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ABSTRACT 

Wild blueberry crop characteristics have been changed in last two decades due to improved 

management practices. Currently, growers are facing increased harvesting losses (15-25%) with 

existing harvester due to change in crop conditions. Eight wild blueberry fields were selected to 

find an optimum combination of crop characteristics and machine parameters during harvesting. 

The harvester was operated at selected levels of ground speed and header revolutions per minute 

(RPM) in different categories of plant and fruit characteristics. Results indicated the optimum 

combination of machine and crop parameters was ground speed 1.2 km h-1, header RPM 26, plant 

height 24 cm, fruit yield 4300 kg ha-1 and plant density 570 plants/m2 to reduce the berry losses 

during mechanical harvesting. Based on the results, it can be concluded that the suggested 

harvester settings in conjunction with optimum crop characteristics could reduce berry losses in 

order to increase farm profitability.  
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CHAPTER 1: INTRODUCTION 

The wild blueberry (Vaccinium angustifolium Ait.) is a unique crop native to Eastern 

Canada and Maine, USA with over 93,000 hectares under production (Yarborough, 2013). 

Northeastern North America produces 148 million kg of berries annually (USDA National 

Agricultural Statistics Service, 2015; Yarborough, 2015). The Wild blueberry fields have typically 

originated from native blueberry stands found on deforested farmland by removing competing 

vegetation (Eaton, 1988). This crop propagates in well-drained and acidic soils (pH 3.9-5.5) having 

low mineral nutrients (Trevett, 1962). Newly developed wild blueberry fields normally have 

significant proportion of bare spots and weed patches, with gentle to severe topography (Zaman et 

al., 2008 and 2010). These fields are predominately managed on two-year production cycle with 

the perennial shoots pruned in alternative years to maximize floral bud initiation, fruit set, yield, 

and ease of mechanical harvesting (Eaton, 1988). The wild blueberries are not harvested until more 

than 90% of berries turn into blue (Kinsman, 1993). 

In last three decades, improved management practices using selective herbicides, 

fungicides, pollination and fertilizers have resulted in taller plants, higher plant densities, and 

significant increases in fruit yield (Yarborough and Ismail, 1985; Litten et al., 1997; Esau et al., 

2014). Farooque et al. (2014) reported that the plant height varied from 15 to 39 cm, and fruit zone 

ranged from 7 to 31 cm within selected wild blueberry fields. Eaton (1994) reported the range of 

plant density from 200 to 250 plants per square meter in Nova Scotia fields. Recently, visual 

observation revealed that the plant density has increased up to 400 plants per square meter. Fruit 

size of the wild blueberry plants normally ranges from 0.3 cm to 1.4 cm (Soule, 1969; Farooque 

et al., 2014). Metzger and Ismail (1976) reported that the average fruit yield was 960 kg ha-1 during 

1969 to 1974. This average increased to 1580 kg ha-1 during 1985 to 1989 for selected wild 

blueberry fields (DeGomez and Smagula, 1990). The wild blueberry yield has increased by an 
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average of 2.3 million kg each year over a 20 year (Yarborough, 2004). Since 1980s, fruit yield 

has increased by approximately 37 million kg in the State of Maine and 55 million kg in Atlantic 

Canada and Quebec (Yarborough, 2013). This increase in fruit yield demanded for mechanized 

harvesting of wild blueberries. 

Over the past 100 years, wild blueberry fields have been harvested with hand rakes 

(Yarborough, 1992). The picking efficiency of the manual raking was reported to be 80% as it 

required skilled labor (Kinsman, 1993). Significant increase in fruit yield, high labor costs, 

shortage in labor quality, shorter harvesting season, uneven field topography, and variability in 

plant and fruit characteristics were the basis for the development of a mechanical blueberry 

harvester (Yarborough, 2002). Gray (1969) developed a hollow reel raking mechanism machine, 

which has served as the basis for today’s harvester. Sibley (1992) indicated that picking efficiency 

of Gray’s hollow reel raking machine was 80 to 85% during lab experiments, but it could pick 

only 30 to 35% in fields due to variability in crop characteristics and rough terrain. Hall et al. 

(1983) evaluated the picking efficiency of the blueberry harvester, which revealed 68% berry 

recovery in weedy fields and 75% in well managed fields. Rabcewicz and Danek (2010) evaluated 

the picking performance of a raspberry harvester and observed approximately 20% fruit loss during 

mechanical harvesting of raspberries. Maurin (2009) reported that higher ground speed of the 

harvester can cause more losses during mechanical harvesting of soybean. Farooque et al. (2014) 

evaluated the performance efficiency of a commercial wild blueberry harvester at different ground 

speeds and head revolutions. They reported that the fruit losses during mechanical harvesting 

ranged from 8 to 18% within selected wild blueberry fields. They also indicated an optimum 

combination of ground speed and header revolution can minimize berry losses during mechanical 

harvesting. 
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Currently, more than 80% of wild blueberry fields in Canada are mechanically harvested 

with the remaining 20% still being hand raked due to limitations in field terrain (PMRA, 2005). 

The wild blueberry industry is facing 15 to 25% berry losses during harvesting with the existing 

commercial blueberry harvester. These berry losses are partially caused by the changes in crop 

conditions (plant and fruit characteristics) and rough terrain. Weber and Fehr (1966) tested the 

soybean combined harvester at different cut of plant heights from the ground surface. They 

suggested that a height of cut higher than 15 cm from the ground resulted in an increased harvesting 

losses. Several researchers have evaluated the berry picking performance of the mechanical 

harvester during variable time span at different harvester settings (Soule, 1969; Hall et al., 1983; 

Farooque et al., 2014). To our knowledge no research has been published to report an optimum 

combination of machine parameters and wild blueberry crop characteristics to increase harvestable 

berry yield. Therefore, there is need to investigate the effect of crop characteristics on berry picking 

efficiency of the harvester. 

There are a variety of factors are involved to contribute in fruit losses during harvesting. 

These include crop and machine parameters, operator skills, weather fluctuations, disease and 

insect damage, weed coverage, time of harvesting, lodging of crop, maintenance of the harvester 

and many uncontrollable factors (Salter et al., 1980; Farooque et al., 2013; Farooque, 2015). The 

relationships among these factors are usually non-linear, demanding for a robust technique to 

analyze these relationships. Harvesting process which governs the picking performance of a 

mechanical harvester are considered as complicated and non- linear for various cropping systems 

(Chen et al., 2001). Proper understanding of these relationships can suggest ideal operational 

settings to improve berry picking efficiency of the harvester. A predictive approach is considered 

to be more appropriate in cases where inputs (machine parameters and crop characteristics) and 
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output (berry losses) are intrinsically variable. Modeling of such non-linear relationships using 

mathematical algorithms can provide valuable information to improve picking performance of the 

mechanical harvester. Modeling will also account for the variations in plant and fruit 

characteristics to suggest optimal machine operating parameters for effective berry recovery. The 

data driven model will certainly become more reliable through time and will be able to adapt to 

unforeseen changes in the data (Huang and Foo, 2002). Understanding and predicting the 

relationships between the machine operating parameters and crop characteristics can be helpful for 

efficient berry recovery. There is a need to investigate the interactions between crop and machine 

parameters that may help to suggest optimal scenarios to reduce harvesting losses during 

mechanical harvesting. Therefore, this research was initiated to determine the optimum 

combination of machine parameters and crop characteristics to reduce berry losses during 

harvesting. Increased harvesting efficiency will generate more revenue for the farmer’s community 

to justify the ever increasing cost of wild blueberry production. 

1.1 Objectives 

The objectives of this study are to: 

1. Determine the effect of plant characteristics on the picking efficiency of the wild blueberry 

harvester; 

2. Identify the impact of  the fruit characteristics on berry losses during harvesting; and, 

3. Determine the optimum combination of crop characteristics and machine parameters for 

effective berry recovery during mechanical harvesting using artificial neural network. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Wild Blueberry Cropping System 

Canada produced record berries 100.6 million kg in 2014, which is more than 1.5 times of 

2013 crop (Yarborough, 2015). USDA National Agricultural Statistics Service (2015) reported 

that the wild blueberry crop for Maine was totaled 47.4 million kg in 2014; it was the second 

largest crop since 2000. Wild blueberries are not planted like other crops but it develops by 

removing forests and rocks from areas that have already sufficient coverage of blueberries 

(Trevett, 1962).  Newly developed wild blueberry fields may have 30% to 50% area of bare spots 

and weed patches (Zaman et al., 2010). These fields develop in well-drained, infertile and acidic 

(pH. 4.5 to 5.5) soil (Trevett, 1959). Wild blueberry is naturally a perennial crop but to enhance 

the floral bud initiation, fruit production and ease of mechanical harvesting, it is forced into 

biennial production system by pruning in alternating years (Hall et al., 1979). 

Wild blueberry fields are managed on a two year production cycle (Eaton, 1988), pruning 

is the first management practice which forces the wild blueberry crop from its natural perennial 

production system into a biennial production system which improves plant growth and fruit yield 

(Hall et al., 1979). Pruning also tries to control the germination of weeds and grasses to remain 

plants dominant in the field (Trevett, 1962). Plants grow vegetatively in the middle of May after 

pruning in the sprout year, and initiate flower buds formation for the crop year from August to 

October (Hall et al., 1979). The crop is covered with snow during the winter dormancy period and 

the blueberry flower buds develop in the following spring (Eaton and Nams, 2006), and flowering 

occurs in May and June in the second year. The flowers are pollinated for fruit production by 

insects or bee hives and berries develop quickly after fertilization of ovules (Bell, 1950). The wild 

blueberry fruit remains quiescent during June and July, and then they further increase in size and 

mature until harvest. Usually wild blueberry harvesting is carried out by hand rakes or mechanical 
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harvester in August to early September, when almost 90% berries are fully ripe (Kinsman, 1993). 

Wild blueberry has been harvested by metal hand rakes for many decades (Dale et al., 1994), but 

now more than 80% fields are harvest mechanically (Yarborough, 1992). Mechanical harvesting 

is more efficient when compared to hand raking as a mechanical harvester can harvest over 1 

hectare per day (Kinsman, 1993).  

In the Atlantic Provinces of Canada wild blueberry production has significantly increased 

over the past 20 years (Yarborough, 2004). Berry yield has increased due to a range of improved 

management practices which include; weed control, insect and disease control, fertilizer 

applications, pruning and pollination (Yarborough, 2007). These management practices also 

changed the crop characteristics, which increase in plant growth and fruit yield (Yarborough and 

Ismail, 1985; Eaton, 1994; Litten et al., 1997). Fruit yield has been increased two to three fold in 

last two decades (Yarborough, 2004) and plant height increased more than 30 cm by continuous 

application of fertilizer in wild blueberry fields (Percival and Prive, 2002). Visual observation 

reveals that management practices also enhanced the larger fruit zone, fruit size, plant density and 

stem thickness.  

A workable wild blueberry harvester was developed in 1980s to improve harvesting 

efficiency (Dale et al., 1994), but significant increase in fruit yield and change in crop 

characteristics increased the harvesting losses in last two decades (Yarborough, 2004). Wild 

blueberry growers traditionally use 1.6 km h-1 ground speed and 28 header RPM of the mechanical 

harvester (Sibley, 1994). By these settings wild blueberry industry is facing 15 to 25% berry losses 

during mechanical harvesting (PMRA, 2005). Therefore, this present study emphasizes the need 

to find a better settings of a harvester in conjunction with crop characteristics to reduce the 

harvesting losses and improve berry picking efficiency of the wild blueberry harvester.  
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2.2 Effect of Improved Management Practices on Plant Growth and Fruit Yield 

More than 67% of the wild blueberry crop is grown in Quebec and Atlantic Canada, with 

the remaining 33% being grown in Maine, USA (Yarborough, 2013). The wild blueberry crop in 

Quebec in 2014 was 35 million kg, which is considerably higher than previous 5 year average of 

23 million kg. In Nova Scotia, growers have improved management practices and increased 

number of honeybees in their fields which increased the wild blueberry crop over 28 million kg in 

2014 (Janet, 2015). New Brunswick produced a record crop in 2014 that was more than 27 million 

kg by contribution of good pollination in wild blueberry plants (Melanson, 2015). Prince Edward 

Island (PEI) also had a bumper crop at 10 million kg due to increase in growing number of acres 

coming into production and is expected to improve berry production in future (Yarborough, 2015). 

However, most of the gains in yield are due to better management practices in wild blueberry 

fields. The improved management practices using selective herbicides, fungicides, fertilizers, 

pruning method and pollination have resulted in healthy and tall plants, higher plant density, and 

significant increases in fruit yield within wild blueberry fields (Eaton, 1994; Litten et al., 1997; 

Yarbrough, 2004). Over the past 20 years, all of these management practices have been combined 

to improve wild blueberry fruit yield by an average of 2.3 million kilogram each year (Yarborough, 

2004). Growers also changed the harvesting operation from hand rakes to mechanical harvester 

due to significant increase of the efficiency of berry production (Dale et al., 1994).  

2.2.1 Land Improvement  

The wild blueberry covers more than 93,000 ha under management in North Eastern North 

America (Yarborough, 2013). Wild blueberry fields have increased with over 12,700 ha of new 

fields added in past 20 years (Yarborough, 2009). Yarborough (2013) reported that the wild 

blueberry production area in Atlantic Canada and Main have increased and revealed that Quebec 

has 32,184 ha area under management. New Brunswick and Nova Scotia have wild blueberry 
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cropping area above 13,400 ha and 16,187 ha, respectively (WBANA, 2013; Yarborough, 2013) 

and in PEI there is approximately 4,450 ha in production (Chris, 2008). Newfoundland and 

Labrador has more than 1,000 ha wild blueberry fields to produce berry fruit (Yarborough, 2013). 

Half of wild blueberry fields are harvested annually because of the two-year production cycle 

(Hepler and Yarborough, 1991). Production of wild blueberry has increased on the average by 2 

to 3 fold by increase in number of hectares over the past 20 years (Yarborough, 2004). Besides the 

fruit production, crop characteristics have been also changed due to improvements in management 

practices within wild blueberry fields (Eaton, 1994; Yarborough, 2004). 

2.2.2 Pruning 

Naturally grown wild blueberry is forced perennial production system to biennial 

production by regular pruning for better plant growth and berry yield (Hall et al., 1979). It also 

helps the blueberry plants to remain dominant by controlling weeds within the fields (Trevett, 

1959). Most of the fields are pruned in late fall or early spring (Warman, 1987), with no differences 

detected between spring versus fall pruning (Ismail and Yarborough, 1979). Pruning can be done 

either by burning or by flail mowing (Trevett, 1959). Ismail et al. (1981) reported that pruning was 

done by burning straw or a tractor-drawn oil burner in wild blueberry fields. Burning of fields has 

the advantage of controlling disease, insect and weeds within the fields (Warman, 1987). However, 

continuous burning can deplete the organic matter of the surface layer more with an oil burner than 

with straw burns (Smith and Hilton, 1971), since wild blueberry rhizomes usually grow 2 to 10 cm 

from the soil surface (Eaton and Jensen, 1997). In 1974, after the increase in oil prices, flail 

mowing technique was widely adopted in all wild blueberry fields and substantially reduced the 

production cost as compared to burning (Yarborough et al., 1986; Yarborough and Drummond, 

2001).  
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Several studies were conducted and reported on the effect of pruning methods on plant 

growth and berry yield (Trevett and Durgin, 1972; Ismail and Yarborough, 1979; Ismail et al., 

1981). Warman (1987) and Ismail et al. (1981) found almost double berry yield in burned plots as 

compared to mowed plots. Penney et al. (2008) also reported that higher mean berry yield in burned 

plots than in unburned plots in wild blueberry fields. Contrary to these results, mowing within 1 

cm would produce equivalent berry yield to burning (Smith and Hilton, 1971; Ismail and 

Yarborough, 1979; Smagula and Dunham, 1995). Moreover, Ismail et al. (1981) reported that 

mowing produced more branched stems and a higher plant density than oil burning and also 

increase in total stem length (20.4 cm) as compared with burning (14.0 cm). Eaton et al. (2004) 

concluded that mowing at different height of cut did not affect the plant height, floral buds and 

fruit yield. Although mowing produced lower yields than burning; the flower buds did not differ 

between the two pruning techniques (Ismail and Hanson, 1982).  

2.2.3 Weed Management 

Weed species in wild blueberry fields typically grow above the blueberry canopy and 

absorb most of the sunlight (Chandler and Mason, 1946); thus the floral bud numbers do not 

generate efficiently due to inadequate sunlight received by blueberry plants (Smagula and Ismail, 

1981). Weed competition in blueberry fields can negatively affect floral bud development, hinder 

harvest operations, and decrease berry yield quality (Penney and McRae, 2000; Kennedy et al., 

2010). More than 100 weed species, ranging from annual herbs, grasses, perennial shrubs, and 

woody perennials are common in all wild blueberry fields (McCully et al., 1991). Eaton (1994) 

found significant differences in plant height, plant density and fruit yield in weedy plots with weed 

free plots due to the application of fertilizers with herbicides. Yarborough and Marra (1997) 

observed 1000 kg ha-1 reduction in berry yield due to presence of weeds in wild blueberry field. 

Patten and Wang (1994) indicated that linear reduction in cranberry yield with weed populations. 
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Application of herbicides can increase blueberry yield and plant growth effectively (Yarborough 

and Bhowmik, 1988; Penney and McRae, 2000). Prior to 1980s, growers controlled weeds by 

cutting, burning and directed spot application of non-selective herbicides (Jensen and Specht, 

2002). However, dramatic increase in berry yield was observed with selective herbicides for wild 

blueberry production after 1980s (Jensen, 1985; Jensen and Kimball, 1985). According to 

Yarborough et al. (1986) and Eaton (1994), herbicide applications have resulted in significant 

decrease of weed pressure and appear to reflect greater plant stands as well as increased berry 

production. Traditionally, herbicides and fungicide are applied to control competing weeds and 

disease both in prune and production years, which encourage healthier plant and higher fruit 

production (Yarborough, 2004). Wild blueberry yield may increase 50 to 100% by controlling 

weeds within wild blueberry fields (Yarborough and Bhowmik, 1988; Percival and Dawson, 

2009). 

2.2.4 Fertilization 

Wild blueberry farmers apply fertilizers after pruning in vegetative year to improve plant 

growth and berry yields (Percival and Sanderson, 2004). Although fertilizers have significantly 

affected the growth of blueberry plants, it also encourage the spread and growth of weeds within 

the fields (Penney and McRae, 2000). Fertilizer uptake by grasses and other weeds normally 

restrict the growth of blueberry plants (Yarborough and Ismail, 1985). Researchers suggested that 

the fertilizers and herbicides can be effectively used to improved wild blueberry growth without 

stimulating weeds (Hepler and Ismail, 1985; Yarborough et al., 1986; Eaton, 1994). Input of 

fertilizer may increase the number of floral buds as they are related to fruit development and berry 

yield (Jeliazkova and Percival, 2003). Sanderson and Eaton (2004) reported that the use of fertilizer 

resulted in significant increase of plant height, floral buds and fruit yield. Townsend and Hall 

(1970) examined the leaf nutrient concentrations in wild blueberry plants. They showed that 
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nutrient concentration in the leaf increased in early fall during sprout year and decreased in same 

period of crop year. Nitrogen (N) plays a vital role in improving plant growth by increasing plant 

height and number of branches per plant (Bourguignon et al., 2006). 

  Generally, wild blueberry growers used nitrogen, phosphorus (P) and potassium (K) 

fertilizers, which have N, P and K formulation ratio such as 13-26-5, 14-18-10, or 18-46-0 (Eaton 

et al., 1997). N and P nutrient deficiency levels in wild blueberry plants are determined by foliar 

analysis (Yarborough and Smagula, 1993). Diammonium phosphate (DAP) fertilizer or 

monoammonium phosphate (MAP) fertilizer is normally used by growers to manage their field’s 

fertility levels (Smagula and Yarborough, 1999). Eaton (1994) checked the long term effect of 

herbicides and fertilizers on blueberry growth and production from 1979 to 1991. He also 

measured the stem height (11 to 22 cm), plant density (200 to 250 stems per m2), fruit buds (3 to 

7 fruit buds per stem) and average yield (2000 to 4000 kg ha-1). Litten et al. (1997) used DAP 

fertilizer in phosphorus limited soils and found an increase in the number of flower buds and yield 

from 4,900 to 6,235 kg ha-1. Fruit yield increased two to three fold by continuous application of 

fertilizer, herbicides and pruning methods in wild blueberry fields (Eaton, 1994; Yarborough, 

2004). Saleem (2012) applied fertilizer on a site-specific basis with a variable rate granular (VRG) 

fertilizer spreader using prescription maps based on variation in slope within wild blueberry fields. 

He demonstrated that variable rate (VR) fertilization in wild blueberry fields improved fruit yield.  

2.2.5 Pollination 

Wild blueberry flowers are more than 85% dependent on insect pollination for fruit set and 

yield (Bigras-Huot et al., 1972; Savoie et al., 1993; Morse and Calderone, 2000). Growers usually 

pollinates their fields in July of crop year in order to improve the berry production (Campbell, 

2008). Numerous species of insect search in nectar and pollen from flowers and in return, the 

insects unintentionally pollinate the flowers (Yarborough, 2002). An appropriate pollination 
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requires viable seeds for well-developed blueberry fruits (Perron, 1985). Wood (1961) showed that 

a better fruit set could be obtained in wild blueberries by using honeybees. Karmo (1974) 

encouraged the use of honeybees in Nova Scotia’s and Maine’s wild blueberries fields, to improve 

pollination and better fruit development. Four to eight hives are appropriate to pollinate the area 

of 1 ha (Ismail, 1987). Yarborough (2004) indicated that blueberry yield increased by 785 kg ha-1 

in Maine’s fields with the use of honeybee hives. Moreover, in Nova Scotia yield increased by 192 

kg ha-1 with each honeybee colony, the growers increased number of hives by four colonies in one 

hectare (Eaton and Nams, 2012). Over the last 20 years, use of honeybee pollination has 

substantially increased in all growing wild blueberry fields (Drummond, 2012). Although some 

growers are using alternate pollinators (e.g bumble bees and alfa-alfa bees) to diversify, honeybees 

still remain the dominant pollinator because of price and availability (Stubbs and Drummond, 

2001).  

2.3 Wild Blueberry Harvesting 

2.3.1 Harvesting by Hand Raking  

The wild blueberry fruits stay on the plant fully ripe until the maturity of greener berries 

(Dale, 1999), which is usually not harvested until almost 90% berries change their color into blue 

(Kinsman, 1993). Generally, harvesting occurs in early or mid-August and completed within three 

to four weeks (Trevett, 1959; Yarborough, 1997). Wild blueberries must be harvested prior to the 

first frost (Kinsman, 1993). Wild blueberry crop is harvested either by hand raking or 

mechanically. For several decades, this unique crop was harvested using metal hand rakes. In last 

two decades, wild blueberry acreages and crop characteristics have changed by involvement of 

improved management practices within fields, which shifted the harvesting operation from hand 

rakes to mechanical harvester (Yarborough, 2004). Kinsman (1993) indicated that the blueberry 

rakers also faced a major problem by the presence of weed species within the field, which reduced 
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raking speed and/or picking efficiency. To overcome these unresolved issues, research on the 

development of the mechanical harvester started in late 1940s (Rhodes, 1961).  

2.3.2 Mechanical Harvesting of Wild Blueberries 

Harvesting of the wild blueberry represents the major expense in the blueberry production 

system (Yarborough, 1992). A significant increase in berry yield as well as change in harvesting 

scenarios, encouraged the development of a viable mechanical harvester (Holbein, 1991; Dale et 

al., 1994). The fundamental factors for the development of a mechanical harvester were: issues 

surrounding hand raking, uneven field topography, plant stature, and issues surrounding weeds. 

Many researchers attempted to develop a mechanical harvester prior to the 1980s for wild 

blueberry crop (Rhodes, 1961; Soule, 1969; Grant and Lamson, 1972; Richard, 1982). Hall et al. 

(1983) determined that a workable machine could not be adopted because of difficulties 

surrounding both the harvester itself as well as site-specific field conditions. 

In 1947, research on the development of mechanical harvester was started at Agricultural 

Engineering Department, University of Maine, USA (Kinsman, 1993). A stationary comb concept 

was developed in 1957 to pick blueberries and an external vacuum collector was attached for the 

berry collection (McKiel, 1958). Hayden Separator Company (Massachusetts, USA) designed a 

harvester that was similar to cranberry picker machine (Dale et al., 1994), consisting of a series of 

six raking combs which raked the berries in the opposite direction of the machine movement 

(Rhodes, 1961). This machine revealed poor picking performance and also ploughed the soil 

during harvesting operation (Rhodes, 1961). Hollow reel raking mechanism was developed by 

Gray (1969), which also served as the basis for today’s harvesters (Dale et al., 1994). Soule (1969) 

indicated that Gray’s harvester was able to pick 80 to 85% in the lab experiment, however 

harvesting efficiency dropped to 30 to 35% in the field. MacAulay (1975), after a few 

modifications was able to increase the picking performance of Gray harvester. In mid 1970s, a 
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modified cranberry harvester showed 56% harvesting efficiency, similar to hand raking, but 3.8 

times faster than hand harvest (Yarborough, 1992). In 1979, a successful harvester was developed 

by the Bragg Lumber Company in Collingwood, NS. This harvester increased the picking head 

width and hydraulic control systems for head height, head rotational speed, speed control for 

conveyors, and belts (Yarborough, 1992; Dale et al., 1994). There was an ongoing effort to develop 

a smaller, more efficient harvester that produces better fruit quality equivalent to hand-raking 

(Yarborough, 2002). 

Recently, it has been demonstrated that mechanical harvesting operation has been done 

more than 80% in wild blueberry fields and rest of fields are still being used hand rakes due to 

severe slopes or rough terrain (PMRA, 2005). In Atlantic region of Canada, there are more than 

2,000 wild blueberry harvesters are in operation, with single, double or triple picking heads. Since 

1960, several studies have been performed for the testing evaluation of wild blueberry harvester 

(Rhodes, 1961; Abdalla, 1963; Soule, 1969; Hall et al., 1983; Sibley, 1994; Farooque et al., 2014). 

Limited research has been conducted to improve picking efficiency of the wild blueberry harvester 

in relation with crop characteristics and machine operating parameters.  

2.4 Effect of Plant and Fruit Parameters on Harvesting Losses 

The wild blueberry harvesting losses has been increased with existing harvesters due to 

changes in crop characteristics (plant height, plant density, stem thickness, fruit yield, fruit zone 

and fruit size). These losses are function of machine operating and plant growth prospects of wild 

blueberry crop (Farooque et al., 2014; Farooque, 2015). Soule and Gray (1972) indicated that the 

picking performance of a wild blueberry harvester was better in weed-free fields as compared to 

weedy and rough fields. Hall et al. (1983) showed that the DBE blueberry harvester picking 

efficiency was 68% in weedy fields but 76% in smooth weed free fields. Sibley (1994), through 

engineering modifications, improved the efficiency of DBE blueberry harvester for better fruit 
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recovery. Farooque et al. (2013) mounted multiple ground-based sensors onto a commercial wild 

blueberry harvester to sense the plant height, fruit yield, and topographic features in real-time. The 

information obtained from this system could help to estimate fruit loss during mechanical 

harvesting. Farooque et al. (2014) reported that the berry losses during mechanical harvesting were 

linear function of fruit yield indicating an increase in berry losses with the increase in berry yield. 

They suggested that an optimum ground speed and header revolution in accordance with the crop 

parameters can significantly enhance the picking performance of a blueberry harvester. 

Many researchers have evaluated the performance of different mechanical harvesters for 

effective crop recovery. Chen et al. (2012) found better fruit removal and less fruit damage with 

vibratory shaker for sweet cherry, which reduced 5 to 10% fruit losses than mechanical harvester. 

Philbrook et al. (1991) observed 37% grain losses of soybean in the areas with more dense and 

lodged plants. Rabcewicz and Danek (2010) obtained 1 to 5% raspberries fruit losses on the ground 

due to shattering of raspberry plants during mechanical harvesting. Weber and Fehr (1966) 

observed 5 to 12% yield losses at different cuts of plant heights from the ground surface with the 

soybean combined harvester. Maurin (2009) suggested that the higher ground speed of the 

harvester with an inadequate cutting height of the soybean can cause more losses during 

mechanical harvesting. In soybean harvesting, the picker bars should make contact with the top 

one-third of the plant to achieve a better yield (Huitink, 2013). Lodging can result in declination 

of picking efficiency and increase in harvest losses (Woods and Searingin, 1977). Holshouser 

(2011) reported that the harvest losses can vary from 3 to 10% due to lodging in soybean fields. In 

highbush blueberry losses often reached 20 to 30% due to over ripe berries missed or spill away 

on the upright bush with commercial mechanical harvesters (Mainland, 1993; Takeda et al., 2008). 

In wild blueberries, limited research has been reported in order to improve harvesting efficiency. 
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Therefore, this study is emphasizing the need to study the harvesting dynamics in spatially variable 

crop characteristics of wild blueberry. That would be able to identify an optimum operating 

condition in accordance to field variability, which could be possible to increase the harvestable 

yield and farm profitability. 

2.5 Modelling Approach 

There are many factors that affect the harvest losses during picking operations. These 

include machine settings, crop characteristics, field conditions, climatic conditions, and operator 

skills (Salter et al., 1980). Operator has to adjust the harvester’s settings during harvesting 

according to crop conditions in the field (Hiregoudar et al., 2011). Harvesting losses reveal 

complex interactions and non-linear behavior between crop and machine dynamics during machine 

operation (Adams et al., 1998; Bryant et al., 2000). Therefore, an appropriate model or a 

mathematical approach is always useful for better understanding of these complicated systems, 

which act as tool for evaluating agricultural and environmental problems to improve crop 

productivity (Minasny and McBratney, 2002). Solomatine and Ostfeld (2008) indicated that a data-

driven modelling technique is used to find relationships between the system state variables without 

considering physical behavior of the system. Data driven modelling approach enhances the 

efficiency of machine by computational methods and algorithms, which replace much time 

consuming human activity with automatic techniques and increase the level of automation (Simon 

and Langley, 1995). Artificial Neural Network (ANN) one of the example of data driven modelling 

approach, which has been recognized as a powerful tool capable of performing better than 

conventional statistical models, particularly in those case where functional relationships are 

multiple and non-linear (Chen et al., 2001). These distinguish characteristics have led to ANN 

model being extensively used in several engineering research (Sablani et al., 1995; Chen et al., 

1998). 
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ANN modelling technique was used in the field experiments in 1980s, but research has 

been increasing significantly in last decade (Pahlavan et al., 2012). The main interest in ANN 

models is due to its generic nature, flexibility and best approximation capabilities (Cybenko, 1989; 

Hornik et al., 1989). ANN models are developed for data classification, optimization, prediction, 

and other purposes of the complex systems (Maier and Danday, 2000). This technique was 

developed on basis of natural neurons in living organisms to solve complex computational 

problems (Bishop, 1994). The ANN modelling approach is an interconnected nodes network. 

Furthermore, its artificial neurons/nodes are connect or transmit the information from input layer 

to output layer, where the model altering it according to the data used to calibrate the nodes by 

weights manipulation and adjustment (Maier and Danday, 2000). Final output is achieved through 

processing of information; each node has direct communication link with correspondence nodes 

with an associated weight function. Simply these nodes are connected to each other in such way: 

observations (input layer), intermediate nodes (hidden layers or black-box) and final output (output 

layer) (Setiono et al., 2000). Hornik et al. (1989) explained the hidden layer “black-box” 

singularity, it typically receive adjusted weight inputs from the input or previous hidden layer, do 

transformations on receiving inputs, and pass to the next adjacent layer, which can be final output 

or another hidden layer. The purpose of weights adjustment is reduce the discrepancy between 

predicted and actual values (Wilby et al., 2003). Bishop (1994) indicated that gradient descent 

method based on the delta rule is used to compensate the errors and weight adjustment during 

training the model. The minimum value of mean square error (MSE) or root mean square error 

(RMSE) indicates a well-trained ANN model (Anyaeche and Ighravwe, 2013). McCulloch and 

Pitts (1943) determined the transfer function and learning algorithms those are associated with 

data between the layers. Kaul et al. (2005) indicated that linear function is an appropriate to transfer 
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data from the input layer to the hidden layer, whereas sigmoid functions used to transfer data 

between the hidden layers to output layer. Several procedures (an appropriate network selection, 

training algorithm, suitable network structure, epoch size, analyzing trained model, post-

processing and validation of model)  are involve to develop a best trained model for any application 

of ANN (Bishop, 1995; Haykin, 1999). Over-training of model can be reduce the efficiency of 

model (Qin, 1999). Bishop (1995) suggested that over-training of network can be avoided by 

including regularization theory, which tries to smooth network predictions and cross validation via 

an independent dataset (Braddock et al., 1998). Improving network generalization by using the 

adequate-size network can avoid the over-fitting or under-fitting network problems (Huang and 

Foo, 2002). 

ANN modelling has been used in several applications such as, various managerial problems 

(Hakimpoor et al., 2011), yield predictions (Alvarez, 2009), disease estimation (Batchelor et al., 

1997), forecasting growth stages (Clapham and Fedders, 2004), agrochemicals assessment (Yang 

et al., 1997), flood forecasting (Wright and Dastorani, 2001), rainfall-runoff predictions (Sobri et 

al., 2012), stream flow estimations (Wright et al., 2002), and water level prediction (Patrick et al., 

2002; Huang et al., 2003). Shahin et al. (2001) concluded that ANN has the better performing 

potential as compared to other traditional predictive methods in geotechnical engineering. In 

decision making cancer studies, ANN model revealed a better quality result over other non-linear 

forecasting models (Paulo et al., 2006). Moreover, the ANN has wide application in industrial area. 

For example, Saanzogni and Kerr (2001) applied feed-forward ANN in evaluating milk 

production, Fast and Palme (2010) investigated the use of the ANN in condition and diagnosis of 

a combined heat and power plant. Braga (2000) accurately predicted spatial patterns of corn yield 

in relation to agronomic variables, topographic features and seasonal variability using a BP-ANN 
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model. Farooque (2015) used artificial neural network (ANN) and multiple regression (MR) 

techniques to identify the factors responsible for fruit losses in wild blueberry fields. Results of his 

study indicated that the ANN model was able to predict fruit losses accurately and reliably as 

functions of several input variables. Literature search shows limited work regarding the application 

of the ANN for berry losses in wild blueberry cropping system. This situation emphasizes the need 

to develop a predictive model by employing the ANN modelling for quantification of fruit losses 

as a function of machine parameters, plant and fruit characteristics. This practice will enable us to 

predict optimal harvesting scenarios to enhance berry picking efficiency.  
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Site Selection 

To achieve the objectives of this study, four wild blueberry fields were selected in central 

Nova Scotia and New Brunswick to examine the effect of plant characteristics on picking 

efficiency of the wild blueberry harvester. These fields were in the Earltown (Field A) (45.60°N, 

63.09°W; 1.9 ha), Tracadie (Field B) (47.28°N, 65.14°W; 1.6 ha), Debert-I (Field C) (45.45°N, 

63.45°W; 1.01 ha) and East Mine (Field D) (45.43°N, 63.48°W; 3.88 ha) in 2011, 2012, 2013 and 

2014, respectively (Fig. 3-1).  

Four separate wild blueberry fields were selected in central Nova Scotia to examine the 

effect of fruit characteristics on berry losses during harvesting. These four fields were in the 

Londonderry (Field E) (45.48°N, 63.57°W; 3.20 ha), Highland Village (Field F) (45.24°N, 

63.40°W; 2.57 ha), Hardwood Hill (Field G) (45.42°N, 63.52°W; 2.05 ha,) and Debert-II (Field 

H) (45.44°N, 63.45°W; 1.01) in 2011, 2012, 2013 and 2014, respectively (Fig. 3-2). Over the past 

decade, these fields had been under commercial management and received biennial pruning by 

mowing along with weed, and disease management practices.  

3.2 Experimental Design 

3.2.1 Effect of Plant Characteristics  

Three levels of ground speed (1.2, 1.6 and 2.0 km h-1) and header rotational speed (RPM) 

(26, 28 and 30 RPM) of the harvester were selected for this study. Plant height (PH) was classified 

into two different classes, i.e., tall plants > 25 cm and short plants ≤ 25 cm. Similarly, blueberry 

plant density (PD) was also categorized as, low PD (PD ≤ 530 plants/m2) and high PD (PD > 530 

plants/m2). Four different combinations of PH and PD were established in each field during 

harvesting. These combinations were tall plant - low plant density, tall plant - high plant density, 

short plant - low plant density and short plant - high plant density.
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Figure 3-1: Layouts of selected wild blueberry fields, (A) Earltown, (B) Tracadie, (C) Debert-I, 

and (D) East Mine. 
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Figure 3-2: Layouts of selected wild blueberry fields, (E) Londonderry, (F) Highland Village, 

(G) Hardwood Hill and (H) Debert-II.
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A 3 × 3 factorial design was used to examine the effect of harvester’s ground speed and 

header RPM on berry losses for each combination of plant characteristics. Stem thickness (ST) 

was also measured for each combination of PH and PD, and used as a covariate for data analysis. 

The data were collected in four consecutive years from selected fields. The year of data collection 

was treated as a block or replicate in data analysis. Thirty six plots were constructed randomly in 

each field. The wild blueberry harvester was operated at nine treatment combinations of ground 

speed and header RPM for each combination of PH and PD.  

3.2.2 Effect of Fruit Characteristics 

The experimental design used to determine the effect of fruit characteristics was similar to 

that used for plant characteristics. For this experiment, fruit zone (FZ) and fruit yield (FY) were 

categorized into different classes, which were low FZ (FZ ≤ 17 cm), high FZ (FZ > 17 cm), and 

low FY (FY ≤ 3000 kg ha-1), high FY (FZ > 3000 kg ha-1), respectively. Thirty six plots were 

selected randomly in each field to accommodate nine treatment combinations of ground speed and 

header RPM for each of four combinations (low fruit yield - low fruit zone, low fruit yield - high 

fruit zone, high fruit yield - low fruit zone, and high fruit yield - high fruit zone) of fruit 

characteristics. Fruit diameter (FD) was used as a covariate for each combination of fruit 

characteristics. The picking performance of the blueberry harvester was examined in relation to 

four different combinations of fruit characteristics and machine operating parameters.  

3.3 Harvesting Operation 

A Commercially available single head wild blueberry harvester designed by the DBE, Ltd. 

mounted on a 62.5 kW John Deere tractor was used in all selected fields during harvesting (Fig. 

3-3). Farooque et al. (2014) outlined the operating mechanism of wild blueberry harvester. A 

Hydraulic control system is mounted inside the tractor cabin to control the rotating head speed and 

direction of head rotation, head height, cleaning brush and conveyors. The harvester head contains 
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sixteen teeth bars with equally spaced sixty seven bowed teeth on each bar mounted to the edge of 

the head. All teeth bars are fixed with cam followers and rotate by the shape of cam. The picker 

bars pick the berries during harvesting with different tip velocities at selected levels of ground 

speed and header RPM. Operator can change or adjust the rotational speed (RPM) of the head and 

its movement through the plants by hydraulic control system. 

 
Figure 3-3:  Single head wild blueberry harvester. 

The proper harvesting operation can be achieved by altering the header RPM, which could provide 

moderate lift for effective berry recovery while reducing berry losses. The picking performance of 

the harvester head is increased by a cleaning brush rotating at the top of the picking head which 

removes debris and any other foreign material stuck between the teeth bars. The picker bars throw 

down the picked berries onto the inside conveyer and side conveyor transport harvested berries to 

the storage bin behind the harvester. The blower fan installed at the end of side conveyer is used 

to blow off leaves and any debris from the berries prior to drop in storage bin. The harvester head 

height from the ground is maintained by a guide wheel in the front of the harvester head. Based on 
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the PH and FZ of the wild blueberry crop, the operator is able to change the height of the 

harvester’s head manually in order to increase the efficiency berry picking. 

3.4 Data Collection 

Wild blueberry fields have substantial variability in fruit yields and other crop 

characteristics within and between fields. Newly developed wild blueberry fields may have 

significant proportion of bare spots and weed patches distributed throughout the fields (Zaman et 

al., 2010). Real Time Kinematic Global Positioning System (RTK-GPS) was used to mark selected 

yield plots. Field boundaries, bare spots and weed patches were also mapped using RTK-GPS. 

Yield plots (0.91 m x 3.0 m; same as the width of harvester head) were randomly constructed for 

each combination of plant and fruit characteristics (Fig 3-4). Five readings of PH and FZ were 

taken manually with simple ruler from each plot within selected fields as shown in Figure 3-5 (a 

and b). Similarly, ST and FD was recorded from each plot using Vernier caliper (Fig. 3-6, a and 

b). A 15 cm × 15 cm (0.025 m2) wooden quadrat was used to estimate PD from each selected plot 

(Fig. 3-7).  

 
Figure 3-4: Setting up yield plots in wild blueberry fields.  
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(a) 

 

 
(b) 

Figure 3-5: Manual measurement of (a) plant height and (b) fruit zone within selected plots. 
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(a) 

 
(b) 

Figure 3-6: Manual recording of (a) stem thickness and (b) fruit diameter within selected plots. 
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Figure 3-7: Calculation of plant density prior to harvest the plot. 

3.5 Quantification of Harvesting Losses 

3.5.1 Pre-harvest Berry Losses  

A wooden quadrat having dimensions same as the yield plot (0.91 m × 3.0 m) was placed 

on all selected plots to collect pre-harvest berry losses in each field. Pre-harvest berry losses were 

collected manually prior to harvest the selected plots within selected fields. The purpose of 

estimating pre-harvest loss was to determine the losses actually caused by mechanical harvester 

during harvesting of selected plots.  

3.5.2 Yield Collection and Fruit Losses during Harvesting 

The harvester was operated at all nine selected treatment combinations of ground speed 

and header RPM to collect fruit yield quantity and berry losses from each plot within selected 

fields. The picker bars were cleaned from any foreign debris prior to harvesting the plot and also, 

previously harvested berries were transported to the storage bin. Just before harvesting the selected 

plots, the harvester head was raised up and moved back (approximately, 5 m) to achieve the 
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selected treatment combination of ground speed and header RPM of the wild blueberry harvester. 

The harvester head was dropped down at the beginning of each plot to harvest the berry yield and 

raised up again after harvesting the plot. Fruit yield was collected by attaching a bucket to the 

harvester’s conveyer belt at storage bin during harvesting (Fig. 3-8a). The post-harvest berry losses 

(i.e., ground loss (GL), shoot loss (SL), and blower loss (BL)) were collected after harvesting the 

selected plots. Berries knocked onto the ground (GL) due to the impact of the harvester head were 

collected manually from each plot using a wooden quadrat (Fig. 3-8b). The unharvest berries left 

on the plants (SL) after harvesting were also collected and weighed. Berry losses through the 

blower fan was collected by attaching a bucket under the blower fan during harvesting of each 

plot. Collected berries from each plot were cleaned from leaves and debris. 

 
(a) 

 

Collection of fruit yield  

Conveyer belt 
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Figure 3-8: (a) Collection of fruit yield by attaching a bucket with conveyor during harvesting; 

(b) After harvest losses collection within selected plots. 

The cleaned berries were placed in labeled Ziploc bags and weighed using a balance 

(Denver Instruments Inc., NY, USA) to quantify the amount of berry losses and fruit yield. The 

collected data of fruit yield and berry losses was recorded in kilograms (kg) and reported as (kg 

ha-1). Total loss (TL) for each plot was estimated by adding up the GL, SL and BL. The percentage 

of losses was calculated using the following equations. 

Shoot losses (%) =
SL

TFY
  X 100    − − − − − − −  −(1) 

Ground losses (%) =
𝐺𝐿

TFY
  X 100   − − − − − − − − − (2)     

Blower losses (%) =
BL

TFY
  X 100   − − − − − − − − − (3)     

Total losses (%) =
TBL

TFY
  X 100   − − − − − − − − − −(4)      

TFY = YC + SL + GL + BL    − − − − − − − − − − − − (5)     

TBL =  SL + GL + BL   − − − − − − − − − − − −  − −(6)    

Collection of after harvest loss  
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Where, 

TFY = Total fruit yield collected from the harvested plot; 

YC = Yield collected by the harvester from the harvested plot; 

SL = Shoot losses due to berries left on the plants after harvesting;  

GL = Ground losses after harvesting;  

BL = Blower losses. 

TBL = Total berry losses. 

3.6 Statistical Analysis 

Minitab 17 (Minitab Inc. NY, USA) and SAS 9.3 (SAS Institute Inc., NC, USA) statistical 

software were used to perform the statistical analysis. Minimum, maximum, mean, standard 

deviation, coefficient of variation and skewness of the collected data were determined using 

descriptive statistics. Normality of the collected data was checked at the 5% level of significance 

using the Anderson-Darling (AD) test. Residual versus fitted plots were developed to verify the 

constant variance of the error terms. The violation of model assumptions led to suitable 

transformation of original data to induce normality and constant variance of the error terms. 

Independence of the error terms was achieved through randomization of treatments within selected 

field. Factorial analysis of covariance (ANCOVA) using general linear model (GLM) procedure 

was performed to study the joint effect of crop characteristics and machines operating parameters 

on berry losses during mechanical harvesting of the wild blueberry. Least square (LS) means was 

used as the method to perform multiple means comparison (MMC) of significant different 

treatments. 
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3.7 Artificial Neural Network Modeling 

The purpose of collecting data of crop characteristic, machine parameters, and berry losses 

was to develop a mathematical model that could be able to find an optimum combination of crop 

characteristics and machine parameters during harvesting. The modeling approach in this study 

utilized the Artificial Neural Network (ANN) concept, which has non-linear and multiple 

processing capabilities, and also known as a powerful tool capable of performing better than 

conventional statistical models (Farooque, 2015). In order to understand the complex interactions 

among the crop characteristics and machine operating parameters, the ANN model was developed 

to predict berry losses as function of several variables collected in wild blueberry fields. The idea 

behind this modelling technique was to consider only part of data which is on the ‘boundaries’ of 

the domain where data are given to make a relationship(s) between the datasets. These relations 

lead to find the best connects between the specific datasets. This mathematical approach requires 

minimum two datasets (Anyaeche and Ighravwe, 2013); first one for development (training and 

internal validation) and the latter for external validation. Therefore, collected data were combined 

and utilized as 70% for training and 30% for validation during experimentation. Points, which 

were outside of the range of input variables were removed (or avoid the extrapolation error) from 

validation data. However, the validation data covered all variability in collected crop 

characteristics data.  

3.7.1 Input and Output Variables 

For the development of the ANN model, crop characteristics including plant height, plant 

density, stem diameter, fruit yield, fruit zone, fruit diameter and machine operating parameters 

were chosen as input variables. Berry losses was selected as output variable. Inputs and output 

data were normalized to improve the performance of ANN model. The following equation was 

used for the normalization of the data and the values ranging from 0 to 1 (Farooque, 2015). 
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Where  

iu = Normalized value of input; iR = Actual value of input; iMin = Minimum value of input. 

iMax = Maximum value of input. 

3.7.2 Development of ANN Model  

Peltarion Synapse (Peltarion Systems®, Netherlands), a commercially available software, 

was used to predict an optimum combination between crop characteristics and machine operating 

parameters of wild blueberry harvester for minimum berry losses. It is a user friendly software and 

consists of different architectures of the network, variety of training algorithms, transfer functions, 

and the ability to articulate the critical network parameters such as, learning rate, momentum rule 

and epoch size. Using the capabilities of the software, all the data were mixed after normalization 

by mixture tool of the software. The 70% (n = 468) of the normalized data were utilized for 

training, a small portion of the training data (~15%; n = 72) was reserved for verification or internal 

validation and 30% (n = 198) for external validation during the model development. A back-

propagated artificial neural network (BP-ANN) was used to improve the model adequacy by 

adjusted weights. The ANN model converts the input nodes into final output (H) by weight transfer 

function. The process repeats until all the given inputs nodes resulted into the final layer of output. 

The network first predicts a target value by the estimation of output value from the inputs, and 

then adjusts the weights in order to reduce the errors between the network output and the target 

values. Minimum error corresponds to well-trained model. The model also uses ‘gradient descent 

method’ (Bishop, 1994; Hornik et al., 1989) for error minimization process in networking. In this 

neuron based structure, every input parameter is connected to the one hidden layer which is 

considered enough to model majority of continuous non-linear function (Fig. 3-9). According to 

  − − − − − − − − − − (7) 
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Torrecilla et al. (2004), more hidden layers in architecture may cause over-fitting or under-fitting 

of the model. 

 
Figure 3-9: Structure of ANN model 

For the prediction of berry losses during wild blueberry harvesting, six different 

architectures were developed and tested to find a suitable mathematical function to process the 

data. Five mathematical functions were tested including tanh sigmoid, sine, exponential, morlet 

and logistic sigmoid function. Peltarion Synapse is multi-function software and allowed one to use 

desired mathematical functions, learning rate and momentum rule. This attribute of the software 

enhances the performance of the developed networks in terms of the mean square error (MSE), 

root mean square error (RMSE) and coefficient of efficiency (CE). All networks were run at an 

epoch size of 1000 with the learning rate of 0.1 and momentum rule of 0.7 for each selected 

mathematical functions during model development. The best mathematical function was 

considered for selected parameters on berry losses in order to have minimum MSE and RMSE. 

Once completing these steps, model was configured at the optimum settings of the network (weight 
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layers, function layers, nodes per hidden layer, epoch etc.) for prediction of berry losses during 

harvesting. Optimal configuration of the ANN architecture was achieved by best values of R2, 

MSE, RMSE and CE. The best selected ANN model was operated at different epoch values at an 

interval of 1000 in order to determine the optimal epoch size. Majority of errors were influenced 

by epoch size while structuring the network of ANN model (Madadlou et al., 2009). The 

performance of the developed ANN model was assessed for internal and external validations when 

the network has been structured and trained. A trained architecture was extracted using the post-

processor techniques of the software to estimate the berry losses during harvesting. After 

development and prediction of ANN model for berry losses, the processed data were categorized 

into four different classes of berry losses (< 10%, 10-15%, 15-20% and > 20%), to determine the 

optimum combination of crop characteristics and machine parameters during mechanical 

harvesting. Furthermore, the extracted file could be used for automate the wild blueberry harvester 

to improve the berry picking efficiency. 
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CHAPTER 4: EFFECT OF PLANT CHARACTERISTICS ON PICKING EFFICIENCY 

OF THE WILD BLUEBERRY HARVESTER 

4.1 Introduction 

The wild blueberry is a fruit commodity native to northeastern North America. The wild 

blueberry fields have been developed after eradication of competing vegetation, removal of trees, 

stumps and rocks (Eaton, 1988). Unlike other fruit crops, wild blueberry plants emerge naturally 

from native stands on deforested agricultural land (Hall et al., 1979). Wild blueberries are not 

planted on large scale, but spread via underground rhizomes (Eaton, 1950). This crop is managed 

on two-year production cycle, one being a sprout year and the other a crop year. Plants are pruned 

after harvesting during the crop year either by burning or mowing (Yarborough, 2004). Pruning of 

this crop, in alternate years, encourages plant growth and vigor, increases flower buds and 

enhances fruit yield (Eaton, 1950). Fruit development occurs in the crop year of the biennial 

production cycle, which is stimulated by pollination. The wild blueberries are typically harvested 

manually or mechanically during August of the crop year (Hall et al., 1979). 

For several decades, the wild blueberries was harvested by traditional hand rakes 

(Yarborough, 1992). Hand rakers experienced increased harvesting losses due to significant 

increase in fruit production with improved management practices (Dale et al., 1994). The other 

factors contributing towards increased hand raking losses were availability of quality labor at 

reasonable price, harvesting expenses and short harvesting season. This dilemma of manual 

harvesting spurred the demand for a reliable mechanical harvester (Kinsman, 1993). Many 

mechanical harvesting systems were developed during 1950’s to 1980’s to reduce the reliance on 

the manual harvesting (Rhodes, 1961; Richard, 1982). However, a viable commercial machine 

was not available to the wild blueberry industry due to many unsolved technical difficulties such 

as rough terrain, inability to achieve acceptable harvesting efficiencies and mechanical damage to 

the fruit (Soule, 1969; Hall et al., 1983). Gray (1969) used the concept of rotating picking head 
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and developed a hollow reel raking mechanism for mechanical harvesting of wild blueberry crop. 

Sibley (1992) narrated that picking efficiency of this machine was 80 to 85%. Due to the 

limitations in field terrain, this harvester could only harvest 30 to 35% berries during harvesting. 

Yarborough (1992) reported that the Darlington cranberry harvester modified for wild blueberry 

crop, which showed 56% picking performance as compare to Gray’s harvester. Dale et al. (1994) 

indicated that Doug Bragg Enterprises (DBE) Limited improved the design of a wild blueberry 

harvester by increasing the width of picking head. DBE further improved the picking head by 

adding hydraulic control systems for head height adjustment and head rotational speed, and also 

incorporated a speed control system for conveyors and belts for effective transportation of the 

harvested crop in the storage bin. Hall et al. (1983) evaluated the DBE blueberry harvester, 

reporting that the picking performance of this machine was 68% in weedy fields and 76% in weed 

free managed fields. Sibley (1992) evaluated the wild blueberry harvester in relation to different 

ground speeds and head revolutions, to examine the impact of harvester operating parameters on 

picking efficiency. Many researchers have evaluated the performance of several mechanical 

harvesters for fruit picking efficiency (Hall et al., 1983). However, limited research has been 

conducted to include the plant characteristics impact on harvesting the wild blueberry. Ampatzidis 

et al. (2012) compared the picking efficiency of a mechanical harvester with manual harvesting of 

sweet cherries. Results of their study revealed that the mean picking efficiency of the mechanical 

harvester was 40 to 50% greater than the hand harvesting of cherries. Philbrook et al. (1991) 

observed field losses in soybean in the southeastern USA. They found 37% soybean losses in more 

dense and lodged plants. Weber and Fehr (1966) reported 5 to 12% yield losses with the soybean 

combined harvester at different cut of plant heights from the ground surface. They also suggested 

that a height of cut greater than 15 cm from the ground resulted in an increased harvesting losses. 
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Maurin (2009) showed that the inadequate cutting height of the soybean harvester resulted in more 

losses during mechanical harvesting. The author also reported that higher ground speed of the 

harvester can cause more losses during mechanical harvesting of soybean. Farooque et al. (2014) 

evaluated the performance efficiency of a commercial wild blueberry harvester for berry losses 

during harvesting. Results of their study indicated that there is an optimum combination of ground 

speed and header revolutions which can minimize berry losses during mechanical harvesting.  

Over the past 20 years, land management, pruning, pollination, and extensive use of 

agrochemicals and fertilizers have resulted in healthy plants, higher plant density and significant 

increase in fruit yield (Yarborough and Ismail, 1985; Litten et al., 1997). However the importance 

of plant characteristics on the picking efficiency of wild blueberry has not been investigated. There 

is a need to conduct research on quantifying the berry losses as a function of crop and machine 

parameters, which emphasize the need to study the harvesting dynamics in spatially variable crop 

characteristics. Therefore, the objective of this study was to determine the effect of plant 

characteristics on picking efficiency of a commercial wild blueberry harvester.  

4.2 Materials and Methods 

To achieve the objective of this study, four wild blueberry fields were selected to examine 

the effect of plant characteristics on picking efficiency of a commercial wild blueberry harvester. 

The selected fields were in the Earltown (Field A) (45.60°N, 63.09°W; 1.9 ha), Tracadie (Field B) 

(47.28°N, 65.14°W; 1.6 ha), Debert-I (Field C) (45.45°N, 63.45°W; 1.01 ha) and East Mine (Field 

D) (45.43°N, 63.48°W; 3.88 ha). The fields A, B, C and D were selected in 2011, 2012, 2013 and 

2014, respectively. The selected fields had been under commercial management by mowing for 

the past several years along with the conventional weed, disease and nutrient management. Yield 

plots (0.91 m × 3.0 m; same as the width of harvester) were randomly constructed at each site. 
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Field boundaries, bare spots/weed patches and yield plots were mapped with a real-time kinematics 

global positioning system (RTK-GPS).  

The experimental design used for this study was a 3 × 3 factorial design with three levels 

of harvester’s ground speed (1.2, 1.6 and 2.0 km h-1) and header revolutions per minute (26, 28 

and 30 RPM). Two classes of plant height (tall plants > 25 cm and short plants ≤ 25 cm) and plant 

density (low plant density ≤ 530 plants/m2 and high plant density > 530 plants/m2) were used for 

experimental design. The randomly selected plots were constructed at each site in a way to 

establish four categories of the plant characteristics, i.e., tall plant - low plant density, tall plant - 

high plant density, short plant - low plant density, and short plant - high plant density. All nine 

treatment combinations of ground speed and header RPM were allocated to each category of the 

plant characteristics. The joint effect of plant characteristics and machine operating parameters on 

harvesting losses was examined by harvesting selected plots mechanically. Stem thickness was 

used as a covariate for data analysis in each category of plant characteristics. The year of data 

collection was treated as a block in data analysis.  

The randomly selected plots in each field were harvested using a commercially available 

single head wild blueberry harvester. The harvester was operated at selected levels of ground speed 

and header RPM within each plot to collect fruit yield (FY) and berry losses. Pre-harvest losses 

were collected and recorded to distinguish any loss other than the combination of machine and 

plant characteristics. Just before harvesting the selected plots, the picker bars were cleaned of any 

foreign debris and previously harvested fruit was transported to the storage bin. The post-harvest 

berry losses, i.e., ground loss (GL), shoot loss (SL) and blower loss (BL) were collected after 

harvesting the selected plots. Total loss (TL) was obtained by adding the GL, SL and BL for each 

plot within selected fields. Detailed procedure about the collection of berry losses can be seen in 
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Chapter 3. Five readings of plant height (PH), plant density (PD) and stem thickness (ST) were 

recorded manually for each plot within selected fields. The picking performance of the blueberry 

harvested was tested and evaluated in relation to different categories of plant characteristics and 

machine operating parameters.  

4.3 Statistical Analysis 

Minitab 17 (Minitab Inc. NY, USA) and SAS 9.3 (SAS Institute Inc., NC, USA) statistical 

software were used to perform the statistical analysis. Minimum, maximum, mean, standard 

deviation, coefficient of variation and skewness of the collected data were determined using 

descriptive statistics. Normality of the collected data was checked at the 5% level of significance 

using Anderson-Darling (AD) test. Residual versus fitted plots were developed to verify the 

constant variance of the error terms. The violation of model assumptions led to suitable 

transformation of original data to induce normality and constant variance of the error terms. 

Independence of the error terms was achieved through randomization of treatments within each 

selected field. Factorial analysis of covariance (ANCOVA) using general linear model (GLM) 

procedure was performed to study the joint effect of plant characteristics and machines operating 

parameters on berry losses during mechanical harvesting of the wild blueberries. Least square (LS) 

method was applied to perform the multiple means comparison (MMC) of significantly different 

treatments.  

4.4 Results and Discussion 

4.4.1 Summary Statistics 

Summary statistics of FY, SL, GL, BL, TL, PH, ST and PD for selected fields is presented 

in Table 4-1. The coefficient of variation (CV) is a first approximation of the field heterogeneity 

and according to Wilding (1985), the selected parameters are least variable if the CV < 15%, 

moderate with CV ranging from 15 to 35% and most with CV > 35%. In field “A” FY, SL, GL, 
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BL and TL were highly variable with the CV > 35%, while PH, ST and PD were moderately 

variable (Table 4-1). Results of field “B” revealed that the SL and GL were highly variable with 

the CV > 35%, and rest of the parameters were least to moderately variable (Table 4-1). Summary 

statistics of field “C” indicated that the higher variability in SL, GL, BL and TL as compare to FY, 

PH, PD and ST. The SL was found to be highly variable for field D. All other parameters were 

observed to be least to moderately variable within field D (Table 4-1).The variability in berry 

losses could be due to the intrinsic or/and extrinsic sources. Intrinsic sources may include natural 

soil variations and yielding nature of different clones within selected fields, whereas, extrinsic 

sources include harvester operation, operator skills, field topography and crop management 

practices (Hepler and Yarborough, 1991).  

The SL was found to be significantly higher (242.40 kg ha-1) for field D when compared 

with other fields (< 100 kg ha-1), indicating the inadequate performance of the harvester in berry 

picking for this field (Table 4-1). This might be due to exceptionally higher yield at this field. The 

SL were 1.52%, 1.66%, 1.36% and 3.06% in fields A, B, C and D, respectively. The GL were 

observed to be higher for fields B, C and D as compare to filed A. The possible reason for the 

higher ground losses could be the improper relative motion of the machine operating parameters. 

The inadequate ground speed and head revolutions of the harvester can induce impact and 

centrifugal forces, which can enhance the GL due to shattering losses and can lower the berry 

recovery in the storage bin. The GL were found to be 6.32%, 11.29%, 10.46% and 11.97% for 

fields A, B, C and D, respectively. Farooque et al. (2014) reported that the picked berries were 

dropped off over the harvested strip due to the impact force of the harvester head and the 

centrifugal force developed by the higher level of header RPM, pushing the berries away from 

center and contributing towards the ground losses. 
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Table 4-1: Summary statistics of fruit yield, berry losses, plant height, stem thickness and plant 

density for selected wild blueberry fields. 

Field A 

Parameters Min Max Mean Mean (%) SD CV (%) Skewness 

FY (kg h-1) 253 7635 2618 - 1570 59.98 0.89 

SL (kg h-1) 0 299.37 39.68 1.52 62.47 157.95 3.12 

GL (kg h-1) 3.38 708.4 165.4 6.32 127.3 76.99 1.44 

BL (kg h-1) 0 220.23 22.16 0.80 33.01 148.94 3.50 

TL (kg h-1) 5.1 833.7 227.2 - 167.3 73.60 1.51 

TL (%) 0.99 26.85 8.68 8.68 5.07 56.02 1.45 

PH (cm) 13 34 22.99 - 3.63 15.80 0.06 

ST (cm) 0.17 0.36 0.23 - 0.04 16.97 0.85 

PD * 350 840 590 - 127     21.61          0.10 

Field B 

Parameters Min Max Mean Mean (%) SD CV (%) Skewness 

FY (kg h-1) 1690 10445 5556 - 1942 34.96 0.11 

SL (kg h-1) 23.77 319.54 92.23 1.66 38.34 41.57 2.77 

GL (kg h-1) 147.9 1056.3 627.5 11.29 234.12 39.17 0.10 

BL (kg h-1) 21.13 110.92 63.67 1.14 18.62 29.25 0.22 

TL (kg h-1) 192.8 1228 783.5 - 256.7 34.07 -0.01 

TL (%) 7.99 22.34 14.10 14.10 3.09 22.20 -0.02 

PH (cm) 19 39 26.95 - 3.96 14.70 0.44 

ST (cm) 0.22         0.39 0.31   - 0.04     12.38   0.07 

PD * 290 755 470 - 106.22 22.59 0.53 

Field C 

Parameters Min Max Mean Mean (%) SD CV (%) Skewness 

FY (kg h-1) 1574 8419 5290 - 1372 25.94      -0.02 

SL (kg h-1) 10.56    302.82       72.18     1.36 42.38     58.71     2.78 

GL (kg h-1) 137.3     799.3       381.3     10.46 158.0     41.43     0.53 

BL (kg h-1) 24.65    130.28       56.73     1.07 21.50     37.89     1.10 

TL (kg h-1) 302.8    1464.8       682.4     - 251.6     36.88     0.66 

TL (%) 4.47    24.53     12.89     12.89 4.377     32.90     0.38 

PH (cm) 14.33    31.66      24.06     - 4.02     16.71    -0.31 

ST (cm) 0.14   0.28      0.21   - 0.03     15.38   0.17 

PD * 245    820       550     - 121.74     22.14     0.05 

Field D 

Parameters Min Max Mean Mean (%) SD CV (%) Skewness 

FY (kg h-1) 4134 13884 7934 - 1978 24.93      0.70 

SL (kg h-1) 56.3     507.0       242.4     3.06 102.2     42.17      0.62 

GL (kg h-1) 345.1    1200.7      772.4 11.97 218.0 28.23     -0.35 

BL (kg h-1) 10.56    158.45      92.53     1.16 29.84     32.25     -0.16 

TL (kg h-1) 616.2    2035.2      1342.9   - 329.6     24.54     -0.01 

TL (%) 7.86    32.45 16.93   16.93 5.548     31.32     0.65 

PH (cm) 9.80    27.00 18.19     - 3.75     20.65     0.40 

ST (cm) 0.13 0.28 0.19 - 0.04 19.01   0.80 

PD * 370 930 630 - 112 17.77     0.16 
Note: FY (fruit yield), SL (shoot loss), GL (ground loss), BL (blower loss) and TL (total loss) were recorded in kg ha-1, PH (plant 

height) and ST (stem thickness) in cm, and *PD (plant density) was recorded in 530 stems per square meter. 
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The BL for fields A, B, C and D were observed to be 0.8%, 1.14%, 1.11% and 1.16%, respectively. 

Results indicated higher total losses in field D (16.93%), when compared with fields A (8.68%), 

B (14.10%) and C (12.89%). Results of total losses within selected fields suggested that the berry 

losses during mechanical harvesting were proportional to the fruit yield. These results were in 

agreement with the finding of Farooque et al. (2014). 

The total FY was found to be variable within selected fields (Table 4-1). The total FY was 

found to be 2618 kg ha-1, 5556 kg ha-1, 5290 kg ha-1 and 7934 kg ha-1 for fields A, B, C and D, 

respectively (Table 4-1). The FY was significantly higher for field D, when compared with other 

monitoring fields, which might be due to better management practices and more effective 

pollination at this field. The FY was observed to be lowest at field A, which might be due to high 

proportion of bare spots and weed patches present in this fields. Fields B and C were produced 

similar fruit yield that can be seen with their mean values (Table 4-1). Results revealed that the 

mean ST was similar for selected fields, except field B, where the mean ST was higher (0.31 cm). 

The possible reason for higher ST at field B might be due to tall plants. The visual inspections also 

reported that the plants were tall with less number of branches and higher ST for field B. The PH 

was found to be consistent within selected fields, except for field B, where plants were observed 

to be taller (Table 4-1). Mean values of the PH were 22.99, 26.95, 24.06 and 18.19 cm for fields 

A, B, C and D, respectively. The mean PD ranged from 470 to 630 plants/m2 within selected fields 

(Table 4-1). Field A was found to have the lowest PD, while the PD was the highest for field D 

(630 plants/m2). Higher PD with more branches at field D might also be contributing to the higher 

fruit yield at this site (Table 4-1).    

4.4.2 Effect of Plant Height and Plant Density on Berry Losses 

 Wild blueberry crop characteristics have changed significantly due to improved 

management practices over the last two decades. Summary statistics confirmed the existence of 
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moderate to high variability in FY, and plant characteristics (Table 4-1), which can have an impact 

on berry losses during mechanical harvesting. In order to examine the effect of PH and PD on 

berry losses, the collected data were divided into two groups, i.e., short and tall plants, and low 

and high plant density. Mean berry losses were compared for all selected treatment combinations 

of ground speed and header RPM of the harvester (Figs. 4-1 and 4-2). Results of mean comparison 

suggested that the berry losses were similar for short (PH ≤ 25 cm) and tall (PH > 25 cm) plants 

(Fig. 4-1). Treatment 1 (1.2 km h-1 and 26 RPM) was found to have minimum berry losses (8.84% 

and 9.21%) in short and tall plants, respectively (Fig. 4-1). Visual observation revealed that 

harvester was not easily picked the berries in those areas where the PH was less than 10 cm 

irrespective of PD and FY. These areas brought up more berry losses and cause of soil digging 

during harvesting operation. Berry losses in tall plants increased gradually with an increase in 

ground speed and header RPM. Higher berry losses (> 15%) in the tall plants at higher ground 

speed (2 km h-1) and header RPM might be due to clogging of teeth bars. Results indicated that 

the operator has to adjust the picking head accordance to PH within the field for effective berry 

recovery. However, the picking performance of the harvester was better at 1.2 kmh-1 ground speed 

and header 26 RPM. It might have provided a better opportunity for the harvester to pick efficiently 

in both short and tall plants within selected fields. 

The berry losses were found to have ranging from 8.40 to 18.75% in high PD plots (PD > 

530 plants/m2) and ranged from 9.82 to 16.12% in low PD plots (PD ≤ 530 plants/m2) within 

selected fields (Fig. 4-2). Higher PD plots showed the minimum berry losses (8.40%) at 1.2 kmh-

1 and 26 RPM (Treatment 1) as compared to all other treatment combinations. Higher berry losses 

in high PD class could be due to more vegetative growth and more berry yield. Moreover, 

minimum berry losses (9.82%) were obtained in the low PD plots at Treatment 1. Berry losses 
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were also increased gradually in low PD class with increase in ground speed and header RPM (Fig. 

4-2). Lower PD can decrease the support required by the plants for effective picking. When 

harvester moves the low dense plant areas, the plants tend to incline due to impact force of picker 

bars that may cause of more shattering loss.   

  

Figure 4-1: Effect of plant height on berry losses during mechanical harvesting  

                       at different combinations of ground speed and header RPM. 

  

Figure 4-2: Effect of plant density on berry losses during mechanical harvesting  

                    at different combinations of ground speed and header RPM. 
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Berry losses in both categories of PD suggested that the lower ground speed in conjunction 

with lower header RPM provided a gentle lift of teeth through the plants resulting in an increased 

berry recovery during mechanical harvesting. Berry losses were observed to be almost double at 

Treatment 9 in both categories of PD within selected fields (Fig. 4-2). Treatments 5, 6 and 7 

showed slight variation in berry losses in the plots contained with lower PD, which might be due 

to improper relative velocity. Overall, the berry losses were lower at lower ground speed and 

header RPM (1.2 km h-1 and 26 RPM) in both PD categories.  

4.4.3 Effect of Tall Plants-Low Plant Density on Berry Losses 

The ANCOVA and MMC were performed in order to examine and quantify the role played 

by the different categories of plant characteristics on picking performance of the harvester. The 

selected yield plots within the fields were harvested at selected treatment combinations of machine 

operating parameters. Results of ANCOVA suggested that the berry losses during mechanical 

harvesting in tall plants - low plant density category were significantly affected by the levels of 

the treatments as shown by the p-value (< 0.05) (Table 4-2). Results reported that the main effects 

of ground speed and header RPM, and their interactions were having an impact of berry losses 

(Table 4-2). This might be due to greater impact force of the picker bars at higher ground speed 

and header RPM that might result in increased shattering losses during harvesting in tall plants 

with low PD plots. When harvester teeth moves through less dense plants, the plants tend to incline 

due to impact force of picker bars. The inclination results in away movement of plants from picker 

bars and subsequently result in increased berry losses. The ST was also found to have a significant 

effect on berry losses in tall plant - low plant density category within selected fields. Significant 

role of ST on berry losses as indicated that might be due to sticking of thick stems in teeth bars of 

the head causing eradication of plants, resulting in an increased berry losses during mechanical 

harvesting. Since, the main and interaction effects of the treatments were found to have significant 
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impact on berry losses. Therefore, MMC were performed to find a suitable combination with 

minimum berry losses during harvesting. 

Table 4-2: Results of ANCOVA and LS means comparison of tall plants-low PD category. 

ANCOVA 

Effects DF F-value P-value 

Stem thickness 1 45.87 0.0199 

Speed 2 2.76 <0.0001 

RPM 2 3.65 <0.0001 

Speed*RPM 4 4.91 <0.0001 

LS means comparison 

Treatments Speed (km h-1) RPM Mean Loss (%) 

1 1.20 26 11.06 c 

2 1.20 28 12.24 c 

3 1.20 30 14.16 bc 

4 1.60 26 8.06 d  

5 1.60 28 9.04 cd 

6 1.60 30 10.68 cd 

7 2.00 26 16.36 ab 

8 2.00 28 18.21 a 

9 2.00 30 19.06 a 
Means with no letter shared are significantly different at p = 0.05. 

Results of MMC for tall plant - low plant density category showed the mixed trend for 

mean loss (%) at different treatment combinations of ground speed and header RPM (Table 4-2). 

The reason could be the inconsistent/spatially variable berry yield of the selected fields. Results of 

LS means comparison revealed that the Treatment 4 (1.6 km h-1 and 26 RPM) was the best 

combination in tall and less dense plant plots with minimum (8.06%) berry losses (Table 4-2), 

when compared with other treatment combinations. The performance of the harvester at Treatment 

4 was adequate with minimum losses in tall plants with lower density, which might be due to 

appropriate relative velocity at this combination, providing the teeth bars enough time for berry 

recovery. Non-significant differences were found between Treatments 1 and 2, and similar results 

were observed for Treatments 8 and 9 (Table 4-2). However, the Treatments 8 and 9 were found 

to have the highest berry losses during mechanical harvesting (Table 4-2). Higher losses at 
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Treatments 8 and 9 might be due to the higher ground speed and header RPM, causing more impact 

and centrifugal forces resulting in an increased berry losses during harvesting. Treatments 3, 5, 6 

and 7 shared same letters indicating non-significant difference among each other. The visual 

inspections also supported the results identified by the ANCOVA and MMC (Fig. 4-3). 

  
Figure 4-3: Berry losses in tall plants and low plant density plot after mechanical harvesting. 

4.4.4 Effect of Tall Plants-High Plant Density on Berry Losses 

Results of ANCOVA suggested that the main effect of ground speed and interaction effect 

(Speed × RPM) were significant for berry losses during harvesting. The main effect of header 

RPM on berry losses were found to be non-significant (p-value < 0.05) (Table 4-3). In tall plants 

and high plant density category, the stem thickness was found to have significant effect on berry 

losses during harvesting (Table 4-3). The plants in this category had more stem thickness and high 

density within selected fields. Thicker stemmed plants might stick between the picker bars, causing 

decreased picker bar capacity, resulting in an increased berry losses during harvesting. Higher stem 

thickness can also enhance the plant pulling during mechanical harvesting of wild blueberries.  
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Table 4-3: Results of ANCOVA and LS means comparison for tall plants-high PD category. 

ANCOVA 

Effects DF F-value P-value 

Stem thickness 1 65.30 0.0021 

Speed 2 2.50 <0.0001  

RPM 2 3.98 0.1645 

Speed*RPM 4 6.16 <0.0001 

LS means comparison 

Treatments Speed (km h-1) RPM Mean Loss (%) 

1 1.20 26 9.06 d 

2 1.20 28 10.64 d 

3 1.20 30 13.67 cd 

4 1.60 26 15.74 cd 

5 1.60 28 17.22 cd 

6 1.60 30 17.67 bc 

7 2.00 26 18.29 b 

8 2.00 28 20.10 a 

9 2.00 30 20.45 a 
Means with no letter shared are significantly different at p = 0.05. 

Results of LS means comparison indicated that the lower ground speed and header RPM 

(Treatment 1) showed minimum berry losses (9.06%) during harvesting in the plots where the 

plants were tall and dense (Table 4-3). Non-significant difference in mean losses was observed at 

26 and 28 RPM for the harvester’s ground speed of 1.2 km h-1 (Table 4-3). Lower losses at 

Treatment 1 might be due to the gentle lift provided by the teeth bars to improve berry picking 

efficiency. Additionally, the Treatment 1 provided more time for the picker bars to pick more 

effectively and convey the berries to the storage bin. Treatments 3, 4 and 5 were non-significantly 

different from each other in relation to berry losses with selected wild blueberry fields (Table 4-

3). Treatments 8 and 9 were found to be non-significantly different from each other, however, the 

berry losses were the highest at these treatments. Higher losses for Treatments 8 and 9 in tall plants 

- high plant density category might be due to the higher radial and tangential forces caused by the 

higher ground speed and header RPM during mechanical harvesting (Farooque et al., 2014). 

Higher radial and tangential forces might result in spilling of berries away from the center causing 
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increased losses during harvesting. Treatments 8 and 9 can also cause an impact force and 

aggressive action of picker bar resulting in fruit damage during mechanical harvesting. The berry 

losses in this category of the plant characteristics is also illustrated in Figure 4-4. 

 
Figure 4-4: Berry losses in tall plants and high plant density plot after mechanical harvesting. 

4.4.5 Effect of Short Plants-Low Plant Density on Berry Losses 

Results of ANCOVA indicated that the berry losses during mechanical harvesting were 

significantly (p-value < 0.05) affected by main and interaction effects of the ground speed and 

header RPM (Table 4-4). The lower picking efficiency of the harvester could be reason for the 

significance of the main and interaction. The ST was found to have non-significant effect on berry 

losses in the plots with short and less dense plants during mechanical harvesting. These results 

revealed that the ST was not a contributing factor in berry picking efficiency for this category of 

the plants. Results of ANCOVA reported that the ground speed and header RPM were the 

influential factors causing fluctuation in berry losses for short plants - less plant density category 

during mechanical harvesting.  
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Table 4-4: Results of ANCOVA and LS means comparison for short plants-low PD category.  

ANCOVA 

Effects DF F-value P-value 

Stem thickness 1 31.57 0.1382 

Speed  2 2.99 <0.0001 

RPM 2 3.89 <0.0001 

Speed*RPM 4 5.45 <0.0001 

LS means Comparison 

Treatments Speed (km h-1) RPM Mean Loss (%) 

1 1.20 26 13.41 bc 

2 1.20 28 12.62 c 

3 1.20 30 9.56 d 

4 1.60 26 8.18 e 

5 1.60 28 8.63 de 

6 1.60 30 10.26 d 

7 2.00 26 15.15 b 

8 2.00 28 17.42 ab 

9 2.00 30 18.67 a 
Means with no letter shared are significantly different at p = 0.05. 

Results of MMC indicated that the Treatment 4 was the best treatment combination with 

minimum berry losses (8.18%) within selected fields (Table 4-4). The lower losses for treatment 

4 might be due to proper relative motion of the head required for efficient picking in low PH with 

less PD. Results revealed that the Treatment 3 to Treatment 6 were non-significantly different from 

each other. Similarly, the Treatments 1 (13.41%) and 2 (12.62%) were non-significantly from each 

other within selected fields. These results reported that operating mechanical harvester at lower 

ground speed in conjunction with lower RPM in not a good option in short plants with less density. 

Lower PD can decrease the support required by the plants for effective picking. Treatment 9 

resulted in significantly higher losses as compared to other treatment combinations (Table 4-4). 

Overall, higher ground speed and header RPM treatments produced more berry losses as compared 

to lower ground speed and header RPM treatments in short and less dense plants within selected 

fields (Table 4-4). The possible reason for higher losses at Treatments 8 and 9 might be due to the 

higher radial and impact forces applied by the teeth bars on short and less dense plants. The lower 
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plant-to-plant support in less dense plots could be problematic while the header combs through the 

bushes at higher RPM. Higher losses at Treatments 8 and 9 were also evident visually (Fig. 4-5). 

 
Figure 4-5: Berry losses in short plants and low plant density after mechanical harvesting. 

4.4.6 Effect of Short Plants-High Plant Density on Berry Losses 

Results of ANCOVA indicated that the berry losses during mechanical harvesting were 

significantly affected by the main effect of ground speed and interaction effect (Speed × RPM) 

within selected fields (Table 4-5). Stem thickness and the main effect of RPM were found to be 

non-significant for berry losses in short and dense plants within selected fields (Table 4-5). In 

factorial experiments, if the higher order interactions is significant, their main effects can be 

ignored. These results emphasized the need for MMC to determine which treatment differ 

significantly from each other within selected fields.  

The Results of LS means comparison revealed that the mean berry losses ranged from 

9.74% to 19.78% in short pants and high dense plants plots within selected fields (Table 4-5).  

Treatment 2 was the best combination with minimum berry losses (9.74%) for short and dense 
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plants within selected fields (Table 4-5). Treatments 1, 3 and 4 were non-significantly different 

from each other in selected wild blueberry fields (Table 4-5). Results suggested an increase in 

berry losses with an increased in ground speed and header RPM (Table 4-5). These results were in 

agreement with the findings of Farooque et al. (2014). Treatments 8 and 9 were found to the worst 

with significantly higher berry losses when compared with other treatment combinations. 

Table 4-5: Results of ANCOVA and LS means comparison for short plants-high PD category.  

ANCOVA 

Effects DF F-value P-value 

Stem thickness 1 38.12 0.2635 

Speed 2 2.36 <0.0001 

RPM 2 4.16 0.2378 

Speed*RPM 4 6.22 <0.0001 

LS Means Comparison 

Treatments Speed (km h-1) RPM Mean (%) 

1 1.20 26 10.96 d 

2 1.20 28 9.74 e 

3 1.20 30 10.56 de 

4 1.60 26 12.48 d 

5 1.60 28 14.71 cd 

6 1.60 30 15.33 c 

7 2.00 26 17.88 b 

8 2.00 28 18.22 ab 

9 2.00 30 19.78 a 
Means with no letter shared are significantly different at p = 0.05. 

Higher impact force of the picker bars on the plants at high ground speed and header RPM 

could be the reason for higher losses at Treatments 8 and 9. Visual observation indicated that the 

wild blueberry plants were lodged in the plots having short plants and high PD. Short plants were 

unable to hold the plants upright due to the weight of the fruit in densely populated plots. The 

picker bars were less efficient in harvesting the fruit from lodged plants resulting in an increased 

losses during harvesting. Moreover, the results revealed that the GL and SL in the plots having 

short plants and high density were more. This could be due to higher unpicked berries because of 

lodging after harvesting the plots. Overall, the results of ANCOVA and MMC reported that the 
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ground speed and header RPM were responsible for berry losses in variable plant characteristics. 

Results revealed that the selection of the ground speed and header RPM in accordance with the 

plant height and density can enhance the berry recovery during mechanical harvesting of wild 

blueberries. 

4.5 Conclusions 

 Results of this study revealed that the PH and PD were substantially variable within 

selected fields. The wild blueberry harvester performance for berry picking was better in short 

plants areas (PH ≤ 25 cm) as compared to tall plants areas (PH > 25 cm) of the field. In the areas 

having less PH (< 10 cm) resulted in more loss and reduce the berry picking efficiency of the 

harvester. Based on the results it is proposed that operator should adjust harvester head height 

according to the variation in plant height within wild blueberry field to reduce berry losses. Higher 

dense plants (PD > 530 plants/m2) showed minimum berry losses (< 10%) at 1.2 km h-1 ground 

speed with variable combinations of header RPM as compared to less dense plants. An increase in 

ground speed of the harvester resulted in higher berry losses in both PH and PD categories. Results 

of ANCOVA concluded that the ground speed alone and the interaction effect (Speed × RPM) 

were significant for berry losses during mechanical harvesting in all categories of plant 

characteristics within selected fields. The stem thickness (ST) was found to be significantly 

affecting the berry losses in tall plants but the role of ST was non-significant in short plants plots. 

The significant role of ST in the tall plants indicates the berry losses might be possible due to 

thicker plants which may cause of picker bar teeth clogging and plant eradication. Results of 

multiple mean comparison for selected categories of plant characteristics showed the significant 

results of berry losses at all nine treatment combinations of machine parameters. The best treatment 

combination with minimum berry losses in plant characteristics during mechanical harvesting, i.e., 

Treatment 1 (1.2 km h-1 with 26 RPM) for tall plants - high PD category, Treatment 2 (1.2 km h-1 
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with 28 RPM) for short plants - low PD category, and Treatment 4 (1.6 km h-1 with 26 RPM) for 

short plants - low PD and tall plants - low PD categories. All other treatment combinations resulted 

in higher losses within selected fields. Base on the results of this study it is concluded that the 

selection of an optimum combination of ground speed and header RPM in relation to plant 

characteristics can minimize berry losses in order to improve farm profitability.  
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CHAPTER 5: IMPACT OF THE FRUIT CHARACTERISTICS ON BERRY LOSSES 

DURING HARVESTING 

5.1 Introduction 

Canada produced approximately 100 million kilograms of wild blueberry fruit yield in 

2014 which was 1.5% higher than previous year’s crop and also more than the five year average 

of 57 million kilograms (Yarborough, 2015). Wild blueberry fruit production differs in many ways 

from other fruit crops as it is not planted, have native existence in the fields and developed from 

deforested farmlands (Trevett, 1962). These fields are managed on two-year production cycle, first 

year is vegetative and second year is fruit year (Hall, 1955). Wild blueberry fields are pruned by 

burning or flail mowing to encourage vegetative growth of the plants at the start or in the spring 

of vegetative year. In the fruit or crop year, plants start flowering and fruits are developed, which 

leads to harvesting in the August of fruit year (Barker et al., 1964).  

Wild blueberry harvesting is not carried out until almost 90 percent of the berries turn into 

blue color (Kinsman, 1993). Over the past century hand-held metal rakes were used to harvest the 

wild blueberry and these are still being used on approximately 20% of the crops harvested (PMRA, 

2005). Wild blueberry harvesting losses by hand-raking is different among the crews with an 

overall average of 20% of fruit yield (Kinsman, 1993). Shorter harvesting season and shortage in 

quality labor have also increased the demand for a reliable mechanical harvester (Kinsman, 1993). 

Hall et al. (1983) reported that many mechanical harvesting systems were developed in last few 

decades to improve berry recovery and reduce harvesting losses. But a viable commercial machine 

was not adopted until 1980s due to low stature of the plants, uneven field topography, and 

competition of crop with weed species which present formidable obstacles during mechanical 

harvesting in wild blueberry fields (Yarborough, 2002). Darlington cranberry harvester was 

modified for wild blueberry harvesting (Dale et al., 1994). Due to the limitations of unresolved 

difficulties in field terrain, the developed harvester could only pick 56% of berries (Yarborough, 
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1992). Dale et al. (1994) indicated that a successful harvester was developed by DBE in 

Collingwood, NS in 1979. The DBE harvester picked 68% berries in weedy fields and revealed 

75% picking performance in well managed fields (Hall et al., 1983). Improved management 

practices, since then, have resulted in changed crop parameters and significant increase in wild 

blueberry fruit yield (Yarborough and Ismail, 1985; Litten et al., 1997; Yarborough and Bhowmik, 

1988). Yarborough (1992) reported that harvesting is the largest cost of production with significant 

increase in fruit yield, the use of mechanical harvesters can be reduced production costs. 

Farooque et al. (2014) reported that the fruit zone ranges from 10 cm to 31 cm in different 

wild blueberry fields. Fruit size was recorded from ranged from 0.48 cm to 1.27 cm (Soule, 1969). 

Fruit yield has also increased two to three fold by application of selected fertilizer, herbicides and 

pruning methods in wild blueberry fields (Yarborough, 2004). Metzger and Ismail, (1976) reported 

that average fruit yield was 960 kg ha-1 from 1969 to 1974. However, from 1985 to 1989 the 

average yield of 1580 kg ha-1 was recorded in selected wild blueberry fields (DeGomez and 

Smagula, 1990). Litten et al. (1997) reported that the use of DAP fertilizer increased the plant 

growth, floral buds and wild blueberry fruit yield in Maine, USA. Farooque et al. (2014) reported 

average fruit yield of 8000 kg ha-1 in well managed wild blueberry field located in central Nova 

Scotia and observed more than 10% of fruit losses during mechanical harvesting. They also 

suggested that the harvesting losses were proportional to harvestable fruit yield. Holshouser (2011) 

reported that the harvest losses can vary from 3 to 10% due to lodging in soybean fields. Lodging 

can result in decreased picking efficiency and increased harvesting losses (Woods and Searingin, 

1977). The picker bars should make contact with the top one-third of the plant to achieve better 

soybean yield (Huitink, 2013). Lodging of wild blueberry plants at the edges of bare spots lowers 

the fruit zone which might result in increased fruit loss (Farooque et al., 2014). Therefore, a 
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detailed insight is required to identify optimum combination of fruit and machine characteristics 

for improved harvestable berry yield.  

Over the past 20 years, improved management practices including pruning, pollination and 

extensive use of agrochemicals and fertilizers have resulted in healthy fruit and tall plants with 

deep fruit zone (Farooque, 2015). Farooque et al. (2014) evaluated the performance efficiency of 

a commercial wild blueberry harvester for berry losses during harvesting and suggested an 

optimum combination of ground speed and header revolutions which can minimize berry losses 

during mechanical harvesting. However the importance of fruit characteristics on the picking 

efficiency of wild blueberry has not been investigated. There is a need to conduct research on 

quantifying the berry losses as a function of machine and fruit parameters (fruit zone and fruit 

size), which emphasize the need to study the harvesting dynamics in spatially variable fruit 

characteristics. Therefore, the objective of this study was to determine the impact of the fruit 

characteristics on berry losses during harvesting. 

5.2 Materials and Methods 

Four wild blueberry fields E, F, G and H were selected in 2011, 2012, 2013 and 2014, 

respectively, to examine the effect of fruit characteristics on picking efficiency of the (DBE) wild 

blueberry harvester. The selected fields were in the Londonderry (Field E) (45.48°N, 63.57°W; 

3.20 ha), Highland Village (Field F) (45.24°N, 63.40°W; 2.57 ha), Hardwood Hill (Field G) 

(45.43°N, 63.51°W; 2.05 ha,) and Debert-II (Field H) (45.45°N, 63.45°W; 1.01). Over the past 

decade, these fields had been under commercial management and received biennial pruning by 

mowing along with weed, and disease management practices.  

A real-time kinematics global positioning system (RTK-GPS) was used to map the 

boundaries of the fields, bare spots and yield plots within the fields. Thirty six yield plots (0.91 x 

3.0 m; same as the width of harvester) were randomly selected using a measuring tape in the path 
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of the operating harvester at each experimental field. A 3 × 3 factorial design was used with three 

levels of harvester’s ground speed (1.2, 1.6 and 2.0 km h-1) and header revolutions (26, 28 and 30 

RPM). In order to examine the effect of fruit zone (FZ) and fruit yield (FY) on berry losses, the 

collected data for FZ and FY at all combinations of ground speed and head RPM were divided into 

two groups, i.e., low (FZ ≤ 17 cm) and high (FZ > 17 cm) fruit zone, and low (FY ≤ 3000 kg ha-1) 

and high (FY > 3000 kg ha-1) fruit yield. The randomly selected plots were constructed at each site 

in a way to establish four categories of the fruit characteristics, i.e., low fruit yield - low fruit zone, 

low fruit yield - high fruit zone, high fruit yield - low fruit zone, and high fruit yield - high fruit 

zone. Fruit diameter was used as a covariate for all four experiments. Each year was used as a 

block (replication), making 4 blocks for each fruit characteristics. All nine treatment combinations 

of ground speed and head RPM of the harvester were allocated to each category of the of the fruit 

characteristics. The picking performance of the blueberry harvester was examined in relation to 

different categories of fruit characteristics and machine operating parameters.  

DBE Commercially available mechanical wild blueberry harvester was used to collect the 

yield data from randomly selected plots in each field. Five readings of fruit zone (FZ) were taken 

with simple ruler and similarly five readings for fruit diameter (FD) were recorded manually with 

Vernier caliper from each plot within selected fields. The harvester was operated at selected levels 

of ground speed and header RPM within each plot to collect fruit yield and berry losses. In each 

plot, fruit yield was collected by attaching a bucket to the harvester conveyer belt at storage bin 

during harvesting. Pre harvest losses were collected manually prior to harvest an each plot in 

selected wild blueberry fields. Just before harvesting the selected plots, the picker bars were 

cleaned of any foreign debris and previously harvested fruit was transported to the storage bin. 
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The post-harvest berry losses, i.e., ground loss (GL), shoot loss (SL) and blower loss (BL) were 

collected after harvesting the selected plots. Detailed procedure can be seen in Chapter 3. 

5.3 Statistical Analysis 

Descriptive statistics (minimum, maximum, mean, standard deviation, coefficient of 

variation and skewness) of collected data was performed in Minitab 17 (Minitab Inc. NY, USA). 

SAS 9.3 (SAS Institute Inc., NC, USA) statistical software was used to perform statistical analysis. 

Anderson-Darling (AD) normality test was performed to check the normality at the 5% level of 

significance and residual versus fitted values plot indicated whether the variance of the error terms 

was constant. Independence was achieved through randomization of treatments within the field. 

Analysis of covariance (ANCOVA) using general linear model (GLM) procedure was performed 

to study the effect of the selected factors on berry losses. Least significant (LS) means was used 

as the multiple means comparison (MMC) for comparing significantly different treatments in 

statistical analysis.  

5.4 Results and Discussion  

Montgomery (2009) reported that coefficient of variation (CV) is a first approximation of 

field heterogeneity. The selected parameters are least variable if the CV < 15%, moderate with CV 

ranging from 15 to 35% and most with CV > 35%. Table 5-1 revealed the summary statistics of 

Fields E, F, G and H for fruit yield (FY), shoot loss (SL), ground loss (GL), blower loss (BL), total 

loss (TL), fruit zone (FZ) and fruit diameter (FD). The variability in berry losses could be due to 

the intrinsic or/and extrinsic sources. According to Hepler and Yarborough (1991), intrinsic 

sources may include natural soil variations and yielding nature of different clones, whereas, 

extrinsic sources include harvester operation, operator skills, field topography and crop 

management practices.  
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5.4.1 Summary Statistics 

In Fields “E” and “F” FY, SL, GL, BL and TL were highly variable with the CV > 35%, 

while FZ was moderately variable and FD was less variable (Table 5-1). Results of Field “G” 

revealed that the SL was highly variable with the CV > 35%, and rest of the parameters were 

moderately variable. Summary statistics of Field “H” indicated higher variability in SL, GL, BL 

and TL as compared to FY, FZ and FD (Table 5-1). The total FY was found to be variable within 

selected fields (Table 5-1). The total mean FY was found to be 3705 kg ha-1, 8136 kg ha-1, 7948 

kg ha-1 and 3342 kg ha-1 for Fields E, F, G and H, respectively (Table 5-1). The FY was found to 

be higher at Field F and G that could be due to effective use of agrochemicals and pollination in 

these fields. The FY was observed to be lowest at Fields E and H, which might be due to high 

proportion of bare spots and weed patches present in these fields. The SL was found to be 

significantly higher for Fields F and G when compared with other fields (< 100 kg ha-1), indicating 

the lack of picking performance of the harvester in these field (Table 5-1). This might be due to 

especially higher yield at this site. The mean SL was 2.26%, 3.0%, 3.02% and 2.10% in Fields E, 

F, G and H, respectively. The GL was observed to be higher for field F as compared to Fields E, 

G and H. The GL were found to be 7.85%, 13.49%, 11.11% and 8.42% for Fields E, F, G and H, 

respectively (Table 5-1). The possible reason for the higher GL could be the improper relative 

motion of the machine operating parameters. Farooque et al. (2014) reported that the picked berries 

were dropped off over the harvested strip due to the impact force of the harvester head and the 

centrifugal force developed by the higher level of header RPM, pushing the berries away from 

center and contributing towards the ground losses. The berry losses through the blower for Fields 

E, F, G and H were found to be 1.17%, 1.74%, 1.11% and 0.97%, respectively. Overall, higher 

total mean loss in Field F (18.24%) was recorded as compared to the Fields E (11.28%), G 

(15.24%) and H (11.49%) (Table 5-1).  
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Table 5-1: Summary statistics of fruit yield, berry losses, fruit zone and fruit diameter for selected fields. 

Field E 

Parameters Min Max Mean Mean (%) SD CV (%) Skewness 

FY (kg ha-1) 305 9914 3705 - 2014 54.35 0.82 

SL (kg ha-1) 4.90 342.70 83.58 2.26 77.41 92.61 1.50 

GL (kg ha-1) 19.60 891 291 7.85 186 63.94 1.15 

BL (kg ha-1) 4.92 225.21 43.47 1.17 39.05 89.83 1.99 

TL (kg ha-1) 58.70 1096.70 418 - 225.6 53.96 0.79 

TL (%) 3.73 25.50 11.28 11.28 5.86 46.38 0.62 

FZ (cm) 7.80 25.30 19.35 - 3.56 18.42 -0.45 

FD (cm) 0.70 1.08 0.90 - 0.07 7.86 -0.19 

Field F 

Parameters Min Max Mean Mean (%) SD CV (%) Skewness 

FY (kg ha-1) 2218 17968 8136 - 2915 35.81 0.83 

SL (kg ha-1) 42.90 574.71 244.30 3.0 115.7 47.37 0.67 

GL (kg ha-1) 131.50 1847 1098.12 13.49 385.3 35.97 -0.34 

BL (kg ha-1) 31.60 528.90 142.21 1.74 90.6 63.78 2.16 

TL (kg ha-1) 240.20 2616.10 1484.6 - 545.9 37.42 0.0 

TL (%) 4.70 29.47 18.24 18.24 4.68 25.69 -0.25 

FZ (cm) 11 24.80       17.55     - 3.28     18.70    0.06 

FD (cm) 0.69   1.05      0.90   - 0.07      7.92   -0.23 

Field G 

Parameters Min Max Mean Mean (%) SD CV (%) Skewness 

FY (kg ha-1) 4972 13070 7948 - 1528 19.22      0.87 

SL (kg ha-1) 91.50    461.30      240.40    3.02 92.7     38.57      0.54 

GL (kg ha-1) 419   1566.90       883.30 11.11 266.8 30.21 0.53 

BL (kg ha-1) 35.21    154.93       88.29   1.11 26.50     30.01     0.43 

TL (kg ha-1) 672.50    2063.40      1212.0   - 325.7     26.87     0.36 

TL (%) 6.76   25.78      15.24   15.24 4.84    30.77     0.17 

FZ (cm) 8.83            33.66            15.66       - 4.08            26.05             1.37 

FD (cm) 0.69            2.03              0.91       - 0.18            20.09              4.50 

Field H 

Parameters Min Max Mean Mean (%) SD CV (%) Skewness 

FY (kg ha-1) 1081      6866 3342 - 1163 34.80      0.79 

SL (kg ha-1) 17.61    179.58       70.23     2.10 41.54     59.14     0.74 

GL (kg ha-1) 105.60 535.20 281.60 8.42 127.10 45.13 0.60 

BL (kg ha-1) 10.56     63.38 32.60     0.97 11.55     35.42     0.43 

TL (kg ha-1) 179.60     743 384.50     - 155.2     40.36     0.57 

TL (%) 3.59    25.15       11.49     11.49 5.288     42.48     0.47 

FZ (cm) 10.40 23.90 16.07 - 2.45 15.26    0.32 

FD (cm) 0.71 1.22 0.89 - 0.08 9.43    1.21 
Note:  FY (fruit yield), SL (shoot loss), GL (ground loss), BL (blower loss) and TL (total loss) were recorded in kg ha-1, FZ (fruit 

zone) and FD (fruit diameter) in cm. 

Results suggested that the berry losses during mechanical harvesting were proportional to 

the fruit yield within selected fields. The FZ was found to be consistent within selected fields. 
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Mean values of the FZ were 19.35, 17.55, 15.66 and 16.07 cm for Fields E, F, G and H, 

respectively. Results revealed that the mean FD was similar for all selected fields (~0.9 cm) (Table 

5-1). 

5.4.2 Effect of Fruit Zone and Fruit Yield on Berry Losses 

Results of summary statistics revealed the existence of moderate to high variability in fruit 

characteristics (Table 5-1), which indicated that losses are influenced by fruit characteristics during 

mechanical harvesting. Mean berry losses were compared in both FZ and FY classes at nine 

treatment combinations of ground speed and header RPM of the wild blueberry harvester (Figs. 5-

1 and 5-2). Berry losses in low FZ (FZ ≤ 17 cm) plants ranged from 11.1% to 19.3%, whereas in 

high FZ plants (FZ > 17 cm) ranged from 10.0% to 17. 4% (Fig. 5-1). Visual observations revealed 

that the FZ has direct relationship with PH. Therefore, in the high FZ plots harvester picked the 

berries more effectively as compared to low FZ plots at all treatment combinations (Fig. 5-1). 

Treatment 1 was found to have minimum berry losses (10.0%) at 1.2 km h-1 and 26 header RPM 

in high FZ plots. Which indicated that combining action was adequate in high FZ plots and 

harvester has better chance to pick the berries efficiently during harvesting. Berry losses were more 

in the plants having lower FZ (≤ 17 cm) (Fig. 5-1), these plants mostly on the edge of bare spots 

and slop of the field. Harvester was not able to harvest the low FZ plants due to short PH and 

lodging which may cause of soil digging during harvest operation. Reel should make contact with 

the top one-third of the plant for effective picking performance during mechanical harvesting 

(Huitink, 2013). Moreover, Treatments 4, 5 and 6 indicated better picking performance in high FZ 

as compared to low FZ plants. Berry losses were increased gradually with an increase in ground 

speed and header RPM in both low FZ plants (Fig. 5-1). Higher treatment combination (Treatments 

7, 8 and 9) indicated that more berry losses at high FZ plants, which might be due to shattering 

loss by impact force of head rotation or clogging of teeth bars due to more vegetative growth. 
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Results suggested that the head adjustment is needed in considering the FZ to reduce the berry 

losses during harvesting. 

 

Figure 5-1: Effect of fruit zone on berry losses during mechanical harvesting  

                     at different combinations of ground speed and header RPM.  

 

Figure 5-2: Effect of fruit yield on berry losses during mechanical harvesting  

                    at different combinations of ground speed and header RPM. 
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In order to find the berry losses during harvesting according to fruit yield (FY), plots were 

categorized into two different classes of FY such as low FY (FY ≤ 3000 kg ha-1) and high FY (FY 

> 3000 kg ha-1). Berry losses were ranged from 10.1 to 20.6% in high FY plots and losses in the 

low FY plots were found to have ranged from 11.3 to 16.1% within selected fields (Fig. 5-2). High 

FY plots revealed the more berry losses as compared to low FY plots. It might be possible due to 

low FZ or machine aggression during harvesting. Berry losses in both categories of FY suggested 

that the lower ground speed (1.2 km h-1) in combination with lower header RPM (26) of the 

harvester provided a better opportunity to the picker bars through the plants resulting in an 

increased berry recovery during mechanical harvesting. Treatment 1 indicated minimum berry 

losses (10.1%) in the high FY plots. All other treatments showed slight variation in berry losses in 

the plots contained with high and low FY, which might be due to improper relative velocity of 

picker bars to the ground speed of the harvester. In low FY plots indicated that no treatment 

combination is proper to reduce berry losses during harvesting. These results agreement with 

Farooque et al. (2014). Berry losses were found to have almost double at Treatment 9 in high FY 

category within selected fields (Fig. 5-2). Results suggested that higher levels of ground speed and 

header RPM were inadequate for berry picking efficiency during harvesting. 

5.4.3 Effect of High FZ-Low FY on Berry Losses 

The wild blueberry harvester was operated at selected treatment combinations of ground 

speed and header RPM at selected yield plots within the fields. The ANCOVA and MMC were 

performed to analyze the different categories of fruit characteristics on picking performance of the 

harvester. Results of ANCOVA suggested that the main effect of ground speed and interaction 

effect (Speed × RPM) were significant in high FZ and low FY category as shown by p-value (p < 

0.05) (Table 5-2). The main effect of header RPM and FD were found to be non-significant on 

berry losses during mechanical harvesting. Results reported that the significance of main effect of 
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ground speed and interaction effect of (Speed × RPM) might be due to improper relative motion 

between the picker bars and ground speed that might result in increased shattering losses during 

harvesting (Table 5-2). According to Huitink (2013) the reel should also make contact with the top 

one-third of the plant for effective picking performance during mechanical harvesting. However, 

the two way interaction effect of the treatments was found to have significant effect on berry losses. 

So, least significant (LS) means as the multiple means comparison were performed to find a 

suitable combination with minimum berry loses during harvesting.  

Table 5-2: Results of ANCOVA and LS means comparison of high FZ-low FY category. 

ANCOVA 

Effects DF F-value P-value 

Fruit diameter 1 31.22 0.1236 

Speed 2 2.67 <0.0001 

RPM 2 5.12 0.2142 

Speed*RPM 4 3.25 <0.0001 

LS means comparison 

Treatments Speed (km h-1) RPM Mean Loss (%) 

1 1.20 26 8.26 c 

2 1.20 28 11.24 bc 

3 1.20 30 13.42 b 

4 1.60 26 9.08 c 

5 1.60 28 13.86 b 

6 1.60 30 16.38 ab 

7 2.00 26 14.40 b 

8 2.00 28 15.18 b 

9 2.00 30 17.32 a 
Means with no letter shared are significantly different at p = 0.05. 

Wild blueberry fields are spatially variable in crop characteristics and topography. 

Therefore, results of LS means showed the mixed trend for mean berry losses (%) at different 

treatment combinations of ground speed and header RPM of the wild blueberry harvester (Table 

5-2). Results of LS means comparison indicated that the Treatments 1 and 4 were non-significantly 

different from each other as best treatment combinations in high FZ and low FY plots with 

minimum berry losses of 8.26% and 9.08%, respectively (Table 5-2). At these treatment 
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combinations, the harvester achieved the better picking performance with minimum berry losses. 

Result indicated that higher FZ provide better opportunity to picker bars for effective berry 

recovery. Treatments 2, 3, 5, 7 and 8 shared similar letters indicating non-significant difference 

among each other during harvesting. Moreover, the Treatments 6 and 9 were found to have the 

highest berry losses during mechanical harvesting (Table 5-2). Higher losses at Treatments 6 and 

9 might be due to the higher ground speed and header RPM, causing more impact and centrifugal 

forces resulting in increased losses during harvesting.  

5.4.4 Effect of High FZ-High FY on Berry Losses 

Results of ANCOVA suggested that the berry losses during mechanical harvesting in high 

FZ - high FY category were significantly affected by the levels of the treatments as shown by the 

p-value (< 0.05) (Table 5-3). The inadequate picking efficiency of the harvester could be the reason 

for significance of the main and interaction effect of ground speed and header RPM.  

Table 5-3: Results of ANCOVA and LS means comparison of high FZ-high FY category. 

ANCOVA 

Effects DF F-value P-value 

Fruit diameter 1 27.44 0.0021 

Speed 2 2.21 <0.0001  

RPM 2 4.78 <0.0001 

Speed*RPM 4 5.37 <0.0001 

LS means comparison 

Treatments Speed (km h-1) RPM Mean Loss (%) 

1 1.20 26 10.65 e 

2 1.20 28 12.26 de 

3 1.20 30 14.17 d 

4 1.60 26 15.34 d 

5 1.60 28 16.81 c 

6 1.60 30 18.92 bc 

7 2.00 26 17.15 c 

8 2.00 28 19.38 b 

9 2.00 30 21.16 a 
Means with no letter shared are significantly different at p = 0.05. 

The FD was also found to have significant effect on berry losses during harvesting (Table 

5-3) in this category that might be possible due to the berries moved or spilled away during 
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combing action of picker bars in high yielding plots. High FZ - high FY category, more impact 

force of picker bars on the plants with relative ground speed may have caused increased harvesting 

losses and decrease the berry quality due to bruising action. In the plots where FZ and FY were 

high, Treatment 1 indicated that LS means comparison result with minimum berry losses (10.65%) 

during harvesting (Table 5-3). Lower losses at Treatment 1 might be due to the gentle lift provided 

by the teeth bars to improve berry picking efficiency. Additionally, the higher FZ provided more 

time for the picker bars to pick more effectively. Treatments 2, 3, and 4 were non-significantly 

different from each other in relation to berry losses within selected wild blueberry fields (Table 5-

3). Similar results were found at Treatments 5, 6, 7 and 8, which were non-significantly each other. 

However, Treatment 9 was found to be significant with maximum berry losses (21.6%) in this 

category (Table 5-3). Higher losses for Treatment 9 in high FZ-high FY category might be due to 

the higher radial and tangential forces caused by the higher ground speed and header RPM during 

mechanical harvesting. Higher radial and tangential forces might result in spilling of berries away 

from the center causing increased losses during harvesting (Farooque et al., 2014). Aggressive 

actions in picker bars can have resulting in fruit damage and reduce picking performance of wild 

blueberry harvester. 

5.4.5 Effect of Low FZ-Low FY on Berry Losses 

Results of ANCOVA reported that the ground speed and interaction effect (Speed × RPM) 

were the influential factors causing fluctuation in berry losses for low FZ - low FY category during 

mechanical harvesting (Table 5-4). The FD and header RPM were found to have non-significant 

effect on berry losses in the low FZ-low FY plants during mechanical harvesting. FD was not a 

contributing factor in berry picking efficiency for this category. Berry losses in this category could 

be due to harvester was not able to pick the berries in low FZ plants. Visual observation also 

revealed that the rough terrain and weeds in low FZ have resulted in more losses during harvesting.  
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Table 5-4: Results of ANCOVA and LS means comparison of low FZ-low FY category.  

ANCOVA 

Effects DF F-value P-value 

Fruit diameter 1 31.57 0.1382 

Speed 2 2.99 <0.0001 

RPM 2 3.89 0.0842 

Speed*RPM 4 5.45 <0.0001 

LS means Comparison 

Treatments Speed (km h-1) RPM Mean Loss (%) 

1 1.20 26 11.96 bc 

2 1.20 28 8.92 c  

3 1.20 30 12.63 b 

4 1.60 26 14.16 bc 

5 1.60 28 10.08 c 

6 1.60 30 17.35 ab 

7 2.00 26 18.75 a 

8 2.00 28 16.42 b 

9 2.00 30 19.22 a 
Means with no letter shared are significantly different at p = 0.05. 

Results of MMC revealed the berry losses in low FZ-low FY category ranging from 8.92% 

to 19.22% during harvesting within selected fields (Table 5-4). Results indicated that the 

Treatments 2 and 5 were non-significantly different from each other, but Treatment 2 was the best 

treatment combination with minimum berry losses (8.92%). It could be due to proper relative 

velocity of the picker bars required for effective berry recovery in low FZ - low FY category. 

Results revealed that the Treatment 1 and Treatment 3 were non-significantly different from each 

other. Similarly, the Treatments 4 and 6 were non-significantly different from each other within 

selected fields. Treatment 9 resulted in significantly higher losses as compared to other treatment 

combinations (Table 5-4). Overall, higher treatment combinations of ground speed and header 

RPM produced more berry losses as compared to lower treatments in low FZ - low FY plots within 

selected fields (Table 5-4). The possible reason for higher losses at higher treatments might be due 

improper radial speed and impact forces of picker bars in conjunction to ground speed of the 

harvester in low FZ and less FY plants during harvesting. 
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5.4.6 Effect of Low FZ-High FY on Berry Losses 

Results of ANCOVA indicated that the berry losses during mechanical harvesting were 

significantly affected by the main effect of ground speed, header RPM and FD, and interaction 

effect (Speed × RPM) within selected fields (Table 5-5). The lower picking performance of the 

harvester in this particular category might be due to plants were very short or due to high berry 

yield cause of lodging. The plants having low FZ were unable to hold the plants upright due to the 

weight of the berries in high FY plots. The picker bars were less efficient in harvesting the fruit 

from lodged plants resulting in increased losses during harvesting. Visual observation revealed 

that the number of berries couldn’t easily pick and spilled away through picker bars during 

combing action of harvester head.  

Table 5-5: Results of ANCOVA and LS means comparison of low FZ-high FY category.  

ANCOVA 

Effects DF F-value P-value 

Fruit diameter 1 38.12 <0.0001 

Speed 2 2.36 <0.0001 

RPM 2 4.16 <0.0001 

Speed*RPM 4 6.22 <0.0001 

LS Means Comparison 

Treatments Speed (km h-1) RPM Mean (%) 

1 1.20 26 11.32 e 

2 1.20 28 13.80 de 

3 1.20 30 16.41 c 

4 1.60 26 17.08 d 

5 1.60 28 18.72 cd 

6 1.60 30 20.86 b 

7 2.00 26 18.21 c 

8 2.00 28 20.12 bc 

9 2.00 30 22.65 a 
Means with no letter shared are significantly different at p = 0.05. 

If the higher order interactions are significant in factorial experiments, their main effects 

can be ignored. These results emphasized the need for MMC to determine which treatments 

significantly different from each other in the experiment. The results of LS means comparison 

revealed that the Treatment 1 was the best combination with minimum berry losses (11.32%) for 
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low FZ - high FY plants within selected fields (Table 5-5). Results suggested increase in berry 

losses with increase in ground speed and header RPM of the wild blueberry harvester (Table 5-5). 

Treatments 4 and 5 were non-significantly different from each other in selected wild blueberry 

fields (Table 5-5). Treatments 6, 8 and 9 were found to be worst with significantly higher berry 

losses when compared with other treatment combinations. Higher impact force of the picker bars 

on the plants at high ground speed and header RPM could be the reason for higher losses at these 

treatments. These results were in agreement with the findings of Farooque et al. (2014). Overall, 

the results of ANCOVA and MMC indicated that selection of an ideal combination of ground 

speed and header RPM in relation to fruit characteristics can minimize berry losses during 

harvesting and improve the farm profitability of the wild blueberry growers.  

5.5 Conclusions 

 Results of this study revealed that there was substantial variation in fruit characteristics 

within selected fields. The wild blueberry harvester picked the berries more effectively in high FZ 

(> 17 cm) plants at nine all treatment combinations of ground speed and header RPM as compared 

to low FZ plants (≤ 17 cm). Results showed  minimum berry losses in high yielding (FY > 3000 

kg ha-1) plots at 1.2 km h-1 with 26 RPM as compared to low FY plots (FY ≤ 3000 kg ha-1) during 

harvesting. Based on the results of ANCOVA, it is concluded that the ground speed alone and the 

interaction effect (Speed × RPM) were significant for berry losses in all categories of fruit 

characteristics during mechanical harvesting. Berry losses affected by FD in high FY plots 

indicated that berries were not easily pick or spill away during harvesting. Results of multiple 

mean comparison indicated 1.2 km h-1 and 26 header RPM was the best treatment combination for 

selected categories of fruit characteristics. Based on the results of this study it is concluded the 

optimum combination of harvester operational parameters in accordance with the variability in 

fruit characteristics can minimize berry losses during harvesting. 
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CHAPTER 6: DETERMINE THE OPTIMUM COMBINATION OF CROP 

CHARACTERISTICS AND MACHINE PARAMETERS FOR EFFECTIVE BERRY 

RECOVERY DURING MECHANICAL HARVESTING USING ARTIFICIAL NEURAL 

NETWORK 

6.1 Introduction 

Eastern Canada and Maine, USA are the leading producers of wild blueberry crop in all 

over the world (Yarbrough, 2015). Over the past 20 years, wild blueberry fruit yield and crop 

conditions have changed significantly due to improved management practices (Eaton, 1994; 

Yarborough, 2004; Farooque et al., 2014). Significant increase in berry yield has increased the 

demand for mechanical harvesting (Holbein, 1991; Dale et al., 1994), as hand raking is a time 

consuming and labor intensive process. Wild blueberry industry is facing increased harvesting 

losses (15 to 25%) with current commercial harvesters (PMRA, 2005; Farooque et al., 2014). 

Mechanical harvesting of wild blueberry involves several factors (machine settings, crop 

characteristics, field conditions, climatic conditions, and operator’s skills), which have an impact 

on picking performance of the harvester (Salter et al., 1980). Interactions among these factors are 

complex and non-linear in nature, demanding for a robust approach to study these complex 

scenarios (Adams et al., 1998; Bryant et al., 2000). Proper understanding of these complicated 

processes can help to enhance crop productivity (Minasny and McBratney, 2002; Farooque, 2015).  

Data-driven modeling to find these non-linear relationships is considered as an effective 

methods as it does not relies on the physical behavior of system (Solomatine and Ostfeld, 2008). 

Simon and Langley (1995) narrated that data-driven modeling increases the efficiency of machine 

using computational methods and learning algorithms, which lead to increase level of automation. 

Artificial Neural Network (ANN) is commonly used as a data-driven modeling, which provides 

accurate results than conventional statistical models, particularly in those cases where functional 

relationships are multiple and non-linear (Chen et al., 2001; Farooque, 2015). The application of 

ANN modeling technique started in 1980s, but in the last decade, it has been used extensively in 
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several engineering disciplines for problem solving (Sablani et al., 1995; Chen et al., 1998; 

Pahlavan et al., 2012). Generic nature, flexibility and best approximation capabilities have resulted 

in increased demand for ANN models (Cybenko, 1989; Hornik et al., 1989).  

The idea behind ANN modeling is natural neurons system of living organisms, which has 

capability to solve complex computational problems with better understandings (Bishop, 1994). 

Maier and Danday (2000) explained the structure of ANN modeling network, i.e., artificial 

neurons/nodes connect or transmit information from input layer to output layer. The ANN 

modeling process is carried out in a “black-box”, which typically receive adjusted weight inputs 

from input or previous hidden layer, do transformations on receiving inputs, and pass to the next 

adjacent layer, which can be final output (Hornik et al., 1989; Wilby et al., 2003). Each node is 

directly connected with corresponding nodes and associated weights until the final output is 

achieved (Setiono et al., 2000). The model understands receiving inputs, altering it according to 

data, used to calibrate the nodes by weights manipulation and adjustment, and finally process to 

output (Bishop, 1994). This back and forth flow of data is used to shift transfer function and 

learning algorithms to various layers (McCulloch and Pitts, 1943; Kaul et al., 2005). Minimum 

value of mean square error (MSE) or root mean square error (RMSE) indicates the well trained 

ANN model (Anyaeche and Ighravwe, 2013). The ANN model can reduce its efficiency because 

of over training (Qin, 1999). Over training can be avoided by cross validation via an independent 

dataset (Bishop, 1995; Braddock et al., 1998). Adequate-size of network, followed by network 

generalization can avoid over-fitting or under-fitting network problems (Huang and Foo, 2002). 

Many researchers have used ANN modeling in various scientific fields such as, managerial 

problems, yield predictions, disease estimation, agrochemicals assessment, flood forecasting, 

rainfall-runoff predictions and stream flow estimations (Batchelor et al., 1997; Yang et al., 1997; 
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Wright and Dastorani, 2001; Wright et al., 2002; Clapham and Fedders, 2004; Alvarez, 2009; 

Hakimpoor et al., 2011; Sobri et al., 2012). The ANN is proven to be a better performing tool as 

compare to other traditional predictive methods in geotechnical engineering (Shahin et al., 2001). 

Paulo et al. (2006) developed ANN model for decision making regarding cancer studies. The ANN 

has also been used in industrial problems. Saanzogni and Kerr (2001) applied feed-forward ANN 

network in evaluating milk production. Fast and Palme (2010) investigated condition and diagnosis 

of a combined heat and power plant using neural network. Braga (2000) accurately predicted 

spatial patterns of corn yield in relation to agronomic variables, topographic features and seasonal 

variability using ANN model. Farooque (2015) compared ANN model with multiple regression 

(MR) technique to identify the factors responsible for fruit losses in wild blueberry fields. Results 

of their study suggested that the ANN model was capable to predict fruit losses accurately, when 

compared to MR predictions. 

   Wild blueberry harvesting constitutes the major expense in crop production (Yarborough, 

1992). Changes in crop conditions (healthy and tall plants, high plant density, and tall weeds) and 

significant increase in fruit yield have resulted in increased harvesting losses with existing 

harvesters. Literature research revealed that little work has been conducted regarding the 

application of ANN model to estimate berry losses for wild blueberry cropping system. Therefore, 

the objective of this study was to determine the optimum combination of crop characteristics and 

machine parameters for effective berry recovery during mechanical harvesting using ANN model.  

6.2 Materials and Methods 

Eight wild blueberry fields were selected in Nova Scotia and New Brunswick to develop a 

predictive model. Yield plots were made randomly in selected fields to collect fruit yield, berry 

losses and crop characteristics. FY and losses were collected at various combinations of ground 

speed and header RPM. Detailed procedure about data collection are reported in Chapter 3. The 
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complex interactions between crop characteristics, berry losses and machine operating parameters 

were studied by employing ANN modeling. The crop characteristic, machine parameters and berry 

losses were arranged and utilized to develop a model for prediction of berry losses and to suggest 

optimal operating parameters to enhance berry recovery. The ANN modeling approach has non-

linear and multiple processing capabilities. The ANN is a powerful tool capable of performing 

better than conventional statistical models (Farooque, 2015). The ANN model was developed to 

predict berry losses as function of several input variables collected from selected wild blueberry 

fields. Mathematical modeling requires minimum of two datasets; first one for development 

(training and internal validation) and latter for external validation. Therefore, collected data were 

combined and utilized as 70% for training and 30% for validation during experimentation. Those 

points outside the range of input variables were removed from validation data to avoid the 

extrapolation error). However, the validation data covered all variability in collected data.  

Crop characteristics including plant height, plant density, stem diameter, fruit yield, fruit 

zone, fruit diameter, fruit yield and machine operating parameters were chosen as input variables, 

to develop the ANN model. Total berry losses during harvesting were selected as an output 

variable. Data containing both input and output variables were normalized to improve the 

performance of the model. Normalized data ranged from 0 to 1. Normalized data was transferred 

into a commercial available Peltarion Synapse software (Peltarion Systems®, Netherlands). The 

computer software allowed us to predict an optimum combination of ground speed and header 

RPM of wild blueberry harvester to minimize berry losses during harvesting. Normalized data 

were mixed using the mixer function of Peltarion Synapse software. The 70% (n = 468) of 

normalized data were utilized for training and 30% (n = 198) for external validation during model 

development. A small portion of training data (~15%; n = 72) was reserved for verification or 
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internal validation of the developed model. A back-propagated artificial neural network (BP-ANN) 

was used to improve the accuracy of developed model by adjusting the weights in hidden and input 

layers. The BP-ANN process repeats until all given inputs nodes resulted into final output layer. 

Five mathematical functions were tested including tanh sigmoid, linear, exponential, morlet and 

logistic sigmoid. Peltarion Synapse is multi-function software and it allowed us to use desired 

mathematical functions, learning rate and momentum rule, which enhanced the performance of 

developed networks in terms of MSE, RMSE and coefficient of efficiency (CE).  

To predict berry losses during mechanical harvesting, six different architectures were 

developed and tested to find a suitable mathematical function to process the data. All networks 

were run at an epoch size of 1000 with the learning rate of 0.1 and momentum rule of 0.7 for each 

selected mathematical functions during model development. The best mathematical function (tanh 

sigmoid) was chosen based on minimum MSE and RMSE. The best configured settings were 

included three weight layers, three function layers, 15 nodes per hidden layers at 25000 epoch size. 

Once completing these steps, model was configured to have optimum settings (weight layers, 

function layers, nodes per hidden layer, epoch etc.) for prediction of berry losses during harvesting. 

Optimal configuration of ANN architecture were achieved based on higher values of R2, lower 

error rate (MSE and RMSE) and maximum CE. After achieving the proper structure and training 

of the network, the performance of developed ANN model was assessed for internal and external 

validations. Detailed procedure can be seen in Chapter 3. 

6.3 Results and Discussion 

6.3.1 Summary Statistics of Training and Validation Dataset 

 Results of summary statistics for training and validation dataset is reported in Table 6-1. 

Field variability in selected parameters is indicated with the coefficient of variation (CV). The 
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parameters are least variable if CV < 15%, moderate with CV ranging from 15 to 35% and most 

with CV > 35% (Wilding, 1985). 

Table 6-1: Summary statistics for the training and validation datasets. 
Training Dataset 

Parameters Min Max Mean S.D C.V (%) Skewness 

Speed (km h-1) 1.20 2.00 1.60 0.32 20.44 0.0 

RPM 26.0 30.0 28.0 1.64 5.84 0.0 

FY (kg ha-1) 305 17968 5489 3007 54.78 0.63 

TL (%) 5.28 27.47 14.31 5.33 37.27 0.30 

PH (cm) 9.80 39.2 23.41 4.63 19.76 -0.02 

FZ (cm) 7.80 34.6 19.13 4.36 22.80 0.09 

ST (cm) 1.14 3.96 2.39 0.31 12.97 0.52 

FD (cm) 5.15 12.35 9.18 0.92 10.01 -0.07 

PD (*) 244 1088 570 143 25.08 0.37 

Validation Dataset 

Parameters Min Max Mean S.D C.V (%) Skewness 

Speed (km h-1) 1.2 2.0 1.60 0.32 20.44 0.0 

RPM 26.0 30.0 28.0 1.64 5.84 0.0 

FY (kg ha-1) 1081 15383 5537 2665 48.14 0.66 

TL (%) 5.32 26.97 14.37 5.2 36.18 0.42 

PH (cm) 11.8 31.67 20.91 4.35 20.82 0.34 

FZ (cm) 9.8 28.67 17.09 3.51 20.55 0.82 

ST (cm) 1.28 3.81 2.02 0.27 13.37 1.05 

FD (cm) 6.66 11.22 8.83 0.87 9.85 0.70 

PD (*) 244 933 556 145 26.07 0.21 
Note: FY (fruit yield) and TL (total loss) were recorded in kg ha-1, PH (plant height) and ST (stem thickness) in cm, and *PD (plant 

density) was recorded in number of plants per square meter, Speed (km h-1), RPM (revolution per minute). 

Results of training and validation dataset indicated that the fruit yield (FY) and total losses 

(TL) were highly variable with the CV > 35%. Plant height (PH), fruit zone (FZ), stem thickness 

(ST) and plant density (PD) were moderately variable, while the fruit diameter (FD) was least 

variable in both datasets (Table 6-1). Summary statistics also showed that validation dataset 

contained all variability, similar to training dataset, which indicates the chances of precise 

predictions (Farooque, 2015). Variability in fruit losses corresponding with the variability in crop 

characteristics revealed that the picking performance of the harvester was influenced with the 

variations in selected parameters. 
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6.3.2 Model Inputs Selection 

Better selection of input variables based on the significant relationships can facilitate the 

performance of the developed networks. Correlation matrix was developed for both training and 

validation datasets to identify the significant variables affecting on berry losses during mechanical 

harvesting. Results of correlation matrix indicated that the TL have significant relationships with 

FY, PH, FZ and PD, while ST and FD found to have non-significant relationship during harvesting 

(Table 6-2). The PH and PD showed significant negative correlation with TL in both training and 

validation datasets. The FZ was found to have significant positive correlation with PH (training: r 

= 0.76 and validation:  r = 0.71) in both datasets.  

Table 6-2: Correlation matrix between berry losses and crop characteristics. 
Training Data 

 Fruit Yield 

(kg ha-1) 

Total Losses 

(%) 

Plant Height 

(cm) 

Fruit Zone 

(cm) 

Stem Dia. 

(cm) 

Fruit Dia. 

(cm) 

Total Losses  0.82***      

Plant Height  -0.26** -0.17**     

Fruit Zone  -0.21* -0.14* 0.76***    

Stem Thickness -0.11* -0.13NS 0.69*** 0.41*   

Fruit Diameter 0.08NS -0.07NS 0.26NS 0.27* 0.24NS  

Plant Density 0.43** -0.52** -0.24** -0.25NS -0.33* -0.22NS 

Validation Data 

 Fruit Yield 

(kg ha-1) 

Total Losses 

(%) 

Plant Height 

(cm) 

Fruit Zone 

(cm) 

Stem Dia. 

(cm) 

Fruit Dia. 

(cm) 

Total Losses 0.81***      

Plant Height  -0.19** -0.14**     

Fruit Zone  -0.23 ** -0.12** 0.71***    

Stem Thickness  -0.09 NS 0.11NS -0.62** -0.31NS   

Fruit Diameter  0.07NS -0.11NS 0.19NS 0.22* 0.13NS  

Plant Density † 0.46** -0.51** -0.22** -0.24NS 0.35* -0.19NS 

Note: Significance of correlations indicated by *, ** and ***, are equivalent to p = 0.05, p = 0.01 and p = 0.001. 

Where NS, non-significant at p = 0.05. († Plant density = plants/m2) 

Visual observation also supported this finding. Since, the PH and FZ were significantly 

correlated with each other, therefore, only PH was selected as an input. Significant positive 

correlation of TL with FY was in agreement with the finding of Farooque et al. (2014). Overall, 

results suggested that the PH, PD and FY were mainly responsible for berry losses during 

harvesting. Berry losses during harvesting were also influenced by the ground speed and header 
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RPM either alone or their interaction. Farooque et al. (2014) suggested that a suitable combination 

of ground speed and header RPM is required to improve berry picking performance of blueberry 

harvester. Based on results of correlation matrix and findings of previous studies, the FY, PH, PD, 

ground speed and header RPM were chosen as input variables. Total berry losses during harvesting 

were selected as an output variable. That would be model output in both training and validation 

dataset. Results of correlation analysis by Peltarion Synapse software were in agreement with the 

correlation matrix. 

6.3.3 Selection of a Mathematical Function 

In order to find the best mathematical function, normalized data were imported to Peltarion 

Synapse software and as inputs and output were defined by using the software interface. The ANN 

model was trained with six different architectures and mathematical functions to find the best 

model network for prediction of TL during harvesting (Table 6-3). Minimum value of MSE and 

RMSE indicated the effectiveness of different mathematical functions (Table 6-3). All selected 

models were run at an epoch of 5000 with the learning rate of 0.1 and momentum rule of 0.7 in 

order to have a fair comparison.  
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Table 6-3: Tested mathematical functions to process the normalized data at an epoch size of 5000.  

 

Sr. No 

 

Model Structure 

Mathematical Functions 

Tanh Sigmoid Exponential Sine Logistic Sigmoid Morlet 

MSE RMSE MSE RMSE MSE RMSE MSE RMSE MSE RMSE 

1 1 W (9/9) and  

1 F (9/9) layers 

9 inputs to 1 output 
0.016 0.13 0.021 0.15 0.019 0.14 0.028 0.17 0.029 0.17 

2 1 W (9/9) and  

1 F (9/9) layers 

5 inputs to 1 output 
0.023 0.15 0.025 0.16 0.025 0.16 0.035 0.18 0.033 0.18 

3 2 W (9/12 and 12/7) and 

2 F (9/12 and 12/7) layers 

9 inputs to 1 output 
0.019 0.14 0.034 0.18 0.022 0.15 0.048 0.22 0.042 0.21 

4 2 W (9/12 and 12/8) and  

2 F (9/12 and 12/8)  

5 inputs to 1 output 
0.011 0.11 ∞ ∞ 0.017 0.13 ∞ ∞ 0.039 0.20 

5 3 W (9/15, 15/11 and 11/9) and 

3 F (9/15, 15/11 and 11/9) layers 

5 inputs to 1 output 
0.0023 0.048 0.024 0.15 0.021 0.15 0.038 0.19 0.041 0.22 

6 3 W (9/16, 16/12 and 12/9) and 

3 F (9/16, 16/12 and 12/9) layers 

5 inputs to 1 output 
0.009 0.094 0.022 0.15 0.031 0.18 0.032 0.18 ∞ ∞ 

Where W = Weight layer; F = Function layer and ∞ = Infinity 

 

 

   

 

8
0
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Tanh sigmoid was the best mathematical function with minimum MSE and RMSE values 

as compared to all other applied mathematical functions. Results revealed that the tanh sigmoid 

has better processing capabilities for selected inputs and output data and can best approximate the 

berry losses during mechanical harvesting (Table 6-3). Results also confirmed the findings of 

Farooque (2015). Logistic sigmoid function showed deprived performance with higher MSE and 

RMSE results, which indicated poor architecture performance to predict berry losses. Exponential, 

morlet and logistic sigmoid functions revealed infinity error for selected architectures, reporting 

their inability to handle non-linear relationships to predict fruit losses (Table 6-3). These infinity 

results suggested that the selected model setting was not able to process collected data for better 

prediction. Overall, the results reported that the tanh sigmoid function with minimum MSE 

(0.0023) and RMSE (0.048) was able to process this data with higher level of accuracy when 

compared with other mathematical functions for all developed networks. 

6.3.4 Development of predictive ANN Model 

The selected ANN structure was a multilayer feed-forward neural network. The complexity 

of proposed model was minimized by choosing appropriate hidden layer, which control 

convergence of model. The ANN network’s prediction capabilities was tested by additional hidden 

layers (2) but the results did not significantly improve. However, the model was fixed by 

incorporating three hidden layers, nodes per hidden layer, transfer function (tanh sigmoid) and 

adjusted weight with function layers (Fig. 6-1). The output layer was fixed in association with 

transfer function. Several trials were attempted at an epoch interval of 1000 and the errors were 

recorded. Initially model showed inconsistent results and finally model revealed minimum MSE 

(0.0023) at an epoch interval of 25,000 (Fig. 6-2). There was no improvement in MSE after epoch 

size of 25,000, which could be enough for network but model was trained more than 35,000 

epochs.  
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Figure 6-1: Optimal configurations of the proposed ANN model parameter settings. 

 
Figure 6-2: Relationship between mean square error (MSE) versus Epoch. 
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Results suggested that the fifth reported model (Table 6-4) was capable of predicting berry losses 

accurately as compare to other selected networks. This architecture contained 3 W and 3 F layers 

and revealed significant R2 (0.88), lower MSE (0.0023) and RMSE (0.048) and higher CE (0.83), 

when compared with other network structures (Table 6-4). Better predictions of ANN model are 

achieved, when error rate is close to zero (Anyaeche and Ighravwe, 2013). These results were in 

agreement with Farooque (2015). Results revealed that the actual losses were very close to 

predicted in all cases, however, model structure 5 was selected for further processing. The selected 

networks 1, 2, 3,4 and 6 resulted in minimum value of R2 and CE, and higher MSE and RMSE, 

when compared with structure 5 (Table 6-4). These architectures were not able to predict berry 

losses accurately during mechanical harvesting. Variability in performance of different models 

might be due to the differences in the architectural settings of the developed networks. 

Table 6-4: Developed networks using Tanh Sigmoid function at the epoch size of 35, 000. 
Sr. 

No 

Model Structure Actual 

Losses 

Predicted 

Losses 

R2 MSE RMSE CE 

1 1 W (9/9) and  

1 F (9/9) layers 

9 inputs to 1 output 

0.34 0.329 0.42 0.016 0.13 0.55 

2 1 W (9/9) and  

1 F (9/9) layers 

5 inputs to 1 output 

0.34 0.332 0.49 0.023 0.15 -0.34 

3 2 W (9/12 and 12/7) and 

2 F (9/12 and 12/7) layers 

9 inputs to 1 output 

0.34 0.324 0.53 0.019 0.14 0.28 

4 2 W (9/12 and 12/8) and  

2 F (9/12 and 12/8)  

5 inputs to 1 output 

0.34 0.331 0.62 0.011 0.11 -0.43 

5 3 W (9/15, 15/11 and 11/9) and 

3 F (9/15, 15/11 and 11/9) layers 

5 inputs to 1 output 

0.34 0.338 0.88 0.0023 0.048 0.83 

6 3 W (9/16, 16/12 and 12/9) and 

3 F (9/16, 16/12 and 12/9) layers 

5 inputs to 1 output 

0.34 0.347 0.57 0.009 0.094 0.61 

Where W = Weight layer; F = Function layer; MSE = Mean square error; RMSE = Root mean square error; and 

CE= Coefficient of efficiency. 

After the optimal configuration of ANN model has achieved, the developed model was 

validated internally and externally to verify the accuracy of selected model prior to 
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implementation. Langman et al. (2010) reported that the ANN modeling capabilities varied with 

different datasets, the internal validation presumably resulted in over-and-under fitting the data 

and contributed to relatively poor performance when compared to training dataset. A linear 

regression analysis was performed between actual and predicted values to illustrate the prediction 

performance of the ANN model (Fig. 6-3, a & b). The model accuracy was tested by performing 

the internal and external validations. Higher value of regression coefficient (R2 = 0.89) for internal 

validation dataset suggested that the model was well trained and predicted fruit losses accurately 

and reliably. Based on the results of this study, the proposed settings of developed ANN model are 

tabulated in Table (6-5). The trained model was verified with external validation dataset to 

examine its efficiency in predicting berry losses as function of several input variables. Results of 

external validation suggested that the developed model performed external validations with 

significantly higher accuracy (R2 = 0.86). Minasny and McBratney (2002) reported that the 

prediction capabilities of ANN model can be improved by more input and by increasing the 

magnitude of the dataset. Overall, the selected ANN model (structure 5) performed accurate 

predictions for total losses during mechanical harvesting of wild blueberries. 

Table 6-5: Proposed ANN model parameter settings. 

Parameters Settings 

Training pattern 70% 

Optimum Epoch 25000 

Verification pattern 15% 

Number of hidden layers 3 

Number of function layers 4 

Learning rate 0.1 

Momentum 0.7 

Mathematical Function Tanh Sigmoid 

External validation Independent data set 

(30%) 
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(a) 

(b) 

Figure 6-3: Scatter plots of actual and predicted values, (a) Internal validation of training dataset 

and (b) External validation of independent dataset.
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6.4 Optimum Combination of Crop Characteristics and Machine Parameters   

 After development and accurate predictions of ANN model for berry losses, the processed 

data were categorized into four classes of berry losses (< 10%, 10-15%, 15-20% and > 20%), to 

determine the optimum combination of crop characteristics and machine parameters for effective 

berry picking during mechanical harvesting.  

Table 6-6: Summary statistics of training and validation dataset to configure optimal operating 

parameters for efficient harvesting.  

Training 

Class Speed 

(km h-1) 

RPM FY  

(kg ha-1) 

PH 

(cm) 

PD  

(plants/m2) 

FZ 

(cm) 

Mean Loss 

(%) 

< 10% 1.2 26 4326 23.46 600 21.13 7.8 

10-15% 1.2 28 5918 23.92 480 22.28 12.47 

15-20% 1.6 28 6546 29.23 560 27.81 17.26 

> 20% 2 30 5521 17.24 440 15.43 23.13 

Validation 

Class Speed 

(km h-1) 

RPM FY  

(kg ha-1) 

PH 

(cm) 

PD  

(plants/m2) 

FZ 

(cm) 

Mean Loss 

(%) 

< 10% 1.2 26 4243 22.85 570 21.16 8.29 

10-15% 1.2 28 5879 21.11 480 20.27 12.06 

15-20% 1.6 28 6477 28.65 540 26.92 17.02 

> 20% 2 30 5436 17.93 520 14.08 22.56 

 

Results showed that the berry losses were lower (< 10%) in in high FY (FY > 3000 kg ha-1), short 

plants (PH ≤ 25 cm), high PD (PD > 530 plants/m2) and higher FZ (FZ > 17 cm) plots. The best 

operating combination for this category was 1.2 km h-1 and 26 header RPM (Table 6-6). Results 

also revealed that berry losses were increased with increase in ground speed and RPM in higher 

FY, PH and FZ plots within the fields (Table 6-6). Higher berry losses (> 20%) were observed in 

high yielding plots with short PH (PH ≤ 25 cm) and low PD (PD ≤ 530 plants/m2) at 2 km h-1 and 

30 header RPM. Higher berry losses in high yielding plots could be due to the harvester’s 

interference with low PH and FZ plants. Another reason for this observation might be the lodging 

of crop resulting in poor performance of harvester. Operating a harvester at higher ground speed 
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in combination with higher RPM of the header can increase berry losses during harvesting. These 

results were in agreement with the finding of Farooque (2015). 

Results revealed mix trend for berry losses at selected combinations of ground speed and 

header RPM in relation to variable crop characteristics within selected fields (Table 6-7). 

Minimum berry losses were found in experimental plots with higher FY, PH, PD and FZ at 1.2 km 

h-1 and 26 RPM of harvester (Table 6-7). Results indicated that the berry losses in some plots were 

more due to increase in FY and reduction in crop characteristics such as PH or PD (Table 6-7). 

Lower FY in conjunction with low PH and PD resulted in an increased fruit losses during 

mechanical harvesting. Possible reason for this observation could be the low plant stature with low 

FZ, where the harvester was not able to pick berries more effectively. Higher berry losses were 

obtained at 2 kmh-1 with 30 RPM in high yielding plots (Table 6-7). Results reported that the low 

PD was responsible for increased losses. Results further narrated that the increase in machine 

operating parameters (ground speed and RPM) led to an increase berry losses during mechanical 

harvesting. Based on these results, it is concluded that the harvesting losses can be reduced by 

operating the harvester at a ground speed of 1.2 kmh-1 in combination with 26 header RPM of the 

harvester in spatially variable plant characteristics within selected wild blueberry fields.   

Table 6-7: Predictive berry losses at different combination of machine parameters and crop 

characteristics. 

Speed 

(km h-1) 

RPM FY 

(kg ha-1) 

PH 

(cm) 

PD 

(plants/m2) 

FZ 

(cm) 

Mean Loss 

(%) 

1.2 26 4241.69 24.21 600 23.40 10.85 

1.2 28 3125.30 28.60 560 27.75 13.03 

1.2 30 5685.03 22.95 460 20.66 14.34 

1.6 26 3795.78 19.31 650 18.82 12.49 

1.6 28 2818.85 23.60 570 19.54 14.43 

1.6 30 5705.32 24.31 575 22.86 15.21 

2.0 26 4842.45 17.67  440 17.12 16.03 

2.0 28 5430.70 27.73 620 25.33 16.84 

2.0 30 6061.99  22.97 463 21.16 19.23 
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6.5 Conclusion 

Results of this study proved that the ANN model was accurate and reliable to predict berry 

losses as function of crop characteristics and machine operating parameters during mechanical 

harvesting. Minimum value of MSE and RMSE in training process of model and higher value of 

R2 in internal and external validation datasets, confirmed the accuracy of ANN model for better 

predictions. Based on the results of this study, it is suggested that berry yield can be improved to 

operate the harvester at 1.2 km h-1 ground speed and 26 header RPM in conjunction with optimum 

crop characteristics, i.e., average plant height (24 cm), average plant density (570 plants/m2), 

average fruit yield (4300 kg ha-1) and average fruit zone (23 cm). It is also suggested that that the 

developed model will help to construct an interface using C Sharpe programming language for the 

automation of the wild blueberry harvester. Moreover, reduction in berry losses by implementing 

appropriate operational settings, will generate more revenue for farmers with no additional cost to 

justify the ever increasing cost of production. 
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

The overall objective of this study was to find an optimum combination of crop 

characteristics and machine parameters to reduce berry losses during mechanical harvesting of 

wild blueberry. Crop characteristics were classified into two categories (plant characteristics and 

fruit characteristics), and the harvester was operated at different combinations of ground speed 

(1.2, 1.6 and 2.0 km h-1) and header rpm (26, 28 and 30). Results of this study revealed that crop 

characteristic were substantially variable within selected fields. The wild blueberry harvester 

performance for berry picking was better in short plant (PH ≤ 25 cm) areas of the field. Berry 

losses were increased in tall plants (PH > 25 cm) areas of the field at all combination of machine 

parameters (speed and RPM) than short plants. Results suggested that appropriate head height 

adjustment based on the variation in plant characteristics can reduce berry losses during harvesting. 

Berry losses were observed higher on the ground in less dense plant (PD ≤ 530 plants/m2) areas 

than high dense plant areas of the selected wild blueberry fields. The reason might be due to the 

more impact force of picker bar on less dense plants than high density plants. ANCOVA results of 

plant characteristics reported that the berry losses were significantly influenced by interaction 

effect (Speed × RPM) (p < 0.05) in all selected categories of plant characteristics. Results of 

multiple mean comparison suggested that wild blueberry harvester picked the berries effectively 

at 1.2 km h-1 and 26 RPM with minimum berry losses (< 10%) whereas increase in the ground 

speed and RPM resulted in higher berry losses.  

Fruit characteristics results reported that harvester revealed the poor picking performance 

in low FZ areas (FZ ≤ 17 cm). Harvester could not easily pick the berries in those areas where the 

plants were lodged due high berry yielding with low FZ plants. However, minimum berry losses 

were observed in high FZ areas (FZ > 17 cm) as compared to low FZ areas. Visual observations 
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indicated that operator need to adjust the head height according to variation in FZ of the field. 

Berry losses were minimum in high berry yield areas (FY > 3000 kg ha-1) at lower combination of 

ground speed (1.2 km h-1) and header RPM (26) as compared to grower’s combination (1.6 km h-

1 and 28 RPM). Results indicated that the berry losses were increased in high or low FY plots by 

increasing in ground speed and header RPM to more than 1.2 km h-1 and 26 RPM. Significant 

results of ANCOVA for fruit characteristics is showed that harvesting operating parameters (Speed 

× RPM) were affected the berry losses during mechanical harvesting in all categories of fruit 

characteristics. ANCOVA results also indicated that berry losses were affected by fruit diameter 

in high FY plots. It might be possible due to the berries moved or spilled away during combing 

action of picker bars in high yielding plots. Results of multiple mean comparison for selected fruit 

characteristics suggested that combination of lower ground speed (1.2 km h-1) with lower RPM 

(26) improved the picking performance of wild blueberry harvester.  

Results of artificial neural network (ANN) modeling approach suggested that the 

developed model was able to predict the berry losses as function of crop characteristics and 

machine operating parameters during mechanical harvesting. The minimum value of MSE 

(0.0023) indicated that the model was well structured to estimate the berry losses during 

harvesting. The ANN model prediction was also confirmed with internal and external validation 

datasets. Summary statistics of ANN model prediction concluded that berry losses were minimum 

at optimum harvesting parameters, i.e., 1.2 kmh-1 ground speed and 26 header RPM and optimum 

crop characteristics including average plant height (24 cm), average plant density (570 plants/m2), 

average fruit yield (4300 kg ha-1) and average fruit zone (23 cm).  

Based on the results from this study, it is suggested that picking performance of the 

harvester can be enhanced by using optimum machine settings based on the variations in plant and 
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fruit characteristics within wild blueberry fields. Machine vision linked with enhanced sensing 

system technology in wild blueberry cropping system, can increase the level of automation of the 

harvester. Automation can improve real-time decision making of the harvester’s controls to 

minimize berry losses. Operator’s stress can also be reduced during harvesting by real-time 

adjustments of head height, ground speed, header RPM, and bin handling. Furthermore, it is also 

suggested that the modeling approach can be further improved in the wild blueberry harvesting. 

Input variables such as environmental factors, time of harvest, topographic features, and soil 

properties could be included to improve the accuracy of the model. The addition of these input 

variables aid to develop a user friendly computer interface, which will help the operator to reduce 

berry losses during harvesting. It will increase harvestable berry yield without additional 

production cost that ultimately increase farm revenue.
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