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INTRODUCTION

Soil mapping, as it has been practiced for the past century
or so, has been based on the realization that soil properties
vary from place to place, vertically within the soil, and

over time. Soils vary based on the five soil-forming factors,
parent material, topography, organisms, climate, and

time. In a managed system, management practices must
also be considered. Across broad areas, this means that
soils developed under prairie grasses in dry areas are very
different from those developed under coniferous forests in
moist areas. More locally, soils vary based on the texture
and pH of the material they formed in and where in the
landscape they formed. Soils in Nova Scotia are highly
variable, and the available soil maps do not always capture
the extent of the variability.

Capturing this variability in a map has usually involved
looking at air photos to identify different landforms and
then going out to the field to collect soil cores down to a

1 meter (3 foot) depth to check what was actually there.
This would be supplemented by soil pits, where the face

of the soil profile would be exposed for a more detailed
description of the soil horizons (layers), including changes
in texture, structure, colour, pH, and organic matter (Figures
1 and 2).
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Figure 2. Example of a soil pit under a cultivated field in Quebec.

These maps are valuable for showing broad trends and
identifying potential limitations to agricultural productivity
(excess moisture, shallow bedrock, low moisture holding
capacity, etc.), but they have drawbacks as tools for field
management. The largest of these is the coarse scale of
most soil maps, so entire fields or even entire farms are
lumped within a single map unit and do not show within-
field variations. The other drawback is that the parameters
that are most frequently subject to changes in management
within the field (soil fertility, pH, compaction) are not
captured by soil maps.

For easy access to the Nova Scotia soil maps visit the
Farm Data Tools page: https://farmdatatools.ca/

There is a push towards more detailed soil maps that show
more parameters using advances in machine learning,
geographic information systems (GIS), sensor technology,
and global positioning systems (GPS). Yield sensors on
combines and harvesters which produce detailed maps

of the variability in crop yield across a field are becoming
more common. This evidence of variability within a field
raises questions that require more detailed soils information
to answer:

1. Can the yields in the poor areas of the field be
increased to match the average or the high-yielding
areas?

2. Can the inputs be reduced on parts of the field to
improve the overall profitability of the cropping
program?

How a grower will use the information gleaned from
mapping in-field variation will depend on which of these
questions they choose to focus on.
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BENEFITS OF DETAILED SOIL MAPS

There are numerous advantages for more detailed maps of soil characteristics. We will focus here on those that are relevant to
increasing the efficiency, profitability, and/or sustainability of crop production, including:

e |dentification of areas within a field with yield-limiting factors that could be corrected (e.g., compaction, poor drainage)
e |dentification of unprofitable areas within a field that could be taken out of production

e Targeting of lime applications to correct low soil pH

e Targeting of fertilizer applications to meet crop requirements

e |dentification of opportunities for improvements to soil health

* Assessing soil carbon sequestration

e |dentification of areas affected by salinity

To realize these benefits, it is important to understand how the current technologies are generating field maps and how well
they are going to estimate the data you are interested in. This factsheet will describe the principles of the most common in-
field mapping tools and how well they can be expected to perform on different parameters.

HOW OFTEN WOULD SOIL MAPPING NEED TO BE COMPLETED?

This question has no single answer since it will depend on whether the parameters being mapped are stable over time

or if they vary. In most cases, the mapping is done to define zones within fields that are then sampled as “sub-fields” and
these zones are defined based on soil texture or organic matter that will not change. For farmers and agronomists using this
approach, the mapping exercise is “one and done.” The approach would be quite different for someone wishing to map
variations in soil moisture; this could require several passes with the sensor over a single season to map the consistently dry or
wet areas. Changes in something like soil carbon will only become evident over a number of years, so if the target parameter
is some measure of soil health or soil organic matter accumulation, then an appropriate mapping interval could be once every
5-10 years.

The interval that is least likely to be helpful is matching the current soil sampling interval of 3-5 years for nutrients, as the
sensors are not sensitive enough to pick up the changes in nutrient concentrations that might be seen over that time span.
A more reliable approach will be to continue to use soil sampling for these parameters, using the management zones as
guidance of where to sample.

APPROACHES TO IN-FIELD MAPPING

There are a number of different approaches to mapping variability within fields. All of these have been developed since the
availability of high-resolution GPS and statistical GIS packages to integrate the data collected into maps that can be used to
direct variable rate fertilizer applications. These approaches are outlined in Table 1.

Table 1. Characteristics of common approaches to in-field mapping

Sampling method Procedure Advantages Drawbacks
Grid Point Sampling | Sample points are located in a grid * Simple * Sample points may not
(Figure 3A) pattern, usually at 100 m centers o capture variable areas
resulting in one sample per hectare * Objective
(2.5 acres) * Too few samples to allow
® Repeated samples can geostatistics
be taken from the same
points
Grid Composite Composite samples are collected e Fairly simple * More labour than grid
Sampling (Figure 3B) | randomly from within square grids ] sampling
(subdivides area into small “fields”) * Captures range of field
variability better than grid | e Results not suited to most
points GIS programs

FCAF ON:FARM CLIMATE ACTION FUND Joe ] ‘oricutreand Agriculture et

for Nova Scotia and Newfoundland and Labrador Agri-Food Canada Agroalimentaire Canada




<

Perennia

FACT SHEET

OCTOBER 2023

Field subdivided into smaller areas
that behave differently based on yield
maps or observations of soil texture,
colour or topography

Management Zones
from topography,
soil texture or yield
maps (Figures 3C
and D)

® Fewer samples for analysis | ® Requires skill to define
than grid systems (usually) zones within the field

e Less likely to miss areas ® Subjective
that need different
management * The shape of zones may

not align with equipment

¢ Below-ground variations
may not be visible above
ground

Field subdivided into smaller areas
that behave differently based on
readings from sensors that detect
variations in electromagnetic
properties

Management Zones
from proximal soil
sensing(Figures 3 C
and D)

e Sensor readings remove e Electromagnetic
some subjectivity properties may not relate
strongly to characteristics

® Zones are based on that could be managed

changes in properties

below ground e High level of skill required
for interpretation of sensor
outputs

Figure 3. Different soil sampling methods, A) grid sampling at points
within a field; B) grid composite sampling, where each sub-field has
a composited sample taken; C) Sampling by management zone,
delineated by differences in soil colour apparent on satellite photos;
D) composite sampling of management zones in a field. Zones with
the same colour are combined into one sample.
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There have been experiments with various mechanical,
optical, or electronic sensors that operate in direct contact
with the soil. While promising in theory, these have not
been applied commercially because of issues with wear or
potential damage on the parts in contact with the soil, low
signal-to-noise ratio (so, low precision), and interference
from differences in soil mineralogy or colour (Adamchuk and
Jasa, 2002; Adamchuk et al., 2004). Some of these units
also required extracting a sample for analysis on-board the
equipment or stopping to allow a reading to be taken at each
point. This becomes time-consuming and cannot necessarily
be considered "on-the-go” sensors.

[E]

Accuracy versus “

Precision

These two terms are often {
used interchangeably,

but a baseball analogy f

might help show how k

they differ. It is hard to
; ; D |

find that combination of

high accuracy and high
precision, but you will

Figure 4. Depiction of accuracy versus precision. A) Low accuracy,

low precision; B) Low accuracy, high precision; C) High accuracy, low

precision; D) High accuracy, high precision.

win more often if you
sacrifice some precision
for accuracy.

Much of the recent work in on-farm soil mapping has been
in proximal soil sensors, which operate at or near the soil
surface. These have the advantage of collecting data on the
go at a fine spatial scale, allowing the generation of very
detailed field maps. The key point with all the sensors in
this category is that they are NOT directly measuring any
soil properties, despite what the marketing literature may
imply. Rather, they are collecting data on the electromagnetic
signature of the soil that can be correlated with soil
properties. The utility of these tools will depend on the
strength of these correlations.
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To correlate the sensor readings to soil properties, soil
samples must be collected and analyzed. Ideally, these
samples should be from the fields being mapped or at
least from the same region. If the samples used to derive
the correlations are from areas with different climates or
parent materials, the predictions from the sensor readings
will likely be meaningless.

There are two classes of proximal soil sensors in common
use today in Atlantic Canada: 1. Measurement of apparent
electrical conductivity, and 2. Measurement of gamma-ray
emissions from the soil. These are discussed in more detail
in the next section.

PROXIMAL SOIL SENSORS

Apparent Electrical Conductivity (ECa) Sensors

The electrical conductivity of the soil is affected by the
amount and type of ions in the soil solution, the amount
and type of clay minerals, the water content and the
temperature. These variations can, in turn, be used to
infer estimates of soil organic matter, pH, cation exchange
capacity (CEC) and nutrient concentrations (Doolittle

and Brevik, 2014). The sensors can effectively measure
variations in ECa across the field, and these variations
often follow similar patterns to variations in crop yields,
but the specific causes of the variation in ECa are not
always obvious. This technology has been most reliable in
situations where a single factor has dominated the variation
in the landscape, such as salinity or depth, to a restricting
layer (Sudduth et al., 2005).

What do you need to know about soil sensors as a
producer?

Like driving a tractor, you don’t need to know all the
details of how the engine works to get the job done,
but there are a few points to remember:

e All these sensors are indirect. Despite what the
marketing implies, none of them measure soil
properties.

* When marketing hype boasts that the sensor can
measure dozens of different properties
simultaneously,
there is a good chance that it cannot say which of the
properties is varying.

® Variations detected by the sensors are good
indicators

for further investigation of what is happening in the
field.

ECa is measured by inducing an electrical potential in the
soil and measuring the apparent conductivity. The methods
vary, but the principles are the same whether the electrical
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potential is applied through direct contact with the soil or
induced without contact.

The best known of the direct contact systems is Veris®
(Veris Technologies, Salinas, KS), which uses a set of rolling
coulters to apply an electric current and measure the
amount that returns (Figure 5). It is generally set up with
one coulter as the electrical source and two coulters at
different distances from the source to measure the ECa

at different depths. The greater the spacing between the
coulters, the deeper the signal will travel to the receiving
coulter. The field is mapped by pulling the cart with the
coulters on parallel paths through the field, and the ECa
data is logged along with the corresponding GPS location.

Figure 5. Veris ®'technology.
The non-contact sensors use coils that create a magnetic
field which induces a tiny electrical current in the soil, and
then other coils that measure the magnetic field created
in the soil by the flow of electricity. The most commonly
used non-contact ECa sensor in agriculture is the EM38®
(Geonics Limited., Mississauga, ON), but there are also
EM31® sensors and various configurations of Dualex®
sensors (Dualex Inc., Milton, ON) (Figure 6). The difference
between these sensors is the distance between the
induction and receiving coils and the orientation of the
coils in either the horizontal or vertical plane (the Dualex
system has both), which dictate the depth of the sensor
readings. The field mapping process is similar to the Veris,
except the bar carrying the sensors is mounted above the
soil on a tractor or ATV or pulled on a sled.

"Trade names are provided for information purposes only, and do not imply any recommendation or endorsement of individual companies or

products by Perennia Corporation
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Gamma Ray Emission Sensors

These sensors measure a completely different band of
the electromagnetic spectrum as they are measuring the
gamma radiation from the natural soil radioactivity. Every
soil contains tiny amounts of the radioactive isotope of
potassium (K-40), Thorium (Th-232) and Uranium (U-238),
which release gamma rays at specific wavelengths as they
decay. The amounts of each will vary with the soil texture
and chemical makeup and so can be correlated with
available nutrients in the soil (Mahmood et al., 2013).
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Figure 7. ATV with data logger.

The commercial gamma ray sensor marketed in Canada is
the Soil Optix® system. The sensor is mounted on a truck
or ATV and connected to a data logger and GPS, similar
to the non-contact ECa sensors, except it is a passive
measurement, so there is no external power input (Figure
7). The data collection is accomplished by driving parallel
paths across the field, and then the gamma-ray data is
correlated with the results of soil analyses from cores
collected within the fields being mapped.

Opportunities on the Horizon

Proximal soil sensing is far from a mature technology, and
we can be sure that there will be improved versions of the
current equipment or completely new sensors that will
improve both the precision and accuracy of predictions
about specific soil properties. It has been observed that
the patterns of outputs from ECa and gamma-ray sensors
do not always correspond, showing that they are sensitive
to different soil properties. This opens up the possibility
of combining the data from both, along with topographic
data from LiDAR or high-resolution RTK systems, to
improve the reliability of on-farm soil mapping (Becker et
al., 2022; Huang et al., 2018).

LIMITATIONS OF PROXIMAL SOIL
SENSORS

As noted earlier, the quality of the predictions of soil
properties will depend on the correlations between the
sensor readings and the properties of interest. One of the
major challenges is that concentrations of phosphorus
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and potassium in the soil are more closely related to past
applications of fertilizer and manure and to the balance

of nutrient application to removal than to variations in
topography, soil texture, drainage, or organic matter
(Malhi et al., 2003; Messiga et al., 2015). The patterns of
P and K distribution may follow old field boundaries, for
example, and be quite different from the patterns of other
parameters.

Proximal sensor readings related to soil texture and water
movement will be less affected by past management, so
management zones generated from this data may correlate
more closely with these soil properties. Organic matter, for
example, will vary with the average moisture status of the
soil (more in the wet hollows, less on the dry knolls), and

so will show up in the conductance readings quite reliably.
However, translating this information into available nitrogen
from the soil is less straightforward since the relationship
between soil OM and nitrogen mineralization is not exact.

The key to getting value from proximal soil sensors is working
with specialists who understand the local soil conditions

and management systems so the variations in the sensor
readings are placed in proper context. This interpretation will
increase the probability that the drivers for variability in ECa
or gamma-ray emissions are correctly identified.

CREATING AND USING SOIL ZONES

Whichever sensor is used, the output will be a map of
zones within the field where soil properties should be more
similar within the zones than between them. There is some
question about how reliably this standard is met since the
measurements of reductions in variability have been based
on the sensor readings rather than the soil properties
(Lajili et al., 2021) (Example 1). How closely the differences
in the soil properties you want to manage follow the
sensor readings will depend on the variations in other soil
properties. Fortunately, in many cases, there is an overlap
between the soil properties the sensors can detect and
the properties we may want to manage (Example 2). This
knowledge, combined with soil samples from within each
zone to confirm the pH levels, can guide different lime
rates across the field.

Example 1: A field has soil texture that varies from clay
to sandy loam, but also has a history of uneven manure
applications, both will influence the sensor readings but
the sensor cannot differentiate which is affecting the
signal at a particular point.

Nutrients can show similar overlap with other soil
properties, but because of the impact of past nutrient
applications (which probably don't align with changes in
soil types), the relationships may not be as strong. Soil
sampling of the zones identified by proximal sensors

is essential to confirm the opportunity for prescription
fertilizer applications.
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Example 2: The pH and lime requirement will change
with soil texture and texture is one of the soil properties
more reliably detected by proximal sensors. Coarse
textured soils tend to acidify more quickly than fine
textured soils because of lower buffer capacity and so
may require liming more frequently. Fine textured soils
will require higher rates of lime to achieve the same
increase in soil pH.

Soil moisture is one of the properties that shows up most
strongly in sensor readings, implying that the zone maps
could be useful for moisture management — irrigation and
drainage. The challenge here is that soil moisture contents
vary over time, so a single pass is unlikely to give enough
information to guide irrigation unless it is a variation in
moisture holding capacity related to texture to enter into
an irrigation management software. Wet areas requiring tile
drainage are often related to topography, so the data from
soil sensors may not provide much additional information
except where it identifies side-hill seeps. The follow-up

soil sampling for any drainage maps would be to extract
subsoil cores and look for evidence of poor or imperfect
drainage (dull blue-green, or gray colours, extensive
mottling; Figure 8). This colouration is a reliable indicator of
the long-term moisture status of the soil and the need for
drainage; the soil moisture maps can help to refine where
soil cores should be collected.

Figure 8. Evidence of poor drainage in soil. Photo credit: Caitlin
McCavour

One area that appears to be promising is using soil zones
developed from proximal soil sensing to vary seeding rates
for potatoes. The underlying principle is that increasing
the seed spacing between plants in areas of moisture
stress (low organic matter, upper slope positions, coarser
textured soils) will reduce the competition between plants
and generate higher and more consistent marketable
yields with fewer smalls or misshapes. It is unclear, as yet, if
this same advantage might transfer to other crops.
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PROFITING FROM ON-FARM SOIL
MAPPING

There are costs to developing on-farm soil maps, and
further costs to implementing variable management, so

a key question is whether there are sufficient benefits to
justify those increased expenses. This question is difficult
to answer definitively since until we measure how much
variability there is, we cannot say how big the opportunities
are for saving input costs or improving yields. Despite this
uncertainty, there are actions you can take and questions
you can ask yourself at various stages through the process
that will increase your chances of profiting from the effort
of on-farm soil mapping.

Before starting:

This series of questions will help to scope the opportunities
for improved management in response to on-farm

mapping:

1. Have you addressed the major limitations to crop
productivity at the field scale (variety selection,
weeds, tillage, nutrients, etc.)?

2. Do you plan to adjust your management in response
to variability across each field?

3. Are your soil properties within the range where
variable management makes sense? (e.g. if your soil
P levels are very high from many years of manure
application, there might be a lot of variability in the
field, but the recommended rate across the field will
be the same: zero.)

4. Are your fields large enough to have significant
variability within them? Often, small field boundaries
were set to enclose areas that could be managed the
same way, so the management zones have already
been defined through experience and observation.
Plus, soil mapping services may be based on a set
fee plus per-hectare charges, so the cost to map
small farms can be excessive.

If you answer no to any of these questions, on-farm soil
mapping will not provide any opportunities for improved
management.

During data acquisition:

Once you have decided to go ahead with on-farm
mapping, there are actions you can take to maximize the
benefits:

e Have a goal for how you want to use the data before
you begin. There may be additional benefits from
the data that emerge after it is collected, but this is
the bonus rather than the reason.
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® Measure what you can manage: data is not
information until it is applied to some management
change in the field.

* Be sure you are using appropriate technology for
what you want to measure. Talk to your provider and
ask how the sensor they are using will meet your
immediate goals.

e Balance the cost of acquiring data on additional soil
properties against the potential benefit. There is
some justification for collecting extra data while the
sensor is in the field, particularly if this is intended to
be the only sensor pass over the field, just in case it
is useful later, but recognize that this will not give an
immediate benefit.

* The scale you are acquiring data from should
be appropriate for the intended use of the data
(mapping to a one-meter resolution is not helpful if
the variable rate applicator is 20 meters wide and
can only change rates over a 10-meter distance).

During the implementation of management changes:

The sensor data has been collected, the calibration soil
samples taken and analyzed, and the maps of each field
prepared. Now what?

* Look at the maps with your experience of managing
these fields in the past. Do the patterns make sense?
Maps derived from proximal sensors should be
providing an objective assessment of the variation
you already know is there, with boundaries between
zones set according to consistent rules, so now is the
time to ask questions if something doesn’t match
observations.

e Look at the differences in recommendations between

zones. Are they large enough to justify changing
management, or will a blanket application at an
intermediate rate accomplish the same thing? A
quick rule of thumb is that if the difference in the
cost of fertilizer per acre is less than the extra charge
for variable application, there is no profit to be
gained from the variable rate.

e If you implement any variable rates, leave a check
strip with either a zero or a uniform rate test if you
are getting the responses you expect.

e Look for additional opportunities for improved
management in the data that was collected; changes
can be made incrementally, so the value of a mapping
exercise can extend far beyond the initial goals.

* Use the management zones defined in the mapping
exercise to guide soil sampling in future years.

e Changes in management that are revenue neutral,
without any clear profit, may still be beneficial to
reduce the environmental footprint of the farm
operation.
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SUMMARY

Advances in GPS, GIS and sensor technology have

opened up opportunities for mapping soils on-farm in
great detail. There are limitations to this process, but the
maps produced can be useful tools for guiding variable
management on farm. The value will depend on the

skill and local knowledge of service providers and on

the realization that these maps are a supplement to the
knowledge of the landowner or land manager rather than a
replacement.
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