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SUMMARY. The development of site-specific agriculture has increased the need for
knowledge regarding within-field variability in factors such as soil/plant characteristics
and topography that influence wild blueberry (Vaccinium angustifolium) production.
Surface soil properties are the first type of information most frequently used by
blueberry producers in developing management plans. Topographic features are not
yet routinely used to guide within-field management. The majority of blueberry fields
in eastern Canada have gentle to severe topography. An automated slope measurement
and mapping system (SMMS) consisting of low-cost accelerometers used as tilt sensors,
differential global positioning system (DGPS), and laptop and custom software was
developed. The SMMS was mounted on an all-terrain vehicle for real-time slope
measurement and mapping. Six commercial wild blueberry fields were surveyed in
central Nova Scotia to evaluate the performance of SMMS. The automatically
sensed slopes (SS) were also compared with manually measured slopes (MS) at 20
randomly selected points in each field to examine the accuracy of SMMS. The
SMMS measured slope reliably in the selected fields with root mean square error
ranging from 0.12 to 0.56 degrees and correlations of SS with MS of R2 = 0.95
to 0.99. The selected fields had substantial variation in slope (ranging from 0.8 to
31.0 degrees). Therefore, the use of low-cost and reliable accelerometers with
a DGPS is a better option than expensive real-time kinematic DGPS for developing
cost-effective SMMS to quantify and map slopes (real-time) for planning
site-specific management practices in commercial fields. The SS maps or real-time
SMMS could also be used to adjust vehicle speed at particularly steep slopes.

W
ild blueberry fields are devel-
oped from native stands on
deforested farmland by re-

moving competing vegetation (Eaton,
1988). The crop is native to northeast-
ern North America. The majority of
fields are situated in acidic soils (pH <
5) that are low in mineral nutrients and
have poor water holding capacities,
significant bare spots, weed patches,
and gentle to severe topography
(Trevett, 1962). The substantial var-
iation in soil/plant characteristics,
topographic features, and fruit yield

within blueberry fields emphasizes
the need for precise site-specific crop
management to maximize profit and
minimize environmental impacts
(Malay, 2000; Zaman et al., 2009).

Soil surface properties are a critical
component used by producers in de-
veloping wild blueberry management
plans (Yarborough, 2004). Topo-
graphic features are not yet routinely
used to guide within-field manage-
ment and to control erosion in wild
blueberry fields. Traditionally, agro-
chemicals are applied uniformly with-
out considering the substantial
variation in soil/plant characteristics,
topographic features, and crop yield
with-in fields (Percival and Sanderson,
2004). Over-fertilization in lower
slope areas may deteriorate water

quality and reduce profit, while un-
der-fertilization in steep slope areas
may restrict crop yield (Zaman et al.,
2009). The risk of nutrient runoff from
soils increases with the steepness of the
slope. Spatial mapping of topography,
soil properties, and fruit yield could
help to manage the field inputs in
a site-specific fashion. There is exten-
sive literature in other crops that
suggests the possibility of using topog-
raphy to delineate practical, agronomic
meaningful field management zones
(Beckie et al., 1997; Corre et al.,
1996; Franzen et al., 1998; Hanna
et al., 1982; Vitharana et al., 2008;
Wibawa et al., 1993). Several re-
searchers have concentrated on the
measurement and mapping of topo-
graphic features using different tech-
niques for site-specific application of
agrochemicals and irrigation in agro-
nomic crops (Jenson and Domingue,
1988; Kravchenko and Bullock, 2002;
McConkey, et al., 1997; Moore et al.,
1991). Pennock et al. (2001) delin-
eated a canola (Brassica napus) field
into nitrogen management zones
based on variations in elevation using
a digital elevation model (DEM). Iqbal
et al. (2005)useda real-timekinematics-
global positioning system (RTK-
GPS) and a geographic information
system (GIS) to derive topographic
features and relate them with hydro-
logic attributes in a corn (Zea mays)
field. Remote sensing is another op-
tion to estimate slope variations within
a field. Renschler and Flanagan (2008)
analyzed the impact of the accuracy of
six alternative topographical data sour-
ces on predicting soil erosion rates
using a water erosion prediction pro-
ject model. They demonstrated that
commonly available topographic data
sources (e.g., U.S. Geological Survey
topographic contour lines and/or dig-
ital elevation digital elevation models)
are insufficiently accurate in their to-
pographical representation of water-
shed boundaries, slopes, and upslope
contributing areas to be able to mean-
ingfully apply detailed process-based
soil erosion assessment tools at the
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field scale. A survey-grade RTK-GPS
was more accurate than survey maps
and DEM. However, these techniques
are expensive and data processing is
also intensive and complicated. There-
fore, there is a need to develop a cost-
effective system using reliable and
inexpensive sensors for real-time mea-
surement and mapping of topography
in wild blueberry fields.

The widespread availability of
accurate DGPS, low-cost and reliable
sensors such as accelerometers since
2000, and the rapid evolution of
laptop computing power offers new
opportunities for field-scale measure-
ment and mapping of topographic
features. Several researchers have been
using accelerometers for field-scale
tilt measurements (Jeon et al., 2004;
Powers et al., 2000; Vellidis et al.,
2001). There are several advantages in
the use of accelerometers as tilt sensors;
they are cheap, small in size, reliable,
and have a fast response time. These
features make this type of sensor ideal
for field-scale slope mapping (Barbosa
et al., 2007; Spencer and Owen, 1981).

Therefore, the objective of this
study was to develop and test a cost-
effective automated system for real-
time slope measurement and mapping
in commercial wild blueberry fields.

Material and methods
HARDWARE DEVELOPMENT FOR

SLOPE MEASUREMENT AND MAPPING

SYSTEM (SMMS). A tilt sensor was de-
veloped from two two-axis thermal
accelerometers (Memsic 2125; Paral-
lax, Rocklin, CA) to permit sensing
the tilt of a vehicle in any orientation
on a slope. The configuration uses
two accelerometers mounted with
their X-Y planes perpendicular to each
other in a custom plastic enclosure.
The tilt sensor was mounted on an
all-terrain vehicle (ATV) nominally
0.3 m aboveground level (Fig. 1).
The ATV was driven at an average
speed of about 2 m�s–1 following 10-
m-spaced gridlines on a ProMark3
mobile mapper (Thales Navigation,
Santa Clara, CA) also mounted on the
ATV (Fig. 1). The gridlines within the
boundary of each field were created in
Arcview GIS 3.2 (ESRI, Redland, CA)
using the extension ‘‘Orchard’’ (Lin-
coln Ventures, Hamilton, New Zea-
land) and imported into the ProMark3
mobile mapper. The reason for using
the mobile mapper to follow the grid-
lines is that wild blueberry fields have

no rows or tramlines for guiding the
vehicle.

The accelerometers’ pulse width
modulation outputs for their X and Y
axes were processed by a BasicX-24
microcontroller (Netmedia, Tucson,
AZ), which used software algorithms
to convert the force vectors to angles
of tilt. Thus, the microcontroller–
accelerometer assembly was config-
ured to continuously measure the tilt
of the vehicle and therefore the slope
of the terrain at any orientation in
the X-Y plane. The tilt data from
the microcontroller was continuously
transmitted through a serial RS-232
port to a laptop computer. Software
on the laptop computer sampled the
tilt data at preset distances while mov-
ing over the ground with the ATV.

The sample locations were determined
by a DGPS antenna (AgGPS-332;
Trimble Navigation, Sunnyvale, CA)
mounted on the ATV above the tilt
sensor. The laptop computer also col-
lected DGPS position (x and y coordi-
nates) and ground speed data in an
Access database (Microsoft, Redmond,
WA) (Fig. 1). The ground speed (in
knots) was parsed from the DGPS
string and converted to metric units
using: speed (knots) · 0.51444 = speed
(meters per second). The DGPS re-
ceiver was configured for a 10-Hz
acquisition rate using U.S. Coast Guard
beacons for differential correction.

The integrated tilt sensor–
DGPS–computer–ATV system, there-
fore, was able to collect georeferenced
terrain slope data in real time.

Fig. 1. (A) Integration of an automated system for real-time slope measurement
and mapping in wild blueberry fields (GPS = global positioning system). (B)
Configuration of the slope sensor using accelerometers and microprocessor.
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SOFTWARE INTERFACE. The cus-
tom software for reading DGPS and
tilt sensor output, calculating slope,
and storing the data in a central data-
base was written in Delphi 5.0 (Bor-
land Software, Scotts Valley, CA) for
a 32-bit Windows operating system
(Microsoft). The software incorpo-
rated configuration, setup, and mon-
itoring features on the main data
collection page, to select the com-
puter hardware, and to diagnose the
correct operation of the slope and
DGPS (Fig. 2). Tilt sensor data out-
put was continuously plotted on the
main screen of the software. Real-
time on-screen updates of ground
speed were used to manually adjust
the vehicle’s speed to the target
speed, and the measured slope was
also displayed in real-time at 1 Hz
(Fig. 2). The slope (degrees) was
calculated in real-time, using the fol-
lowing formula in the custom devel-
oped software:

Slope = cos�1 cos qxð Þcos qy

� �
=½cos2 qy

� ��

sin2 qxð Þ + cos2 qxð Þ sin2 qy

� �

+ cos2 qxð Þ cos2 qy

� �
�1=2
o

where

qx is the slope of the x-axis of the

slope sensor at the time of reading;

qy is the slope of the y-axis of the

slope sensor at the time of reading:

The database table could be easily
viewed in the ‘‘Database’’ page of
the program (Fig. 2). The tilt sensor

(slope sensor) could be calibrated
using the option ‘‘calibrate’’ on the
main screen of the software before
taking the measurements in the field.
Slope data, together with matching
coordinates, could then be viewed
and easily exported by copying to
the Windows clipboard and pasting
to a spreadsheet or GIS program for
further processing or mapping.

REAL-TIME PERFORMANCE TESTS

AND DATA ANALYSIS. The performance
of the SMMS (software and hardware)
was assessed by measuring the tilt
angle (slope, in degrees) in a number
of different wild blueberry fields. For
this study, six fields located in Col-
chester County, central Nova Scotia,
were selected for testing the accuracy
of the SMMS: four fields (F1 = 2.97
ha, F2 = 1.49 ha, F3 = 1.49 ha, and
F4 = 0.53 ha) at Truro [site 1 (lat.
45.3656�N, long. –63.2143�W)] and
two fields (F5 = 3.09 ha and F6 =
1.07 ha) at Londonderry [site 2 (lat.
45.4831�N, long. –63.5748�W)].
These fields have gentle to severe
slopes. Both fields were in their crop
year of the biennial crop production
cycle in 2008, having been in the
vegetative sprout year in 2007. These
fields have been under commercial
management over the past decade
and have received biennial pruning
by mowing for the past several years
along with conventional fertilizer,
weed, and disease management prac-
tices. There were no rows or tramlines
in wild blueberry fields. Land surveys
in four fields were conducted from 13
to 14 Oct. 2007 to map variation in

slope within the fields. Two fields in
Londonderry, NS, were mapped to
obtain slope variability on 13 May
2008. The tilt sensor was calibrated
on a level ground surface (0 degree
slope) before taking the measure-
ments. Actual ground speed, moni-
tored on the main software screen
during the surveys (Fig. 2), was main-
tained at about 2 m�s–1. The slope data
and corresponding DGPS (x and y
coordinates) were collected at 3-m
intervals and stored on the laptop
computer. To assess the accuracy of
SMMS, the SS were correlated with
MS at 20 randomly selected data
points in each field. These points were
selected randomly in each field to
cover the representative slope variabil-
ity within fields. The sampling points
were marked with a ProMark3 mobile
mapper. The slope angle was mea-
sured manually at the 20 selected
points in each field with a digital level
(Craftsman SmartTool Plus; Sears,
Hoffman Estates, IL). Five slope mea-
surements were made at each selected
point within a radius of 1 m and were
averaged to obtain the representative
slope of that point. A bubble level was
used with the craftsman digital level to
find the contour of the slope and
to align the digital level perpendicular
to the contour for measuring the
maximum slope at a selected point.

The datasets (SS and MS at se-
lected points) of all fields were ana-
lyzed using classical statistical
techniques with SAS (version 9.1;
SAS Institute, Cary, NC) to obtain
minimum, maximum, and mean
values. The SS and MS of selected
points in each field were compared by
the t test at a 5% level of significance.
The linear regression method was
used to test the relationship between
SS and MS of selected points. The
coefficients of determination (R2) and
root mean square error (RMSE) were
calculated to examine the perfor-
mance of the system using SAS and
Excel (Office 2000, Microsoft) spread-
sheets. The parallel curve analysis was
performed with Genstat 5.0 (Lawes
Agricultural Trust, Rothamsted, UK)
to test whether individual sites needed
separate equations to describe the re-
lationship between sensor and manual
angles. The survey data files of DGPS,
MS, and MS were imported into
ArcView 3.2 GIS software for map-
ping. Interpolated SS surfaces were
obtained using a kriging interpolation

Fig. 2. Windows software (Microsoft, Redmond, WA) user interface showing
controls, slope sensor and differential global positioning system (DGPS) diagnostics,
ground speed, and real-time slope data (1 m = 3.2808 ft, 1 m�s21 = 2.2369 mph).
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technique. The elevation contour
maps were overlaid on a smoothed
SS maps for comparison (GeoNova,
2009).

Results and discussion
The system performed reliably

during these surveys, permitting
real-time measurement, calculation,
presentation, and storage of slope
data. The software permitted acceler-
ated processing of sensor data (pars-
ing, sorting, and calculating). This
software interface required no post-
processing of data. The graphical user
interface allowed monitoring of
speed, tilt sensor, and DGPS function
during a survey so that errors could be
quickly identified and corrected. Av-
erage actual ground speed during the
surveys was 1.8 ± 0.2 m�s–1. Each field
survey took about 25, 16, 20, 6, 26,
and 9 min to complete, and collected
1107, 715, 862, 242, 1150, and 400
slope measurements in the fields F1,
F2, F3, F4, F5, and F6, respectively.

The MS were significantly cor-
related with SS (R2 = 0.98–0.99;
RMSE = 0.11–0.57 degrees) in the
selected fields. The difference be-
tween MS and SS could be influenced
by the accuracies of SMMS and man-
ual measurements. Non-significance
of the t tests indicated that there was
no bias in the MS and SS (Table 1).
The parallel curve analysis showed
that individual equations were not
significantly different in the inter-
cept and slope. Therefore, only one

equation for all sites could be used to
describe the relationship between
sensor and manual angles (Fig. 3).
The results indicated that low-cost,
accurate accelerometers were needed
as tilt sensors to develop SMSS for
reliable real-time measurement and
mapping of slope variations within
wild blueberry fields. Therefore, the
use of low-cost and reliable accel-
erometers ($200) with a Trimble
AgGPS332 ($3100) may be a better
option than expensive RTK-DGPS
(ranging from $25,000 to $60,000;
depending upon the accuracy) for
developing cost-effective SMMS to
quantify and map slopes (real-time)
for planning site-specific manage-
ment practices in commercial fields.

The SS raw data for each selected
field were mapped in Arcview 3.2
(Fig. 4). Due to space constraints,
the maps of site 1 [F1–F4 (Figs. 4
and 5)] are presented as an example.

There was substantial variation in
slope within each field (Fig. 4). The
slope varied from 0.8 to 31.0 degrees
in the selected fields. The slopes in
each field were divided into five clas-
ses: very low (0–6 degrees), low (6.1–
12 degrees), moderate (12.1–18
degrees), steep (18.1–24 degrees), and
very steep (24.1–30 degrees). The
plants in steep slope (>18 degrees)
areas would receive less fertilizer and
plants in low-lying areas (slope <12
degrees) would receive excess fertil-
izer with uniform application of ag-
rochemicals (Zaman et al., 2009).

The reason might be that nutrients
runoff from steep slope areas to low-
lying areas within fields. Wild blue-
berry crops are low-input systems
with a narrow optimal window of
plant nutrients; detrimental effects
of excess N occur when too much
N is applied in low-lying areas of
the field (i.e., the excess floral bud
numbers and harvestable yields). Un-
necessary or over-fertilization in low-
lying areas may also deteriorate water
quality, promote increased weed
growth, and increase production cost.
Under-fertilization restricts yield
and can reduce berry quality (Percival
and Sanderson, 2004; Zaman et al.,
2009). The substantial variation in
slope within the field emphasized
the need for the field-scale measure-
ment and mapping of slopes. These
maps could be used to develop ap-
propriate management zones based
on slope variation for variable rate
application of agrochemicals within
wild blueberry fields.

A smoothed map of slopes de-
veloped by interpolation of individual
measured SS identified contiguous
classified zones of the fields where
slopes were different (Fig. 5). The
elevation contour maps were overlaid
on the SS maps. The kriged SS maps
for the wild blueberry fields have
better resolution than the elevation
contour maps. Some of the within-
field slope variation in highly variable
fields is lost when using elevation con-
tour maps due to the low resolution

Table 1. Summary statistics for determining the accuracy of slope angle measurements with an automated system (SS) relative
to the manual reference measurements (MS) of 20 selected points in each of six fields (F1–F6) in central Nova Scotia, Canada:
Truro (F1–F4) and Londonderry (F5 and F6).

Site 1: Truro

Fieldz Mean (degrees)y Max (degrees)y Min (degrees)y Calibration equations R2 RMSEy t df P > F

MSF1 12.6 30.1 1.2 y = 1.0214x + 0.0216 0.995 0.570 –0.108 38 0.914
SSF1 12.9 31.0 1.0
MSF2 10.1 20.8 0.9 y = 1.0218x – 0.130 0.990 0.135 –0.059 38 0.953
SSF2 10.2 21.4 1.1
MSF3 12.8 30.3 1.3 y = 0.9861x + 0.1916 0.995 0.111 –0.005 38 0.996
SSF3 12.8 29.5 0.8
MSF4 7.8 13.9 3.3 y = 0.9846x 0.981 0.165 0.072 38 0.942
SSF4 8.0 13.4 3.5

Site 2: Londonderry
MSF5 11.97 26.2 1.3 y = 0.9904x + 0.343 0.994 0.207 0.079 38 0.934
SSF5 12.15 27.2 1.1
MSF6 11.24 23.9 0.7 y = 1.0229x + 0.1725 0.996 0.456 0.201 38 0.841
SSF6 11.66 24.6 1.0
zMSF = manually measured slope of the field, SSF = sensed-slope of the field.
yMean = mean slope angle, Max = maximum slope angle, Min = minimum slope angle, RMSE = root mean square error.
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(Fig. 5). The substantial low lying
areas (F1 = 76%, F2 = 85%, F3 =
58%, F4 = 89%, F5 = 70%, and F6 =
79%) and the areas with steep slope of

each field (F1 = 8%, F2 = 3%, F3 =
11%, F5 = 1%, and F6 = 4%) (Table 2)
emphasize the need for the develop-
ment of cost-effective SMMS to mea-
sure and map slope variability in wild
blueberry fields. Accurate, reliable mea-
surement and mapping of slope with
SMMS is useful to produce prescrip-
tion maps for precise site-specific appli-
cation of agrochemicals within wild
blueberry fields.

The existing pesticide sprayers
used in wild blueberry are able to
manually change spray rates within
fields at variable slopes (gentle to very
steep slopes). The operator can use
these slope maps as a guide for accu-
rate application of agrochemicals by
changing spray rates at particular
slopes in wild blueberry fields with
highly variable slopes. The SMMS
could also be incorporated into the
farm vehicle to automatically control
pesticide spray rates according to the

terrain slope in real time. Addition-
ally, the operator can adjust ground
speed of the field vehicles (sprayer,
fertilizer spreader, and harvester) us-
ing SS maps obtained by SMMS easily
and automatically to avoid accidents.

The SMMS can be incorporated
into standard equipment (sprayer and
spreader) for real-time slope sensing
within blueberry field with the help
of commercial developers/manufac-
turers. The SMMS was sufficiently
accurate for many site-specific or
precision agriculture uses. Applica-
tions of the system could include the
real-time determination of slope for
on-the-go variable rate fertilization
and herbicide spraying. Real-time de-
termination of slope within fields
using accelerometers as a tilt sensor
is also suggested as a means whereby
a driver could judge whether he could
travel in safety on a particular slope
(Spencer and Owen, 1981).

Fig. 4. Geographic information system (GIS) map of slope angle raw data measured automatically (SS) with automated slope
measurement and mapping system in four wild blueberry fields (F1–F4) in central Nova Scotia, Canada (1 m = 3.2808 ft).

Fig. 3. Relationship between manually
measured slope and slopes measured
with sensor at selected points in six
fields in central Nova Scotia, Canada
(RMSE = root mean square error).
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Conclusions
It is concluded that the inexpen-

sive, accurate, reliable, small size, and
light weight accelerometers could
be used as tilt sensors to develop
the SMMS. The SMMS was suffi-
ciently accurate to measure and map
slope rapidly and reliably in selected
wild blueberry fields. Therefore, it is

proposed that wild blueberry fields
should be surveyed to measure and
map slope with a SMMS. The slope
map could be used to generate pre-
scription maps for precise site-specific
application of agrochemicals in the
fields to improve horticultural profit-
ability and environmental protection.
The slope maps can also be used for

safety reasons during field operations
by adjusting the vehicle’s speed at
particular slopes.
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