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Abstract

A GIS analysis procedure was developed to explore relationships between imagery,

yield data, soil information, and other assessments of a field or orchard. A set of

conversion utilities, a spreadsheet, and an inexpensive shape file viewer were used

to manipulate, plot, and display data. Specific features described include

procedures used to: 1) display automated yield monitoring and aerial imagery data

as surface maps for visual analysis, 2) generate maps from gridded soil sampling

schemes that display either the collected soil data values or management

information derived from further manipulation of the sample values, 3) evaluate

relationships among data layers such as yield monitor, imagery, and soil data, 4)

conduct an upper boundary line evaluation of potential yield-limiting factors. The

analysis process is demonstrated on wheat, meadowfoam, and hazelnut data, from

crops grown in Oregon.
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Introduction

Our intent was to develop spatial analysis procedures to be used as tools to evaluate

relationships between soil data, yield data, or other plant growth measures in both

field and orchard crop systems. We wanted to explore and develop an inexpensive

approach to data analysis that would have broad application to most spatial data

and information. The analysis software needed to be widely available with an open

and compatible format. Since many computers come with spreadsheet software and

most users are familiar with them, spreadsheets became a logical choice. In a

previous paper, we described preliminary development efforts on an inexpensive

shape file viewer and spreadsheet data visualization and analysis system (Righetti

and Haibleib, 2000). This paper presents advanced features not previously

described, and illustrates their application with data from three crops (wheat,

meadowfoam, and hazelnuts) grown in Oregon.

Our system uses a software utilities that converts spatial data files into a form that

can be utilized in a spreadsheet. Once data conversion has been completed, one can

view and query the information with a simple shape file viewer and Microsoft ®

Excel® (Microsoft Corp., Redmond, WA). The key to our package is to convert all

spatial information (data associated with polygons, soil test and yield data, images,

and other geographic information) into regularly spaced data points or grids.
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The software utility previously described (Righetti and Haibleib, 2000) that

perform these processes are as follows:

1. A program that takes ASCH (text) files consisting of spatial coordinates

(points) and other associated information and converts them to a shape file.

The shape file contains the original data, a positioncode field (x.y or

Easting.Northing), and empty fields for future calculations and analysis for

each grid point.

2. A program that takes any shape file polygon(s) and creates another shape

file that consists of a set of regularly spaced points that falls within the

boundary of the polygon(s) with the grid spacing output (distance between

points) selected by the user. The data originally assigned to the polygon(s)

are preserved for each point and additional database fields are added. One

of the additional database fields is called positioncode (x.y or

Easting.Northing).

3. A program that takes a geo-referenced TIFF image file (UTM coordinates,

Universal Transverse Mercator) and creates a shape file that consists of a set

of grid points with the output grid spacing set by the user. The RGB image

(Red image band, Green image band, Blue image band) digital values for

each band are preserved as a point database file with additional fields being

added that consist of and Easting/Northing field (position code), extra blank



fields and calculated file fields which are preserved for each point location

in the shape file database.

4. A program that takes ASCU (text) files of spatial information (grid soil

samples, yield monitor data, etc.) krigs the appropriate values and places the

output into a shape file. This utility also has an option that creates gridded

shape files that are calculated from point density rather than a kriging

routine.

Additional file conversion and data processing procedures have been developed.

Some of these procedures can already be accomplished using the tools in a

spreadsheet but we wanted to automate the process for less experienced users.

5. "Snap to a grid" is a feature where data points that have spatial coordinates

(data must be projected in UTM coordinate system) can be rounded to the

interval of choice and moved to the closest corresponding, regularly spaced

grid point.

6. "Point data to polygons" is a utility that converts an ASCII text file that

defines the vertices of a polygon (s) creating a shape file that can be viewed

with most GIS software. An option in this procedure allows one to generate

a series of rectangular shape files from ASCII text files @oint data). The
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original point coordinates define the centroid of the rectangular polygon.

The user specifies the size of rectangles output (in meters from the

centriod). All attributes from the point data are associated with the new

polygons.

7. A data export feature that converts Microsoft Excel summary tables (pivot

tables used to develop and display surface charts) to a shape file format of

points consisting of the x and y coordinates arid a third value (z value)

representing the surface feature described.

8. A conversion utility that transforms data from Latitude and Longitude to

UTM projections and vice versa.

Most of the utilities and file conversion features described are available with an

easy to use Windows interface. When these procedures are combined with the

analytical features of Microsoft® Excel®, most routine precision agriculture

analysis tasks (yield display, soil factors, and variable rate dosage maps; data

visualization; statistical colTelations; and other analyses) can be accomplished.

Boundary line analyses to define the upper limits of crop production or plant

growth (Webb, 1972, Lark, 1997, Schung et. Al., 1996) can also be conducted.

Spreadsheet tools can be used to display information and explore relationships

between the data in linked files in a way that is analogous to the manipulation of



layered data in GIS software programs. We feel that our process may be easier to

use than many of the GIS software offerings on the market today, and in some

cases Excel's advanced analysis tools support evaluation procedures that cannot be

accomplished with some of the more expensive software.
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Materials and Methods

Data collected from the three crops, included information on yield data, soil pH,

buffer pH (SMP), imagery, and other measured crop responses. The specific data

utilized were different for each site, but the spreadsheet-based analysis procedures

were similar. Computer CD's with the raw data, conversion utilities, spreadsheet

files, and a tutorial are available from the authors.



Data Collection

Wheat

Yield data were collected September 1997 using a flow-based yield monitor (RDS

Technology Ltd., Sewell, NJ) on spring wheat (Triticum aestivum) planted in the

Willamette Valley, Oregon. The Trimble (Trimble Corp., Sunnyvale, CA;

http://www.trimble.cornitrimble.htm) Ag 132 real-time, differentially corrected,

GPS unit and yield monitor were used to record position as a latitude and longitude,

while simultaneously recording the yield estimate data from the combine at five-

second intervals.

Soil samples were collected in the fall afler harvest. The 17.25 ha field was

"gridded" (128 samples) using a cell size of 1349 m2 (one third of an acre per

sampling area). The center of each sampling cell location was recorded with a

differentially corrected GPS receiver. Within each of these cells, 12 cores were

collected to a depth of30 cm (twelve inches) and combined to form a

representative sample. The soil samples were oven dried, ground, and analyzed for

pH (5:1, deionized water:soil) and soil SMP buffer pH.

Early season three color RGI3 aerial imagery of the field was acquired from the

WAC Corporation (Eugene, OR; http://www.waccorp.com!). The WAC

Corporation routinely collects aerial photography of the Willamette Valley and



provides imagery for the public. The image was scarmed on a flatbed scanner,

digitized and stored as a TIFF file. The image was geo-referenced using targets that

had been placed in the field and located with a GPS receiver. The resolution in the

digital image was set at one pixel per meter of ground resolution and a registration

file (*t) was created.

Preliminary evaluations of the relationships between the image and yield data

revealed that various expressions of pixel intensity (red band, green band, blue

band, composite [{red+green+blue}/3 = composite]) and image indices produced

similar evaluation results. Ratios among different bands of the imagery (red, green,

and blue bands) or the index {(r-g)/(r+g)} did not improve the relationship between

imagery and yield (data not shown). In the interest of brevity, only one evaluation

is presented here. The original composite brightness values (pixel values from 0-

255) were first inverted (0 = 255; 255 = 0) to create a scale where increasing values

represent increasing darkness.

Meadowfoam

Yield data were collected in August 1997 with a flow-based yield monitor on

meadowfoam (Limnanthes alba) grown in the Willamette Valley of Oregon, using

the same procedures as described above (wheat).
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Soil samples were collected in the fall just after harvest. The 23.5 ha field was

"gridded" (174 samples) using a cell size of 1349 m2 (one third of an acre per

sampling area). Soil samples were processed, and analyzed as described above

(wheat).

Imagery of the meadowfoam field was acquired from Emerge Inc. (Greeley, CO), a

company that captures digital images for general land use and analysis. They

provided false color NIR (near infra-red) imagery at one meter pixel ground

resolution, in a TIFF file with an accompanying reference file that provides the

coordinates for geo-referencing. The soil was bare with no cover growing at the

time of image and soil data collection.

Hazelnuts

Yield data were collected in September of 1999 in a 15-year-old hazelnut (Coiylus

avellana L.) orchard near Albany, Oregon, using a weight-based yield monitor. The

yield monitor consisted of load cells linked to a computer that recorded on a 5

second interval both accumulating weight and position as the nuts were swept from

the ground and transferred into a storage bin on a trailer.

Soil data were collected in August before harvest. The 4.3 ha field was "gridded"

(32 samples) using a cell size of approximately 1011 m2 (one quarter of an acre per
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sampling area). Samples were collected, processed, and analyzed as described

above (wheat).

Two caliper measurements of the trunk were taken at a height 30-cm above the

ground in both a North-South direction and an East-West direction. The average of

the two measurements was used to calculate an estimate of the tree trunk cross

sectional area (CSA).
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Data Visualization and Analysis

Overview of procedures

To explore data relationships among the different layers requires that all files have

a spatial component assigned to the data and the data must be converted to gridded

point files. Once the files are converted to grids, individual points are set to the

same interval (user defined grid spacing) and assigned position codes. This can be

accomplished by either a geo-statistical approach such as kriging (Mulla, 1991;

Isaaks and Srivastava, 1987) or a snapping to a grid approach (Kitchen et al.,

1999). We recognize that moving data points could introduce some positional

inaccuracy, however, if the areas evaluated and the scale of variation in the field are

much larger than the grid spacing, the positional errors introduced by moving a

point to the closest grid node should be minimal in its impact. In an effort to

compare the kriging and snapping to a grid approach, we visually compared maps

prepared from 2m spaced yield data derived from both procedures. Linear

regressions between data produced by both approaches were also conducted.

Spatial data that is uniformly arranged can be easily evaluated in a spreadsheet.

For example, relationships between yield monitor data and imagery can be easily

examined by kriging or snapping both data sets to the same grid spacing. However,
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it is not appropriate to statistically evaluate kriged or otherwise manipulated data

that has a grid spacing much less than the original data (Isaaks and Srivastava,

1989). To investigate relationships between soil grid samples or other spatially

sparse data sets relative to the spatially dense yield monitor or imagery data, the

following procedure was devised. In Fig. 1 a, soil sampling polygons (viewed as a

shape file) that represent soil-sampling locations at the wheat site are presented in a

shape file viewer. Procedure #6 was used to convert the original soil point data to

the polygons displayed. These soil-sampling polygons have been placed on top of

another layer that represents kriged (2m grid interval) wheat yield. This makes it

easy to visualize where the soil-sampling units are spatially positioned relative to

the wheat yield map.
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Figure 1 a. Kriged yield data, as a surface map, depicting the wheat field yields as
contours. The soil-sampling regions are overlaid as blue polygons that are
representative of the area from which each soil sample was taken.

We have used EmergePro® (Emerge Inc., Greeley, CO) as the shape file viewer in

this example but other inexpensive or free products (such as Arc Explorer; ESRI,

Redlands, CA), can also be used.

Figure lb shows a closer view (zoomed and enlarged) of a small area of the field

displayed in Fig 1 a, revealing a portion of one of the soil-sampling polygons. The

kriged yield points now appear as small squares on 2 m spacing. The series of

points (small dots in Fig. ib) on a regular spaced 2 m grid that were derived from

the original soil-sampling polygon shape file are also displayed. These points fail
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within the boundaries of the soil-sampling polygon. Each point that falls within the

soil polygon is assigned the same informational data (attributes) that were assigned

to the original soil polygon from which it was derived. Therefore, each point within

the boundary of the original soil-sampling polygon has the same pH as the entire

polygon. Each derived point was also assigned the sample number associated with

the original polygon (such as number one for the first sampling area, number two

for the second sampling area, etc.).
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Figure lb. An enlarged view showing the corner of one soil-sampling polygon.
Within the polygon are red points that are set to a regular 2 m grid interval; these
points are assigned the same attributes as the soil-sampling polygon and have the
same spacing as the yield data points.
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In Fig. ic, points for the soil-sampling polygon (small points) are shown with

image data (intermediate sized squares) and the yield data (large sized squares)

overlaid as they appear when displayed in a shape file viewer. The position code of

each data point becomes the common identifying feature between layers of

information (data sets) in Excel. Excel's pivot table feature uses the position code

numbers to link different data layers. When the position code numbers match

between data layers, a join can be performed that either includes, excludes, or

selects only matching points from each data layer being compared. All the

associated information for individual data layers (image data, yield data, soil data,

etc.) can be linked together for each unique position code identifier. Once the

linking task is accomplished, it is relatively simple to use the charting or summary

capabilities in Excel to plot or summarize data.
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Figure ic. An enlarged close up of the same wheat field that is depicted in Fig la
the spatial relationship that exists between data layers by displaying

all of the data layers as overlapping different sized points. The largest points that
are shown are underneath as the bottom layer and are representative of the yield
data, with the medium sized points representing the image data, and the smallest
points that are on top represent the soils data. This helps illustrate the spatial
relationship that exists between the data layers and shows how the information,
when set to a uniform grid spacing, can be managed using the location as the
common link.

Pivot tables

Excel's pivot table feature can be used to combine, condense, and evaluate data

files. As described above, the first analysis step is to link data files of interest

(layers) using the joining capability of Excel's pivot table feature.



Very large datasets (millions of points) can be linked. Once the data are joined,

Excel's pivot table can be used to query, summarize, group, categorize, and display

data. For example, the pivot table can be used to extract data enabling one to

evaluate the pH of soil-sampling polygons and the average yield or image data

associated with the same polygons as shown in Fig. id. At this point in the

process, the extracted data can easily be statistically evaluated.

The pivot table in Excel also lets the user summarize spatial information by

creating rows and columns. Summarizing the data in this way allows the user to

select the appropriate UTM grid coordinates as a row (x or Easting number) and

column (y or Northing number), with a third value being displayed in the grid as

the z value. Once the data are organized in this fashion, Excel can be used to plot

the information as a surface map. Yield and imagery data can be manipulated in a

pivot table and directly displayed as a surface map. Data in rows and columns can

be grouped to define the cell size desired (reduce the resolution) and then replotted.

It is also possible to change the number of contour levels displayed.

Another GIS task that the pivot table can be used to accomplish is to interpolation

between values. Soil data associated with sample area polygons (such as the

smallest points in Fig. ic) can also be evaluated with a pivot table and presented as

a surface map. This procedure works best when the polygons created from the

original sampling points slightly overlap.
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Figure Id. A page of data results that were generated from a query using the Excel
pivot table features.

Surface plots for soil data produced in Excel appear to be similar to the contour

maps produced in many geostatistical and precision agriculture software packages.

To compare maps produced in Excel to maps produced with more sophisticated

mapping programs, we produced kriged maps from the original soil grid sample

data with Surfer for Windows (Golden Software, Greeley CO). We visually

compared maps prepared in Excel from 2m soil polygon data with the kriged maps

produced in Surfer.
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Identification of boundary line conditions

The data summarized using the pivot table analysis can be further evaluated with a

second pivot table analysis applied to the first pivot table results. This manipulation

allows the user to select the highest yield from the set of average yield values for

each level of an independent factor. For example, maximum yield values for

different levels of CSA or image darkness can be obtained. Excel can then be used

to generate a regression equation that fits the maximum points. If the number of

observations in an independent variable category is insufficient, it is possible to

reduce the number of grouped categories to more reliably detect a set of maximum

values. The maximum value for each category can be plotted against the median

value for the category interval to generate a response curve. This application works

well for identification of points on the upper edge of the data set when trying to

identify an upper boundary.
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The curves that are shown later in this report were produced using this procedure.

We chose not to use a more sophisticated approach to identifying boundary lines

(Evanylo and Sumner, 1987; Heym and Schnug, 1995; Walworth et al., 1986;

Webb, 1972). However, more advanced approaches could be incorporated into a

spreadsheet environment.

All data presented in this paper were manipulated and displayed using only our data

conversion utilities, the Excel procedures, and a shape file viewer.
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Results and Discussions

Displaying automated yield monitoring and imagery data that are cropped to
a field boundary

In Fig. 2a, evenly spaced 2 m points derived from the image data for the wheat

field are shown as displayed in the shape file viewer. The utilities and procedures

described above were used to create data files from the digital image (* .tif format).

In this display the data points that represent the image values are classified into 10

categories that reveal increasing image darkness, respectively.

A GPS-derived field boundary was converted to a set of points on a 2m interval,

that fall only within the field boundary. This set of points can be joined in Excel

with other data sets such as the image or yield data in this example. This process is

used to limit the data points to only those yield or image points lying within the

field borders. In figure 2b, the original image derived file has been cropped.
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Figure 2a. Image data converted to a
set of points on a 2 m interval with
the composite band digital values
inverted (0=255 and 255=0) so that
the values are representative of
increasing darkness. It is displayed as
a shape file and classified into 10
categories.

Figure 2b. Is the same image data file
as Fig. 2a, by using the pivot table
feature, we were able to link the
image data to a set of points derived
from a GPS field boundary cropping
the edge of the image data, limiting
the view to only those points that fall
within the field boundary.

In Fig. 2c, the kriged 2 m yield data is presented. The yield data is divided into ten

categories with increasing darkness associated with increased yield. Although the

kriging routine produces a rectangular set of points (data not shown), the kriged
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data displayed here has also been cropped to the actual field boundary using

Excel's joining capability.

Figure 2c. Yield data displayed in a shape file as 2 m gridded data, classified to 10
categories, and cropped to those points that fall only within the field boundary.

Evenly spaced data points can also be displayed as a surface plot in Excel. This

manipulation may eliminate some of the need for a shape ifie viewer. In Fig. 3

Excel's surface plot feature was used to present two-meter kriged (Fig. 3a) and
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snapped (Fig. 3b) yield for the wheat field. In the display shown, all points were

grouped to a ten-meter interval and then averaged using the pivot table analysis. In

this example, yields were classified into five categories. Both methods produce

similar visual maps. Both procedures also produced similar maps for meadowfoam

and hazelnuts (data not shown).

6
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Figure 3a. Kriged 2 m yield data for wheat as a surface plot, using the pivot table
and Excels surface-plotting feature. The x and y coordinates were grouped to make
a 10 m cell size. The darkest color is the highest yielding area (Purple color is the
highest yield category).
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Figure 3b. The "snapped" to a 2 m grid yield data for wheat as a surface plot, using
the pivot table and Excels surface-plotting feature. The x and y coordinates were
grouped to make a 10 m cell size. The darkest color is the highest yielding area
(Purple color is the highest yield category).

Generating maps from soil grid sampling schemes.

In Fig. 4a, Excel's surface plot feature was used to a map the 2 m pH data from the

soil polygons for the wheat field. Excel's grouping capability was used to define a

grid size of 20 m. The data was placed into four categories ranging from a pH of

5.1 to a pH of 6.3. The dark blue area of the map represents locations that were

outside the field boundary and were not sampled.



Soil pH_Map for Wheat
4905230-4905249

4905190-4905209

4905150-4905169

4905110-4905129 _______

4905070-4905089 6-6.3
4905030-4905049 E 5.7-6
4904990-4905009

4904950-4904969

4904910-4904929 U 5.1-5.4
4904870-4904889

.1 -1 N N m
o o a o cN N N N N.

1Q
.O N

'-I N N m
C'

N. N ON O O
N- N

27

Figure 4a. A surface plot created from soil pH data for the wheat field. Point data
was assigned to soil-sampling polygons. Regularly spaced (2 m interval) points
within soil-sampling polygons were evaluated with an Excel pivot table. The x and
y coordinates were grouped to make a 20 m cell size.

The map in Fig. 4a is very similar to a map created from a kriging analysis with a

more complex geostatistical (Golden Software, Surfer for Windows) program that

is shown in Fig. 4b. The kriged map was created by using the original point data

and setting the predicted interval to 20 m. The kriged surface data was then placed

into the same four categories described above.



Figure 4b. A surface plot of soil pH data from the wheat field. It is the same point
data that was processed and displayed in Fig. 4a but for this process Golden
Software's Surfer for Windows was used instead of Excel. The data was kriged to
20m spacing and then displayed as a contour map.

Similar pH maps were obtained when either the contour mapping capabilities in

Excel or when Surfer's kriging analysis was applied to the pH data at the

meadowfoam or hazelnut sites (data not shown). This data suggests that a simple

pivot table data averaging method produces similar maps to approaches that use

more sophisticated geostatistical procedures. This may allow processing of data in

a simple spreadsheet. If more sophisticated approaches are desired the

geostatistical procedures can be completed with an additional software utility that

utilizes a more advanced process while still allowing for visualization in Excel.



Surface plots can be further combined and manipulated in Excel. For example in

Fig. 5a, pH data is presented as a surface map that shows areas of the field that had

pH values that were in the upper 50% of the pH range (light color) and the areas

that were in the lower half of the pH range (dark color).

479100-479101 479250-479251

4905156-4905157

4905016-4905017

4904806-4904807

Figure 5a. A map of the wheat field that displays the areas of the field that had a pH
that was lower than 5.8 (the dark areas) or that had a pH that was greater than 5.8
(the light colored areas).

In Fig. 5b, the wheat yield data from the same area of the field that overlaps with

the pH testing areas is displayed. This map delineates the areas of the field that are



either in the upper 50% of the yield values (dark color) or the lower 50% of the

yield values (light color).

479100-479101 479250-479251

4905256-4905257

4905106-4905107

4904956-4904957

4904806-4904807

Figure 5b. A map that displays the areas of the wheat field that had a yield of less
than 3298 kg ha [(3000 lbs ac1) the light colored area] or the areas of the field
that were higher than 3298 kg ha' [(3000 lbs ac1) the darker colored areas].

By combining the data from the two maps (Figs. 5a and Sb) we can produced a map

Fig. Sc that shows the areas that are in the upper half ofthe yield values and also

fall within the areas of the field that are in the lower pH range. This map displayed

in Fig. Sc delineates those areas that have both a low pH and a higher yield (dark
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color). This map may represent the areas of the field that will most likely respond

to lime additions and could be used as the basis for a variable rate lime application.

479100-479101 479250-479251

4905176-4905177

4905026-4905027

4904806-4904807

Figure 5c. A map that displays the areas of the wheat field that have both a higher
yield [yield greater than 3298 kg ha1 (3000 lbs ac5] and a lower pH (pH less than
5.8). This intersection of the data sets is represented by the areas in the map that are
the darker colored areas.

Dosage maps where application rates are determined from many approaches can

also be created and exported as an ASCII file (x, y, application rate) that is

compatible with many variable rate controllers. An example is the lime dosage

map presented in Fig 5d. Standard Excel procedures can be used to combine

spatial data or convert spatial information into suggested application rates.
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Figure 5d. A surface plot of soil buffer pH (SMP) data from wheat. Point data was
assigned to sampling polygons. Regularly spaced (2 m interval) points within
sampling polygons were evaluated with an Excel pivot table. The x and y
coordinates were grouped to make a 20 m cell size. The SMP pH values were
converted to lime rates using the formula (lime rate in tons/acre(6.2SMP)*0.5).

In the example shown, SMP buffer pH values were converted to lime requirement

using a procedure in Excel {lime rate in tons/acre= (6.2SMP)*5} with all negative

values treated as zero. This corresponds to an application rate of 0.5 tons lime per

acre for every 0.1 buffer pH unit below 6.2. The blue area corresponds to areas
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where no lime is required. It is interesting that some of the areas identified as

having both low pH and high yield (Fig. 5d) were not identified as areas needing

lime with the SMP soil test. This demonstrates the value of combining multiple

approaches when developing dosage maps. Creating dosage maps likely requires

consideration of many variables, coupled with thought and judgment, and may not

be an easy process to simplify.

Evaluating relationships for spatial data

A sample of spatial data evaluation is presented in Fig. 6. The average values for 2

m kriged yield data is plotted against 2 m snapped yield data for Figs. 6a, b, and c,

for wheat, meadowfoam, and hazelnuts, respectively.

Wheat snapped yield vs kriged yield

6000- y0.9131x+36085
5000

R2 0 93

4000

3000

2000
0.
0.

1000
Cl)

0

0 1000 2000 3000 4000 5000 6000

Kriged yield (kg ha1)

Figure 6a. Snapped yield plotted against kriged yield for the wheat field.
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Figure 6b. Snapped yield plotted against kriged yield for the meadowfoam field.

Hazelnuts snapped yield versus kriged yield
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Figure 6c. Snapped yield plotted against kriged yield for the hazelnut orchard.



Data points shown were derived by averaging all yield values within each soil

sample polygon. If the 10 m kriged yield data is plotted against the 10 m snapped

data for the entire field or orchard, results are similar (data not shown). A strong

linear relationship between the two approaches was expressed with r2 values of

9374, .9732, and .9794 for wheat, rneadowfoam, and hazelnuts, respectively. The

data suggest that snapping to the nearest grid point instead of kriging is a viable

method of analysis. The snapping procedure requires less sophisticated software

and allows for the processing of data in a simple spreadsheet. The use of snapped

data has the added advantage of not raising the concerns associated with a

statistical analysis of kriged results. Automated contouring to a regular grid can

create artifacts, thus data in contour maps are helpful in qualitative displays, but

may be of questionable quantitative significance (Isaaks and Srivastava, 1989). In

all analyses that follow, where yield was used as a dependent variable, the snap to a

grid procedure was applied. Although not shown, an evaluation of kriged data

produced similar results.

Examples of linear regression coefficients for relationships among yield monitor,

imagery, and soil data at the three sites is shown in Table 1.
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Table 1. Correlation coefficients for between spatial variables in wheat,
meadowfoam and hazelnuts. Evaluations for Yield vs. Image Darkness and Yield
vs. CSA were conducted on both the entire field or orchard and a smaller portion of
the site that was evaluated for soil properties.

Crop Yield vs. Image Darkness
Yield vs. pH pH vs. Image Darkness' Entire Field Study Sites

Wheat 0.0503 0.4138** 0.016 0.233**

Meadowfoam 0.0151 0.0405 0.0217 0.0289

Yield vs. CSA
Yield vs. pH pH vs. CSA Entire Field Study Sites

Hazelnuts 0.1081 0.2263 0.6324**z 0.861 **

Image darkness is defined as 255-{(r+g+b)/3} where r, g, and b are the pixel
values for red, green and blue bands in a digitized photograph.

CSA refers to the trunk cross sectional area 30 cm above the ground.
** indicates statistical significance at p<O.O5.

Although imagery data is sometimes associated with yield (Merrill et. al., 1993),

the relationship between image darkness (2m) and snapped yield (2m) within the

128 and 174 soil sample units respectively, was poor for both wheat and

meadowfoam (r values = 0.233 and 0.029 respectively). Similar results were

obtained whether data for the entire field or data just within soil sampling polygons

were evaluated. The human eye may perceive similar patterns in surface plots

derived from imagery and yield information such as the presented in Figs. 2b and

2c however; a strong statistical relationship does not exist between the imagery and

the yield data.
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Cross sectional area (CSA) of tree trunks has been consistently used to define

maximum yield potential in tree fruits (Westwood, 1978). Our data verify this

general observation between CSA and yield for hazelnuts when either the sample

site or entire orchard data is used (Table 1). Relationships between yield and soil

pH were weak for all three crops. Relationships between soil pH and either image

darkness (wheat and meadowfoam) or CSA (hazelnuts) were also weak.

Boundary line evaluations

Boundary line analyses can be made for data based on soil sampling areas or from

an entire field or orchard. An example of evaluations for individual sampling areas

is shown for the relationship between hazelnut yield and CSA in Fig. 7.



38

5400

4900

4400

3900
2 oo
. 2900

2400

1900

1400

900

400

Cross sectional area vs yield

R2

_ ';:. .

100 150 200 250

Cross sectional area

300

Figure 7. The average cross sectional area (CSA) by soil-sampling polygon is
plotted against the average yield for the same soil-sampling polygon. The upper
boundary line is marked by a line (red squares) that runs through the set of points
that is derived from the maximum yield in each often CSA classes.

A clear boundary condition is apparent. Although many other factors can limit

yield, the maximum yield obtainable for a given CSA is defined by the response

curve. It is possible that the entire curve could be shifted upward or downward in

high or low production years. However, the maximum relative return is probably

limited by the average CSA in the individual sampling units. Many points in Fig.

7 are on or near the plotted boundary line. Locations represented by these points

are performing at or near their maximum potential. Improving short-term

performance at these locations is unlikely since points above the apparent boundary

lines are rare and CSA would likely respond slowly to management changes.

Emphasizing corrective management treatments for the areas represented by the

points below the boundary line have the highest probability of success. The



concept that CSA can be used to define yield potential is well verified (Westwood,

1978). Linking spatial management practices to boundary conditions apparent in

yield vs. CSA scatterplots has not been emphasized.

The relationship between CSA and yield in Fig. 7 could have been detected with

conventional statistics (Table 1). In Fig. 8 the relationship between yield and

image darkness is shown for wheat (Fig. 8a) and meadowfoam (Fig. 8b).

Yield plotted against image darkness for Wheat
y = 7.5425x+ 3521.1

7000 = 0.9266
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i[IIIII
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.

50

$...:e%.1: :\
100 150

Image darkness

200

Figure 8a. The graph of yield plotted against image darkness for the entire wheat
field. The upper yield boundary line is marked by the regression line that runs
through the set of points that is derived from the maximum yield across ten image
darkness categories.
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Yield plotted against image darkness for
meadowfoam
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Figure 8b. The graph of yield plotted against image darkness for the entire
meadowfoam field. The upper boundary line is marked by the curve that runs
through the set of points that is derived from the maximum yield in 11 image
darkness categories.

These data were calculated for entire fields by snapping both yield and image data

to a 10 m interval. In these examples, only very weak statistical relationships

between the two factors were seen with conventional statistics (Table 1). For the

wheat example (Fig. 8a) a clear boundary condition is apparent. Although many

factors can limit yield, the maximum yield obtainable for a given darkness level is

defined by the response curve. The maximum yield obtainable at low darkness

values is 20% less than what is obtainable at high darkness levels.
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Similar results were obtained when evaluating the relationship between yield and

image darkness for rneadowfoam (Fig. 8b). Although the boundary line for

meadowfoam has a steeper slope than for wheat, the data should be interpreted with

caution since the high yielding points that correspond to high image darkness are

relatively rare. Nonetheless, these boundary lines may describe potential spatial

limitations on yield potential. Image darkness likely relates to early vegetative

growth (Gerard and Buerkert, 1999) in the wheat and moisture levels (Senay et. al.,

1998) in the bare ground image. Moisture holding capacity is likely dependent on

soil texture and organic matter. Imagery may be helpful in identifying areas where

maximum yield is least likely to occur.

Spatial differences in yield potential may be important factors to consider when

designing precision agriculture prescriptions (Frazier et. al., 1997). Although some

large trees yield poorly, CSA can be used to spatially define yield potential for the

hazelnut orchard. Cross sectional area (CSA) is both easy to measure and gives an

integrated estimate of tree response to soil and environmental conditions over time.

Although the data are less convincing for imagery than CSA, image darkness can

likely be used to spatially define yield potential for the wheat and meadowfoam

sites.
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Although not discussed in this paper, it may be possible to use a spreadsheet-based

boundary condition approach to assess if soil factors are associated with yield or

yield potential.
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Conclusion

A spreadsheet and a shape file viewer can be effectively used to manipulate and

view spatial data. Maps can be generated from automated yield monitoring, aerial

images, and soil grid sample data. These data can be further manipulated and

exported to other software and applications. It is also possible to easily evaluate

relationships among yield monitor, imagery, and soil data. Spreadsheets are

amenable to boundary condition evaluations, and when applied to large data sets

with a spatial component, boundary conditions may define yield potential on a

field-by-field basis.

As data collection becomes more automated, information is becoming more readily

available. The range of data that is being collected is becoming broader,

encompassing more areas, is being collected more frequently, and often the data

sets are larger than ever before. With automated data being generated, we can now

automatically collect yield measurements, imagery, gridded soils information,

water and irrigation practices, and the list is growing with new forms of

information on the horizon and more automation likely to emerge. However, these

technical advances can be a double-edged sword. As farm managers are required to

deal with more, new, and larger amounts of information, the demands on

management continue to increase, requiring greater technical expertise and skills.
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Currently the average grower has access to more information than he or she has the

skill to utilize. The value of spatial data is obvious but the lack of skilled

individuals and the available software to perform analysis tasks may be the

Achilles' heal of precision agriculture. The ability to perform complicated spatial

analysis using a spreadsheet instead of relying on personnel trained in the use of

GIS may be attractive to farm and production managers. With the mastery of

spreadsheet tools required for spatial analysis, many other data analysis tasks

become possible. This dual benefit may not be apparent if one just develops

proficiency with GIS software.
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