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ABSTRACT

The wild blueberry industry isurrentlyfacing increased harvesting losses due to
changes in crop conditions caused by improved management practices. Theesbgcti
this study were to sensievariations in fruit yield, plant height and topographic features
to quantify overall fruit losses, evaludtee blueberry harvester for picking efficiency in
relation to spatial variabilityand to develop a mathematiecabdel forpredicton of fruit
losses. An integrated automated sensing and control system was developed and
incorporated onto a commercial blueberry harvester to sense plant height, fruit yield, slope
and elevation in redlme. Four wild blueberry fieldsvere selected and performanceta
commercialblueberry harvestewith developedntegratedsystemwas evaluated. Yield
plots were randomly selected atie harvester was operated at different combinat@ns
ground spee@dnd head revolution® mechanially harvest these plat3otal fruit yield,
berry lossesplant height, fruit zone and slope were recorded manually from each plot.

Results reported that the developed system performed rapidly and reliably to
estimate prénarvest fruit losseglant heidnt, fruit yield, slope and elevatian reattime.
Significant relationshigbetweenfruit yield and totalfruit losses suggested that losses
during harvesting were proportional to fruit yield. Results of means comparison showed
that a combination of 1.2 kim* and 26 rpm resulted in significantly lower losses in high
yielding fields. Spatial variability in fruit losses corresponding with the variations in crop
characteristics, fruit yield and slope suggested that these parameters had a significant effect
on fruit lossesduring mechanical harvestingresults of modang suggested thathe
predictive capabilities of thartificial neural network moddb estimate fruit losses were
significantly better than theaultiple regression modébr training and validabn datasets.
Overall, the results suggested suitable combinatio of ground speed and header
revolutionsbased on proper characterization and quantification of spatial variaitityt
yield, plant characteristicand topographic features can minmaifruit losses during
harvesting.This study can help to identify the factors responsible for fruit losses and to
suggest optimal harvesting scenarios to improve berry picking efficiency and recovery to
increase harvestable yield, which will improve fgprofitability with no additional cost.
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CHAPTER 1 INTRODUCTION

Northeastern North Americai t he wor |l dds | eading produc

(Vaccinium angustifoliumit.) with over 86,000 ha under management and producing 112
million kg of fruit, valued at $470 million annually (Yarborough, 2013he wild
blueberry industry is rapidly growingitl over 7,700 ha of neareaof production over

the past 20 years in Canada (Yarborough, 2009). Blueberry fields are developed by clearing
woodlands and removing competing vegetation (Eaton, 1988). Newly established
blueberry fields contain 30 to 50% bapots/weed patches (Zaman et al., 2008). Blueberry
fields are predominately managed on tyearproduction cyclewith the perennial shoots
pruned in alternative years to maximize floral bud initiation, fruit set, yield and ease of
mechanical harvest. Seltive herbicides, fungicides and fertilizers are applied for
optimizing plant growth to encourage improved berry production (Esau,€2044).
Harvestingof wild blueberriegloes not take place until approximately 90% of the berries
are blue (Dale et 311994; Mehra et al., 2012).

Wild blueberries have been hand raked ttoe past 100 years. The substantial
increase in fruit yields with improved management practices over last few decades,
shortage and quality of lahoand increase of wages have capsntly demanded for
mechaical harvesting (Yarbrough, 20p1Research on the development of a mechanical
harvester started in early 1950st a viable harvester was not commercialized until 1980s
due to technical difficulties including rough terrain, pbarvesting efficiency and fruit
damage (Hall et al., 1983; Richard, 1982). Currently, the mechanically harvested blueberry
area is more than 80% of the total area in Canada (PMRA, 2005). The wild blueberry

industry is facing increased harvesting losséh the existing commercial harvester due
1



to changes in crop conditions caused by the improved management practices (Farooque et
al., 2014; Yarborough, 2009). This situation emphasitee need to evaluate the
performance of harvester using precision agtize (PA) technologies and mathematical
modeling to suggest optimal scenarios for effective berry recovery and quality.

Innovative PA technologies comprised of sensors, controllers, hardware, software,
differential global positioning system (DGP&)dgeographical information system (GIS)
can provide the tools that allow us to identify the factors affecting harvesting efficiency in
spatially variable fields (Bausch and Delgado 2003). Coupled with a DGPS, sensors are
capable of acquiring high spatial rastxdn data which can aid in decision making (Holland
et al., 2006)An ultrasonic sensor, a digital color camera, a slope sensor andteneal
kinematics global positioning system (RIBPS) coupled with custom developed
hardware and softwarkave beemised to estimatdant height, fruit yieldand topographic
featuresfor wild blueberry cropping systenSyain et al., 2009Zaman et al., 2019
Zaman et al., 2011; Chang et al., 2012a; Saleem, 2012). However, integration of these
sensors, newly developedistom software and a ruggedized computer on a commercial
blueberry harvester to sense plant height, fruit yield, slope and elewatitego has
never been tested and evaluated. Rea mapping of fruit yield, plant characteristics and
topographic feires can be used &ssess overall fruit lossasd todevelop relationships,
which can be helpfuio adjustthe harvester operational settings to enhance berry picking
efficiency.

Non-destructive yield mapping to quantify overall fruit $es during hamesting
emphasize the needfor physical evaluation othe commercial blueberry harvester

(Farooque et al.,, 2013p suggest optimal operational parametiens effective berry
2



recovery Many researchers have attempted to evalirgteild blueberry harvests for
fruit losses up to the early 1990s (Rhodes, 1961; Abdalla, 1963; Hayden and Soule, 1969;
Hall et al., 1983; Sibley, 1992; Yarborough, 1992), but no work has been done in last 20
years to study the performance of harvester corresponding to the sihaog® conditions.
Detailed evaluations dhe harvester in relation to spatial variations in fruit yield, plant
characteristics and topographic features will suggest optimal operational settings for the
grower 6s community to increase harvestable vy
With the installation of sensors and control systems on mechanical harvesters, it
has been evident thé#te fruit yield, plant parameters artdpographic featuresxhibits
significant spatial variability (Bramley and Hamilton, 2004; Zaman et al., 20H#&rooque
et al.,, 2013) which can have an impact on fruit losses during mechanical harvesting.
Spatial variations in fruit yield are mainly caused by heterogeneity in crop characteristics,
soil physical and chemical properties, and weather conditions \&iod Asseng, 2006;
Rogerio et al.,, 2006; Kaleita et al., 2007; Cemek et al., 2007, Mann et al., 2010).
Heterogeneity may occur at small scale or large scale, even in the same variable of interest
or in the same community (Du Feng et al., 2008). Knowleflgpatial variability is critical
for planning and implementing the operational recommendations for mechanical
harvesting of wild blueberries. Harvesting of spatially variable fields at standard
operational settings without characterizing the spatiabfdity can result in increased
fruit losses during harvestiny.ariability in fruit losses corresponding with the spatial
variations in crop characteristics, fruit yield and slope of the ground can be helpful in
identifying the factors responsible for itrlosses.

Fruit losses during harvesting are consequence of complex interactions between
3



mechanical parameters, crop characteristics, weather conditions, soil structure, operator
skills and field topography (Adams et al., 1998; Bryant et al., 2000; éaeoet al., 2013;

Salter et al., 1980). Owing to the dynamicity of these relationships, determination of ideal
settings to optimize yield and quality has always remained a challenge (Fritz and
Weichmann, 1979). Inherently, the nature of the harvestingepses that govern the
picking efficiency are complicated and nlbmear (Chen et al., 2001). Modeling network

of relationships requires an approach that is robust, scalable and flexible with a choice of
various learning algorithms. In the case where inpaatsoutputs are intrinsically variable,

a system that is intended to be predictive is more appropriate (McCarthy et al., 2001,
Reidsma et al., 2009). Therefore, a model wkt
ideal because it will certainly bex@ more reliable through time and will be able to adapt

to unforeseen changes in the data (Huang and Foo, 2002). Theridatamodeling
approach of connecting one set of data (output) with another corresponding set (input) is
more appropriate to find leionships.Understanding and predicting the relationships
between the machine operating parameters, fruit losses, topographic features and crop
characteristics can aid in better berry recovery during mechanical harvesting.

Wild blueberry growers are fagy increased harvesting losses with their existing
harvesters due to changes in crop conditions (healthy and tall plants, high plant density,
tall weeds and significant increase in fruit yield) caused by improved management
practices (herbicides, fertilieg pesticides, pollinationgtc) emphasizing the need to
evaluate the harvester using PA technologies and mathematical modeling approaches. This
study can help to identify the factors responsible for fruit losses and to sumggpest

operating condition$o improve berry picking efficiency and recovery. Improved berry
4



picking efficiencybased on proper characterization and quantification of spatial variability
has the potential to anease profit margins for tharineis community to justify the ever
increasing cost of production

Objective and Goals

Therefore the objectives of this study wet@

(i) Perform evaluation of multiple ground based sensors mounted on a commercial
wild blueberry harvester to sense plant height, fruit yield and topographic
features o-the-go during harvesting,

(i) Effect of ground speed and header revolutions on the picking efficiency of
commercial wild blueberry harvester,

(i) Response of wild blueberry fruit losses to spatial variabilityuit yield, crop
characteristics angroundslope and

(iv) Develop a predictive model for wild blueberry fruit losses during harvesting

usinganartificial neural network (ANN).



CHAPTER 2 PERFORM EVALUATION OF MULTIPLE GROUND BASED
SENSORS MOUNTED ON A COMMERCIAL WILD BLUEBERRY
HARVESTER TO SENSE PLANT HEIGHT, FRUIT YIELD AND

TOPOGRAPHIC FEATURES ON-THE-GO DURING HARVESTING

Non-destructive mapping of fruit yield, plant height and topographic features can
aid in developing strategies for effective berry recovery during mechanical harvasting.
integrated automated systesomprising ofan ultrasonic sensog digital color cameraa
slope sensog RTK-GPS, custom software andggedizeccomputemwas developedrhe
system was incorporatechto acommercial wildblueberry harvester tmeasureplant
heght, fruit yield, slope andelevation simultaneously while harvesting-our wild
blueberry felds were selecteid evaluate the performance of thevelopedsystem Field
boundaies bare spots, weeds and grass patches were maihed RTK-GPSprior to
start the experiment

Linear regression was used to calibrateatmalfruit yield with the percentagef
blue pixels(R? = 0.79t0 0.92;P < 0.001;n = 40)usinga0.91x 0.70 m quadraiat selected
points from all fields. The output voltage of an ultrasonic sensor was significantly
correlated withmanually measureglant height R2 = 0.9%; P < 0.001; n = 13).
Comprehensive surveywereconducted irselected field$o senselant height, fruit yield,
slope and elevatiorapidly inreattime during harveting. Mapsdeveloped in ArcGIS 10
showedsubstantial variability in measured parameters across ths, feeiggestindpigher
fruit yield andlower plant height ifow lying areagmild slope)and vice versaResults of
zonal statisticsaalso supported theesuls identified by the map®verall, the results of

calibration validationand mapping indicatethat the developedsystem wasnaccurate,
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reliable and efficient to maplant height, fruit yield, slope and elevationreaktime.
Results also revealdtat thehardware and software of the developed system performed
rapidly and reliably to estimate pharvest wild blueberry fruit yield, which can be used
to quantify overall fruit loss during mechanical harvestifigis informationcanalsobe
usedto develop sitespecific fertilization strategiego optimize crop productivity while
minimizing environmental risks

The work presented in this chapteas been published i€omputers and
Electronics in Agriculturdournal91:1351 4 4 ,  eReformaniceaadluatiin of multiple
ground based sensors mounted on a commercial wild blueberry harvester to sense plant height,
fruit yield, and topographic features in r¢ail me 0 .
2.1 INTRODUCTION

The wild blueberry industry may significantly benefit frofA technologes that
allow measurement and mapping of soil, crop and fruit parameters-tinmeakruit yield
and quality of blueberries is influenced by the spatial variatioroiinpsoperties, plant
characteristicand topographic features (Farooque et al., 0Mild blueberry growers
are facing increased harvesting losses due to changes in crop conditions caused by
improved managemergélective herbicides, fungicidgsollination, fertilizer etc) (Esau
et al., 2014). This situatioamphasizeshe need forhe development oan integrated
sensing system agprisingof low-cost sensors and controllers for accurate estimation of
pre-harvest fruit lossesplant height and topographic features in +téak during
mechanical harvestinglapping these parameters cam in increased berry picking
efficiency of the blueberry harvestefFarooque etl., 2014;Boydell and McBratney,

2002).



Multiple sensors arevidely adopted in PA systems to measure and map soil and
plant characteristics ireattime to make managemedecisionsThePA systemsnvolves
a wide spectrum of sensprBardwareand software fordata acquisition, automated
recording, analogue and digital processing of dapato symbolic analysis all wiin
frameworkto assess spatial variations wittinefield. Mobile ground or proximal sensors
are an emerging technology designed to overcome many of the limitations associated with
the currat instrumentation of satelliter aircraftbased sensing systems (Bausch and
Delgadq 2003. Satellite or airborne platforms deliver spectral information; however, they
may not be available in time for critical management decisions to be implemented. Also,
remote sensing data iomstrained by weather conditions, obtainingiogilate aerial
photography is very exgmsive, the quality is variabénd data processing is also intensive
and complicateqMalay, 2000) Ground sensing technologies are able to get arownd th
problem of wedter conditionsand their close proximity to the canopy reduces or
eliminates soil reflectance interferen€&@oupled with aDGPS, these ground sensors are
able to deliver data of high spatial resolution that can be integrated with material delivery
systemgo facilitatereattime applicationsof agrochemical§Holland et al. 2006.

Many researchers have studied the spatial variation in soil properties, plant
characeristics and fruit yield for different cropping systems using ground based sensing
and control system&an et al. 2009 developed a grourbased, multsource ifiormation
collecting system and tested the feasibility of the system on cotton; it consisted of
normalized difference vegetatiomdex(NDVI) sensor, crop canopy analyzer feaf area
index (Al), hyperspectraradiometer, multspectral camera ancrop reight sensors.

Rosellet al. 009 used a lowcost tractomounted scanning light detection amohging
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(LIDAR) system capable of making nalestructive recordin@f treerow structure in
orchards and vineyardVoshou et al. Z00§ investigated proximal optical sensing to
diagnose disease infestations on wheat and to mis@ie between pathological and
nutritional stresseZaman and Schumann (2003) developedaumptbased ultrasonic
sensor system fdree volume measurement in citrus groves to implement variable rate
nitrogen application (Zaman et ,a2005, and estimate citrus fruit yield (Zaman et, al.
2009. Gil et al. 007 developed a muHnozzle airblast sprayer fitted with ultrasonic
sensors and electralves in order to modify flow rate from the nozzlegeattime, in
relation to the ariability of vine canopy widthJohnson et al.2003 have shown a
significant correlationR? = 0.74) between NDVI and LAl values in vines suggesting that
NDVI map can be used to interpret spatial patterns in infestation and disease, water status,
fruit characteristics and wine qualitlazzetto et al. (2010) integrated optical and analogue
sensors for monitoring canopy health and vigor for vineydalay (2000)developed an
optical sensor based yield monitoring system to estimate wild blueberry fruit Vedd.
accuracy of the CERES Il yield monitoring system (R.D.S Technology, Gloucester, U.K.)
was influenced by theéebris common to blueberry harvegtgss, roks and stick$, which
caused an overestimation of the yield. The inclieledatorand uneven topographyere

also responsible for these overestimations.

An accurate yield mapping system may be possible with the addition of a digital
color camera orthe blueberry harvesters to estimate yigdor to harvesting. Many
researchers worked on fruit yield estimation in afiestructive fashion (Annamalai et al.,
2004; Chinchuluun and Lee, 2006; Madhur et al., 2006Schumann et al., 2007; Zaman

et al., 2010) for various cropping systenSchumann et al. (2007) developedraund
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based digital photography and ultrasoniegiag systemfor magping tree characteristics
and fruit yield in reattime for citrus orchardsZaman et al. (2008) evaluated the
performance of a costffective 10 negapixel digital color camera for wild blueberry fruit
yield estimationResults of theistudy suggested that the digital photografgghnique
can be implemented fastimation of fruit yield by a@lculating the blue pixel ratiosing
image processing algorithm&aman et al. (201§ developed an automated yield
monitoring system (AYMS) consiing of a digital color camera, ruggedized laptop
computer, custom software aadRTK-GPS They successfully estimated and mapped fruit
yield in wild blueberry fields. However, ordinary digital color cameras are not viable for
commercial yield monitoringystem to incorporate intbe harvesters for yield mapping.
Chang et al. (2012a) developad automated yield monitoring systdin(AYMS II)
consisting of t waRTK-GRSa custam softwarandanmeggedized
laptop computermounted on &pecialzed Farm Motorized Vehicle for reime fruit
yield mapping.

Ultrasonic sensors are widely usém nondestructive estimatioof plant heights
(Sui et al, 1989; Schumann and Zaman, 200&nsichen and De Baerdemaeker (1992)
measured th distance between crop divider of the harvemtelrthe urharvested crop by
using an ultrasonic sensor. Wild et al. (1998) testedl evaluatedhtee methodsi.e.
mechanical, image processing and ultrasonic sensing to measusgdtheof cut in a
combine harvesteResults of their study indicated that the ultrasonic sensor estimates were
very accurate when compared with image procesamgmechnical deviceKataoka et
al. (2002) suggested that thkrasonic sensdrad an advantage over the laser beam sensor

for plant height estimation afoybean and corn cropShrestha et al. (200&)ounted an
10



ultrasonic sensor above and perpendicular totganopy to senseorn plant height in a

lab environmentSwain et al. (2009) developed and tested-¢mst ultrasonic system for

tall weedand bare spot mappimg wild blueberry fieldsThey reported thaheultrasonic
sensor was capable of detecting thll weedand bare spotwithin the blueberry fields.
Dionisio et al.(2012 developed an ultrasonic system for weed detection in cereal crops.
Results of their study indicated that the ultrasonic sensors were capable of differentiating
the weed and newedl infested areas with up to @3success.

Zaman et al. (2011) developed and evaluated a prototype variable rate sprayer for
tall weed detection and spraying in riale using ultrasonic sensordaman et al. (20H)
developed a costffective system sing reliable and inexpensive sensors for-tivaé
measurement and mapping of slope in wild blueberry fiddéeemet al. (2014 used
RTK-GPS andGIS to derive topographi¢eatures and relate them with hydrologic
attributes in wild blieberry fields. Ruit yield, plant height, slopeand elevation were
mapped usingndividual sensors by different researchers (Zaman et al., 2008, Zaman et
al.,, 201@ Zaman et al.2011; Chang et al., 2012&)r wild blueberry cropping system
However,the integration of aigital color cameraan ultrasonic sensog slope sensol
RTK-GPS newly developedcustom software and a ruggedized compuwias performed
in this study The integrated systemas mounteen a commercial harvester to miapit
yield, plant height, slopand elevation red@ime in one go.

Many researchers have attempted to characterize and quantify spatial variation in
soil properties, plant characteristics and fruit yield for different cropping systems using
multiple sensoand control systems (Moshoua., 2006 Lan et al, 2009 Rosell Polo et

al., 2009 Mazzetto et al., 20f@aman et al.2010h Zaman et al., 2031Chang et al.,
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2012a; Chang et al., 2012bHowever, to date little attention has been paid to wild
blueberry poduction systemn the present study,groundbasednultiple sensos system
(software and hardware&pmprised ofn ultrasonc sensoradigital colorcamera, a slope
sensor and a RTK-GPS wasdevelopedand incorporated inta blueberry harvestdo
propose practical ground sensing solutiamslmatch crop monitoring needs by means of
tools that could be directly used at farm level. peeormance of developed systemas
tested and evaluatedth regard toestimateplant height, fruit yield, slopeand éevation

in reattimefor selected wild blueberry field¥hepotential anadapabilityof the developed
system toestimate préharvest fruit losses during mechanical harvestmas also
examined

2.2MATERIALS AND METHODS
2.2.1 Developmentof Multiple Senrs System

2.2.1.1 Hardware Components

The developed systenconsisted ofan ultrasonic sensor (Q45U; Banner
Engineering Corp., Minneapolis, MN, USA), € Ey e 1d@ialCdoEdarGergIDS
Imaging Development System Inc., Woburn MA, USA){ilt sensor emsic 2125;
Parallax Inc., Rocklin, CA, USA) sensing the tilt of a vehicle in any orientation on g slope
a HiPer® lite+ RTKGPS (Topcon positioningystems Inc., Livermore, CA, USA) for
georeferencingandaruggedized computer Latitude E6400 XFR (Dell Inc., Round Rock,
TX, USA). The developed systemas incorporatel into a commercial wild blueberry
harvester fomappingplant heightfruit yield, slopeand elevation (Fig.-2).

The camera and RTKGPS werenounted at the front of tHearvesteat a height of

0.9%5 m with a clear view of groundAn ultrasonic sensor was mounted 0.8 m abibnee
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ground surface on the steel pivot arm (Figl)2A bicyclewheel was used at the end of

the steel pivot arm to keep the height of the sensor constant during operétesystem

The National Marine Electronics Association (NMBA83) standard code sentenoés
RTK-GPS was used for calculation of coordinateéthe ultrasonic sensor, the center of
camera images, and the slope sensor simultaneously. The camera comprised of a 1/3 inch
CMOS sensor, a-@ount for lens (LM4ANCL, Kow&ptimed Inc, Torrance, CA, USA)

and a global shuttéo reduce blurring of imageshe camera lense had 3.5 mm focal length

and was set up with fixed aperture (f/4.0) and infinity fofmrsclear image acquisition

The images from the camewmere acquired according to the speed of harvester and
processed data were stored with calculatedrdinates in a ruggedized computer. The
calculated coordinateand elevation datavere continuously stored in a ruggedized
computer through the serial port at 5.F8ppe sensor was mounted inside the cabin of
tractor to measure the slope of the tragtany orientation. In this study, a pealibrated

slope sensor was used. Details about the configuration of the slope sensor can be adopted

from Zamaret al (201().

2.2.1.2 Software Development

Custom image processing software was developed in C+g Usnal Studio 2010
(Microsoft, Redmond, WA, USA) for a 32t Windows operating system to estimate the
percentage of blue pixels representing ripe fruit in the field of view of images taken by the
camera. The software interface was capable of capturdfgbit RGB 720 x 480 image
(total covered field area of 0.91 m x 0.70 m) and processing the percentage of blue pixels,
an ultrasonic sensor recording for plant height estimation, elevation reading from RTK

GPS alongwith georeferenced coordinatesd precalibrated tilt sensor recordings for
13



measurement of slope simultaneously in a ruggedized computer through a serial
communication cable in reéime. Exposure time and digital gain for camera were
automatically controlled to adjust for variable outdoghticonditions(> 500 lux) The
acquired imageweresaved in BMP file formatCoordinates from previous and current
RTK-GPS output were converted to decimal degrees and used to automatically estimate
the timing for the next image and ultrasonic sensoa daguisition. Detailed working

principle of the custom developed software is explained in Figlre 2

Figure 2-1: Configuration of multiple sensors mountaa a commercial wild blueberry
harvester.

The custom software was used to enhancecandt the blue pixels in the quadrat
region of each image, usingdgreenblue (RGB) pixel ratiaand expressing the result as

a percentage of total quadrat pixels. The ratio used was (B*255)/(R+G+B), and a manually
14



obtained threshol(> 80) adequately dicriminated the apparent blueberry fruit pixels from
the remaining pixels in an image. Overestimated tendency due to the reflection and dark
shadow was corrected by removing over and under intensity pixels (R+G+B) > 500 or <
40). Small noisy clusters ofxels in the image which were incorrectly identified as fruit
were removed by applying one pass of 2 x 2 erosion filter. Result of percbhtagixels
in the quadrat region of each image was calculated automatically by running the software
in reattime. The geereferenced final results of plant height, blue pixels, slope and
elevation were saved asmma separated valu€3V) files (Fig. 2-2). The data collected
by multiple sensors were imported into ArcGIS 10 (ESRI, RedlantislUUSA) for further
procesing.
2.2.2Calibration of Multiple Sensors
2.2.2.1 TheExperimental Sites

Four wild blueberry fields were selected in the Nova Scotia and New Brunswick
provinces of Canada to evaluate the performance of multiple sensors mounted on a
commercial wild bluebey harvester. The selected fields were tleoper site
(45.480573°N, 63.573471°W; 3.2)h&mall Scott site (45.600641°N, 63.086512°W; 1.9
ha), Tracadie site (47.2824117°N, 65.1440212°W; 2.9 ha) and Frankweb site
(45.241900°N, 63.401143°W,; 4.6 ha) (Fig3R The Cooper and Small Scott fields were
in their vegetative sprout year of the biethmei@p production cycle in 201énd crop year
in 2011, while the Tracadie and Frankweb fields were in sprout year in 2011 and crop year
in 2012. The selected fieldath been under commercial management over the past decade
and received biennial pruning by mowing for the past several years along with ttmmaien

fertilizer, pollination, weed and disease management practices. The soils at the
15



experimental fields wereassified as sandy loam (Orthic HutRerric Podzols), which is

a welkdrained acidic soil (Webb and Langille, 1996).

| Calculation for moved distance (INT 1) | <INT 1: Timer (50ms) |

<INT2: GPS (5Hz) |

Distance for new
acquisition?

| Data acquisition from all sensors |

v
| Calculation for sensors’ GPS data |

|Removing reflection and dark spots |

v
| Conversion RGB to B-ratio image |

v
| Segmentation of B-Ratio images (> 80) |

| De-noise by erosion filter |

| Calculation percentage of blue pixels |

Is set
Save image?

|  Save image as BMP format |

| Display sensors’ values |

| Save rem;lts as files |
|

Figure 2-2: Flow chart showinghe working principle of custom developesbmputer
program for multiple sensors mounted on a commebtiggberry harvester
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Figure 2-3: Layouts of selected wild blueberry fields, (a) Cooper site, (b) Small Scott site,
(c) Tracadie site and (d) Frankweb site
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2.2.2.2 Digital Color Image Acquisition

A 0.91 x 0.70 mwoodenquadrat wagsonstructed and placed at randomly selected
points in all fields to define the area of interest and to acquire sn@ge images were
taken from the selected points using a ¢Eye
the images was masked out ahe percentage of blue pixels was estimated using the
custom softwareeveloped in C++ programing langua@alibratona € Eye di gi t al
cameravas carried out at 80 randomly selected data points (20 points in each field) within
the selected fields.
2.2.23 Manual Fruit Yield Measurement

Manual harvesting wagperformed using a hand rake (FigdRfrom the same 80
randomly selected data points (20 points in each fialbgre the images were collected.
Wild blueberries were separated from debris inclgdaaves, grass and weeds for each

sample and weighed at the time of harvest.

Figure 2-4: A hand rake for manual harvesting of wild blueberries.
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2.2.2 4 Ultrasonic Sensor Calibration for Plant Height Estimation

An ultrasonic sensor was calibratedor to estimatethe plant height irreaktime.
The correspondingensorvoltages were recorded usirg U3HV (LabJack Corp.,
Lakewood, CO, USA) I/O unifor calibration purposes. In order to accomplish the
calibration of ultrasonic sensor, points were randoselgcted withn the selected fields
and manual plant height readings weseordedusng a ruler The dtrasonic sensasutput
voltagewere also recordddom same selected pointselslsureghlantheight (from ground
to canopy)and s e n s wwltageswere cmpared by linear regression to examine the
performance accuracy of the ultrasohaghtmeasurement£alibration was carried out

at13randomly selected data points.

2.2.3 Statistical Analysis

Linear regression was used to calibrate the actual frud sied plant heighivith
the percentagef blue pixelsandsensod sutput voltagerespectivelyin each field. The
calibration equation dheCooper sitavas used to predict fruit yield the Small Scott site
andtheSmall Scotts i t e @sed tov@resdi fruit yield inthe Cooper sitdor validation.
Similar validations were performed for the Tracadie and Frankweb Gidibration and
validation of regression equations/models, coefficient of determin&fpafd root mean
square RMSH were calculad with SAS9.1 (SAS Institute, Cary, NC, USA) statistical
software Geostatistical @alysis was performed using GSGeostatistics for the
Environmental Sciences Version 9 software (Gamma Design Software, LLC, Woodhams
St, Plainwell, M] USA) to charactere spatial vagbility in measured parameteiBhe
semivariograms were produceuhd sill, nugget, range and sill to nugget ratio were

calculated, as a result of corresponding semivariogram andBesistatistical parameters
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(Partial sill and range of infence) combined with ordinary kriging weapplied to
generate detailed maps in ArcGI8 softwareto analyze spatial variability ifiuit yield,

plant heightslopeand elevatiowisually. Maps were produced at the same scale and equal
number of classes iorder to allowior aneay comparisonFor the Tracadie and Frankweb
sitesduring 2012, the slope data were not recorded inti@al, but retrieved from the
rasterized elevation data using the Spatial ysta¢éxtension of the ArcGIS l$bftware.
Totalyy el d predicted from eEye digital col

to quantify overall fruit losses during mechanical harvesting for selected fields.

2.2.4 Reakttime Field Performance ofthe Developed $stem

The performance of the softwaredahardware ofthe developed systerwas
assessed by sunyag the four fields (Fig2-3) with the sensing densitgf 0.91 x 0.70 m
The ranges ofarget ground speed, monitored on the main softwearees during the
surveys (Fig2-5), were 1.5 ~ 1.7 km h'l. Realtime yield, plantheight and topographic
featuremapping wascarried out by acquiring images, ultrasosgnsor voltagesslope
sensorsignals and elevation readinf®@m multiple sensorsnounted onto a blueberry
harvester, which was operated b§2a5 kW John Deere tractom he software was able to
process the imagde estimate the percentagéblue pixels ultrasonic sensoroltageto
predict plant heightslope sensaignalsto calculate slopand RTKGPS forelevationin
reaktime during mechaical harvestingIn order to assess the accuracyth@ multiple
sensorsthe percentagef blue pixels of each imageere correlatedvith manually
harvested fruit yieldUltrasonic sensooutput voltages werelso calibrated with plant
heighs. For slopesensoythe calibration equation developed by Zaman et al. @0®0

estimate the slope ireattime was usedThe camera was set t® ms for maximum
20
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exposure an@0 for maximumagain during the surveyint reduce image blurring and
noise, respectivelyariations in the natural sky illumination (sunny or cloudy) did not
affect the quality of the image processing result and consequently the correlation of blue
pixels with fruit yield (Zaman et al., 2008). The ordinary kriging technigwembination

with geostatistical parametemgas used to interpolate and map the estimated fruit,yield
plant height, slope and elevatidia& in each field using ArcGlS1€oftware. The bare
spotgweedsn theselectedields weremanuallymapped wittaRTK-GPS(Fig. 2-3). Maps

were placed sidside by for compariso.he interfaceof a custom developed softwdoe

data acquisition from multiple sensors and storage into a laptop computer is presented in

Figure2-5.
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Figure 2-5: Custom software interface for mylke sensors systemounted onto a
commercial wild blueberriparvester
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2.3RESULTS AND DISCUSSION

The percentage dblue pixelsrepresenting the fruit yieloh the harvested quadrat
region of the imagevas calculated with custom softwafée percentagelue pixelsvaried
from 0% (bare spots) to 5.8din Cooper sitefrom 0% to 3.9860 in Small Scott sitefrom
0% to 1233% in Tracadie sit@nd from 0% td.9.2%% in Frankweb site (Fig2-6). Results
of regression analysis suggested that peecentageof blue pixels was significantly
correlated with manually harvested fruit yield in Cooper $tfe=(0.91;P < 0.001), Small
Scott site R = 0.92;P < 0.001), Tracadie sitdRf = 0.79;P < 0.001) and Frankweb site
(R? = 0.85;P < 0.001) (Fig.2-6). Significantcorrelations betaen actual fruit yield and
percentagefb | ue pi xel s reveal ed t ha usedo edikayee

the preharvest fruit yielchon-destructivelywithin thewild blueberry fields.
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Figure 2-6: Relationship between percentage of blue pixels (%) and dniitatield
(Mg ha?) for (a) Cooper sitg(b) Small Scott site(c) Tracadiesite and (d) Frankweb site

The correlatioabetween actual andguticted fruit yield (using validatioequation
from Small Scott site) in Cooper sitB(= 0.91;P < 0.001;RMSE= 0.88 Mg h&) and
Small Scott siteysingvalidation equation from Cooper sitéf(= 0.92;P < 0.001;RMSE
= 0.61 Mg ha) were highly significant (Fig2-7 a and b). Results of scatter plots revealed
that the actual and predicted fruit yield wsignificantly correlated for Tracadie sites{ng
validation equatiorfrom Frankweb site)® = 0.87;P < 0.001;RMSE= 1.48 Mg hd) and
Frankweb siteusing validation equatiofiom Tracadie site)R¢ = 0.85;P < 0.001;RMSE
= 1.20 Mg h&d) (Fig. 2-7 ¢ and d). The slight bias can be seen in the scatter plots where
fruit yield was over or undegstimatedwithin the selected fields (Fig.-Z ad). The o/er-

estimatiorof fruit yield with digital color cameranight bedue to less vegetation and more
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exposureof berries to the camera. The dense canopy (vegetation) might be the reason for
underestimationof fruit yield, because the berries were hidden under the leaves

The zero percentages of blue pixels were diled@resence dfare spots or weeds
(no bluderry fruit) withintheselected wildblueberry fields. The presence of bare spots in
wild blueberry fields is due to natural colonization of plants developed from native stands
on deforested farmland by removing competing vegetation (Eaton, 1988 RNIEe
values for Tracadie and Frankweb sites were obseoved higher when compared with
Cooper and Small Scott sites. HigiRSEfor Tracadie and Frankweb sitesght be due
to the high yielding nature of these fieltlusing over and under estimatio@serall, the
results of calibraon and validation reported thatdigital color camera mounted dhe
blueberry harvester wasapable ofestimatingpre-harvestfruit yield in reattime during
mechanical harvestinggreharvest fruit yield estimates can bentgpared with the actual

yield to quantify overall fruit loss during harvesting.
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Figure 2-7: Scatter plots of masured and predictéalit yield in (a) Cooper sitgp) Small
Scott site, (c) Tracadteand (d) Frankwebite.

Ultrasonic gnsor was calibrateplrior to estimate wild blueberry plaheightin
reattime. Linear calibration model showed th#te plant height wassignificantly
correlated with the sensor output voltag® € 0.94;P < 0.001)(Fig. 2-8). Result of
calibration siowed that the ultrasonically estimated plant height was very close to the
actual values, suggesting tlaatultrasonic sensaran be used to sense plant height in-real
time withinthewild blueberry fieldsThe calibration equation developed by Zaman et al.
(201() for slope sensowas usedo estimate slope of the grouna the gowithin the
selected fieldsSignificant correlatios between ultrasonic sensor output voltage and actual
plant height, the percentage of blue pixels and actual fruit yield, anchjibeated slope
sensor suggested thatultrasonic sensoge E ydigital color cameraaslope sensor and

RTK-GPS can béncorporatedon the blueberry harvester to estimate plant height, fruit
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yield and topographic features in ré@he. Custom softwag retrieved elevation along with
the geereferenced data from the RT&PS mounted on the blueberry harvestdre
calibration equationfor multiple sensorsvere incorporated into the software to permit
estimation of plant height, fruit yield, slop@d eévation in reatime. Newly developed
customsoftwareconverted the ultrasonic voltage into plant heig¥ttich is depicted in
Figure2-9. Slope data were not mapped in riate for Tracadie and Frankweb sitémjt
derived from elevation dafar effective utilization of the technology and to explore ideas
for digital conversion. [Evation data were interpolatedsing ordinary kriging
interpolationto develop raster mapRasteized maps were utilizedo generatehe slope
rastermaps usinglope FPotocolof Spatal Analyst extension ikrcGIS 10software. The
conversion of elevation raster into slope is illustrated in Figur@ (for Tracadie site) and

FigureA-1; Appendix A (for Frankweb site).
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Figure 2-8: Relationship between ultrasorsice n sootpudvsltage and measured height
of actual target plast
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Figure 2-9: (Left) Dot map ofultrasonic sensor opitit voltage (Middle) Sensor out
voltage converted into plant heighhd(Right) Kriged map of plant height.
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Figure 2-10: Derived $ope fran elevation data using Slope Protocol of Spatiaalfst
extensim of ArcGIS 10software forTracadiesite.

After successful calibrations and validations of the multiple sensors,
comprehensive surveys were conducted with@selected fields to senseuitryield, plant

height, slope and elevan in reattime (Figs. 211 and 212; Figs. A2 and A3 Appendix
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A). The percentage of blue pixel®reconverted to fruit yield, ultrasonce ns or 6 s vol t a
to plant heightand slope angle to slope of the grouGdnverted data were exported into
ArcGIS 10 software to verify the performance of multiple sen$oust yield varied from
0 (bare spots) to 34.99 Mg tiin Cooper site (Fig.-11), from Oto 10.51 Mg h& in Small
Scott sitg(Fig. 2-12), from 0 to 30.54Mg ha' in Tracadie site (Fig. &; Appendix A)and
from 0 to 39.33 Mg ha in Frankweb site (Fig. A; Appendix A) Variation in
ultrasonically senseplant heightangedirom 0to 38 cm in Cooper site (Fig-21), from
0 to 34 cm in Small Scott sifgig. 2-12), from 0 to 39 cm infracadie site (Fig. 2;
Appendix A)and from 0 ® 37 cm in Frankweb site (Fig.-8; Appendix A).Dot maps
showed that thertit yield and plant height were highly variable withine selected fields
(Figs. 211 and 212, Figs.A-2 and A3; Appendix A).

Elevation data retrieved from RF&PS varied from 14#b 162 m in Cooper site
(Fig. 211), from 297 to 303 m in Small Scott s{tég. 212), from 73to 81 m inTracadie
site (Fig. A2; Appendix A)and from 19 to 39 m in Frankwslie (Fig. A3; Appendix A).
Variation in slope of the ground estimated from slope sensor ranged from O to 19.95
degrees and 0 to 20.10 degrees for Cooper and Smallsgesttrespectively (Figs-P1
and 212). Variation in slope for Tracadie and Frardb sites were not estimated by means
of a slope sensor, but derived from elevation data. These oagat slope were discussed
later in this chapter. Overall, results of survey using multiple sensors indicated large
variability in mapped parameter withthe selected fieldgFigs. 211 and 212; Figs. A2
and A3; Appendix A), which can have an impact on fruit losses during mechanical

harvesting.
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Figure 2-11: Survey dot maps of fruit yield, plant height, elevation and slope for Cooper
site ugng multiple sensors.
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Figure 2-12: Survey dot maps of fruit yield, plant height, elevation and slope for Small
Scott site using multiple sensors.

In order to quantify spatial variation of the survey data withaselected fields,
geostatisttal analysis was performed using GS+ softwaBeostatistical analysis
suggestethrge spatiavariability in fruit yield, plant height and slope of the grounainge
of influence <33 m) within the selected blueberry fields(Table 2-1 and TableA-1;

Apperdix A). Fruit yield andplant height were found to be strongly spatial dependent (<
32



25%) indicating that thevariability in these parametelis controlled by management
practices (weed and disease control, fertilizer, pollination etc.) feited(Table2-1 and
Table A1; Appendix A). Variations in fruit yield and plant height provided strong
evidence that it can have an impacttba picking performance of harvestesince the
harvesting operationakecommendationsre implementediniformly by ignoring these
spatial variationsHarvester adjustments in accordance with theapatriations can result
in greaéer berry recovery during mechanical harvesting.

The range of influence from sevariogramindicated that the elevatiomasless
variable 29 to 100.34 m) as compare to fruit yield, plant height and shphin the
selected wild blueberry field§ able 21 and Table Al; Appendix A).Results of survey
dot mapqFigs. 211 and 212; Figs. A2 and A3; Appendix A)were in agreement with
the results ofjeostatistical analysis, indicating moderate variation of elevation witi@n
selected fields. Overall, the results of geostatistical analysis narrated that the sensed
parameters were moderate to highly variable witthia selected fields.Substantial
variation in mapped parameters and presence of bare spots/weedstheathimeberry
fields emphasizéhe need t@utomatethe blueberryharvesteifor compensation of these
spatial variationsyhich can enhandéeberry picking efficiency of commercialueberry
harvester. Increased harvesting efficiency can contribute millions of dollars to provincial
and federal economies. Moreover, the data acquired from multiple sensors during
mechanical harvesting can be helpful in implemenditegspecificmanagemenrdtrategies
to increasdruit yield, farm profitabilityand mitigate environmental risks. Chang et al.
(2012) also suggested that the intensive digital photographic mapping of wild blueberry

fruit yield can be used to develop management zones fesgsadic fertilization.
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Table 2-1. Semivarigram parameters of fruit yield, plant height, slope and elevation for
Cooperand Small Scotsites.

Cooper Site
Parameters Nugget  Sill Range  Nugget R Model
(m) Sill ratio
(%)
Fruit Yield (Mg hat) 0.29 15.16  12.70 1.91 0.56  Exponential
Plant Height (cm) 3.70 72.33 10.20 511 0.59 Exponential
Slope (Degrees) 451 16.81 21.85 26.82 0.97  Exponential
Elevation (m) 0.10 41.20 100.34 0.24 0.96 Gaussian
Small Scott Site
Parameters Nugget  Sill Range  Nugget R Model
(m) Sill ratio
(%)
Fruit Yield (Mg hat) 2.37 21.92  32.45 10.81 0.61 Exponential
Plant Height (cm) 9.81 7766 1543 12.63 0.79 Gaussian
Slope (Degrees) 11.63 46,57 31.85 24.97 0.91 Spherical
Elevation (m) 4.53 52.33 36.42 8.65 0.87  Exponential

Resuls ofkriging interpolationFigs. 213 and 214; Figs. A4 and A5; Appendix
A) and geostatistical analys{3able 21 and Table AL; Appendix A) confirmed the
substantial variation in fruit yield, plant height, slppad elevation withirthe selected
fields. Detailed maps were generated in ArcGIS 10 softwearisualize spatial variations
in mapped paramete(Bigs. 213 and 214; Figs. A4 and A5; Appendix A) Partial sill
and ranges of influence froeemivariogranwere incorporated in kriging intergilon to
produce maps of fruit yield, plant héig slope and elevatioffrigs. 213 and 214; Figs.
A-4 and A5; Appendix A) Kriged maps showed gradual and ngandom spatial
variability in fruit yield, plant height and slopeith significantly differentvalues across

selected field¢§Figs. 213 and 214; Figs. A4 and A5; Appendix A)
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Figure 2-13: Kriged maps of fruit yield, plant height, elevatiand slope foCooper site
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Figure 2-14: Kriged maps of fruit yield, plant height, ektion and slope fogmall
Scaottsite.

The range of influence from semivariograms also supported the results identified
by the maps (Table-2 and Table AL; Appendix A). In general, map comparison of plant
height with fruit yield suggested that the fryi€ld was lower in the areas where thenpla
height was higher (Figs-23 and 214; Figs. A4 and A5; Appendix A) and vice versa.

Map comparison suggested a negative relationship between fruit yield and plant height.

Visual inspections also revealed tlmver yield in the areas with more plant height
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suggesting more vegetative growth, emphasizing the need to apply fertilizer on as needed
basis to avoid wastage and ensure environmental sustainability. Map comparison suggested
that there was less influenagelevation on plant height and fruit yield as these parameters
were present in all regions of elevation witthe selected sites. Interpolated maps of fruit

yield and slope suggested that fruit yield was higher in low lying areas (loydd)sand

vice versa (Figs. 23 and 214; Figs. A4 and A5; Appendix A), which might be due to

lower availability of nutrients at steep slope areas.

The accuracy of interpolated maps in ArcGlB software was verified by
comparing actual values with the kriged valuesasadomly selected points throughout the
selectednaps. Results oérror assessment suggested that the kriged values were very close
to actual fruit yield RMSE= 0.21 Mg ha, n = 26), plant heightRMSE= 1.33 cmn =
26), slope RMSE= 0.42 degrees) = 26) and elevationRMSE= 0.67 m,n = 26) within
the selected fieldgFig. 2-15). Results of map error assessment revealed that the kriged

estimates were very close to the actual values for seledtedlueberry fields (Fig. 25).

45 H Mean Actual Data @Mean Kriged Data
40
35
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Figure 2-15: Map eror assessment afterpolatedvaluesin comparison with actual data
of plant height, fruit yield, slope and elevation.
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Overall, the kriged maps and gstatistical parameters showed large spatial
variability in fruit yield, plant height, slopand elevaon for selected fieldd.ow yield in
some parts of the field might be partially due to weeds and bare spots in thog€igreas
2-3; Figs. 213 and 214; Figs. A4 and A5; Appendix A. Another reason fospatial
variaion in fruit yield might be due teariability in soil properties an@lant available
nutrients within the field Adjustments ofground speed and headrevolutions ofthe
commerciablueberryharvester in accordance wibatial variation irruit yield might be
helpful in increasing beyrpicking efficiency. Additionally, spatial pattero$ variationin
bare spotsweedsand fruit yield withinthe selectedfields could be useful to develop
prescription maps for variable rate applications to reduce fertilizer usage. Zaman et al.
(2008) mpped bare spstweedareas in different wild blueberry fields widnmobile
mapper GPS. &e spotsveedsvaried from 30 to 50% of the newly developed field and
were scattered throughout the fields. Farooque et al. (i2@LBgested defining bare spots
as aseparate clasand allocate zero rate of fertilizevhile delineating management zones
for variable rate fertilizationUnnecessary or ovdertilization in bare spots areas may
deteriorate water quality, promote weed growth and increase productionUcotstr
fertilization restricts yield and can reduce berry quality (Percival and Sanderson, 2004;
Zaman et al., 2009). Hence, variable rate fertilization based on considerable variation in
fruit yield, bare spots/weeds, plant heigimd slope could improviarm profitability and
reduce environmental impacts.

Zonal statistics waperformedto assess variati@in fruit yield (estimatedrom
e Ey e ¢ and@antdeightestimated from ultrasonic sensor)different slope zones

acrcssthe selected fields (Figs-16 and 217; Figs. A6 and A7; Appendix A) Results
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of zonal statistics indicated the higtaiit yield andlower plant heightm low lying areas
(mild slope)and vice verséor Cooper, Small Scott and Frankweb siéigs. 216 and 2
17; Figs. A6 and A7; Appendix A) Plant height was observed to be higher in mild slope
areas for Tracadie site (Fi§-7; Appendix A), which mighbe due to relatively flat nature
(average slope = 2.40 degrees) of this site. Fruit yield was found to be higdhiépiant
areas of Tracadie site. Visual inspection revealed that the plants at Tracadie site contained
less number of branches, which abbk the reason for this variation.

In general, fruit yield was highest in mild slope (Zone 2) for selected(Bitgs 2
16 and 217; Figs. A6 and A7; Appendix A) Low fruit yield on the steep slope areas
might be due to erosion of nutrientsestricing yield potential Fruit losses during
harvesting can be reduced by lowering the ground speed aner heaalutions in high
yield areas. Visual observation also confirmed that the fruit losses were higher in high fruit
yielding areas and vice versa. aion in fruit yield and plant height corresponding with
the variability in slope suggested that the automatiaghedblueberry harvester in relation
to these variations can result in increased harvesting efficiency during harvesting. The
automation otheharvester has the potential to reduce the stress level of the operator, who
is continuously involved in changing the machine parameters manually. Zonal statistics
also supported the negative relation between fruit yield and plant height. These rexilts w
in agreement with the findings of Farooque (20I¥Ang et al. (1998showed that
topographiczariables such as elevation, sloged aspect caxplain 15 to 35% of wheat

yield variabilityat field scale.
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Figure 2-16: Bar graphs showing the variation of fruit yield and plant height within
different slope zones for Cooper site.
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Figure 2-17: Bar graphs showing the variation of fruit yield and plant hergthin
different slope zones for Small Scott site.
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The performance of ¢eEye dthgrvest&ldityiddo!l or c a
and quantifyoverall fruit losses nordestructively,the actual fruit yield collected at the
shed was compared with testimated fruit yieldTable 22). T h e €& Ey enountadne r a
on a commercial wild blueberry harvestesok 5,640 imagesprior to harvestwith an
estimated fruit yield of 1232 kg, while theactualyield collected in the harvester bin
weighed ab,100 kg fo Cooper sitesuggesting 11.07%ssof berries while harvesting.
Totalnumber of imagetaken at Small Scott site we38,683 with anestimated fruit yield
of 3,408 kg. The actual fruit yield collected the harvester was,B10 kg indicating 8.74%
lossof berries for Small Scott sif@able 22). Thee Ey e camera took 87,481
to harvest with an estimated fruit yield of 42,622 kg, while the actual yield collected in the
harvester bin weighed at 35,232 kg for Frankweh sitggesting a 17.33% loss of berries
during mechanical harvesting (Tal®2). The total number of imagegere63,224with
an estimated fruit yield of 18,588 kg for Tracadie site. The actual fruit yield colletted

the shedvas16,172kg indicatingl4.6%% loss of berries fofracadie site (Table-3).

Table 2-2. Comparisorof actualyield (from the shed) versus predicted yield using y e
digital color camerao quantify overall fruit losses during mechanical harvesting

Site Number of Actual Yield Predicted Fruit Acreage
Data Points (kg) Yield Loss (ha)
(ka) (%)
Cooper Site 50,640 10,232 9,100 11.07 3.2
Small Scott Site 30,638 3,408 3,110 8.74 1.9
Frankweb Site 87,481 35,232 42,622 17.33 4.6
Tracadie Site 63,224 16,172 18,588 14.65 2.9

Overall fruit losses were lower in Cooper and Small Scott sites when compared

with Frankweb and Tracadie sites (Table2R Possible reason fdower fruit losses at
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Copper and Small Scott sites might beltve yieldingnature of theséelds. These results
depicted that the fruit losses during harvesting are greatly influenced by the variation in
fruit yield within thefield. Nonrdestructive yeld mapping confirmed that there were fruit
losses during mechanical harvesting, which require physical quantificdiesults
emphasized the needewaluatethe blueberry harvester for picking efficiensydifferent
fruit yielding (low, medium and hlg fields to quantifywarious types oberry lossegun-
harvestedberries, berries on the grouadd through blower) during mechanical harvesting
Performance evaluation dhe commercial harvester will suggest optimal operating
conditions in relation to ariability in fruit yield to enhance berry recovery. This would
help the wild blueberry industry to generate more revenue and increase profitability for the
farmers.
2.4CONCLUSIONS

The goal of this work was to develop and evaluaterthiiple sensorsydem that
comprisesof e Ey e camer a, ul t r asand RT.GRSefar hewild s | ope
blueberry fruit yield, plant heighslope andelevationestimatiors, respectivelyThere was
significant correlation betweethe percentageof blue pixels and actual fruit yieltbr
selected sitesThe correlation between actual and prieted fruit yield (validation) were
also highly significantwithin the selected fieldsUIltrasonic sensooutput voltage was
significantly corelated with actual plant height.eBults suggested thatetlleveloped
system (hardware and custom software) proved very efficient at measuring and mapping
fruit yield, plant heightand topographic features reattime within the wild blueberry

fields.

43



Results of this work have shown that the mapping of Wwileeberry fruit yield
plant height, and topographic features were valuable for understandiegptienshipsn
the monitoring fieldsBased on the resulta can be concluded that there is potential to
estimate and map fruit yielglantheightand topgraphic features reattime within the
wild blueberry fieldausing multiple sensor3his would help the industry to generate more
revenue and increase profitability with no additional expenditures. Additionally, this
information could be used to implentesitespecific management practices within the
blueberry fields to optimize productivity while minimizing environmental impact of
farming operations.

Chapter2 highlights theintegration ofmultiple sensors do a commercial wild
blueberry harvester teensefruit yield, plant height and topographic features in-teaé
during mechanical harvestingNon-destructive yield mappingorior to harveshg,
guantified overallfruit losses emphasizingthe needfor physical evaluation othe
commerciaharvesteiat different ground spes@nd header revolutiorte improve berry
picking efficiency Detailedevaluatios of the blueberryharvester will suggest optimal
machine operating parameteis reduce fruit lossesChapter3 of this dissertation
concentraté on physical evaluations dheblueberry harvesten selected wild blueberry

fieldsto optimize berry recovery duringechanicaharvesting.
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CHAPTER 3 EFFECT OF GROUND SPEED AND HEADER REVOLUTIONS
ON THE PICKING EFFICIENCY OF A COMMERCIAL WILD BLUEBER RY

HARVESTER

The wild blueberry industry is facing increased harvesting lossegheitfxisting
commercial harvester. These machines are no longer able to efficiently harvest the higher
yields that result from improvements in plant growth and productiVitys study was
designed to evaluate the performance efficiency of a commercial wild blueberry harvester
for fruit losses during harvesting. Four wild blueberry fields were selected in the Nova
Scotia and New Brunswick provinces of Canada. A 3 x 3 fadtexperiment was
constructed to examine the joint effect of ground speed and header revolution per minute
(rpm) on picking efficiency othe harvester. Eighty one yield plots (0.91 x 3 m) were
selected randomly in each field. The field boundaries, barts sweeds and yield plots
were mapped with RTK-GPS The harvester was operated at specific levels of ground
speed at 1.2, 1.6 and 2.0 km &nd heder rpm of 26, 28 and 30. ofal fruit yield, un
harvested berries ondlplants, berries on the grouaald losseghrough the blowewere
collected from each plot withithe selected fields. fe-harvest fruit losses were collected
from each plot prior to harvest. The treatment combinations were assigned randomly within
the selected fields. I8pe, plant heighand fruit zone were also recorded manually from
each plot.

Results indicated that the pharvest fruit losses were lower in early season
compared to those harvested later-Rémvested berries on the plants and losses through
the blower were signifiaaly lower than losses on the ground. Significant relationship

betweerfruit yield and total losses € 0.54 to 0.82) suggested that losses during harvesting
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were proportional to fruit yield. kctorial analysis of variance showed tkia¢ ground

speed, hader rpm and their interaction were found to have signifigen(05) effects on
picking efficiency of the harvester. Results of means comparison showed that a
combination of 1.2 km-hand 26 rpm resulted in significantly lower losses when compared
with other treatment combinations. Results also revealed that a suitable combination of
ground speed and header rpm can mininfieé losses during harvesting, whiaan
increase harvestable yield and farm profitability.

The work presented in this chapteshzeen published iApplied Engineering in
AgricultureJournal30(4):5355 4 6 , e Hffect ot glowndispe@d and head revolutions on
the picking efficiency of wild blueberry harvesier
3.1INTRODUCTION

Wild blueberries are an important horticultural coodity native to Northastern
North AmericaBlueberry plants spread predominately via underground rhizomes with few
blueberry seeds germinating in established fields (Glass and Percival, ZB8tem
height of the wild blueberry crop typically rangeserh 5 to 30 centimeters (cm) and the
fruit size ranges from less than 0.48 cm to greater than 1.27 cm. Most of the berries are
medium sized, soft, blue/black fruit with favorable flavor; they are also resistant to cracking
(Hayden and Soule, 1969). Wilduaberry fruit has the characteristic of remaining on the
plant fully ripe until the greener berries reach maturity. Harvesting does not take place until
approximately 90% of the berries are blue. Harvesting of the wild blueberry crop in Canada
begins in edy August and usually lasts for a month. Mechanical harvesting can cause

damage to fruit, particularly bruising which lowers fruit quality by producing softer, leaky
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berries that are at increased risk of decay during postharvest storage (Dale et al., 1994
Mehra et al., 2012Berries must be harvested before frost occurs (Kinsman, 1993).

Over the past 100 years the wild blueberry crop has been harvested with a hand
rake that has a design similar to a cranberry scoop. Harvesting losses using hand raking
varied from crew to crew, but the range had been estimated at 15 to 40% with an overall
average of 20% (Kinsman, 1993). One of the biggest problems encountered by blueberry
rakers is interference from weedshich can result in reduced raking speed with many
berries missed or spilled. The underlying factors for the development of mechanical
harvester were the high labor cosisortage and quality of lab@hort havestng seasons
(Yarbrough, 1992and 200}, and recent increase fruit yield (Yarbrough, 203).
Challenges in development of a mechanical harvester were: uneven field topography, low
plant height presence of weeds and debris, and bare Blaitvesting of blueberries
constitutes the greatest expemnsg@roducing the crop. flere was ainterest inreducing
this cost by mechacal harvesting (Yarborough, 200Mechanical harvesting has been
considered as one of the most reliable methods for rediatioccosts Porraset al., 1994).

Research on the development ofn@chanical harvester startedearly 1950s but
a viable harvester was not produced until the 1980s (Hall et al., 1983). Many mechanical
harvesting systems were developed (Rhodes, 1961; Abdalla, 1963; Hayden and Soule,
1969; Grant and Lamson, 1972, Richard, 1982) during this time spawdra not
commercially adopted due to many unsolved technical difficulties such as rough terrain,
inability to achieve good harvesting efficiencies and mechanical damage to thedstit.
evaluations of the blueberry harvesterdicatel that consideralel cost savings may be

realized by usinghe mechanical harvestersut destruction of plants and redudsetry
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quality of the harvestedrop may result (Marra et al., 1989Achieving high harvesting
efficiency with mechanized harvesting systems has bebalkenge for the adoption, due

to its impact on total cost of crop production. Harvesting efficiency reveals the extent to
which effort/time is well used for the desired operation (Ravetti, 2012).

The first wild blueberry harvester was modified in 19%6nf a mechanical
cranberry picker consisting of a series of six raking combs that raked in a directionepposit
to the travel of the machin@his design suffered from high fruit loss and soil digging
during harvesting (Dale et al., 1994Gray (1969) deueped the hollow reel raking
mechanism which has served as the basis of harvesters today. The picking efficiency of
this machine was 80 to 85% of the berries on the vine (Hayden and Soule, 1969); but, it
could only pick 30 to 35% of the fields due to liatibns in field terrain. Towson (1969)
evaluated the CRCOM blueberry harvester and found that the efficiency of this harvester
ranged from 75 to 85% depending upon the field conditions. The picking efficiency of a
harvester was defined as a ratio of weght of harvested berries to the weight of berries
on the plants before harvesting (Soule and Gray, 1972). They also reported that the wild
blueberry harvester picked better on smooth ground with no weeds; it experienced
performance efficiency problems rough and weedy fields. Doug Bragg Enterprises
(DBE) Limited, in Collingwood, Nova Scotia achieved great success by improving the
harvester design by adding hydiautontrol systems for the heaohd head rotational
speed, by introducing speed contrais lbelts and conveyors, and by altering the width of
the picking head (Malay, 2000).

Many researchers have evaluated the performance of different mechanical

harvesters for fruit picking efficiency. Birger (2014) compared mechanical harvesting of
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olives with manual picking, suggesting that the picking efficiency of harvester was 80 to
95% with better quality of olives. Chen et al. (2012) reported that the vibratory shaker
resulted in higher efficiency of fruit removal and less fruit damage compared widltcimp
harvester for sweet cherrirunusaviuni.) crop. Rabcewicz and Danek (2010) evaluated
the raspberry mechanical harvester fruit picking efficiency. They suggested that the
harvester was 60 to 80% efficient with 1 to 5% raspberries on the g\am@alfsen and

Gaye (1999¢valuated three rotary mechanical harvesters for cultivated blueberries. They
suggested higher fruit losses witie mechanical harveste(d4 to 30% on an average),
when compared witthand raking Peterson et al. (1997) reportédeht the highbush
blueberries harvested by rotary mechanical harvester not only decreaseddmareyybut

also had 55% moderate and severe bruise damage to the fruit causing quality issues. They
also reported that the bruise damage was only 22%afiodraking Brown et al. (1996)

and Takeda et al. (2008) suggested thesway harvester significantly reduced the berry
picking efficiencyand qualityfor highbushblueberriesThey also revealed that the berry
quality was better with hand harvestimgainland (1993) suggested that the ground loss
associated with the mechanical harvesting can be up todG#e harvested crop for
cultivated blueberriesStrik and Buller(2002) stated that even with well pruned bushes,
theground losses could be 20%thE&harvestedrop.

Hall et al. (1983) estimated that the DBE blueberry harvester attains 68% (Weedy
fields) to 75% (Smooth weed free fields) of total berry yields which is similar to manual
raking.The effective field capacity of tHeBE harvestewas determmed to bel.16 ha/ 10
hr daywhich is consistent with the 2.24 ha/10 hr dlarythe double head harvesterand

rakers picking efficiency was averaged to be 0.135 ha/ 6 hindagating that theDBE
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harvester can compens&be the work of 8 hand rake(Marra et al., 1988)Sibley (1994)

performed an engineering assessment of the DBE blueberry harvester and found that this
harvester was 69% efficient. The lower harvesting efficiency was partially due to worn

rollers and high ground speed of the choseomme. Sibley (1992) suggested conducting

a study on performance evaluation of a commercial wild blueberry harvester at various
ground speeds and header rpmdés, to analyze t
on picking efficiency. Farooque et. §2013) mounted a digital color camera on a wild

blueberry harvester to estimate {i@vest yield in order to quantify overall losses. Results

of their study emphasized the neeglysicallyquantify berry losses during harvesting in

variable blueberryields.

Today, the mechanically harvested wild blueberry area is more than 80% of the
total wild blueberry area in Canada and only the fields in rough terrain are still hand raked
(PMRA, 2005).TheDBE is the largest manufacturertbéwild blueberry harestes. Over
1,500 harvesters, with single, double or triple picking heads are in operation in Atlantic
Canada, Qebec and the State of Maine, United States of Amevleay researchers have
attempted to evaluathe wild blueberry harvesters for fruitdses up to the early 1990s
(Rhodes, 1961; Abdalla, 1963; Hayden and Soule, 1969; Hall et al., 1983; Sibley, 1992;
Yarborough, 1992)but no work has been done mst 25years. In the last two decades,
improved management practices usinged#/e herbicigs, fertilizers, pesticides
pollinationand pruninghave resulted in healthy and tall plants, higher plant density, tall
weeds and significant increases in fruit yield. The wild blueberry industry is facing
increased harvesting losses because of thesgeban crop conditions. Therefore, the

objective ofthe work presented in this chapteas to evaluate the existing commercial
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wild blueberry harvester for fruit losses during harvesting to deterramedeal
combination of ground speed and header rpmnfost efficient fruit recovery and to
identify the relationshipdetweenthe berry losses and measured paramelecseased
berry picking efficiency has the potenti al
community.
3.2MATERIALS AND METHODS
3.21 Study Area

Four wild blueberry fields were selected@olchester County, Nova Scotad
Tracadie, New Brunswick, Canadadwaluatethe commercial blueberry harvester and to
quantify fruit losses. The selected fields were the Cooper (Field A) siteS8QE7.3°N,
63.573471°W; 3.2 ha), Small Scott (Field B) site (45.600641°N, 63.086512°W; 1.9 ha),
Tracadie (Field C) sit¢47.2824117°N65.1440212°W; 1.6 ha) and Frankweb (Field D)
site (45.241900°N, 63.401143°W; 2.57 ha). Fields A and B were in their vegedatout
year of the biennlacrop production cycle in 201&nd crop year in 2011, while fields C
and D were in sprout year in 2011 and crop year in 2012. The selected fields had been
under commercial management over the past decade and received peummizaj by
mowing for the past several years along with conventional fertilizer, weed and disease
management practices. The soils at the experimental fields were classified as sandy loam
(Orthic HumeFerric Podzols), which is a wellrained acidic soil (\Wbb and Langille,
1996). The geographical locations of thenitoring sites arpresented in Figure-B.
3.2.2Harvester Operating Mechanism

Wild blueberry harvesters manufactured by the DBE are designed to be operated

mounted on tractors. These are theg/dnigh capacity, reliable harvesters available to the
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Figure 3-1: Layouts ofthe selected wild blueberry fieldga) Cooper site(b) Small Scott
site (c) Tracadie site and (d) Frankweb site.

blueberry industry. Theperating concept of the picking reel is illustrated in Figu& 3

The picking head of harvester is driven by a hydraulic motor, which is controlled manually
by the operator (Fig.-3) inside the tractor cabin. The picking reel contains sixteen teeth
bars with sixty seven equally spaced curved teeth on each bar attached to the periphery of

the reel or head (Fig.-3). The teeth bars mounted on the picking reel are operated in a
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clockwise direction, opposite to the elition of the forward speed thctorto pick wild
blueberry crop. The hydraulic motor can vary the rotational speed (rpm) of the harvester
head as desired by the operator. The speed of upward movement of the teeth through the
plants can be altered by changing the reel rpom. By appropraitefing the reel rpm the
operator can provide the gentle lift necessary to pick berries and reduce losses with minimal
mechanical damage.

The cleaning brush installed at the top of the picking reel can be operated in the
direction opposite to the pickingel (Fig.3-2). The purpose of the cleaning brush is to
remove any debris and plant shoétsm the toothed barthat would interfere with
effective berry picking. The picked berries are dropped off onto the inside conveyer and
transported to the side meeyer for storage in the bin behind the tractor (Fig@).3The
blower fan installed at the conveyer is used to blow off any debris and soil prior to storage
in the bin. To achieve most efficient picking the guide wheel in front of the harvester is
utilized to maintain the height tdie harvester from the grourithe operator has to adjust
the height of the harvester head manually to adjust for changes in the plant height.
3.2.3Experiment Design

The single head wild blueberry harvester was mounted on5ak82 John Deere
tractor (Fig. 33). The experiments were designed as 3 x 3 factorial analysis with levels of
ground speed (1.2, 1.6 and 2.0 kil land header revolutions (26, 28 and 30 rpm). All
treatment combinations were assigned randomly with nindicagipns at each
experimental field. Factorial designs are widely used in experiments involving several
factors, where it is required to study the joint effect of the factors on response variables.

Traditionally, the wild blueberry harvester hasmepeated at a ground speed of 1.6 km
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h™ and 28 rpm. Eighty one plots with the same wiakiithe harvester head, 0.91angd 3
m length were made randomly using a measuring tape pathef the operating harvester.
The harvester head was raised with the hveec running to expel all the previously
harvested fruit in the storage bin prior to harvesting the experimental plot. Experimental
plots were harvested at chosen levels of ground speed and header rpm within the selected
fields. The field boundaries, baspots, weeds and yield plots were mapped with a-RTK
GPS in each field (Fig.-3).
3.2.4 Preharvest Fruit Losses

Preharvest fruit losses were estimated prior to the harvesting of yield plots in
selected fields. A wooden quadrat of 0.91 x 3 m was placédeoselected plotsi(= 81)
to collect preharvest fruit losses manually at each field. The collected berries were placed
in labeled Ziploc bags and weighed using a balance (Denver Instruments Inc., NY, USA)
to quantify the amount of berry losses at theai of experiment. The percentage of pre
harvest fruit losses was calculated using the following formula.

0 CAEAEBOBHOOGAO— 8pmnim (3-1)

"Y'O® 0 00 "Oi 66LQABE & D E AN 0 Qi rpdGE 6Q (3-2)
wherePHL is pre-harvest fruit losses prior to haast (kg)andTFY s total fruit yield (kg).
3.2.5 Fruit Losses during Harvesting

Prior to harvest experimental plots, the harvester head was raised and moved back
(approximately, 25 m) to attain the selected level of ground speed and header rpm. The
harvester head was lowered at a chosen combination to harvest the yield plot and raised

again at the end of each plot. Fruit yield was collected from each plot by attaching a bucket

54



Cleanming brush cover

Cleaning brush
o Cam follower
(6]
\\‘H Berries dropping O
off over the head Berries Head wheel
after being picked dropping to ° °
inside conveyer Head teeth installed
on wheel
e
e e
025 ®
: ® L] I I :
Tooth - Guide wheel
L -] o [ |
\3 S b ° Direction of head

_IJ_I_A'_I_L) . oo o J rotation (rpm)
Harvested strip ‘ Forward speed (km hr?)

Figure 3-2: Schematic diagrams to show the working principle of a commevddblueberry harveste



Figure 3-3: Single head wild blueberry harvester mounted on a John Deere tractor.

to theharvester conveyer belt (Fig:43b). Three types of losses were calculated from the
harvested plgti.e. un-harvested berries on theapt, berries knocked onto the ground due

to the impact of the harvester headl dmsses through the blowé€Fig. 34). The loss
through the blower was collected by attaching a bucket under the blower fan to collect any
berries that would be blown awdiig. 3-4). Berries on the ground and -harvested
berries on the plants were manually picked from each plot (Fga)3 The berries were
separated from leaves and debris to record the actual weight of fruit yield and losses from
each plot. The cleaned besi were placed in labeled Ziploc Bagd weighed using a
balance. Fuit yield and losses data werecorded in kilograms (kg). The purpose of
calculating these losses at chosen levels of ground speed and header rpm was to assess the
picking efficiency ofthe harvester and to find a suitable combination with minimum vyield

losses during harvesting.

56



Five plant height and fruit zone readings were recorded using a ruler to get an
averagevalue for plant height and fruit zone within the selected plots (F&). Slope
angle was alsmeasured manually using a Craftsman SmartTool Plus digital level (Sears
Holdings Corp., Hoffman Estates,,IUSA). Five slope measurements were made at each
harvesting plot within a radius of one meter and averaged to obtain thsaefative slope
in each plot for selected field&ig. 3-5). Pre-harvest fruit losses were not brought into
consideration while evaluating the performance of blueberry harvester because these were
not caused by the harvester. Picking efficiency of thel@rry harvester was examined

using the following equations.

(a) (b)
Figure 3-4: (a) Manual collection of loss on the ground anéhanvested berries on the
plants; (b) Collection of fruit losses through the blower and total fruit yield from the

harwested plot.

NN 4 0 o
51 EAOOARDRIIO GAO———8pnm (3-3)
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47 OAT®O — 8gpmm (3-6)
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Ow
whereUHBP is un-harvested berries on the plant< is yield collected by the harvester
from theexperimentaplot, TFYs total fruit yield collected frontheharvested ploBOG

is berries on the grountTBis losses through the blower ahBL is total fruit losses.

All variables were recorded in kg.

Manual Plant Height | P b Manual Slope
and Fruit Zone 5 : ; Measurement

Measurement

Figure 3-5: Manuarement q@l hight and fruit zone (left) and sIe of the
ground (right)
3.2.6Statistical Analysis

The statistical analysis was performed using Minitab 16 (Minitab Inc. NY, USA)
and SAS 9.3 (SAS Institute Inc., NC, USA) statistical software. The total vayabifiuit
losses can be due to main effects, interaction effects anddbatrollable factordNormal
probability plot ofresiduals was used to check the normality of error terms using Anderson

Darling (A-D) test at a significance level of 5%. Residuatsus fitted values plot was
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utilized to check the constant vara@nof error termsTreatments were applied in random
order to achieve independence of error tel@assical statistics were utilized to calculate
minimum, maximum, mean, standard deviatiooefficient of variation and skewness of
collected data. A factorial analysis of variance (ANOVA) using general linear model
(GLM) procedure was performed to study jomt effect ofground speed and head rpm
on fruit lossesluring mechanical harvestinilultiple mean comparisons were performed
using least squares (LS) means to determine which specific means significantly differ from
each other in the treatment combinations. Regression analyses were performed to develop
correlations among the fruit yielttuit losses, slope and crop parameters.
3.3RESULTS AND DISCUSSION

The validity of the model assumptions (normal distribution, constant variance and
independence of the error terms) was tested by examining the residuals at 5% level of
significance.Thenon-normal data were normalized using logarithmic transformations for
analysis and were back transformed to the original scale for reporting results. The
coefficient of variation (CV) is a first approximation of field heterogeneity and according
to Wilding (1985), the selected parameters are least variable if the £3%, moderate
with CV ranging from 15 to 35% and most with CV > 35%. Descriptive statistics revealed
that the fruit yield and prbarvest fruit losses were highly variable (€\34%) within tre
selected fields (Tabl8-1). Field D was found to have the highest fruit yield when
compared with A, B and C fields (Tal8el). Higher yield at field D could have been due
to low coverage of weed/bare spots (8.2#)en compared with A (18%), B (15%)dhC
(9.2%) fields. Other contributing factors could be better nutrienspkanorable weather

conditionsand effective pollination for field D.
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Preharvest fruit losses were 4.68%, 7.33%, 7.31% and 5.42% for fields A, B, C
and D, respectively (Tablg1). The later harvest dates from August 28 to September 10
contributed to higher prharvest losses in fields B and C. Visual inspection also revealed
that more berries were present on the ground during late season harvesting when compared
with early seasorfAugust 5 to August 25)which might be due to the occurrence of
senescence causing increased fruit drop as it ripens. Results suggested that early season
harvesting would increase harvestable berry yield by reducinggouest fruit losses.

Table 3-1. Summary statistics of fruit yield and pharvest fruit losses for selected fields.
Pre-harvest Fruit Losses (kg ha)

Field Min Max Mean Mean (%) S.D C.V (%) Skewness
A 80 360 182 4.68 83.3 46.29 0.76
B 40 400 207 7.33 99.6 47.27 0.09
C 80 460 439 7.31 40.74 40.74 0.83
D 110 515 467 5.42 117.8 36.27 0.64
Fruit Yield (kg ha™)
Field Min Max Mean S.D C.V (%) Skewness
A 305 9914 3887 2014 54.35 0.82
B 254 7635 2825 1570 59.98 0.89
C 1690 10445 5995 1942 34.96 0.11
D 2218 17968 8603 2915 35.81 0.83

Summary statistics suggested that fruit yieldshanvested berries on the plants,
berries on the ground, loss through the blower, total loss and slope were highly variable
with the CV > 35%(Table 32). Plant height and fruit zone were moderateyiable for
fields A, B and D (Table-2). The selected parameters were observed to be moderate to
highly variable with CV ranging from 14% to 54% for field C (TaBi2). The variability
in fruit yield, plant height, fruit zone and berry losses couldueeto the intrinsic sources

(natural soil variations and yielding nature of different clones) and extrinsic sources
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(harvester operation, operator skills, field topography and crop management practices)
(Hepler and Yarborough, 1991).

Since preharvest Ieses were not caused by the harvester, they were excluded from
the evaluation of picking efficiencies diie blueberry harvester (Tabl@2). The un
harvested berries were found to be significantly higher (244.30 Kgfbafield D when
compared with otér fields (<100 kg ha) indicating that the most of the berries on the
plants were either picked by the harvester or dropped on the ground from the impact force
of harvester head (Tabg2). The urharvested berries on tipdants were 2.26%, 1.52%
1.66%and 3% of the total losses for fields A, B, C and D, respectively. Higher percentage
of un-harvested berries for fields A and D might be because the berries were not ripe
enough to fall off the plants as these fields were harvelstedgearly season.

Results reported that the berries on the ground after harvesting the experimental
plots were 7.85%, 6.32%, 11.29% and 13.49% for fields A, B, C and D, respectively (Table
3-2). Significantly higher percentage of losses on the ground suggested that teg berri
were picked by the harvester but not effectively moved to the conveyer for transportation
to the storage bin. The visual inspections also revealed that the picked berries were dropped
off over the harvested strip which might be due to the impact (fof¢bg harvester head
and the centrifugal force developed by the higher header rpm, pushing the berries away
from thecenterand contibuting to ground losses (Fig-Z. Resultsshowed thathe losses
through the blower were 1.17%, 0.8%, 1.14% and 1.7dedields A, B, C and D,
respectively (Tabl&-2). The total losses were observed higher for fie{d®24%) when
compared with fields A (11.28%), B (8.68%) and C (14.10%). These results suggested that

the fruit losses were proportional to fruit yielithin the selected fields (Fig-6.
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Table 3-2. Summary statistics dfuit yield, berry losses, slope, plant height and fruit zone
for selected fields

Field A
Parameters Min Max Mean Mean (%) S.D C.V (%) Skewness
Fruit Yield 305 9914 3705 - 2014 54.35 0.82
Un-harvested Berries 4.90 342.70 83.58 2.26 7741 92.61 1.50
Berries on the Groun: 19.6 891 291 7.85 186 63.94 1.15
Loss through Blower 4.92  225.21 43.47 1.17 39.05 89.83 1.99
Total Losses 58.7 1096.7 418 - 225.6 53.96 0.79
Total Losseg%) 3.73 255 11.28 11.28 5.86 46.38 0.62
Plant Height (cm) 10.60 32.80 23.64 - 4.06 17.18 -0.38
Fruit Zone (cm) 7.80 25.30 19.35 - 3.56 18.42 -0.45
Slope (degrees) 0.5 19.53 7.47 - 4.40 58.88 0.89

Field B
Parameters Min Max Mean Mean (%) S.D C.V (%) Skewness
Fruit Yield 253 7635 2618 - 1570 59.98 0.89
Un-harvested Berries 0 299.37 39.68 1.52 62.47 157.95 3.12
Berries on the Groun: 3.38 708.4 165.4 6.32 127.3 76.99 1.44
Loss through Blower 0 220.23 22.16 0.80 33.01 148.94 3.50
Total Losses 5.1 833.7 227.2 - 167.3 73.60 1.51
Total Loss (%) 0.99 26.85 8.68 8.68 5.07 56.02 1.45
Plant Height (cm) 13 34 22.99 - 3.63 15.80 0.06
Fruit Zone (cm) 7.40 30.5 19.07 - 3.62 18.99 -0.05
Slope (degrees) 0.20 23.66 7.04 - 4.47 63.58 1.35

Field C
Paraneters Min Max Mean Mean (%) S.D CV Skewness

(%)

Fruit Yield 1690 10445 5556 - 1942 34.96 0.11

Un-harvested Berries 23.77 319.54 92.23 1.66 38.34 41.57 2.77
Berries on the Groun: 147.9 1056.3 627.5 11.29 234,12 39.17 0.10
Loss through Blower 21.13 110.92 63.67 1.14 18.62 29.25 0.22

Total Losses 192.8 1228 783.5 - 256.7 34.07 -0.01
Total Loss (%) 7.99 22.34 1410 14.10 3.09 22.20 -0.02
Plant Height (cm) 19 39 26.95 - 3.96 14.70 0.44
Fruit Zone (cm) 11.23 34.60 23.09 - 3.92 17.01 -0.24
Slope @egrees) 0 6.56 2.58 1.40 54.45 1.04

62



Field D

Parameters Min Max Mean Mean (%) S.D CV Skewne
(%) Ss

Fruit Yield 2218 17968 8136 - 2915 35.81 0.83

Un-harvested Berries 429 574.71  244.30 3.0 115.7 47.37 0.67

Berries on the Grouni 131.5 1847 1098.12 13.49 385.3 35.97 -0.34
Loss through Blower 31.6 528.9 142.21 1.74 90.6 63.78 2.16

Total Losses 240.2 2616.10 1484.6 - 545.9 37.42 0.0

Total Losses (%) 470  29.47 18.24 18.24 468 25.69 -0.25
Plant Height (cm) 13.10 31.80 22.37 - 3.65 16.35 0.48
Fruit Zone (cm) 11 24.75 17.55 - 3.43 19.55 0.06
Slope (degrees) 0.73 21.69 7.86 - 5.16  65.69 0.89

Note: Fruit yield, in-harvested berriegerries on the ground, loss through the blower atal tosses were
recorded in kg haunless otherwise specified
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Figure 3-6: Overall variation in fruit losses with respect to fruit yield witthe selected
fields.

Significant relationship between fruit yield and total losses (.54 to 0.82) for
selectedfields (Table 33) also support the concept that theskes during harvesting
increased with an increase in fruit yieldd vice versaDverall, the picking efficiency of

the blueberry harvester was 88.72%, 91.32%, 85.90% and 81.76% for fields A, B, C and
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D, respectively. These results also confirmed the acgunsf nondestructive estimates of
pre-harvest fruit losses from digital color camera mounted on the commercial wild
blueberry harvester (TableZ) as the actual fruit losses were very close to the estimated
losses during mechanical harvestiRtant heght, fruit zone and slope were similar for the
selected fields except field @able3-2), where the plants were taller with a higher fruit
zone (Table3-2). A fruit zone higher above the ground can result in better picking
efficiency of the blueberry haegter. Urharvested berries on the plants were significantly
correlated with plant height & -0.22 t0-0.40) suggesting that the dmarvested berries
were lower in the tall plants and vice versa (TébR). Negative correlations of the un
harvested beies on the plats, on the groundnd for total losses with the plant height and
fruit zone indicated that the tall plants with higher fruit zone provided better opportunity
for the harvester to pick more effectively (TaB#8). Visual inspections revealddat the
lodging of crop at the edges of bare spots lowered the fruit zone resulingncreased
losses. Soule and Gray (1972) indicated that a blueberry harvester can perform better in
flat fields when compared with rough terrain. Higher losses Q%) Tor field C, although
the field was relatively flat (Table 2), might be due toldte season harvesting (August
281 September 10). Visual observations suggested that the plants were less dense at field
C when compared with the fields A, B and C.

Significant correlations of fruit yield with berry losses during harvesting(.23
to 0.78) suggested a linear trend indicating that the fruit losses were greatly influenced by
the variations in fruit yield (Tabl&-3). Berries on the ground were found have a
significant relationship with total losses£ 0.91 to 0.98) suggesting that losses on the

ground increased withnincrease in total lossesig8ificant positive correlation of total
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losses with the slope for fields A€ 0.23) and Br(= 0.38)indicated that the total losses

increased with the steepness of skape (Table3-3), revealing that the topography of the

ground seems to have an impact on the picking efficiency of the harvester. Topography

was addressed as one of the challenges ddemglopment process of the wild blueberry

harvester (Yarbrough2001 Hall et al., 1983)Total fruit losses were nesignificantly

correlated with slope, indicatirthatthere was no effect on fruit losses during harvesting

for fields C and D (Table -3). This could be due to the flat nature of field C and

significantly higher yields at field D (TableZ3.

Table 3-3. Correlation matrix among fruit yield, berry losses, crop parameters and slope

for selected fields

Field A
Fruit Un- Berries Berries Total Plant Fruit
Yield harvested onthe through Losses Height Zone
Beries  Ground Blower
Un-harvested Berries 0.25*
Berries on the Grounc 0.47*** 0.24*
Loss through Blower 0.40***  -0.03NS  0.15\S
Total Losses 0.54**  0.651*** 0.93"** (0.28**
Plant Height (cm) -0.34**  -0.40***  -0.21NS  0.19"S  -0.28*
Fruit Zone (cm) -0.35** -0.50***  -0.22* 0.23* -0.32** (0.94***
Slope (degrees) -0.29**  0.43** 0.16Ms -0.03"s 0.23* 0.02N  -0.03NS
Field B
Fruit Un- Berries Berries Total Plant Fruit
Yield harvested onthe through Losses Height Zone
Beries  Ground Blower
Un-harvested Berries 0.42***
Berries on the Grounc 0.59***  (0.33**
Loss through Blower 0.47***  0.09"S  0.14\S
Total Losses 0.70***  0.64***  0.91*** 0.34*
Plant Height (cm) -0.20Ns  -0.27* -0.22*  0.06"S  -0.25*
Fruit Zone (cm) -0.12Ns  -0.17Ns  -0.17NS 0.02N5  -0.18MS  0.80***
Slope (degrees) 0.03Ns 0.26* 0.37** -0.02NS  0.38** -0.42** -0.25*
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Field C
Fruit Un- Berries Berries Total Plant Fruit
Yield harvestd onthe through Losses Height Zone
Berries Ground Blower

Un-harvested Berries 0.23*
Berries on the Grounc 0.77*** 0.23*
Loss through Blower 0.09"  0.19"S  0.09\S

Total Losses 0.78***  0.38** 0.98*** (0.13\S
Plant Height (cm) -0.36** -0.22* -0.26*  -0.05NS  -0.29*
Fruit Zone (cm) -0.02NS  -0.06NS  -0.10* 0.04NS  -0.10NS  0.47***
Slope (degrees) -0.12Ns  -0.07Ns  0.12Y%  -0.20%  0.09NS  0.15MS Q.02MNS
Field D
Fruit Un- Berries Berries Total Plant Fruit

Yield harvested onthe through Losses Height Zone
Berries Ground Blower

Un-harvested Berries 0.70***

Berries on the Groun¢ 0.78***  (0.79***

Loss through Blower 0.69***  0.63***  0.62***

Total Losses (kgdn') 0.82**  0.87***  0.97*** 0.51

*k%k

Plant Height (cm) -0.34*  -0.30**  -0.28* -0.31** -0.32**
Fruit Zone (cm) 0.09%  -0.13%  -0.07NS  -0.24* -0.11NS  0.45%**

Slope (degrees) -0.17NS  0.03"S  0.04"S  -0.01NS  0.04NS  0.12NS -0.14MNS

Significance of correlations indicated by *, ** and ***, are equivalentpte= 0.05,p = 0.01 andp =
0.001.WhereNS nonsignificant atp = 0.05.Note: Fruit yield, urharvested berries, berries on the ground,
loss through the blower andtal losses were rembed in kg ha unless otherwise specified.

Results of ANOVA suggested that the main effects of ground speed and header rpm
were found to be nesignificant for urharvested berries on the plants and berries on the
ground, while the interaction effectspé&ed x revolution) were significant for fields A and
B (Table3-4). The urharvested berries on the plants and berries on the ground were found
to have a significant interaction for field C, while the main effects were significant in field
D (Table3-4). The ground speed was found to produce a significant loss through the blower
for field C, while for field D, both ground speed and interaction effects were significant
(Table3-4).
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Table 3-4. Analysis of variance using two factor factorial design for setk@ields.

Field A
Source Un- Berries on Loss Total Total Loss Fruit
harvested the Ground through Loss (%) Yield
Berries Blower
Speed NS NS NS NS NS NS
Revolution NS NS * NS NS NS
Speed*Revolutions * * NS * * *
Field B
Source Un- Berries on Loss Total Total Loss Fruit
harvested the Ground through Loss (%) Yield
Berries Blower
Speed NS NS NS NS NS NS
Revolution NS NS NS NS NS NS
Speed*Revolutions * * * * * *
Field C
Source Un- Berries on Loss Total Total Loss Fruit
harvested the Ground through Loss (%) Yield
Berries Blower
Speed * NS * NS NS NS
Revolution NS NS NS NS NS NS
Speed*Revolutions * * NS * * *
Field D
Source Un- Berries on Loss Total Total Loss Fruit
harvested the Ground through Loss (%) Yield
Berries Blower
Speed * * * * * NS
Revdution * * NS * NS NS
Speed*Revolutions NS NS * * * *

Significance indicated by * andS= nonsignificant atp = 0.05.

In factorial experiments if the higher order interaction is significant, their main
effects can be ignored. Main effect of revolutiwas found to have a significant impact on
the losses through the blower for field A, while two way interaction effects were significant
for field B (Table 34). Interaction effects were significant for total losses (% and &) ha
and fruit yield for seleted fields (Table-3). In summary, results reported that fruit losses

during harvesting were influenced by the ground speed and header rpm either alone or in
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combination suggesting that a suitable combination could result in better picking efficiency
of the blueberry harvester.

Results of means comparison indicated that thbaraested berries on the plants
and losses through the blower were significantly lower than the losses on the ground for
selected fields (Table-8). The best combinations with mimim urharvested berries on
the plants were treatments 1, 4 and 8 for selected fields (T&)lelBeatment 8 was nen
significantly different when compared with treatment 1fieid C (Table 35). In general,
the unrharvested berries on th@ants were dwer at treatment 1 for selectdields,
suggesting that operatirthe harvester at lower speed and rpm can minimize the un
harvested berries on the plants. Results of LS means reported that the berries on the ground
were generally higher at 30 rpm for thelectedields (Table 35), which might be due to
an impact of the harvester head and faster rpm of the picking heghest treatments with
minimum loss of berries on the ground wer@ Bnd 7 for selectefields (Table 35).
Results revealed thatal26 rpm provided more time for header to pick the berries more

effectively with minimum losses on the ground.

The best treatments with minimum loss of berries through the blow& kg ha
1y were 1, 2 and 7 for selected fields (TabiB)3The mixed &nd of losses through the
blower for selected fields might be due to high fruit yield variability, suggesting that the
blower losses during harvesting were not affected by treatment combindifendest
treatments for total losses were 2 field A and7 for field B (Table 35). Treatment 1
(1.2km W' and 26 rpm) resulted in significantly lower total losses foffitlds C and D
(Table 35). In general, treatment 9 produced significantly higher losses, which could be

due to higher radial and tangenhfiarces applied by the harvester during fruit picking for
68



fields C and D (Table &). There was a mixed trend of total losses (kg)rat different
treatment combinations fdield B (Table 35), which could be due to low yield nature of
this field. Thee were norsignificant differences in total losses at 26 and 28 rpm for the

ground speed of 1}2n h! for field A (Table 35).

Table 3-5. Results of multiple means comparison using legsiares method to identify
the two way interaction effects on friltsses during harvesting.

Field A
Treatment Un-harvested Berries on the Loss Total Fruit Yield
Berries Ground through Loss
Blower
1 80.5 AB 2459 C 816 A 408 B 5116 A
2 90.3 AB 1654 D 250 B 280.7 D 1899 D
3 105 AB 340.6 AB 322 B 4778 A 3783 B
4 542 B 268.7 BC 413 B 364.2 BC 3437 BC
5 1142 A 330.7 AB 419 B 486.8 A 4398 AB
6 508 B 403.6 A 435 B 5069 A 4368 AB
7 81.6 AB 270.9 BC 59.8 AB 4123 B 3490 BC
8 103.3 AB 281.8 BC 283 B 4134 B 3877 B
9 63.1 B 311.3 B 375 B 4119 B 3368 BC
Field B
Treatment Un-harvested Berries on the Loss Total Fruit Yield
Berries Ground through Loss
Blower
1 20.1 B 1446 B 29.8 BC 1945 BC 2029 BCD
2 64.1 A 263.3 AB 65.9 A 393.3 A 3458 A
3 253 B 1436 B 385 B 207.4 BC 2809 AB
4 64.4 A 183.9 AB 19.1 BC 267.4 ABC 3091 A
5 38.2 AB 90.1 C 10.3 BC 1386 CD 1556 D
6 52.2 A 2649 A 95 C 3266 AB 3332 A
7 22.3 B 76.7 C 55 C 104.5 D 1752 D
8 275 B 137.7 B 125 BC 177.7 CD 2450BCD
9 43.1 AB 183.8 AB 84 C 2353 BC 3086 A
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Field C

Treatment Un-harvesgd Berries on the Loss Total Fruit Yield
Berries Ground through Loss
Blower
1 74.2 CD 527 BC 60.4 B 661.7 C 6044 A
2 76.7 BCD 637.9 A 63.4 AB 778 AB 5726 A
3 88 BCD 603.9 ABC 62.5 AB 754.4 BC 5500AB
4 94.7 BCD 582.5 ABC 587 B 735.9 BC 5350AB
5 107.1 ABC 653.8 A 789 A 839.8 A 6300 A
6 79.5 BCD 635.9 A 65.7 AB 781.2 A 5435AB
7 130.3 A 505.6 C 56.6 B 692.5 CD 4510 B
8 719 D 652 A 62.2 AB 786.1 A 5604AB
9 108 AB 579 ABC 64.6 AB 751.5 AB 4575 B
Field D
Treatment Un-harvested Berries on the Loss Total Fruit Yield
Berries Ground through Loss
Blower
1 121.0 C 550.2 E 65.1 C 736.4 D 6347 C
2 196.7 BC 9219 D 125.2 BC 1243.7BC 7923 AB
3 202.7 BC 1155.4 AB 1261 BC 1484.2 BC 8467 AB
4 191.3 BC 800.9 CD 121 BC 1113.2C 6301 C
5 278 AB 1198.3 AB 189.3 AB 1665.6 AB 9190 A
6 209.7 B 1184 AB 1159 BC 1509.62B 8687 AB
7 3225 A 12259 A 2271 A 17755 A 9520 A
8 3526 A 1250.1 A 181.1 AB 1783.81 A 9130 A
9 324.7 A 13625 A 128.0 BC 1815.20 A 7660 B

Means with no letter shared are significantly differat = 0.05.
Note: The fruit yield and Iosses were recorded in kg.ha

Where, Treatment 1: 1.2 km h and 26rpm, Treatment 2: 1.2 km h and 28 rpmTreatment 3: 1.2 km h and 30
rpm, Treatment 4: 1.6 km h and 26 rpmJTreatment 5: 1.6 km h and 28 rpmTreatment 6: 1.6 km h and 30 rpm
Treatment 7: 2.0 km h and 26 rpmTreatment 8: 2.0 km h and 28 rpmandTreatment 9: 2.0 km h and 30 rpm.

Total losses (%) were dependent upon the fruit yield collected from each treatment.
The 1.2 km kL and 26 rpm (Treatment 1) was found to be the best combination with less
than 8% berry losses during harvesting (Biga) for field A. Treatments 1, 4 and 8 were
nonsignificantly different at field#\ (Fig. 37 a). Treatment 1 was found to havé28

fruit losses, which was significantly lower, when compared with other treatments for fields
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C and D (Fig. 3.8). The med trend of fruit losses fdreld B (Fig. 37 b), suggested that
the 2.0km h* and 26 rpm was the best treatment combination with minimum losses. Non
significant differences among the treatment combinations (Figo)3were found fofield

B.

These reglts suggested that in low yielding fields, the chosen levels of ground and
head rpm are not as important, however, in high yielding fields a careful selection of the
operating parameters can enhance the picking performance of wild blueberry harvester.
Treatment 9 was the worst combination with significantly higher lossdgfds C and D
(Fig. 3-8), emphasizing the need to reduce ground speed and header rpm in high yielding
fields for better picking efficiency and berry recovery. Operating the haregstewer
ground speed and header rpm will provide a gentle upward movement of reel teeth bars
through the plants to enhance harvesting efficiency by reducing the losses. Longer teeth
with a slight tilt at the end of the teeth could provide better reteatibarries for effective
transportation to conveyer and finally to the storage bin.

Based on these results, it can be concluded that in wild blueberry fields with yield
over 3500 kg hda combination of 1.2 kmrhand 26 rpm can result in significanttywer
losses. Ifow yielding fields (<3000 kg h&) a combination of 2.&m h' and 26 rpm can
do a better job to increase berry picking efficiencyhefblueberry harvester. Overall, the
results of LS mean reported that the efficiency of the harvestefound to be 92% for
field A and over 88% fofields C and D at 1.Xm h and 26 rpm. The picking efficiency

of the harvester was 94% (6% losses) at 2.0 %rarfd 26 rpm fofields B.
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Means with no letter shared are significantly déferatp = 0 05.

Where, Treatment 11 2 km h and 26 rpmTreatment 21 2 km h and 28 rpmTreatment 31 2 km h and 30 rpm
Treatment 41 6 km h and 26 rpmJreatment 51 6 km h and 28 rpmTreatment 61. 6 km h and 30 rpmTreatment
7:2.0km h and 26 rpmTreatment 82.0 km h and 28 rpm andreatment 92.0 km h and 30 rpm.

Figure 3-7: Least squaresiean comparison of total fruit losses at different treatm@ajts
Field A and (b) Field B.

72



Total Losses (%)

Total Losses (%o)

e
==l S =

= R A

p— — [ B
= L = L =
—
— -

. |
]

i/
-
-
@)
I
@]

®)

Means with no letter shared are sigrafitly differentatp = 0.05.

Where, Treatment 11.2 km Hl and 26 rpmTreatment 21.2 km Hl and 28 rpmTreatment 31.2 km Hl and 30 rpm
Treatment 41.6 km Hl and 26 rpmTreatment 51.6 km Hl and 28 rpmTreatment 61.6 km Hl and 30 rpmTreament
7:2.0 km Hl and 26 rpmTreatment 82.0 km Hl and 28 rpm andreatment 92.0 km Hl and 30 rpm.

Figure 3-8. Least squares meaosmparison of total fruit losses at different treatmgais
Field C and (b) Field D.

Fruit loss during harvestirgre not only due to the machine itself but are a function

of several parameters which can affect the picking efficiency. These parameters include
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operator skills, field conditions, crop maturity, crop characteristics, time of harvesting,
weather conditios, bare spots, weed coverage and improper maintenatieshafvester.

A newly manufacturetiarvester was used in this study; therefore no contribution from low
maintenance was expected. Results of this study revealed that by choosing a good
combination ground speed and header rpm based on fruit yield variation can minimize
the fruit losses during harvesting. The reduced berry losses during harvesting will generate
more revenue for the farmers to justify their input cost related to wild blueberry posduc

3.4 CONCLUSIONS

Results of this study suggested that thehmevest fruit losses were found to be
higher during the late season suggesting that early season harvesting could be helpful in
reducing preharvest fruit losses. Results indicated thait fnsses during harvesting were
highly variable withinthe selected fields. The major portion of the fruit losses during
harvesting was on the ground when compared witharmested berries on the plants and
losses through the blower. Fruit loss duringvkating is a linear function of the fruit yield,
as fruit yield increases the fruit losses increases and vice versa. Reshéhafvester
evaluation confirmed the accuracy of the camera technology in mapping tharpest
fruit yield and losses durg mechanical harvesting. Actual fruit losses (manually collected)
were very close to the estimated fruit losses (from digital color camera).

Based on the results of ANOVA, it can be concluded that ground speed, header rpm
and their interaction can causmgnificant differences in picking efficiency ¢fie wild
blueberry harvesteResults of means comparison showed that a treatment combination of
1.2 km h' and 26 rpnctan result in significantly lower losses as compare to higher ground

speed and heademngin wild blueberry fields with yield over 3500 kghadn low yielding
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fields (<3000 kg ha) a combination of 2.&m h! and 26 rpm can do a better job to
increase berry picking efficiency diie blueberry harvesteProper selection of ground
speed ad header rpm in relation to spatial variability can minimize fruit losses to increase
farm profitability.

Chapter 3 evaluatedhe role of ground speed and header rpm on picking
performance ok commercial wild blueberrigarvester inselectedields. Resuls of the
h ar v ephysieal eGatuation confirmed the accuracy of camera technolegfimating
pre-harvest fruit losses duringiechanicaharvesting. Fruit losses were hlg variable
within the selected fields, witine majority of losses beiran theground.Fruit losses were
greatlyinfluenced by the ground speed amehder rpmandtheir interaction Significant
variability in fruit lossesat different machine operating parameters, crop characteristics,
fruit yield and slope of the grounémphasiedthe need to study thesponsef spatial
variatiors in fluctuating fruit losses during mechanical harvesti@apter4 highlighted
the variability in fruit losses in accordance with spatial variationerop characteristics,

fruit yield andgroundslope.
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CHAPTER 4 RESPONSE OF WILD BLUEBERRY FRUIT LOSSES TO
SPATIAL VARIABILITY IN CROP CHARACTERISTICS AND GROUND
SLOPE

Knowledge of spatial variability in fruit yield, crop characteristics, fruit losses and
slope of the ground is critical for planning danmplementing the operational
recommendation for mechanical harvestMgld blueberry growers arkacing increased
harvesting losses because of changes in crop conditions causagrdyed management
practices The goal of this work waso characterizeand quantify spatial pattern of
variability in crop characteristics, fruit yield and slope in relation to fruit losses during
harvesting.Factorial experiments werdesigned andyield plots (0.91 x 3 m)were
constructedandomlyin selected fieldsT otal fruit yield, urtharvested berries on the plants,
berries on the grounéndlossthrough the blowewere collected from each plotitivin
the selected fields. f@-harvest fruit losses were collected froack plot prior to harvest.
Slope, plant height anddit zone were also recorded manually from each plot to examine
their impact on fruit losses.

The coefficient of variations@Vs) for fruit yield, berrylosses, slopgplant height
and fruit zonesuggested moderate to high variability (€¥5%) withintheselected fields.
Results of correlation analysshowedhigherfruit lossesin high yielding areas and vice
versa. Results reported that the fruit yidddrrylossesslope, plant height and fruit zone
had a large spatial variatigrange of influence- 20 to 50 my within the selected fields.
Kriged maps also showed substantial variatromapped parametevgithin the selected
fields. Regression analysis in conjunction with zonal statistics showed that the fruit losses

increasedvith an increase in fruiyield andsteepness of slop¥ariability in fruit losses
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corresponding with the spatial variations in crop characteristics, fruit yield and slope
suggested that these parameters had significant effect on fruit losses hduriagting.
Results emphasizgghe need to model these spatial relationships mathematicallytogero
optimal harvester operationakettings toincrease harvestable yieldmproved berry
picking efficiency by considering teespatial variations has the potential to increase profit
margins for wild blueberry industry

The work presented in this chapter has been submittdgptied Engineering in
Agriculture Journal] e n tRéspohse af wilé blueberry fruit losses to spatial variability in
crop characteristics and slope of the graund
4.1INTRODUCTION

Soil propertiescrop characteristics and fryiteld vary spatiallyand temporally
within the fields on most farms. Many factors includingsite characteristicscrop
parameters, environmentanditions and management practibase a influence orfruit
yield and quality (Farooque et al., 2@iPatzold et al., 2008; Wong and Asseng, 2006
Ping et al., 2006 Characterizatiomnd quantificatiorof spatial variability is essential to
achievea better understanding dfie complex interations (Wong and Asseng, 2008)
order to determine appropriatemanagement practicesincluding harvesting
recommendationsDifferent techniques including color infrared images (CIR), remote
sensing, soil survey mapsondestructive mapping via EMI sensandarial photographs
have been used eddresghe spatial variability for various cropping systems. However,
these methods are expensive, the qualitgata may be inadequate, and daiacessing
(arrangement and analysis of dagpormally intensie and complicated (Zaman et al.,

2008). Therefore, within field variability can be described using sampiieitnods that
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allow a field to be divided into different management zones. With the introduction of
geostatistical tools, a sampling strategn beestablished based on range of influgnce
which not only reduces the number of samples but also the cost of analysis (McBratney
and Pringle, 1999; Brouder et al., 2005).

Spatial variations infruit yield are mainly caused biieterogeneity in crop
characteistics, soil physical and chemical properties and weather cond{fdorsg and
Asseng, 200pRogerio et al., 20Q06Heterogeneity may occat small scale or large scale,
even in the same variable of interest (Du Feng et al., 2008)CV is mostly used ©
describe the overall variationithin the field, which hypothesizethat the variability is
randomly distributed; however, it does not quantify the apgtattern of variability.
Samples close to each other have sinyleoperties when compared with tledar from
each otherGedgstatistics is a powerful tool for characterization and quantification of spatial
variability (Sauer et al., 2006). Geostatistical procedures use statistical and mathematical
functions for interpolation of dat&eostatisticeombned withGIS providesinterpolation
of data from sampled points tosampled locationbased on autocorrelation aspatial
relationships foestimation of range of influen@ecuratelyJames ad Charles, 1988).

Research benefits ofjleographical informeon system GIS) technique were
described in many scientific studies (Bradshaw and Muller 1998, Wang et al. 2ZB86).
GIS can be utilized to spatially analyze tiariable of interest ira monitoring study
Interpolated maps can be generated in GIS fisualization of spatial variability.
Geostatisticahnalysisvas recognized as the mesinfident,strongest, and widest method
for interpolation which considers spatial variance, location and distributieolleicted

data(Kersic, 1997)Semiariograms alculated from geostatistical analypi®vide spatial
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