cover crop N. While including these organic matter sources will enhance soil 
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quality, it is also important to quantify nutrient accumulation in the soil over time and 

identify any potentially negative environmental consequences. Future research on N cycling 

and plant N uptake in strawberry systems utilizing cover crops and organic fertility sources 

will provide valuable insight on benefits and drawbacks of these practices. Stable isotope 

labeling may be utilized to trace the path of N from summer cover crops through the 

following spring. Moreover, developing recommendations will require additional studies on 

N dynamics in these systems based on soil types and climate. 

Another finding was that weed suppression demonstrated by cover crops in the 

summer did not carry through the strawberry season. Weeds are a major pest in strawberry 

systems, especially in organic production, due to the lack of chemical controls. Numerous 

studies have demonstrated the ability of cover crops to suppress weeds during their growing 

season, but the nutrient benefits to subsequent crops after incorporation of cover crops 

biomass may actually increase weed pressures. The added fertility from compost and cover 

crops in our experiment may have provided a better environment for weed seed germination 

in the spring. Increased weed competition with strawberries is not likely to negate the 

benefits received from compost and cover crop, as both organic and conventional growers 

typically hand-pull weeds during the strawberry season. A cost and benefit analysis of weed 

control when using compost, cover crops, AMF, and vermicompost will provide insight on 

this factor. 

 An additional finding was that integration of AMF and vermicompost inoculants 

increased strawberry plant growth and yield in the field study and plant growth when infected  
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with Pythium irregulare in the Phytotron growth chamber experiment. There appears to be a 

benefit to including both of these soil inoculants, but the mechanism behind their interaction 

is not clear. The combination of vermicompost and AMF in the field reduced AMF 

colonization, yet colonization was similar across all treatments in the Phytotron. In both 

cases, there was a positive plant growth response, even with less AMF colonization.  

 More studies on the mechanisms and possible synergistic effects of combining these 

inoculants on plant growth and yield in field-grown strawberries are needed. Additional 

studies on the effects of AMF and vermicompost on pathogen suppression in the field are 

also needed. In our field study, there were no consequential soilborne pest problems either 

year. The only pathogen pressure observed was a minor outbreak of Botrytis cinerea during a 

prolonged wet period before fruiting began in 2010. Pathogen pressures generally increase 

after plants have been in the same field for a number of years. It is possible that we escaped 

serious infestations due to our planting in a novel location. In order to determine the 

usefulness of all our treatments on strawberry growth and yield, it will be important to 

conduct similar experiments in fields with a history of strawberry production going back at 

least three years.  
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Appendix A 

 

Results of a MANOVA of the differences between the baseline (10 June 2009) and final (31 

May 2011) AMF soil nutrient and chemical properties in cover crop sub-plot treatments. 

Soil 

Analysis 

Wilk's 

lambda 
F Num DF Den DF P 

BS% 0.118 4.98 15 63.894 <.0001 

Ca 0.081 6.34 15 63.894 <.0001 

CEC 0.12 4.92 15 63.894 <.0001 

Cu 0.203 3.33 15 63.894 0.0004 

Fe 0.71 0.56 15 63.894 0.8919 

HM% 0.496 1.23 15 63.894 0.2731 

K 0.228 3.02 15 63.894 0.0011 

Mg 0.336 2.06 15 63.894 0.0239 

Mn 0.538 1.07 15 63.894 0.3991 

Na 0.61 0.84 15 63.894 0.635 

pH 0.247 2.81 15 63.894 0.0021 

P 0.226 3.04 15 63.894 0.001 

S 0.458 1.39 15 63.894 0.179 

Zn 0.24 2.88 15 63.894 0.0017 
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Appendix B 

 

Results of a MANOVA of the differences between the baseline (10 June 2009) and final (31 

May 2011) VERM soil nutrient and chemical properties in cover crop sub-plot treatments. 

Soil 

Analysis 

Wilk's 

lambda 
F Num DF Den DF P 

BS% 0.215 5.56 10 48 <.0001 

Ca 0.114 9.42 10 48 <.0001 

CEC 0.15 7.6 10 48 <.0001 

Cu 0.346 3.36 10 48 0.0022 

Fe 0.778 0.64 10 48 0.7708 

HM% 0.58 1.51 10 48 0.1657 

K 0.303 3.92 10 48 0.0006 

Mg 0.512 1.91 10 48 0.0668 

Mn 0.627 1.26 10 48 0.2792 

Na 0.665 1.08 10 48 0.3929 

pH 0.261 4.59 10 48 0.0001 

P 0.35 3.32 10 48 0.0024 

S 0.497 2.01 10 48 0.0531 

Zn 0.314 3.76 10 48 0.0009 
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Appendix C 

 

Water and nutrient solution schedule. 

Date 

dH2O 

(mL) 

Nutrient 

Solution 

(mL)   Date 

dH2O 

(mL) 

Nutrient 

Solution 

(mL) 

30-Dec-10 75 75 

 

29-Jan-11 150 

 31-Dec-10 

 

150 

 

30-Jan-11
z
   

1-Jan-11 150 

  

31-Jan-11 

 

150 

2-Jan-11 

 

150 

 

1-Feb-11 150 

 3-Jan-11 150 

  

2-Feb-11 

 

150 

4-Jan-11 

 

150 

 

3-Feb-11 100 

 5-Jan-11 150 

  

4-Feb-11 

 

150 

6-Jan-11 

 

150 

 

5-Feb-11 100 

 7-Jan-11 150 

  

6-Feb-11 

 

150 

8-Jan-11 150 

  

7-Feb-11 200 

 9-Jan-11 

 

150 

 

8-Feb-11 

 

200 

10-Jan-11 150 

  

9-Feb-11 200 

 11-Jan-11 150 

  

10-Feb-11 50 100 

12-Jan-11 

 

150 

 

11-Feb-11 

 

150 

13-Jan-11 100 

  

12-Feb-11 

 

150 

14-Jan-11 

 

100 

 

13-Feb-11 

 

150 

15-Jan-11 100 

  

14-Feb-11 100 100 

16-Jan-11 

 

100 

 

15-Feb-11 200 

 17-Jan-11 

 

150 

 

16-Feb-11 200 

 18-Jan-11 100 

  

17-Feb-11 200 

 19-Jan-11 100 

  

18-Feb-11 200 

 20-Jan-11 

 

100 

 

19-Feb-11 200 

 21-Jan-11 100 

  

20-Feb-11 200 

 22-Jan-11 100 50 

 

21-Feb-11 200 

 23-Jan-11 

 

100 

 

22-Feb-11 200 

 24-Jan-11 100 

  

23-Feb-11 200 

 25-Jan-11 100 

  

24-Feb-11 

 

150 

26-Jan-11 

 

150 

 

25-Feb-11 150 

 27-Jan-11 100 

  

26-Feb-11 100 

 28-Jan-11   150   27-Feb-11 100   
z
No water or nutrient solution was applied 30 January 2011 
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Appendix D 
 

Roots (g), crowns (g), stems and leaves (g), and leaf area (cm
3
) correlated with lesion ratings 

at 62 DAT. Treatments include live (AMF) and sterilized (NO AMF) AMF mixed inoculum, 

live (VERM) or absent (NO VERM) vermicompost,  and combined live AMF mixed 

inoculum and live vermicompost (AMF+VERM), each with (PYTH) and without (NO 

PYTH) Pythium irregulare inoculum.   

      NO PYTH PYTH Overall 

Roots 

AMF+VERM 
Correlation -0.17408

t
 -0.66085

t
 -0.41354

 w 
 

P 0.6305 0.0375 0.0699 

AMF  Correlation -0.26591
t
 0.03879

t
 -0.01008

 w
 

P 0.4577 0.9153 0.9663 

VERM Correlation 0.2076
t
 0.11493

s
 0.10705

v
 

P 0.5649 0.7864 0.6725 

NO AMF Correlation 0.64322
t
 0.0687

r
 0.24167

 u 

P 0.0448 0.8606 0.3198 

NO VERM Correlation -0.49383
t
 -0.35809

t
 -0.35092

 w
 

P 0.1469 0.3096 0.1293 

Overall Correlation 0.09038
 y
 -0.16991

x
 -0.07061

z
 

P 0.5325 0.2535 0.4919 

Crowns 

AMF+VERM Correlation 0.52223
t
 0.00947

t
 0.14463

 w 
 

P 0.1215 0.9793 0.5429 

AMF  Correlation 0.18993
t
 0.09051

t
 0.17062

 w
 

P 0.5992 0.8036 4720 

VERM Correlation -0.48007
t
 -0.03831

s
 -0.28755

 v
 

P 0.162 0.9282 0.2473 

NO AMF Correlation -0.08065
t
 0.18034

r
 0.07494

 u
 

P 0.8247 0.6264 0.7604 

NO VERM Correlation -0.26591
t
 -0.56183

t
 -0.40877

 w
 

P 0.4577 0.091 0.0735 

Overall Correlation -0.10035
 y
 -0.09611

x
 -0.08243

 z
 

P 0.4881 0.5205 0.4222 

Continued next page…. 
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Appendix D continued. 

      

NO 

PYTH PYTH Overall 

Stems 

and 

leaves 

AMF+VERM 
Correlation 0.17408

t
 0.09441

t
 0.07526

w
 

P 0.6305 0.7953 0.7525 

AMF  
Correlation -0.5698

t
 -0.39437

t
 -0.4095

 w
 

P 0.0855 0.2594 0.073 

VERM 
Correlation 0.32437

t
 -0.24263

s
 0.11754

 v
 

P 0.3605 0.5626 0.6423 

NO AMF 
Correlation -0.22111

t
 0

r
 0

 u 

P 0.5393 1 1 

NO VERM 
Correlation -0.34188

t
 -0.22226

t
 -0.27457

 w
 

P 0.3336 0.5317 0.2414 

Overall 
Correlation 0.03018

 y
 -0.10905

x
 -0.05898

 z
 

P 0.8352 0.4656 0.566 

Leaf 

area 

AMF+VERM 
Correlation 0.17408

t
 0.52238

t
 0.39056

 w 
 

P 0.6305 0.1214 0.0886
 w

 

AMF  
Correlation -0.5698

t
 -0.36204

t
 -0.41183 

P .0855 0.3039 0.0712 

VERM 
Correlation 0.58387

t
 0.26817

s
 0.42398

 v
 

P 0.0764 0.5208 0.0795 

NO AMF 
Correlation -0.4221

t
 -0.22328

r
 -0.29251

 u 

P 0.2243 0.5636 0.2243 

NO VERM 
Correlation -0.26591

t
 -0.2593

t
 -0.23446

 w
 

P 0.4577 0.4694 0.3197 

Overall 
Correlation 0.00875

 y
 0.03411

x
 0.00719

 z
 

P 0.9519 0.8199 0.9443 

 
z
n=97 

y
n=50

 

x
n=47

 

w
n=20

 

v
n=18

 

u
n=19 

t
n=10

 

s
n=8

 

r
n=9
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Appendix E 
 

  

 
Mean percent mycorrhizal and P. irregulare lesion infection and arbuscule, vesicle, hyphae 

occurrence from strawberry root sub-samples at 44 DAT. Error bars represent SE and values 

with the same letter are not significantly different (P < 0.05) using Fisher’s LSD. Data were 

analyzed using a 2-way ANOVA for each response variable. Treatments include live AMF 

mixed inoculum (AMF), and combined live AMF mixed inoculum and live vermicompost 

(AMF+VERM), each with (PYTH) and without (NO PYTH) Pythium irregulare inoculum.  
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Appendix F 
 

Correlations of lesion and necrosis rating values at 62 DAT. Treatments include live (AMF) 

and sterilized (NO AMF) AMF mixed inoculum, live (VERM) or absent (NO VERM) 

vermicompost,  and combined live AMF mixed inoculum and live vermicompost 

(AMF+VERM), each with (PYTH) and without (NO PYTH) Pythium irregulare inoculum.   

Treatment   

NO 

PYTH PYTH Overall 

AMF+VERM 
Correlation 0.17733

v
 -0.24043

v
 -0.09828

w
 

P 0.6241 -0.5034 0.6802 

  
  

  

AMF 
Correlation 0.44729

 v
 0.06317

v
 0.14003

w
 

P 0.1949 0.8624 0.556 

  
  

  

VERM 
Correlation -0.4537

v
 -0.44139

u
 -0.45412

s
 

P 0.1878 0.2736 0.0583 

  
  

  

NO AMF 
Correlation 

-0.43218
 

v
 -0.11745

t
 -0.07252

r
 

P 0.2123 0.7635 0.768 

  
  

  

NO  VERM 
Correlation 0

 v
 -0.61926

t
 -0.43135

r
 

P 1 0.0753 0.0652 

  
  

  

Overall 
Correlation -0.19254

y
 -0.18001

x
 -0.18422

z
 

P 0.1804 0.2313 0.0724 
z
 n=96 

y
n=50 

x
n=46 

w
n=20 

v
n=10 

u
n=8 

t
n=9 

s
n=18 

r
n=19 
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Appendix G 

 

Mycorrhizal colonization, and arbuscule, vesicle, and hyphal occurrence correlated with 

lesion rating at 62 DAT. Treatments include live (AMF) and sterilized (NO AMF) AMF 

mixed inoculum, live (VERM) or absent (NO VERM) vermicompost,  and combined live 

AMF mixed inoculum and live vermicompost (AMF+VERM), each with (PYTH) and 

without (NO PYTH) Pythium irregulare inoculum.   

      NO 

PYTH 

PYTH Overall 

Mycorrhizal 

colonization 

AMF+VERM 
Correlation -0.11641

z
 0.08283 0.0627

y
 

P 0.7488 0.82 0.7928 

AMF Correlation 0.03799
 z
 0.27884 0.20172 

P 0.917 0.4353 0.3937 

Overall Correlation -0.07927 0.13802 0.07848
x
 

P 0.7397 0.5617 0.6303 

Arbuscules 

AMF+VERM Correlation -0.40742 -0.5871 -0.4107 

P 0.2426 0.0744 0.0721 

AMF Correlation -0.49383 -0.5819 -0.5212 

P 0.1469 0.0776 0.0184 

Overall Correlation -0.36724 -0.5048 -0.4397 

P 0.1112 0.0232 0.0045 

Vesicles 

AMF+VERM Correlation 0.17408 0.2077 0.08837 

P 0.6305 0.5648 0.711 

AMF Correlation -0.49383 0.00647 -0.204 

P 0.1469 0.9859 0.3884 

Overall Correlation -0.17304 0.09818 -0.0531 

P 0.4657 0.6805 0.7448 

Hyphae 

AMF+VERM Correlation 0.17461 -0.2904 -0.1498 

P 0.6295 0.4157 0.5283 

AMF Correlation -0.03799 0.1297 0.06672 

P 0.917 0.721 0.7799 

Overall Correlation 0.02103 -0.0937 -0.0457 

P 0.9299 0.6944 0.7795 
z
n=10 

y
n=20 

x
n=40 

 

 


