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ABSTRACT 

 

IMPROVING FUNGICIDE EFFICACY FOR MANAGEMENT OF CERCOSPORA LEAF 

SPOT IN SUGARBEET (BETA VULGARIS L.) 

 

Kendra Thornton     Advisors: 

University of Guelph, 2021    Dr. Cheryl Trueman 

       Dr. Art Schaafsma 

 

Cercospora leaf spot (CLS; Cercospora beticola Sacc.) is a damaging sugarbeet (Beta 

vulgaris L.) disease. Field experiments evaluated the potential of InterLock deposition aid 

(MVO) and carrier volumes of 115, 235, 350, and 470 L ha-1 for improved management with 

mancozeb. Adding MVO to mancozeb did not reduce disease accumulation or improve yield or 

sugar quality more than mancozeb alone. Increased carrier volume did not affect disease 

accumulation or yield, and only slightly increased sugar purity. Additional field experiments 

investigated the effect of MVO on spray deposition by analyzing Rhodamine WT recovery from 

leaves. Using MVO with mancozeb did not improve canopy deposition compared to mancozeb 

alone, regardless of the nozzle or carrier volume tested. Deposition was affected by nozzle 

selection and increased using a carrier volume of 350 L ha-1 compared with 115 and 235 L ha-1. 

Larger carrier volumes showed potential to improve management, but MVO did not.
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Chapter One: Literature Review and Research Proposal 

1.1 Introduction 

Cercospora leaf spot (CLS; Cercospora beticola Sacc.) is a damaging foliar disease that 

negatively affects sugarbeet (Beta vulgaris L. ssp. vulgaris) production (Khan et al. 2008).  

Infection by C. beticola, results in necrosis of plant cells producing symptomatic leaf spots and 

defoliation of the sugarbeet canopy known as Cercospora leaf spot (Weiland & Koch 2004; 

Skaracis et al. 2010). As a response, infected sugarbeet plants initiate foliar regrowth, requiring 

the reallocation of sugars from the root to the canopy (Skaracis et al. 2010; Schmittgen et al. 

2015). Infected plants have lower root biomass and reduced sugar yield and quality (Shane & 

Teng 1992). While a combination of crop rotation (Knight et al. 2018), tillage (Vereijssen et al. 

2007; Khan et al. 2008), and host resistance (Wolf & Verreet 2005) are useful management 

strategies, fungicide application is essential for management of C. beticola (Knight et al. 2018). 

However, the development of fungicide resistance has become a significant challenge for the 

management of the disease. Cercospora beticola is resistant to fungicide groups 1 (methyl-

benzimidazole carbamates) and 11 (quinone outside inhibitors), which are no longer 

recommended for use in Ontario (Trueman et al. 2013; Trkulja et al. 2017). More recently, 

resistance has been observed to fungicides in group 3 (demethylation inhibitors) (Trueman et al. 

2017). With fewer fungicide options available, growers are becoming more reliant on broad-

spectrum contact fungicides such as mancozeb, metiram, copper hydroxide, and copper 

octanoate, that are at lower risk for development of fungicide resistance (OMAFRA 2020), but 

are also less effective than other fungicide groups (Trueman & Burlakoti 2014). To help 

compensate for lower efficacy, there are a few strategies that can be implemented. Larger carrier 

volume has been found to improve spray deposition and penetration into target canopies 

(Armstrong-Cho et al. 2008b; Roehrig et al. 2018). Additionally, InterLock® (MVO) is a spray 
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adjuvant designed to improve spray deposition by optimizing spray droplet size range, which 

could potentially improve fungicide efficacy.  

1.2 Sugarbeet 

 

The sugarbeet is an herbaceous root crop belonging to the family Chenopodiaceae and 

grown primarily for sugar production due to the large quantity and concentration of sucrose that 

is stored in the taproot (Artschwager 1926; Draycott 2006). Other members of this species are 

categorized as leaf beets, fodder beets, and garden beets (Draycott 2006). Early sugarbeet 

cultivars were bred from the white fodder Silesian beet (Draycott 2006). Improvement in yield 

and sucrose concentration are credited to years of plant breeding and selection (Draycott 2006; 

Biancardi et al. 2010). Sugarbeets were first recognized as an alternative to sugarcane for sugar 

production in the mid-18th century by Marggraf and Achard (Cheesman 2004; Draycott 2006; 

Biancardi et al. 2010). Now, sugarbeet is the primary sugar crop grown in temperate climates 

(Draycott 2006).  

1.2.1 Botany 

Sugarbeets are a biennial species grown as an annual crop for sugar production (Draycott 

2006). The first year of growth is the vegetative stage when the crop develops a large white 

storage root. The second year is the reproductive stage when the plant flowers and produces a 

seed stalk (Artschwager 1926; Draycott 2006). Sugarbeets are grown as biennials for seed 

production and plant breeding, but are grown as annuals in Ontario(Draycott 2006). During the 

vegetative stage, development of the leaf canopy occurs first, which continues until late July or 

early August (Draycott 2006). Root growth typically starts shortly after the first leaves emerge; 

however, the root remains relatively small until 8-10 leaves have grown. The root continues to 

grow and accumulate sugar until harvest (Cooke & Scott 1993; Draycott 2006).  
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The leaves are moderate in size, oval in shape with a cordate base, dark green in colour, 

and smooth on both upper and lower surfaces (Artschwager 1926; Cooke & Scott 1993). Leaves 

have an undulate margin, and somewhat crinkly surface texture (Artschwager 1926). The leaves 

emerge in a rosette arrangement with a divergence of 5/13. Upright petioles originate at the base 

of a compressed stem called the crown with the leaves bending downward toward the ground 

(Artschwager 1926; Draycott 2006). The oldest leaves reach a maximum size while subsequent 

leaves remain smaller (Cooke & Scott 1993). Older leaves will senesce in the order in which 

they grew, while new leaves are produced continuously until harvest (Draycott 2006). The leaf 

canopy is relatively dense and with proper row spacing the canopy will close over the rows. The 

height of the canopy usually reaches 30 to 60 cm, though canopy size may vary depending on 

weather conditions, soil fertility and type, and cultivar (Draycott 2006). A healthy canopy is 

important for photosynthesis, however, if length of the canopy growth phase is extended because 

of poor weather, insufficient fertility, or disease, the amount of dry matter and sugar stored in the 

root decreases (Draycott 2006).  

Root and hypocotyl cells grow into a large white taproot that is widest at the crown then 

tapers distally in a cone shape (Artschwager 1926; Draycott 2006). The root consists of 

approximately 12 to 15 cambial rings, of which, rings 1 to 6 make up 75% of the storage root. 

The outermost rings are much thinner than inner rings and do not contribute much to the overall 

size of the root (Draycott 2006). Sugars are produced during photosynthesis and transported to 

the root through the phloem and stored in vacuoles of parenchyma cells and vascular structures 

(Cooke & Scott 1993). Sugar concentration is lowest in the top of the root, usually about 7 to 

9%, and increases toward the bottom to about 16 to 20% (Draycott 2006). The top portion of the 

root also tends to have greater levels of impurities like potassium, sodium, alpha-amino nitrogen, 
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and invert sugars, which affect sugar quality and efficiency of crystallization (Draycott 2006). 

The final size of the storage root can vary depending on harvest date, weather conditions, soil 

fertility and type, and cultivar (Draycott 2006).  

1.2.2 Cultivation in Ontario 

In Ontario, sugarbeets are grown as annual crops for white sugar production (Draycott 

2006). Sugarbeets were grown in Ontario from 1902 to 1968, ending with the closure of the 

Redpath refinery in Chatham, Ontario (Ontario Sugar Beet Growers’ Association 2019). 

Production started again in the 1990s, when Ontario growers were given the opportunity to 

become members and grow for the Michigan Sugar Company cooperative (Ontario Sugar Beet 

Growers’ Association 2019). In 2019, approximately 3945 hectares of sugarbeet were grown in 

Ontario with an estimated economic value of over $18 million (W. Martin, Michigan Sugar 

Company, personal communication). All sugarbeets grown in Ontario are transported to 

Michigan for processing at Michigan Sugar Company refineries (Ontario Sugar Beet Growers’ 

Association 2019).  

Sugarbeets are direct seeded in early spring and harvested in the fall (Cheesman 2004; 

Draycott 2006). The introduction of monogerm seeds, which are seeds that develop into a single 

plant, eliminated the need to cull extra plants and manually space them in rows, saving a lot of 

time and labour. These seeds are usually coated with a wood-based or clay material that can be 

treated with fungicides and insecticides, improving seed size uniformity, handling, and 

germination rates (Cooke & Scott 1993; Draycott 2006). Planting should not start until air 

temperatures are greater than 3 °C, to ensure uniform germination and reduced risk of frost 

damage (Draycott 2006). Seeds are typically planted using either plate planters or air planters. 

Seed size is an important consideration when using plate planters as seed sizes vary requiring 
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different plates (Michigan Sugar Company 2020). Proper seed spacing is important to allow 

space for the roots to grow, but may vary depending on how many sugarbeets are desired and 

what the expected emergence will be. Row width is typically between 50 to 75 cm and seeds are 

usually planted 2.5 cm in depth (Michigan Sugar Company 2020). To achieve optimal 

interception of solar radiation, it is best to plant sugarbeets early enough so that the canopy is 

fully developed by mid July, when solar radiation is at its peak for the season. Increased light 

interception results in higher yielding crops (Draycott 2006). Cultivar selection is an important 

consideration prior to planting. The Michigan Sugar Company has a list of approved cultivars 

that growers can choose from that are ranked by traits such as disease resistance and expected 

yield (Michigan Sugar Company 2018).  

Sugarbeets can grow in a wide range of soil types, though soils with good drainage and a 

pH close to 7.0 are ideal (Draycott 2006). Soil fertility is an important aspect of any crop 

production system. Common fertilizers are nitrogen, phosphorus, and potassium (Michigan 

Sugar Company 2020). Phosphorus and potassium may be applied banded as a starter or 

broadcasted at a rate that depends on the available phosphorus and potassium in the soil and 

yield goals. Phosphorus is applied as phosphate (P2O5) at a rate between 20 to 180 pounds, and 

potassium is applied as potassium oxide (K2O) at a rate of 30 to 310 pounds (Michigan Sugar 

Company 2020). Nitrogen requirements are greater earlier in the growing season, when the crop 

is developing and establishing the canopy (Van Eerd et al. 2012). As the crop matures, the need 

for nitrogen diminishes and is only required in small amounts for canopy maintenance (Michigan 

Sugar Company 2020). The recommended rate of nitrogen fertilizer is 112 kg ha-1 (Van Eerd et 

al. 2012). It is important not to over apply nitrogen fertilizers, as this leads to a reduction in 

sucrose content and an increase in amino-nitrogen impurities (Draycott 2006; Van Eerd et al. 
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2012). Micronutrients, specifically boron and manganese, are also important for beet 

development and should be assessed in early growth stages (Michigan Sugar Company 2018). 

Weeds should be properly managed to avoid competition with sugarbeet crops, especially 

in early growth stages when leaf canopies are small (Draycott 2006; Morishita 2018). Weeds can 

also be potential hosts of C. beticola, becoming a source of inoculum (Knight et al. 2019). Weed 

control includes crop rotation, tillage, and herbicide use (Draycott 2006). Almost all sugarbeets 

currently grown are Roundup Ready cultivars (Morishita 2018). Prior to Roundup Ready 

sugarbeets, weed control was quite challenging as herbicide options are limited and many cause 

crop damage (Morishita 2018). Insect pests, including cutworm (Agrotis spp.), aphids 

(Aphidoidea spp.), and white grubs (Holotrichia serrata (Fab.)) can cause serious injury to 

sugarbeet crops. Cercospora leaf spot (Cercospora beticola), Alternaria leaf spot (Alternaria 

alternata (Fr.) Keissler), rhizoctonia root and crown rot (Rhizoctonia solani (Kühn)), and beet 

curly top (Crutovirus) are a few examples of some of the most destructive diseases that affect 

sugarbeets. Rhizoctonia root rot can cause severe damage in sugarbeet fields, especially in 

Europe and the USA, but also causes damage to sugarbeets in Ontario (Liu et al. 2019). 

Rhizoctonia root rot can infect seedlings, reducing emergence, and can also infect the young 

roots of emerged plants. Infected roots develop large brown sunken lesions, with rapid canopy 

collapse (Liu et al. 2019). 

 Cercospora and Alternaria leaf spot are similar in that they both cause leaf spots on the 

sugarbeet foliage, though their spores are distinctly different from one another (Rosenzweig et al. 

2019a). Alternaria leaf spot often appears in early summer, and then again in the fall when 

temperatures are closest to the 25 °C optimum (Rosenzweig et al. 2019a). Recently in Michigan, 

the incidence and severity of Alternaria leaf spot has been increasing, becoming a concern in 
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areas where previously it was not (Rosenzweig et al. 2019a). Additionally, Alternaria leaf spot 

has been reported in Ontario, though potential impacts of this disease in Ontario are not yet fully 

understood (Rosenzweig et al. 2019a). Nematodes such as stem nematodes (Ditylenchus dipsaci 

(Kühn)) and cyst nematodes (Heterodera schachtii (Schmidt)) are other pests that can cause 

damage to roots and foliage and economic losses (Michigan Sugar Company 2020).  

In the fall, beets are harvested using mechanical harvesters that cut off the plant tops at 

the surface of the soil, then dig the beets out of the ground (Cheesman 2004; Draycott 2006). 

Topping removes the crown and canopy of the beet, which contain the highest level of 

impurities, leaving behind the portion of the root with the greatest sugar quality (Draycott 2006). 

Many harvesters also clean dirt off the beets before they are loaded for transport, which helps 

reduce spoilage and the amount of cleaning needed at the refinery (Ontario Sugar Beet Growers’ 

Association 2019). The sugarbeets are then loaded into trucks in the field and transported to 

Michigan to be processed immediately, or stored in piles until export (Cheesman 2004; Ontario 

Sugar Beet Growers’ Association 2019).  

Sugarbeets can be stored post-harvest for several months, losing some sugar content 

primarily to respiration (Cheesman 2004; Draycott 2006). Respiration is the process in which 

sugars are converted back to carbon dioxide and water to produce energy to maintain 

metabolism, fight pathogens, and heal wounds (Draycott 2006). The rate of respiration is highest 

within the first few days of storage, becoming lower in the following weeks (Draycott 2006). 

Respiration can be reduced by maintaining ideal storage conditions of between 1.5 to 5 °C 

(Draycott 2006). Respiration rate can vary depending on harvesting methods: flailing, scalping, 

and topping. The most common method used in Ontario is scalping, which is when a small 

portion of the top of the root, known as the crown, is removed along with leaves and petioles. 
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Removing the crown helps to reduce respiration as the crown may consume energy trying to 

produce new shoots (Draycott 2006). Sugar quality is also lost when sucrose is broken down into 

invert sugars, glucose and fructose, which is often caused by disease injury (Draycott 2006). 

Sugar loss in storage can be minimized by reducing the amount of damage beets sustain during 

harvest and transport, as well as trying to reduce the amount of spoilage in storage piles. Disease 

can be reduced by removing as much soil from beets as possible, reducing open wounds on beets 

for pathogen entry, and maintaining cool, dry storage conditions that are not conducive to disease 

production (Draycott 2006).  

1.2.3 Processing 

Once the sugarbeets are brought into the refinery they are thoroughly washed to remove 

any remaining dirt and debris (Biancardi et al. 2010). The beets are then cut into cossettes, which 

are slices about 4 to 5 mm thick (Cheesman 2004). The cossettes get mixed into hot water in a 

rotating drum diffuser, producing what is called “raw juice” (Cheesman 2004; Biancardi et al. 

2010). The raw juice undergoes clarification by removing impurities using lime (calcium 

hydroxide) and carbon dioxide and is then filtered into “thin juice”. Sulphur dioxide may also be 

added at this stage to prevent reactions with impurities that can cause discolouration of the juice 

(Cheesman 2004; Draycott 2006). Thin juice becomes concentrated through evaporation until the 

sucrose concentration reaches 60%, producing “thick juice” (Draycott 2006; Biancardi et al. 

2010). The thick juice is further concentrated using vacuum pans and boiling at high 

temperatures, until the juice starts crystallizing. This crystallization process occurs three times to 

extract as much sucrose as possible (Cheesman 2004; Biancardi et al. 2010). Once the juice has 

crystallized, centrifugation is used to separate sucrose from molasses (Cheesman 2004; Biancardi 

et al. 2010). The sugar is then dried with hot air and is ready to be packaged (Biancardi et al. 
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2010). Molasses, a thick brown syrup, is about 45% sugar that can be added to animal feed, or to 

produce alcohol, yeasts, and glutamate. Molasses can also be recirculated through the factory for 

additional refining using ion exchange and molecular sieves (Cheesman 2004; Biancardi et al. 

2010). Another bi-product of the sugar extraction process is created when the cossettes are 

pressed, called beet pulp which is commonly used in animal feed and for human dietary fibre 

(Draycott 2006).  

There are many factors that can affect sugar quality, including environmental conditions, 

cultural practices, harvest, and storage conditions (Biancardi et al. 2010). Soluble impurities such 

as alpha-amino acids, potassium, sodium, and invert sugars are undesirable for sugar production 

(Draycott 2006; Biancardi et al. 2010). These impurities not only reduce the final amount of 

sugar produced from sugarbeets, but can also have a negative impact on the efficiency and cost 

of processing (Cheesman 2004; Draycott 2006). Impurities tend to be melassigenic substances, 

meaning they retain sucrose in solution resulting in sucrose loss to molasses (Draycott 2006). 

Invert sugars, glucose and fructose, break down to produce colour and acid lime salts which are 

melassigenic (Draycott 2006). In order to counteract these products, corrective materials such as 

sulphur dioxide and sodium carbonate must be added, creating additional costs for the refinery. 

Sodium carbonate is also considered melassigenic, making the necessary process of reducing pH 

another source of sucrose loss in molasses (Draycott 2006). Betaine, a compound produced by 

the plant for protection against osmotic stress, raffinose, a simple sugar, dextran, a complex 

branched glucan derived from the condensation of glucose, and levan, a fructan synthesized from 

sucrose are additional impurities that can contribute to sugar loss, and impede sugar processing 

(Draycott 2006).  
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1.3 Cercospora beticola  

1.3.1 Taxonomy 

The fungal pathogen Cercospora beticola Sacc. is the causal agent of Cercospora leaf 

spot (Khan et al. 2008). Cercospora beticola is in the phylum Ascomycota, class 

Dothideomycetes, order Capnodiales, family Mycosphaerellaceae, and genus Cercospora 

(Jacobsen & Franc 2009). The pathogen is a filamentous hemibiotroph believed to have 

originated in the Mediterranean and central Europe region (Skaracis et al. 2010).  

1.3.2 Disease Cycle and Epidemiology  

Cercospora leaf spot occurs in many regions around the world, thriving in warm, humid 

environments (Khan et al. 2008). Infection can occur when temperatures are greater than 10 °C 

and lower than 38 °C, when the relative humidity is greater than 60%. However, the most 

conducive conditions are day time temperatures of 27 to 32 °C, night time temperatures greater 

than 17 °C, and relative humidity greater than 90% (Skaracis et al. 2010). The host range of C. 

beticola includes cultivated and some wild members of the genus Beta including sugarbeet and 

red beet (B. vulgaris spp. vulgaris) (Groenewald et al. 2006a). Other crop hosts include spinach 

(Spinacia oleracea L.), celery (Apium graveolens L.) (Groenewald et al. 2006a), snap bean 

(Phaseolus vulgaris L.) (Knight et al. 2019), and safflower (Carthamus tinctorius L.) (Lartey et 

al. 2005). Ornamental hosts include plants in the genera Acanthus and Chrysanthemum (Knight 

et al. 2019). Cercospora beticola also has weed hosts including the genera Atriplex, Amaranthus, 

Chenopodium, Cycloloma (Lartey et al. 2007), Plantago, Malva, Limonium (Groenewald et al. 

2006a), Solanum, Brassica, and Rumex (Knight et al. 2019).   

Cercospora beticola is a polycyclic ascomycete, meaning it can complete several disease 

cycles within a single growing season (Vereijssen et al. 2007; Skaracis et al. 2010). Cercospora 
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beticola follows a disease cycle of: inoculation, penetration, infection, incubation, sporulation, 

and dissemination (Solel & Minz 1971). Initial inoculation occurs when conidia from infected 

plant residues found on the soil surface land on host plant tissues (Vereijssen et al. 2007). 

Conidia of C. beticola are smooth, transparent, and elongated in an acicular shape (Figure 1.1a) 

(Weiland & Koch 2004; Vereijssen et al. 2007). With conducive environmental conditions and 

moisture on the leaf surfaces, spores will commence germination, producing a germ tube that 

grows towards stomatal openings (Solel &Minz 1971; Weiland & Koch 2004). The pathogen 

enters plant cells through stomata on upper and lower leaf surfaces, as well as on petioles 

(Skaracis et al. 2010). Once germ tubes find stomata, they form appressoria that are used to force 

entry through stomata so that hyphae can begin intercellular development between the leaf 

mesophyll cells (Solel & Minz 1971; Skaracis et al. 2010). 

Once the pathogen has begun to spread through the cells, it necrotizes the surrounding 

tissues using phytotoxins like cercosporin and beticolin, as well as enzymes like cellulases, 

pectinases, and esterases (Weiland & Koch 2004; Skaracis et al. 2010). Killing plant cells 

provides the pathogen with the necessary nutrients to continue growth and development 

(Weiland & Koch 2004). Cercosporin is a non-specific perylenequinone that requires light 

activation for toxicity (Daub & Ehrenshaft 2000; Goudet et al. 2000). Cercosporin absorbs light 

energy and reacts with oxygen to form activated oxygen species that damage plant cells (Daub & 

Ehrenshaft 2000; de Jonge et al. 2018). Cercosporin affects macromolecules like proteins, lipids, 

and nucleic acids, and is lipophilic causing rapid cell membrane deterioration and cell death 

(Steinkamp et al. 1981; Daub & Ehrenshaft 2000; de Jonge et al. 2018). Beticolins are a family 

of non-specific nonpeptidic compounds that cause a variety of cytotoxic effects (Goudet et al. 

2000). Beticolins can inhibit ATP proton transport, and chelate magnesium (Goudet et al. 2000; 
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Weiland & Koch 2004). These compounds can also alter the permeability of cell membranes 

resulting in loss of amino acids, electrolytes, and betacyanine from plant cells (Goudet et al. 

2000). Cercosporin and beticolin are both secondary metabolites that are active when exposed to 

light (Ebert et al. 2020). A recent study by Ebert et al. (2020) has discovered a new 

proteinaceous phytotoxin, CbNip1, that induces cell necrosis and death in the absence of light. 

Trials comparing wild-type C. beticola and CbNip1 deletion mutant strains revealed that without 

production of the CbNip1 effector protein, fewer lesions developed and total fungal biomass was 

reduced (Ebert et al. 2020). The ability to necrotize cells in the dark would increase access to 

nutrients and help advance fungal development and disease progression in host cells (Ebert et al. 

2020).  

The necrotic tissues develop into the characteristic leaf spots (Figure 1.1b) (Solel & Minz 

1971; Steinkamp et al. 1981). Symptoms can appear 5 to 11 days after inoculation if conditions 

are conducive. Symptoms typically appear on older foliage first in the form of irregularly 

distributed circular lesions (Skaracis et al. 2010). The light brown or grey coloured lesions are 

usually 2 to 5 mm in diameter, with reddish-purple colouration around the outer edge (Weiland 

& Koch 2004; Khan et al. 2008; Skaracis et al. 2010). As the infection progresses, the number of 

lesions increases and they eventually coalesce with one another. The leaves turn yellow as the 

leaf senesces, eventually dying (Skaracis et al. 2010). Lesions primarily appear on upper surfaces 

of leaves with some on petioles (Khan et al. 2008), and occasionally exposed root crowns 

(Skaracis et al. 2010).  
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Figure 1.1. Picture of a) Cercospora beticola conidia collected from sugarbeets in Ridgetown, 

ON 2020 and b) Cercospora leaf spot lesions on a sugarbeet leaf. Picture a) was taken using 

400X magnification. Scale bar shows 10 µm. 

 

Conidiophores are produced in the middle of the leaf lesions, appearing as small black 

stromata (Jacobsen & Franc 2009). From these conidiophores, conidia are produced and then 

dispersed to initiate subsequent infection cycles until the end of the growing season (Skaracis et 

al. 2010). Saprophytic mycelial growth can also be a source of initial inoculum (Skaracis et al. 

2010). Conidia are primarily disseminated by wind, but also by rain, irrigation, insects, and 

infected seed (Khan et al. 2008; Skaracis et al. 2010; Vaghefi et al. 2017). Infection spreads from 

plant to plant in a field, although increased disease severity can be mostly attributed to 

autoinfection within plants from older to younger leaves (Vereijssen et al. 2007).  

Inoculum can survive in overwintering pseudostromata on infected plant material, 

becoming the source of initial inoculation in subsequent growing seasons (Skaracis et al. 2010). 

Khan et al. (2008) found that inoculum remained viable longer when located on the surface of 

the soil compared with being buried. This was attributed to accelerated plant residue degradation 

a) b) 
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in the soil compared with the surface, leaving less host tissue for pathogen survival (Khan et al. 

2008). They placed inoculum at depths of 0, 10, and 20 cm and found that after 10 months 

viability had been reduced by 59%, 74%, and 76% respectively. After 22 months only the 

inoculum at 0 cm was still viable, and by 34 months there were no viable inoculum.  

Cercospora beticola does not have a known teleomorph, or sexual reproductive cycle 

(Weiland & Koch 2004; Groenewald et al. 2006b; Bolton et al. 2012). It is believed to reproduce 

clonally, however a high amount of genetic diversity has been identified in C. beticola, 

suggesting the occurrence of sexual recombination, but this has not been observed (Groenewald 

et al. 2006b; Bolton et al. 2012). Sexual reproduction requires the presence of a mating type 

locus for heterothallic ascomycetes (Bolton et al. 2012). Cercospora beticola mating type genes 

MAT1-1-1 and MAT1-2-1 have been identified (Groenewald et al. 2006b; Bolton et al. 2012). 

However, having mating type genes does not necessarily mean sexual reproduction occurs 

(Groenewald et al. 2006b). Several studies of C. beticola populations showed high levels of 

genetic diversity, as well as equal mating type distribution, implying the likelihood of sexual 

recombination (Bolton et al. 2012; Vaghefi et al. 2017). These patterns, however, are not seen 

consistently in C. beticola populations (Bakhshi et al. 2011; Vaghefi et al. 2017; Knight et al. 

2018). Evaluation of mating type distribution of C. beticola within plants has revealed that 

individual lesions only contain one mating type, though both mating types can be found on the 

same leaf (Bakhshi et al. 2011; Bolton et al. 2012). This implies that sexual reproduction could 

occur between mating types found in close proximity to one another (Bolton et al. 2012). 

Bakhshi et al. (2011) attempted to induce the production of sexual spores in culture but were 

unsuccessful, providing no further evidence of a teleomorph (Bakhshi et al. 2011).  
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Apart from the short-range distribution of conidia between plants and from rain splash, 

there is evidence of long-distance dispersal of clonal lineages between fields called genotype 

flow (Vaghefi et al. 2017). Low population diversity and reoccurring genotypes in populations 

from separate locations are indicators of genotype flow. It is possible that long distance dispersal 

is facilitated by infected seed (Knight et al. 2020), transmission by farm equipment, or insects 

(Vaghefi et al. 2017; Knight et al. 2018). Identical genotypes have been identified on separate 

continents (Vaghefi et al. 2017). It is also possible that genotypes have been misidentified as 

identical or that identical genotypes were generated through convergent evolution and not from 

shared descent (Vaghefi et al. 2017).  

1.3.3 Impact on Sugarbeet Production 

Cercospora leaf spot is one of the most serious diseases that affects sugarbeets in 

temperate regions (Khan et al. 2008). It is estimated that C. beticola impacts over a third of the 

world’s sugarbeet production area (Skaracis et al. 2010). As the infection progresses through the 

plant, the lesions spread across the leaf decreasing the total photosynthetically active leaf area 

available (Skaracis et al. 2010). In order to compensate for the severe canopy loss, the plant 

initiates foliar regrowth using energy from sugars that are reallocated from the root (Skaracis et 

al. 2010; Schmittgen et al. 2015). Energy requirements for regrowth can be quite extensive 

resulting in decreased root and sugar yield, as well as reduced sugar quality (Shane & Teng 

1992; Khan et al. 2008). Gross sugar yield and root weight losses as high as 42 and 32% 

respectively, have been reported (Shane & Teng 1992). Increased concentrations of impurities 

like sodium, potassium, and alpha-amino nitrogen reduce sugar quality (Shane & Teng 1992; 

Skaracis et al. 2010), increasing processing costs (Khan et al. 2008). It has been noted that 

outbreaks occurring earlier in the season correlate to greater reduction of root yield, while 
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outbreaks occurring later in the season resulted in reduced sugar concentrations (Shane & Teng 

1992). Cercospora leaf spot infection may also predispose beets to further infection by other 

pathogens increasing the incidence of storage rot (Smith & Ruppel 1971). While CLS does not 

result in symptoms on the roots, it does reduce the sugar content of beet roots, which may result 

in a poorer storage quality than roots with a higher sugar content (Smith & Ruppel 1971).   

1.4 Disease Management 

1.4.1 Cultural Control 

Cercospora beticola inoculum can persist in fields on infected plant debris for upwards 

of two years (Khan et al. 2008). To reduce the accumulation and availability of viable inoculum, 

a three-year crop rotation with non-host species is recommended (Knight et al. 2018). Host crops 

also should not be planted any closer than 33 m from any field that had a host crop in the 

previous year or two (Khan et al. 2008). Even with good crop rotation, inoculum can still be 

maintained in a field by weed hosts. It is challenging to eliminate all weed hosts, especially from 

field edges, however good weed management can help reduce the amount of inoculum available 

for infection (Vereijssen et al. 2007).  

Tillage is another effective cultural control method (Vereijssen et al. 2007; Khan et al. 

2008). A study by Khan et al. (2008) found that inoculum remained viable longer when left on 

the soil surface compared with inoculum that was buried in the soil at depths of 10 and 20 cm. 

Plowing and incorporating surface plant residues shortly after harvest may reduce wind dispersal 

of inoculum, and speed up the degradation process of infected materials, shortening the life-span 

of inoculum in the field (Khan et al. 2008). Physical removal of infected plant materials from the 

field would also effectively reduce available inoculum, however this is not always feasible 

(Vereijssen et al. 2007; Khan et al. 2008).  
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Planting resistant cultivars reduces disease severity and can delay the onset of disease by 

as much as four weeks (Wolf & Verreet 2005). Plant breeding for cultivars with lower 

susceptibility to CLS is an ongoing endeavor that has produced several approved cultivars. 

Cultivars are ranked by yield, sugar content, and resistance to major sugarbeet diseases 

(Michigan Sugar Company 2018). Resistant cultivars contain genes that are responsible for 

pathogen recognition and defense activation, including the use of proteins like chitinase and 

glucanase (Leucker et al. 2016). Resistant cultivars impede disease development which can be 

observed as reduced germ tube penetration rates, reduced intercellular fungal growth, fewer and 

smaller leaf lesions, fewer infected leaves, and reduced spore production (Solel & Minz 1971; 

Schmittgen et al. 2015; Leucker et al. 2016).  

It is believed that germ tubes locate stomata using hydrotropism (Solel & Minz 1971; 

Schmittgen et al. 2015). Plants that can suppress the hydrotropism stimulus have fewer germ 

tubes successfully penetrate stomatal openings (Solel & Minz 1971; Schmittgen et al. 2015). 

Solel and Minz (1971) found that after 16 days of disease development 48% of penetrating germ 

tubes had moved into a necrotic stage in resistant cultivars compared with 78% in susceptible 

cultivars. Schmittgen et al. (2015) used real-time polymerase chain reaction (PCR) analysis of 

the fungal gene that encodes calmodulin to show that the amount of mycelium in plant cells and 

the rate at which they spread is also reduced in resistant cultivars compared with susceptible 

ones. Less susceptible plants typically demonstrate lower disease severity and have fewer 

infected leaves (Schmittgen et al. 2015; Leucker et al. 2016). A study conducted by Leucker et 

al. (2016) found lesions on resistant cultivars were 3 to 4 mm² compared with the 5 to 6 mm² 

lesions found on susceptible cultivars. Not only did resistant cultivars have smaller lesions, but 

they also had a larger proportion of lesions that did not have distinct centers and margins 
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(Leucker et al. 2016). Susceptible cultivars had lesions with centers that were more than twice 

the size of margins in 15% of the lesions present. Reduced lesion size in resistant cultivars could 

be a result of greater tolerance to phytotoxins (Leucker et al. 2016). Spore production is also 

reduced in resistant cultivars (Schmittgen et al. 2015; Leucker et al. 2016). The study by Leucker 

et al. (2016) reported the mean number of conidia produced on two resistant cultivars was 40 and 

95 conidia mm-2 compared with two susceptible cultivars that produced 260 and 370 conidia 

mm-2.  

While resistant cultivars typically exhibit reduced disease severity and foliar damage, 

they also tend to produce lower root biomass and have lower sugar yields compared with more 

susceptible cultivars (Schmittgen et al. 2015; Leucker et al. 2016). Defense mechanisms can be 

associated with a high energy cost, meaning increased defence activation results in fewer 

resources that can be spared for storage in the root (Schmittgen et al. 2015). There is also 

evidence that defense gene expression may compete with genes that regulate carbon metabolism 

(Schmittgen et al. 2015). Schmittgen et al. (2015) found that inoculated susceptible plants had a 

14% lower root volume and 17% lower fresh weight, and resistant plants had a 30% lower root 

volume and 21% lower fresh weight compared with non-inoculated plants. The inner and outer 

cambial rings of resistant cultivars were roughly two and three times thinner respectively at the 

same stage of development as susceptible cultivars (Schmittgen et al. 2015). The advantages of 

planting resistant cultivars are more apparent under conditions of high disease severity and later 

in the disease progression cycle (Schmittgen et al. 2015). Finding a balance between disease 

resistance and high productivity is a challenge. A study conducted by Vogel et al. (2018) in 

Germany evaluated more recent sugarbeet varieties and found that through improved plant 

breeding, resistant cultivars did not have a yield penalty in the absence of disease compared to 
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susceptible cultivars. Advancements in plant breeding have made the future use of resistant 

cultivars for CLS management a more promising option. While the use of more tolerant cultivars 

can help reduce the number of fungicide applications, in order to maintain greater levels of 

productivity, commercially accepted cultivars are not fully resistant and require chemical control 

measures to ensure sufficient disease protection (Vogel et al. 2018).  

1.4.2. Biological Control 

 

Microbial interactions between pathogenic and antagonistic microorganisms have gained 

interest for potential biological control of diseases (Bargabus et al. 2002; Arzanlou et al. 2016). 

Biocontrol agents tend to be less harmful to human health and the environment (Hynes & 

Boyetchko 2006; Abbasi & Weselowski 2014), and can reduce the risk for development of 

fungicide resistance when included in disease management programs (Bargabus et al. 2002). 

Biocontrol agents antagonize pest species through a variety of mechanisms including 

amensalism with enzyme and antibiotic production, competition for nutrients and space, and 

induction of plant defense systems to initiate production of anti-fungal plant enzymes and stress-

reducing growth hormones (Bargabus et al. 2002; Abbasi & Weselowski 2014; Arzanlou et al. 

2016). Application of biocontrol agents prior to disease onset can help with colony 

establishment, making them more successful at outcompeting pathogens (Lahlali et al. 2011; 

Arzanlou et al. 2016).  

In Ontario there are a few registered biocontrol products that contain bacteria and fungi 

for use as bactericides, fungicides, and insecticides (OMAFRA 2020). Currently there are no 

biocontrol options for CLS on sugarbeet in Ontario, however there are a few products registered 

for use in the United States. These include Serenade Max™, containing the bacterium Bacillus 

subtilis strain QST 713, and LifeGard® WG, containing the bacterium Bacillus mycoides isolate 
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J. A study conducted by Bargabus et al. (2002) found B. mycoides isolate J is capable of inducing 

systemic resistance for control of CLS on sugarbeet. They assessed the effect of three 

pathogenesis-related proteins, beta-1,3-glucanase, chitinase, and peroxidase on disease severity. 

Beta-glucanase and chitinase supress disease by breaking-down chitin and beta-glucan, which 

are major components of fungal cell walls. Additionally, peroxidases are capable of 

strengthening physical barriers through cross-linking organic compounds making entry by 

pathogens much more challenging (Bargabus et al. 2002). In greenhouse trials, Bargabus et al. 

(2002) found a reduction of approximately 80% in disease severity on susceptible sugarbeet 

cultivars by inoculating with B. mycoides isolate J. Conversely, in field trials conducted by 

Pethybridge et al. (2017), B. mycoides isolate J did not significantly reduce disease severity 

compared to non-treated controls. The efficacy of biocontrol products is variable, and these 

products are usually rated for suppression or partial suppression of diseases, not control 

(OMAFRA 2020). Often biocontrol is more effective under controlled conditions, and less so in 

the field where the environment is more variable and less favourable (Hynes & Boyetchko 2006; 

Peng et al. 2011). Further challenges for implementing biocontrol products to field application is 

developing formulations that are cost effective and feasible for large-scale operations (Hynes & 

Boyetchko 2006). Synthetic fungicides are more effective at reducing disease severity with more 

consistency compared with biocontrol products (Peng et al. 2011; Abbasi & Weselowski 2014). 

Disease suppression of biocontrol products can be enhanced by using these products 

preventatively, and in alternation or mixed with compatible fungicides (Abbasi & Weselowski 

2014; Pethybridge et al. 2017).  

1.4.3. Chemical Control 

Fungicides play an essential role in disease management for C. beticola due to poor 

performance of resistant cultivars and the challenges associated with the polycyclic nature of the 



21 
 

pathogen (Knight et al. 2018). There are a variety of fungicides available for management of C. 

beticola belonging to fungicide resistance action committee (FRAC) groups 1, 3, 11, M1, and 

M3 (OMAFRA 2020). Group 1 fungicides like thiophanate-methyl (Nippon Soda Co. Ltd. 

2009), are methyl-benzimidazole carbamates (MBC) that target mitosis and cell division (beta-

tubulin assembly). Group 3 fungicides like metconazole (BASF Canada Inc. 2015a), 

propiconazole (Syngenta Canada Inc. 2019), prothioconazole (Bayer Crop Science Inc. 2019), 

and tetraconazole (Isagro S.p.A. 2019), are demethylation inhibitors (DMI) that target sterol 

synthesis in membranes (C14 demethylase). Group 11 fungicides like pyraclostrobin (BASF 

Canada Inc. 2015b), are quinone outside inhibitors (QoI) that target respiration (complex III: 

cytochrome bc1). Group M1 fungicides like copper hydroxide (Kocide LLC. 2016) and copper 

octanoate (AB Ltd o/a Ultrasol Industries 2019) are inorganic and use a multi-site contact mode 

of action. Group M3 fungicides like mancozeb (United Phosphorus Inc. 2016) and metiram 

(BASF Canada Inc. 2008) are dithiocarbamates that also use a multi-site contact mode of action 

(OMAFRA 2020).  

Groups M1 and M3 are preventative contact fungicides that are non-systemic, meaning 

they do not penetrate the leaf surface (Thind & Hollomon 2018). Preventative fungicides work 

by preventing germination of spores and often need to be reapplied frequently with optimum 

coverage. These products are broad spectrum, and used on all major classes of fungi but are not 

as effective as single-site fungicides which are typically more potent and provide better disease 

management (Trueman & Burlakoti 2014; Thind & Hollomon 2018). Other product options 

include OxiDate 2.0 (BioSafe Systems LLC. 2019), which is composed of hydrogen peroxide 

and peroxyacetic acid and is labelled for disease suppression, but when tested provided poor 

efficacy against CLS (ONvegetables 2019; Trueman & McNaughton 2019). Another option is 
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fungicides that use a mix of group 11 with group 7 (succinate dehydrogenase inhibitors) 

fungicides (ONvegetables 2019). The efficacy of group 7 fungicides including penthiopyrad, and 

boscalid, has been reportedly poor for management of CLS for both sugarbeet and table beet 

(Trueman 2014; Pethybridge et al. 2017). However, when benzovindiflupyr (group 7) and 

difenoconazole (group 11) were applied together three times on a 5 to 10 day interval, disease 

severity was effectively reduced in table beet (Pethybridge et al. 2017).   

1.4.3.1. Pathogen resistance 

A huge challenge for disease management is the development of pathogen resistance to 

fungicides. Cercospora beticola has high genetic diversity within populations and completes 

several life cycles in a single growing season, facilitating more rapid development of fungicide 

resistance (Trkulja et al. 2017; Knight et al. 2018). Resistance often arises from repeated use of 

products that have the same mode of action or ingredients, over a long period of time 

(Rosenzweig et al. 2015). Pathogen resistance in C. beticola can be identified using DNA-based 

detection methods and real-time PCR (Rosenzweig et al. 2015), or by exposing isolated spores to 

different concentrations of fungicide active ingredients (Trueman et al. 2017; Rosenzweig et al. 

2019a). Establishing sustainable spray schedules and practices is very important to ensure 

fungicides remain effective for future growing seasons (Rosenzweig et al. 2015). Fungicides that 

use single-site modes of action are at a much higher risk for resistance than fungicides that utilize 

multi-site modes (Khan & Smith 2005; Trkulja et al. 2017). Group 1 and 11 fungicides are 

considered high risk for resistance development, group 3 is considered at medium risk, and group 

M1 and M3 are low risk (FRAC 2021).  

Resistance of C. beticola to group 1 and 11 fungicides and more recently to fungicides in 

group 3 has already developed in Ontario (Trueman et al. 2013; Trkulja et al. 2017; Trueman et 

al. 2017). Group 1 MBC fungicides work by binding to fungal beta-tubulin which causes 
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breakdown of the cytoskeleton, as well as interfering with mitosis (Rosenzweig et al. 2015; 

Trkulja et al. 2017). Resistance to these fungicides has developed with the mutation of the beta-

tubulin gene which reduce the binding capacity of benzimidazole to target sites (Rosenzweig et 

al. 2015; Trkulja et al. 2017). Group 11 QoI fungicides work by inhibiting cell respiration by 

binding to the ubiquinol oxidation center of the mitochondrial cytochrome bc1 complex 

disrupting electron transfer (Rosenzweig et al. 2015; Trkulja et al. 2017). Mutations in the 

cytochrome b gene alters the target binding site rendering QoI fungicides ineffective 

(Rosenzweig et al. 2015; Trkulja et al. 2017). Group 3 DMI fungicides are generally less likely 

to develop resistant pathogens as they use a polygenic mechanism for their mode of action that 

requires multiple mutations to overcome (Trkulja et al. 2017). However, resistance to group 3 

fungicides has developed in C. beticola in Ontario to varying degrees (Trueman et al. 2017). 

Resistance to this fungicide group is due to multiple mutations that affect the CYP51 gene 

causing target-site modifications of the CYP51 enzyme (Trkulja et al. 2017). 

1.4.3.2. Sustainable Management  

Monitoring C. beticola field populations for resistant mutations can help keep track of 

resistance progression and determine fungicide programs (Khan & Smith 2005). To delay the 

development of fungicide resistance, the number of fungicide applications in a season should be 

limited so that disease is effectively managed without over exposure of the pathogen to 

chemicals (Khan & Smith 2005). Chemicals with the same mode of action should not be applied 

consecutively. Strategic fungicide application plans should alternate applications of fungicide 

groups within the growing season, as well as between years (Khan & Smith 2005). High-risk 

fungicides should be applied in tank mixes and/or in alternation with other mode of action 

products to reduce the number of applications of high-risk products applied to the field (Khan & 

Smith 2005; Rosenzweig et al. 2015). Using mixing partners with at-risk fungicides can reduce 
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the rate of resistance development (Khan & Smith 2005; van den Bosch et al. 2014). However, 

when using a mixing partner with a lower efficacy there is less of a reduction in resistance 

development (van den Bosch et al. 2014). Fungicide programs for sugarbeet in Ontario involve 

applications of M1 and M3 fungicides as mixing partners with group 3 fungicides, as well as on 

their own between applications containing group 3 (Michigan Sugar Company 2020). 

Alternating applications with group M fungicides allows for sufficient disease management 

while also reducing the number of applications for at-risk fungicides (Khan & Smith 2005; 

Rosenzweig et al. 2015). The use of group 1 and 11 fungicides is not recommended in Ontario 

due to resistance of C. beticola (Rosenzweig et al. 2015). Now with resistance to group 3 

fungicides, the options for management of C. beticola on sugarbeets are becoming increasingly 

limited (Trueman et al. 2017). The M1 copper fungicides work in a similar way to M3 

fungicides, but have been shown to cause crop damage when applied in a tank mix with 

Roundup (glyphosate), resulting in reduced disease management (Michigan Sugar Company 

2017a).  

Timing of fungicide application is very important for providing effective disease 

management (Khan & Smith 2005). In the past, initial applications have been decided based on 

the first appearance of symptoms and then continued on regular intervals until harvest (Rossi & 

Battilani 1991). Several forecasting models have been developed to help predict disease onset 

and when fungicide applications are required (Wolf & Verreet 2005). Using models helps 

rationalize fungicide use, especially in integrated pest management (IPM) programs (Rossi & 

Battilani 1991). These forecasting models aim to optimize the effectiveness of fungicide 

applications (Rosenzweig et al. 2015). Additionally, weather-based forecasting models have the 
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potential to reduce the number of fungicide applications that are made in a growing season 

compared with calendar sprays (Pethybridge et al. 2020).  

BEETcast ™ is a proprietary forecasting model that is used primarily in Ontario and 

Michigan. The model calculates disease severity values (DSV) using measurements of leaf 

wetness and air temperature (Rosenzweig et al. 2015; Tedford et al. 2018a). Fungicide 

application timings are determined by accumulation of DSVs to a pre-determined threshold 

(Tedford et al. 2018a). BEETcast™ also tracks the progression of fungicide resistance by 

creating Cercospora Risk Zones (Rosenzweig et al. 2015). A study by Tedford et al. (2018a) 

used BEETcast™ for prothioconazole and mancozeb applications and found that using schedules 

50/35 and 55/50 reduced the number of fungicide applications by 34 and 55% respectively 

compared with the recommended calendar schedule on product labels while maintaining the 

same sucrose yield in sugarbeets.  

The sugarbeet IPM model developed by Wolf and Verreet, uses epidemiological 

threshold levels (Wolf & Verreet 2005). The model consists of four components for crop 

protection: negative prognosis to predict probable disease-free period, monitoring of disease and 

whether spray threshold is exceeded, monitoring economic damage threshold, and loss prediction 

(Wolf & Verreet 2005). The model evaluates variables such as canopy development, weather 

conditions, inoculum potential, and cultivar resistance level (Wolf & Verreet 2005). The model 

uses calculations of weather-driven daily infection values (DIV) from hourly readings of 

temperature and relative humidity to determine periods with a high likelihood of remaining 

disease-free (Wolf & Verreet 2005). Once thresholds are reached, field monitoring should 

commence to identify actual disease incidence (Wolf & Verreet 2005). Fungicides should then 

be applied if disease progression is expected to exceed the economic damage threshold before 
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harvest (Wolf & Verreet 2005). Accurate prediction of disease onset is challenging to calculate 

due to variability in the field including differences in canopy closure and level of resistance in 

cultivars (Wolf & Verreet 2005). It is also difficult to determine the amount of inoculum present 

in each field (Wolf & Verreet 2005).  

CERCOPRI is another model that has two modes. Mode A predicts risk of disease onset 

for each day of the year and Mode B forecasts future risks for disease (Rossi & Battilani 1991). 

Mode A predicts the probability of disease appearance using the sum of days where air 

temperatures exceed 5 °C with relative humidity greater than 60% while taking into account 

variables like length of crop rotation, severity of previous epidemics, and how prevalent 

sugarbeet production is in the area. Mode B predicts future risk for disease on a certain day or 

when pre-established thresholds will be reached by looking at daily temperature (Rossi & 

Battilani 1991).  

1.5 Factors Affecting Fungicide Application 

Fungicide deposition and coverage is influenced by droplet size, nozzle type, droplet 

velocity and direction, application carrier volume, and the use of adjuvants like surfactants and 

deposition aids (Armstrong-Cho et al. 2008a; Roehrig et al. 2018). Droplet size range in a 

volume of spray is expressed as volume median diameter (VMD), also called DV0.5. The VMD is 

a midpoint value that indicates half of spray droplets are smaller and half are larger than that 

value (Magidow et al. 2015). Droplets are considered Fine when they are between 50 to 210 µm 

in diameter, and are more prone to drift (Klein et al. 2009; Magidow et al. 2015). To achieve 

good canopy coverage and deposition, droplets must be small enough to cover leaf surfaces, but 

large enough to penetrate to lower and inner canopy areas (Roehrig et al. 2018). When droplets 

are too large, they may bounce or run off plant surfaces, while droplets that are too small may 
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drift off target (Dorr et al. 2013; Altieri & Cryer 2018). In a study conducted by Feng et al. 

(2003) spray retention of the herbicide Roundup Original (glyphosate) was assessed for Fine, 

Medium, and Coarse droplets on corn (Zea mays L.) plants. They found that the percentage of 

actual retention over expected retention was 47% for Fine droplets, and only 37% and 38% for 

Medium and Coarse droplets respectively. They concluded that increased Medium and Coarse 

droplet loss could be attributed to run-off and rebound (Feng et al. 2003).  

Droplet size and density (drops cm-2) are important spray characteristics that affect the 

efficacy of fungicide applications (Prokop & Veverka 2006; Altieri & Cryer 2018). This is 

especially true for contact fungicides, which rely on good coverage to be effective (Prokop & 

Veverka 2006; Roehrig et al. 2018). Prokop and Veverka (2006) conducted a study comparing 

the efficacy of five fungicides on disease severity of Phytophthora infestans (Mont.) de Bary in 

potato (Solanum tuberosum L.) using droplet sizes ranging from 183 to 911 µm. They found that 

droplets with a VMD of 911 µm applied with 300 L ha-1 resulted in a droplet density of 0.4 drops 

cm-2, whereas droplets with a VMD of 183 µm applied at 300 L ha-1 resulted in a droplet density 

of 123.5 drops cm-2. For contact fungicides, the low droplet density of 0.4 drops cm-2 resulted in 

an efficacy relative to the untreated control of 26.1% disease severity compared with 63.37% 

disease severity at a droplet density of 55.4 drops cm-2. Fungicide efficacy likely improves with 

density because there is greater coverage on plant surfaces to provide protection against disease 

(Prokop & Veverka 2006). However, droplet size and density had no significant effect on 

efficacy for fungicides containing both contact and systemic active ingredients (Prokop & 

Veverka 2006), suggesting that the addition of a systemic active ingredient meant that the 

fungicide was no longer dependent on these coverage factors for efficacy (Prokop & Veverka 

2006).  
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1.5.1 Nozzles 

There are many different types of nozzles that can affect droplet characteristics, 

particularly droplet size, when used at the right pressure (Shepard et al. 2006; Dorr et al. 2013). 

Nozzle orifice size varies, producing droplet size ranges from Extremely Fine to Ultra Coarse, 

allowing operators to make a nozzle selection based in part on desired droplet size (Shepard et al. 

2006). Flat-fan nozzles provide a flat, fan-shaped spray pattern that overlaps with proper nozzle 

spacing, and are commonly used for a variety of agricultural production systems. Flat-fan 

nozzles can come with different features including extended range, air induction, and pre-orifice 

turbulence chamber (Shepard et al. 2006). An extended range means the nozzle will provide 

good spray distribution using a wide range of pressure settings (Shepard et al. 2006). Air 

induction nozzles incorporate air into the spray droplets using the venturi effect which reduces 

pressure and produces larger droplets of a more uniform size (Shepard et al. 2006; Dorr et al. 

2013). Pre-orifice nozzles employ a pre-orifice opening and turbulence chamber to reduce 

pressure, producing larger spray droplets (Shepard et al. 2006). A study conducted by Dorr et al. 

(2013) compared three common flat fan nozzles, one extended-range (XR11002), one pre-orifice 

(TT11002), and one air induction (AI110015). They tested each nozzle with the adjuvant 0.1% 

Agral, 1.0% Roundup CT (glyphosate) herbicide, and water. The extended range and pre-orifice 

nozzles were tested with 150, 280, and 450 kPa operating pressure and the air induction nozzle 

was tested at 280, 500, and 800 kPa operating pressure. They found that air induction nozzles 

produced significantly coarser droplets than the pre-orifice and extended range nozzles, and that 

the extended range nozzle produced the finest droplet size. They also found that increasing the 

operating pressure reduced droplet size.  

Hydraulic nozzles, such as flat-fan nozzles, produce a range of droplet sizes, often with 

much of the spray containing droplet sizes that differ from the class of droplets reported by the 
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manufacturer (Griesang et al. 2018). Improving the uniformity of droplet sizes produced by a 

nozzle can help to reduce the amount of small driftable droplets and large run-off prone droplets 

that are produced. A study conducted in soybean (Glycine max L.) by Griesang et al. (2018) 

evaluated the importance of improved droplet uniformity for fungicide applications using 

different nozzles, carrier volume, and adjuvants using laser particle analysis. They found that the 

benefit of droplet uniformity was most important in the lower third of the soybean canopy, where 

greater fungicide deposits were achieved by improved droplet size uniformity (Griesang et al. 

2018). The effect of adjuvants and flow rates of nozzles on droplet size uniformity differed 

depending on the nozzle being used (Griesang et al. 2018).  

1.5.2 Adjuvants 

Spray adjuvants are used to maximize product efficacy by increasing spray deposition on 

the intended target (Magidow et al. 2015). Adjuvants alter the density, viscosity, and surface 

tension of tank solutions, affecting the distribution of spray droplet size (Klein et al. 2009). 

Adjuvants may be used to improve size uniformity of droplets produced by hydraulic nozzles 

(Griesang et al. 2018). The exact way in which adjuvants affect droplet size range is not clear 

(Magidow et al. 2015). Several studies propose perforation of the spray sheet, which refers to the 

formation of spray coming from a nozzle orifice. When the spray first exits the nozzle opening 

the spray sheet is intact, but becomes destabilized, breaking up into droplets (Altieri & Cryer 

2018). As the spray sheet destabilizes holes are created in the sheet, a process which is altered 

with the addition of spray adjuvants like Interlock® (modified vegetable oil; MVO) (Altieri & 

Cryer 2018). 

1.5.2.1 Deposition aid MVO 

InterLock® is made with modified vegetable oil (MVO), vegetable oil, and an emulsifier: 

polyoxyethylene sorbitan fatty acid ester, which is produced by WinField® and is available for 
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use in Canada (WinField® 2019a). The spray adjuvant is designed to reduce the number of Fine 

droplets yet maintain droplet size in an ideal diameter range (WinField® 2019b). By optimizing 

droplet size, MVO is intended to improve deposition, coverage, and penetration of the foliar 

canopy, while also reducing drift (WinField® 2019b). There has been increased marketing of 

MVO to growers in Canada, however there is very little independent research to support these 

claims.   

In a study conducted by Magidow et al. (2015), MVO was compared with water 

applications using a TeeJet® AIXR11004-VP flat fan nozzle, at 345 kPa fluid pressure, 

delivering a flow rate of 1.5 L min-1. Laser diffraction analysis showed MVO decreased the 

number of Fine droplets compared with water by 25 to 50%. Fewer Fine droplets mean less 

product is lost to drift, and potentially more is available to cover the intended target. The 

deposition aid MVO also increased VMD to 419 µm compared with water which had a VMD of 

313 µm. The deposition aid MVO lowered the proportion of carrier volume comprised of 

droplets below 300 µm, resulting in a larger volume of spray between 300 to 718 µm. The 

proportion of carrier volume above 718 µm was similar for MVO and water. A larger VMD 

means droplets on average are larger, which reduces drift potential and can potentially improve 

canopy penetration (Dorr et al. 2013; Altieri & Cryer 2018). Generally, MVO produced even 

perforations of the spray sheet resulting in a much more homogeneous spray pattern, compared 

with the water spray sheets which broke apart unevenly (Magidow et al. 2015). The consistency 

in the MVO spray pattern is attributed to a more uniform droplet size range due to the 

elimination of very fine and very large droplets that provide poor coverage (Magidow et al. 

2015). The spray angle of MVO was 114° compared with 104.5° produced by water (Magidow 

et al. 2015). Uneven terrain, or bouncing of the spray boom can cause patches of field to be 
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missed, leaving these crops unprotected, as can nozzle spacing, operating pressure, and improper 

boom height (Dorr et al. 2013). Wider spray angles provide overlap in spray which ensures more 

uniform application, reducing the risk of unprotected areas in the field (Dorr et al. 2013). Spray 

velocity varies depending on droplet size and distance from the nozzle. Larger droplets have a 

greater terminal velocity than smaller droplets which have a much lower terminal velocity (Dorr 

et al. 2013). As a result, smaller droplets are less likely to reach the intended target as they take 

longer to fall, which leaves them susceptible to evaporation and drift, reducing potential 

deposition (Dorr et al. 2013). The addition of MVO increased average spray velocity compared 

with water alone, likely because there were fewer Fine droplets produced with a greater average 

terminal velocity (Magidow et al. 2015). While increased droplet size uniformity may reduce 

spray loss to drift and run-off (Griesang et al. 2018), there are benefits to having both smaller 

and larger droplets within a spray pattern, as the smaller droplets have been reported to provide 

increased surface area coverage throughout the canopy (Knoche 1994; Feng et al. 2003; Prokop 

& Veverka 2006), while larger droplets travel at a greater velocity and are more likely to 

penetrate into lower canopy regions (Dorr et al. 2013). 

A study by Klein et al. (2009) evaluated nozzle type and droplet size distribution using 

laser diffraction. They applied the herbicide Roundup WeatherMAX® (potassium salt of 

glyphosate) with the adjuvant MVO. The nozzle types evaluated were extended range flat fan 

size 11005, pre-orifice flat fan size 11005, pre-orifice flat fan size 2.5, air induction flat fan size 

11005, and air induction extended range flat fan size 11005 all applied at 280 kPa and carrier 

volume of 94 L ha-1. They found that the effect MVO had on VMD varied depending on the 

nozzle used. The deposition aid MVO increased VMD using the extended range flat fan nozzle 

compared with water and glyphosate, decreased VMD using the pre-orifice flat fan 1 and 2 
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nozzle compared with water and glyphosate, and increased VMD for the air induction nozzle and 

air induction extended range nozzle compared with glyphosate but not water alone. A smaller 

VMD may have been produced using MVO with some nozzles due to formation of satellite 

particles that break apart from primary droplets as they form from the spray sheet (Lewis et al. 

2016). These satellite particles are very small and can contribute to the overall decrease in spray 

VMD (Lewis et al. 2016). Therefore, caution should be taken to ensure the selected nozzle will 

result in the desired effect from an adjuvant (Klein et al. 2009).  

While there is evidence that MVO alters spray characteristics, including reducing 

production of fine particles and increasing average spray VMD in favour of increased canopy 

penetration and deposition, data are lacking on the effect of MVO on fungicide efficacy and 

canopy deposition in a sugarbeet cropping system. In a trial where MVO was added to 

applications of the fungicide mancozeb (Manzate® Pro-Stick™) for management of CLS in 

sugarbeet, MVO did not reduce disease severity or improve sugar yield compared to the 

applications of mancozeb alone (Trueman 2018). However, disease severity in the trial was very 

high. A similar adjuvant MasterLock® (modified vegetable oil, polyoxethylene sorbitan fatty 

acid ester, vegetable oil, and soybean oil ethoxylated), is a combination of MVO and 

DropTight® technology (non-ionic surfactant), and improved fungicide efficacy by reducing 

incidence of CLS by more than 40% compared with fungicides without the use of MasterLock® 

(Michigan Sugar Company 2017b). However, unlike MVO, MasterLock® is not currently 

available to growers for use in Canada.  

1.5.3 Carrier Volume 

Increasing application carrier volumes has been found to increase plant canopy 

deposition, thus improving disease management (Armstrong-Cho et al. 2008b; Roehrig et al. 
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2018). Typically, fungicides are applied with application carrier volumes of 135 to 450 L ha-1, 

though this is not the case for all fungicide applications (OMAFRA 2020). Despite findings of 

improved disease management with the use of larger carrier volumes, fungicides are still applied 

at smaller carrier volumes as a means to save time and reduce the cost of application, though it is 

not recommended (Armstrong-Cho et al. 2008b; Roehrig et al. 2018). While there are benefits of 

increasing carrier volume, it is expected to have an upper limit at the point when surfaces can no 

longer retain the liquid and spray run-off occurs (Roehrig et al. 2018). A study on Asian soybean 

rust (Phakopsora pachyrhizi Syd.) in soybean by Roehrig et al. (2018) found the point to be 200 

L ha-1. Another study by Bowness et al. (2021) found that disease severity of Mycosphaerella 

blight (Peyronellaea pinodes (Berk. & A. Bloxam) in pea (Pisum sativum L.) started to increase 

with increasing carrier volume after 400 L ha-1 likely due to run-off. Additionally, the 

inconvenience of refilling spray tanks more frequently and the additional time required to spray 

with larger carrier volumes can be a deterrent for many sugarbeet growers.  

Armstrong-Cho et al. (2008b) tested three application carrier volumes (100, 200, and 300 

L ha-1) using chlorothalonil, azoxystrobin, pyraclostrobin, and tebuconazole for management of 

Ascochyta blight (Ascochyta rabiei (Pass.)) in chickpea (Cicer arietinum L.). Disease severity 

was reduced from 38% to 22% and 17% using the carrier volume of 200, and 300 L ha-1 

respectively compared to 100 L ha-1 in the field. Canopy spray retention was also improved with 

increasing carrier volume, indicating better canopy penetration in the laboratory. Chickpea plants 

sprayed with Rhodamine WT dye and Agral 90 at the same carrier volumes as the field study, 

were cut into thirds (upper, middle, and lower canopy) and analyzed for dye recovery using 

fluorescence spectrophotometry to calculate the amount of dye g-1 of dried plant tissue. They 
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found that differences between carrier volumes became less apparent when disease severity was 

low, and nozzle type had no effect on disease severity.  

Roehrig et al. (2018) looked at five carrier volumes (40, 70, 100, 130, and 160 L ha-1) for 

fungicide applications for management of Asian soybean rust (Phakopsora pachyrhizi Syd.) in 

soybean. Water sensitive cards were placed in the upper, middle, and lower region of the plant to 

measure the number of drops cm-² for each treatment. They found 2.1 times more drops cm-² 

when using an application volume of 160 L ha-1 compared with 40 L ha-1. On average, the upper 

portion of the canopy received greater coverage than the middle and lower canopy under all 

application carrier volumes. However, the coverage of the lower canopy was 6.1 times greater 

when sprayed with a volume of 160 L ha-1 compared with 40 L ha-1. Furthermore, they found 

that disease severity was reduced as carrier volume increased.  

In another study by Tedford et al. (2018a), carrier volumes of 115 and 235 L ha-1 were 

evaluated using the fungicides prothioconazole and mancozeb for CLS management in 

sugarbeets. The 235 L ha-1 volume reduced the standardized area under disease progress curve 

(sAUDPC) by 28% compared with 115 L ha-1. However, this effect was only seen at one site 

where disease severity was high.  

1.6 Proposed Research Project 

1.6.1 Research Rationale 

Cercospora leaf spot is a serious disease that reduces sugarbeet yield and sugar quality. 

Due to fungicide resistance of C. beticola, effective fungicide options are becoming increasingly 

limited (Rosenzweig et al. 2015). Improving the efficacy of remaining fungicides is necessary to 

ensure their use is both effective and contributes to sustainable fungicide practices. The use of 
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deposition aids and optimum carrier volumes to improve fungicide penetration and deposition 

may provide more effective applications, resulting in improved disease management. 

1.6.2 Objectives 

Improving the deposition and penetration of fungicide applications may improve the 

efficacy of the fungicide mancozeb for disease management. The objectives are: (i) to evaluate 

the effect of a deposition aid on fungicide efficacy at different application carrier volumes, (ii) to 

evaluate the effect of the deposition aid MVO on spray deposition and penetration within the 

sugarbeet canopy.  

1.6.3 Hypotheses 

The hypotheses were that: 

1. The addition of MVO and increased application carrier volume improves deposition and 

penetration of mancozeb fungicide.  

2. Increased deposition and penetration improves fungicide efficacy and reduces the incidence 

and severity of Cercospora leaf spot.  

3. Reduced disease severity results in improved sugarbeet yield and sugar quality.  
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Chapter Two: Influence of fungicide, deposition aid and carrier volume on Cercospora leaf 

spot in sugarbeet 

2.1 Introduction 

Cercospora leaf spot (Cercospora beticola Sacc.; CLS) is one of the most damaging 

foliar diseases affecting sugarbeet (Beta vulgaris L. ssp. vulgaris) production globally (Khan et 

al. 2008). In Ontario, approximately 3,945 hectares of sugarbeet were grown in 2019 with an 

estimated economic value of over $18 million (W. Martin, Michigan Sugar Company, personal 

communication). Cercospora beticola infections cause extensive defoliation of the sugarbeet 

plant (Weiland & Koch 2004), stimulating foliar regrowth that requires a reallocation of sucrose 

from the root to the canopy (Skaracis et al. 2010; Schmittgen et al. 2015). As a result, infected 

plants have lower root biomass and sugar content (Shane & Teng 1992). Additionally, infected 

plant roots have increased concentrations of impurities such as sodium, potassium, and alpha-

amino nitrogen that reduce sugar quality (Shane & Teng 1992; Skaracis et al. 2010) and 

increased processing costs (Khan et al. 2008). Without proper management, gross sugar yield 

losses as high as 42% with root weight losses as high as 32% may occur (Shane & Teng 1992). 

Cercospora beticola is a fungal pathogen that infects sugarbeet when temperatures are 

warmer than 10 °C. The most conducive conditions are temperatures between 27 and 32 °C and 

relative humidity greater than 90% (Skaracis et al. 2010). Pseudostromata can overwinter on 

infected plant residues in the soil for upwards of two years (Khan et al. 2008), and are the source 

of initial inoculum (Vereijssen et al. 2007). Conidia are spread primarily by wind, but can also be 

spread by rain, irrigation, insects, and infected seed (Khan et al. 2008; Skaracis et al. 2010; 

Vaghefi et al. 2017). With the right conditions, spores make contact with plant surfaces and if 

there is adequate leaf moisture, they germinate and penetrate leaf stomata using an appressorium 

(Solel & Minz 1971; Weiland & Koch 2004), where the pathogen develops and spreads 
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intercellularly (Solel & Minz 1971; Skaracis et al. 2010). The pathogen kills surrounding plant 

cells, producing characteristic leaf spots (Solel & Minz 1971; Steinkamp et al. 1981). Symptoms 

appear as 2 to 5 mm diameter circular brown-grey coloured lesions with a reddish-purple border 

(Weiland & Koch 2004; Khan et al. 2008; Skaracis et al. 2010). Lesions appear on the plant 

foliage and petioles (Khan et al. 2008) and increase in number until they eventually coalesce 

causing leaf senescence and death (Skaracis et al. 2010). With conducive weather conditions, 

conidia form on conidiophores located in lesion centers and are released throughout the growing 

season resulting in the polycyclic development of disease epidemics (Skaracis et al. 2010).  

Management practices include a three-year crop rotation with non-host crops (Knight et 

al. 2018), control of weed hosts (Vereijssen et al. 2007), tillage (Vereijssen et al. 2007; Khan et 

al. 2008), and the use of resistant cultivars (Wolf & Verreet 2005). Resistant cultivars 

demonstrate reduced disease severity and up to an 89% decrease in spore production (Leucker et 

al. 2016), but are still susceptible to high levels of infection (Schmittgen et al. 2015; Leucker et 

al. 2016). In the past, resistant cultivars often produced lower root biomass and lower sugar 

yields compared with other more susceptible cultivars, though newer resistant cultivars do not 

show a yield penalty (Vogel et al. 2018). While cultural practices used in combination with 

resistant cultivars are beneficial, fungicides remain an essential tool for management of CLS in 

sugarbeet (Solel & Minz 1971; Knight et al. 2018). There are several groups of fungicides 

available including: FRAC Group 1 methyl-benzimidazole carbamates (MBC) like thiophanate-

methyl (Nippon Soda Co. Ltd. 2009); Group 3 demethylation inhibitors (DMI) like metconazole 

(BASF Canada Inc. 2015a), propiconazole (Syngenta® Canada Inc. 2019), prothioconazole 

(Bayer Crop Science Inc. 2019), and tetraconazole (Isagro S.p.A. 2019); Group 11 quinone 

outside inhibitors (QoI) like pyraclostrobin (BASF Canada Inc. 2015b); Group M1 copper 
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hydroxide (Kocide LLC. 2016) and copper octanoate (AB Ltd o/a Ultrasol Industries 2019); and 

Group M3 dithiocarbamates like mancozeb (United Phosphorus Inc. 2016) and metiram (BASF 

Canada Inc. 2008). Another product is OxiDate 2.0 (BioSafe Systems LLC. 2019), which is 

composed of hydrogen peroxide and peroxyacetic acid and is labelled for disease suppression 

(BioSafe Systems LLC. 2019), but when tested had no effect on disease severity or area under 

the disease progress stairs (AUDPS) compared with the non-treated control against CLS 

(Trueman & McNaughton 2019). Mixing fungicides in group 11 and group 7 (succinate 

dehydrogenase inhibitors) is another option (ONvegetables 2019), but efficacy of group 7 

fungicides is reportedly lower compared with other fungicide groups for management of CLS in 

sugarbeet and table beet (Trueman 2014; Pethybridge et al. 2017).  

Achieving reliable management of CLS is more challenging with the development of C. 

beticola resistance to fungicides. In Ontario, C. beticola is reported to have qualitative resistance 

to thiophanate-methyl in group 1 (Rosenzweig et al. 2019b) and pyraclostrobin in group 11 

(Trueman et al. 2013), as well as quantitative resistance to some group 3 fungicides such as 

tetraconazole and prothioconazole (Trueman et al. 2017; Rosenzweig et al. 2019b). Levels of 

insensitivity of C. beticola to group 3 fungicides varies, allowing for continued effective use of 

fungicides like prothioconazole (Trueman & McNaughton 2019). The reduction in availability of 

effective fungicides has increased reliance on broad spectrum contact fungicides like mancozeb 

that utilize a multi-site mode of action, lowering the risk that the pathogen will develop 

resistance (Khan & Smith 2005; Trkulja et al. 2017). Multi-site mode of action fungicides are 

less effective than some single-site mode of action fungicide groups for management of CLS on 

sugarbeet (Trueman & Burlakoti 2014), but are important mixing and rotational partners for 

resistance management (Khan & Smith 2005; Rosenzweig et al. 2015). In order to extend the 
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effective use of group 3 fungicides, it is recommended that they are applied in a tank mix with an 

M3 or M1 fungicide, and that applications of group 3 fungicides are alternated with the 

application of M3 and M1 fungicides (Michigan Sugar Company 2020).   

Contact fungicides like mancozeb are not systemic and thus require good canopy 

coverage and penetration to be most effective (Prokop & Veverka 2006; Roehrig et al. 2018; 

Thind & Hollomon 2018). InterLock® (MVO) is a deposition aid, made from modified 

vegetable oil, vegetable oil, and an emulsifier: polyoxyethylene sorbitan fatty acid ester 

(WinField® 2019a). The deposition aid MVO is designed to optimize the spray droplet size into 

a more moderate diameter range to improve deposition and penetration into the plant canopy, 

while also reducing drift (WinField® 2019b). An experiment using downstream droplet 

characterization found that the addition of MVO to water reduced the number of Fine droplets by 

25 to 50% compared with water alone (Magidow et al. 2015). However, there is no research that 

demonstrates the benefit of using MVO for improved disease management. Growers can also 

improve canopy coverage and disease management using larger carrier volumes. Disease 

severity was reduced from 38% to 22% and 17% using carrier volumes 200 L ha-1, and 300 L ha-

1 respectively compared to 100 L ha-1 for fungicide applications in chickpea for management of 

Ascochyta blight (Ascochyta rabiei (Pass.)) (Armstrong-Cho et al. 2008b). Additionally, 

standardized area under the disease progress curve (sAUDPC) was reduced by 28% by using 235 

L ha-1 compared with 115 L ha-1 for CLS management in sugarbeet when disease severity was 

high (Tedford et al. 2018a). However, the benefit of using larger carrier volume for management 

of Asian rust in soybean peaked at 200 L ha-1 when the point of product runoff was reached 

(Roehrig et al. 2018). Growers may apply fungicides using smaller carrier volumes of 100 L ha-1 

or less (Armstrong-Cho et al. 2008b; Roehrig et al. 2018), especially when tank mixing with an 
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herbicide to save time and application costs, though this practice is not recommended without 

changes to the application equipment, such as air assist and finer spray quality. 

The objective of this study was to evaluate whether using MVO would improve the 

efficacy of mancozeb at different carrier volumes for management of CLS in sugarbeet. The 

effect of MVO with carrier volumes of 115, 235, 350, and 470 L ha-1 on disease severity, 

sugarbeet root yield, and sugar yield, content and quality was evaluated. Identifying practices 

that improve fungicide efficacy will provide growers with the information needed to develop 

disease management programs, while also providing options for an integrated approach to 

fungicide resistance management. Additionally, a cost analysis was completed to determine 

whether there was an economic benefit of implementing these practices for growers. 

2.2 Methods and Materials  

Four field experiments were conducted to assess the efficacy of the M3 fungicide 

mancozeb for management of CLS with the addition of the deposition aid MVO at different 

carrier volumes. Experiments were located at two sites in Southwestern Ontario in each of 2019 

and 2020. Experiments were set up as a randomized complete block with four replications in a 4 

x 4 factorial design with fungicide program as one factor and carrier volume as the second factor. 

Fungicide programs were mancozeb 75% (Manzate® Pro-Stick™, United Phosphorus Inc., King 

of Prussia, PA, USA) at 1.69 kg ha-1 active ingredient, MVO (InterLock®, Land O’Lakes Inc., 

Arden Hills, MN, USA) at 0.136% v/v, mancozeb + MVO, and a water control. Fungicide 

programs were applied using carrier volumes of 115, 235, 350, and 470 L ha-1. The standardized 

area under the disease progress stairs (sAUDPS), sugarbeet yield (T ha-1), recoverable white 

sucrose per tonne and hectare (RWS and RWSH), and sugar content and purity (%) were 
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evaluated. An economic analysis was also conducted to examine the impact of using MVO and 

larger carrier volumes on profit margin.  

2.2.1 Field Site Set-up 

Experiments were conducted at the University of Guelph, Ridgetown campus (RT) 

(42°26’54.2” N 81°52’42.1” W) in 2019 and 2020 and the Cedar Springs Research Station in 

Dealtown (DT), ON (42°14’52.0” N 82°05’38.5” W) in 2019. Mean daily temperature, relative 

humidity, and total daily precipitation during the study period at each location each year is 

located in Appendix Figure A1.1. In 2019 experiments were planted in RT on May 25 (RT-19) 

and DT on May 9, and in 2020 experiments were planted in RT early, on April 22 (RT-20E), and 

late, on May 25 (RT-20L) using sugarbeet ‘HIL-9908’ (Hilleshog Seeds LLC, Longmont, CO, 

USA). The DT location had a sandy loam soil type, and the RT-19, RT-20E, and RT-20L 

locations had a sandy clay loam soil type. Previous crops for the DT, RT-19, RT-20E, and RT-

20L locations were pumpkin, squash, tomato, and oats respectively. Experiments were planted 

with a row spacing of 75 cm, at a depth of 2 cm, and seeded at a rate of 10 seeds m-1. Plots 

consisted of two 7 m long treatment rows with a guard row on each side. Each replicated block 

had a 1 m wide alley of separation. Prior to planting, the field was cultivated using a Kongskilde 

with rolling basket harrows and received nitrogen in the form of urea (46-0-0) broadcast at 130 

kg ha-1 for the DT, RT-19, and RT-20L locations, and 100 kg ha-1 for RT-20E. A side dress 

application of liquid 28% nitrogen (UAN) was applied at 100 L ha-1 on July 4 at the DT, and RT-

19 locations.  

The DT, RT-19, RT-20E, and RT-20L experiments were inoculated on June 25 and July 

10, 2019, and June 29, and June 30, 2020 respectively, with C. beticola by placing a 

symptomatic leaf collected in 2018 and 2019 into each guard row. The RT-20L experiment was 
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inoculated a second time on July 22, 2020 due to poor disease development. Treatment 

application began once the accumulated disease severity value (DSV) threshold of 50 was 

reached according to the forecasting model BEETcastTM, with subsequent applications every two 

weeks until harvest. Actual DSV accumulation for the first application for each experiment was 

52, 32, 53, and 51, for RT-19, DT, RT-20E, and RT-20L respectively. Applications for the RT-

19 experiment were made on July 4, 18, August 1, 15, 29, September 14 and 27, 2019.  

Applications for the DT experiment started on June 4, however it was later discovered that the 

BEETcastTM sensor at this site was not up to date and as a result, the DSV was not actually at 50 

until June 28. Regardless, applications continued every two weeks from June 4 as follows: June 

4, 11, 18, July 3, 16, 31, August 14, and 28, 2019. Applications for the RT-20E experiment were 

made on June 24, July 9, 23, August 7, 21, September 4, and 18, 2020. Applications for the RT-

20L experiment were made on June 29, July 13, 27, August 10, 24, September 8, 21, and 

October 5, 2020.  

Applications were conducted using a 1.5 m CO2 hand-held boom sprayer using Hardi® 

ISO Injet™ air induction nozzles (Hardi® North America Inc., Davenport, IA, USA) in four 

sizes, 01, 02, 03, and 04 for carrier volumes 115, 235, 350, and 470 L ha-1 respectively, at 275.8 

kPa of pressure. Hardi® ISO Injet™ air induction nozzles were used in order to produce Very 

Coarse droplets at all four carrier volumes. Each experiment was sprayed with glyphosate for 

weed control on June 12, and July 1 and 26, with walkways sprayed September 1 for RT-19, 

June 14, July 3, 24, and August 16 for DT, May 23, June 16, July 22, and September 3 for RT-

20E, and June 9, 26, July 14, and August 8, with walk ways sprayed on September 14 for RT-

20L.  
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2.2.2 Disease Assessment 

Experiments were scouted weekly for disease symptoms starting in June. Once symptoms 

were detected, disease severity assessments were conducted every two weeks. For the RT-19 

experiment, assessments were conducted on July 16, 24, August 7, 20, September 3, 16, 30, and 

October 15. For the DT experiment, assessments were conducted on June 25, July 1, 15, 29, 

August 12, 26, and September 9. For the RT-20E experiment, assessments were conducted on 

June 17, 23, July 1, 15, 29, August 12, 27, September 9, 23, and October 7. For the RT-20L 

experiment, assessments were conducted on July 1, 8, 22, August 5, 18, September 2, 16, 29, and 

October 14.  

In each plot, a different set of 10 randomly selected plants were rated for each assessment 

by taking two steps and rating the adjacent plant using the modified Agronomica scale (Figure 

2.1) adapted by Tedford et al. (2018b) from Battillani et al. (1990) (as translated by Verejissen et 

al. 2003). Plants were rated on a scale from 0 to 9, where 0= 0% leaf area affected (LAA), 1= >0 

to 2% LAA, 2= >2 to 8% LAA, 3= >8 to 12% LAA, 4= >12 to 18% LAA, 5= >18 to 42% LAA, 

6= >42 to 58% LAA, 7= >58 to 82% LAA, 8= >82 to 99% LAA, 9= >99% LAA. The midpoint 

values for each plant were used to calculate mean plot severity, and mean plot severity was used 

to calculate the AUDPS (Simko & Piepho 2012). The AUDPS was calculated using the 

following equation: 

                     AUDPS = AUDPC + [
y1+yn

2
 ×

D

n−1
]                      (1) 

 

Where: 

 AUDPC =  ∑
yi + yi+1

2
 × (ti+1 −  ti)

n−1
i=1           (2) 

y1 is the value of the first assessment, yn is the value of last assessment, yi is the value of an 

assessment occurring after the first and before the last at day ti, D is number of days from first to 

last assessment, n is the number of assessments. 
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AUDPS was standardized (sAUDPS) using the equation: 

 

sAUDPS =  
AUDPS ×(n−1)

Dn
                                  (3) 

Where D is number of days from first to last assessment, n is the number of assessments. 

 

 

 
Figure 2.1. Modified Agronomica disease severity rating diagram for Cercospora leaf spot of 

sugarbeet (translated to English from Battilani et al. 1990 by Vereijssen et al. 2003). 
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2.2.3 Yield and Quality Variables 

The DT, RT-19, RT-20E, RT-20L experiments were harvested by hand on September 18, 

and October 21, 2019, and October 20, and 26, 2020 respectively. Harvest for the DT experiment 

was conducted earlier due to damage from Rhizoctonia root rot (Rhizoctonia solani Kuhn). Four 

meters of row were harvested from a representative section of each plot, and the number and 

weight of the harvested beets were recorded. For the DT and RT-20E experiment, some plots 

with poor plant stand only had two harvestable meters, so yield was adjusted to reflect four 

meters prior to analysis. A subsample of approximately 12 to 15 sugarbeets from each plot was 

placed into labelled bags and taken to the Michigan Sugar Company piling station in Dover, ON 

the same day as harvest, where they were then taken to the Michigan Sugar Company processing 

facility in Bay City, MI. The sugarbeet samples were processed in the Michigan Sugar Company 

Agricultural Research Center and analyzed for sugar content (%), recoverable white sucrose per 

ton (RWST, lb ton-1) and purity (%) with an Anton-Paar Betalyser Sugar Analyzer (C. Guza, 

Michigan Sugar Company, personal communication 2020). Recoverable white sucrose per tonne 

(RWS), recoverable white sucrose per hectare (RWSH), and recoverable white sucrose per acre 

(RWSA) were calculated using the following equations: 

RWSA (lb acre−1) =  RWST × Yield            (4) 

Where: 

Yield(ton acre−1) = total weight of harvested plot(kg) × 3m−2 ×  0.000247105 ac−1  ×

 0.00110231 ton                                                                                                                           (5) 

Recoverable white sucrose per acre values were converted to metric units of hectare: 

RWSH (kg ha−1) =  RWSA × 1.12                                       (6)          
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Recoverable white sucrose per ton values were converted to metric units of tonne: 

        RWS (kg T−1) = RWST (lb ton−1) × 0.5                                (7) 

Sugarbeet yield was converted from ton ac-1 to metric units T ha-1: 

   T ha−1 = ton ac−1  × 0.907185 tonne ÷ 0.404686 ha                          (8) 

2.2.4 Cost Analysis 

The profit margin calculation assumes grower costs only include the cost of product, 

product application, and trucking. Calculations were not adjusted to include any premiums 

associated with early harvest. The cost of each fungicide program at each carrier volume was 

calculated as: 

Profit margin ($ ha-1) = grower payment ($ ha-1) – (product cost ($ ha-1) + product application 

cost ($ ha-1) + trucking cost ($ T-1))                                                                      (9) 

Grower payment was calculated as: 

Grower payment ($ ha-1) = (RWSA × $0.15 lb-1)  ÷ 0.404686 ha                     (10) 

Product cost of mancozeb and MVO was calculated by taking the average price from four 

retailers for mancozeb and two retailers for MVO in the Chatham-Kent and Lambton county area 

in fall 2020. Product cost was calculated as: 

Product cost = product price ($ ha-1) × product label rate × number of applications     (11)                  

The product cost was $21.89 ha-1 for mancozeb (Manzate® Pro-Stick™). The cost of 

MVO to spray one hectare was calculated for 115, 235, 350, and 470 L ha-1 which was $2.98, 

$6.09, $9.07, and $12.18 ha-1 respectively. The label rate is 2.25 kg ha-1 for Manzate® Pro-

Stick™ (mancozeb) and 0.136%v/v for MVO. The number of applications for RT-19 and RT-
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20E experiments was seven, and for DT and RT-20L experiments it was eight. Application cost 

($ ha-1) was calculated as: 

Cost of custom application = cost of carrier volume ($ ha-1) × number of applications       (12) 

Cost of application for 115 and 235 L ha-1 was $27.18 ha-1 and for 350 and 470 L ha-1 the 

cost was $32.12 ha-1. Application costs were calculated by taking the average price from five 

retailers for 115 and 235 L ha-1 and two retailers for 350 and 470 L ha-1 in the Chatham-Kent and 

Lambton county area in fall 2020. Trucking cost ($ ha-1) was calculated as:  

Trucking cost= trucking ($ T-1) × yield (T ha-1)                                   (13) 

Where trucking ($ T-1) was based on the 2019 cost charged to Lambton growers by the 

Michigan Sugar Company for sugarbeet shipment to the processing facility in Michigan, USA, 

which was $5.43 T-1. Dover grower trucking costs were not used because the freight rate charged 

to Dover growers is based partly on field location, whereas Lambton grower trucking costs are 

independent of field location.  

2.2.5 Statistical Analysis 

Statistical analyses were completed using SAS analysis software university edition (SAS 

Institute Inc., Cary, NC, USA). Analysis of variance (ANOVA) was completed as a 4 x 4 

factorial using the GLIMMIX procedure (P≤0.05). Fixed effects were fungicide program and 

carrier volume, and random effects were experiment locations and the blocks within experiment. 

Normality of residuals was tested using the Shapiro-Wilk test, and normality of distribution was 

determined using residual plots. In some cases, the lognormal distribution was used and back-

transformed data were presented to improve normality of residuals. These cases are indicated in 

results figures or tables. Means were separated using Tukey’s HSD and considered significant at 
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P≤ 0.05. The Kenward and Roger adjustment was added to the model to adjust the statistic and 

degrees of freedom. Data were pooled across experiments and years with variation between 

experiments accounted for using the covariance test function.  

Disease severity data were analyzed as a 4 x 4 factorial for each assessment date. To 

allow data analysis in SAS, assessment dates with at least ten zero values for disease severity 

were adjusted so that zeros were assigned a value of 0.0001. Adjusted assessment days were 

assessments one and two for RT-19, RT-20E and RT-20L, and assessment one for DT. The day 

zero assessment, which was July 16, June 25, July 1, and July 22 for RT-19, DT, RT-20E, and 

RT-20L respectively, was not analyzed for any experiment and means and standard error were 

assumed to be zero since all or nearly all assessment values were zero.  

A regression analysis was also conducted to evaluate the relationship between carrier 

volume and disease severity and sugar content and quality variables. The regression analysis was 

analyzed as a 2 x 4 factorial using the regression procedure in SAS with fungicide program and 

carrier volume as fixed effects, and experiment and block within experiment as random effects. 

Only fungicide programs mancozeb and mancozeb + MVO were used in the analysis because 

previous analysis revealed that those were the only treatments that affected disease, yield, and 

sugar variables compared with the non-treated control. A Pearson correlation analysis was 

conducted to evaluate the correlation between sAUDPS and yield and sugar variables. The 

correlation analysis was analyzed using the correlation procedure in SAS.  

Outliers were identified when the residual had a value greater than 3.4 or less than -3.4 

(Bowley 2015). Outliers that did not affect the significance of main factors or means separation 

of treatments were left in the analysis. Outliers that did affect the significance of main factors or 

means separation were removed. Outliers that were identified and removed from RT-19 were 
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water and, mancozeb + MVO at 235 L ha-1 from replication three and four respectively, and 

mancozeb at 470 L ha-1 from replication two for purity. One outlier that was a recording error 

from the DT experiment was removed from the mancozeb at 115 L ha-1 treatment from 

replication one for the beet yield, RWSH, and profit margin. Three outliers were removed from 

RT-20L from mancozeb at 470 L ha-1 from replication four and one for sAUDPS and disease 

severity on assessment days August 5 and September 16. An outlier from the regression analysis 

was also removed for mancozeb at 470 L ha-1 from replication four for sAUDPS in experiment 

RT-20L.   

Two plots in the DT experiment could not be harvested due to insufficient beet 

population at harvest, one was from the mancozeb at 350 L ha-1 and the other from water at 470 

L ha-1 treatment. Another plot for the mancozeb at 235 L ha-1 treatment for the DT experiment 

was harvested for sugar analysis, but yield data were not collected due to poor beet stand.   

2.3 Results 

2.3.1 Weather Conditions 

There were 15 to 23 precipitation events with less than 1 mm at the experiment locations. 

Heavy rainfall events occurred on July 17 (42.6 mm), July 28 (95 mm) and August 5 (63.2 mm) 

2019, and July 11 (51.8 mm) 2020 (Figure A1.1). In 2019, total precipitation was below 10-year 

average for September (36 mm), and above average for April (114 mm), May (118 mm), June 

(81 mm), July (189 mm), August (115 mm), and October (127 mm) (Table A1.1). Total monthly 

precipitation in 2020 was below the long term (10 year) average for April (51 mm), May (74 

mm), June (42 mm), July (84 mm), September (66 mm), and October (59 mm), and above 

average for August (152 mm) (Table A1.1). 
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Average daily air temperature ranged from 1.9 to 24.6, 11.5 to 26.1, 17.7 to 28, 15.4 to 

25.8, and 8.2 to 25.2 for May, June, July, August, and September, respectively (Figure A1.1). At 

RT-19, RT-20E and RT-20L, daily air temperature ranged from 4.1 to 23.8 in the days before 

harvest during the month of October. In 2019, mean air temperatures were below the 10-year 

average for May (13.1 °C), and June (18.7 °C), above average for April (7.3 °C), July (22.7 °C), 

September (18.6 °C), and October (11.3 °C), and the same for August (20.4 °C) (Table A1.1). 

Air temperatures were below the long term (10 year) average for April (5.5 °C), May (12.6 °C), 

September (16.3 °C), and October (9.9 °C), and above average for June (20.5 °C), July (23.7 °C), 

and August (20.8 °C) in 2020 (Table A1.1). Additionally, there were 30 to 37 days with relative 

humidity greater or equal to 90% at the Ridgetown sites in 2019 and 2020. At DT, 87 days with 

relative humidity greater or equal to 90% were recorded (Figure A1.1).  

2.3.2 Disease Severity 

Disease severity among experiments ranged from 31% at RT-20L, to 65% at DT for 

water control plots just before harvest (Figure A1.2). Final disease severity values at RT-19 and 

RT-20E were more moderate at 56 and 43% for water control plots (Figure A1.2). Symptoms 

were first observed at RT-19 six days after inoculation on July 16, 2019, six days after 

inoculation on July 1, 2019 at DT, two days after inoculation on July 1, 2020 at RT-20E and 22 

days after the first inoculation on July 22, 2020 at RT-20L. 

Differences in disease severity among fungicide programs first appeared 0 to 28 days 

after symptom appearance, depending on the experiment location, and there were few significant 

interactions between fungicide program and carrier volume (Table A1.15, A1.16, A1.17, A1.18). 

Disease severity in the water control and MVO treatment was greater than the mancozeb and 

mancozeb + MVO treatments on all assessment dates until harvest, beginning on August 20 at 
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RT-19, August 12 at DT, August 12 at RT-20E, and September 2 at RT-20L (Figure A1.2). Prior 

to these dates, significant differences among treatments were less consistent. At RT-19, there 

was a significant fungicide program x carrier volume interaction on August 7 when the water 

control applied at 235 L ha-1 and MVO applied at 470 L ha-1 had a greater disease severity than 

treatments mancozeb applied at 470 L ha-1 and mancozeb + MVO applied at 350 L ha-1. There 

were no significant differences among treatments for disease severity prior to August 7. At DT, 

disease severity for the water control was greater than mancozeb on July 1. On July 15, disease 

severity for the water control was greater than mancozeb and mancozeb + MVO treatments. 

There were no treatment differences on June 25, or July 29.  At RT-20E, there were no treatment 

differences before July 29, when the MVO treatment had greater disease severity than mancozeb 

and mancozeb + MVO treatments. At RT-20L, there were no treatment differences before 

August 5, when the MVO treatment had greater disease severity than mancozeb + MVO, while 

on August 18 the MVO treatment had greater disease severity than the water control, mancozeb, 

and mancozeb + MVO treatments Additionally, carrier volume was only significant at the RT-

20L site on September 16, when carrier volume of 115 L ha-1 resulted in a greater disease 

severity than the volume of 470 L ha-1 (Figure A1.3). Disease severity using different carrier 

volumes was similar for experiments DT, RT-19, and RT-20E (Figure A1.3).  

Results for sAUDPS are only presented for program and application carrier volume 

(Table 2.2) because there was no significant interaction between these factors (Table A1.2). 

Program treatments of mancozeb and mancozeb + MVO had 43 to 48% lower sAUDPS than 

MVO and water treatments (Figure 2.2a). For water and MVO treatments sAUDPS were 

equivalent, as were sAUDPS for mancozeb and mancozeb + MVO treatments. Thus, the addition 
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of MVO to mancozeb did not reduce disease progress over the season compared with 

applications of mancozeb alone. 

There was no effect of carrier volume on sAUDPS (Figure 2.2b). The regression analysis 

is presented for mancozeb and mancozeb + MVO programs combined because program was not 

a significant factor (Table A1.8). The regression showed that using increased carrier volume 

resulted in reduced sAUDPS, though the linear relationship between the two was not very strong 

(R2= 0.0768, P=0.0009) (Figure 2.3). 
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Figure 2.2. Standardized area under the disease progress stairs (sAUDPS) (±SE) for a) program, 

and b) application carrier volume applied to sugarbeets in Ridgetown and Dealtown ON 2019, 

and in Ridgetown 2020, for management of Cercospora leaf spot. Bars followed by the same 

letter are not significantly different at p ≤ 0.05, Tukey’s HSD, ns= not significant. Treatment 

means include data from program treatments and carrier volume treatments because of no 

significant program x volume interaction.  
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Figure 2.3. Regression of mancozeb and mancozeb + MVO programs by application carrier 

volume for standardized area under the disease progress stairs (sAUDPS) (±SE) for sugarbeets 

grown in Ridgetown and Dealtown, ON in 2019 and Ridgetown in 2020. Mean sAUDPS (   ), 

regression line (     ), and raw data (  ). Treatment means include data from program treatments 

and carrier volume treatments because of no significant program x volume interaction.  
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2.3.3 Yield and Quality Variables 

Yield and quality main effects are presented for fungicide program and application carrier 

volume because there were no significant interactions among these factors (Table A1.3, A1.4, 

A1.5, A1.6, A1.7). Beet yield (T ha-1), sugar content (%), purity (%), RWSH (kg ha-1), and RWS 

(kg T-1) were 8 to 9%, 2 to 5%, 0.3%, 11 to 14%, and 3 to 5% greater for mancozeb and 

mancozeb + MVO treatments compared with MVO and water (Table 2.1). Beet yield, sugar 

content, purity, RWSH, and RWS for the water control and MVO treatment were equivalent, as 

were mancozeb and mancozeb + MVO treatments. Thus, the addition of MVO to applications of 

mancozeb did not increase beet yield, sugar yield, or sugar quality compared with applications of 

mancozeb alone. 

There was no effect of carrier volume on any yield or quality variable evaluated, with the 

exception of purity, where using 350 L ha-1 resulted in a 0.3% increase in purity compared with 

115 L ha-1 (Table 2.1). The 235 and 470 L ha-1 carrier volumes resulted in sugar purity similar to 

the 115 and 350 L ha-1 carrier volumes. The regression analysis is presented for mancozeb and 

mancozeb + MVO programs combined because program was not a significant factor (Table 

A1.9, A1.10, A1.11, A1.12, A1.13). Results from the regression analysis did not show any 

significant relationship between carrier volume and any yield or quality variable tested (Table 

2.2). Thus, using larger carrier volumes did not improve beet or sugar yield. 

A correlation analysis found that sAUDPS was inversely related with sugar content, 

purity, beet yield, RWS, and RWSH (Table 2.3). The correlation between sAUDPS and sugar 

content, purity, and RWS was stronger (r <-0.5) than that with beet yield and RWSH (r >-0.5) 

(Table 2.3). 
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Table 2.1. Root and sugar yield, and sugar quality from sugarbeets treated with different 

fungicide programs and application carrier volumes for management of Cercospora leaf spot in 

Ridgetown and Dealtown, ON in 2019 and Ridgetown in 2020.  

Factora 

Beet Yield  

(T ha-1) 

Sugar 

Content (%) Purity (%) 

RWSHb  

(kg ha-1) 

RWSc  

(kg T-1) 

Program 
     

Water 62.0 bd 17.9 b 94.9 b 8169.2 b 131.7 b 

MVOe 61.5 b 17.7 b 94.9 b 8046.8 b 131.0 b 

Mancozeb 67.1 a 18.3 a 95.2 a 9077.8 a 135.8 a 

Mancozeb + MVO 67.3 a 18.5 a 95.2 a 9195.3 a 137.4 a 

sem 9.856 0.8230 0.7604 1450 8.245 

Carrier volume (L ha-1)      

115 63.4 ns 17.9 ns 94.9 b 8372.4 ns 132.5 ns 

235 64.1  18.1  95.0 ab 8597.7 134.1  

350 65.4  18.2  95.2 a 8822.9 135.4  

470 65.0  18.1  95.1 ab 8696.0  134.1  

sem 9.857 0.8229 0.7603 1451 8.244 
a Data from the two 2019 experiments and the two 2020 experiments were pooled for analysis 

using the covariance test to account for variation.  
b RWSH = Recoverable white sucrose per hectare. 
c RWS = Recoverable white sucrose per tonne. 
d Numbers in a column followed by the same letter were not significantly different at p≤0.05 

Tukey’s HSD, ns= not significant.  
e MVO = Modified vegetable oil (InterLock®). 
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Table 2.2. Regression of area under the disease progress stairs (sAUDPS), beet and sugar yield, 

and sugar purity against spray carrier volume for sugarbeets grown in Ridgetown and Dealtown, 

ON in 2019 and Ridgetown in 2020. Data were pooled for two fungicide programs, mancozeb 

and mancozeb + MVO across all four experiments.    

Variable Line Equation R2 P-value se of Mean Square 

sAUDPSa Y=11.52-0.0070xb 0.0768 0.0009 9.404 

Beet Yield (T ha-1) Y=66.10+0.0061x -0.0064 0.6427 377.4 

RWSc (kg T-1) Y=134.40+0.0076x -0.0037 0.4645 238.8 

RWSHd (kg ha-1) Y=8856.37+1.2722x -0.0044 0.4995 7.727 X 106 

Sugar Content (%) Y=18.13+0.0008x -0.0038 0.4730 2.594 

Sugar Purity (%) Y=94.95+0.0009x 0.0008 0.2967 1.80532 
a sAUDPS = Standardized area under the disease progress stairs. 
b x= Application carrier volume.  
c RWS = Recoverable white sucrose per tonne. 
d RWSH = Recoverable white sucrose per hectare. 

 

Table 2.3. Correlation of standardized area under the disease progress stairs (sAUDPS) for 

Cercospora leaf spot with yield and sugar variables from sugarbeets in Ridgetown and Dealtown, 

ON in 2019, and Ridgetown in 2020. 

 

 

 

a RWS = Recoverable white sucrose per tonne. 
b RWSH = Recoverable white sucrose per hectare. 

 

 

 

 

 

 

 

Variable       r P-value 

Beet Yield (T ha-1) -0.24685 <.0001 

RWSa (kg T-1) -0.59833 <.0001 

RWSHb (kg ha-1) -0.46478 <.0001 

Sugar Content (%) -0.57182 <.0001 

Sugar Purity (%) -0.57405 <.0001 
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2.3.4 Cost Analysis 

Profit margin is presented only for main effects of program and carrier volume because 

there was no significant interaction between these factors (Table A1.14). Adding MVO to 

mancozeb did not result in a greater profit margin compared with the mancozeb only program 

(Table 2.4). The MVO program resulted in the lowest profit margin with a $184.32, $203.82, and 

$316.71 ha-1 decrease compared with mancozeb + MVO, mancozeb, and water programs 

respectively (Table 2.4). No program resulted in a profit margin that was greater than the water 

control (Table 2.4). Carrier volume had no effect on profit margin. Thus, using MVO with 

mancozeb and increased carrier volume did not increase grower profit.  
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Table 2.4. Profit margin ($ ha-1) of different fungicide programs using different application 

carrier volumes for management of Cercospora leaf spot, Ridgetown and Dealtown, ON 2019, 

and Ridgetown 2020.  

Factora Profit Margin ($ ha-1) 

Program  

Water 2366.53 ac 

MVOb 2049.82 b 

Mancozeb 2253.64 a 

Mancozeb + MVO 2234.14 a 

sem 433.16 

Carrier volume (L ha-1)  

115 2180.42 ns 

235 2239.76 

350 2267.90 

470 2216.07 

sem 433.16 
a Data from two 2019 experiments and two 2020 experiments were pooled for analysis using the 

covariance test to account for variation. 
b MVO = Modified vegetable oil (InterLock®). 
c Numbers in a column followed by the same letter were not significantly different at p≤0.05 

Tukey’s HSD, ns= not significant. 
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2.4 Discussion 

This study evaluated effects of the deposition aid, MVO, and increasing carrier volume 

for improved efficacy of the contact fungicide mancozeb for management of CLS. Fungicide 

efficacy was evaluated using bi-weekly disease assessments of plots sprayed with mancozeb with 

or without MVO, using four carrier volumes: 115, 235, 350, and 470 L ha-1. Mancozeb is a 

contact fungicide, requiring good canopy coverage, and is not as effective as some other single-

site mode of action fungicides for management of CLS (Trueman & Burlakoti 2014).  

The addition of MVO to mancozeb applications did not reduce sAUDPS compared with 

applications of mancozeb alone. One possibility is that canopy deposition was not increased 

using MVO, which is consistent with results from Chapter 3. If using MVO with mancozeb does 

not improve fungicide deposition, there would be no expected improvement in fungicide efficacy 

for management of CLS. Khan et al. (2017) conducted a study in sugarbeet and found no benefit 

of using five different adjuvants with pyraclostrobin (Headline 2.09 EC) for management of 

CLS. Further, they suggest that the absorption and effectiveness of adjuvants may depend on the 

crop, with differences in leaf-wettability and droplet spreading between cultivars and 

phenological crop stage. However, MVO is not designed to improve leaf wettability or droplet 

spread, so these factors should not have affected the performance of MVO in the current study, 

although these variables were not tested so their effect is unknown. Using MVO with mancozeb 

also did not improve beet or sugar yield, or sugar quality. The lack of effect on yield and quality 

variables likely resulted because there was no effect of using MVO with mancozeb for improved 

disease management compared with mancozeb alone. In the current study, the inverse 

relationship between AUDPS and all yield and quality variables was significant, although the 

relationship between AUDPS and sugar yield and quality was strongest. This is consistent with 

previous reports that beet and sugar yield and quality are inversely related with disease severity 
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(Shane & Teng 1992). Since using MVO did not improve CLS management, it is not surprising 

that there was no benefit of MVO for improved yield and sugar variables. 

Using increased carrier volumes did not affect fungicide efficacy for management of 

CLS. Results from the regression analysis of sAUDPS by carrier volume showed that there was a 

significant linear relationship, with increased carrier volume resulting in reduced disease 

accumulation. However, there was not a strong relationship between variables (R2=0.0768), and 

results from the ANOVA did not show any means separation of carrier volumes for sAUDPS. In 

Chapter 3, increased carrier volume improved canopy deposition, however the results from the 

current study suggests that the potential improvement in fungicide deposition did not translate 

into improved CLS management. Tedford et al. (2018a) found improved CLS management using 

235 L ha-1 compared with 115 L ha-1 at a site where disease severity was high (96%). 

Additionally, Armstrong-Cho et al. (2008b) found improved management of Ascochyta blight 

(Ascochyta rabiei (Pass.)) in chickpea using 200 and 300 L ha-1 compared with 100 L ha-1. 

Further they noted that differences in disease management between carrier volumes became less 

apparent when disease severity was moderate (33%) to low (13%). In the current study, disease 

severity was moderate at all sites ranging from 31 to 65%. It is possible that the effect of carrier 

volume on disease management was not more apparent in the current study because disease 

intensity in the experiments was not great enough.  

Another possibility is that 115 L ha-1 is adequate for mancozeb applications, providing 

enough fungicide dose per target surface area and coverage so that there is no added benefit of 

increased carrier volume. Larger carrier volumes often provide better coverage and thus increase 

the probability that the pest or pathogen will encounter the pesticide active ingredient on the crop 

(Ebert et al. 1999). However, larger volumes also dilute the pesticide active ingredient 
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concentration potentially reducing the probability of the pest or pathogen receiving a lethal 

pesticide dose (Ebert et al. 1999).  

Another consideration is dilution of other constituents in the fungicide formulation. 

Knoche (1994) reviewed 110 studies on the effect of carrier volume on herbicide efficacy and 

suggests that in addition to coverage, droplet penetration and retention are also important factors 

determining herbicide efficacy. Further they suggest larger carrier volume may dilute the 

surfactant in the pesticide formulation, reducing product retention. The formulation of mancozeb 

used in the current study, Manzate® Pro-Stick™, likely has a surfactant built-in that may be 

affected by dilution.  

Carrier volume also had no effect on yield and quality variables. Similar to MVO, one 

would not expect to see improved yield and quality variables with no improvement in CLS 

management. There was a 0.3% increase in sugar purity when using 350 L ha-1 compared with 

115 L ha-1. However, an increase in purity is not commercially significant until it is a 1% 

increase or more (C. Guza, Michigan Sugar Company, personal communication 2021). These 

results are similar to what was reported by Tedford et al. (2018a), where there was no effect of 

increasing carrier volume from 115 L ha-1 to 235 L ha-1 for beet and sugar yield or sugar quality.  

Profit margin was not improved for treatments that included MVO with mancozeb 

compared to using mancozeb alone, and treatments that included mancozeb did not significantly 

increase profit compared to the water control. This contrasts with a previous study by Shane & 

Teng (1992) who found that economic losses can occur with as little as 10% CLS severity with 

every 1% increase in disease severity corresponding to approximately a 0.5 to 1% decrease in 

profit (Shane & Teng 1992). However, that research was completed in 1982 and 1983 using 

sugarbeet cultivars that are no longer commercially grown and fungicides such as maneb, 



63 
 

thiabendazole, and triphenyltin hydroxide that are not available for use in Canada. It is unknown 

how the host resistance of these cultivars and efficacy of these fungicides compares to those used 

in the current study. Even though fungicide applications did not improve grower profit compared 

to the water control, there is still a benefit to shipping healthier beets, particularly for the 

processor. Diseased beets do not store as well in piles, resulting in post-harvest losses (Smith & 

Ruppel 1971). Additionally, there may be increased processing costs associated with diseased 

beets (Khan et al. 2008). Thus, using mancozeb did not improve profit margin, but can help 

prevent profit losses by reducing CLS disease severity, as well as maintaining the quality of 

beets sent to the processor. There was also no effect of carrier volume on profit margin. In 

addition to not improving CLS management or grower profit, spraying with larger carrier 

volumes costs more due to the increased time it takes to make applications and the increased 

number of water tank fillings required (Armstrong-Cho et al. 2008b; Roehrig et al. 2018). Even 

though carrier volume in the current study did not improve grower profit, there was also no 

reduction in profit margin. Growers should consider using increased carrier volume, particularly 

if CLS outbreaks become severe, since increased carrier volume may prove to be beneficial.  

Using MVO and increased carrier volume did not improve fungicide efficacy for 

management of CLS. While generally using increased carrier volume is advised for improved 

coverage and disease management (Armstrong-Cho et al. 2008b; Roehrig et al. 2018), there was 

no benefit of using volumes larger than 115 L ha-1 in this study. Future research should evaluate 

the efficacy of using MVO and larger carrier volumes with other fungicides for management of 

CLS. It is possible that MVO and larger carrier volumes are more effective for reducing CLS 

when used with a different contact fungicide. Using MVO and increased carrier volume with 

mancozeb applications did not improve the yield or quality of harvested sugarbeets, and thus did 
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not improve grower profit margin compared with the water control at any carrier volume tested. 

Thus, results from this study suggest there is no benefit for sugarbeet growers to use MVO and 

increased carrier volume with mancozeb applications for management of CLS. 
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Chapter Three: Evaluation of deposition aid, fungicide, nozzle type, and carrier volume on 

canopy deposition and penetration in sugarbeet 

3.1 Introduction 

Contact fungicides lack translaminar and systemic properties, and often require frequent 

reapplications (Thind & Hollomon 2018) and good coverage to be most effective (Prokop & 

Veverka 2006; Roehrig et al. 2018). Fungicide application is an essential tool for management of 

many plant pathogens, including C. beticola, the causal agent of Cercospora leaf spot (CLS) in 

sugarbeet (Knight et al. 2018). The development of resistance by C. beticola to thiophanate-

methyl in fungicide group 1 (Rosenzweig et al. 2019b) and pyraclostrobin in group 11 (Trueman 

et al. 2013), as well as insensitivity to active ingredients within the group 3 class of fungicides 

(Trueman et al. 2017) in Ontario, Canada has increased reliance on multi-site mode of action 

fungicides like the group M3 contact fungicide mancozeb for CLS management. In a field 

experiment on potato in the Czech Republic, a droplet density of 55.4 drops cm-2 of the contact 

fungicide copper oxychloride improved percent reduction of disease for management of late 

blight (Phytophthora infestans (Mont.)) by 160% compared with 0.4 drops cm-² (Prokop & 

Veverka 2006). Thus, practices that improve canopy coverage by fungicide sprays on sugarbeet 

may improve their efficacy. 

Spray adjuvants may alter the density, viscosity, and surface tension of spray solutions, 

affecting the distribution of droplet size (Klein et al. 2009). Droplets that are too large may 

bounce or run off plant surfaces, while droplets that are too small are prone to drifting off target 

or desiccating (Dorr et al. 2013; Altieri & Cryer 2018), failing to penetrate lower and inner 

canopy regions (Roehrig et al. 2018) and reducing coverage. Spray droplet sizes are classified as: 

Extremely Fine (<60 µm), Very Fine (61-105 µm), Fine (106-235 µm), Medium (236-340 µm), 

Coarse (341-403 µm), Very Coarse (404-502 µm), Extremely Coarse (503-665 µm), and Ultra 
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Coarse (>665 µm), as described by the American Society of Agricultural and Biological 

Engineers (ASABE) standard (S572.3). A nozzle can produce a droplet size range of 5 to 

>1000µm, and is placed into a size range category based on the size of the majority of droplets 

(Gossen et al. 2008). There is no defined ideal droplet size range, as ideal droplet size depends 

on a variety of factors like the kind of pesticide being applied and the crop. 

 InterLock® is a spray adjuvant made with modified vegetable oil (MVO), vegetable oil, 

and the emulsifier polyoxyethylene sorbitan fatty acid ester, and is designed to reduce the 

number of Fine droplets prone to drift while maintaining droplet size in a more moderate 

diameter range with the aim to improve deposition and penetration of the foliar canopy 

(WinField® 2019b). In an experiment on downstream droplet characterization using Teejet® 

AIXR11004 nozzles, the number of Fine droplets observed after application with MVO-amended 

water decreased by 25 to 50% compared with water alone (Magidow et al. 2015). In another 

study, laser particle analysis showed that MVO increased volume mean diameter (VMD) by 7% 

compared with water for applications using an extended range flat fan nozzle (Klein et al. 2009). 

Thus, there is evidence that MVO enhances droplet size uniformity by reducing the proportion of 

Fine droplets, but effects of MVO on plant canopy deposition have not been examined.  

Different nozzle types are also used to modify droplet characteristics; particularly droplet 

size (Shepard et al. 2006; Dorr et al. 2013). Nozzle orifice sizes vary to produce droplets 

classified as Extremely Fine to Ultra Coarse, allowing operators to select nozzles for desired 

droplet size range (Shepard et al. 2006). Flat-fan nozzles are a popular choice used in a variety of 

agricultural production systems with features including extended range, air induction, and pre-

orifice (Shepard et al. 2006). Extended range nozzles provide a good spray distribution using a 

wide range of pressure settings (Shepard et al. 2006). Air induction nozzles incorporate air into 
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the spray droplets using the venturi effect, which reduces pressure, producing larger droplets 

(Shepard et al. 2006; Dorr et al. 2013). Pre-orifice nozzles have a pre-orifice opening and 

turbulence chamber to reduce pressure, also producing larger droplets (Shepard et al. 2006). 

Using laser diffraction, the effects of using different nozzle types and adjuvants on droplet size 

distribution were evaluated with applications of the herbicide Roundup WeatherMAX® 

(glyphosate) using 94 L ha-1 with 280 kPa of pressure (Klein et al. 2009). Using MVO increased 

the VMD by 7 and 32% using an extended range flat fan nozzle but decreased the VMD by 21 

and 14% when using pre-orifice flat fan nozzles compared with the control and glyphosate alone. 

Using air induction nozzles, MVO increased the VMD by 30% compared with glyphosate alone 

but decreased VMD by 7% compared with the control (Klein et al. 2009). Therefore, nozzle type 

may interact with adjuvants like MVO to influence spray VMD, resulting in increased or 

decreased spray drift, thus affecting canopy deposition. 

Using larger carrier volumes can also increase plant canopy deposition and coverage, 

sometimes improving disease management (Armstrong-Cho et al. 2008b; Roehrig et al. 2018; 

Tedford et al. 2018a). In a study of CLS in sugarbeet by Tedford et al. (2018a), a carrier volume 

of 235 L ha-1 reduced the standardized area under disease progress curve (sAUDPC) by 28% 

compared with 115 L ha-1 when disease severity was high, but canopy deposition was not 

measured. In soybean, using 160 L ha-1 compared with 40 L ha-1 resulted in 2.1 times more drops 

cm-2, 6.1 times more coverage in the lower canopy, and reduced disease severity of Asian rust 

(Phakopsora pachyrhizi Syd.) (Roehrig et al. 2018). However, the benefit of using larger carrier 

volume peaked at 200 L ha-1 when surfaces could no longer retain the liquid and spray run-off 

occurred (Roehrig et al. 2018). Despite findings of improved disease management with the use of 

larger carrier volume, fungicides are sometimes still applied with smaller carrier volumes of 100 
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L ha-1 or less (Armstrong-Cho et al. 2008b; Roehrig et al. 2018) as a means to save time and 

reduce the cost of application. While some research results have shown improved CLS 

management in sugarbeet using larger carrier volumes, it is not clear if MVO and carrier volume 

interact to affect canopy deposition and penetration.  

Effects of different application practices on canopy deposition and penetration by MVO 

are not well understood. Since fungicide efficacy is affected by deposition and coverage, a better 

understanding of the factors that affect MVO performance may provide insight into fungicide 

application practices with potential to improve disease management. Therefore, the effect of the 

fungicide mancozeb, three nozzle types, and three carrier volumes on canopy penetration and 

deposition by MVO were evaluated in three sets of experiments. In each set of experiments, the 

recovery of a standard amount of Rhodamine WT dye included in the spray solution was 

assessed for six canopy locations as a means to measure deposition and penetration of 

treatments. The objective of this study was to evaluate whether using the deposition aid MVO 

improved canopy deposition and penetration in a sugarbeet canopy.  

3.2 Methods and Materials 

Field experiments were conducted in 2019 and 2020 at the University of Guelph 

Ridgetown campus. Three sets of experiments, each completed two or three times, were 

conducted to assess the effect of the adjuvant MVO (InterLock®) on canopy deposition and 

penetration in a sugarbeet canopy. The first experiment looked at the effect of fungicide (F1 and 

F2), the second experiment looked at the effect of nozzle type (N1, N2, and N3), and the third 

experiment looked at the effect of application carrier volume (V1, and V2) on canopy deposition 

and penetration with MVO. Canopy deposition and penetration were assessed by measuring the 
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amount of the water-soluble dye, Rhodamine WT (Fluorescent FWT red dye concentrate, Cole-

Parmer, Montreal, QC, CA), recovered from leaf samples taken in six canopy locations.  

3.2.1 Field Site Set-up 

All experiments were conducted at the University of Guelph, Ridgetown Campus, 

Ridgetown, Ontario, Canada (42°26’52.0” N, 81°53’12.4” W). Sugarbeet ‘C-RR059’ (Hilleshog 

Seeds LLC, Longmont, CO, USA) was planted in the treatment rows and sugarbeet ‘HIL-9908’ 

(Hilleshog Seeds LLC, Longmont, CO, USA) was planted in the guard rows on May 25, 2019 

for experiments one F1 and F2, June 7, 2019 for experiment two N1, and April 22, 2020 for N2 

and experiment three V1 and V2. Sugarbeet ‘BTS-1399’ (Betaseed Inc., Bloomington, MN, 

USA) was planted on May 25, 2020 for experiment two N3. Sugarbeets were seeded at a depth 

of 2.5 cm (2 cm for N1), at a rate of 10 seeds m-1 and between row spacing of 75 cm. In 2019 

experiments F1, F2, and N1 were seeded in a clay loam soil type with a previous crop of soybean 

and wheat cover crop. In 2020, experiments N2, N3, V1, and V2 were on a sandy clay loam soil 

with a previous crop of sugarbeet, and oats for N3. Plots consisted of two 14 m treatment rows 

with a guard row on each side. Replicated blocks were separated by a one-meter bare soil alley. 

Prior to planting, the field was cultivated using a Kongskilde with rolling basket harrows and 

received nitrogen (Urea 46-0-0) broadcasted at 130 kg ha-1 in 2019, 145 kg ha-1 for N2, V1, and 

V2, and 130 kg ha-1 for N3 in 2020. A side dress application of 28% nitrogen was applied at 100 

L ha-1 on June 28 for the F1, F2, and N1 experiments. Glyphosate was applied for weed control 

on June 12, July 1, and August 5, 2019, for F1, F2, and N1, and on May 23, and June 16 2020 for 

N2, V1, and V2. Glyphosate was also applied to N2 on July 14, and to N3 on June 9, 26, and 

July 14 2020.  
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Experiment one (F1 and F2) was arranged in a randomized complete block design with 

four replications in a 4 x 6 factorial. The first factor was programs of mancozeb fungicide 

(Manzate® Pro-Stick™, United Phosphorus Inc., King of Prussia, PA, USA) applied at 1.69 kg 

ha-1, MVO (InterLock®, Land O’Lakes Inc., Arden Hills, MN, USA) applied at 0.136% v/v, 

mancozeb + MVO, and water. All applications were made when the average growth stage in the 

experiment was at least 12 leaves, using a 1.5 m CO2 hand-held boom sprayer that was attached 

to the back of a tractor. The boom was located 50 cm above the top of the canopy and 

applications were made using 275.8 kPa of pressure. Treatments were applied using Hardi® ISO 

Injet™ air inclusion nozzles size 110-02. Prior to application, measurements of temperature, 

relative humidity, and mean wind speed were taken using a Kestrel 3000 wind meter (Kestrel 

Meters, Boothwyn, PA, USA). Wind direction, cloud cover, and leaf wetness was visually 

assessed and recorded (Table A2.2). Application dates for each experiment are listed in Table 

3.1.   

The second factor was canopy location which included the inner canopy from tip of leaf, 

inner canopy from base of leaf, mid canopy from tip of leaf, mid canopy from base of leaf, outer 

canopy from tip of leaf, and outer canopy from base of leaf (Figure 3.1). To determine whether 

leaves belonged to the inner, mid, or outer canopy, leaves were counted from the center of the 

plant outward, with the youngest leaf being leaf one. Before treatments were applied the mean 

number of leaves per plant were estimated in each experiment by counting the leaves on 15 

plants per experiment. The mean leaf number was divided in three to provide an equal number of 

leaves in each location with one leaf between locations omitted from sampling to provide 

separation between canopy locations and to help eliminate overlapping in sampling between 

locations. Actual leaf number ranges for canopy sampling location in each experiment are listed 
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in Table 3.1. The tip of the leaf was considered the upper third, and the base of the leaf was 

considered the lower third of the leaf. For smaller leaves the upper and lower half of the leaf was 

sampled. Leaves that were smaller than 5 cm in length and 1 cm in width were not sampled but 

were still included when determining plant growth stage.  

Samples were taken from three randomly selected plants per plot with two leaf samples 

taken for each canopy location from each plant. For each canopy location, samples were taken 

from two randomly selected leaves from each plant. Leaf samples were obtained by cutting 

circular leaf pieces using a hole saw bit (2.5 cm) into centrifuge tubes filled with 40 mL of 

distilled water. The tubes were placed under the leaf surface while the saw bit was used to punch 

out the leaf samples into the tubes of water below.  

Additional measurements of mean plant height, and leaf length and width, as well as 

canopy light penetration measured using a LI-COR LI-191R line quantum sensor and LI-1500 

light sensor logger (LI-COR Biosciences, Lincoln, NE, USA) were taken to provide 

measurements of canopy size for the experiments at the time of application (Table A2.1). 
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Figure 3.1. Leaf samples were taken from a) three canopy locations 1= inner, 2= mid, 3= outer 

from b) two leaf locations each A= tip, B= base. The leaves sampled in each canopy location was 

dependent on the mean growth stage in the experiment as determined by number of leaves 

greater than 5 cm in length and 1 cm in width. Total leaf number was divided by three to create 

three canopy sampling locations. One leaf between each canopy location was omitted from 

sampling to provide separation between locations. Leaves were counted from the center of the 

plant outward, with the youngest leaf being leaf one.  
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Table 3.1. Application dates, growth stage, and canopy location leaf number ranges for 

sugarbeet experiments in Ridgetown, ON 2019 and 2020.  

   Sampling Range (leaf number)b 

Experiment Application 

Date 

Growth 

Stagea 

Inner 

Canopy 

Mid 

Canopy 

Outer 

Canopy 

F1 July 23, 2019 13 1-3c 5-7 ≥9 

F2 August 2, 2019 16 1-5 7-10 ≥12 

N1 August 12, 2019 15 1-5 7-10 ≥12 

N2 July 7-8, 2020 18 1-6 8-13 ≥15 

N3-1 August 5, 2020 22 1-7 9-15 ≥17 

N3-2 August 6, 2020 19 1-6 8-13 ≥15 

V1 July 17, 2020 20 1-6 8-13 ≥15 

V2 July 21, 2020 23 1-7 9-15 ≥17 

a Mean number of leaves of 15 randomly selected plants. 
b The leaves sampled in each canopy location was dependent on the mean growth stage in the 

experiment as determined by number of leaves greater than 5 cm in length and 1 cm in width. 

Total leaf number was divided by three to create three canopy sampling locations. One leaf 

between each canopy location was omitted from sampling to provide separation between 

locations. Leaves were counted from the center of the plant outward, with the youngest leaf 

being leaf one.  
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The second experiment (N1, N2, and N3) was arranged in a 2 x 3 x 6 factorial structure. 

The first factor was MVO or water applied as described in the first experiment, the second factor 

was nozzle type, and the third factor was canopy location as described in the first experiment. 

Mancozeb at the application rate described for experiment one was included in all applications. 

Nozzle types included Hardi® ISO Injet™ 110-02 (Hardi® North America Inc., Davenport, IA, 

USA), Teejet® XR110-02VS, and Teejet® AI3070® -02VP (Teejet® Technologies, Springfield, 

IL, USA). Each nozzle provided different spray characteristics for comparison of treatments. The 

Hardi® ISO nozzle produced Very Coarse droplets and a flat fan pattern with air inclusion 

(Hardi® North America Inc. 2010). The Teejet® XR nozzle produced Fine droplets with a flat 

fan pattern (Teejet® Technologies 2014). The Teejet® AI3070® nozzle produced Coarse 

droplets with two flat fans with a 30° forward and 70° backward angle and air induction 

(Teejet® Technologies 2014). Experiment three was repeated a third time (N3) due to concerns 

of possible nozzle malfunction in the N1 experiment. Canopy measurements were conducted 

separately for the first and second replicate and the third and fourth replicate for the N3 

experiment because there was a noticeable difference in plant size in one half of the experiment 

area compared with the other half. As a result, sampling leaf numbers were different for 

replicates one and two compared with three and four to account for differences in plant size and 

maintain consistent sampling locations. In the N3 experiment only three leaf punches were taken 

for the inner tip and base location for the first and second replicate due to a sampling error.  

For the third experiment (V1 and V2), a 2 x 3 x 6 factorial structure was used, where 

MVO and canopy location were the first and third factors, as described previously, with 

application carrier volume as the second factor. Carrier volumes included treatment application 
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with 115, 235, and 350 L ha-1. Treatments were applied using the same nozzle type as in 

experiment one. Canopy location was again as described for experiment one.  

3.2.2 Canopy Deposition Measurement 

To measure canopy deposition of the spray solutions, the water-soluble dye Rhodamine 

WT was included in all treatments except for one dye-free water control in each experiment. 

Treatments that resulted in greater dye recovery were considered to have provided better 

deposition than treatments that provided lower dye recovery, because the more dye recovered 

means more treatment spray reached the sampling location. A dye-free water control was 

included in each experiment in addition to the other treatments to determine if there was any 

amount of dye contamination between plots from spray equipment and sampling tools. The water 

control was applied with the Hardi® ISO nozzle in experiment two and with 115 L ha-1 carrier 

volume in experiment three. Rhodamine WT was applied at a concentration of 1000 mg L-1 

active ingredient (AI). All treatments were applied one plot at a time with samples taken 

immediately after application to reduce photodegradation of the Rhodamine WT dye. To further 

reduce exposure to sunlight, samples were promptly stored in dark coolers and spray equipment 

was covered with a dark towel with spray hoses covered in dark tape. To minimize 

contamination between samples, sampling tools were only used for one sampling location at a 

time in each plot. Between plots sampling tools were rinsed first by holding tools under a hose 

using municipal tap water for ten seconds, followed by rinsing in a tub of distilled water for ten 

seconds. The tub of distilled water was exchanged after each treatment was sampled. Treatment 

samples were also collected directly from the treatment bottles after application into empty 

centrifuge tubes to confirm the Rhodamine WT concentration that was applied to the field.  
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Leaf tissue samples were removed from the sampling tubes on the same day they were 

collected using forceps that were triple rinsed with distilled water between each sample to avoid 

contamination. Leaf samples were placed in labelled coin envelopes (SupremeX Inc., LaSalle 

QC, CAN) and dried in an oven drier at 60 °C for 48 hours. Using a summit series SI-114 

balance (Denver Instrument, Bohemia NY, USA) dried tissue samples were weighed by placing 

envelope contents onto a weigh boat. Rhodamine WT does not degrade and when stored in the 

dark remains stable for years (Turner Designs 2021). Solution samples were stored in dark boxes 

in a refrigerator for 2 to 5 weeks prior to analysing.  

Solution samples were analyzed using a TD-700 laboratory fluorometer (Turner Designs 

Inc., San Jose CA, USA) equipped with a Rhodamine WT optical kit consisting of a 550 nm 

excitation filter and a 570 nm emission filter. A linear relationship between the absolute amount 

of Rhodamine WT active ingredient and the raw fluorescence units (FSU) reported by the 

fluorometer up to 0.1 mg L-1 was confirmed using two sets of lab-mixed stock solutions ranging 

from 0.01 to 0.1 mg L-1 active ingredient (Figure A2.1). Using this linear relationship, FSU 

outputs were converted to mg L-1 for each sample.  

3.2.3 Fluorometer Calibration 

The fluorometer was calibrated using the single point calibration method that establishes 

a range using a blank and a known concentration of dye. The fluorometer reports from 0 to 1000 

FSU, so 0 mg L-1 was set as 0 FSU and 0.1 mg L-1 was set as 900 FSU using a lab-mixed stock 

solution. During field sample analysis, the stock solution of 0.1 mg L-1 was reassessed every ten 

samples to capture any calibration drift over time. Field sample data were adjusted accordingly. 

When sample concentrations exceeded the linear fluorometer detection range of 0 to 0.1 mg L-1, 

samples were diluted until they were within the detection range. Using a micropipette, samples 
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were placed into a glass tube containing a measured amount of distilled water depending on the 

dilution required for each sample. The dilution factor for each sample was later accounted for in 

the data by multiplying the FSU value by the dilution factor. On occasion, when a negative dye 

recovery value was obtained, it was adjusted to a value of zero. The FSU data were converted to 

µL active ingredient using the established calibration curve (Figure A2.1). Dye recovery was 

then normalized by dividing the µL of dye active ingredient recovered by the dry leaf sample 

weight to determine µL active ingredient g-1 dry weight.  

3.2.4 Rhodamine Recovery Accuracy 

Recovery accuracy of the Rhodamine dye was tested by applying a known amount of lab-

mixed field rate solution of 2 mL Rhodamine WT in 500 mL distilled water onto half a pipe 

cleaner. Five 1 µL drops of solution were applied to the length of pipe cleaner using a 

micropipette to emulate expected coverage and volume. Once dry, the pipe cleaner was placed in 

a 50 mL centrifuge tube with 40 mL of distilled water and inverted five times. The pipe cleaner 

was removed with forceps and the solution was placed in a dark cooler. Next, the same volume 

of lab-mixed field-rate solution was pipetted directly into a Fisherbrand™ 50-mL tube with 40 

mL distilled water, inverted five times, and placed in a dark cooler. This process was repeated 

three times. When compared using a calibrated fluorometer a recovery rate of approximately 

95% was determined. Using this expected recovery rate, all field data were adjusted accordingly.    

3.2.5 Leaf Weight Normalization 

In 2020 leaf weights from the six canopy sampling locations were compared to determine 

if the assumption that leaf weight among locations was similar. Leaf samples were taken as 

described for experiment one from ten plants at each canopy location and were placed into 

labelled envelopes. This sampling procedure was repeated four times for each location. Leaf 

sampling number was determined for each plant that was sampled the same way as described for 
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experiment one. Care was taken when sampling to make each leaf punch as identical in size as 

possible. Leaf samples were dried as described in experiment one and each individual leaf punch 

was weighed. Statistical analysis indicated a difference in leaf weight between canopy locations 

(Table A2.3), therefore, leaf weight data for all experiments in 2019 and 2020 were adjusted for 

each canopy location. The percent decrease for each canopy location was calculated compared to 

the outer tip location, which was the heaviest location. Each leaf sample weight was then 

multiplied by the corresponding percent decrease depending on canopy location.  

3.2.6 Statistical Analysis 

Statistical analyses were completed using SAS analysis software university edition (SAS 

Institute Inc., Cary, NC, USA). Data were analyzed as a 4 x 6, 2 x 3 x 6, and 2 x 3 x 6 factorial 

for experiments one, two, and three respectively in an analysis of variance (ANOVA) (P≤0.05) 

using the GLIMMIX procedure. For experiment one, the first factor was program and the second 

factor was canopy sampling location. For experiments two and three the first factor was MVO, 

the second factor was treatment (nozzle type or carrier volume), and the third factor was canopy 

sampling location. Fixed effects were program, MVO, nozzle type, carrier volume, and canopy 

location, and random effects were experiment and the blocks within experiment. Normality of 

residuals was tested using the Shapiro-Wilk test, and normality of distribution was determined 

using residual plots. Means were separated using Tukey’s HSD and considered significant at P≤ 

0.05. The Kenward and Roger adjustment was added to the model to adjust the statistic and 

degrees of freedom. Data were pooled across experiments with variation between experiments 

accounted for using the covariance test function. 

The data in the third experiment were not normal so they were analyzed using a 

lognormal distribution using the ilink statement. Standard error and ls means were back-
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transformed for presentation. In experiment F1 the plot in replication three for treatment 

mancozeb + MVO was mistakenly sprayed with the wrong treatment and was not sampled. 

Another plot for treatment mancozeb in replication two in experiment F1 had an equipment 

failure and was also not sampled. In experiment N1 a plot in replication one for treatment 

Hardi® ISO Injet™ + MVO was not sampled due to an equipment failure. A regression analysis 

was conducted using proc reg in SAS with combined data from V1 and V2 experiments to assess 

the relationship between carrier volume and dye recovery. The regression was analyzed and is 

presented using a lognormal distribution.  

Rhodamine recovery data from dye-free water control plots were analyzed with data from 

treatments plots using a 5 x 6 factorial for experiment one and a 7 x 6 factorial for experiments 

two and three where the first factor was treatment and the second factor was canopy location, as 

previously described. Water control plot data were analyzed separately from the main analysis 

because there was not a water control plot for every level of treatment. Data were first analyzed 

using Dunnett’s test, then using Tukey Kramer due to a significant treatment x canopy 

interaction. Data were analysed with means separated using Tukey’s HSD and considered 

significant at P≤ 0.05. The slice function in SAS was used to separate treatments by canopy.  

Outliers were identified when the residual had a value greater than 3.4 or less than -3.4 

(Bowley 2015). Outliers that did not affect the significance of main factors or means separation 

of treatments were left in the analysis. Outliers that did affect the significance of main factors or 

means separation were removed. Two outliers from the second experiment were identified and 

removed, one from N1 from replicate three for the XR110 + MVO treatment in the inner base 

location and one from N3 from replicate two for the ISO injet treatment in the inner base 

location. An outlier from the third experiment was also removed from V2 in replicate one in the 
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115 L ha-1 treatment from the inner base location. From the regression analysis the same outlier 

from V2 was removed. From the dye contamination analysis, the same two outliers from the 

second experiment were removed, as well as an additional outlier from N3 from replicate one for 

the ISO injet treatment from the mid base location. An outlier was also removed from V1 from 

replicate one for the 350 L ha-1 + MVO treatment from the mid tip location.  

3.3 Results 

Before applying treatments, weather data were recorded (Table A2.2) as a backup to 

explain any potential anomalies in the spray data. No anomalies were noted and no unusual 

weather events occurred as recorded during spraying. Weather conditions were suitable at the 

time of application for all experiments. Among experiments air temperature was between 18.6 

and 25.1 °C, relative humidity was between 72.8 and 87.5, and mean wind speed was between 3 

and 7.1 KPH. Cloud cover varied from 0 to 90%, and most experiments had slight leaf wetness at 

the time of application with the exception of N1 and N2 which were dry. 

3.3.1 Rhodamine WT recovery from dye-free check plots 

Rhodamine WT-free check plots were included in each experiment to monitor dye 

contamination. Other studies (Armstrong-Cho et al. 2008b; Creech et al. 2018; Havens et al. 

2018) did not include dye-free check plots, thus the normal level of contamination in these types 

of field studies is unknown. Dye recovered from the dye-free check plots ranged from 0.06 to 

0.13 x10-4 µL active ingredient per gram of dry leaf among the six canopy locations for 

experiment one (Table 3.2). Treatment x canopy means are presented due to a significant 

interaction (Table A2.4). Rhodamine recovery from dye-free check plots was 93 to 94%, 96 to 

97%, 93 to 95%, and 95 to 96% lower than all treatments with Rhodamine added at canopy 

locations outer tip, mid tip, mid base, and inner tip, respectively. Rhodamine recovery from dye-

free check plots at the outer base canopy location was equivalent to the water and mancozeb 
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treatments with Rhodamine added, and lower than the MVO and mancozeb + MVO treatments 

with Rhodamine added. At the inner base location, Rhodamine recovery from dye-free check 

plots was equivalent to the water and mancozeb + MVO treatments and lower than MVO and 

mancozeb treatments with Rhodamine added. Thus, dye recovered from dye-free check plots was 

lower for all canopy locations with the exception of a few treatments from the outer and inner 

base location. 

For experiment two, dye recovered from the dye-free check plots ranged from 0.02 to 

0.10 x10-4 µL active ingredient per gram of dry leaf among canopy locations (Table 3.3). 

Treatment x canopy means are presented due to a significant interaction (Table A2.5). 

Rhodamine recovery from dye-free check plots was 95 to 98%, 97 to 99%, 94 to 95%, and 89 to 

94% lower than all treatments with Rhodamine added at canopy locations outer tip, mid tip, mid 

base, and inner tip respectively. Rhodamine recovery for check plots in the outer base location 

was equivalent to the ISO injet, ISO injet + MVO, XR110, AI3070 and AI3070 + MVO 

treatments with Rhodamine added and lower than the XR110 + MVO treatments with 

Rhodamine added. Rhodamine recovery for the check plots in the inner base location was 

equivalent to the XR110, XR110 + MVO, AI3070, and AI3070 + MVO treatments and lower 

than the ISO injet and ISO injet + MVO treatments with Rhodamine added. Thus, like 

experiment one, dye recovered from dye-free check plots was lower for all canopy locations with 

the exception of a few treatments from the outer and inner base location. 

For experiment three, dye recovered from the dye-free check plots ranged from 0.01 to 

0.2 x10-4 µL active ingredient per gram of dry leaf among canopy locations for experiment three 

(Table 3.4). Like experiment one and two, treatment x canopy means were presented due to a 

significant interaction (Table A2.6). Rhodamine recovery from dye-free check plots was 100%, 
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and 97 to 99% lower than all treatments with Rhodamine added at canopy locations mid tip and 

mid base respectively (Table 3.4). Rhodamine recovery for check plots in the outer tip, and inner 

base location was equivalent to the 115 L ha-1 and 115 L ha-1 + MVO treatment with Rhodamine 

added, and lower for all other treatments with Rhodamine added. Rhodamine recovery for the 

check plots in the outer base was equivalent to the 115 L ha-1, 115 L ha-1 + MVO, and 235 L ha-1 

treatments with Rhodamine added and lower than 235 L ha-1 + MVO, 350 L ha-1, and 350 L ha-1 

+ MVO treatments with Rhodamine added. Rhodamine recovery for check plots in the inner tip 

canopy locations was equivalent to the 115 L ha + MVO treatments with Rhodamine added and 

lower for all other treatments with Rhodamine added, Thus, dye recovered from dye-free check 

plots was lower for mid tip and base canopy locations, but similar for a few treatments from the 

outer tip and base, and inner tip and base location. The highest amount of dye contamination was 

found in the inner tip location in experiment three, but was only 3.5% of the highest amount of 

dye recovery, which was found in experiment three from the mid tip for the mancozeb treatment 

applied at 350 L ha-1. Thus, it was deemed unnecessary to account for dye contamination in 

recovery calculations.   
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Table 3.2. Mean Rhodamine WT active ingredient (µL) per gram of dry leaf weight from sugarbeets treated with MVO using 

different spray programs compared with Rhodamine WT-free check plots in Ridgetown, ON 2019. 

 

Dye Recovery (µL AI per gram of dry leaf x10-4) 

Canopy Locationb 

Treatmenta Outer Tip Outer Base Mid Tip Mid Base Inner Tip Inner Base 

Checkc 0.13 ad 0.08 a 0.06 a 0.09 a 0.06 a 0.07 a 

Water 1.98 b 0.45ab 2.00 b 1.35 b 1.17 b 0.68 ab 

MVOe 2.30 b 1.06 b 1.90 b 1.76 b 1.54 b 0.86 b 

Mancozeb 2.02 b 0.73 ab 1.72 b 1.37 b 1.10 b 0.85 b 

Mancozeb + MVO 1.97 b 1.00 b 1.67 b 1.59 b 1.33 b 0.32 ab 

sem 0.26 0.26 0.26 0.26 0.26 0.26 
a Data from two 2019 experiments were pooled for analysis using the covariance test to account for variation. 
b The leaves sampled in each canopy location was dependent on the mean growth stage in the experiment as determined by number of 

leaves greater than 5 cm in length and 1 cm in width. Total leaf number was divided by three to create three canopy sampling 

locations. One leaf between each canopy location was omitted from sampling to provide separation between locations. Leaves were 

counted from the center of the plant outward, with the youngest leaf being leaf one. The inner, mid, and outer canopy were considered 

leaves 1-3, 5-7, and ≥9 respectively for experiment F1, and leaves 1-5, 7-10, and ≥12 respectively for experiment F2.  
c All treatments except the check included Rhodamine WT dye. 
d Numbers in a column followed by the same letter were not significantly different at p≤0.05 Tukey’s HSD. Treatment x canopy 

means are presented due to a significant interaction.  
e MVO= Modified vegetable oil (InterLock®) 
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Table 3.3. Mean Rhodamine WT active ingredient (µL) per gram of dry leaf weight from sugarbeets treated with MVO using 

different nozzle types compared with Rhodamine WT-free check plots in Ridgetown, ON 2019 and 2020. 

 

 Dye Recovery (µL AI per gram of dry leaf x10-4) 

Canopy Locationb 

Nozzlea Program Outer Tip Outer Base Mid Tip Mid Base Inner Tip Inner Base 

Checkc None  0.04 ad 0.04 a 0.04 a 0.07 a 0.10 a 0.02 a 

ISO injet  Mancozeb 1.82 c 0.72 ab 2.71 d 1.48 b 1.49 bc 0.83 bc 
 Mancozeb + MVOe 1.12 bc 0.69 ab 2.27 cd 1.49 b 1.79 c 1.36 c 

XR110 Mancozeb 1.32 bc 0.73 ab 1.99 bcd 1.14 b 1.27 bc 0.51 ab 

 Mancozeb + MVO 0.96 b 0.85 b 1.83 bc 1.39 b 1.08 bc 0.67 abc 

AI3070 Mancozeb 1.08 bc 0.78 ab 1.47 b 1.27 b 0.95 b 0.67 abc 

 Mancozeb + MVO 0.88 b 0.52 ab 1.52 bc 1.12 b 1.16 bc 0.51 ab 

sem  0.19 0.19 0.19 0.19 0.19 0.19 
a Data from one 2019 experiment and two 2020 experiments were pooled for analysis using the covariance test to account for 

variation. 
b The leaves sampled in each canopy location was dependent on the mean growth stage in the experiment as determined by number of 

leaves greater than 5 cm in length and 1 cm in width. Total leaf number was divided by three to create three canopy sampling 

locations. One leaf between each canopy location was omitted from sampling to provide separation between locations. Leaves were 

counted from the center of the plant outward, with the youngest leaf being leaf one. The inner, mid, and outer canopy were considered 

leaves 1-5, 7-10, and ≥12 respectively for experiment N1, and leaves. 1-6, 8-13, and ≥15 respectively for experiment N2 and N3-2, 

and leaves 1-7, 9-15, and ≥17 respectively for experiment N3-1.  
c All treatments except the check included mancozeb (Manzate Pro-stick) and Rhodamine WT dye. 
d Numbers in a column followed by the same letter were not significantly different at p≤0.05 Tukey’s HSD. Treatment x canopy 

means are presented due to a significant interaction.  
e MVO= Modified vegetable oil (InterLock®) 
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Table 3.4. Mean Rhodamine WT active ingredient (µL) per gram of dry leaf weight from sugarbeets treated with MVO using 

different application carrier volumes compared with Rhodamine WT-free check plots in Ridgetown, ON 2020. 

 

 Dye Recovery (µL AI per gram of dry leaf x10-4) 

 Canopy Locationb 

Carrier Volumea Program Outer Tip Outer Base Mid Tip Mid Base Inner Tip Inner Base 

Checkc Check 0.04 ad 0.11 a 0.01 a 0.04 a 0.20 a 0.06 a 

115 Mancozeb 1.31 abc 0.74 ab 2.00 b 1.79 bc 1.82 bc 0.60 ab 

115 Mancozeb + MVOe 0.85 ab 0.70 ab 2.12 b 1.46 b 1.47 ab 0.89 ab 

235 Mancozeb 1.59 bc 1.39 abc 4.85 cd 3.26 d 3.20 d 1.56 b 

235 Mancozeb + MVO 1.75 bc 1.55 bc 4.06 c 2.93 cd 3.03 cd 1.53 b 

350 Mancozeb 2.52 c 1.91 bc 5.75 d 3.86 d 4.30 de 1.92 b 

350 Mancozeb + MVO 1.82 bc 2.17 c 5.59 d 3.15 d 4.84 e 1.64 b 

sem  0.33 0.33 0.33 0.33 0.33 0.33 
a Data from two 2020 experiments were pooled for analysis using the covariance test to account for variation. 
b The leaves sampled in each canopy location was dependent on the mean growth stage in the experiment as determined by number of 

leaves greater than 5 cm in length and 1 cm in width. Total leaf number was divided by three to create three canopy sampling 

locations. One leaf between each canopy location was omitted from sampling to provide separation between locations. Leaves were 

counted from the center of the plant outward, with the youngest leaf being leaf one. The inner, mid, and outer canopy were considered 

leaves 1-6, 8-13, and ≥15 respectively for experiment V1, and leaves 1-7, 9-15, and ≥17 respectively for experiment V2.  
c All treatments except the check included mancozeb (Manzate Pro-stick) and Rhodamine WT dye. 
d Numbers in a column followed by the same letter were not significantly different at p≤0.05 Tukey’s HSD. Treatment x canopy 

means are presented due to a significant interaction.  
e MVO= Modified vegetable oil (InterLock®) 
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3.3.2 Effect of mancozeb fungicide on spray deposition with MVO 

Sugarbeet canopy deposition for fungicide program and canopy location, defined as mean 

dye active ingredient recovery (µL g-1 leaf), is presented by program and canopy location 

because there were no significant interactions among these factors (Table A2.7). Dye recovery 

using MVO was greater than water and mancozeb treatments, but not mancozeb + MVO (Figure 

3.2a). Dye recovery using mancozeb + MVO was equivalent to all other treatments including 

mancozeb alone (Figure 3.2a). Thus, the addition of MVO to applications of mancozeb did not 

increase dye recovery compared with applications of mancozeb alone. 

The amount of dye recovered from the outer tip was greater than all other locations 

except the mid tip (Figure 3.2b). The outer base and inner base locations had 36 to 67% less dye 

recovery than all other canopy locations (Figure 3.2b). The amount of dye recovered from the 

inner base and outer base was 67% and 60% lower than in the outer tip. Thus, deposition was 

poorest at outer and inner base locations and this was not affected by the presence of MVO.  
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Figure 3.2. Effect of a) program and b) canopy location on mean Rhodamine WT active 

ingredient (µL per gram of dry leaf) (±SE) recovered from six locations in a sugarbeet canopy at 

the 13 (F1) and 16 (F2) leaf stage in Ridgetown, ON 2019. Rhodamine WT (1000 mg L-1 AI) 

was added to all treatments 1 h before application. Bars followed by the same letter are not 

significantly different at p ≤ 0.05, Tukey’s HSD. Main effect means include data from mancozeb 

and MVO treatments and six canopy sampling locations because of no significant program x 

canopy interaction.  
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3.3.3 Effect of nozzle type on spray deposition with MVO  

 Dye recovery for MVO, nozzle type, and canopy location is presented by main factor 

because there were no significant interactions among these factors (Table A2.8). The addition of 

MVO to mancozeb compared with mancozeb alone did not affect dye recovery, regardless of 

nozzle type or canopy location (Figure 3.3a).  

The ISO injet nozzle, which produced Very Coarse droplets with a flat fan with air 

inclusion provided 23% and 33% greater dye recovery than the XR110 nozzle, which produced 

Fine droplets with a flat fan and the AI3070 nozzle, which produced Coarse droplets with two 

flat fans, at a 30° an 70° angle with air induction, respectively (Figure 3.3b). Dye recovery of the 

XR110 nozzle was equivalent to the AI3070 nozzle (Figure 3.3b). Thus, nozzle type affected 

canopy deposition.  

The amount of dye recovered from the mid tip was 31% to 63% greater than all other 

canopy locations (Figure 3.3c). The outer base and inner base had 37% to 63% lower dye 

recovery than all other locations (Figure 3.3c). The amount of dye recovered from the inner base 

and outer base was 61% and 63% lower than in the mid tip. Similar to experiment one, the outer 

base and inner base were the most challenging locations to achieve spray deposition. 
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Figure 3.3. Effect of a) MVO, b) nozzle type, and c) canopy location on mean Rhodamine WT 

active ingredient (µL per gram of dry leaf) (±SE) recovered from six locations in a sugarbeet 

canopy treated with MVO and different nozzle types at the 15 (N1), 18 (N2), and 22 (N3-1) and 

19 (N3-2) leaf stage in Ridgetown, ON 2019 and 2020. Rhodamine WT (1000 mg L-1 AI) and 

mancozeb were added to all treatments 1 h before application. Bars followed by the same letter 

are not significantly different at p ≤ 0.05, Tukey’s HSD, ns= not significant. Main effect means 

include data from a) canopy location and nozzle type, b) canopy location and MVO, and c) 

nozzle type and MVO treatment because of no significant nozzle x canopy, MVO x canopy, or 

nozzle x MVO interaction.  
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3.3.4 Effect of different application carrier volumes on spray deposition with MVO 

Dye recovery for MVO, volume, and canopy location is presented by main factor because 

there was no significant interaction among these factors (Table A2.9). The addition of MVO to 

mancozeb compared with mancozeb alone did not affect dye recovery, regardless of carrier 

volume or canopy location (Figure 3.4a).  

The 350 L ha-1 carrier volume provided 29% and 146% greater dye recovery compared 

with the 235 L ha-1 and 115 L ha-1 carrier volumes, respectively (Figure 3.4b). The 235 L ha-1 

provided 90% greater dye recovery than the 115 L ha-1 volume (Figure 3.4b). A regression 

analysis showed a quadratic relationship between dye recovery and carrier volume (R2= 0.2871 

p=<.0001) (Figure 3.5). Increasing carrier volume results in increased dye recovery until a 

maximum carrier volume, at which point dye recovery would start to decrease. Thus, increased 

application carrier volume resulted in increased canopy deposition at the range of volumes 

tested.  

The amount of dye recovered from the mid tip was 34% to 212% greater than all other 

canopy locations (Figure 3.4c). The amount of dye recovered from the outer tip, outer base, and 

inner base was 60%, 66%, and 68% lower than in the mid tip canopy location (Figure 3.4c). The 

outer base and inner base were two of the most challenging locations to achieve spray 

penetration, which was similar to experiments one and two. In this experiment, the outer tip 

location also had reduced dye recovery compared with the mid tip, mid base, and inner tip 

locations. 
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Figure 3.4. Effect of a) MVO, b) carrier volume, and c) canopy location on mean Rhodamine 

WT active ingredient (µL per gram of dry leaf) (±SE) recovered from six locations in a sugarbeet 

canopy treated with MVO and different carrier volumes at the 20 (V1), and 23 (V2) leaf stage in 

Ridgetown, ON 2020. Rhodamine WT (1000 mg L-1 AI) and mancozeb were added to all 

treatments 1 h before application. Bars followed by the same letter are not significantly different 

at p ≤ 0.05, Tukey’s HSD, ns= not significant. Main effect means include data from a) canopy 

location and carrier volume, b) canopy location and MVO and c) carrier volume and MVO 

treatment because of no significant volume x canopy, MVO x canopy, or volume x MVO 

interaction. Data analysis was performed on the lognormal scale, back-transformed means and se 

are presented.  
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Figure 3.5. Regression of carrier volume (115, 235, 350 L ha-1) and mean Rhodamine WT active 

ingredient (µL per gram of dry leaf) (±SE) recovered from six locations in a sugarbeet canopy 

treated with MVO and different carrier volumes at the 20 (V1), and 23 (V2) leaf stage in 

Ridgetown, ON 2020. Treatment means include data from canopy location and MVO treatment 

because of no significant interactions. Data analysis was performed on the lognormal scale, 

means and se presented have not been back-transformed. 
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3.4 Discussion 

The recovery of Rhodamine dye was used to study the effects of fungicide, nozzle type, 

carrier volume, and MVO on spray penetration and deposition in a sugarbeet canopy. This study 

evaluated the effects of MVO on canopy deposition and penetration alone and when combined 

with a fungicide. The amount of dye recovered per gram of dry leaf was used to estimate the 

effect of these factors on deposition at different locations within a sugarbeet canopy. Increased 

deposition means more spray reached the canopy and was retained on the leaves. Improved 

penetration was considered improved deposition at locations sampled deeper in the lower canopy 

including the inner, and outer canopy from the base of the leaf. Good canopy coverage and 

deposition is important for fungicide applications, especially contact fungicides like mancozeb 

that do not translocate in the plant or have systemic properties.  

In the first experiment, the MVO only treatment improved deposition compared with 

water and mancozeb treatments. However, applications of mancozeb + MVO did not provide 

greater deposition than applications of mancozeb alone. Thus, the addition of MVO improved 

deposition when mixed with water but not mancozeb. One possibility is that even though a spray 

adjuvant may improve the spray quality through a nozzle, the addition of a formulated pesticide 

may have an antagonistic reaction with other tank mix partners, changing the spray liquid 

properties like viscosity or surface tension, that alter the break-up of the spray sheet. Pesticide 

formulation and the addition of spray adjuvants affect the spray sheet that exits the nozzle by 

altering the way the spray sheet destabilizes and breaks apart into droplets (Miller & Butler Ellis 

2000, Altieri & Cryer 2018). Carvalho et al. (2017) found that fungicide formulation affected 

viscosity, surface tension, and droplet size, and concluded that fungicides with water dispersible 

granule (WG) formulations produced the greatest amount of small drift-prone spray droplets 

compared with the emulsifiable concentrate (EC) and suspension concentrate (SC) formulations. 
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However, in the current study, the addition of MVO to Manzate® Pro-Stick™ (mancozeb) did 

not benefit deposition, suggesting that benefits to spray deposition of adding MVO is negated by 

Manzate® Pro-Stick™ formulation. It is unclear whether MVO had no effect when applied with 

mancozeb due to the active ingredient, or due to the formulation of the fungicide. These results 

emphasize the need to evaluate adjuvants with formulated pesticides to see if there are any 

benefits. Further testing of MVO with different fungicide active ingredient and formulations is 

needed. Characterising the droplet spectrum using a laser wind-tunnel to allow testing of active 

fungicide formulations would be a useful way to evaluate the effect of MVO with different 

fungicide tank mix partners on spray quality and droplet size (Bouse et al. 1990).  

Water dispersible granule (dry flowable; DF) formulations contain non-deformable 

particles that do not affect spray atomization and thus behave similar to pure water (Hilz & 

Vermeer 2013). These results are consistent with those from experiment one where dye recovery 

for applications of mancozeb and water alone were similar. Mancozeb is available as a DF/WG, 

wettable powder, or flowable formulation. Perhaps an unknown adjuvant is contained in the 

Manzate® Pro-Stick™ DF formulation used in this experiment that overrides or interferes with 

MVO. It is not clear why MVO provided better deposition when applied with water compared 

with mancozeb, or whether using MVO would be more effective for improving canopy 

deposition with a different mancozeb formulation, as there are few studies that have looked at the 

effect of using an adjuvant with different fungicide formulations. If including MVO does not 

improve deposition, we would not expect to see any benefit of MVO for disease management of 

CLS, as reported in Chapter 2. 

In experiment 2, effects of three spray nozzles on canopy deposition and penetration were 

evaluated. The Hardi® ISO injet™ nozzle provided the greatest deposition compared with the 
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Teejet® XR110 and Teejet® AI3070® nozzles. The ISO injet nozzle produces Coarse droplets 

and has air induction, which is designed to help increase droplet size to reduce product drift 

(Shepard et al. 2006; Dorr et al. 2013). However, the AI3070 nozzle also has the air induction 

feature and produces Coarse droplets, and has a forward and rear-facing spray fan, so it is not 

clear why the AI3070 nozzle did not perform as well as the ISO injet nozzle. The XR110 

produces finer spray droplets that are more prone to drift, but performed very similarly to the 

AI3070 nozzle. However, even nozzles rated for Coarse droplets produce a range of droplet sizes 

including some finer droplets (Griesang et al. 2018). In a study by Creech et al. (2018) a standard 

flat fan (XR11005), a flat fan with a 15° forward angle (TTI11005), a flat fan with air induction 

(AIXR11005), and a dual flat fan nozzle with a 30° forward and backward facing spray angle 

with air induction (AITTJ11005), were evaluated for Roundup PowerMAX® (glyphosate) spray 

penetration into corn and soybean canopies using Rhodamine WT dye. They found no 

differences in deposition among nozzle types despite differences in droplet size range and air 

induction feature, which is consistent with results from the current study where XR110 and 

AI3070 nozzles performed similarly to one another.  

Additionally, Creech et al. (2018) found that the AITTJ nozzle consistently provided 

lower spray deposition compared with the single-fan nozzles. Further they suggest that the dual 

fan nozzle may have provided the lowest spray penetration because the 30° spray angles result in 

greater coverage of upper canopy portions of the soybean and corn plant, reducing the amount of 

spray available to penetrate the lower canopy. It is possible then that the AI3070 nozzle in the 

current study did not perform as well as the ISO injet nozzle due to the 30° and 70° spray angle 

feature. Additionally, as the spray angle increases and becomes more parallel to the ground the 

droplets have to travel further to reach the target, providing more opportunity for spray loss to 
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evaporation and drift. While the quantity of fungicide spray recovered from the canopy for each 

nozzle type can be compared, the droplet sizes or leaf area coverage of treatments cannot be 

determined using measurements of dye recovery. The size and distribution of droplets across the 

leaf surface can vary widely between treatments with the same dye recovery. However, increased 

deposition means more fungicide spray was captured by the plant canopy, and less spray was lost 

to drift and runoff.  

The addition of MVO had no effect on canopy deposition compared with mancozeb 

applied alone for any nozzle type tested. Because the XR110 produces a spray range with a 

larger percentage of drift-prone droplets (Teejet® Technologies 2014), it was expected that there 

would have been more drift control from MVO for this nozzle compared with the other two 

nozzles, which produce a coarser spray droplet (Hardi® North America Inc. 2010; Teejet® 

Technologies 2014). However, this result was not observed. Spray deposition was not affected 

by the addition of MVO for the air induction nozzles, which seems to contradict Lewis et al. 

(2016) who showed that MVO with air induction nozzles produced small satellite particles that 

were prone to drift. However, it is possible that the methods in the current study were not 

sensitive enough to be able to detect differences due to production of small satellite particles. 

Klein et al. (2009) found that air induction and preorifice nozzle types interacted with MVO, 

reducing spray VMD compared with standard extended range flat fan nozzles that produced 

increased spray VMD when applied with MVO. In the study by Klein et al. (2009), there was a 

negative effect of MVO on deposition using air induction nozzles. In the current study, it is 

possible that there was no effect of MVO on nozzle performance because of the presence of 

mancozeb in the tank mix, because in experiment one MVO improved deposition when mixed 
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with only water but not when mancozeb was added. Deposition of mancozeb was improved 

using the ISO injet nozzle, thus nozzle selection has the potential to improve canopy deposition.  

Canopy deposition increased with increasing carrier volume within the range tested. The 

350 L ha-1 volume resulted in the greatest dye recovery followed by the 235 and 115 L ha-1 

volumes. A regression analysis showed a quadratic relationship between dye recovery and carrier 

volume, suggesting that using increased carrier volume will result in increased dye recovery until 

a maximum point greater than 350 L ha-1 at which increased carrier volume will start to result in 

decreased dye recovery. Other studies that have looked at increased carrier volume have found 

similar results. Roehrig et al. (2018) assessed soybean canopy coverage using water-sensitive 

papers placed in the upper, middle, and lower canopy and showed that the larger carrier volume 

of 160 L ha-1 resulted in better canopy coverage than 40 L ha-1. However, the benefit of using 

increased carrier volume peaked at 200 L ha-1, which they concluded was likely due to runoff. In 

the current study, two of the carrier volumes tested exceeded 200 L ha-1, but still provided better 

deposition than the 115 L ha-1 volume. This would suggest that runoff was not an issue, even at 

350 L ha-1. Canopy deposition using each carrier volume was the same for mancozeb + MVO 

compared with mancozeb alone. Growers typically apply fungicides using 135 to 450 L ha-1 

(OMAFRA 2020), though sugarbeet growers tend to use carrier volumes of 190 to 280 L ha-1 

(W. Martin, Michigan Sugar Company, personal communication). Some growers may also use 

carrier volumes of 100 L ha-1 or less (Armstrong-Cho et al. 2008b; Roehrig et al. 2018) to save 

time and application costs, especially if tank-mixing with an herbicide. It is not likely then that 

growers using carrier volumes within the range tested would see any benefit of using MVO with 

mancozeb applications.  
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The lowest amount of dye recovery was always found from samples collected near the 

leaf base on the oldest leaves in the outer canopy and youngest leaves in the inner canopy, 

suggesting that these locations are the most challenging to penetrate and thus achieve good spray 

deposition. Improved penetration into these lower canopy locations would be beneficial as these 

leaves are often the first to be infected by C. beticola and tend to have more severe symptoms 

(Weiland & Koch 2004). In the sugarbeet canopy, the inner and outer canopy leaves sat in a 

lower position than the mid canopy leaves, which tended to be the tallest uppermost leaves. Inner 

leaves tended to be located below mid leaves in the center of the plant, while some outer leaves 

were found under mid canopy leaves that in some cases would begin to bend parallel to the soil 

over top of outer leaves. The inner leaves also tended to be in a more vertical orientation than the 

mid and outer leaves that began to bend and become more parallel to the ground as they aged 

(Artschwager 1926). The base of the leaves also tended to be located in the lower innermost 

canopy, making it more challenging for spray droplets to penetrate into the canopy and reach. 

Similarly, in soybean the lower third of the canopy received 2.5 times fewer droplets cm-2 

compared with the mid third of the canopy and 8.5 times fewer droplets cm-2 compared with the 

upper third of the canopy (Roehrig et al. 2018). Chechi et al. (2020) reported similar findings in 

soybean and noted that coverage of mid and lower canopy locations became more challenging as 

rows closed. In an effort to reduce product drift, MVO is designed to produce larger spray 

droplets that are heavier and travel at a higher velocity, and thus have greater potential to 

penetrate into the lower canopy than smaller droplets (Dorr et al. 2013; Magidow et al. 2015). 

However, improved penetration of the sugarbeet canopy was not observed using the combination 

of MVO + mancozeb in this study. Although the ISO injet nozzle improved overall canopy 

coverage, it did not improve penetration at targeted difficult to reach locations within the canopy 
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compared with the XR110 and AI3070 nozzles. Additionally, increased carrier volume did not 

improve penetration into any canopy location. 

The addition of MVO to mancozeb did not improve deposition in any field experiments, 

regardless of the nozzle type or carrier volume used. Using MVO with mancozeb did not 

improve deposition or penetration and thus would not be expected to have a beneficial effect on 

disease management for CLS. Whether MVO would be beneficial when used with another 

fungicide or mancozeb formulation is unknown and warrants further investigation. Dye recovery 

of MVO alone was greater compared with water, but when MVO was combined with mancozeb 

there was no improvement compared with water. There have been few studies that have looked 

at the potential of adjuvants for improved coverage of fungicide applications. Future research 

should investigate whether MVO improves deposition and penetration when mixed with other 

fungicide active ingredients and formulations. Nozzle selection is an important factor to be 

considered by operators to achieve good fungicide deposition in the sugarbeet canopy. 

Additionally, using increased carrier volumes improved canopy deposition of mancozeb in these 

field experiments, and is thus recommended. Further testing of the nozzle types and carrier 

volumes should be conducted to assess the effects on fungicide efficacy for management of CLS.  
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Chapter 4: General Discussion 

4.1 Research Justification 

Cercospora leaf spot is the most damaging foliar disease of sugarbeet (Khan et al. 2008). 

While management involves an integrated approach incorporating multiple practices, fungicides 

are essential for management of CLS (Knight et al. 2018). However, pathogen resistance to 

fungicides is a challenge that continues to impede CLS management. Resistance to single-site 

mode of action fungicides in FRAC groups 1 and 11 (Trueman et al. 2013; Trkulja et al. 2017), 

and increased insensitivity to group 3 (Trueman et al. 2017) has increased the reliance on less 

effective multi-site mode of action fungicides like the M3 fungicide mancozeb (Trueman & 

Burlakoti 2014). Mancozeb is not systemic and lacks translaminar movement in the plant and 

thus requires good canopy deposition and coverage to be most effective (Prokop & Veverka 

2006; Roehrig et al. 2018). Improved fungicide deposition can be achieved through careful 

nozzle selection (Klein et al. 2009; Creech et al. 2018), increased carrier volume (Armstrong-

Cho et al. 2008b; Roehrig et al. 2018), and adjuvants like deposition aids that are designed to 

improve product deposition on the canopy (Klein et al. 2009).  

4.2 Research Summary 

4.2.1 Effect of MVO and carrier volume on CLS 

In the current study, mancozeb applications using the deposition aid MVO (InterLock®) 

and increased carrier volume were evaluated both for efficacy against CLS, and yield and quality 

of beets, and the effect on canopy deposition. To evaluate fungicide efficacy of mancozeb, four 

replicated field experiments at two sites, Dealtown in 2019 and Ridgetown in 2019 and 2020, 

were conducted. Four programs of mancozeb + MVO, mancozeb alone, MVO alone, and water 

were evaluated using four carrier volumes: 115, 235, 350, and 470 L ha-1. Program applications 

began at 50 DSV using BEETcast™ and continued on a 14-day schedule. Disease assessments 
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were also conducted on a 14-day schedule. Sugarbeets were hand-harvested and a subsample of 

12 to 15 beets were analysed for sugar content, purity, and yield.  

Disease severity was high at the DT site (65%), and moderate at the RT-19, RT-20E, and 

RT-20L sites (31 to 43%). The addition of MVO to mancozeb did not reduce sAUDPS or 

improve beet and sugar yield, or sugar quality compared to applications of mancozeb alone. As 

such, the addition of MVO to mancozeb did not improve grower profit compared to using 

mancozeb alone. Additionally, using increased carrier volume did not affect sAUDPS, though 

there was a weak inverse relationship between carrier volume and sAUDPS (R2= 0.0768). 

Carrier volume also had no effect on beet and sugar yield, sugar quality, or profit margin with 

the exception of sugar purity, where there was a 0.3% increase using 350 L ha-1 compared with 

115 L ha-1. However, improved purity is not commercially significant until it is a 1% increase or 

more (C. Guza, Michigan Sugar Company, personal communication 2021). There was no 

difference in profit when no fungicide was compared to the fungicide programs. However, there 

may be some advantages to controlling the disease by applying mancozeb without MVO.  

4.2.2 Effect of MVO on canopy deposition using a fungicide, different nozzle types and 

carrier volumes 

To evaluate canopy deposition using MVO, replicated field experiments were conducted 

in Ridgetown in 2019 and 2020. Deposition of treatments was evaluated using Rhodamine WT 

dye recovery. The amount of dye recovered for a treatment (µL AI g-1 leaf tissue) was used to 

make assumptions about treatment deposition in the sugarbeet canopy. To assess spray 

deposition, samples were taken from six canopy locations. The first experiment, repeated twice, 

evaluated the effect of MVO on canopy deposition of mancozeb applications. The second 

experiment repeated three times evaluated the effect of MVO on fungicide applications using 
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three different nozzle types. Lastly, the third experiment repeated twice evaluated the effect of 

MVO on fungicide applications using three different carrier volumes.  

In the first study four programs of mancozeb + MVO, mancozeb alone, MVO alone, and 

water were evaluated for dye recovery. Deposition was improved for the MVO only treatment 

compared with water, but when MVO was applied with mancozeb the deposition was equivalent 

to mancozeb applied alone. It is possible that tank mix properties were altered when mancozeb 

was included, resulting in an antagonistic effect with MVO. However, we cannot determine from 

this study if fungicide formulation or active ingredient was responsible for this effect. One 

possibility is that MVO did not improve fungicide efficacy of mancozeb for CLS management in 

Chapter 2 experiments because mancozeb + MVO did not improve canopy deposition.  

In the second study mancozeb + MVO and mancozeb were applied using three different 

nozzle types: ISO injet a flat fan with air inclusion, XR110 a flat fan, and AI3070 a dual flat fan 

with a 30° and 70° spray angle with air inclusion. Using MVO had no effect on deposition and 

did not alter the performance of any nozzle type. There was a difference in deposition between 

nozzles, with the ISO injet nozzle providing improved deposition compared to the XR110 and 

AI3070 nozzles.  

In the third study, mancozeb + MVO and mancozeb was applied using three carrier 

volumes: 115, 235, and 350 L ha-1. Using MVO had no effect on deposition, regardless of carrier 

volume. When comparing carrier volumes, deposition increased with increasing carrier volume. 

A regression analysis determined a quadratic relationship between carrier volume and deposition, 

predicting that deposition would increase with increased carrier volume until a maximum carrier 

volume was reached, at which point deposition would start to decrease. The maximum carrier 

volume to improve deposition could not be determined in this experiment. Despite improving 
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fungicide deposition, increased carrier volume had no biological effect when tested in Chapter 2 

efficacy experiments.  

Canopy location was an important factor in all experiments. The least deposition was 

always found in the outer and inner canopy from the base of the leaf, and in the outer canopy 

from the tip of the leaf in the third experiment, suggesting that these locations are the most 

challenging to achieve spray deposition. One of the proposed benefits of MVO is for improved 

spray penetration, but in the current study, MVO did not improve penetration of mancozeb into 

any of the harder to reach canopy locations.  

4.3 Conclusions 

The hypothesis that the addition of MVO and increased carrier volume would improve 

deposition and penetration of mancozeb is partially accepted. The effect of MVO did not 

improve deposition or penetration so this portion of the hypothesis was rejected. Neither MVO 

or increased carrier volume resulted in improved canopy penetration into harder to reach 

locations using mancozeb. Further, MVO did not improve deposition of mancozeb regardless of 

the nozzle type or carrier volume used. Increased carrier volume improved canopy deposition in 

the range tested. The results indicated that deposition would decrease after a maximum volume is 

reached. Additionally, one of the three nozzles, the ISO injet nozzle, provided better deposition 

than the XR110 and AI3070 nozzles. 

The results from this study show that improved fungicide deposition does not always 

result in improved fungicide efficacy. The hypothesis that increased deposition and penetration 

would improve fungicide efficacy resulting in better crop protection against CLS was rejected. 

Using MVO did not improve canopy deposition, so it was not surprising that using MVO did not 
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improve disease management of CLS. Carrier volume did improve canopy deposition, however, 

this was insufficient to see improved disease management as indicated by sAUDPS.   

The hypothesis that reduced disease severity would result in improved sugarbeet yield 

and sugar quality is accepted. Mancozeb alone and mancozeb + MVO reduced disease severity 

compared to MVO and water only treatments and resulted in increased yield and sugar quality 

compared to the water control and MVO alone. The factor that drove this result was not the use 

of MVO or increased carrier volume, but the presence of mancozeb. However, no treatment 

improved grower profit compared to the water control.  

From the results of the current study there was no benefit of using MVO with mancozeb 

applications, as there was no improvement for fungicide deposition or efficacy against CLS. It is 

possible that MVO may be more effective if used with another fungicide or formulation, but it 

was not effective when used with mancozeb (Manzate® Pro-Stick™). Using increased carrier 

volume improved canopy deposition but did not improve CLS management. There was a weak 

inverse relationship between carrier volume and sAUDPS, but this effect was not strong enough 

to improve yield and quality variables or grower profit. It is possible that under more severe 

disease intensity increased carrier volume would show greater improvement of disease 

management. 

4.4 Future Research 

In the current study using MVO and increased carrier volume did not improve disease 

management, however these practices should still be investigated for other fungicide programs. 

Future studies should evaluate the effect of MVO on disease management with other fungicides 

beside mancozeb (Manzate® Pro-Stick™). Because we did not test the effect of MVO with other 

fungicides, we do not know whether MVO would be more effective when used with other 
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formulations and active ingredients. Testing of different adjuvants with mancozeb could also be 

beneficial, though the MVO adjuvant was selected for evaluation in this study in part due to its 

availability to growers in Canada. Additionally, using increased carrier volume should be further 

evaluated to better establish the effect of carrier volume on disease management, and the impact 

of disease intensity on the effect of carrier volume. There is evidence from the current study to 

suggest that using increased carrier volume could have potential for improved disease 

management, which is consistent with the results from the study by Tedford et al. (2018) that 

saw improved disease management with increased carrier volume under severe disease intensity. 

Studies conducted with more severe disease intensity may help to better establish the effect of 

carrier volume.  

Deposition was assessed in the current study for MVO, nozzle type, and carrier volume, 

but not coverage which is a measurement of surface area covered by spray. It would be 

informative to conduct similar experiments to assess the effect of MVO, nozzle types, and carrier 

volume on coverage in addition to deposition. Evaluating coverage would provide greater insight 

into droplet size range and droplet distribution on leaves in the canopy. In lab-based studies on 

droplet size, blank formulations are typically used to simulate formulations with active 

ingredients (Bouse et al. 1990). However, laser wind-tunnel analysis is another way to 

characterize droplet spectrum using active formulations to provide insight on the spray quality 

and droplet size (Bouse et al. 1990). The ability to test active pesticide formulations would allow 

for further testing of MVO with different fungicide formulations and active ingredients. Because 

we only evaluated the deposition of MVO with mancozeb (Manzate® Pro-Stick™) in this study, 

it would be interesting to conduct experiments to determine if it is fungicide formulation or the 

fungicide active ingredient that influences the effect of MVO.  
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The relationship between carrier volume and deposition should be investigated further 

using volumes greater than the 350 L ha-1 volume tested in the current study. Results from a 

regression analysis of canopy deposition using 115, 235, and 350 L ha-1 showed a quadratic 

relationship between deposition and carrier volume that showed deposition was still increasing 

with 350 L ha-1. Within the carrier volume range tested, we could not determine the maximum 

volume after which deposition would begin to decrease. Larger carrier volumes are often 

recommended for improved deposition and disease management, as such it would be useful to 

know at what volume this is no longer true.  

It would also be beneficial in future studies to evaluate the efficacy of using the ISO injet, 

XR110, and AI3070 nozzle types for management of CLS. The ISO injet nozzle was used in the 

fungicide efficacy experiments and improved canopy deposition compared to the XR110 and 

AI3070 nozzles, but it is unknown if the ISO injet nozzle would improve CLS management 

using mancozeb compared to the XR110 and AI3070 nozzles.  

Pathogen resistance to fungicides is a serious problem that requires responsible 

application practices to maintain sustainable use of fungicides. This includes using multi-site 

mode of action fungicides like mancozeb, that are at low risk for resistance development. 

Additionally, using practices that optimize fungicide efficacy can help growers improve the 

efficiency of their fungicide applications. While in the current study we did not see improved 

fungicide efficacy using an adjuvant and increased carrier volume, further investigation of 

practices that improve spray application and efficacy of fungicides is warranted because of the 

potential to improve fungicide applications for disease management. 
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Appendix 1 

 

 

Figure A1.1. Daily weather at a) Dealtown 2019 and Ridgetown in b) 2019 and c) 2020. Mean 

temperature °C (     ), total precipitation (mm) (      ), and relative humidity (     ) were measured 

in Dealtown from May 9 to September 18, 2019 and in Ridgetown May 25 to October 21, 2019, 

and April 22 to October 26 2020. Weather station data was supplied by Weather Innovations LP, 

Chatham Ontario. 
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Table A1.1. Mean monthly temperature and total precipitation for Ridgetown, ON in 2019, 

2020, and the 10- year average from 2010 to 2020.  

 Mean Temperature (°C) Total Precipitation (mm) 

Month 2019a 2020 10-year 

averageb  

2019 2020 10-year 

average 

April 7.3 5.5 6.9 114 51 75 

May 13.1 12.6 14.5 118 74 99 

June 18.7 20.5 19.2 81 42 69 

July 22.7 23.7 20.9 189 84 127 

August 20.4 20.8 20.4 115 152 71 

September 18.6 16.3 17.1 36 66 84 

October 11.3 9.9 11.0 127 59 87 
a Weather data from 2019 and 2020 was supplied by Weather Innovations LP, Chatham Ontario. 
b 10-year average weather data came from the government of Canada climate and weather 

website from the Ridgetown RCS weather station. Missing data was supplemented from nearby 

weather stations.  
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Figure A1.2. Progression of Cercospora leaf spot severity on sugarbeet in a) RT-19, b) DT, c) 

RT-20E, and d) RT-20L for fungicide program (±SE). Disease severity was calculated bi-weekly 

by rating 10 random plants using a modified Agronomica scale and then converting to percent 
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disease severity. July 16, June 25, July 1, and July 22 for RT-19, DT, RT-20E, and RT-20L 

respectively were not included in the statistical analysis. The mean is assumed to be zero as all 

assessments were either zero or nearly zero.  Data from different carrier volumes were pooled 

because there was no program x volume interaction at p ≤ 0.05, except for experiment RT-19, 

where assessment date August 7 had a significant program x volume interaction. Variation 

between experiments was accounted for using the covariance test. The ** symbol represents days 

where disease severity of water and MVO treatments was greater than mancozeb and mancozeb 

+ MVO treatments. The * symbol represents days where there were other significant differences 

between treatments. These differences are discussed in the text.  
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Figure A1.3. Progression of Cercospora leaf spot severity on sugarbeet in a) RT-19, b) DT, c) 

RT-20E, and d) RT-20L, for application carrier volumes (L ha-1) used for fungicide application 

(±SE). Disease severity was calculated bi-weekly by rating 10 random plants using a modified 

0

25

50

75

2
5

-J
u

n

0
2

-J
u

l

0
9

-J
u

l

1
6

-J
u

l

2
3

-J
u

l

3
0

-J
u

l

0
6

-A
u

g

1
3

-A
u

g

2
0

-A
u

g

2
7

-A
u

g

0
3

-S
ep

1
0

-S
ep

1
7

-S
ep

2
4

-S
ep

0
1

-O
ct

0
8

-O
ct

1
5

-O
ct

D
is

ea
se

 S
ev

er
it

y
 (

%
)

0

25

50

75

2
5

-J
u

n

0
2

-J
u

l

0
9

-J
u

l

1
6

-J
u

l

2
3

-J
u

l

3
0

-J
u

l

0
6

-A
u

g

1
3

-A
u

g

2
0

-A
u

g

2
7

-A
u

g

0
3

-S
ep

1
0

-S
ep

1
7

-S
ep

2
4

-S
ep

0
1

-O
ct

0
8

-O
ct

1
5

-O
ct

D
is

ea
se

 S
ev

er
it

y
 (

%
)

0

25

50

75

2
5

-J
u

n

0
2

-J
u

l

0
9

-J
u

l

1
6

-J
u

l

2
3

-J
u

l

3
0

-J
u

l

0
6

-A
u

g

1
3

-A
u

g

2
0

-A
u

g

2
7

-A
u

g

0
3

-S
ep

1
0

-S
ep

1
7

-S
ep

2
4

-S
ep

0
1

-O
ct

0
8

-O
ct

1
5

-O
ct

D
is

ea
se

 S
ev

er
it

y
 (

%
)

0

25

50

75

25
-J

u
n

02
-J

u
l

09
-J

u
l

16
-J

u
l

23
-J

u
l

30
-J

u
l

06
-A

u
g

13
-A

u
g

20
-A

u
g

27
-A

u
g

03
-S

ep

10
-S

ep

17
-S

ep

24
-S

ep

01
-O

ct

08
-O

ct

15
-O

ct

D
is

ea
se

 S
ev

er
it

y
 (

%
)

115 235 350 470

a) 

b) 

c) 

d) 

* 



122 
 

Agronomica scale and then converting to percent disease severity. July 16, June 25, July 1, and 

July 22 for RT-19, DT, RT-20E, and RT-20L respectively were not included in the statistical 

analysis. The mean is assumed to be zero as all assessments were either zero or nearly zero. Data 

from different fungicide programs were pooled because there was no program x volume 

interaction at p ≤ 0.05, except for experiment RT-19, assessment date August 7 had a significant 

program x volume interaction. Variation between experiments was accounted for using the 

covariance test. The * symbol represents days where there were significant differences between 

treatments. These differences are discussed in the text.  
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Table A1.2. Type III fixed effects and covariance parameters from analysis of standardized area 

under the disease progress stairs (sAUDPS) for sugarbeets treated with different fungicide 

programs and application carrier volumes in Dealtown and Ridgetown 2019, and Ridgetown 

2020.  

Covariance Parameters Estimate se   

Experiment 14.1383 12.2495   

Blocks(experiment) 2.7394 1.4016   

Residual 10.9751 1.0370   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 224 2.71 0.0460 

Program 3 224.1 127.43 <.0001 

Volume x Program 9 224.1 0.73 0.6766 
 

Table A1.3. Type III fixed effects and covariance parameters from analysis of beet yield (T ha-1) 

for sugarbeets treated with different fungicide programs and application carrier volumes in 

Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 380.90 315.40   

Blocks(experiment) 18.1017 8.6879   

Residual 50.5552 4.8087   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 221.1 1.04 0.3737 

Program 3 221.2 12.41 <.0001 

Volume x Program 9 221.1 0.46 0.9004 
 

Table A1.4. Type III fixed effects and covariance parameters from analysis of sugar content for 

sugarbeets treated with different fungicide programs and application carrier volumes in 

Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 2.6505 2.1926   

Blocks(experiment) 0.1086 0.05723   

Residual 0.4931 0.04670   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 223 2.20 0.0888 

Program 3 223.1 14.10 <.0001 

Volume x Program 9 223 0.30 0.9744 
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Table A1.5. Type III fixed effects and covariance parameters from analysis of sugar purity for 

sugarbeets treated with different fungicide programs and application carrier volumes in 

Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 2.2931 1.8776   

Blocks(experiment) 0.008108 0.01070   

Residual 0.2705 0.02585   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 219.9 2.77 0.0425 

Program 3 220.3 7.23 0.0001 

Volume x Program 9 220 0.85 0.5703 
 

Table A1.6. Type III fixed effects and covariance parameters from analysis of recoverable white 

sugar per hectare (RWSH) for sugarbeets treated with different fungicide programs and 

application carrier volumes in Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 8281360 6834374   

Blocks(experiment) 292684 144195   

Residual 963562 91648   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 221.1 2.37 0.0716 

Program 3 221.3 23.47 <.0001 

Volume x Program 9 221.2 0.48 0.8880 
 

Table A1.7. Type III fixed effects and covariance parameters from analysis of recoverable white 

sugar (RWS) for sugarbeets treated with different fungicide programs and application carrier 

volumes in Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 267.24 220.35   

Blocks(experiment) 7.8601 4.3281   

Residual 42.8626 4.0596   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 223 2.05 0.1076 

Program 3 223.1 14.53 <.0001 

Volume x Program 9 223 0.25 0.9868 
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Table A1.8. Type III fixed effects and covariance parameters from analysis of sAUDPS for 

sugarbeets treated with different mancozeb and mancozeb + MVO and application carrier 

volumes in Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 4.9905 4.3825   

Blocks(experiment) 0.8855 0.6150   

Residual 4.7406 0.6576   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 104 8.28 <.0001 

Program 1 104.3 3.61 0.0601 

Volume x Program 3 104.3 0.14 0.9332 

 

Table A1.9. Type III fixed effects and covariance parameters from analysis of beet yield (T ha-1) 

for sugarbeets treated with different mancozeb and mancozeb + MVO and application carrier 

volumes in Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 437.65 362.10   

Blocks(experiment) 16.8657 9.3418   

Residual 47.1361 6.5959   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 102.3 1.34 0.2662 

Program 1 103 0.14 0.7089 

Volume x Program 3 102.4 0.31 0.8146 

 

Table A1.10. Type III fixed effects and covariance parameters from analysis of recoverable 

white sugar (RWS) for sugarbeets treated with different mancozeb and mancozeb + MVO and 

application carrier volumes in Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 239.91 199.51   

Blocks(experiment) 12.3571 7.3751   

Residual 42.6839 5.9271   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 103.8 2.13 0.1009 

Program 1 104.3 2.02 0.1580 

Volume x Program 3 103.9 0.20 0.8940 
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Table A1.11. Type III fixed effects and covariance parameters from analysis of recoverable 

white sugar per hectare (RWSH) for sugarbeets treated with different mancozeb and mancozeb + 

MVO and application carrier volumes in Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 8920389 7378655   

Blocks(experiment) 340907 189188   

Residual 944249 132200   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 102.2 2.46 0.0671 

Program 1 102.9 0.90 0.3445 

Volume x Program 3 102.3 0.34 0.7940 

 

Table A1.12. Type III fixed effects and covariance parameters from analysis of sugar content for 

sugarbeets treated with different mancozeb and mancozeb + MVO and application carrier 

volumes in Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 2.5134 2.0987   

Blocks(experiment) 0.1649 0.09451   

Residual 0.4988 0.06926   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 103.8 2.31 0.0809 

Program 1 104.2 2.70 0.1033 

Volume x Program 3 103.9 0.23 0.8780 

 

Table A1.13. Type III fixed effects and covariance parameters from analysis of sugar purity for 

sugarbeets treated with different mancozeb and mancozeb + MVO and application carrier 

volumes in Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 1.7188 1.4154   

Blocks(experiment) 0.01961 0.02461   

Residual 0.3130 0.04338   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 104.2 2.55 0.0599 

Program 1 105.2 0.16 0.6904 

Volume x Program 3 104.5 0.33 0.8046 
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Table A1.14. Type III fixed effects and covariance parameters from analysis of profit margin ($ 

ha-1) for sugarbeets treated with different fungicide programs and application carrier volumes in 

Dealtown and Ridgetown 2019, and Ridgetown 2020.  

Covariance Parameters Estimate se   

Experiment 738866 609484   

Blocks(experiment) 24754 12306   

Residual 85782 8159.06   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 221.1 1.01 0.3900 

Program 3 221.3 12.74 <.0001 

Volume x Program 9 221.2 0.6 0.7927 
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Table A1.15. Type III fixed effects and covariance parameters from analysis of disease severity 

on assessments dates July 24, August 7, 20, September 3, 16, 30, and October 15 for sugarbeets 

(RT-19) treated with different fungicide programs and application carrier volumes in Ridgetown 

2019.  

July 24     

Covariance Parameters Estimate se   

Block 9.083E-9 .   

Residual 1.077E-6 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.45 0.7196 

Program 3 45 1.36 0.2670 

Volume x Program 9 45 1.54 0.1628 

August 7     

Covariance Parameters Estimate se   

Block 7.17E-07 .   

Residual 3.43E-06 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 1.79 0.1619 

Program 3 45 8.7 0.0001 

Volume x Program 9 45 2.52 0.0197 

August 20     

Covariance Parameters Estimate se   

Block 7.4265 6.5646   

Residual 9.7909 2.0641   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 1.01 0.3958 

Program 3 45 8.49 0.0001 

Volume x Program 9 45 0.35 0.9527 

September 3     

Covariance Parameters Estimate se   

Block 7.0666 6.9426   

Residual 22.8538 4.818   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 1 0.4015 

Program 3 45 26.58 <.0001 

Volume x Program 9 45 1.37 0.2307 

September 16     

Covariance Parameters Estimate se   

Block 23.3898 21.5466   

Residual 47.8095 10.0791   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 1.26 0.3011 

Program 3 45 40.82 <.0001 

Volume x Program 9 45 0.97 0.4774 

September 30     
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Covariance Parameters Estimate se   

Block 27.8282 25.8796   

Residual 61.6325 12.9933   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 1.58 0.2076 

Program 3 45 76.21 <.0001 

Volume x Program 9 45 1.07 0.4041 

October 15     

Covariance Parameters Estimate se   

Block 13.578 13.5569   

Residual 48.122 10.145   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.41 0.7472 

Program 3 45 118.39 <.0001 

Volume x Program 9 45 1.82 0.0902 
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Table A1.16. Type III fixed effects and covariance parameters from analysis of disease severity 

on assessments dates July 1, 15, 29, August 12, 26, and September 9 for sugarbeets (DT) treated 

with different fungicide programs and application carrier volumes in Dealtown 2019.  

July 1     

Covariance Parameters Estimate se   

Block 1.01E-07 .   

Residual 1.72E-06 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 44.96 0.48 0.6947 

Program 3 45.06 2.66 0.0591 

Volume x Program 9 45.05 0.7 0.7063 

July 15     

Covariance Parameters Estimate se   

Block 0.00112 0.00207   

Residual 0.02207 0.00465   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.32 0.8113 

Program 3 45.1 10.39 <.0001 

Volume x Program 9 45.09 0.77 0.6404 

July 29     

Covariance Parameters Estimate se   

Block -0.00048 0.00091   

Residual 0.02394 0.00505   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 44.92 0.55 0.6521 

Program 3 45.18 3.5 0.0228 

Volume x Program 9 45.15 1.16 0.3424 

August 12     

Covariance Parameters Estimate se   

Block 0.5969 1.1176   

Residual 11.9977 2.5295   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.59 0.6249 

Program 3 45.11 15.29 <.0001 

Volume x Program 9 45.1 1.83 0.0881 

August 26     

Covariance Parameters Estimate se   

Block 10.4554 13.586   

Residual 95.5069 20.1418   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 44.98 0.28 0.8406 

Program 3 45.04 19.8 <.0001 

Volume x Program 9 45.04 0.84 0.5845 

September 9     

Covariance Parameters Estimate se   
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Block 12.5705 13.1832   

Residual 55.8187 11.7691   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 44.99 0.34 0.7944 

Program 3 45.03 55.7 <.0001 

Volume x Program 9 45.03 0.79 0.6237 
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Table A1.17. Type III fixed effects and covariance parameters from analysis of disease severity 

on assessments dates July 15, 29, August 12, 27, and September 9, 23, and October 7 for 

sugarbeets (RT-20E) treated with different fungicide programs and application carrier volumes 

in Ridgetown 2020.  

July 15     

Covariance Parameters Estimate se   

Block 4.17E-10 .   

Residual 2.422E-7 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.40 0.7502 

Program 3 45 1.63 0.1954 

Volume x Program 9 45 0.73 0.6792 

July 29     

Covariance Parameters Estimate se   

Block 4.056E-7 .   

Residual 3.577E-6 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 1.01 0.9980 

Program 3 45 6.19 0.0013 

Volume x Program 9 45 0.31 0.9666 

August 12     

Covariance Parameters Estimate se   

Block 0.08265 0.1373   

Residual 1.3464 0.2838   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.47 0.7059 

Program 3 45 31.78 <.0001 

Volume x Program 9 45 0.49 0.8729 

August 27     

Covariance Parameters Estimate se   

Block 3.0948 3.133   

Residual 11.3243 2.4149   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 44 0.57 0.6366 

Program 3 44 40.65 <.0001 

Volume x Program 9 44 1.82 0.0906 

September 9     

Covariance Parameters Estimate se   

Block 2.4433 3.131   

Residual 21.9765 4.6831   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 44.09 2.03 0.1234 

Program 3 44.09 25.68 <.0001 

Volume x Program 9 44.08 1.42 0.2073 

September 23     
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Covariance Parameters Estimate se   

Block 7.8212 13.1257   

Residual 129.88 27.3804   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.83 0.4858 

Program 3 45 11.41 <.0001 

Volume x Program 9 45 0.67 0.7343 

October 7     

Covariance Parameters Estimate se   

Block 12.2794 16.791   

Residual 130.83 27.5804   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 1.57 0.2107 

Program 3 45 12.05 <.0001 

Volume x Program 9 45 0.71 0.693 
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Table A1.18. Type III fixed effects and covariance parameters from analysis of disease severity 

on assessments dates August 5, 18, September 2, 16, 29, and October 14 for sugarbeets (RT-20L) 

treated with different fungicide programs and application carrier volumes in Ridgetown 2020.  

August 5     

Covariance Parameters Estimate se   

Block 1.14E-09 .   

Residual 9.80E-08  .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 44.16 0.47 0.7061 

Program 3 44.16 3.57 0.0213 

Volume x Program 9 44.15 0.44 0.9066 

August 18     

Covariance Parameters Estimate se   

Block 2.16E-07 .   

Residual 2.72E-06 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.37 0.773 

Program 3 45 13.41 <.0001 

Volume x Program 9 45 1.4 0.2173 

September 2     

Covariance Parameters Estimate se   

Block 0.02965 0.04728   

Residual 0.4450 0.09381   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.34 0.7956 

Program 3 45 14.46 <.0001 

Volume x Program 9 45 1.20 0.3184 

September 16      

Covariance Parameters Estimate se   

Block 3.2546 3.2485   

Residual 11.0388 2.3541   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 44 3.64 0.0198 

Program 3 44 50.55 <.0001 

Volume x Program 9 44 1.09 0.3888 

September 29     

Covariance Parameters Estimate se   

Block 13.2917 12.3850   

Residual 29.9063 6.3048   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.73 0.5421 

Program 3 45 18.11 <.0001 

Volume x Program 9 45 1.05 0.4182 

October 14     

Covariance Parameters Estimate se   
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Block 40.9968 36.2919   

Residual 55.0826 11.6124   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Volume 3 45 0.91 0.4452 

Program 3 45 16.64 <.0001 

Volume x Program 9 45 0.96 0.4846 
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Appendix 2 

Table A2.1. Measurements of mean leaf number per plant, plant height, and length and width of leaves in the inner, mid, and outer 

canopy from sugarbeet experiments in Ridgetown, ON 2019 and 2020. 

 

 

 

 

 

 

 

 

a Canopy locations were determined by counting leaves starting with the newest leaf. The inner, mid, and outer canopy were 

considered leaves 1-3, 5-7, and ≥9 respectively for experiment F1, leaves 1-5, 7-10, and ≥12 respectively for experiments F2 and N1, 

leaves 1-6, 8-13, and ≥15 respectively for N2, N3-2 and V1, and leaves 1-7, 9-15, and ≥17 respectively for experiments N3-1 and V2.  
b Measurements were taken using a LI-COR LI-191R line quantum sensor and LI-1500 light sensor logger. Readings were taken from 

15 randomly selected locations within each experiment.  
c Experiment one experiment one (F1) and two (F2), experiment two experiment one (N1), two (N2), and three (N3), experiment three 

experiments one (V1) and two (V2). 

 

Experimen

t 

Plant Height 

(cm) 

Inner Leafa Mid Leaf Outer Leaf 

Light 

Penetration (%)b 

Length 

(cm)  

Width 

(cm) 

Length 

(cm) 

Width 

(cm) 

Length 

(cm)  

Width 

(cm) 

F1c 33 15 8 21 14 19 13 43.3 

F2 40 16 9 22 15 21 16 38.8 

N1 52 16 9 24 15 21 14 30.6 

N2 34 12 8 17 13 14 11 44.7 

N3-1 51  17 11 24 21 23 18 12.2  

N3-2 44 17 11 25 19 20 17 22.1 

V1 39 13 9 18 14 15 13 34.8 

V2 38 14 9 20 16 17 14 35.7 
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Table A2.2. Weather conditions at time of application for sugarbeet experiments in Ridgetown, 

ON, 2019 and 2020.  

Experimen

t 

Temperature 

(C°) 

Relative 

Humidity 

Mean Wind 

Speed (KPH) 

Wind 

Direction 

Cloud 

Cover 

Wet 

Leaves 

F1 18.6 72.8 4.2 N 0% Yes 

F2 22.5 84.5 3.8 N 10% Yes 

N1 24.5 79.2 4.7 .a 90% No 

N2 App. 1 24.3 84.9 7.1 S 0% No 

N2 App. 2 23.1 82.4 5.3 S 10% No 

N3 App. 1 19.7 81.8 5.8 W 5% Yes 

N3 App. 2 19.5 86.0 5.1 NE 5% Yes 

V1 25.1 82.2 3.0 W 5% Yes 

V2 19.9 87.5 3.8 E 90% Yes 
a Wind direction was not recorded for N1 application. 
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Table A2.3. Mean weight of 40 leaf disk samples taken from six sampling locations in 

Ridgetown in 2020. 

Canopy Locationa Leaf Weight (g) 

Outer Tip 0.0320 ab 

Outer Base 0.0277 b 

Mid Tip 0.0255 bc 

Mid Base 0.0233 c 

Inner Tip 0.0188 d 

Inner Base 0.0174 d 

sem 0.00064 
a The leaf numbers sampled in each canopy location was dependent on the mean growth stage of 

each plant as determined by number of leaves greater than 5 cm in length and 1 cm in width. 

Total leaf number was divided by three to create three canopy sampling locations. One leaf 

between each canopy location was omitted from sampling to provide separation between 

locations. Leaves were counted from the center of the plant outward, with the youngest leaf 

being leaf one.  
b Numbers in a column followed by the same letter were not significantly different at p≤0.05 

Tukey’s HSD. 
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Figure A2.1. Calibration of fluorimeter with two sets of ten known concentrations of Rhodamine 

WT dye analyzed to establish a linear relationship between Fluorescence unit (FSU) and 

concentration of Rhodamine WT (mg L-1). Mean FSU output from two sets of each 

concentration were used to create the calibration curve.   
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Table A2.4. Type III fixed effects and covariance parameters from analysis of mean Rhodamine 

WT active ingredient (µL) per gram of dry leaf weight from sugarbeets treated with MVO using 

different spray programs compared with Rhodamine WT-free check plots in Ridgetown, ON 

2019.  

Covariance Parameters Estimate se   

Experiment 8.18 x 10-10 .   

Blocks(experiment)  2.65 x 10-11 .   

Residual 2.241 x 10-9 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Treatment 4 193 72.83 <.0001 

Canopy 5 191 32.93 <.0001 

Treatment x Canopy 20 191 2.75 0.0002 

 

Table A2.5. Type III fixed effects and covariance parameters from analysis of mean Rhodamine 

WT active ingredient (µL) per gram of dry leaf weight from sugarbeets treated with MVO using 

different nozzle types compared with Rhodamine WT-free check plots in Ridgetown, ON 2019 

and 2020.  

Covariance Parameters Estimate se   

Experiment 1.24 x 10-12 .   

Blocks(experiment)  2.66 x 10-10 .   

Residual 3.878 x 10-9 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Treatment 6 442.6 42.61 <.0001 

Canopy 5 442.1 32.43 <.0001 

Treatment x Canopy 30 442.1 2.22 0.0003 

 

Table A2.6. Type III fixed effects and covariance parameters from analysis of mean Rhodamine 

WT active ingredient (µL) per gram of dry leaf weight from sugarbeets treated with MVO using 

different application carrier volume compared with Rhodamine WT-free check plots in 

Ridgetown, ON 2020.  

Covariance Parameters Estimate se   

Experiment 1.77 x 10-10 .   

Blocks(experiment)  -306 x 10-14 .   

Residual 8.262 x 10-9 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Treatment 6 285.8 83.10 <.0001 

Canopy 5 285.8 59.37 <.0001 

Treatment x Canopy 30 285.8 3.99 <.0001 
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Table A2.7. Type III fixed effects and covariance parameters from analysis of mean Rhodamine 

WT active ingredient (µL) per gram of dry leaf weight from sugarbeets treated with mancozeb 

and MVO from six canopy locations in Ridgetown, ON 2019.  

Covariance Parameters Estimate se   

Experiment 1.481 x 10-9 .   

Blocks(experiment)  3.85 x 10-11 .   

Residual 2.574 x 10-9 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Program 3 151.5 3.43 0.0187 

Canopy 5 149 34.81 <.0001 

Program x Canopy 15 149 0.83 0.6379 

 

Table A2.8. Type III fixed effects and covariance parameters from analysis of mean Rhodamine 

WT active ingredient (µL) per gram of dry leaf weight from sugarbeets treated with MVO and 

different nozzle types from six canopy locations in Ridgetown, ON 2019 and 2020.  

Covariance Parameters Estimate se   

Experiment 7.94 x 10-12 .   

Blocks(experiment)  3.23 x 10-10 .   

Residual 4.666 x 10-9 .   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Canopy 5 377.1 31.47 <.0001 

MVO 1 377.8 1.09 0.2966 

MVO x Canopy 5 377.1 1.72 0.1281 

Nozzle 2 377.8 20.11 <.0001 

Nozzle x Canopy 10 377.1 1.40 0.1758 

Nozzle x MVO 2 377.8 0.09 0.9116 

Nozzle x MVO x Canopy 10 377.1 1.02 0.4240 
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Table A2.9. Type III fixed effects and covariance parameters from analysis of mean Rhodamine 

WT active ingredient (µL) per gram of dry leaf weight from sugarbeets treated with MVO and 

different application carrier volumes from six canopy locations in Ridgetown, ON 2020.  

Covariance Parametersa Estimate se   

Experiment 0.01021 0.01478   

Blocks(experiment)  -0.00353 0.000687   

Residual 0.1616 0.01462   

Fixed Effects Numerator df Denominator df F-value Pr > F 

Canopy 5 244 65.46 <.0001 

MVO 1 244 1.67 0.1970 

MVO x Canopy 5 244 0.96 0.4415 

Volume 2 244 127.04 <.0001 

Volume x Canopy 10 244 0.95 0.4862 

Volume x MVO 2 244 0.14 0.8676 

Volume x MVO x Canopy 10 244 0.79 0.6410 
a Analysis was conducted using a lognormal distribution. Estimates and se presented are not 

back-transformed.  

Table A2.10. Type III fixed effects and covariance parameters from analysis of mean dry leaf 

weight from six canopy locations from sugarbeets in Ridgetown, ON 2020.  

Fixed Effects Numerator df Denominator df F-value Pr > F 

Canopy 5 234 72.41 <.0001 

 

 

 

 

 

 


