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EXECUTIVE SUMMARY

Over the past few decades, numerous concerns have been raised in Canada over the issue of soil
degradation. These concerns were often of a general nature, sometimes conclusions were
contradictory; there was insufficient precision and quantification in much of the analysis.

The Soil Quality Evaluation Program was initiated in 1989 in response to a requirement of the
National Soil Conservation Program (NSCP) to monitor soil and  associated environmental quality
for the agricultural regions of Canada. A ten-year program was established within the Research
Branch of Agriculture Canada to develop capabilities and  to assess the status of soil quality in
Canada. The focus has been on systems development and data collection, however, these various
capabilities are currently being used to analyze and  report on soil quality in Canada.

The report to follow identifies the requirement and provides a framework for soil quality evaluation.
It summarizes the development of improved capabilities for assessing soil quality and  for analyzing
the impact of soil degradation on soil quality and  crop productivity. It also provides some insights
into the status of soil quality in Canada that have been forthcoming as part  of the system
developments. An overview of these various developments is presented below.

A framework for soil quality evaluation has been developed which considers soil quality as the
capacity of the soil to produce crops in a sustainable manner without impacting negatively on the
environment. This recognizes the important role played by soils in providing a media for plant
growth, regulating and  partitioning the flow of water and  gases in the environment and  in
providing an effective buffer for the environment. The framework proposes that soil quality
evaluation for environmental reporting should involve large-area assessment of critical attributes or
of processes known to modify soil quality and  that these assessments should rely on predicted
change to these attributes or processes based on the application of simulation models to standard
databases of soils, land use, climate and  topography. In addition, it recognizes the need for an
independent capability to validate and  calibrate this predictive capability.

Specific studies were established to understand more completely and, using computer models, to
simulate various soil degradation processes as a basis for soil quality evaluation. This has resulted
in the development and  testing of a series of capabilities that provide or have the potential to provide
independent indicators of soil degradation risk as well as composite indicators of soil quality. These
studies include:

1.  The Wind Erosion Research Model (WERM), currently being developed in the USA, has
been validated at a site near Lethbridge. In a "worst case" management scenario, erosion
losses amounted to 144 tonnes per hectare (an average topsoil thickness of 14.4 mm) from
16 erosion events over a two year period. Associated studies led to the development of an
equation to relate erosion to crop productivity. Tillage, crop residue decomposition, soils and
erosion components of the WERM model were studied at various locations throughout the
Prairie region to provide the basis for incorporating crop, soil and  weather conditions
prevailing on the Prairies into the model. Wind erosion monitoring sites across the Prairies
reported single event losses as high as 7 tonnes per hectare and  total seasonal losses of 10
tonnes per hectare under typical land management in 1992.
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2. The Water Erosion Prediction (WEPP) hillslope model has identified the most critical input
parameters for conditions in Canada and subsequent model development has recognized
these requirements. Validation studies in Ontario have indicated that, under no-till
conditions, WEPP tends to overpredict surface runoff volume, whereas, in British Columbia,
plot-scale investigations have shown that it underpredicts soil and water losses. Evaluation
of climate data suggest that many of the winter erosion components of WEPP are not well
modelled for conditions in Canada.

Baseline monitoring of soil erosion rates on field-scale plots in Quebec, New Brunswick and
Prince Edward Island, using tracer techniques, indicates levels of soil redistribution an order
of magnitude above the often proposed tolerance level of 5 tonnes per hectare per year.

3. Long- and  short-term changes in soil organic carbon and nitrogen for Canadian climate, soils
and  crop management systems were simulated using the CENTURY model.

Studies on long-term rotations on the Prairies confirmed previous research that management
practices, type of rotation, and  rate of soil erosion influence the level of soil organic matter.
In one study, the amount of nitrogen in a Brown soil cropped for 23 years with fertilization
decreased by 3% under wheat-fallow but increased by 11% under continuous wheat. The
dynamics of carbon paralleled those of nitrogen. Contrary to previous claims, current studies
indicate that physical removal of soil by erosion may outweigh the effects of biochemical
oxidation as a contributing factor to the loss of soil organic matter.

In a study at 22 sites in Eastern Canada, cultivated soils appear to reach equilibrium levels
at which the mass of carbon is about 35% less and  the mass of nitrogen 20% less than in
adjacent forest soils. Losses were greatest in sandy soils. Several poorly drained soils with
tile drainage had greater levels of carbon and  nitrogen than corresponding forested soils.
Also, long-term application of fertilizers was shown to increase carbon levels in many
cultivated soils.

4. Soil salinity was monitored and  investigated at seven sites on the Canadian Prairies.
Preliminary evaluation suggests that the extent of salinity is not increasing at any of the sites,
although there is fluctuation in concentration of salts. Contaminant transport models have
been used to simulate salinization processes at each site to determine the relative importance
of land use, geologic and  climatic factors in controlling salinity.

5. Research was undertaken to determine if typical or improved crop production practices have
affected the physical behaviour of agricultural soils. Procedures were established to measure
an integrated indicator of soil physical quality, the Non-limiting Water Range (NLWR).
Measurements at nine locations across Canada indicate that the increasing soil strength
which may result from cultivation may be affecting the availability of soil water more than
has been previously recognized. About 20% of the soil horizons studied are showing
inadequate porosity for aeration, leading to possible restrictive root development; and some
of the intensively cultivated soils show a reluctance to wet. The impact of these forms of
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degradation of soil structure on crop yield has yet to be determined. The application of the
NLWR concept provided indications of some of the possible causes of soil physical
degradation.

The magnitude of sub-soil limitations to crop productivity arising from high soil strength in
structured soils in the Regional Municipality of Haldimand-Norfolk, Ontario were reasonably
well predicted from fundamental and widely accessible data on soil physical properties,
generalized soil surveys and  crop cover.

6. Methodology was developed to predict low-level, non-point source contamination of
groundwater resources due to the migration of agrochemicals through the soil root zone.
Although the Leaching Estimation And CHemistry Model (LEACHM) and  associated
geostatistics and  GIS methodology still requires further development and testing, the
preliminary results are very encouraging. Application of the methodology to predict,
characterize and quantify atrazine migration through the soil profiles in the Grand River
watershed of Ontario produced plausible results that are consistent with measurement of
atrazine contamination in wells in Ontario.

Soil contamination with industrial organic compounds such as are found in pesticides or their
alteration products was found to be very low or not detectable in 30 agricultural soils from
across Canada. The exceptions were residues of pesticides currently in use and  the detected
levels were consistent with their use in crop production and are not known to represent a
significant hazard to the environment.

An evaluation of the persistence of organic chemicals derived from municipal sludge from
Hamilton and  Sarnia concluded that land application of these sludges according to
recommended Ontario practice does not represent a significant hazard from organic
chemicals to agriculture and  the environment.

Several approaches were used to evaluate the impact of soil quality change on crop yield and
sustainable production. An annotated bibliography of research which focused on the effects of soil
degradation on crop productivity was prepared and augmented by a survey of innovative
conservation farmers to produce a framework for evaluating sustainable land management and  a
prototype expert system for soil conservation planning and  research. Complementary studies of two
artificially eroded soils in Alberta further elucidated on the relationship between topsoil removed,
amendments and  crop productivity. A USA model, the Erosion Productivity Impact Calculator
(EPIC) satisfactorily predicted grain yield, above-ground biomass, and  grain nitrogen at low levels
of simulated erosion; accounted for the effects of commercial fertilizers and manure in restoring lost
productivity; and detected the slight advantage of commercial fertilizer over cattle manure in
restoring lost productivity.
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A prototype of an operational geographic information system was developed in Manitoba and
southern Ontario to assess the current status and trends in soil quality. This system uses data from
the Soil Landscapes of Canada map to assess inherent soil quality for crop production. Susceptibility
to change to this inherent soil quality is then predicted by applying knowledge of the soil-modifying
processes in conjunction with land and  management data. Although the current prototype system
is limited, further development will provide a system that should meet the requirements to
periodically assess soil quality to support the State of Environment (SOE) reporting activity in
Canada.

As a basis for the analysis of land use and management, files linking Statistics Canada Census of
Agriculture data to land resource databases have been completed for the Prairies and  Ontario. These
files provide access to more than 100 farm characterization variables that are spatially stratified by
soil and landscape criteria. A generic spatial decision support system has been developed to facilitate
integrated analysis of soils and  census-derived land use information for these broad-scale
assessments. The high potential of remote sensing for assessments of soil quality at regional and
local levels was demonstrated using Landsat (TM) imagery.

A network of experimental sites was established to monitor soil quality at 23 benchmark sites
representing typical farming systems and  dominant soils and  landscapes within the major
agricultural regions of Canada. Baseline data collection has been completed and the preparation of
databases will be completed by 1995. On-site monitoring of climate, crop yield, land use and
management practices will enable the assessment of soil quality change by periodic resampling of
the sites. The sites also will be used to validate computer models which relate soil degradation to
crop production and, as mentioned above, to serve as a basis for validating predicted change to soil
quality.

A capability to monitor soil quality has been developed and  tested. An assessment of the main
degradation factors at some of the more susceptible locations reveals that soil degradation continues
to be a serious threat to soil and  environmental quality and  crop productivity. Over the next few
years, efforts will be concentrated on developing a fully national assessment of the current situation
and  trends over time. This will provide a scientifically-sound, quantitative measure of soil quality,
and  its economic impact in terms of productivity, as a function of time. This will provide a firm
basis for the development of future land use and  conservation policies.
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CHAPTER 1
INTRODUCTION

D.F. Acton and  G.A. Padbury

Agriculture and Agri-Food Canada, Research Branch,
CLBRR Saskatchewan Land Resource Unit, Saskatoon, Saskatchewan

PROGRAM INITIATION

Reasons for Initiation
"Despite its widespread severity and global impact, soil degradation remains an emotional

rhetoric rather than a precise and quantifiable scientific entity" (Lal and Stewart, 1990).

Agriculture and  food production constitute one of the largest economic activities in Canada.
Although Canada is the second largest country in the world, only 5% of its land is capable of
sustained production of field crops and  only one-half of this land is considered to be prime
agricultural land.

Over the past few decades, concerns have been raised in Canada over the issue of soil degradation.
Nevertheless, most assessments dealing with this issue are of a general nature and  are contradictory.
In the above quotation, Lal and  Stewart (1990) describe the need for more precise and quantitative
assessments of soil degradation. The lack of precision and  quantification can be attributed to the use
of relationships that have not been adequately tested or, if tested, have been found wanting. It is also
important to note that there are only a few sites across Canada where soil loss or alteration is
measured on an ongoing basis. These measurements are primarily directed toward a single cause of
soil or environmental change, such as water erosion, under a limited number of land uses and
management practices.

We know that changes in certain soil characteristics are the inevitable consequence of "breaking"
the land. Further changes resulting from soil degradation processes such as water and  wind erosion,
salinization, loss of organic matter and  nutrients, and  compaction have been a consequence of
certain kinds of land use and  management. The impact of degradation on crop yield is often unclear.
In spite of the alarming rates of degradation reported over the past decade or two, crop yields have
been increasing. Nowland and  Halstead (1986) have suggested that soil degradation is beginning
to slow the rate of increase in agricultural production, but precise measurements of this relationship
have been as elusive as measurement of degradation itself. Resolution of this question is paramount
to determining the sustainability of crop-based agricultural production in Canada.
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Clearly, precise quantification of the kind, severity and extent of the various processes that modify
soil quality has to be coupled with the impact of these processes on soil qualities that determine the
capability of soils to produce crops.

The Nature of the Requirement

Soil quality is often considered in terms of suitability for crop production (Van Diepen et al., 1991)
but, more recently, this has been extended to the reclamation of disturbed lands (Alberta Soils
Advisory Committee, 1989) and  non-agricultural, often point-source pollution of agricultural lands
(Batjes and  Bridges, 1993; Sheppard et al., 1992).

The need to include soil quality in the environmental assessment process is recognized by agencies
with mandates for environmental reporting on a national basis (SOER, 1991). The added requirement
for improved capabilities for the development and  analysis of programs and  policies related to
sustainable land management (Environmental Sustainability Bureau of Agriculture and  Agri-Food
Canada, personal communication; OECD, 1991; IBSRAM, 1991; Federal-Provincial Agriculture
Committee, 1990) has necessitated the development of criteria and  indicators for soil quality
assessment that are applicable over broad regions and  within the  broader sustainability context.
In recognition that the maintenance of soil quality for the  production of food crops ultimately rests
with the producer, it is critical that the development of capabilities for national assessments be
complemented with capabilities to assess soil quality under various farming practices so as to more
directly serve landowners and  local communities (Larson and  Pierce, 1991; Sparling, 1991;
Hamblin, 1991).

PROGRAM PLANNING 

Identification of a Monitoring Requirement

The working group (1986) report to Agriculture Ministers on Soil and  Water Conservation recom-
mended the  development of a comprehensive program to monitor soil degradation in Canada. The
National Soil Conservation Program (NSCP) provided the  opportunity for action on this
recommendation by including soil quality monitoring as one of the components of a proposed
program. After extensive consultation, the  Soil Quality Evaluation Program (SQEP) was established
by the Centre for Land and  Biological Resources Research as the first phase in the  development
of a soil quality monitoring program for Canada.

Implementation Plan

The plan for the  SQEP was to develop a comprehensive national program to monitor the quality of
the  agricultural soils of Canada. A number of research stations, Prairie Farm Rehabilitation
Administration (PFRA) and  other federal departments, provincial departments and  universities
collaborated with the  Centre for Land and  Biological Resources Research (CLBRR) in the
implementation of this program. Program delivery relied heavily on resources from the NSCP
provided through second-party agreements with PFRA for the  Prairies and  the Yukon and  regional
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offices of the Agri-Food Development Branch of Agriculture and  Agri-Food Canada for Ontario and
Prince Edward Island. In Nova Scotia and  New Brunswick, resources were provided through
third-party arrangements involving provincial ministries. Financial resources from the NSCP
provided the major source of funding for the SQEP activities but many of the partners direct very
significant levels of ongoing support in terms of personnel and  operating expenses to this program.

Monitoring Approaches

Two fundamental strategies or approaches to the assessment of soil quality change have been
followed. In the first approach, baseline levels of soil properties considered important to soil quality
were determined at specific sites, and  soil quality change is being evaluated from periodic
re-assessment of these properties (Martin, 1989; Tabi et al., 1990).

In the second approach, change to soil quality is being evaluated by using models or equations which
predict the direction and  magnitude of change to an attribute or series of attributes based upon the
prevailing land management and  other conditions of the area (Larson and  Pierce, 1991).

Program Objectives

The objectives of the SQEP were: i) To develop a general procedure or framework for evaluating
soil quality, ii) To develop and  evaluate capabilities to integrate soil and related databases at
appropriate scales for improved assessments of the current status and  change to soil quality, iii) To
develop capabilities for monitoring and  evaluating land use and  land management in relation to
their effect on soil quality, iv) To establish a network of benchmark sites to monitor soil quality
change, v) To develop predictive technologies for evaluating soil quality change from wind and
water erosion, change in organic matter and  structure, soil salinization and  additions of agricultural
and  industrial chemicals that will permit improved assessments of soil and  related environmental
quality, and  vi) To provide a framework for evaluating soil quality within the context of
environmentally and  economically sustainable land management.

PROGRAM COMPONENTS

A series of integrated studies were established. Some of them were directed to applying, improving
upon, or developing a series of predictive models that simulate soil and  environmental degradation
for conditions in Canada, while others aimed to develop capabilities to monitor land use and
management and  to conduct assessments of soil quality change by applying these aforementioned
process models to appropriate soil, land use and  other databases in a Geographic Information
System framework. A network of soil quality Benchmark Sites will provide an independent measure
for assessing soil quality change from the predictive approach described above.

The initial scope of each study was established by a series of workshops. It is summarized in the
remainder of this chapter.
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Criteria and  Standards - This study will identify the key criteria that can be used to measure
change to soil and  water quality and  to develop a general procedure for environmental
assessments involving soil.

Analyses and  Assessment System - This study will develop the capability to make regional and
national assessments of soil and  environmental quality by superimposing predicted change to
soil quality onto current soil, land use and  climate databases.

Land Use - This study will develop a land use and  management analysis capability for
application of soil-modifying process models as well as to provide a capability for specific land
use analysis and  monitoring. Statistics Canada, Census of Agriculture data linked to physical
rather than traditional political regions will be central to the proposed capability. Also, the
feasibility of integrating information obtained by remote sensing into this Census database will
be assessed.

Benchmark Sites - Soil properties critical to evaluation of the potential land resources for crop
production and  the constraints of land management on these resources will be measured at a
network of sites representing the major agricultural land resource areas and  farming systems in
Canada. Changes to critical properties will be assessed by repeated measurement. The
information will be used to validate several of the predictive systems in the SQEP as well as to
provide a potential for calibration of the state of soil quality as a basis for subsequent re-
assessments.

Wind Erosion - This study will develop an improved capability to predict wind erosion loss
under Canadian conditions. The first phase of the study will focus on the prairie region where
the problem is considered most severe. The major thrust in this study will be to evaluate the
suitability of a wind erosion model being developed by the United States Department of
Agriculture for use in Canada.

Water Erosion - This study will measure soil loss from water erosion for selected soils and
farming systems across Canada and, from this, develop an improved capability to predict water
erosion loss. Approaches will include: monitoring of water erosion on plots, measuring soil
movement within typical fields and  landscapes across the country using the 137Cs  technique, and
rainfall simulation studies. All approaches will increase the capability to utilize existing models
and  to evaluate the suitability, for Canadian conditions, of a new water erosion model under
development in the United States Department of Agriculture.

Organic Matter Change - This study will develop the capability to predict change to the amount
and  kind of organic matter as a result of land use, length and  kind of crop rotation, kind and
frequency of tillage and  other management practices. Soils on long-term crop rotation plots at
research stations and  universities will be used to evaluate the applicability of this model when
applied to soils and  farming practices across Canada.

Soil Salinity - This study will develop the capability to predict changes to soil salinity levels
which may result from particular land use and  management practices. This will be undertaken
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by developing a series of sites across the prairie provinces where soil salinity and  associated soil
moisture, groundwater levels and  land use will be monitored. The information obtained will be
used to develop a process-based model that simulates conditions encountered in the field.

Soil Structure - This study will develop procedures to measure soil physical qualities related to
the structures of agricultural soils in all regions of Canada, assess the current status of these
qualities, determine how these qualities are affected by crop, machinery traffic, tillage as well
as inherent soil properties over the short and  long term, and  develop relationships between those
soil structure parameters and  economic and  environmental sustainability. In one approach,
change to soil porosity will be measured at a series of sites across Canada. Another approach
involves a pilot study in Ontario where compaction risks due to spring and  autumn traffic for
diverse agricultural landscapes will be estimated.

Organic and  Inorganic Additions - This study will develop predictive capabilities to assess the
risk of groundwater contamination from additions of agrochemicals (fertilizers, pesticides) and,
secondly, evaluate the impact of additions of sewage sludge on the quality of agricultural soils.
Soil Quality and  Sustainable Land Management - The long-term objective of these studies is to
develop a framework for assessing land resource and  environmental sustainability. In the shorter
term, the studies will establish, through a comprehensive literature review, the impact of soil
degradation on crop yield and  further develop this relationship by the utilization of an expert
system approach. They will also evaluate the impact of soil erosion on crop yield through field
experimentation on artifically eroded soils, with comparisons to results predicted by simulation
modelling techniques.

The ultimate goal for the SQEP is to develop a national capability to assess soil and  associated
environmental quality so that farmers, extension advisers, policy makers and  the public can have
the required knowledge to safeguard and  preserve the agricultural lands of Canada for generations
to come.

The output will be practical methods for evaluating the impacts of land management practices on soil
quality as well as for the analysis of risk of degradation from erosion, salinity, etc. This will serve
as soil conservation and  environmental protection planning tools at local and  regional scales. The
output also will provide a systematic basis for monitoring soil quality, regionally and  nationally, as
a component of programs aimed to report on soil and  environmental quality.
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CHAPTER 2
A CONCEPTUAL FRAMEWORK FOR SOIL QUALITY ASSESSMENT AND
MONITORING

D.F. Acton and  G.A. Padbury

Agriculture and Agri-Food Canada, Research Branch,
CLBRR Saskatchewan Land Resource Unit, Saskatoon, Saskatchewan

INTRODUCTION

This conceptual framework is intended to provide a structure for organizing our knowledge of the
factors that determine the quality of a soil so as to facilitate the development of procedures for
assessing and  monitoring soil quality in Canada.

The framework considers soil quality as the capacity of the soil to produce crops in a sustainable
manner without impacting negatively on the environment. It recognizes that soil quality is
determined to a large part by the inherent properties of the soil but that land use and  management
practices may substantially change these inherent properties. Two general approaches to soil quality
assessment and  monitoring are recognized and  integrated into the framework. The framework
utilizes research on land use and  soil management to predict change to soil quality. A capability to
assess and  monitor soil quality and soil quality change can be developed by linking these predictive
capabilities with appropriate databases. Direct measurement of change to critical attributes serves
as a means to validate predicted values.

In the presentation to follow, the term evaluation of soil quality implies any consideration of soil
quality in time and  space. Soil quality assessment, on the other hand, is an evaluation of the capacity
of the soil to perform a particular function at a given point in time. Monitoring represents the act of
repetitive measurement of this capacity.

SOIL QUALITY

Soil Functions

Soil quality describes a capacity or capability of the soil to perform certain functions in a sustainable
manner. McKeague (personal communication) described soil quality as the degree of excellence of
the soil in terms of its capacity for sustainable crop production while preserving a healthy
environment. Karlen et al.(1990) described soil quality in terms of the physical, chemical and
biological attributes of the soil, including the water that is retained, transmitted through, or runs off
the soil. Anderson and  Gregorich (1984) considered soil quality to be the sustaining capability of
a soil to accept, store and recycle water, nutrients and energy. Larson and Pierce (1991), recognizing
the dual importance of environmental sustainability and  sustainable crop production, embraced
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many of these concepts as they considered soil quality to be the capacity of soil to function within
the ecosystem boundaries and interact positively with the environment external to that system. They
suggest that the quality of a soil should be considered as a composite of its chemical, physical and
biological properties as they perform three critical functions: i) provide a medium for plant growth,
ii) regulate and  partition water flow through the environment, and iii) serve as an effective
environmental buffer. The growing concern for climate change and  the impact of land management,
including soil quality, on this change suggest that gaseous partitioning could be considered as a
fourth critical function.

The four critical functions of soils alluded to above reflect the current desire of producers, other
resource managers, and  the public for environmentally sustainable crop production systems.
Accordingly, and  for ease of presentation, these four critical functions are placed into two groups,
each representing expectations placed on soils by various segments of society:

(i) sustainable crop production - the capacity of the soil to produce crops, and
(ii) environmental sustainability - the capacity of the soil to maintain and protect the integrity of

the environment in the immediate and  in adjacent ecosystems.

Soil Capacity

The determination of the soil's capacity to perform the critical functions mentioned above requires
consideration of many, often complex factors and relationships; the scope of which may be better
appreciated with reference to Larson and  Pierce (1992) and  Anderson and Gregorich (1984). They
consider a quality soil has: i) an adequate capacity to accept, hold and  release water to plants,
streams and  groundwater, ii) an adequate capacity to accept, hold and  release nutrients and  other
chemical constituents, iii) a physical condition which promotes and  sustains the unhindered
development of roots, including conditions which promote aeration, iv) an adequate capacity to
sustain soil biological processes, including the capacity to accept, store and  recycle the energy
contained in organic matter, and  v) an adequate capacity to respond to management and  resist
degradation. Finally, there must be vi) an absence of unsuitable chemical conditions such as acidity
or salinity, that would be deleterious to plant growth.

SOIL QUALITY CHANGE 

Soil Quality in Time and Space

This framework aims to provide a basis for the development of procedures for regional and  national
assessments of soil quality and  soil quality change. As such, it must consider procedures for
determining change over time at a particular site or local area and  coupling these with procedures
for extrapolating from point sources or small areas to larger areas. Hamblin (1991) suggests that all
research methodologies are limited either by constraints of space, in that they are too specific to be
extrapolated to whole regions, or by constraints of time, being measured over too short a period to
be predictive of any long-term trend. She suggests that to extrapolate from point-sources of
measurement in time and  space requires some form of modelling or statistical manipulation.
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An approach to address the time dimension in the above question is provided by Larson and Pierce
(1992). They propose soil quality (Q) be considered as the state of existence of soil relative to a
standard or in terms of degree of excellence and that it be defined as the sum of all of the individual
soil qualities or attributes such as texture and organic matter. In that the maintenance and
enhancement of soil quality requires knowledge about changes in soil quality (dQ) and  not solely the
magnitude of Q, it is necessary to consider change to the sum of all soil qualities between two points
in time. Individually, any soil quality may be aggrading or degrading, but it is the collective impact of
all soil qualities that determine dQ.

Through consideration of the dynamic change in soil quality, the relationship dQ/dt can be used as a
measuring device for evaluating the impact of land management systems with respect to either soil
degrading or soil aggrading processes. A minimum set of soil attributes could be chosen as indicators
of soil quality and these could be monitored over time. These minimum data sets should be selected
from those soil attributes in which quantitative changes can be measured in a few years time.
Alternatively, these data sets could be used to identify indirect measures of a soil quality attribute or
groups of attributes which could serve as surrogate indicators of Q and, hence, provide a means of
monitoring Q and its change in response to land management and  soil degradation processes.

One approach to the evaluation of soil quality and  soil quality change over large areas involves the
selection of sites that are representative of the agricultural land resource areas and farming systems of
the region or country  and  periodically measuring selected attributes important to soil quality at these
sites. Alternatively, soil data bases in combination with land use and management information provide
a basis for the assessment of soil quality wherever this information has been collected. In this
approach, dynamic soil quality is predicted from information that describes land use and management
and  models or other techniques that establish a quantifiable relationship between soil attributes and
associated land use and  management.

Soil Quality Factors

The framework considers land management practices as the causes of change to a soil's quality and
provides examples of soil processes that may be impacted by the various practices. It proposes that the
considerable knowledge and  analytical capabilities that have been developed to relate land
management to soil degradation (i.e. wind and  water erosion) can provide a basis for determining the
impact of land management on soil quality. This provides a focus for the selection of the most relevant
processes and  attributes and, in turn, the most appropriate set of criteria and  indicators for the
assessment of soil quality for any critical function. Elaboration of the land management and  soil
factors and  the soil-modifying processes is provided below. Proposals for the development of criteria
and  indicators are presented in following sections.

Land Management Factors

Land management impacts on a number of soil processes that determine soil quality. Greer (personal
communication) has listed crop type and  rotation, tillage, traffic, and  additions of fertilizers,
pesticides and animal, human and  industrial waste as examples of management practices that affect
soil quality. He also has indicated the kinds of soil processes that are moderated by each of these
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practices (Fig. 2.1). When used in conjunction with the factors determining soil quality enunciated
above by Larson and  Pierce and  Anderson and Gregorich, it is possible to select the most appropriate
processes for assessing change in soil quality for each critical function.

Soil Factors

Soil processes such as infiltration and respiration, which determine the soil's capacity to perform a
specific function, and critical attributes such as soil depth and organic carbon content, which can be
used to quantify these processes, are termed the factors of soil quality. Lists of these factors for each
of the crop production and environmental functions, shown in Fig. 2.1, have been developed by Greer
(personal communication). Consideration of these factors in developing criteria for assessing soil
quality change recognizes that some factors are more important determinants of the capacity of a soil
to perform specific functions, are more responsive to land use and management pressures, and  are
more easily measured than others and, hence, are more suitable for use as criteria for determining soil
quality change.

Soil-Modifying Processes

Processes such as wind and  water erosion, salinization, oxidation and  mineralization of organic
matter which degrade or aggrade the soil are referred to as soil-modifying processes. They are
recognized as processes affecting soil quality for both critical functions (Fig. 2.1). Water erosion, for
example, has long been recognized to affect the critical function of crop production. More recent
concern involves its effect on the quality of water in streams or lakes. The critical point, as it relates
to the environmental function, is not whether water erosion is impacting on surface water quality but
whether water erosion is impacting on soil quality by influencing its capacity to accept, hold and
release water to plants, streams and  other water bodies. These soil-modifying processes can be used
to evaluate change to individual or composite groups of soil attributes that have been or will be
established for the two critical functions.

Work is on-going in the development of physically-based simulation models for wind and  water
erosion, loss in soil organic matter, and  in the development of models or alternate capabilities to
predict change in soil quality related to soil structure change and  soil salinity. A model is also being
evaluated to predict the movement of chemicals to groundwater. These models have the capability to
predict change to many of the attributes that determine soil quality and  hence enable us to measure
change to the capacity of a soil to perform a critical function.

OTHER DIMENSIONS OF SOIL QUALITY ASSESSMENT

Assessment of soil quality, in essence, implies an evaluation of the capacity of a soil at a particular
locale to perform specified functions. This is to say, the assessment addresses soil quality change
within the boundaries of the ecosystem.

The suggestion by Larson and  Pierce (1991) that soils interact positively with the environment
external to the ecosystem in which they are located implies that assessments must recognize that the
pedosphere is inextricably connected to the lithosphere, biosphere, atmosphere, and  hydrosphere. A
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soil's capacity to function within that pedosphere, and, in particular to respond to land use and
management practices, will determine the potential for change to any of the related spheres (Arnold
et al., 1990). However, the framework is not directed to the assessment of soil-induced environmental
change in a global context but simply to provide the capability to assess, if required, whether these
environmental influences prevail in any particular assessment.

In a similar vein, the assessment of soil quality change will focus on those man-induced changes
directly related to the agricultural sector. Changes induced by transportation or industrial
contamination, for example, are not considered.

This framework is generic in nature, considering, for example, that all crops have the same basic
growth requirements. As such, some assessments may require the identification of a more specific
purpose than that provided by the critical functions described above.

The utilization of the framework depends upon the scale of the assessment. For example, is the area
of interest a field, a farm or some larger region.

SOIL QUALITY STANDARDS

The framework, to this point, identifies the factors that determine soil quality, but it does not place any
comparative or judgement value on them. The final step of an assessment is to indicate the degree of
excellence of the soil for the use in question, and  the final step of monitoring is to indicate the
direction and  magnitude of change. As such, assessments require a standard for the comparison of soil
quality and  monitoring requires a standard for soil quality change. Before proceeding to an approach
for the development of standards, a definition of a soil quality standard is required.

Soil Quality Standards

Standards of soil quality include any defined basis for determining a stated condition (or for comparing
changes in soil condition) that indicates the health, quality, or productive potential of a soil for a
specified use. They may also indicate a level at which the soil cannot suffer additional change without
showing significant adverse effects and/or irreversible damage. These standards are use-specific and
are not intended to be a rating or a limitation scheme for a particular use (soil capability and  many
other soil interpretations are different concepts).

The development of standards for soil quality requires consideration of criteria and  thresholds and
the assessment or monitoring of soil quality or soil quality change requires the development of
indicators. The meaning and  application of these and  related terms is provided, as follows, as a basis
for the full development of this framework.

Soil Quality Criteria

A criterion is a standard or a rule against which a judgement can be made. It may be a field or
laboratory test or measure such as the determination of total soil carbon. It may be an equation that
predicts soil loss from water erosion, or it may be a model that predicts soil salinization (Fig. 2-1). As
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such, these criteria identify factors, numerical relationships, formulae or more complex models that
provide a set of conditions or rules which enable us to observe, measure or predict the dynamic state
of soil quality. They are the "rule-base" for a set of standards. For example, a standard could be
established for levels of nitrate leached below the rooting zone. The same limit could be used for all
soils or limits could be soil specific. A set of criteria would define the limits and, perhaps, how they
would be applied in assessment and monitoring.

Thresholds

Thresholds are a particular form of a standard denoting levels beyond which soil quality undergoes
intolerable and perhaps irreversible change.

SOIL QUALITY INDICATORS

Indicators provide a set of measurable or observable attributes which reflect changes to processes and
hence to attributes governing soil quality. They are often short-cuts to the development of rigorous
criteria and  standards for soil quality assessment and monitoring. A comprehensive capability to
evaluate soil quality, as indicated earlier, would address the capacity of a soil to function for a specific
purpose by evaluating all of the important attributes that contribute to this capacity. It is impractical
if not impossible to develop criteria that would address all of these attributes for all, perhaps any,
evaluation. Instead, a limited number of key attributes are chosen to represent the condition to be
assessed or the change thereto to be monitored. These key attributes or indicators take many forms,
to be considered in the following in terms of soil quality attributes, surrogate or proxy indicators and
soil quality elements.

Soil Quality Attributes

A soil quality attribute is a measurable soil property that influences the capacity of the soil to perform
a specific function. An exemplary list of critical attributes is provided in Fig. 2-1. Some attributes,
however, are more suitable than others for measuring soil quality change. Attributes such as soil depth,
soil organic matter and  electrical conductivity are often selected to represent properties most affected
by soil degradation processes (Arshad and Coen, 1992). Attributes that are more sensitive to
management are most desirable. In Chapter 8 of this report, attributes such as microbial biomass,
amino acids and  soil enzymes are proposed as highly sensitive soil quality attributes.

Surrogate or Proxy Indicators

The framework provides the opportunity to select indicators that are either direct or indirect measures
of land management practices that clearly impact on soil quality. Crop cover, including residues,
exemplifies this type of proxy indicator; rates of addition of fertilizer, manure, or sludge are others.

Surrogate or proxy indicators of soil quality also may be derived from consideration of the
soil-modifying processes. They include risk to soil erosion, compaction, salinization or they could
include measures or estimates of soil loss from erosion or extent or severity of soil salinization,
compaction, or contaminated land, for example.



2-7

Fig. 2-1. Outline of a procedure for selecting criteria for the
evaluation of soil quality change.
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Elements of Soil Quality

The critical soil functions described previously must be determined before soil quality can be assessed.
These functions are scale-independent, remaining the same for plots, fields, districts or larger regions.
The information used to assess soil quality, however, is dependent upon scale. This has necessitated
the identification of scale-dependent components of the critical functions, termed elements of soil
quality, as basic units of assessment.

Four soil quality elements have been established to provide a basis for quantification of the crop
production function: available porosity, nutrient retention, physical rooting conditions, and chemical
rooting conditions. Similarly, elements such as surface water recharge, water storage in the rooting
zone, water release for plant growth, water transmission below the rooting zone, and the capacity of
the soil to absorb, retain and recycle contaminants are proposed as elements for the assessment of the
various environmental functions (Fig. 2-1).

OUTLINE OF ASSESSMENT AND MONITORING PROCEDURES

A framework for soil quality evaluation is shown in Fig. 2-2. The pathways in such a framework are
as follows:

1. Determine the objectives of the evaluation. Begin by establishing the critical soil quality functions
that are important to the assessment. Are they related to crop production or to environmental
protection, or both? What are the dimensions of the assessment? Is it related to a single event or
to multiple events over a protracted time frame? Is it for a site, field, farm or for an extended
region? Is it focused within the ecosystem boundaries or on the environment external to that
ecosystem? Once the functions and  dimensions have been defined, it is possible to initiate the
selection of criteria. Final selection of criteria may require consideration of available data and  data
management capabilities.

2. Data collection and  management. The specific data requirements will depend upon the purpose
and  the dimensions of the assessment, but they always will include soils, topography, climate, and
land use and  management. In assessment or monitoring over large areas, it may be advantageous
to integrate the various data sets, that is, to organize the data so that each area under consideration
has a description of all the relevant information. It also may be advantageous to organize the data
so that the initial analysis can be conducted at a detailed scale with facility to generalize the
information in the final analysis. "Nested databases", whereby groups of map polygons at a detailed
or large scale fit, or, are nested within polygons at successively smaller scales, facilitate such
analysis.

3. Make a final selection of the criteria for the assessment. The criteria are soil attributes contained
in the database. They may be resident data or they may be data to be collected as part of the
evaluation. They may be single attributes such as clay content or pH or they may be an integration
of a number of soil attributes into more comprehensive elements of soil quality.
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Fig. 2-2. Framework for soil quality evaluation.
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4. Predict the condition of, or change to, soil quality. A series of soil-modifying process models have
been developed that could facilitate the analysis of change to soil quality in space and time. It is
not always necessary or even possible to operate these models in their entirety. It is sometimes
adequate to develop more simple mathematical relationships for this analysis.

5. The output of an analysis following this framework is a measured or predicted condition of soil
attributes or elements that reflect a change to, or a new state of, soil quality.
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CHAPTER 3
GIS-BASED SYSTEM TO ASSESS SOIL QUALITY

K.B. MacDonald1, F. Wang1, W. Fraser1, G.W. Lelyk2 and I. Jarvis1

1 Agriculture and Agri-Food Canada, Research Branch, CLBRR Ontario Land Resource Unit,
Guelph, Ontario

2 Agriculture and Agri-Food Canada, Research Branch, CLBRR Manitoba Land Resource Unit,
Winnipeg, Manitoba

INTRODUCTION

The purpose of this study was to: i) develop an operational geographic information system (GIS)
that integrates standard databases of soil, topography, climate and  land use at appropriate scales
for improved national and  regional assessments of the current status and  trends in soil quality, and
ii) demonstrate, in selected agricultural areas of Canada, the current status and  potential for change
to soil quality.

The development of the GIS necessitated: i) definition of concepts and  the development of a
general framework for soil quality assessment as documented in the preceding chapter of this
report, ii) preparing a 'minimum' set of standardized data bases, and  iii) developing a set of
algorithms and GIS routines.

The current prototype system is limited; the algorithms require further development and  testing,
and  some of the data requires updating and  correction. In its final form, the system should meet
the requirements to periodically assess soil quality and its changes to support the State of
Environment (SOE) reporting activity in Canada.

CONCEPTS AND OPERATIONAL FRAMEWORK 

Concepts

During the course of this study a broad range of the concepts and  definitions used to characterize
soil quality were reviewed. In some cases, it was necessary to name and  define aspects of soil
quality for which no appropriate description could be found. The debates about whether these
concepts and  definitions are the best possible will continue; however, the meanings represented
here should be kept in mind while reading and  interpreting this chapter and  other reports from this
study. The operational definition of soil quality developed by Larson and Pierce (1992), as
presented in the preceding chapter of this report, has been adopted for use in this study.

A definition of soil quality requires determining a desired use or function to be carried out on the
land. Several general land functions have been identified: production, environmental buffering,
and  partitioning of water and gases. In any farming system, each of these functions proceed
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concurrently at land  management levels somewhere between low (natural or undisturbed) and
highly manipulated (or managed). For example, a land  area which is used for intensive agricultural
production may also be required to serve as an environmental buffer to retain nutrients from
manures in the rooting zone and to ensure that precipitation is partitioned into soil storage rather
than allowing surface runoff and  contamination of adjacent water.

The actual process of assessing soil quality requires that data from a variety of sources be
combined into components or elements of the function of interest. This process, as it was
implemented in this study, is illustrated in Fig. 3-1. The definitions associated with the various
components of this figure were presented in the preceding chapter of this report.

Procedures were developed to characterize the capacity of a soil to perform a function as defined
by Larson and  Pierce (1992). Of the three functions alluded to above (production, environmental
buffering and  water partitioning), production was chosen for pilot development. Each of the soil
quality functions is quite complex and  its characterization could involve increasing levels of detail
right down to microscopic. For the system to be workable, characterization must be based on a
limited number of components or elements which themselves can be characterized by components
in a nested hierarchy (Allen et al, 1984). The general approach taken was to identify components
or elements of each function and  choose the best data sources and  attributes to estimate the
elements for the scale of interest. In reality, the elements of soil quality related to production tend
to characterize physical, chemical and  biological activity of the soil and,  as such, they are closely
related to the capacity of the soil to support other functions.

The information used to estimate soil quality elements is normally stored in standard,
computerized databases. The databases used in this study were: land  resource, topography,
climate, and  land  use and  management. Items of information stored in a database are termed
attributes.

Reliability must be considered when information is extracted from one or more database and
combined into estimates of soil quality. Determining the reliability of attributes requires
consideration of: i) spatial reliability, that is, the measure of the uncertainty associated with the
location and  extent of an attribute and  ii) attribute reliability, the confidence with which the value
associated with an item can be used to represent that item. This concept includes both the inherent
variability of the attribute and  also the precision or size of the class represented by a single value.

In this study, information collected for the 1991 Census of Agriculture has been summarized on
the basis of soil landscape polygon boundaries, as described in the chapter to follow, to provide
for a more logical area for natural resource analysis and  to allow for improved registration with
other data assembled on the same spatial basis.
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A General Approach to Soil Quality Assessment

The quality of a soil indicates how well it can function for one or more purposes. Assessments of
soil quality over time provide a measure of sustainability of the land management practices. Soil
quality assessment procedures can be described in several simple steps. These steps prevail
irrespective of whether the area being assessed is a site or field or an entire province or country.

Fig. 3-1. An hierarchial framework of attributes and  elements of major
functions of soil quality.
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They are also followed when the assessment is carried out intuitively and  subjectively (by a farmer
or field extension worker) or more explicitly by a researcher using computerized databases, GIS
and  computer models.

Basic steps in soil quality assessment

1. Estimate the existing (inherent) soil quality for one or more specific functions using basic
land resource information (e.g. a deep well-drained soil with adequate capacity to retain
and  supply nutrients provides good quality for crop production and  also for retention and
degradation of toxic organic materials).

2. Estimate the physical conditions causing land to be susceptible to change in quality using
basic topographic and  land resource information (e.g. steep slopes and  silty surface
textures make the soil susceptible to erosion by water).

3. Estimate the man-made conditions causing land to be susceptible to change using land
use and  management information and  trends (e.g. intensive row-cropping up and  down
the slope make water erosion and  soil organic matter loss more likely).

4. Combine steps 1, 2, and  3 over time to predict changes to land resource quality: i) by
subjective estimation, or ii) through monitoring and  recording new values of land resource
data, or iii) through the use of models and  historical or representative climate data.

5. Using the land resource data estimated at some time in the future, re-evaluate the quality
of the resource for a specified use.

The overall concept of quality embodies both the capacity of the soil to carry out a specific
function and  its ability to maintain or improve functionality for a variety of possible uses. In
general terms, this approach suggests that three aspects of soil quality are considered: inherent soil
quality, soil quality susceptibility to change, and  soil quality change. Definition of these terms as
used in this study are listed below.

Inherent Soil Quality (ISQ) refers to those properties of the soil which contribute to the capacity
of the soil to support a specific critical function and  which are relatively unchanging through time.
Normally, this aspect of soil quality is estimated from the values calculated for the elements. In
the case of the production function and  associated elements, ISQ does not deal specifically with
landscape-related features such as slope. Estimates of inherent soil quality can be based exclusively
on land resource data and  represent the soil quality at the time the data were collected.

Soil Quality Susceptibility to Change (SQS) is an estimate of the ease with which soil quality
can be changed by typical current and/or proposed practices. It is estimated, based on knowledge
of the area under study and assumptions about the kinds of soil-modifying processes which are
important. These assessments are based on land resource, topographic, and  land use and manage-
ment data. It consists of a combination of two aspects: i) Biophysical Susceptibility to Change
(BSC) - characterized by aspects of the land resource which make it more or less likely that a
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soil-modifying process will change some basic land resource attributes and  that this change will
result in a net change to the capacity of the soil to support the critical function of interest. It is
represented by threshold values of individual attributes and  combinations of attributes, and  ii)
Land Use and Management Susceptibility to Change (LUMSC) - aspects of past, current or
proposed land use which make the soil more or less susceptible to processes which modify soil
quality.

Soil Quality Change (SQC) refers to the change in resource quality (for a use) over time (t2 - t1)
or space; it has both magnitude and  direction. Dynamic soil quality represents the direction aspect.
This assessment is normally based on land resource data used in conjunction with land use and
management, topographic, and  climatic data. These databases are usually integrated and  evaluated
over time.

While soil quality change is of key interest, very often the data available are not sufficiently
precise, either in terms of spatial resolution or the attribute values, to allow the calculation of
changes in soil quality. This is particularly true at national and  regional scales where soil inventory
reports are the principal source of land resource information. With regard to soil inventory, this
kind of analysis is not the intent of the data but rather the inventory data purports to describe the
state of the land resource in one area relative to another (Hudson, 1990).

Although the characterization of soil quality status (inherent quality) was one of the objectives of
this study, it was also the intent to provide some indication of soil quality susceptibility to change
resulting from soil-modifying processes and  to identify the requirements to quantify soil quality
change. A second set of procedures was developed to identify and  map this susceptibility of soil
quality to change. These procedures encompass assessments of the effects of biophysical
characteristics and  land use and  management practices on soil quality.

Procedures to determine soil quality change were not developed; it was felt that the data available
were inappropriate for this assessment. In the future, it may be possible to evaluate soil quality
change using process-based models in combination with land resource, climate, socio-economic,
and  remotely sensed data.

The various procedures referred to above cannot be directly compared with previous evaluation
systems for Canada (for example, Wang, et al. 1991; MacDonald and  Brklacich, 1992; Brklacich
and  MacDonald, 1992) as the approach, objectives, databases and  technical environments are not
the same.
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METHODS 

GIS Systems

The system was developed using Arc/Info1 GIS, operating on a VAX mainframe and  MicroVAX
computers, and PAMAP GIS installed on a personal computer. The rating algorithms were
developed and  implemented in dBase IV and linked with the GIS.

Kinds, Sources and Quality of Data

The major data sets used for the assessment at national scales are: i) Soil Landscape of Canada
(SLC) map and  database at a scale of 1:1 million, ii) Canadian Soil Carbon Data Base at a scale
of 1:1 million (also includes some soil-landscape attributes such as slope steepness, iii) Soil Name
File (SNF) and  Soil Layer File (SLF) which can be linked with the above data sets; iv) vectorized
Advanced Very High Resolution Radiometer (AVHRR) 1989 composite with 1 x 1 km resolution,
v) 1986 and  1991 Census of Agriculture at the Consolidated Census Subdivision (CCSD) level
(Census of Agriculture data was also available on the basis of SLC polygons). Note: only the
CCSD-level data was available at the time of writing this report.

The land resource data were obtained from the National Soil Data Base (NSDB) of Agriculture and
Agri-Food Canada and  the Census of Agriculture data were purchased from Statistics Canada. The
AVHRR data were purchased from the Manitoba Centre for Remote Sensing and  vectorized by
Energy, Mine and  Resource Canada.

In general, the spatial resolution of the information is approximately ± one kilometre and
appropriate for national scale (1:1 million) assessment. The quality of the attribute information was
quite variable, particularly for the land resource layer which was compiled from a variety of data
sources ranging from expert estimates to summaries from detailed soil surveys.

Inherent Soil Quality (ISQ) Assessment Procedures

Inherent soil quality (ISQ) is estimated from land resource data by identifying a set of soil quality
elements and  then defining combinations of soil attributes to characterize each of the elements for
the functions (crop production, environmental buffering, etc.) in question. It is recognized that
elements chosen for one function may also apply to the assessment of other functions. For
example, an element such as nutrient retention chosen to assess inherent soil quality for crop
production also has relevance in the assessment of the soil's capacity for environmental buffering.

In the assessment of the crop production function at the national level, where the land resource data
are very generalized, the crop properties represent a "generic" crop to allow for inter-regional

__________________
1 The mention of a trademark, proprietary product or vendor in any part of this report does not imply

endorsement by Agriculture and Agri-Food Canada to the exclusion of other products or vendors.
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comparison. At detailed levels of assessment it is deemed essential to define properties for the
crops that are specific to the region under consideration. As such, the weighting assigned to the
elements may differ for different broad classes of crops, e.g. annual compared to perennial field
crops, or agricultural compared to forestry. The basis of the logic used for these assessments will
be developed more fully in the following section.

The Agronomic Interpretations Working Group (1992) has developed a land suitability rating
system for spring seeded small grains (LSRS). It is a national system for rating land suitability for
the production of crops. Rating factors have been developed for spring grains and  the system is
currently being tested. The procedures are objective and  provide a separate rating of the climate,
soil and  landscape factors. Although the ISQ rating only requires soil attributes, appraisal of
climate and  landscape are normally required to accommodate the requirements of the crop under
consideration. In that the LSRS provides an adequate basis for rating ISQ, the logic and  the
algorithms used for LSRS have been adopted.

Procedures to estimate inherent soil quality were developed to use data from the standard attribute
files associated with maps in the NSDB. These programs are designed to access data in the polygon
or soil map unit files (SMUF) as well as the soil names (SNF) and  soil layer files (SLF). They can
be operated in conjunction with generalized maps (as reported here) as well as detailed soil survey
maps (at various scales ranging from 1:10,000 to 1:125,000). For this implementation, the
estimates include a limited number of soil conditions and  processes related to production. These
procedures can be modified to accommodate alternative crops and  will be improved as the
relationships between soil attributes and  production are better understood.

A preliminary assessment of the land resource data was carried out to define the boundary
conditions for the assessment. The values for the national-level crop assessment are defined as in
Table 3-l. It is recognized that the rooting depth limits are not necessarily ideal for any crop;
however, they have been chosen to allow the specific production elements to have meaning at both
depth extremes.

Four soil quality elements were selected for the assessment of inherent soil quality for the crop
production function: available porosity, nutrient retention, chemical rooting conditions and
physical rooting conditions. Estimation procedures were developed for all soils in Canada which
meet basic criteria for inclusion. Details of the estimation procedures for each of these elements
are outlined in the following sections.

      
Available porosity

Available porosity was chosen as one of the four soil quality elements for crop production so as
to assess the soil's capacity to provide air and water, two vital elements for plant growth. This
capacity is determined, in the first instance, by the volume of pores present in the soil (porosity).
The capacity to supply air, Aeration Porosity, and  the capacity to supply water, Soil Water
Holding Capacity, are considered as independent "sub-elements", the most limiting of which is
used as the final rating value for the ISQ for that element.



3-8

Table 3-1. Restrictions and  exclusions of soil characteristics to assess ISQ for national-level
assessment

Excluded Conditions:

Climate  < 1050 Effective Growing Degree Days (EGDD)

Landscape
Maximum Surface Stoniness Class  3
Maximum Slope Class  30%

Soil
Organic soil  exclude
Cryosolic soil  exclude
Drainage class Very Poor  exclude
Water  exclude
Rooting depth  < 20 cm
Salinity  > 16 cm
pH  < 3.5
pH  > 10
Air-filled porosity (surface 20 cm)  < 5%
Nutrient retention (surface 20 cm)  < 8

Root Restrictions:
Maximum rooting depth  80 cm
Minimum rooting depth  40 cm
Maximum bulk density (clay > 40)  1.60
Maximum bulk density (clay < 40) 1.45
Root Restricting layers  Duric, Ortstein, Placic, Fragipan

The initial rating of porosity for aeration and  moisture is based on soil bulk density and  moisture
retention characteristics. Final ratings also depend upon soil drainage class and  climatic zone. For
example, a well drained sand with a low available water holding capacity is a severe constraint to
crop production in more-arid areas, such as the Brown soil zone in western Canada. Where water
tables are present, such as imperfect, poor, and  very poorly drained soils, this moisture supply may
compensate for a low available water holding capacity. On the other hand, a water table within the
rooting zone will reduce the porosity available for gaseous exchange (aeration porosity), which
may be an increased constraint on crop production.

In that comprehensive soil climatic zone attribute fields are not currently available in standard
NSDB soil data files, climate attributes were approximated using attributes for taxa in the
Canadian System for Soil Classification (i.e. great group, subgroup, and  drainage) as contained
in the Soil Names File. Table 3-2a illustrates the "soil climatic zones" that were recognized.

The aeration porosity is calculated for each soil horizon in the Soil Layer file and  these values are
summed to obtain a total aeration porosity (in cm of air) for the entire soil. This is calculated in
two stages; the surface layer (20 cm) and  the subsurface layer. The formula used is as follows:

PORETOT(cm)  =  PORETOT(cm) + THICKNESS * [(2.65 - BD)/2.65 - 0.01 * KP33]
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where,
THICKNESS =   the thickness of the soil layer (cm). This is the absolute value of the upper

depth minus the lower depth, as recorded in the Soil Layer file.

BD     = Bulk Density, g cm-3.  *

KP33  = % water, by volume, that is retained by the soil at 1/3 atmosphere suction. This is
multiplied by 0.01 to convert from % to a ratio of the soil volume.

KP33 approximates field capacity.
_____________________
* A density value of 2.65 gcm-3 for the solid mineral soil material is used for all horizons where the

organic carbon is less than 2.0%. Where the organic carbon values are between 2% and  17%, a value
of 2.54 g cm-3 is used and  for soil layers with organic carbon values of >17% (ie., organic layers), a
value of 1.00 g cm-3 for the solid soil material is used.

Table 3-2a. Soil climatic zones as defined by soil taxonomic attributes

SOIL
CLIMATIC SOIL NAMES FILE ATTRIBUTE VALUES
ZONE NO. P-PE1 (actual soil SUB GROUP.GREAT GROUP codes)
1. < -350 All well-drained Brown Chernozemic  and  Solonetzic subgroups.

(O.B, R.B, CA.B, E.B, SZ.B, B.SZ, B.SS, B.SO)

2. - 350 to All well-drained Dark Brown Chernozemic and  Solonetzic
- 300 subgroups. (O.DB, R.DB, CA.DB, E.DB, SZ.DB, DB.SZ,  DB.SS,

DB.SO). Also O.R, CU.R, O.HR, CU.HR for Province = "MN".

3. - 300 to All well-drained Black and  Dark Gray Chernozemic and
-  200 Solonetzic,  and  Gray Brown Luvisolic subgroups. (O.BL, R.BL,

CA.BL, E.BL, SZ.BL, O.DG, R.DG, CA.DG, SZ.DG, O.GBL,
BR.GBL, PZ.GBL, BL.SZ, BL.SS, DG.SS, G.SS, BL.SO, DG.SO).
Also O.R, CU.R, O.HR, CU.HR for Province = "AL" or "SK".

4. > - 200 All remaining soil Great group + Subgroup combinations, where
soil drainage is not poor or very poor.

5. Any soil where drainage is poor.

6. Any soil where drainage is very poor (if very poorly drained soils
are not set for exclusion).

___________
1 P-PE is Precipitation - Potential Evapotranspiration. All values are negative, in millimetres. These

are the approximate equivalent ranges, adopted from the Climatic Moisture Index Map
(Agronomic Working Group, 1992).
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Table 3-2b. Inherent soil quality constraints matrix for available porosity-aeration sub-element

High
None(0) None(0) None(0) None(0) Slight(1) Moderate (2)

Medium
12 1 None(0) None(0) None(0) None(0) Slight(1) High (3)

Low
8 1 None(0) None(0) None(0) Moderate(2) High(3) High (3)

Very Low 4 1

None(0) Slight(1) Moderate(2) High(3) High(3) High (3)

Soil Climatic Class1 1 2 3 4 5 6
P-PE (<-350) (-350 to -

     300)
(-300 to -

200)
(> - 200) All poorly All very

Soils Brown   D.Brown   Black,
D. Gray,
G.Br. Luvisol

All others drained poorly
drained 3

1 Crop specific threshold values for the Porosity (cm of air) within the rooting zone can be
set within the CROP.LOG section of the ISQ_PRO program. Default values for the
NATIONAL LOG are shown here.

2 Soil Climatic classes are defined in Table 3-2a.
3 This class is used only where the program has been set to rate very poorly drained soils

(CROP.LOG).

The total aeration porosity values are then added for all valid soil layers within the surface 20 cm.
A minimum threshold value of 1 cm of air within the surface layer (5% of the surface soil volume)
must be reached; if this does not occur, the soil is considered as excluded. The total aeration
porosity within the total rooting depth is then calculated and  assigned to one of four porosity
classes based on threshold values specified by the user. The soil climatic class is also determined,
based on the criteria in Table 3-2a. The final rating for the ISQ aeration porosity sub-element is
then assigned, based on the aeration porosity and  climatic classes matrix in Table 3-2b.
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Table 3-2c. Inherent soil quality constraints matrix for available porosity - water capacity
sub-element

Exclude(7) Exclude(7) Exclude(7) Moderate(2) None(0) None(0)

Very Low 5 1 — Exclude(7) Exclude(7) High(3) Moderate(2) None(0) None(0)

A Low 61 — Exclude(7) High(3) Moderate(2) Slight(1) None(0) None(0)

W Medium 7 1 — High(3) Moderate(2) Slight(1) None(0) None(0) None(0)

H

C High 121 — Moderate(2) Slight(1) None(0) None(0) None(0) None(0)

T Very High 151 — Moderate(2) Slight(1) None(0) None(0) None(0) None(0)

O

T

P

1 2 3 4 5 6
Soil Climatic Class2 (<-350) (-350 to -300) (-300 to -200) (> - 200) All poorly All very
P-PE
Soils

Brown D.Brown Black,
D.Gray,
G.Br. Luvisol

All others drained poorly
drained3

1 Crop specific threshold values for available water holding capacity (AWHC), in cm of water within the
rooting zone. Default values for NATIONAL LOG are shown here.

2 Soil Climatic classes are defined in Table 3-2a.
3 This class is used only where the program has been set to rate very poorly drained soils (CROP.LOG).

The available water holding capacity (AWHC) is calculated for each soil from the total silt, clay
and  very fine sand values for each soil layer in the  Soil Layer File. This is multiplied by the
horizon thickness and  a total value is accumulated to either the  maximum rooting depth, or some
restricting layer above the maximum rooting depth. Values for AWHC are calculated as shown in
Table 3-2d.

The total AWHC value was then assigned to one of six classes, based on threshold values specified
by the  user.
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Table 3-2d. Relationship between available water-holding capacity (AWHC) and  very fine
sand (VFS), silt and clay. Approximate USDA texture classes are provided for
reference. Adopted, with modifications, from Table 4-1 (Agronomic Working
Group, 1992)

Texture1 0.5*(%VFS)+%Silt+%Clay2 AWHC (mm/m)      
Organic 3    0 700
S > 0 to 10   40
LS > l0 to 20   60
SL > 21 to 40 100
L, VFSL > 40 to 60 150
Si, SiL > 60 to 70 170
SiL > 70 to 75 180
SiCL, CL > 75 to 80 190
SiCL > 80 to 85 200
SiC, C > 85 to 100 225

__________
1 USDA soil texture classes indicated here are only approximate. Several classes may overlap due to

varying percentages of silt and  clay.
2  For soils with more than 0% by volume of course fragments, AWHC estimates are reduced by the

volume percentage of coarse material, a Soil Layer File attribute.
3 Organic soils are recognized by sand+silt+clay = 0 in the Soil Layer File data.

The soil climatic class is also determined, based on the  criteria in Table 3-2a. The final ISQ rating
for the Available Porosity - Water-Holding Capacity sub-element must then be determined based
on the 6 soil climatic (Aridity) classes, as shown in Table 3-2c.

Nutrient retention

Nutrient retention was identified as the  second soil quality element for the crop production
function in recognition of the  important role played by the  soil in accepting, retaining and
releasing nutrients for plant growth. This ISQ element is estimated by calculating the  average
cation exchange capacity (CEC) over the  surface 20 cm. The form of the calculation for each
horizon is:

CEC (meq/100g) X Bd  (g cm-3)    X   Base Fraction (%)   X   Depth (cm)
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These values are averaged over the surface 20 cm to give a number with final dimensions of (Meq
100 cm-2 cm-1). The rating used for this element is summarized in Table 3-3.

Table 3-3. Rating class limits for ISQ element-nutrient retention

Classes Cumulative CEC

No Constraint 25

Slight Constraint 19
Moderate Constraint

12

Physical rooting conditions

Rooting conditions are based on the depth to root impeding layers. Research is under way (e.g. the
soil structure and  non-limiting water range studies described later in this report), to determine the
physical conditions which restrict or impede root penetration. New results will be incorporated into
the procedures as they become available but in its current implementation, roots are restricted by
the presence of an: ortstein layer, fragipan layer, duric layer, placic layer, lithic layer, most
restricting layers caused by high bulk density or coarse fragments in excess of 10%. The rating is
based on the depth at which the restricting condition occurs, as summarized in Table 3-4.

Table 3-4. Depth class limits for ISQ element-physical rooting conditions

     Classes Depth to Impeding Layer
No Constraint > 80 cm
Slight Constraint > 55  cm
Moderate Constraint > 30 cm
High Constraint 20-30 cm  

Chemical rooting conditions

Chemical conditions are defined in terms of an adequate depth of soil with pH and  salinity within
tolerable limits. Salinity, as estimated by electrical conductivity, and  pH are each evaluated
independently and  the worst rating of the two is then assigned as the overall ISQ chemical rooting
conditions element rating. Both conditions are calculated in a similar fashion.

The depth weighted average pH for generic crops is computed from the values of all soil horizons
within the surface (0-20 cm) and  the subsurface (20-80 cm) zones. The average surface layer pH,
weighted by horizon thickness, is then compared to the threshold values. If this average pH is
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Fig. 3-2. Dominant soils in SLC polygon of southern Manitoba.



3-15

Fig. 3-3. Inherent soil quality (ISQ) elements map of southern Manitoba.
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within the range of 6.0 to 7.3, the soil component is given a "no" constraints rating. If this value
extends beyond this range but does not fall below 5.5 or exceed 7.7, the soil is given a "slight"
constraints rating. Similarly, between 5.0 and 8.1 the rating is "moderate" and between 4.0 and 9.5
the rating is "high".

In the subsurface, pH values between 5.5 and 7.7 are considered to have no constraints while those
outside this range and extending to 5.0 and 8.1 have a slight constraint and  those extending to 4.0
and 8.8 have moderate constraints.

Overall ratings are assigned as a combination of surface and subsurface ratings, as indicated in
Table 3-5. The overall pH rating is biased towards the surface rating.

Salinity is evaluated in the same fashion as pH. The weighted average of the electrical conductivity
is calculated for all soil layers within the surface and subsurface zones. These are assigned ratings
based on the threshold EC values. The overall salinity rating for the soil is calculated by comparing
these two ratings, as shown in Table 3-5.

Table 3-5. Surface/subsurface constraints matrix for pH and  salinity

SURFACE RATING (CODE)
None Slight Moderate High

SUBSURFACE None, Slight None Slight Moderate High

RATING Moderate Slight Slight Moderate High

High Moderate Moderate Moderate High

Soil Quality Susceptibility to Change (SQS) Assessment Procedures

Soil-modifying processes such as erosion by wind or water, loss or accumulation of organic matter,
and  soil salinization exert their effect either individually or in combinations by removing material
from the soil or adding to it. The result is a change to one or more soil attributes and  this change
frequently impacts on the capacity of the soil to function. Studies described elsewhere in this report
deal with the development of capabilities to estimate or predict various processes which modify
soil quality. As these capabilities become fully developed, they will be incorporated into the GIS
system capability for assesing soil quality. In the interim, attention is focused on assessments using
a more qualitative approach to estimate soil quality susceptibility. It consisted of identifying
individual soil characteristics and  conditions of land management which are likely to make a soil
area more susceptible to quality change than the surrounding soils.

The specific management and soil characteristics which were selected to indicate susceptibility to
change were based in part on the soil-modifying processes and  in part on the kinds of information
available. For the process of erosion, measures of soil thickness, slope, and  land management
characteristics related to extent of crop and  residue cover were chosen, while susceptibility to soil
quality change from organic matter change was characterized by thickness of the surface
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Fig. 3-4. Land cover map of southern Manitoba.
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horizon and  the initial value of organic matter in the soil. Cropping and  management practices
which include more intensive cultivation and  exposure of the soil were considered likely to result
in decline in organic carbon. Each of these factors was considered to be relatively independent; a
threshold level was established for each and  areas which exceeded the threshold were mapped.
Table 3-6 provides details of the factors used and  the specific threshold levels.

Table 3-6. Criteria and  limiting (threshold) values used to indicate SQS

Data Sources Characteristics/
Attributes

Limiting Values Modifying Processes
Affected

Biophysical
Attributes

          
shallow topsoil A horizon thickness <=15

cm
water erosion and
organic matter decline

Soil Landscapes of
Canada (SLC),
Canadian Soil Carbon
Database, Soil Layer
File (SLF) and Soil
Name File (SNF) etc. 

low organic carbon
content of topsoil 

organic carbon of A
horizon < 1%

organic matter decline

shallow effective depth depth to impenetrable
layer <= 60 cm

water erosion and
organic matter decline

steep surface slope
high intensity of land use

slope steepness > 9%
area under crop > 75% of
farmland and **row crops
> 60% of cropped land

water erosion

organic matter decline

Land Use and
Management 
Attributes

CENSUS of Agricul-
ture 1986, 1991),
AVHRR land cover
data (1989)      

low level of conservation
tillage and no-till or use of
summerfallow

**land prepared for
seeding by conservation
and < 20% no-till > 20%

water erosion and
organic matter decline

increasing intensity of land
use

**increase of cropped land
and row crop > 10%

organic matter decline

* applicable to prairie area
** applicable to southern Ontario

The susceptibility to change was estimated by adding the factors together. The level of susceptibility
of soil quality to change from water erosion or loss of soil organic matter was estimated as highest
where the greatest number of conditions occurred on the same parcel of land. Maps of these
conditions can be used to identify study areas where soil quality change is most likely.
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RESULTS AND DISCUSSION

Inherent Soil Quality (ISQ)

ISQ has been estimated for the four elements of the crop production function; available porosity,
nutrient retention, physical rooting conditions, and  chemical rooting conditions. For southern
Manitoba, these estimates were calculated using data for the dominant soil from the Soil Landscapes
of Canada map and  the associated soil names and  soil layer file. Fig. 3-2 provides an indication of
the extent of coverage which has been achieved by restricting the analysis to only the dominant soil.
The results of the ISQ assessment are illustrated in Fig. 3-3. At this stage in soil quality assessment,
each of the elements of ISQ is mapped separately; ultimately, they will be combined into an
integrated assessment of the inherent soil quality for the crop production function.

It should be noted that the ISQ assessment procedures are at a prototype stage of development. They
will undoubtedly go through a series of revisions and  refinements before the final ISQ assessments
are available. Currently, work is in progress to review these prototype ISQ assessments with local
experts to verify that the results agree with their personal experience in the region. In addition, we
are conducting a sensitivity analysis of the algorithms to identify the particular soil attributes which
have the greatest influence on the results. This effort is intended to assess both the algorithm and
also the quality of the data used.

The best assessments of soil quality which can be expected at national and  broad regional scales
(e.g. 1:1,000,000) will provide highly generalized estimates of soil quality and  indicate areas where
more study is required. Areas within Manitoba have been identified for more detailed study. For
these areas, large scale (1:20,000 and 1:50,000) land resource data will be used with the ISQ
procedures as finally developed to estimate ISQ elements at these larger scales. The comparison of
these estimates to the broad regional assessments will provide another validation of the procedures.
This assessment will be similar to the study carried out in Ontario (MacDonald et al., 1993) which
showed a good general level of agreement between the detailed and  generalized assessment but also
the possibility for significant divergence within individual soil landscape polygons.

Soil Quality Susceptibility to Change (SQS)

Soil quality susceptibility to change (SQS) has been assessed by establishing threshold values for
individual soil and  landscape properties to characterize the biophysical susceptibility to change
(Table 3-6a). The susceptibility to change, which is mediated by land use and  management, has been
estimated by establishing relatively arbitrary thresholds (summarized in Table 3-6b) for information
collected in the Census of Agriculture. Both the criteria and  the threshold values are tentative and
are currently being compared with analyses being undertaken in related projects, particularly the
sustainable land management analysis being reported by Cann et al. in a later chapter of this report.

The Census data are summarized on the basis of consolidated census subdivisions (CCSD) which
correspond to townships in Ontario and  to Rural Municipalities in Manitoba. This means that the
spatial reporting unit for the land use and  management information was quite different from the soil
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landscape polygons on which the land resource data were compiled. The GIS provided the essential
analytical capability necessary to combine the data from these two sources. AVHRR data (Fig. 3-4)
provided broad classes of land use but did not show detail of land management.

For Manitoba, the Census data were available for 1986 and, for Ontario, Census data were obtained
for both 1986 and  1991. Because of the availability of data for two Census years and  also due to
the greater range of land use intensity and  management, the Census data for Ontario provided a
greater variety of SQS conditions influenced by land use and  management. Soil quality susceptibility
to change estimates for southern Ontario (Fig. 3.5) are based on (a) biophysical attributes; and, (b)
Census of Agriculture land use and  management attributes.

Integration of Inherent Soil Quality and Soil Quality Susceptibility to Change

While the individual elements of soil quality and  the biophysical and  anthropogenic assessments
of susceptibility of soil quality to change provide information about the quality and  sustainability
of the resource base, it is the combination and  subsequent interpretation of these results that has the
potential to provide insights into the current status and  trends in soil quality. To demonstrate some
of the aspects which might be considered, four polygons have been selected from the agricultural
region of southern Ontario (the specific polygons are identified on Fig. 3-5). The ISQ rating of these
polygons is high (Table 3-7a,b); each element showing either no or slight constraint. Two of the
polygons (27 and  64) have soil and  landscape characteristics which appear to be susceptible to
change from decline in organic matter and  the other two (82 and  86) have properties of slope and
horizon thickness which suggest that they are susceptible to the process of erosion by water and  that,
because the surface horizon is relatively shallow, the impact of the erosion process on soil quality
will be substantial.

The area of each census subdivision which intersects each polygon is determined by an intersection
using the GIS and  the proportion of each soil landscape polygon in each CCSD is determined. The
CCSD information is then summarized (Table 3-7a,b) to indicate the land use and  management
factors present which make the soil susceptible to soil quality change. Clearly, these areas have
relatively uniform biophysical characteristics but show a range of land use practices which will make
the areas more or less susceptible to changes in soil quality.

One of the difficulties associated with the interpretation of the data is the difference in boundaries
between the natural units (soil landscape polygons) and  the administrative areas (CCSD's) on which
the land use and  management data are collected. Work is in progress to regroup the basic (farm
level) census data and  summarize them on the basis of natural units. In the interim, however,
because the data are stored and  managed within a GIS, it is a straightforward task to reassess the
census information with criteria which provide a closer spatial fit. Table 3-8 provides this
information based on CCSD's which are 50% or more within the soil landscape polygon. This
criteria appeared to encompass approximately the same proportion of the polygon as does the
dominant soil class. In addition, because the data were stored by individual CCSD, the actual values
were calculated for the attributes of soil management and  land use. The results are all expressed on
the basis of the 1991 census of agriculture.
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Fig. 3-5. Soil quality susceptibility to change maps of southern Ontario for
biophysical and land use and management attributes.
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Table 3-7a. SQS to organic matter decline of selected SLC polygons in southern Ontario

SLC
polygon
number

Combined ISQ
rating

   Soil and landscape
characteristics     

Land use and management attributes Implications

Occurred Area
(%)

Occurred Area (%)

0027 Slight constraint A horizon thickness <= 15
cm - organic carbon of A
horizon 
< 1%

70

cropped area > 75% & row crops > 60%
 - conservation tillage and no tillage < 20%
 - increase of cropped land > 10%
 - increase of row crop > 10% 11.4

 i) Both polygons are  more
susceptible to organic matter
decline

 
 
 
 
 

 
 
 
 

 c ropped area > 75% & row crops > 60%
 - conservation tillage and no tillage < 20%
 - increase of cropped land > 10%

5.1 ii) Polygon # 27 has
relatively higher
susceptibility to organic
matter decline

cropped area > 75% - row crops > 60%
 - conservation tillage and no tillage < 20% 80.3

0064 Slight constraint A horizon thickness <= 15
cm organic carbon of A
horizon 
< 1%

70

cropped area > 75% - row crops > 60% 3.2

cropped area > 75% & row crops > 60%
 - conservation tillage and no tillage < 20%
 -increase of cropped land > 10% 6.0

cropped area > 75% - row crops > 60%
 - conservation tillage and no tillage < 20%

25.6

14.3
cropped area > 75% - row crops > 60%
 - increase of row crops > 10 % 13.0

cropped area > 75% - row crops > 60% 39.1
conservation tillage and no tillage < 20% 2.0

SQS not indicated

CCSD - Census Consolidate Sub-division
SLC    - Soil Landscape of Canada (maps)
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Table 3-7b. SQS to water erosion of selected SLC polygons in southern Ontario

SLC
Polygon
Number

Combined ISQ
rating

Soil and  landscape
characteristics

Land use and  management attributes Implications

Occurred Area (%) Occurred Area
(%)

0082 No constraint A horizon thickness <= 15 cm
  -slope steepness > 9%

conservation tillage and  no tillage < 20%
- increase of cropped land > 10% 8.7 i) Both polygons are  more

susceptible to water erosion

70 conservation tillage and  no tillage < 20% 67.8

SQS not indicated 23.5 ii) Polygon #86 has
relatively higher suscepti-
bility to water erosion than
polygon #82.

0086 Slight constraint A horizon thickness <= 15 cm 
 - slope steepness > 9%

60

conservation tillage and  no tillage < 20%
- increase of cropped land > 10%

34.3

conservation tillage and  no tillage < 20% 44.6

 
 
   

SQS not indicated
 

21.1
 

SLC    -  Soil Landscape of Canada maps 
CCSD -  Census Consolidate Sub-division
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Table 3-8. Susceptibility to Soil Quality Change -  Land use and  management factors 
[based on data from Census subdivisions (CCSD) which are greater than 50% within the SLC polygon]

Soil Landscape (SLC) Polygon Number 27 64 82 86

Polygon area (Ha) 71,1731 215,445 73,854 64,557

Number of CCSD's intersected 11 30 10 7

Number of CCSD's > 50 % within SLC
polygon (CCSD>50) 3 10 2 2

% of SLC polygon covered by CCSD>50 64 74 54 60

Cropped land in CCSD>50 in 1991 42,691 152,532 10,902 13,301

Cropped area as a % of farmland in CCSD>50 81 83 45 45

Tame hay as a % of cropland in CCSD>50 8 19 65 70

Row crops as a % of cropland in CCSD>50 80 53 4 4

Conservation tillage as a % of cropland in
CCSD>50 12 14 18 16

Rented land % in CCSD>50 34 23 30 26

1986 cropland as a % of 1991 in CCSD>50 98 99 113 99

1986 row crop area as a % of 1991 in
CCSD>50 79 83 area too small area too small
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These calculations show that both polygons 27 and  64 are intensively cropped but that row crops
are a larger component of the cropping program in polygon 27, while tame hay makes up more of
the land in polygon 64. The results also suggest that annual crops and, in particular, row crops, are
not so important in polygons 82 and  86. From the standpoint of land use and  management, the two
polygons are quite similar and  both have hay as a major component of the land use. Analysis of this
sort can be used to separate areas which are relatively susceptible from the more stable areas and
target areas for more detailed study.

SUMMARY

The current prototype systems for assessment of inherent soil quality and  soil quality susceptibility
to change were designed to use available databases and  capabilities of existing GIS systems. The
systems were designed to be applied to national level assessments. The preliminary national
assessments for Ontario and  Manitoba were in agreement with subjective estimates by experienced
soil researchers and  surveyors.

The results of the assessments may be combined with other environmental information: i) to assess
sustainability of current soil and  land management systems; ii) to target current and  potential
'problem areas' of soil quality change and  land degradation for monitoring and  detailed studies; iii)
for State of Environment (SOE) reporting.

Technically, the systems were designed to be flexible enough to:
i) incorporate additional data layers, e.g. topography and  land use,
ii) adjust the rating criteria and  algorithm for specific crops or other land use requirements,
iii) be used at more detail levels, e.g. regional, watershed and  farm levels,
iv) combine with other analytical tools or models, e.g. USLE to assess the potential effects of

soil water erosion to soil quality at national and  regional level. Results and  models
developed in other studies reported herein may provide capabilities to enhance the ISQ and
SQS assessment procedures.

More precise estimates require detailed, large scale data as well as modelling procedures to
characterize soil modifying processes. However, the sequential assessment of soil quality and  its
spatial representation is operational at national and  regional scales using existing databases.
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CHAPTER 4
A LAND USE ANALYSIS AND MONITORING SYSTEM FOR SOIL
QUALITY ASSESSMENT

J.C. Hiley1 and  E.C. Huffman2

1 Agriculture and Agri-Food Canada, Research Branch, CLBRR Alberta Land Resource Unit,
Edmonton, Alberta

2 Agriculture and Agri-Food Canada, Research Branch, Centre for Land and Biological
Resources Research, Ottawa, Ontario

INTRODUCTION

Over the past decade, Canadian concern for the state of the environment and  the prospects for
sustainable development has focused considerable attention on the affect of agricultural activities
on soil quality. It is recognized that some agricultural land use and management practices accelerate
soil degradation processes (Standing Committee, 1984; Alberta Agriculture, 1985) and  it appears
that some adjustment of land use may be required in order to maintain the long-term health of our
agricultural soils and  production industry. In order to document the relationship between land use
and  soils, however, and  to develop strategies for reducing the stress on the environment, an efficient
methodology for analysing and  monitoring current land use over large areas is required.

Soil scientists, geographers and  specialists in land evaluation, land degradation and  rural planning
have been promoting the need for current and  accurate land use and  management data in order to
support our efforts to manage resources (Halstead and  Dumanski, 1977; University of Guelph, 1978;
Coote et al., 1981; Huffman and  Dumanski, 1985; Hiley and  Wehrhahn, 1991; Jeck et al., 1990a).
As a result, a number of different land use inventory techniques based on airphotos, field survey,
census data and  satellite imagery have been developed to address the issue.

Current efforts to analyze and  monitor agricultural land use activities, however, find these
techniques lacking in several ways. For example, the interpretation of airphotos is accurate and
detailed, but it is also slow, expensive and  oriented to land cover, with little opportunity for
interpretation of socioeconomic or farm structural characteristics. Dedicated field surveys and
farmer interviews can provide the necessary holistic view but, again, the expense and  time required
restricts their use to small areas and  infrequent time intervals. Classification of satellite imagery is
a versatile approach, with a variety of radiometric and  spatial resolutions, regular and  repeat
coverage and  suitability for digital manipulation in Geographic Information Systems (GIS), but it
suffers from a lack of socioeconomic interpretability and  is therefore low in analytical potential. The
national Census of Agriculture, with its coverage of all farms every 5 years and  wide variety of
variables has tremendous potential for analytical studies over large areas, but it is restricted by a lack
of locational accuracy. Also, census data has traditionally been available only on the basis of
politically defined areal units such as Enumeration Areas, Census Subdivisions or Crop Reporting
Districts, and  is thus difficult to interpret in a natural or biophysical framework.
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It was within this setting that a system for land use analysis and  monitoring was developed as a
component of a soil quality evaluation program. Clearly, the approach chosen to report on the state
of soil quality in Canada, described in the first chapter of this report, required a land use database
and  a methodology of manipulation and  analysis that would serve a variety of needs from provincial
and  national evaluations to local and  site specific modelling exercises. Recognizing that any one
method would not likely serve all needs, it was necessary to capitalize on the strengths of different
techniques and, by focusing on information needs at different scales of analysis, provide relevant
data in an efficient and  timely fashion. The development of the capability to analyze and  monitor
agricultural land use activities and  management practices within a landscape framework, using the
two approaches of census data interpretation and  remote sensing, is addressed in this chapter.

GOALS AND OBJECTIVES

The objective of this study was to develop a land use analysis and  monitoring system for the
agricultural regions of Canada. The orientation of the research was toward supplying the specific
land use data requirements for soil quality assessment, but the requirement to develop databases,
methods of analyses and  capabilities for integrated agricultural evaluations was also recognized.
Since soil quality assessment requirements relate to defining and  measuring soil quality and  its
susceptibility to change, the emphasis in the development of the land use and  analysis system was
on acquiring data that reflected the type and  intensity of farmland use. Developing and  testing
procedures for the acquisition, manipulation, analysis and  presentation of land use data, and
developing expertise and  technical capabilities for its integration with biophysical and  climatic
information were the principal activities. A wide range of land use characteristics that were
considered to have an effect on soil quality, including farm type and  structure, economic and
financial conditions, crop type and  rotations and  land management features were included.

Specific goals of this study were to develop a system that:

i) is applicable in all parts of the country,
ii) is oriented toward land management, farming activities and  socioeconomic conditions rather

than land cover,
iii) is applicable at a variety of scales from local (1:25k) to national (1:5m),
iv) incorporates a time dimension to facilitate monitoring, and
v) is functional within a biophysical (landscape) framework.

SYSTEM REQUIREMENTS

System requirements relate to the type and source of data to be monitored and  the spatial
representation of databases within the system. These needs were identified through consultation with
potential clients of a land use analysis and  monitoring system, a process that involved a
questionnaire survey of 22 agencies and  12 participants in the Soil Quality Evaluation Program, as
well as the formation of a 14-member national Advisory Committee.
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All potential clients used the concept of 'study scale' to identify the characteristics of data required
from the system (Table 4-1). Indications were that national and  regional land evaluation, land use
monitoring and  general soil quality/land use studies required a range of crop, farm type and
socioeconomic information that could be updated approximately every 5 years. High spatial accuracy
was not required, and it was agreed that such data could be acquired from secondary sources such
as the Census of Agriculture. However, respondents indicated that the calibration of degradation
process models and  the measurement of changes in soil quality over small areas required
observations with a high degree of spatial accuracy, in many cases repeated several times within a
single growing season or in consecutive seasons. It was agreed that remote sensing could provide
primary source land use information appropriate for some of those needs.

The client survey, supported by committee input, showed that the preferred method of organizing
land use data was also affected by study scale. Studies over large areas would be served best by
information that refers to homogeneous landscape units in order to hold physical conditions as
constant as possible in analytical and  descriptive procedures. For detailed process-model work, the
area of concern tends to be a site or a field and  land use data should correspond to that area. It was
the opinion of the potential clients and  the advisory committee that the Soil Landscapes of Canada
(Shields et al., 1991), which are relatively uniform soil-based units of approximately 50-60,000
hectares, would be an appropriate base for organization of national level land use data. These
landscape units are also nested within larger 'Agricultural' or 'Land Resource Areas' (ARA's or
LRA's) which allows the aggregation of data for studies at a coarser resolution. For site related
research, the pixel resolution of the appropriate satellite imagery (eg. 10, 20, 30 or 80 metres) serves
as the spatial unit.

Table 4-1. Characteristics of data from the system

Broad Area Assessments Small Area Assessments

Principal use of data Land Evaluation Models Calibration of Process Models

Scale 1:5 Million to 1:250,000 1:250,000 to 1:5,000

Scope National to Regional Regional to Local

Spatial Resolution Landscape Units Sites, Fields

Type of Data

1. Cropping Systems
2. Land Management Variables
3. Socioeconomic Variables
4. Farm Structure Variables

1. Crop Rotations
2. Tillage Systems
3. Production Practices
4. Conservation Practices

Type of Data
Analysis

Descriptions, Comparisons of Large
Areas, Long-term Change

Descriptions, Statistical Correlations,
Variability

Time Interval to Update 5 years 3 Times in Growing Season

Source of Data  Secondary  Primary  
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SYSTEM DESIGN

A review of Canadian literature showed various methods of summarizing data from the national
Census of Agriculture on the basis of biophysical landscape units (Kraft, 1980; Huffman, 1988).
Consultation with Statistics Canada personnel indicated that a standard method for all regions of
Canada was not likely to be appropriate. The fundamental problem, not likely to be resolved in the
near future, relates to the integration of different land survey approaches and  geographic coordinate
systems used in database management.

Similarly, different methods to obtain land use data over small areas have been documented. One
method, combining airphoto interpretation and  site inspection, has been used extensively in regional
studies, and an adaptation of the approach to provide land cover, socioeconomic and  farm activity
information was successfully demonstrated at the  field level in several regions of Canada (Huffman
and  Dumanski, 1985). Another approach, using satellite imagery to identify land cover, has also
been employed successfully throughout the agricultural regions of Canada (Ryerson et al., 1979;
Wilson, 1986; Energy, Mines and  Resources Canada, 1987). In the context of a land use analysis
and  monitoring system with national capability, a significant limitation in the form of prohibitive
costs renders the approach of airphoto interpretation and  field survey impractical except for specific
projects with requirements for highly accurate data. On the other hand, the repetitive, large area
coverage and  relatively timely aspects of satellite imagery classification make it an appropriate
approach.

A system design containing two components was adopted. The first component addressed broad area
assessments and was based on the  linkage of the 1991 Census of Agriculture to biophysical
landscape units using the most appropriate method available within a particular region. The second
component dealt with small area assessments and  focused on the development of a satellite image
analysis capability within Agriculture and  Agri-Food Canada. It involved the  purchase of image
analysis hardware and software and the training of staff.

METHOD

The system uses three different methods to link land use and  management data to biophysical
landscape units in different parts of the country. A brief discussion of these regional approaches is
presented here, followed by a description of the agricultural data modules.

Regional Approaches

In the  Prairie provinces, match-merging of farm headquarters locations with biophysical units was
the chosen method, and  Soil Landscapes of Canada (SLC) maps provided the spatial stratification.
Digital files of SLC polygons were combined with a Dominion Land Survey (DLS) file in a GIS and
the  extent of each polygon was defined on the  basis of square-mile 'sections'. A file containing the
DLS location of the  headquarters of each farm in the  Census (maintained by Statistics Canada) was
merged with the  polygon file, thereby assigning farm headquarters to SLC polygons. The merge
produced a link file that was used to summarize farm-level data by SLC polygons. The procedure
is summarized in Table 4-2.
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In central Canada (Ontario and  Quebec), the DLS is an irregular design based on Counties,
Townships, Lots and  Concessions, with "Gores" and  "Broken Fronts" due to surveys originating
along natural watercourses. Due to this irregularity, the capture of farm headquarters location is not
consistent, thus making the linking of headquarters to polygons impractical. In this area,
match-merging of Census Enumeration Areas (the smallest area at which census data is aggregated
for reporting, and  covering generally from 30 to 75 farms) within composite biophysical/land cover
units was the approach used. An SLC map in a GIS is overlain with a summary land cover map
interpreted from Advanced Very High Resolution Radiometer (AVHRR) satellite data to produce
a data layer showing extensively cultivated SLC polygons, which is then merged with a file
containing Enumeration Area (EA) centroids. This merge produces a link file assigning each EA and
its associated data to a composite landscape unit.

System development in eastern Canada involved match-merging of EA's to Land Resource Areas
(LRA's). The latter are groups of SLC polygons within common agroclimatic zones. The LRA file
is maintained as a coverage in a GIS and  is overlain with an EA centroids file to produce a
preliminary link file. Local agricultural specialists then reassign some selected EA's to ensure that
there is at least 70% overlap between EA's and  LRA's and, thus, that local land use patterns are
appropriately represented.

Table 4-2. System capabilities for broad area assessments in Canada

Region Prairies Central Eastern

Scale 1:1 Million 1:1 Million 1:2 Million

Biophysical Spatial Unit Soil Landscapes of
Canada (SLC)

Soil Landscapes of
Canada (SLC)

Land Resource
Areas (LRA)

Additional Bases None Land Cover Map None

Census Unit Farm Headquarters Enumeration Area Enumeration Area

Compilation Technique Match records GIS overlay GIS overlay

Additional Decision
Criteria None None 70% overlap, refined by

expert opinion

Land Use Classification 1991 Census 1991 Census 1991 Census

Data Modules

The Census provides a wealth of information pertaining to agricultural production in Canada. As
such, it was possible to include more than 100 variables for each landscape unit within the land use
analysis and  monitoring system. Within the scope of this chapter, only a general discussion of the
data modules is possible. In that each regional method uses standard census variables, the following
discussion is applicable to all regions.

Based on the results of the questionnaire survey and committee review, five data modules were
selected. They include: farm structure, crops and land use, land management, livestock and
economics. The land use, management and  economic modules are directly relevant to assessments
of soil quality. The crop/land use module addresses the need for information on production
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characteristics and almost 50 variables are organized into the categories of summary land use, major
field crops and  major specialty crops. Tillage systems can be described from data in the land
management module, which summarizes 20 variables covering chemical inputs, tillage practices,
conservation practices and  land degradation concerns. The economic module contains summaries
of capital value, cash flow and  labour inputs and  includes approximately 30 variables.

RESULTS

Considerable work on the development of the land use analysis and  monitoring system has been
completed, and  the following section presents a summary of progress and  research findings.

Component 1 (Broad Area Assessments)

This component is nearing completion for the Prairie provinces, with methods finalized and  link
files prepared. Custom processing of the census data is nearing completion and  a trial run of the data
stratification shows successful output. As an example of the type of results being obtained, Table 4-3
presents a comparison of several variables for three SLC polygons.

Table 4-3. A comparison of three SLC polygons in the Prairie Provinces, Canada

Variable Red River,
Manitoba

Vulcan,
Alberta

Assiniboia,
Saskatchewan

Dominant Soil Type Black
Chernozemic

Dark Brown
Chernozemic

Brown
Chernozemic

Surface form Level   Rolling Undulating

Area (ha) 70103 224750 83078

Number of Farms 233 431 217

Farm Size (ha) 292 521 383

Cultivated Area (% of farmland) 95.5 77.5 81.7

Wheat (% of cult. area) 53.8 39.4 52.6

Summerfallow (% of cult. area) 0.4 36.0 44.9

Capital Value *   ($/ha) 2317.95 1523.41 1042.00

Gross Margin **   ($/ha) 112.54 72.28 36.93

* total capital value of all farms (land, buildings, machinery, equipment and  livestock) divided by
farmland area. 

** total of all farm receipts minus total operating expenses divided by farmland area.
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It is apparent that with a list of over 100 farm characterization variables and  a spatial stratification
that subdivides Manitoba, Saskatchewan and Alberta into approximately 1000 landscape units, there
is considerable potential for analysis of spatial relationships between soil, soil quality and
agricultural activities. For example, comparisons and  correlations can be made between and  among
a variety of socioeconomic and biophysical variables in order to identify anomalous situations, which
could then be targeted for more detailed investigation. Similarly, locations with combinations of
characteristics that are known or suspected of being degrading to the environment can be identified
for action. The data could also be accessed in order to tailor policy or extension efforts to specific
concerns. Soil quality issues in each of the areas presented in Table 4-3 above, for example, could
be addressed in different ways, depending on the structure and  focus of the particular farming
practices.

In addition to the SLC database, a classification and characterization of farms on the basis of
cropping systems has been developed for additional information on the type and  variability of farm
enterprises within a region. This farm typing database is spatially organized on the basis of
Agricultural Resource Areas (ARAs), which are comprised of groups of SLC polygons. The smaller
scale of spatial organization is required in order to obtain sufficient numbers of farms in each type
and  landscape unit to adhere to Statistics Canada's confidentiality provisions (minimum of 10 farms
per reporting unit). The ARA/Farm-type database duplicates similar ones developed for the 1981 and
1986 censuses (Kirkwood et al., in press) and  thus presents a potential for analysing change in the
structure of agriculture within well defined landscape units.

For central and  eastern Canada, development of the biophysically stratified census files has been
held up by the unavailability of EA centroid files. These GIS coverages will be overlain on SLC and
LRA maps to prepare files linking the census to landscape units, but the 1991 coverages are only
now becoming available. Some preliminary work in Ontario has been conducted using census data
on a Census Consolidated Subdivision (CCS) basis, but the size of these spatial units (approximately
equivalent to a Township) restricts their use in detailed spatial analysis.

In addition to the database development work, a generic Spatial Decision Support System (SDSS)
has been developed to assist in the management and  presentation of data for the system. ELLY, the
Encyclopedia for Landscape and  Land-indexed Inquiry, is a software package with a low-end GIS
functionality (Hiley et al., 1991) designed to run on PC-based computers. The package is currently
used within the project to manage the SLC maps and associated land resource data for the 10
provinces and  the Yukon territory. With the completion of the development of this land use and
analysis and  monitoring systems capability, the program will also be able to include the agricultural
production data modules referenced by biophysical unit. The software is distributed under private
licence and  data developed within this system will be available through a separate request to
Agriculture and  Agri-Food Canada.

Component 2 (Small Area Assessments)

The development of a remote sensing capability within Agriculture and  Agri-Food Canada has been
achieved with the installation of necessary hardware and  software and  the training of personnel in
system operation and  image analysis. A detailed research study completed in the Minnedosa area
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of Manitoba has shown that the identification and  mapping of 3-year crop rotations can be achieved
with 90% or greater accuracy using conventional Landsat (TM) imagery (Huffman, 1992). This work
was performed at a sub-field level of spatial precision and was successful at identifying land cover
features as small as 1 ha in size. It indicates the potential for use of satellite imagery in the
application of process models at the field and farm levels of detail.

Future research in the area of remote sensing will address the feasibility of using this technology to
supply data for specific evaluations and small area assessments, and  in linking the results of satellite
imagery classifications with biophysical data. In particular, the integration of this component with
the broad area analysis and monitoring procedures established in Component 1 of the system will
be evaluated. In the initial stages, the census data stratified by SLC and ARA polygons will provide
not only the ability to analyze, monitor and assess soil/land use relationships, but will allow
researchers to "target" areas for more detailed and  specific studies. It could also provide a
mechanism for scaling up research findings from a site to a landscape.
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INTRODUCTION

Questions about trends in soil quality change in Canada and  means of measuring those trends arose
in the late 1980's in response to the sustainable agriculture issue. Soil quality was reported to be
declining in many areas due to degradation processes such as erosion, compaction, salinization, and
acidification. The accelerated rates of deterioration were linked to farming practices.

Many studies relating change in soil properties important to crop production have been conducted
over the past several decades. However, most of these studies were narrow in scope and  lacked
sufficient characterization of some soil properties and  of some important land use and  management
systems to serve as a basis for a comprehensive evaluation of change in soil quality.
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Several approaches to the assessment of soil quality change have been reported. The first approach
(Martin, 1989; Tabi et al., 1990) involves the selection of specific sites where baseline levels of soil
properties considered important to soil quality are determined and soil quality change is evaluated
from periodic re-assessment of these properties. In the second approach, change to soil quality
attributes is predicted by applying relationships established from research sites. These predictions
enable an assessment of the direction and  magnitude of change to an attribute based upon
information on the prevailing land management and other conditions of the area in question (Larson
and  Pierce, 1991). The study described herein exemplifies the first approach. A network of sites will
be established that will enable a direct comparison of change in soil properties over time in relation
to prevailing agricultural land use and  management practices across Canada. This will provide direct
measurement of change as well as an opportunity to verify change to soil quality that has been
predicted in the various other systems capabilities described elsewhere in this report.

The objectives of the national network of benchmark sites were:

i) to provide a baseline data set for assessing change in soil quality and  biological productivity (i.e.
yields) of representative farming systems;

ii) to provide a means for testing and  validating predictive models of soil degradation and  for
evaluating the sustainability of current and  proposed agricultural land management; and

iii) to provide a network of well-documented sites at which integrated multidisciplinary research
programs could be developed.

A NETWORK OF BENCHMARK SITES 

Site Selection Protocol

- The criteria used to guide the selection of benchmark sites were:
- represent a major soil or climatic zone and/or ecological region;
- represent a typical physiographic region (landscape) and/or broad textural grouping of soils;

represent a major (or potentially major) farming system within a region;
- complement provincial priorities and  opportunities;
- provide potential for the evaluation of the impact of a susceptible degradation process; occupy

about 5-10 ha, or a small watershed; and
- be located on cultivated agricultural land, as part of an actual farming system.

Location and General Description of the Sites

A network of 23 benchmark sites have been established across Canada (Fig. 5.1). The sites have
been selected to represent prevailing land use and  management practices on representative
soil-landscapes across the country (Table 5-1).
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Fig. 5-1. General location of the benchmark sites.
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Table 5-1. Brief description of the benchmark sites

SITE NO. ECOLOGICAL SETTING
AND SOILS

PARENT MATERIAL AND
SURFACE FORM CROPPING SYSTEM TILLAGE SYSTEM

01-BC South Coastal Pacific,
Humic Gleysols

Medium-textured fluvial.
Level Silage corn Tiled drainage, conventional tillage

03-AB Parkland-Boreal Transition,
Dark Gray Soils

Fine-textured lacustrine.
Level Cereals - canora - forage Conventional tillage

04-AB Northern Parkland,
Black soils

Medium-textured fluvial over till.
Undulating Cereals - forage - oilseed Conventional vs no-till

05-AB Prairie-Parkland Transition,
Dark Brown soils

Medium-textured fluvial over till.
Hummocky Canora - wheat - fallow Conventional tillage (cultivators)

06-AB Southern Prairie,
Brown soils

Medium-textured lacustrine over
till.

Wheat (seed) - beans - sugar
beets Irrigated conventional tillage

07-SK Southern Prairie,
Brown soils

Medium-textured loess over till.
Undulating, dissected Wheat - fallow Conventional tillage

08-SK Mixed-grass Prairie,
Dark Brown soils

Fine-textured lacustrine.
Undulating

Extended rotation,
mainly wheat Conventional tillage

09-SK Prairie-Parkland Transition,
Black soils

Medium-textured till.
Hummocky

Extended rotation,
continuous cereal Conventional tillage

10-SK Southern Boreal,
Gray Luvisols

Medium-textured till.
Undulating, dissected Cereals - canola Conventional tillage

11-MB Eastern Parkland,
Humic Gleysols

Fine-textured lacustrine.
Level Continuous cereals No-till

12-MB Eastern Parkland,
Black soils

Medium-textured lacustrine.
Level Wheat - canola Minimum tillage

13-ON Southern Temperate,
Gray Brown Luvisols

Fine-textured lacustrine.
Level and hummocky Corn - soybean - wheat Minimum tillage
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Table 5-1, cont. Brief description of the benchmark sites

SITE NO. ECOLOGICAL SETTING
AND SOILS

PARENT MATERIAL AND
SURFACE FORM

CROPPING SYSTEM TILLAGE SYSTEM

14-ON Mid Temperate,
Gray Brown Luvisols

Medium-textured till.
Rolling

Corn - soybean- wheat No-till

15-QU Northern Temperate,
Dystric Brunisols

Medium-textured till.
Rolling

Silage corn - forage Conventional tillage

16-QU Northern Temperate,
Dystric Brunisols

Medium-textured till.
Rolling

Silage corn - forage Conventional till

17-QU Mid Temperate,
Humic Gleysols

Marine clay.
Level

Corn - forage Conventional tillage

18-QU Mid Temperate,
Humic Gleysols

Marine clay.
Level

Corn - wheat - soybean -
barley

Minimum tillage

19-NS Atlantic Temperate,
Gray Luvisols

Medium-textured till.
Undulating

Corn - forage Moldboard plow, spring disked

20-NB Mid Temperate,
Humo-Ferric Podzols

Coarse-textured till.
Rolling

Potato - grain Chisel plow

21-PE Atlantic Temperate,
Humo-Ferric Podzols

Coarse-textured till.
Undulating

Potato- grain -
forage-forage

Conventional (plowdown of forage)

22-NB Mid Temperate,
Humo-Ferric Podzols

Coarse-textured till.
Rolling

Potato - potato - grain Chisel plow, grassed waterway,
diversion terraces

24-ON Mid Temperate,
Humic Gleysols

Medium-textured fluvial.
Level

Corn - soybean - alfalfa Conventional vs no-till

25-NF Atlantic Boreal,
Podzolic soils

Medium-textured till.
Hummocky

Hay - grain Single furrow plow

Note: Sites 15-QU and 16-QU, 17-QU and 18-QU are paired sites.



5-6

MONITORING

The benchmark approach to soil quality monitoring will require a decade or more to reach its full
potential, although measurement of change to some attributes is anticipated at some sites much
sooner than that. It was critical that a true baseline be established at each site at the time monitoring
was initiated. Due to short-term variability, this required repeated measurement of some attributes
several times a year for several years, at the beginning. Other properties, considered to be more
stable, were not measured nearly as frequently.

Trends at each site will, in themselves, indicate whether soil quality is degrading, aggrading or
sustaining under the prevailing farming system. On this basis, it is anticipated that by using regional
soil and  climatic information and  expert systems, it will be possible to make general statements on
soil quality trends, both regionally and  nationally.

Baseline Characterization

Detailed characterization of each benchmark site involves the measurement of various soil,
topographic and  land use characteristics. These include sampling and analyses for various chemical,
physical, mineralogical and  morphological soil properties and  the preparation of detailed soil and
contour maps for each site. Climate stations were installed at sites lacking adequate characterization
from external data sources. More specifically, the types of information collected are outlined below:

• Site history - as far back as possible on cropping and  tillage systems and  fertilizer and  pesticide
use.

• Soil map - about 1:1500 scale.
• Contour map - same scale as soil map with 0.1 to 1 m contour interval, depending on relief.
• Farm operation - kind and  type of farm machinery, current cropping and  tillage system.
• Pedon descriptions - two representative soil descriptions per site.
• Pedon analyses - soil moisture desorption curves, chemical, physical, mineralogical analyses (as

described in baseline data below) for each horizon of the two selected pedons.

Sampling Designs

• Grid design - used at sites having very gentle or simple slopes. The design involves a 25 x 25 m
grid, with a total of 80 to 100 grid points per site. A loose sample of surface Ap horizon was
taken at every grid point and  loose samples of subsurface horizons were taken at randomly
selected grid points. Colour, texture, structure, horizon type and  thickness were recorded for
each sample and  landscape position for each profile.
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• Transect design - used at sites with hummocky or ridged to undulating terrain and  distinct
internal relief. Five or more transects with a total of about 60 sampling points, spaced 10 m apart,
adequately represent such landscapes. Orientation of each transect is perpendicular to the
contour, stretching from the crest of a "hill" to the bottom of an adjacent depression. A loose Ap
sample was collected as in the grid design. Subsurface samples were collected at 25% or more
of the transect points, selected to represent different slope positions. Data recorded at each
sampling point is the same as for the grid design.

Monitoring Frequency 
Attributes Monitored (if applicable) 
• Soil reaction (pH)  3 to 5 years
• Total organic carbon  3 to 5 years
• Total nitrogen  3 to 5 years
• CaCO3 equivalent  3 to 5 years
• Cation exchange capacity  3 to 5 years 

and exchangeable cations
• Total elements (i.e. Al, Ca, Cd, Co  N/A* 

Cr, Cu, Fe, K, Li, Mg, Mn, Ni, Pb and Zn)
• Extractable Fe and Al (by oxalate,  3 to 5 years 

dithionite-citrate and by pyrophosphate)
for Podzolic soils only.

• Available P and K  3 to 5 years
• Soil surface area  N/A*
• Particle-size distribution  N/A
• Clay mineralogy  N/A
• Dry aggregate size distribution    3 to 5 years (Western sites)
• Saturated hydraulic conductivity (in situ)    Yearly
• Penetrometer reading and soil moisture  Twice yearly

(in situ)
• EM 38 conductivity measurements (in situ) Yearly 
• (only for area with potential salinity problem)
• Biopore and root counts (in situ)    Yearly
• Earthworm count (in situ)  (except Prairies)  Yearly
• Crop yields  Yearly
• Climatic (in situ)  Daily
• Farmer's management diary  Yearly

* N/A = not applicable.

REPORTING

A network of 23 benchmark sites have been established for assessing long-term soil quality change.
At least one benchmark site was selected in each of the 10 provinces. Most of the sites are located
in major agricultural regions such as the Prairies and  the St. Lawrence Lowland. Each site represents
a typical farming system on a typical soil and  landscape.
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A baseline database has been completed for eight benchmark sites and  data from an additional 11
sites currently is being added to the database. By mid-1995, the baseline database will be completed
for the entire network of 23 benchmark sites. Baseline data include: chemical analyses, clay
mineralogy, particle-size and  surface area, soil moisture retention and  bulk density, total elements,
saturated hydraulic conductivity, penetrometer readings, biopore and  earthworm counts (for some
sites) and  yield. Climatic data from instrumented sites will be added to the database in the future.

Site documents, which describe each site in considerable detail, and  include location, maps,
methodology, history, current management practices, and  data tables from the database, are nearing
completion for 14 sites. Some of this data is also available for the remaining nine sites.

Beginning in 1997, the database (baseline and  monitoring) will be used to validate predictive
models for various soil degradation processes; and  recommend suitable environmental degradation
indicators for major agricultural regions. By 2000, analyses and  reports of soil quality changes for
the major agricultural regions of Canada will be produced with potential for utilization in the State
of the Environment Report.
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INTRODUCTION

In general, the term "soil quality" describes the relative capacity of a soil to perform a particular
function or use. More specifically, it can be thought of as the degree to which the characteristics or
attributes of the soil (texture, pH, slope, etc.) meet the optimum requirements of the particular use
or function. Thus, changes to one or more soil attributes can have a significant and often predictable
effect on soil quality (Larson and Pierce, 1991).

Soil degradation processes such as erosion remove material from the soil and, in so doing, invariably
change one or more of its attributes, a change that is frequently reflected in the capacity of the soil
to perform a particular function. It follows, therefore, that if erosion loss can be accurately and
quantitatively predicted, specifically in terms of a change to specific soil attributes, then it can be
used to predict soil quality change. The development of a wind erosion predictive capability is the
focus of this study.

The Wind Erosion Equation (WEQ) (Woodruff and  Siddoway, 1965) is the main erosion prediction
technology currently in use. It has been used throughout the world to make average annual estimates
of soil loss due to wind erosion. In Canada, it has been used to compile wind erosion risk maps, and
as an extension tool for comparing the relative merit of selected management alternatives. It is,
however, an empirical, "black-box" model, and  its application is somewhat limited. Wind erosion
is a dynamic process. Wind forces vary daily. Soil surface conditions (aggregates; crusts; loose,
erodible material) and  vegetation residues that protect the soil from the forces of the wind change
daily, seasonally, and  yearly in response to tillage and  other management practices. This complex
and  dynamic nature of wind erosion makes erosion prediction using an empirical model particularly
difficult. Moreover, model output, which is expressed in terms of average annual loss, is often
unrealistic, almost impossible to validate, and  difficult to comprehend given the often sporadic
nature of wind erosion events.
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To address the above concerns the Agriculture Research Service of the United States Department
of Agriculture (USDA-ARS) initiated the development of a new process-orientated wind erosion
prediction technology which represents, conceptually at least, a significant improvement over the
WEQ. The new "Wind Erosion Prediction System" (WEPS) is a computer system that uses
fundamental wind erosion principles to simulate the temporal changes in factors affecting wind
erosion, and  to compute erosion when critical combinations of these factors occur. The actual model
that predicts wind erosion loss is called the Wind Erosion Research Model (WERM).

The objective of the present study was to evaluate alternative procedures for predicting wind erosion
in Canada and, in particular, the Wind Erosion Research Model (WERM) currently being developed
in the U.S.A.

WIND EROSION RESEARCH MODEL (WERM) VALIDATION

The Wind Erosion Research Model is a daily time-step process model that predicts temporal
characteristics such as surface soil conditions and  residue levels, and  then uses long-term weather
records to estimate the probability and  severity of an erosion event. The temporal soil properties,
residue levels and  climatic parameters are predicted via the following submodels:

SOIL submodel - predicts surface soil parameters such as aggregate size, density and  stability, crust
thickness and  stability, surface micro-relief, bulk density and  loose erodible material.

WEATHER submodel - this submodel is, in essence, a weather file containing a series of daily
weather parameters required by the overall erosion model and  several of the submodels.

HYDROLOGY submodel - predicts near-surface soil moisture conditions. The effects of
freeze-thaw and  freeze-drying processes are also addressed in this model.

MANAGEMENT submodel - predicts changes to both temporal soil surface characteristics and
residues due to management practices such as tillage.

CROP submodel - predicts initial residues, and  also considers the effect the crop may have in
reducing erosion during the early growth stages.

DECOMPOSITION submodel - predicts the amount of residue on a daily basis as a function of
initial residue, tillage operations, climatic conditions, and  decomposition rates.

A WERM validation site was established near Lethbridge on a clay loam soil which had been under
zero-tillage for 6 years. The site, itself, consisted of a circular plot, 200 m in diameter, which was
tilled to enhance wind erosion events. A meteorological tower was erected in the centre of the plot
and  wind speed and  direction, relative humidity, precipitation, soil and  air temperatures, solar
radiation, and  vapour pressure were measured. A wind erosion sensor (SENSIT) was installed to
record when wind erosion began (threshold conditions) and  ended. Dust collectors (BSNE) were
located in a circular pattern within the plot. Since the WERM Validation Site is one of a network
(the rest being in the United States), it was characterized in a manner consistent with the overall
program (Larney et al., 1992).
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The site was established in November, 1990 and  was operated until May, 1992. After each erosion
event, major precipitation event, or tillage operation, surface samples (0-2.5 cm) were taken for
aggregate size distribution analysis. Soil cores were taken to determine soil moisture content and
bulk density which are temporal surface properties affecting soil erodibility (Bullock et al., 1991).
Sixteen wind erosion events were monitored. Soil erosion losses are given in Table 6-1.

Table 6-1. Erosion losses at WERM validation site

EROSION LOSS (Mg ha-1)
1991 1992

Apr. 4   6.1 Apr.3 30.4
Apr.8   2.4 Apr.4   6.1
Apr. 25   0.3 Apr.5   5.7
Dec.6 22.5 Apr. 9   1.2
Dec.9 20.3 Apr. 13   2.2
Dec. 10 13.6 Apr. 18 12.3
Dec. 13 13.9 Apr. 27   0.5
Dec. 16   6.1 May 11   0.8
   TOTAL 85.2    TOTAL 59.2

The total loss for the 16 events was about 144 Mg ha-1 or the equivalent of 14 mm of topsoil over
a 3.14 ha area. These losses illustrate the fragility of the soil, considering that it had just been in
zero-tillage for 6 years. The so-called T-value (tolerable level of soil loss due to erosion) is about
11 Mg ha-1 annually (Larney et al., 1992).

Although not directly related to the development and  validation of WERM, two other studies were
carried out at the site. Dust samples from the April erosion events were sent to the Regina Research
Station for herbicide analysis. The off-farm impact of dust, which may contain herbicide residues,
may pose a potential environmental problem in terms of water and  air quality. The samples were
analyzed for Dicamba ("Banvel"), MCPA, Bromoxynil ("Hoegrass II"), 2,4-D, Trifluralin
("Treflan"), Triallate ("Avadex"), and  Diclofop ("Hoegrass") residues. Residues of 2,4-D, trifluralin
and  treflan were found to be the most abundant with lesser amounts of Diclofop, traces of
Bromoxynil and  Dicamba and  no MCPA. The highest residue concentration found was one sample
with 52 ppb of 2,4-D. Another WERM validation site was established at the Regina Research Station
in the fall of 1991 largely to monitor pesticide residues in dust (Allan Cessna, personal
communication). A few minor erosion events were monitored, despite the extremely moist
conditions.
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The WERM site was seeded to spring wheat in 1992, which provided an opportunity to quantify the
effects of wind erosion on crop productivity. Plant density, dry matter production and  grain yield
were measured to assess these effects under natural conditions. The 200 m diameter circle was
divided into 20 transects, from west (closest to protected surface with least erosion) to east (furthest
from protected surface with most erosion). Each transect was 10 m wide. There was a significant
decline in crop yield from west to east represented by the equation:

y  =  3106 - 3.6x         (r2 = 0.36**)

where y = grain yield in kg/ha and  x = distance from protected surface in m. For every 10 m
increase in the fetch distance from the protected surface, grain yield decreased by 36 kg ha-1.

SUBMODEL VALIDATION

Submodel validation studies were designed in cooperation with USDA-ARS scientists to extend the
development and validation of the submodels for Canadian conditions.

SOIL submodel

The SOIL submodel predicts surface soil parameters such as aggregate size, density and  stability,
crust thickness and  stability, surface micro-relief, bulk density and loose erodible material.
Dependent temporal soil variables in the SOIL submodel are calculated from "equivalent" values
for independent variables such as precipitation or wind erosion. The SOIL submodel was originally
designed to incorporate empirical equations primarily based on cumulative rainfall although new
approaches based on rainfall energy were recently proposed. Approximations have been proposed
for freeze-thaw and  freeze-dry effects on aggregate size distribution though they may be changed
with further analysis of the data.

The research protocol developed by the USDA-ARS was used to evaluate the SOIL submodel. Field
studies of soil variables were conducted in 1991 and  1992 at two sites, a silty clay Chernozemic soil
at the Melfort Research Station and a sandy loam Luvisolic soil under fallow east of Gronlid,
Saskatchewan. The treatments at the Melfort site were conventional tillage, fallow with herbicides
and  tillage, and  fallow with herbicides only. Thirteen variables related to soil erodibility, including
aggregate size distribution, dry aggregate stability, and  dry crushing energy, were measured five
times during the field season at the Melfort site, and eight times at the Luvisolic site (Moulin,
1993a).

Evaluation of long-term and  short-term aggregate size data from the chemical fallow study at the
Melfort Research Station revealed two trends. The long-term data showed a trend which persisted
over several years and  was unrelated to the tillage system. Analysis of aggregate size data taken
over the 1991 fallow season indicated that the proportion of small aggregates increased with time
(Moulin, 1993a).

A freeze-thaw study was carried out on a clay loan soil at the Fairfield Farm neat Lethbridge. The
soil was cultivated with a chisel cultivator in September 1992, and samples for aggregate size
distribution were taken at intervals throughout the winter to ascertain the effect of overwinter
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climatic forces on erodibility. Thermocouples were used to measure the depth of freezing and  the
number of freeze/thaw cycles. Time Domain Reflectometry (TDR) probes were used to monitor soil
moisture. Surface roughness was measured over the winter period using the chain method on six 1
m transects. Three transects were parallel and  three were perpendicular to the direction of tillage.
Wet aggregate stability was determined on 1-2 mm aggregates from samples collected over the
winter period.

Another phenomenon related to frequent freeze-thaw cycles prevalent in the chinook belt of southern
Alberta, is the influence of blowing snow on the wind erosion process. Observations at the WERM
validation site showed that the abrasive capacity of blowing snow was similar to wind-transported
soil particles, although it occurred under different meteorological conditions. Differential snow
cover caused by random drifting exerts a significant effect on the soil surface. Areas with little or
no snow dry quickly and  become erodible, whereas meltwater from deeper snow cover saturates
the soil surface causing it to slake and  crust which offers some resistance to soil movement by wind
(Bullock et al., 1992).

A study was carried out at two sites in southern Manitoba to assess the importance of clay, organic
carbon, and  carbohydrate content on the size and  stability of aggregates. At the Carman site, a
loamy Black Chernozemic soil, the clay content of the aggregates varied in relation to the aggregate
size. The clay content was lowest in the < 0.84 mm size aggregates. The clay content, on the other
hand, was higher in the 0.84 to 1.0 and  1.0 to 2.3 mm size aggregates; the increase in clay content
compared to the < 0.84 mm size varied from 4 to 12%. The clay content of aggregates greater than
2.3 mm was 1 to 3% above the clay content of the < 0.84 aggregate size. The clay contents of
aggregates from the Osborne clay at Brunkild were variable (54 to 65%) and  showed no relationship
to aggregate size (Michalyna, 1993).

The organic carbon content of the aggregates on the loam soils at the Carman site showed a pattern
similar to that obtained for clay content. In most cases, the organic carbon content was lowest in the
< 0.84 mm size aggregates. The highest organic carbon levels occurred in the 0.84 to 1.0 and  1.0
to 2.3 mm size aggregates. On the clay soils at Brunkild, the organic carbon was generally greater
than on the soils at Carman; but the differences among the various-sized aggregates was generally
low.

Carbohydrate content of the aggregates on the loam soils at Carman showed a similar trend to the
organic carbon content. In most cases, the lowest carbohydrate levels occurred in the < 0.84 mm size
aggregates; mean values ranged from 0.25 to 0.37%. A few lower levels occurred in the > 38 mm
and  20 to 38 mm aggregate sizes. The highest carbohydrate levels occurred in the 1.0 to 2.3 mm
followed by the 2.3 to 6.3 mm, and  0.84 to 1.0 mm sized aggregates; mean values ranged from 0.51
to 0.92%, 0.42 to 0.56%, and  0.37 to 0.54%, respectively.

On the clay soils at Brunkild, the carbohydrate content was generally greater than at Carman with
values commonly between 0.45 to 0.60%. For the soils at both the Carman and  Brunkild sites, the
mean organic carbon/carbohydrate ratio was 10.5; with generally no relationship to aggregate size
(Michalyna, 1993).
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MANAGEMENT (TILLAGE) Submodel

The MANAGEMENT submodel, in essence, predicts changes to both temporal soil surface char-
acteristics and  residues due to management practices such as tillage. The submodel is incomplete
as some equations remain to be developed, although an equation based on Proctor density, which
simulates the mixing of soil from lower depths with aggregates at the surface has been developed.
Field studies at the Melfort Research Station indicate that tillage operations with a double disk
cultivator increase the proportion of large aggregates at the surface. Subsequent cultivation with a
field cultivator appears to have little effect (Moulin, 1993a).

Two sites in southern Manitoba were investigated to assess the effect of cultural practices on bulk
density. Since the surface layer (Ap) was variably disturbed, the underlying Ah at a depth below 12
cm was used as an intrinsic parameter. At the Carman site, a loamy textured soil, the average bulk
density of the Ah horizon was 1.32 and  ranged from 1.24 to 1.45. Since any disturbance of the
surface would likely reduce the bulk density, the soil condition in the fall (following harvest) was
considered the most stable and most similar to the intrinsic Ah values. Throughout the growing
season, the surface bulk density ranged from an average near-stable value of 1.29 to about 0.83
depending on the seeding or cultivation equipment used. The higher values (1.45 and  above) were
assumed to be due to compaction by equipment tires. On the clay soil at Brunkild, the bulk density
in the fall was 0.91; average cultivated bulk density values were 0.76 and  0.68 in the fall and  in the
spring, respectively (Michalyna, 1993).

A comparison of the bulk density with the % aggregate size diameter (ASD) greater than 0.84 mm
and  the geometric mean diameter (GMD) was conducted. At Carman, on very find sandy loam
textured soil, the stubble treatments (wheat and  canola) had a higher bulk density and  a slightly
larger GMD than the cultivated treatments. In general, for a 25% decrease in bulk density (1.29 to
0.97) due to cultivation, there was an 8% decrease in ASD > 0.84 mm (72 to 64) and  a decrease in
GMD (8.9 to 3.3). At Brunkild on a clay soil, the stubble treatments had the higher bulk density but
had a lower ASD > 0.84 and  GMD than the cultivated treatments. For a 20% decrease in bulk
density (1.00 to 0.80) due to cultivation, there was an 8% increase (80 to 88) in ASD > 0.84 mm and
a considerable increase in GMD (7.2 to 16.0) (Michalyna, 1993).

A study was carried out near Lethbridge to investigate the effect of moisture content at time of
tillage and  the tillage implement on soil erodibility factors such as aggregate size distribution and
bulk density. The site was in fallow in 1991. The main treatment was soil moisture content at time
of tillage; wet (23%), moist (18%), and  dry (14%). The optimum soil moisture content for
compaction (standard Proctor test) was 16.8% and  which yielded a density of 1.7 Mg/m3. The
sub-treatment was tillage implement: Noble blade, tandem disc, and  powered rotary cultivator. Prior
to the tillage operations, surface relief measurements were taken for surface roughness
determination, and  soil samples were taken for soil moisture, bulk density, dry aggregate size
distribution, and dry aggregate stability determinations. Immediately following the tillage operations
the same measurements and  sampling were repeated, the objective being to determine parameter
changes as affected by moisture content at time of tillage, and  tillage implement (Bullock et al.
1993; Larney and  Bullock, 1993). The results showed that winter breakdown of aggregates was
more prevalent on tandem disc and  rototiller treatments compared with blade cultivated treatments.
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The tandem disc and  rototiller brought unstable aggregates to the soil surface which were less
resilient to the freezing/thawing and  wetting/drying cycles over the winter of 1991-92. The blade
cultivator has a non-mixing action which leaves unstable aggregates at depth and  stable aggregates
on the soil surface.

DECOMPOSITION Submodel

Residue decomposition in WERM is based on a weighted-time variable calculated from functions
of temperature and  moisture. Optimum moisture and temperature conditions result in the
accumulation of 1 decomposition day for each day of the simulation. There is a significant
correlation between cumulative degree-days and  decomposition of residue at Melfort (Moulin,
1993b).

In another Saskatchewan study, photographs of stubble residue were analyzed using image analysis
software in order to estimate the percentage of residue cover, and  to track the reduction in residue
cover with time and  tillage practices. Crops included spring wheat, durum wheat, barley, canary
seed, lentils, peas and  flax.

CROP Submodel

The CROP submodel is a modified version of the crop growth submodel in the Erosion Productivity
Impact Calculator (EPIC). Crop growth is calculated on the basis of accumulated heat units. Leaf
area index, biomass and  partitioning of biomass between roots and  above ground biomass are
similar to those in EPIC. Evaluation of EPIC with data from rotations at the Melfort Research
Station indicates that the crop growth model simulates long-term means of yield which are similar
to actual yields for spring wheat. Evaluation of soil nitrate nitrogen generated by EPIC indicates that
the simulated values are greater than those measured in the field (Moulin, 1992).

MONITORING AND CHARACTERIZATION SITES

Ten wind erosion monitoring sites were established across the prairies in cooperation with agencies
such as Alberta Agriculture, Manitoba Agriculture, Saskatchewan Save our Soils Program, and  the
Prairie Farm Rehabilitation Administration (PFRA). The purpose was to measure or estimate actual
wind erosion loss in the field in order to compare with those values predicted by the WEPS.

Each site was instrumented with four clusters of soil collectors (BSNE) with each cluster consisting
of four collectors at heights of 10 cm, 25 cm, 50 cm, and  100 cm above the soil surface. The
collectors were placed on the leeward side of the erodible area. Wind speed data along with
information on temporal soil parameters such as aggregate size distribution and  residue levels were
collected at selected sites. Chemical and  physical analysis of both the soil and  dust samples were
carried out. The sites were set up in late March and  taken down in early June.
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A total of 20 wind erosion events were recorded over a two year period, with measured erosion
losses ranging from 0.3 to almost 20 tonnes per hectare, depending upon the soil type, the condition
of the soil surface in terms of aggregates, surface roughness, and  residue levels, as well as the wind
speed and  the duration of the wind erosion event. In most cases, about 70% of the material collected
was attributed to creep-saltation (< 50 cm height) and  about 30% to suspension, although on one
clay soil almost all of the losses were attributed to creep-saltation. A number of properties of the
dust particles from the various collectors were compared. In general, the organic carbon content, the
clay content, and  the moisture content increased slightly from the lowest (10 cm) to the highest
collector (100 cm).

Soil depositions along field boundaries can serve as a reference to the amount of erosion that has
occurred from adjacent fields in the past, and  are indicative to a degree of future susceptibility. In
a Manitoba study, cross-section elevations were conducted through a number of depositional areas
adjacent to field sites where dust collectors were set up. Based on the cross-section area and  the
length of the banks, the amount of soil in the banks was calculated at between 17,880 to 21,500
tonnes. Assuming that about 30% of the eroded material was carried away in suspension, the actual
erosion loss would be greater by a factor of 1.4 making the total estimated loss at between 25,000
and  30,000 tonnes, which is equivalent to about 5 cm of topsoil. Depending upon the time interval
since the first erosion event, the estimated loss would be between 12 Mg ha-1 yr-1 (over 60 years) and
24 Mg ha-1 yr-1 (over 30 years) (Michalyna, 1993).

Wind Erosion Prediction in Relation to Soil Quality Monitoring

Since the development of the WERM model has not progressed as was anticipated when the project
was initiated, the original objectives of validating the WERM model for Canadian conditions and
developing a new operational wind erosion prediction capability for soil quality evaluations has not
yet been accomplished.

In terms of wind erosion prediction it means that current estimates will have to be based on the Wind
Erosion Equation (WEQ) or perhaps the Revised Wind Erosion Equation (RWEQ). The latter is an
interim technology which has been developed to address some of the concerns raised with WEQ
until the new system is operational. Some of the concepts and  data from the WERM development
have been incorporated into the new RWEQ technology.

As mentioned earlier, the assessment of soil quality or of soil quality change requires a quantitative
evaluation of soil modifying processes such as wind erosion. Simply put, how much topsoil has been
lost? What does this mean in terms of individual soil attributes such as organic matter? And, how
does a change in one or more of these attributes, in turn, affect the soil's ability to perform a
particular function? Although WEQ can and  has been used to provide quantitative estimates of wind
erosion loss, the reliability of these estimates has often been questioned.

The Wind Erosion Equation is an empirical model which predicts erosion loss as a function of
climate, soil and  management parameters by calculating the relative significance of each factor.
From previous work in estimating the relative wind erosion risk on the Prairies, the equation
appeared to give reasonable results. In other words, the relative ranking of land in terms of its
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inherent erosion risk using the wind erosion equation appeared reasonable. This suggests that while
WEQ may not be sophisticated enough to provide a quantitative estimate of erosion loss for the
purpose of soil quality evaluation, it could be used to assess the relative risk of wind erosion, or,
perhaps more importantly, to assess the change in the erosion risk over time as a result of changing
management practices.
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CHAPTER 7
WATER EROSION PREDICTION AND ASSESSMENT

G.J. Wall1, E.A. Pringle1 and D.R. Coote2

1 Agriculture and Agri-Food Canada, Research Branch, CLBRR Ontario Land Resource Unit,
Guelph, Ontario

2 Agriculture and Agri-Food Canada, Research Branch, Centre for Land and Biological
Resources Research, Ottawa, Ontario

INTRODUCTION

Soil quality has been described elsewhere in this report as the capacity of the soil to provide for
sustainable crop production and still maintain the quality of the environment. It is generally
understood that processes such as water erosion often impact negatively on the capacity of soils to
perform these critical functions. However, until better estimates of the current status and  trends in
the extent and  severity of water erosion are available, it is difficult to assess the regional and
national significance of this form of soil degradation. Further, such estimates and  associated
capabilities are required to predict the vulnerability of soil to water erosion under various land
management practices so that the sustainability of current and  emerging land management practices
may be more appropriately assessed.

Measurement of soil erosion rates in the field is both time consuming and  expensive since it is
necessary to monitor runoff events throughout the year over several years to collect data from the
range of both high and  low return-period storms that result in soil loss. It is also necessary to
measure soil loss under various crops and  tillage management systems and  for various soils and
slopes.

The Universal Soil Loss Equation (USLE) is an empirical model that was developed in the United
States in 1965 to predict long-term average annual soil loss due to water erosion. Although it has
been used to predict rates of soil erosion for agricultural landscapes across Canada, it has not been
possible to validate the predicted rates of soil loss since appropriate monitoring data have not been
available. The USLE has also been used in farm planning to select alternative cropping practices that
lower soil erosion losses. This application of the USLE has been limited since predicted soil loss
rates do not distinguish between sediment deposition in the field and  sediment transport from the
field. Therefore, it is not appropriate to employ the USLE to study the off-site or environmental
impacts of soil loss on water quality.

Recent findings from a study at the University of Guelph compound the difficulties of using the
USLE for farm planning purposes. This research has indicated that soil transport by tillage
equipment can result in significant soil loss on convex slope positions. It appears that tillage erosion
(or tillage translocation) is an important process that should be included in soil loss prediction
equations that are used for conservation farm planning. Remedial measures to control a tillage
erosion problem may be markedly different from those aimed at reducing soil erosion by water.
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As Canadian farmers move toward more sustainable crop production systems, there is a need for
improved information on soil erosion risks and  impacts on sustainable crop production. Transfer
of current soil and  water conservation technologies is required for the implementation of
environmental farm planning programs of the future. Such a process would benefit greatly from an
accurate capability to predict water erosion loss for various soils and landscapes and for any given
set of management practices.

Efforts are ongoing in the USA to revise and improve the USLE for use in farm planning for
sustainable production. The revised universal soil loss equation (RUSLE) is now available but has
not been tested or modified for use in Canada. Concurrent to the revision of the USLE, a new soil
erosion model called the Water Erosion Prediction Project (WEPP) is being developed and  tested
by the United States Department of Agriculture. The WEPP model is process based and  more
sensitive to soil and  climatic conditions. Canadian soil scientists are participating in the validation
of this model and  the testing of winter runoff routines. The testing of both the RUSLE and  WEPP
models in Canada is limited by the lack of soil loss data for agricultural landscapes on which to
calibrate and  validate soil erosion model results.

In consideration of the requirement for an improved predictive technology and  the potential of
technologies that are emerging in the USA, this water erosion study was established to ascertain the
validity of these emerging capabilities for water erosion prediction for soils and  farming systems
in Canada and  to collaborate with scientists across Canada and  the USA in the development of
improved predictive capabilities.

OBJECTIVES

A water erosion monitoring and  prediction study was developed to evaluate the effect of water
erosion on soil quality and  provide guidelines for the implementation of soil conservation practices
by:

i) conducting baseline monitoring of soil erosion rates on agricultural landscapes across
Canada,

ii) validating water erosion prediction methods,
iii) using water erosion models to predict past and  future changes in soil erosion losses on

agricultural landscapes, and
iv) compiling a report on soil erosion risk and  a handbook for estimating soil loss from water

erosion for conservation planning.
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METHODS

Baseline Erosion Monitoring

137Cs  was deposited on the earth's surface in the early 1960's as a result of nuclear testing. Since it
is a radioisotope which is held strongly to clay particles and therefore moves with the soil, it acts
as a tracer for investigating soil movement. Soil quality benchmark sites (see Chapter 5, Figure 5-1)
across Canada have been sampled for 137Cs  analysis on a detailed grid basis or transects to study soil
redistribution on agricultural landscapes. Soil redistribution is the movement of soil by any process
from one landscape position to another or off the field. In addition to these benchmark sites, 27 slope
profiles (3 soils, 3 cropping histories, 3 replicates) have been sampled for 137Cs  in PE. Erosion plots
also have been sampled for 137Cs  in BC and NB. Using these data, a national data base of soil
redistribution has been initiated. In several years time, these sites can be resampled to further
investigate the redistribution of soil on the landscape.

Plots for measuring soil erosion by water have been established in ON, BC, AB, MB, and NB. At
these locations, soil loss is measured for all runoff events throughout the year. Year-round
monitoring is critical given that significant percentages of annual erosion can occur in very short
periods of time, often during the spring thaw period.

Model Validation

Several versions of the WEPP model are planned for release in the near future (1995). The hillslope
version (for which working versions currently exist) has been designed to model soil and  water loss
at the field scale. The watershed version allows for all the processes modelled with the hillslope
version but permits the movement of runoff and eroded sediment into grassed waterways,
impoundments, ephemeral gullies etc. Modelling soil and  water losses for a larger area is permitted
with the grid version of WEPP. The grid version requires breaking up the landscape to be modelled
into square grid cells. Water and  soil is then routed from one cell to another. This version permits
GIS linkages.

Work has been done cooperatively with the WEPP core team from the USA to validate model
routines in the preliminary model releases and  perform some initial calibration exercises. The
WEPP model utilizes measured weather data or a climatic data generator known as CLIGEN for
creating the necessary climatic file inputs to WEPP. The CLIGEN model is being used to fill in
missing data for selected Canadian climate stations. Testing of the CLIGEN model was also initiated
to establish whether the model generates a realistic distribution of extreme events that are so critical
for soil erosion analysis.

Climatic data on freeze-thaw cycles, rainfall on frozen ground, and  snowmelt were also compared
with winter soil loss data to better understand and  predict winter soil erosion losses.

Tillage erosion is defined as the variable redistribution of soil through tillage translocation resulting
in net losses and  net accumulations of soil along the path of tillage transecting a landscape. The
action of tillage is dynamic in that the impulse applied to the soil varies in time and space in
response to the spatial complexity of the landscape. A study was conducted at the University of
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Guelph to model tillage translocation and tillage erosion. The purpose of this exercise was to come
closer to quantifying the contribution of tillage erosion, alone, on redistribution of soil in the
landscape. Data from two sites in southern Ontario were used to validate the proposed model.

Changes in Water Erosion Losses

As conservation management practices are implemented across the country, there is a need to track
improvements in soil erosion rates and  highlight areas where high erosion potential still exist. To
analyze the trend in erosion rates on a national basis, estimates of soil erosion rates over time must
be calculated. It was proposed that the WEPP model be utilized to calculate trends in water erosion
using farm census data from 1981 and  1991. Since the WEPP model is still in the developmental
stage, the USLE was determined to be the best technology currently available for this state of
environment reporting.

Technology Transfer of Water Erosion Information

Identification of areas in Canada that are at risk to water erosion was seen as an important client
need. Consequently, the soil landscape maps for Canada were used as the basis for establishing
water erosion risk maps. The risk of water erosion for all of Canada was estimated using the USLE
for each polygon on the soil landscape map.

Another important area of technology transfer involves providing assistance to planners, consultants,
farm managers and  conservation specialists in predicting soil losses from water erosion. A soil
erosion manual which is easy to use was prepared to meet this need. The purpose of the handbook
is to provide soil conservation planners with current information for USLE or RUSLE soil loss
predictions. The information in the handbook will improve the reliability of erosion predictions
made with these existing methods and  will provide a compilation of the best methods for predicting
soil erosion by water for Canadian conditions.

RESULTS AND DISCUSSION 

Baseline Monitoring

To study soil redistribution on agricultural landscapes, soil samples from field-scale plots in BC,
AB, SK, MB, ON, QU, and  NB were analyzed for 137Cs. Watershed-scale plots were sampled for
137Cs  analysis in SK and  PE. The data for QU, NB and  PE have been analyzed and  reported. Cao
et al. (1993) reported that soil redistribution at 2 QU sites averaged 24.3 and  12.9 t ha-1 yr-1; well
above the  often proposed tolerance level of 5 t ha-1 yr-1. Soil loss differences were related to slope
and  cropping history variation. The average soil movement per year of tillage was almost the same
at each site. The most eroded landscape positions at the 2 sites lost 97 and  64 t ha-1  yr-1. Cao et al.
(1994) reported soil movement from continuous potato production in NB. Average soil loss over the
last 30 years was 53 t ha-1 yr-1 with a maximum value of 190 t ha-1  yr-1. Potato yield data showed a
strong relationship with soil movement. About 0.15% loss of yield was associated with each 1 t
ha-1 yr-1 soil loss. Kachanoski (1992) reported soil loss rates under different soil and cropping
practices from small watersheds in PE. The average losses for all slope positions were 20 t ha-1 yr-1
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and 40 t ha-1 yr-1 for a less intensive and more intensive management system, respectively. Some
soils exhibited soil loss rates of 70 t ha-1 yr-1. The findings from all of these monitoring studies
indicate extremely high soil losses which are unlikely a result of water erosion alone but illustrate
the severe effect of tillage translocation of soil on some landscapes.

Model Validation

Climatic data files required to run the WEPP model have being compiled for 33 locations across
Canada for use in erosion prediction equations. A detailed list of WEPP model parameter
requirements has been sent to study co-operators collecting soil loss data to ensure that the best
possible data bases were created. Modelling protocols have been developed for project modellers
to ensure compatible data across the country. The protocols include details on data management,
methods for calibration and  preferred modes of operation. Information on troubleshooting and
information dissemination are also included.

Preliminary versions of the WEPP hillslope model have been evaluated on microplot-scale data in
ON and with plot-scale data in BC. Sensitivity analysis of important input parameters has indicated
that saturated hydraulic conductivity and  rill and  interrill erodibility are the most critical input
parameters.

Previous versions of the hillslope model did not allow for seasonal variation of saturated hydraulic
conductivity (Ksat). Validation work by Cao et al. (1993), using a data set collected from three
Ontario soils for a one-year period, indicated a large variation of the calibrated Ksat parameter over
the year (Fig. 7-1). These data indicate a marked decline in Ksat from June through to March. Note
that these soils were fallowed and  untilled for the entire year eliminating tillage as a cause for the
temporal variation. As a result of these findings, the final version of the model will permit temporal
variation of the parameter. The calibrated interrill erodibility values (Ksat) for the same three soils
are shown in Fig. 7-2. Again, the results clearly show a temporal variability of this parameter, with
erodibilities of all soils increasing in the fall and  reaching their highest values in March.

Additional WEPP validation studies in Ontario using another data set also on the microplot scale
and  in event mode, have indicated that, under notill conditions, the model tends to overpredict
surface runoff volume. Alteration of the hydraulic conductivity parameter to values almost twice the
observed were required to force the model's predicted runoff to match observed runoff. For the
conventionally-tilled plots, field-measured Ksat values were the best estimates of measured runoff.

Validation work in BC at the plot scale in event mode has shown that WEPP underpredicts soil and
water losses. Running in continuous mode, the model underpredicted snowmelt and  overpredicted
rainfall runoff. The model was also unable to correctly rank the monitoring plots in terms of soil and
water losses (van Vliet, 1993).
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Fig. 7-1. Temporal variability of calibrated Ksat for three soils.

Fig. 7-2. Temporal variability of calibrated Ki for three soils.
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Hayhoe et al. (1992a, 1992b) reported information on freeze-thaw cycles, rainfall on frozen ground,
and  snowmelt over a six-year period for selected locations in Canada. Further work by Hayhoe et
al. (1993) indicated that current models (WEPP and the versatile soil moisture budget - VB) do not
adequately predict winter and spring runoff. Specific problems include the tendency for WEPP to
overpredict snow depth (Fig. 7-3), and to show no relationship of predicted to observed frost depth
(Fig. 7-4). Seasonal freeze/thaw cycles were also not well modelled by WEPP (Fig. 7-5). These
results highlighted the need to modify the winter components of WEPP through continued
communication and  cooperation with WEPP developers in the USA.

Lobb and  Kachanoski (1993) developed a tillage erosion model at the  University of Guelph. The
redistribution of soil within the  landscape is modelled as a simple input/output system using
estimated grid point values for soil and  tillage parameters, and  forward, backward and  central
differences for topographic parameters. The tillage erosion model will be used to identify landscapes
where tillage erosion processes are dominant. A working model demonstrating the relationship
between landscape position, tillage system, and  soil loss has been developed and  tested on two sites
with complex topography in Ontario. The new model developed to estimate tillage translocation as
a function of slope gradient and  slope curvature as given by Lobb and  Kachanoski (1993) is:

Fig. 7-3. Estimated and observed snow depth using the versatile
soil moisture budget (VB) and WEPP for the 1982-83
winter season.
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TN  =  (" + $2 + J N)  

where: TN = net tillage translocation (kg m-1)
" = translocation by tillage unaffected by slope gradient or curvature (kg m')
2 = slope gradient (%)
N = slope curvature (% m-1)
$ = coefficient to describe the additional translocation resulting from slope

gradient (kg m-1)
J = coefficient to describe the additional translocation resulting from slope

curvature (kg %-1)

To calculate net tillage translocation or tillage erosion, the equation is:

TN = (" + $ 2o + J No)  -  (" + $ 21 + J N1)

where 2o, No represent forward (output) movement of soil from the point and 21 + N1 represent
inputs.

Fig. 7-4. Relationship between observed and estimated frost depth
using WEPP for 1982  through 1984.
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Changes in Water Erosion

Trend analysis of water erosion is in progress using census data from 1981 to 1991. The USLE is
being used to estimate water erosion for each province for each year that census data are available.
The provinces of Ontario and  Manitoba are being used to test the methodology initially. C factors
will be developed for each of the soil landscape map polygons based on census data. Other USLE
factors used in creating the erosion risk maps will be used to create an estimate of soil loss rates. The
results of this study will highlight areas where changes in management practices have resulted in
significant reductions in soil erosion by water on a national scale.

Technology Transfer of Water Erosion Information

Maps of water erosion risk are currently available for all regions of the country (except BC and  the
maritime provinces) at a scale of 1:1 million (remaining provincial maps to be released in 1995).
These maps are one of a series of interpretive soil degradation maps based on the Soil Landscapes
of Canada series. The risk class for water erosion occurring on bare, unprotected mineral soils is
provided in the map symbol for the dominant soil and  the sub-dominant soil (if present) for each
map polygon. There are 5 water erosion risk classes that are useful to agriculturists, planners, soil
conservationists, and  others concerned about soil quality at the regional level. The maps are of

Fig. 7-5. Relationship between observed and estimated seasonal freeze-thaw
cycles using WEPP
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limited use for site specific evaluations. Findings from the water erosion trend analysis will also be
available in tabular form and, in the future, in map form.

The soil erosion manual or handbook has been completed. Until improved technology is developed
for application in Canada, the manual focuses on the use of the USLE for soil and water
conservation planning. Besides utilizing the information published by Wischmeier and  Smith
(1978), the manual contains recommendations for determining USLE factors for Canadian
conditions. Where appropriate, the manual incorporates the RUSLE technology as modified for
Canadian conditions. As well, a wide variety of C-factors for Canadian crops are available in table
format. Details of special cases as well as limitations are also presented in the document.

SUMMARY

A water erosion project was initiated to determine the potential for water erosion to impact on soil
quality. The project included plot-scale erosion monitoring to measure actual soil loss as well as soil
loss and  redistribution based on 137Cs analysis for agricultural landscapes. The soil loss and
redistribution data were used for validation of soil erosion prediction equations for Canadian
conditions. Technology transfer publications were prepared to assess erosion risk at a regional scale
and  to assist erosion prediction at the field level for soil conservation planning.

FUTURE WORK

Validation efforts of the RUSLE and  WEPP models have been impeded as a result of delays in their
release. The RUSLE (Revised Universal Soil Loss Equation) model has only recently been
published (Soil and  Water Conservation Society 1994) The model has been tested under USA
conditions but, to date, has not undergone any validation with Canadian data. This validation process
is very important given the importance of freeze/thaw cycles on water erosion in Canada. Recently
collected soil erosion data in BC and NB will be used to validate the model under Canadian climatic
conditions.

Preliminary releases of the WEPP model are being validated with erosion plot data from across
Canada as part of the cooperative effort with the  USDA scientists. Winter erosion data from BC,
ON and  MB will be used to further evaluate the winter runoff and  soil loss routines of the newer
version of the WEPP model.

Once the WEPP model has been validated for Canadian conditions, the  appropriate version will be
used to predict changes in soil erosion rates that may have resulted from the implementation of soil
and  water conservation practices on agricultural land over recent years. In the interim, the soil
erosion trend analysis is continuing using the USLE.

The WEPP model will be used in conjunction with the 137Cs  data to compare actual (as measured
with 137Cs) vs predicted soil redistribution on a landscape. This will highlight regions of the country
where tillage erosion is the dominant process.
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CHAPTER 8
EVALUATING CHANGES IN SOIL ORGANIC MATTER
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INTRODUCTION

Soil organic matter plays a key role in soil quality. It is a source of and a sink for plant nutrients in
soils and is important in maintaining soil tilth, aiding the infiltration of air and  water, promoting
water retention, reducing erosion, and  controlling the efficacy and fate of applied pesticides.
Because of its involvement in the different aspects of soil quality, Larsen and  Pierce (1991)
suggested that soil organic matter is the single most important indicator of soil quality and
productivity.

Land use and  agricultural management practices directly affect the amount, distribution, and
decomposition of organic matter in soil. Changes in soil organic matter may be evaluated using
qualitative, quantitative and  predictive methods. Assessment of the effect of management practices
on the amount of organic matter in soils can be made at the landscape level and  in smaller research
plots. However, the quantity of organic nutrients alone may not be the best indicator of soil quality.
Actively cycling fractions or pools of organic matter are sensitive to changes in soil management,
soil perturbations, and  inputs in the soil. Therefore, evaluation of these properties may be important
in providing an early indication of longer-term trends in soil quality.

The concept of sustainable agriculture implies that a soil must sustain its ability to produce crops
over an extended period of time. In this context, the prediction of changes in soil organic matter
using simulation models becomes an important tool in assessing the impact of management practices
on soil quality.

This study was initiated to evaluate changes in soil organic matter in Canada. The objectives of this
study were to test and  assess a simulation model capable of predicting changes in organic matter in
different soils/crop rotations in Canada, to develop criteria for evaluating soil organic matter quality,
and  to assess the actual changes in soil organic matter associated with the adoption of agricultural
systems in Eastern Canada.
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THE CENTURY MODEL

A detailed description of the CENTURY simulation model is presented in Parton et al. (1987). In
the model, surface and root litter material are considered separately, with incoming plant material
divided into structural and  metabolic material. Surface microbes are modeled separately and  soil
organic matter (SOM) comprises three pools with different turnover times. The active pool consists
of live soil microbes and  microbial products, the slow pool includes plant and  microbial products
that are relatively resistant to decomposition and the passive pool is chemically recalcitrant or
physically protected. Decomposition of SOM is considered as a function of monthly soil temperature
and moisture. Soil texture controls the amount of stabilized and  oxidized organic matter. The split
of the decomposing plant residue between structural and  metabolic components is considered to be
controlled by the initial lignin to nitrogen (N) ratio of the residue. In addition CENTURY has input
files to assess the effects of management practices (e.g., fertilization, tillage, harvest, addition of
organic amendments) and  of events, such as grazing and  erosion, on biomass production and  SOM
levels.

A sensitivity analysis of the model was conducted to determine the effects of changing specific input
parameters and  variables on model output, i.e., soil organic carbon (C). Control simulation runs
involved scenarios with and  without amendments of organic matter. The model was sensitive to the
rate of soil erosion, texture, rates of CO2 flow from soil organic matter pools, plant biomass
production, and  removal of plant residues. Rates of fertilizer application and  the lignin/N ratio had
smaller effects on model output (Monreal et al., 1992; Gregorich, unpublished information).

Simulating Soil Organic Matter Dynamics in Long-Term Rotations of Western Canada

The dynamics of soil organic matter were examined in long-term crop rotations established across
a climosequence of soils in western Canada. Organic C and  total N in the 0-30 cm depth were
measured over periods of up to 80 y in soils under wheat-fallow (WF), wheat-wheat-fallow (WWF),
continuous wheat (CW) and  barley (CB) rotations. These rotations were managed under
conventional tillage and  no-till.

Management practices, type of rotation, and  rate of soil erosion influenced the level of SOM across
all sites. On average, for a Chernozemic Brown soil cropped for 23 y with fertilization based on soil
tests, the amount of N decreased by 3% under WF, increased by 11% under CW, and  was sustained
under WWF. The dynamics of C paralleled those of N. Cropping a Chernozemic Dark Brown soil
at Lethbridge for 80 y without fertilizer additions resulted in a decrease in the amount of C by 24%
under WF and  WWF and 16% under CW. The dynamics of N followed that of C (Monreal and
Janzen, 1993). Between 1910 and  1990, the C/N ratio of soil under WF and  WWF remained fairly
constant (9-10), however, it steadily increased under CW to a value of 11. Continuous removal of
N by grain was associated with faster N depletion under CW. The amount of C and  N was sustained
under ten years of CB under no-till in a Chernozemic Black soil. In general, greater depletion of
SOM was observed in plots with lower inputs of plant residues and  high rates of soil erosion (> 20
t ha-1 y-1.
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Measurements of 137Cs  activity indicated that physical removal of soil by erosion may outweigh the
effects of biochemical oxidation on SOM. Sixty-nine percent of soil organic matter losses were
associated with soil erosion in the Chernozemic Brown and  Dark Brown soil. No erosion losses
were detected in the Chernozemic Black soil under zero-tillage.

The CENTURY model mimicked the SOM dynamics in the Brown, Dark Brown, and  Black
Chernozemic soils. On average, for all sites, crop rotations, and  years, CENTURY underpredicted
changes of C by up to 5% of measured values, and  either over- or underpredicted N by up to 2% of
measurements (Figs. 8-1, 8-2). The greatest variation from observed values occurred for some
specific sites, crop rotations, and  years, where CENTURY underpredicted C by up to 13% and
overpredicted N change by up to 20%. CENTURY is not appropriate for modeling soil organic
matter dynamics in Solonetzic soils because the effects of unique hydro-geochemical processes on
the C and  N cycles are not represented in the model (Monreal et al., 1992).

CENTURY accurately predicted changes in soil organic C and  N as influenced by soil fertility
treatments in a relatively short time under continuous corn in southwestern Quebec (Table 8-1). The
positive effects of cattle and  poultry manure applications on soil organic matter levels in Ontario
and  Quebec also were predicted with CENTURY. Simulated values of C were within 5% of
measured values in soils that had begun receiving manure applications after 10 years of declining
C levels due to continuous corn and  high rates of erosion (Fig. 8-3).

IMPACT OF MANAGEMENT ON THE QUANTITY AND COMPOSITION
OF SOIL ORGANIC MATTER

A study was initiated in which soils under agricultural crops and  adjacent forests were compared
to evaluate the impact of agriculture on the quantity and  composition of soil organic matter. Soils
under different management regimes were sampled at 22 sites in eastern Canada. The sites were
carefully selected to provide a detailed history of soil management and  to minimize the effects of
soil redistribution from erosion and  tillage. Each site included a native forest and  one or more field
crops or pasture; four profiles were sampled under each management type at each site.

The mass of C in cultivated soils was about 35% less than in forested soils. Losses of C exceeded
the losses of N at all sites, consequently, the mass of N in cultivated soils was about 20% less than
in forested soils. Several cultivated soils had greater levels of C and N than adjacent forested soils.
The decline in C levels that occurred with deforestation and cultivation was greatest on light-textured
soils. In a poorly drained soil, C levels were significantly higher in areas where tile drains had been
installed. A comparison between fertilized and  unfertilized soils showed that annual application of
fertilizers over 35 years increased soil C levels, primarily as a result of greater amounts of residues
returned to the soil. The light fraction (< 1.8 g cm-3), isolated from soils by flotation on dense liquids
(Gregorich and  Ellert, 1993), accounted for a larger proportion of the soil mass and  whole-soil C
in forest soils than in cultivated soils. The light fractions were enriched in C relative to the whole
soils and  had a C/N ratio of 20 to 30, suggesting that the carbon-rich
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Fig. 8-1. Predicted change in organic C in a Chernozemic Dark Brown soil.
Solid lines = observed, dotted lines = predicted.

Fig. 8-2. Predicted change in total N in Chernozemic and  Solonetzic soils.
Solid lines = observed, dotted lines = predicted.
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Table 8-1. Predicted soil organic C (OC) and  N (ON) by the CENTURY model and  percentage
differences (PD) between predicted and  measured values

Year
Normal Fertilizer Rate ‡ High Fertilizer Rate

OC
(g m-2)

PD
(%) 

ON
(g m-2)

PD
(%)

OC
(g m -2)

PD
(%)

ON
(g m-2)

PD
(%)

1984 4000 - 461 - 4074 - 479 -

1985 4320 - 420 - 4479 - 433 -

1986 4355 - 411 - 4564 - 426 -

1987 4376 4.0 410 0.7 4634 6.0 429 -1.2

1988 4421 - 413 - 4720 - 435 -

1989 4423 - 412 - 4755 - 437 -

1990 4455 -4.5 413 -1.9 4822 -1.7 441 -0.9

1991 4456 - 414 - 4852 - 444 -

1992 4466 - 414 - 4889 - 446 -

   1992 † 4490 0.7 415 3.5 4938 -1.6 450 3.7

† Values for the fall of 1992.
‡  Normal=170-100-170 kg N-P2O5-K2O ha-1, and  High=400-300-400 kg N-P2O5-K2O ha-1.

Fig. 8-3. Observed and  predicted levels of organic C in a Luvisolic
soil. Solid line = observed, dotted line = predicted.
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material in the light fraction is a potential source of energy for the soil microbial biomass. The C
enrichment (% C in light fraction/% C in whole soil) in the light fraction of cultivated soils was
generally greater than in the light fraction of forest soils because cultivation caused greater decreases
in the C concentration of whole soils than in the light fractions.

Natural 13C abundance was measured in a forest and  in adjacent cultivated soil (under continuous
corn for more than 25 y) to estimate the quantity of carbon derived from corn, as well as the turnover
of SOM (Gregorich et al., 1992). About one-third of the organic matter in the plow layer had turned
over since the start of continuous corn cropping. The turnover of organic matter was most rapid in
the sand fraction and  slowest in the coarse silt faction.

The effects of crop rotation and  management on the quantity and  quality SOM were also studied
by cross-polarization magic angle spinning (CP/MAS), solid 13C nuclear magnetic resonance (NMR),
and  pyrolysis field ionization mass spectrometry (Py-FIMS). CP/MAS 13C NMR showed that 70 and
23% of the soil organic C consisted of aliphatic and  aromatic structures, respectively. Excessive
tillage decreased SOM and  most chemical structures were lost from the sand and  silt fractions of
a Gleysol. Removal of organic matter with cultivation did not discriminate against the major types
of organic structures. On average, aliphatic and  aromatic compounds of SOM showed similar
turnover rates. Therefore, biological recalcitrance may not be a consequence of an increased content
of resistant aromatic structures, as previously believed (Monreal et al., 1993a).

Studies conducted with aggregates showed that SOM is protected within macro-aggregates and  the
disruption of these units by tillage results in significant deterioration of soil quality (Monreal et al.,
1993b). Py-FIMS permitted the identification of almost 60% of the macromolecules in SOM of
Gleysolic and  Chernozemic soils. An aggrading Chernozemic Brown soil under CW had a greater
amount and  variety of soil organic compounds than a degrading WF rotation. Carbohydrates and
phenolic plus lignin monomers were the most abundant (< 10-15%) classes of identified SOM
compounds. Sterols, lignin dimers, and  other long-chain fatty acids were found at lower
concentrations (< 4%) but were responsible for the stability of macro-aggregates (> 250 fm).

BIOLOGICAL PROPERTIES USED TO ASSESS SOIL ORGANIC MATTER
QUALITY IN AGRICULTURAL SOILS

Several biological properties that are indicators of a soil's ability to accept, store, and  release energy
can be used to assess SOM quality, each providing a specific characterization or facet of SOM
quality. To characterize how soil quality changes over time, these properties must be sensitive to
changes in soil management, soil perturbations, and  inputs into the soil system.

Soil organic matter quality may be evaluated by measuring the following biological properties: total
organic C and  N, light fraction, mineralizable C and  N, microbial biomass, and  soil enzymes.



8-7

Total Organic Carbon and Nitrogen

Organic carbon and  nitrogen contents in soil are a result of a complex interaction between additions
of C and  N through fertilizers and  plant and  animal residues and  losses of C and  N through
microbial decomposition, mineralization, and  erosion. Changes in inputs, such as fertilizers and
returned residues, and  changes in mineralization rates and  microbial activity will ultimately be
reflected in the total C and N content. Temperature and  moisture are the most important factors
influencing mineralization rates in soil, and  the impact of management practices on C and  N levels
varies with soil climate. Management practices, such as the type of tillage, cropping frequency, type
of crop, and  the addition of inorganic and  organic amendments, affect C and  N levels (Campbell
et al., 1990).

Light Fraction

The light fraction of soil contains residues derived from plants, animals, and  microorganisms in
various stages of decomposition. It serves as a readily decomposable substrate for microorganisms
in soil and  is an important reservoir of plant nutrients. The light fraction usually represents a small
portion of the soil by weight (0.1 to 3% of the total weight of cultivated soils) but yields up to a
tenfold concentration of organic materials, compared with the whole soil. Thus, the proportion of
organic matter in the light fraction may respond more quickly and  provide an earlier indication of
changes in organic matter than the total level of soil organic matter.

Mineralizable Carbon and Nitrogen

Mineralizable C and  N are derived from the  fraction of soil organic matter that receives inputs of
fresh plant residues and  that yields outputs of CO2 and inorganic N when the residues are
decomposed. More than 75% of soil organic matter exists as compounds that are only slowly
decomposable, whereas less than 25% is present as readily decomposable or mineralizable
compounds. Mineralizable soil organic matter is a critical indicator of organic matter quality because
it determines nutrient dynamics within a single growing season, organic matter content in soils under
contrasting management regimes, and  C sequestration over more extended periods.

Microbial Biomass

The soil microbial biomass functions both as an agent for the transformation and  cycling of organic
matter and  plant nutrients within the soil and  as a sink or source of labile nutrients. In the latter role,
the microbial biomass accounts for 2 to 5% and  2 to 6% of soil organic C and  N, respectively. Thus,
it functions within the soil as a store of labile organic matter. Due to its dynamic nature, microbial
biomass quickly responds to changes in soil management and  soil perturbations and  is sensitive to
various toxicities in soil. Microbial biomass has also been shown to be related to various soil
structure indices (Carter, 1992).
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Soil Enzymes

Soil enzymes are synthesized by plants and  soil organisms that transform simple and complex
substrates to satisfy their metabolic needs. These proteins are found in living organisms (biotic
enzymes) or in dead cells of microbial and  plant tissues (abiotic enzymes). Soil enzymes represent
molecular subsystems of the microbial biomass and  can be used as indicators of soil quality if their
activities are sensitive to the effects caused by pollutants and  farming practices, such as cultivation,
summerfallowing, fertilization, and pesticide application.

Carbohydrates

Soil carbohydrates originate from plants, animals, and  microorganisms. They account for 5 to 20%
of the total organic C in soil and represent one of the largest chemically identifiable fractions of soil
organic matter. In the free state they are readily degradable and  are primarily used metabolically as
sources of energy by microorganisms, but their persistence in soil has been attributed to their
involvement in soil aggregation processes and their chemical structure, which limits metabolism.
Soil carbohydrates have been studied primarily in relation to their role in soil aggregation. Good
correlations between carbohydrate content and  soil aggregate stability (Angers et al., 1993) suggest
that the labile fraction of the carbohydrate pool could be used as a sensitive indicator of changes in
organic matter quality.
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CHAPTER 9
ASSESSING AND MONITORING SOIL SALINIZATION

R.G. Eilers1, W.D. Eilers2, W.J. Stolte3,
M. Trudell4, R. Stein4, W. Read5  and  H. Vander Pluym5

1 Agriculture and Agri-Food Canada, Research Branch, CLBRR Manitoba Land Resource Unit,
Winnipeg, Manitoba

2 Agriculture and Agri-Food Canada, Research Branch, CLBRR Saskatchewan Land Resource Unit,
Saskatoon, Saskatchewan

3 University of Saskatchewan, Department of Civil Engineering, Saskatoon, Saskatchewan
4 Alberta Research Council, Edmonton, Alberta
5 Alberta Agriculture, Food and Rural Development, Lethbridge and Edmonton, Alberta, respectively.

INTRODUCTION

Soil salinization is a major soil quality issue in many agricultural landscapes on the Canadian
Prairies. The extent of salinized lands has been estimated at 2.2 million hectares or about 6.0 per cent
of improved agricultural land. This translates into an estimated annual financial loss of $104 to $257
million to Canadian prairie agriculture (Dumanski et al. 1986).

The process of soil salinization is primarily related to long-term hydrologic and  climatic conditions.
High water tables, high evaporation rates, and  the presence of soluble salts in the soil system are the
prime requisites for soil salinization.

The majority of saline soils on the prairies were present long before the advent of cultivated
agriculture. Nevertheless, there is a widely held perception that agricultural practices have
contributed to a significant and  widespread increase in the extent of soil salinity.

Many agricultural practises have changed the local hydrology of the landscape by changing the
vegetation, rate of infiltration and  surface runoff. These changes have resulted in a redistribution
of water in the landscape and  thus have changed the primary factors controlling the process of soil
salinization. Information about the impact that common agricultural management practices have on
changing the status of soil salinity is needed for designing sustainable land management practices.
Methodologies and  tools (techniques) are required for developing effective methods of controlling
the salinization process, mitigating the salinity problem if possible, and/or developing sustainable
alternative land use scenarios.

Within the overall context of soil quality assessment and  monitoring, salinity must be assessed in
terms of its deleterious impact on productivity. Crop yields decline at various rates related to the



9-2

inherent salt tolerance of the plants. Increases in either the extent or degree of salinity results in
decreased soil quality and hence decreased crop yield.

Soil salinity can adversely affect soil quality - productivity in three ways. Firstly, high concentrations
of soluble salts restricts the ability of plants to utilize available soil water by creating an unfavorable
osmotic differential between the plant root and  the soil solution. Secondly, the dispersive effects of
abundant sodium in the soil can cause a deterioration of soil structure, resulting in restriction of root
penetration and  the physical flow of water and  nutrients. Thirdly, toxic influences of certain anions
or cations present in saline soil solution may adversely affect the nutritional balance of plants. The
end result is a serious reduction in the capacity of the soil to produce food and  fibre crops.

USER REQUIREMENT AND STUDY OBJECTIVES

The development of management practices for salinized soils must be designed with consideration
for the long-term impact to control, mitigate, sustain or ameliorate the quality of the soil. This
requires improved capabilities to monitor and  predict change in soil salinity as a function of applied
management practices. The specific goals of this study were:

i) to assess the extent and  severity of soil salinity at selected benchmark sites representative
of typical agricultural landscapes and  hydrologic settings on the prairies.

ii) to utilize simulation process models (SEEP/W and CTRAN/W) and  field monitoring
procedures to assess the impact of agricultural management practices on the status of soil
salinity, and

iii) to determine the type and  magnitude of the change in soil salinity under known conditions
of weather and  land use through annual and  seasonal monitoring of benchmark sites.

Description of Approach and Rationale

Salinity is fundamentally a water management problem as controlled by the surface morphology of
the landscape, the type of surface cover and  the stratigraphy and  hydraulic gradients below ground
level. The long-term evaporative loss of water from the soil surface eventually results in the
accumulation and  concentration of soluble salts on or near the soil surface. On this premise, a
multi-disciplined study team consisting of pedologists, hydrologists, agriculturalists, and civil
engineers was established to develop a monitoring program, to monitor the seasonal and  annual
salinity status and  to investigate, through simulation process modelling, the parameters controlling
salinity in several selected landscapes on the Canadian Prairies.
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VALIDATION OF SALINITY CHANGE ON THE CANADIAN PRAIRIES

Documentation of soil quality change as a function of soluble salts requires a series of reference
points in representative agricultural landscapes

Benchmark Sites, Distribution and Characteristics

Seven sites distributed throughout the Prairies were selected to serve as long-term benchmark sites
for investigating and  monitoring salinity change. These sites as listed below, will serve as baseline
reference points to which future analysis and  assessments will be compared. These are the first
monitoring sites to be established on the Canadian Prairies with the specific purpose to assess the
dynamics of soil salinity change with time, climate and  land use.

The monitoring sites are also intended to serve an important extension function for promoting soil
salinity awareness, education extension, and  discussing soil quality as affected by salinization in the
landscape. Farmers, conservationists, scientists, and  students will benefit from visiting these sites
and  from the information being gathered.

Province Site Name Investigator (Agency)

Manitoba Warren Site R.G. Eilers (CLBRR)1

Saskatchewan Cory (Dalmeny) Site W.D. Eilers (CLBRR)

St. Denis Site W.D. Eilers (CLBRR)

Prairie View Site W.D. Eilers (CLBRR)

Alberta Lunty (Forestburg) Site M.R. Trudell (ARC)2

Crossfield Site B. Read (ADA)3

Blackspring Ridge Site R. Stein (ARC)

1 Centre for Land and  Biological Resources Research,
2 Alberta Research Council,
3 Alberta Department of Agriculture, Food and  Rural Development.

The distribution of these sites is shown in Fig. 9-1 and  the general characteristics of each site are
presented in Table 9-l.
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Table 9-1. General characteristics of the salinity monitoring sites

ALBERTA

Forestburg
(Lunty Site) Blackspring Ridge Crossfields

Soil Zone: Black Dark Brown Black

Genetic Material: Morainal Lacustrine Morainal

Textural Class: Clay loam Clay loam Loam

Surface Expression: Hummocky Level Undulating

Slope Class: 4 (5.0 - 9.0%) 2 (0.5 - 2.0%) 3 (2.0 - 5.0%)
Purpose: (Original)
(Current)

Ph.D. Res. Site
Monitoring

ARC Study Site
Monitoring

DSIS1
Monitoring

Location: SW4, SE5-41-15-W4 SW12-13-23-W4 SE26-28-28-W4

- Dryland Salinity Investigation Service

Fig. 9-1. Location of salinity monitoring sites on the Canadian
Prairies.
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SASKATCHEWAN

Cory St. Denis Prairie View

Soil Zone: Dark Brown Dark Brown Brown

Genetic Material: Lacustrine Morainal Morainal

Textural Class: Clay loam Loam Loam

Surface Expression: Undulating Hummocky Undulating

Slope Class: 2 (0.5 - 2.0%) 5 (10.0 - 15.0%) 3 (3.0 - 5.0%)

Purpose: (Original) Cropland CWS1-NHRI2 Res. PFRA3

(Current) Salt monitor Salt monitor Salt monitor

Location:            SW 32-37-6W3 SW 29-37-1W3 SW 18-18-11W3

1 Canadian Wildlife Service
2 National Hydrology Research Institute 
3 Prairie Farm Rehabilitation Administration

MANITOBA

Warren Hamiota

Soil Zone: Black Black

Genetic Material: Lacustrine Morainal

Textural Class: Clay Clay loam

Surface Expression: Level Hummocky

Slope Class: 1 (0.0 - 5.0%) 3 (2.0 - 5.0%)

Purpose: (Original) GDA1 Crop Tol. M.Sc./Ph.D. Research Site

(Current) Monitoring Model validation

Location: a) SW 35-13-2W1 (King Subsite) SW11-14-23-W1

            b) NW 26-13-2W1 (Gallant Subsite)          

1 General Development Agreement, Canada - Manitoba
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SOIL SALINITY MONITORING, MODELLING AND ASSESSMENT 

Monitoring

The monitored parameters at each of the benchmark sites include: weather, soil salinity, soil climate,
groundwater table levels and  groundwater chemistry. Only the soil salinity data will be discussed
here.

The soil salinity monitoring activities have focused on the seasonal and  annual dynamics of salt
movement in the soil. Spring, summer and  fall grid surveys were conducted using electromagnetic
induction (EM38) instruments on each of the seven benchmark sites. Soil samples were taken at
permanent soil sampling sites for monitoring salt movement within the profile and  calibration of
the EM38 data. Based on the first three years of data it is not apparent that the extent of salinity is
increasing. Annual fluctuations occur in salt concentration with depth in the profile (Fig. 9-2), but
there does not appear to be any significant expansion of the area affected by the different levels of
salinity (Fitzgerald and  Eilers, 1993).

The EM38 data was utilized to evaluate the local variation in salinity and  to evaluate the timing and
frequency of monitoring activities. This monitoring will be continued for the next few years to
document trends in the status of salinity at these sites.

In the long term, this data will be used to assess the impact that agricultural management as well as
climate variations may have on the level of salt in the soil. This information has already been used
as a guide and  as a check for validation of the mathematical modelling activities at each site.

Modelling

Simulation modelling is a major component of this salinity assessment and  monitoring study. The
first goal of the mathematical modelling was to facilitate an understanding of the environmental and
physical factors affecting the processes of salinization. Two commercial modelling programs,
SEEP/W and  CTRAN/W, were adapted to five of the monitoring sites and  one test site. Data input
for the models was obtained from site data or data for similar soils and  conditions in the near
vicinity. The models were run on each study site to predict the occurrence and  severity of salinity
within each landscape. Through an iterative process, incorporating data on long-term average
climate, hydrology, geology, and  salinity, the models have been conditioned to accumulate water
flow and  salts in the appropriate positions of the landscape as verified by field inspections (Fig. 9-3,
Stolte et al., 1992).
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Fig. 9-2. Annual variation in salinity as measured by
EM38 at the King subsite near Warren,
Manitoba.



9-8

Fig. 9-3. Measured and  simulated distribution of water and  salt
along a hillslope; 9.3a. Measured bulk electrical
conductivity (EM38 data); 9.3b. Head contours and
flow vectors for the end of August (Aquifer Head =
16m, PET over lower 25 m); 9.3c. Predicted salinity
distribution along hillslope for the  end of August
(Aquifer Head = 16m, PET over lower 25m) (After
Stolte et al. 1992).
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Mathematical modelling of the salinization processes in each of the soil landscapes indicates that the
major factor influencing the accumulation of soluble salts is the evaporative flux at the soil surface.
A preliminary sensitivity analysis of a test site at Hamiota, Manitoba, shows that varying the
evapotranspiration (ET) rates along the length of a hillslope causes water from the slough to be
drawn upslope through the more permeable subsoil. With time, soluble salts gradually accumulate
in the upslope position causing salinity zones around sloughs (Stolte et al. 1992). Changing the depth
at which ET occurs had little effect, while changing the hydraulic conductivity of the top soil
affected the amount of water in the sloughs. Reducing the hydraulic conductivity reduces the amount
of flow upslope out of the slough and, consequently, reduces the amount of salt that is transported
upslope. However, changing the surface slope steepness and  the hydraulic head in the aquifer had
significant effects on the position of occurrence of salt in the landscape. Increasing the steepness of
slope caused the salts to accumulate in lower slope positions.

Utilization of this modelling process has allowed elucidation of the various factors that influence and
control the salinization process and  has given insight into the magnitude of response of soil salinity
to changes in these various parameters.

Assessment and Prediction of Soil Quality Change Due to Salinization

The third component of this study, an overall assessment of salinity status, has not been completed
as yet. Determining the status of soil salinity on the Prairies at a given point in time is a complex
undertaking. Information and  techniques learned from this study indicate that simulation modelling
utilizing landscape, climate and land use data will be an indispensable component of this assessment.
Modelling combined with the use of surrogate indicators of salinity status will facilitate extrapolation
of site information to the broader scale. For example, changes in land management practices to a
more efficient water-use production system could indicate a potential for reduced risk of salinization.
This analysis could be done after each agricultural census which would provide land use information
on a landscape basis. Assessment of the change in land use practices between census years could be
incorporated in the model for a new assessment of salinity. The landscape units would be those
utilized in the last prairie region assessment of extent and  severity of soil salinity which was
completed in 1989 (LRRC, 1:1m scale maps) using existing soil maps and  data bases. The
utilization of cropping trends as a surrogate indicator of the status of salinity change is a feasible and
practical undertaking since it is often considered to be an indicator of soil quality.

Simulation modelling will facilitate identification of those landscapes where there is likely to be
change in salt status under conditions of climate or land use practice change over time. A series of
transects distributed according to landscape map units in areas where sufficient land use data is
available could be used for model verification.



9-10

EVALUATION OF THE IMPACT OF MANAGEMENT PRACTICES
ON SOIL SALINIZATION

Assessing the impact of common land use scenarios on the distribution and  accumulation of salinity
in the landscape is required to develop effective and  efficient remediation practices. Sensitivity
analysis to evaluate the response of soil salinity to altered hydrologic (climatic, biologic and
geologic) parameters has provided a new insight to alternative practices.

At this point in the study, the modelling has concentrated on simulating the accumulation of salts
in the observed locations rather than trying to actually derive the measured concentrations or
chemistry of the salt present. Currently, field monitoring methods are being utilized to determine
annual and  seasonal changes. It is known that salinity is the net result of external climatic factors,
however, seasonal and  annual changes maybe a function of short-term climatic conditions combined
with land use practices. These relationships will be examined in a future study to design and
implement remedial measures.

Future modelling activities will also utilize simulation techniques to design and  evaluate the efficacy
of a series of management practices prior to their implementation. Modelling will thus facilitate an
evaluation of alternative mitigation practices and provide an indication of the probable time
requirement for changing soil salinity. Modelling techniques represent a viable management tool for
use in designing sustainable management practices for salinized lands. The two-dimensional models
used in this study have proven to be an indispensible part of the study and  have lead to a greater
understanding of the possible mechanisms affecting soil salinization in each of the landscapes
modelled to date.

Adequacy of Benchmark Sites and Additional Capabilities

The benchmark sites were chosen to represent a wide range of soil, landscape, geological and
climatic conditions throughout the prairie region. The information gained on the short- and  longterm
dynamics of salts in these landscapes will be applicable to similar landscapes in the vicinity of these
sites. However, direct extrapolation of the salinity status of these sites to the entire prairie region is
not possible. In order to assess the salinity status of the entire region, information gained on the
controlling processes at these sites must be combined with other sources of information. Provincial
soil testing data, rural land assessment, crop insurance and soil conservation salinity investigation
and  characterization sites (PFRA and  provincial), Canada Census, geology and  hydrology data sets
and  climatic data sets all represent potential supplemental data sets which could provide information
on long-term trends on a much broader scale.

The documentation of soil quality as determined by salinity can be examined from two points of
view. Firstly, at the regional level, a relative assessment of risk of change could be undertaken.
Secondly, additional sites or landscapes could be investigated and  monitored to verify the risk
analysis. Future monitoring capabilities should incorporate some or all of the following activities to
facilitate assessment of soil quality change due to salinity.
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1. Use of satellite sensing technology to track land use changes in landscapes as a function of
salinity. Using the soil landscapes map as a base, those landscapes (polygons) with a high ratio
of fallow land could be identified as highest risk for soil quality change due to salinity, while
those landscapes with continuous permanent vegetation cover would represent the lowest risk
units. Landscapes with combinations of fallow, annual crops and  permanent cover would be
grouped to reflect some relative intermediate risk for soil quality change due to salinization
processes.

2. Use of generalized simulation modelling tools to evaluate landscape sensitivity to salinity
change.

3. A census of soil salinity management and  remediation practices adopted in specific landscapes
to provide another surrogate indicator of change in salinity status.

4. A statistical review of the crop production trends in selected landscapes based on the inherent
tolerance of the crop to salinity. Note, this may simply mean that a more sustainable
management has been adopted for these soils rather than a change in management due to
increasing salinity.

5. Establishment of a network of transects through designated salinized landscapes and  collection
of EM38 salinity data. Transects would be geo-referenced and  would be monitored on a
seasonal/annual basis depending on site and  available resources. Data would be calibrated
with standard temperature and  moisture conditions, and  utilized for validation of simulation
modelling analysis.

6. Continued EM38 grid surveys of salinity benchmark monitoring sites established under NSCP.

Items 1 and 2 can be considered techniques of assessing risk to soil quality and  a means of
extrapolating site information (items 5 and  6) to the broader scale. Items 3 and  4 could be
considered a kind of change verification process.

CONCLUSIONS

Grid and  transect monitoring using EM38 instruments appears to be an efficient and  effective
technique for monitoring seasonal and  annual soil salinity.

Mathematical modelling has been an indispensable part of this salinity investigation. The models
SEEP/W and CTRAN/W have been easily adapted to simulate observed hydrologic and  saline
conditions in the field. Sensitivity analysis has shown that one of the most significant factors
affecting salinity is the magnitude of moisture deficit (precipitation-potential evapotranspiration,
P-PET) and  where it occurs in the landscape. In this regard, land use i.e. cropping practice is a major
influence on the water regimes and  thus on salinity. There is a very close relationship between the
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type of vegetation cover, available and/or excess water in the soil profile and  the concentration of
soluble salts in the root zone.

Preliminary results of this study indicate that much of the localized salinity in the landscapes are
locally derived from transient surface ponding and  shallow subsurface groundwaters. Therefore, to
evaluate salinity change over long periods of time will require monitoring of salinity and  land use
coupled with a dynamic modelling capability.

Through information gained in this salinity monitoring and  assessment study it is hoped that
changes in short term climate and  land use on landscapes can be related and  used to predict the
change in salinity status with in those landscapes and  hence the change in soil quality due to
salinization.
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THE SCOPE OF SOIL PHYSICAL QUALITY ASSESSMENT USED IN THIS STUDY

Soil physical quality affects the soil's ability to function for the production of food and  fibre, and
also as a porous medium for the partitioning of water and  gaseous exchange and  for environmental
buffering. In this chapter, we will consider the physical conditions within the upper soil plant root
zone or solum, knowingly excluding those very important physical conditions at the immediate soil
surface as well as other important aspects including soil structural stability. Soil pore space is of
critical importance for water, air and  nutrient supply to plant roots. In addition, soil strength
determines or limits the growth and  distribution of plant roots and  influences the load bearing
capacity and  trafficability of the soil. The studies reported in this chapter were aimed at developing
or adapting procedures to assess selected aspects of soil physical quality, such as the structural
condition of agricultural soils. The results presented have provided an indication of the current status
of soil structural quality for a range of agricultural soils in Canada, and  the methods introduced can
be applied at differing spatial scales and  at differing levels of refinement.

The suitability of physical rooting conditions in a soil is a function of complex interactions involving
soil strength and  the supply of air and  water to plant roots. An attempt has been made to integrate
this complex interaction into a single parameter, the Non-Limiting Water Range (NLWR) (Letey,
1985). Water contents that lie within this range are those where the water available for root uptake
is not limited by lack of aeration for root respiration, by excessive mechanical resistance to root
growth or by water too tightly sorbed by the soil. Methods are described which were used to
determine the NLWR for the upper profile of soils from various locations across Canada. The results
of using these methods on a variety of soils subjected to varying levels of intensity of cultivation and
management serve to illustrate the potentials and  limitations of the NLWR parameter. The NLWR
concept was used in a relative sense at each site to assess the degree of soil physical degradation
from long-term cultivation. Some limitations of the NLWR concept have been identified at both
ends of the water availability range. Identification of the soil strength level which effectively
restricts root elongation and  the uptake of soil water remains elusive and  difficult to measure, thus
limiting the application of the NLWR parameter as a general indicator of soil structural quality.
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The NLWR is a dynamic soil parameter and  can be influenced by various forms of soil degradation.
For example, soil compaction would have the effect of narrowing the NLWR by reducing the
plant-available water-holding capacity of the soil, by increasing the water content at which the
threshold penetration resistance is reached (i.e., 2 MPa), and  by decreasing the water content at
which the threshold air-filled porosity is reached (i.e., 10% m3 m-3).  A method of assessing the
compaction risk from farm traffic based on soil mechanical properties and  their interaction with
climate has been developed and  applied in the Regional Municipality of Haldimand-Norfolk in
Ontario. Some of the same concepts were evaluated further through application in other
municipalities across southwestern Ontario. Knowledge of soil consistency limits and  other basic
soil properties in combination with knowledge of agricultural cropping practices and  other relevant
agronomic information show some promise for estimation of soil compaction risk at regional scales.
This chapter summarizes findings from McBride (1993) and Topp et. al (1994) undertaken
concurrently to address the assessment of soil structure as part of the Soil Quality Evaluation
Program.

OBJECTIVES

Very little is known in absolute terms about either the Non-Limiting Water Range or the current
state of compaction of agricultural soils in Canada. A recent survey commissioned by Agriculture
and Agri-Food Canada showed that agricultural soil compaction was the soil and  water conservation
problem identified most frequently by corn (maize) producers in Ontario as a concern on their farms
(Deloitte and  Touche, 1991). It has further been estimated that 50 to 70 percent of the fine-textured
soils of southwestern Ontario have been adversely affected by soil compaction, with 3/4 of this
affected land area rated as moderately compacted and 1/4 as severely compacted (Can-Ag
Enterprises, 1988). A conservative estimate places the cost of this form of soil degradation to the
Ontario agricultural economy at about $21M annually (Science Council of Canada, 1986).

In view of this deficiency in basic knowledge of soil physical quality, the following broad objectives
were set out under this study:

i) to develop procedures to measure aspects of the soil physical quality of agricultural
soils and  the current state of these physical qualities.

ii) to assess the influence of current agricultural land management practices (traffic,
tillage and  cropping patterns) on these physical qualities.

Procedural development under the first objective concentrated on well-established measures in-
cluding soil strength (penetration resistance, stress-strain relationships), soil hydraulic properties
(water retention, infiltration) and  soil plasticity. The assessment of soil compactibility and  its
agronomic significance can be viewed as a sequence of three complementary stages involving: i)
the estimation or measurement of susceptibility to total soil porosity change, ii) soil compaction
probability or risk assessment, and  iii) the interpretation of soil physical property changes with
respect to their agronomic impact (e.g. NLWR) (Voorhees, 1987). All of these stages are represented
in this chapter in addressing the second objective stated above.
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MEASUREMENT OF SOIL PHYSICAL QUALITY 

Measuring Stress-Strain Relationships for Agricultural Soils 

Static, Uniaxial Compression of Structurally-Intact Soils

Twelve field sites were selected in the spring of 1991 within the Regional Municipality of
Haldimand-Norfolk. This part of southwestern Ontario was selected due to the wide textural range
of the soils, the existence of recent soil inventory mapping at both detailed (1:25,000) and
reconnaissance (1:100,000) scales, and  the availability of considerable soil characterization data
gathered during the inventory, including long-term soil hydrological information. These sampling
locations were representative of the more important soil associations and  landscapes in the region
that are currently being used for corn production. Most of these locations were near sites where
groundwater table depths had been monitored for more than a decade (Hohner and  Presant, 1985).
All sites were cropped in corn in the year of sampling (1991).

One pedon-sized sampling area (about 1 m2) was selected between corn rows at each field site.
Structurally intact soil cores and  bulk soil samples (about 2 kg) were taken from two levels in the
plow layer (0-7.5 cm, 7.5-15 cm) and  from one level in the underlying horizon (generally 1530 cm).
A split-sleeve coring device fitted with aluminum sampling rings (8.25 cm diam. x 3.0 cm high) was
used for core sampling. The bulk samples were collected for the purpose of routine physical and
chemical analysis and  for remoulded (slurry) compression testing. Ten replicate soil cores were
collected at each sampling depth. Excess soil was left on the samples so that the cores could be more
carefully trimmed to the proper size in the laboratory. Cores were wrapped in plastic to limit water
loss and  were placed in 4ºC storage in the laboratory until they were to be prepared for compression
testing. Bulk samples were air dried and  sieved to 0.425 mm. Routine soil physical and  chemical
analyses consisted of particle-size distribution using the pipette method (Gee and  Bauder, 1986),
carbonate content by the gravimetric technique (Nelson, 1982), and organic carbon content by
LECO induction furnace (Nelson and  Sommers, 1982). Particle density (Blake and  Hartge, 1986)
was determined from trimmings of excess soil taken from intact cores prior to compression testing.
Compression tests were carried out on the soil core samples in either a saturated condition or after
desorption to prescribed matric potentials (-10, -100, -1500 kPa) in a pressure plate apparatus. Each
of the four treatments (one saturated, three unsaturated) consisted of two replicate cores randomly
chosen from the ten sampled from the same depth. Core samples were trimmed to the desired sample
height (3.0 cm) prior to saturation in distilled and  de-aired water. After equilibration on the pressure
plate, the unsaturated treatment cores were weighed and  the circumference was trimmed to fit the
Rowe cell sample chamber by using a custom-made sample cutter (7.2 cm inside diam.). The excess
soil from core trimming was oven-dried at 105ºC for 48 h for gravimetric water content
determination.

Static, uniaxial (drained) compression tests were carried out using two ELE Rowe type consolidation
cells (sample chamber 7.6 diam. x 3.0 cm high) equipped with a regulated air pressure system.
"Fast" compression testing (Bradford and Gupta, 1986) was used to generate the
density-moisture-stress relationships, with increasing loads of 0.02, 0.05, and  0.1 to 1.0 MPa in 0.1
MPa increments. Loading times of 30 min were used throughout for each consecutive stress level.
The effective cell diameter was reduced to 7.2 cm because of the porous plastic liner required for
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sample drainage during "drained" tests. Volume displacement was measured with calibrated MPE
electronic displacement transducers connected to a Campbell Scientific 21X datalogger. Soil
pore-water pressure was also measured electronically using a Sensotec A-10 pressure transducer.
Volume displacement readings were recorded at 30 s intervals, while pore-water measurements took
place every 10 s for the saturated core tests and  every 60 s for the unsaturated tests. At the end of
an individual compression test, the datalogger was immediately downloaded to a microcomputer.
Void ratios were calculated and  the compression data were plotted in void ratio (e) vs. logarithm
of total stress (F) co-ordinates.

A simplex non-linear regression procedure (CoHort, 1990) was used to fit the compression data to
the equation of Bailey et al. (1986). The preconsolidation stress (FcN) was calculated using a
computer model developed by McBride (1988) which numerically determines the first and  second
derivatives of the Bailey et al. (1986) equation from the fitted parameter coefficients. The model
constructs the tangent to the point of maximum curvature and  the bisector of the virgin compression
line (VCL) from the derivatives of the non-linear regression equation to derive FcN as in the
Casagrande method. The preconsolidation stress is defined as the maximum vertical stress (in kPa)
that a soil has been subjected to in its past, and  is thus a useful indicator of a soil's prestress history.
All other statistical analyses were carried out using the PC-SAS statistical analysis package (SAS
Institute Inc., 1985).

Remoulded (Slurry) Consolidation

Consolidation of soil slurries was carried out using a modified version of the instrument described
in McBride and  Baumgartner (1992). The modified consolidometer is based on the same principles
but it allows for higher total pressures up to 500 kPa. Instead of having free drainage towards the
cell periphery, it allows water drainage through a porous plastic rod situated in the centre of the
sample chamber. The applied load is transmitted to the soil slurry via a triaxial latex membrane
which is placed around the inside of the cell body. Pressurized air enters the aluminum cell body
which is lined with porous plastic to aid in distributing pressure equally to the latex membrane. The
latex membrane applies pressure radially inward (similar to a triaxial cell) and  displaces water
towards the drainage rod and  onward to the open drainage port. Primary consolidation is complete
when the air pressure measured in the pore-water pressure sensor tubes drops to zero.

The 36 bulk soil samples taken from the 12 soil profiles (three sampling depths) in the R.M. of
Haldimand-Norfolk, referred to in the preceding section, were supplemented with the same 20
agricultural soil horizon samples from Middlesex County which were reported on by McBride and
Baumgartner (1992). All 56 soil samples were air dried and  sieved to 0.425 mm in preparation for
slurry consolidation testing using similar procedures to McBride and  Baumgartner (1992). For the
Haldimand-Norfolk soils, six to ten points were measured within a stress range of 10 to 300 kPa to
enable accurate construction of the "normal consolidation line" (NCL). The Middlesex soils had
been tested previously (McBride and  Baumgartner, 1992), so these materials were only consolidated
at stresses of 30, 100 and  300 kPa. Drop cone penetration tests (BS 1377:1975 Test 2A) as well as
liquid limit (wL) and plastic limit (wp) Atterberg tests (A.S.T.M. D423-72 and  D424-71,
respectively) were routinely carried out on soil samples recovered from the slurry consolidometer
upon completion of each overnight consolidation test. Values were calculated from the w(log FN)
functions, or NCL, for the "effective stress at the liquid limit" (FNwL) and  "effective stress at the
plastic limit" (FNwP).  Values for the latter which were beyond FN of 300 kPa were determined by
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extrapolation of the NCL to the measured wp test indices. All regression analyses were carried out
using the General Linear Models procedure of PC-SAS (SAS Institute Inc., 1985).

Measuring Non-Limiting Water Range (NLWR)

The measurement of NLWR included both a field and  laboratory component where the upper part
of the  soil-water desorption curve was determined from field measurements and  the full range of
the desorption curve was measured on soil cores taken to the laboratory. The limiting conditions for
aeration were estimated from the shape of the  upper part of the desorption curve from both the  field
and  laboratory measurements over this range of desorption. The upper limit of the NLWR was
determined by choosing the lower of either the water content value at which there would be at least
10% air-filled pore space or the  water content when the soil-water potential had reached -10 kPa.
The lower end of the  NLWR was the  higher of either the water content when the  penetrometer
resistance reached 2 MPa or when the soil-water potential reached -1500 kPa (permanent wilting
point). The strength of the soil at the different soil-water potentials was measured as a penetrometer
resistance of the  soil in the  cores.

The Soil Sites and Treatments

The sites for making these measurements were chosen on the  basis that the  sites were already used
as a well-documented research or farm site on which there was additional information on the
performance of the  soils for crop production. We also attempted to investigate a wide range of
cultivation practices and  history in order to assess, in some sense, the  sensitivity of the  NLWR to
differing cultural practices. A total of eight sites from different climatic regions across Canada were
chosen for this study, but only data from four of these sites will be discussed in the  results to follow.
In general, three infiltration rings were installed as replicates in each treatment. The 8 sites and  soils
were Lethbridge AB clay loam, Oxbow loam (Termuende, SK), Indian Head SK heavy clay,
Osborne clay (Brunkild, MB), Brady sandy loam (Clinton, ON), Huron clay (Clinton, ON),
Conestogo/London loam (Elora, ON) and  Charlottetown PE sandy loam. The treatments discussed
in this report are given in Table 10-1.

Infiltration and Redistribution of Water in the Field

The upper part of the  soil-water desorption curve was measured at depths of 10, 20 and  30 cm in
the field using both tensiometers to record the  soil-water potential and  time-domain reflectometry
(TDR) to determine the water content. The field experiments were necessary to assure that field
conditions were approximated by the  laboratory measurements, particularly in relation to aeration
limits (60x cone x 3.6 mm diam.) . The soil was initially wetted to a field-saturated condition by
infiltration into a 40 cm diameter ring from an applied head of 10 cm until increases in water content
and  potential were no longer recorded at the  30 cm depth. At this point, the  supply of infiltration
water was shut off and the  water content and  tensiometer potential were recorded periodically
during the  ensuing time period of 24 to 48 h. At the  end of this time period the  infiltration ring,
the  tensiometers and the  TDR probes were removed from the  soil.
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Intact soil cores (7.6 cm diam. by 7.6 cm high) were taken from soil which was not disturbed by
tensiometers or TDR probes but which had been wetted during the  infiltration. The cores were taken
vertically and  centred at 10, 20 and  30 cm depths. The cores were sealed in plastic bags for
transport to the  laboratory.

The tensiometers and  the TDR probes were installed before any wetting of the soil had taken place.
Six ceramic tensiometer cups, 2 cm diam. by 5 cm length, with "O"-ring seals to varying length
extension tubes were installed vertically within the  40 cm diameter ring to be wetted. Pilot holes
were drilled with a 1.9 cm diam. spiral wood auger bit powered by a portable electric drill. Soil in
very dry and  crumbly condition was prewetted with a spray bottle to prevent collapse of the pilot
hole. The prewetted tensiometer was carefully pushed into the  drilled pilot hole to the
predetermined depth. At the  soil surface, direct infiltration down the  tensiometer tube was
prevented by 5 cm diam. rings around each tensiometer inserted 4 cm into the  soil. The tensiometer
potentials were recorded by a CR21 datalogger (Campbell Scientific) from pressure transducers
(Sens-Sym) connected to each tensiometer.

The 40 cm diam. infiltration ring was hammered 5 cm into the  surface soil to prevent leakage of the
infiltrating water beyond the  perimeter of the  ring. A perforated metal sheet with 1.5 mm holes
giving approximately 30% opening coverage was suspended 5 mm above the  soil surface to
distribute the water and  dissipate its erosive energy. A 10 cm head of water was maintained during
infiltration using a float valve (livestock watering control). The supply of water to the float valve
was from a 20 litre bottle whose weight was being recorded by a digital bathroom scale connected
to the  CR21 datalogger giving a continuous record of the  infiltration rate.

In two diametrically opposite locations, pits were excavated in the  soil to allow the horizontal
installation of the  TDR probes from the  outer edge of the  40 cm diameter ring. The soil pits were
about 20 cm wide by 35 cm deep and  extending 50 cm out from the  edge of the  ring. Two pronged
TDR probes, 15 cm in length and  consisting of 6.35 mm diam. rods at 50 mm spacing were inserted
on a horizontal plane at depths of 10, 20 and  30 cm in each of the  two pits. The TDR measured
water content was determined by visual interpretation of the  TDR pulse travel time directly from
the  display of a 1502C Tektronix cable tester.

Friction Sleeve Penetrometer in Soil Cores at Selected Soil-Water Potentials

In the  laboratory, the  soil-water desorption curves were measured according to the  procedure
described by Topp et al. (1993). This procedure included saturation of the cores by immersion in
water for one day followed by desorption on glass bead and  aluminum oxide tension media to give
the  upper portion of the  desorption curve (0 to -33 kPa). The lower part of the  curve was
determined from a pressure plate apparatus used on the  intact cores. The seven selected matric
potentials were -0.35, -6, -10, -33, -100, -400, -1500 kPa. When the  soil had reached each of the
potentials the penetrometer resistance was measured at two locations in each core using the friction
sleeve penetrometer (60 x cone x 3.6 mm diam.) as described by Bradford (1986). Thus, a total of
14 penetrometer measurements were made within each core. Two penetrations were made over the
two depth ranges at the centre of each core, and  over one depth range at 12 locations on a circle
whose radius was 1.9 cm. This allowed each penetration to be separated from a neighbouring
penetration or the  cylinder wall by 1.9 cm in the  horizontal direction. The penetrometer resistance
was taken as a visual average of the  measurements recorded at each mm increment over the depth
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of 10 to 30 mm or 40 to 60 mm. After measurements were completed at -1500 kPa the soil was
oven-dried at 105ºC and  weighed for determination of the bulk density of the soil as originally
sampled.

OVERVIEW OF SOIL QUALITY ASSESSMENT RESULTS

Compressive and Consolidation Behaviour of Agricultural Soils from the R.M. of
Haldimand-Norfolk

Soil Compression Results (Structurally-Intact Soils)

Static, uniaxial compression lines for 285 soil cores (saturated and  unsaturated) were successfully
fitted to the equation of Bailey et al. (1986) with coefficients of determination (r2) greater than 0.98
in all cases (Fig. 10-1). The non-linear regression parameter coefficients were used to calculate the
"compression index", or slope of the  "virgin compression line" (VCL), and  the preconsolidation
stress for each structurally intact soil sample. Using data on the amounts of clay and  organic matter,
degree of saturation and  initial void ratio, a regression equation was formulated that allowed
prediction of the  compression index and  the preconsolidation stress of the  soils used in this study.

These compression data also showed that one of the  two "state" variables of a soil, the initial void
ratio, exerts a dominant influence on the  configuration of compression lines in e(log a') coordinates
for structurally intact soils. Larson et al. (1980) showed that the  other "state" variable, initial soil
water content, played a large part in determining the  compression characteristics of unsaturated
soils. These compression experiments, however, were conducted on prepared aggregate beds in
which the  initial void ratio was kept relatively uniform for a given soil. Compression data are shown
in Fig. 10-1 for the  sandy clay loam Colwood Ap horizon (7-15 cm depth) that are very typical for
most of the  soils investigated in this study. The compressive behaviour of this topsoil under
saturated and  unsaturated conditions shows that the  compression index increases with increasing
initial total soil porosity and the  degree of saturation has only a limited influence on the  relative
positions of the  compression lines. Overall, the  compression index showed a strong correlation with
the  initial void ratio, the  initial water content and the  previous stress history for both plastic and
non-plastic soil types in this region of Ontario. An important conclusion drawn from this study is
that the  widely adopted model of Larson et. al (1980) does not perform well on structurally intact
Ontario soils due to the  overriding influence that the  initial void ratio has on the  configuration of
the  compression line, even on treatment replicate soil cores.

The compression data also showed that the  preconsolidation stress of the  soils investigated was
curvilinearly correlated to a "degree of compactness" index similar to the  one proposed by
Häkansson (1990). In this case, the  index (Dv) is simply the  quotient of initial void ratio (e0) in situ
and  a reference void ratio determined by static uniaxial compression to 0.2 MPa. This index was
also found to be sensitive to changes in soil strength with variation in soil water content (i.e.,
strength increases with desaturation). A threshold index value of Dv = 1.3, representing a somewhat
arbitrary division between soils that are susceptible to significant degrees of soil compaction from
those that are not, was determined based on the  relationship between Dv, the measured
preconsolidation stress and the soil water content at the  plastic limit.
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Fig. 10-1. Saturated and  unsaturated compression lines in e(log FN) co-ordinates for a sandy
clay loam Colwood Ap horizon (7-15 cm depth).
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Soil Consolidation Results (Slurries)

Additional data were generated in this study that could be used to validate the slurry consolidation
method of estimating the  Atterberg soil consistency limits for agricultural soils in southwestern
Ontario (McBride and  Baumgartner, 1992). The positions of the A.S.T.M. wL  and  wP test indices
in w(log FN) co-ordinates were determined for a wide range of agricultural soils (56 soil horizons)
sampled from Middlesex County and the R.M. of Haldimand-Norfolk. It was found that the
logarithm of the organic carbon content was the soil variable that most influenced the value of the
effective stress at the liquid limit (FN wL)  as interpolated from the NCL. Knowledge of the organic
carbon content of a soil prior to slurry consolidation testing would yield precise estimates of wL for
these soils (s.e.e. = 0.88% kg kg-1). The position of FNwP on the NCL, however, was found to be
significantly correlated to two soil variables, the  amount of clay present and the  interaction
between clay content and the  logarithm of the organic carbon content.

Estimates of w, using predicted FNwP values were less reliable (s.e.e. = 2.24% kg kg-1). It was also
found that wP could be estimated as precisely using multiple regression with clay, silt and  organic
carbon contents as independent variables (s.e.e.= 2.16% kg kg-1). Soils which had slopes of the  NCL
greater than -5.00% kg kg-1 and/or had clay contents less than about 13% kg kg-1 were considered
non-plastic. It was thus reaffirmed that the  slurry consolidation method has potential as an unified
procedural alternative for the  estimation of the  Atterberg limits of soils in southwestern Ontario.

Comparison of Stress-Strain Relationships (Remoulded vs. Structured)

By mechanically dispersing primary soil particles and  aggregate binding agents in the process of
creating a slurry, it is possible to obtain a relative indication of soil structural condition (aggregate
strength), the  degree of soil overconsolidation and the  nature of the  soil fabric of the  same soil
when in a structurally intact condition by comparing their respective consolidation characteristics.
The comparison of virgin compression lines (saturated, structurally intact) with their remoulded
counterparts for the  Haldimand-Norfolk soils indicated that the  soil horizon depth (i.e., overburden
pressure), the  degree of past mechanical disturbance (i.e., tillage), the mode of soil deposition and
soil plasticity are  all important determinants of the consolidation behaviour of agricultural soils. The
graphs shown in Fig. 10-2 are  from the  same profile of the Kelvin soil series (loam textured till)
and  illustrate the  full range of possible mechanical behaviour. In a well-aggregated soil, the  NCL
would be expected to plot below the  VCL under saturated conditions (i.e., at lower void ratios for
a given stress load) due to the  structural bonds (organic and  mineral) that would impart added soil
strength to the  structurally intact soil; bonds that would be disrupted during compression. This is
true only in the  case of the  upper portion of the  Kelvin series plow layer (Fig. 10-2a). At the  base
of the Ap horizon, this relative displacement between the  two compression lines is lost (Fig. 10-2b),
indicating a more overconsolidated condition in situ and the  likelihood of increased orientation of
phyllosilicates due perhaps to high vertical stresses from wheel loading and/or shear from soil
engaging implements or rotating tires/tracks. In the  horizon lying beneath the  plow layer, a high
degree of overconsolidation is indicated in the field sample since the  VCL plots well below the
NCL (Fig. 10-2c). This effect is exaggerated to some extent by a relative increase in clay content
in the  subsoil, but the  highly compacted state of this underlying horizon is confirmed by
considering that the  saturated gravimetric water content (particularly of intact replicate 2) translates
into a "liquidity index" of approximately zero.
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Fig. 10-2. Compression lines (structurally intact and remoulded) measured under saturated conditions for the
Kelvin soil series profile sampled at three depths a) 0-7.5 cm, b) 7.5-15 cm, and c) 15-30 cm.
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In other words, when this subsoil horizon is field-saturated, it is barely within its "plastic"
consistency range and  will behave more like a semi-solid.

It is, therefore, possible to segregate the soils of the  R.M. of Haldimand-Norfolk into three
categories based on the relative positions of these stress-strain functions under saturated conditions.
Furthermore, the study results suggest that this relationship between the VCL and  NCL for a given
soil is a more sensitive measure of the degree of soil overconsolidation than the more traditional
preconsolidation stress variable.

Changes in the NLWR of Selected Soils

Overall Comparison of NLWR vs. Traditional Available Water Capacity (AWC)

The NLWR was calculated, as described in a previous section, from the laboratory measured
desorption curves. The more traditional plant available water capacity of the soil (AWC) was
calculated as the difference between the  water content at -10 kPa and  that at -1500 kPa. In almost
all cases NLWR is less than the  traditional AWC. For the soils under discussion, the generally high
penetrometer resistances indicate that soil strength has possibly restricted root growth more than has
lack of aeration. Only about 20% of the  horizons showed inadequate aeration porosity, whereas over
90% of the horizons showed > 2MPa penetrometer resistance at potentials above -1500 kPa.

The NLWR was compared to the  AWC in the  form of the  percentage reduction in plant available
water if NLWR is used in place of AWC (Table 10-1). The cultivation treatments have been
arranged in the  table from the  most intensive at the  top of the  table to the  least intensive at the
bottom. Considering each soil separately, one can see a downward trend in overall reduction of the
NLWR:AWC ratio from top to bottom of the  table. Cultivation can enhance the NLWR in the tilled
layer as shown for the  conventional tilled Clinton soil and  15 years of conventional tillage at
Termuende. By contrast, however, the action of cultivation decreases the NLWR in the layer
immediately below the  cultivation as shown particularly for the  Termuende, Winnipeg and  Clinton
soils. The great improvement in NLWR at the  20 cm depth from 15 years of no-till in the  Clinton
soil can be attributed to earthworm activity and  less soil compaction effects from traffic.

In Fig. 10-3, the  left profile is the  field-measured initial water content. The other labelled lines
represent values measured from the  soil core data. The heavy-dotted line (not labelled) is the  field
measured water content profile at -10 kPa. In the  soil tilled since 1910, the  -10 kPa profile is down
near a water content of 0.2 m3 m-3, close to the  value found for the cores when the  penetration limit
of 2 MPa was achieved. Whereas the  cores, wetted by submersion for 16 h, gave a water content
profile near 0.3 m3  m-3 after desorption to -10 kPa. With the  other two treatments, there was good
agreement between the  field-measured and core-measured water contents at -10 kPa. This is an
indication that the  longer duration cultivation has resulted in the  soil becoming resistant to wetting.
Water repellency was also found in the Lethbridge soil under continuous wheat since 1912.



10-12

Table 10-1. The percentage reduction in water available to plants when Non-Limiting Water Range
(NLWR) is used in place of the usual available water capacity (AWC)

Lethbridge AB
Loamy

Termuende SK
Loamy

Winnipeg MB
Clayey

Clinton ON
Sandy

depth treatment % treatment % treatment % treatment %

10 cont. 35 conv. 38 conv. 21 conv. 12

20 wheat 20 till 48 till 34 till 66

30 for 80y 40 for 81y 46 21 99

total 34 44 24 61

10 wheat 46 conv. 8 no 32

20 fallow 25 till 41 till 0

30 for 80y 17 for 15y 21 for 15y 75

total 29 20 39

10 native 0 native 19 grass 30

20 grass 45 grass 22 23

30 35 30 32

total 27 23 29

The initial water content profiles in Fig. 10-3 indicate, generally, that the growing wheat crop, which
was harvested prior to the measurement, or the native grass had extracted water to lower than -1500
kPa and  much lower than the 2 MPa penetration limit. This and  similar findings for the Lethbridge
site are in agreement with the findings of Cutforth et al. (1991). It is worth noting that NLWR is
based on allowing water uptake essentially without restriction to plant growth. The maturation of
a wheat crop, by contrast with most other growth stages, is less severely restricted by reduced water
uptake. Irrespective of this, the 2 MPa penetration limit may be too low and  needs to be reassessed
in relation to crop performance in the field. Until a more critical assessment of this soil strength
criterion has been undertaken, we have used the ratio of NLWR:AWC for the assessment presented
above (Table 10-1). Adopting the assumption that the -1500 kPa water content is primarily
determined by soil constituents and  affected only slightly by soil management, we reasoned that
changes in the ratio of NLWR:AWC within a soil are indications of soil structural
degradation/agradation even when the limits for NLWR are not fully rationalized.
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Fig. 10-3. Water content profiles for the soils at the Termuende Farm showing how the
Non-Limiting Water Range is related to various profiles.
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ESTIMATING THE CHANGES IN SOIL PHYSICAL QUALITY

Estimation of the Susceptibility of Soils to Compaction and the Current Status of the Problem
in Southwestern Ontario

The Risk of Soil Compaction in the R.M. of Haldimand-Norfolk

An evaluation of a soil water balance simulation model (SWATRE) was conducted for some of the
major soil associations and landscapes where corn was grown in the Regional Municipality of
Haldimand-Norfolk during the 1991 cropping season. The SWATRE model requires soil physical
properties and  crop characteristics along with climatic data as input in order to estimate soil water
content profiles on a daily time step. Soil input data included a combination of measured and
predicted soil water retention curves in conjunction with measured values of field-saturated
hydraulic conductivity (Kfs). The predicted soil water characteristic curves were validated with
actual water retention data measured from structurally intact cores. It was found that there was very
good correspondence between measured and  predicted data, with the exception of the soil water
content at a soil water potential of -1500 kPa. A predictive equation was developed for the
gravimetric soil water content at -1500 kPa for structurally intact, rather than disrupted, soils with
a standard error of estimate of 1.69% kg kg-1. Overall, the SWATRE model adequately simulated
the soil water content and  soil water extraction and  replenishment patterns for the texturally
disparate sites located in this regional municipality and  under the climatic and  cropping conditions
found in this part of Ontario.

The SWATRE model was used in conjunction with the "degree of compactness" index (Dv) and
climatic data for a 32 year period (1960-1991) to calculate probability distributions of exceeding a
compaction susceptibility threshold value of Dv equal to 1.3. Six sites representative of major soil
associations in the Regional Municipality of Haldimand-Norfolk were modelled at four depths (7.5,
12.5, 22.5 and  32.5 cm). The D, index was calculated for each site from the daily soil water contents
modelled from April 1 to November 30 for each of 32 years in order to determine the probability
distributions. Probability distributions for a loam textured plow layer at two depths are shown in Fig.
10-4. The results from this stochastic analysis suggest that the soils which are the most susceptible
to a significant loss of total soil porosity are the medium-textured soils (i.e., clay content of 20 to
35% kg kg-1) that are imperfectly to poorly drained. The fine-textured soil (clay content >39% kg
kg-1) that was modelled in this way was found to be susceptible to compaction at only the 7.5 cm
depth, while the lower depths were already sufficiently overconsolidated that they did not show any
significant vulnerability to further compaction at any point during the growing or harvesting season.
A coarse-textured (non-plastic) soil that was sampled from a no-till cropping system showed
susceptibility to compaction only at the 22.5 and  32.5 cm depths, while the plow layer (7.5 and
12.5 cm) showed sufficient structural strength that it was not susceptible to any significant porosity
loss at the 0.2 MPa stress load that was assumed throughout this analysis.

Use of Digital Image Analysis and GIS to Determine the Relation Between Agricultural
Cropping Patterns and Soil Associations in the R.M. of Haldimand-Norfolk

Current information was required on the distribution of agricultural crops (primarily corn and  other
row crops) in relation to the major soil associations mapped in the regional municipality.
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Fig. 10-4. Probability distributions for exceeding a compaction
susceptibility threshold of Dv = 1.3 for the Kelvin soil
series Ap horizon at two depths a) 7.5 cm and b) 12.5 cm.
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Existing agricultural land use mapping was outdated (early 1980's) and  was based on farm systems
rather than field-level crop classification. Landsat 5 Thematic Mapper imagery was obtained for this
region for two dates during the middle of the growing season when the study area was relatively free
of cloud cover (1 August 1990 and  3 July 1991). This study began in January, 1991, so visual
assessments were made in the field in the spring of 1991 of land areas cropped in corn during the
1990 crop year (i.e., corn stubble on plowed and  unplowed fields). A more comprehensive survey
of crop cover for the 1991 crop year was carried out in the summer of 1991 by ground inspection.
Three large blocks were delineated within the regional municipality where the location and  type of
common field crops were noted on orthophoto base maps. This information served as "training areas"
for digital image analysis with EASI-PACE and  allowed statistical confidence levels to be
calculated.

The 1991 crop cover results showed that the total area of the major crop groups (hectares) within
three of the larger local municipalities as classified from the satellite imagery (Fig. 10-5)
corresponded well to total areas obtained from the 1991 Census of Agriculture (Table 10-2). Field
level verification of the 1991 crop classification further showed that the major row crop groups were
correctly identified at between 82% (soybeans) and  100% (tobacco) of the time. Corn was identified
correctly 88% of the time.

The generalized soil map (scale 1:100,000) for the regional municipality was not yet available in
digital form from Agriculture and Agri-Food Canada, so the map was digitized on the ARC/INFO
geographical information system and  imported into the SPANS GIS. This scale of soil mapping was
chosen over the more detailed 1:25,000 inventory available for the region since the effective scale
of Landsat 5 imagery (30 m x 30 m pixels) is about 1:50,000. Overlay analysis of the crop cover (Fig.
10-5) and  soil association spatial information was carried out with the SPANS geographical
information system. This analysis assisted in identifying soils that are the most susceptible to
traffic-induced soil compaction during planting and  harvesting periods given a) their present use for
row crop production (including monoculturing), and  b) the soil compression behaviour and  soil
compaction risk assessment results for these soil associations as presented in preceding sections of
this chapter. These vulnerable soil associations included about 3300 ha of mainly lacustrine silty
clays (Brantford, Beverly and  Toledo series), about 1700 ha of mainly silty clay loam tills (Muriel,
Gobles and Kelvin series) and  about 2400 ha of mainly lacustrine silt loams (Brant, Tuscola and
Colwood series) (Table 10-2).

A Pedotransfer Function For Estimating Preconsolidation Stress And Its Application To
Agricultural Soils In Southwestern Ontario

In the section pertaining to comparison of stress-strain relationships on remoulded vs structured soils,
the hypothesis was tested and  corroborated that the compressive behaviour (static, uniaxial) of
structured subsoils in the Regional Municipality of Haldimand-Norfolk can be predicted reasonably
well from the consolidation behaviour of those same soils when in a remoulded (slurried) condition,
and  hence from their Atterberg consistency limits (McBride and  Baumgartner, 1992). The exception
to this are soils that are sufficiently overconsolidated that their void ratio in the field translates into
a liquidity index at saturation of less than about 0.25. In view of this finding, a soil survey
interpretive procedure (or "pedotransfer function") was developed with the purpose of assisting in
characterizing the degree of overconsolidation of subsoils without the need for an extensive and
costly soil compression testing program. This pedotransfer function estimates a "first approximation
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Fig. 10-5. Crop cover map for the Regional Municipality of Haldimand-Norfolk in 1991 as derived from digital image
analysis of Landsat 5 imagery.
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Table 10.2 SPANS cross-tabulation results of map unit areas (hectares) from an overlay of crop cover and the generalized soil inventory
for the R.M. of Haldimand-Norfolk.

SOIL ASSOCIATIONS (Scale 1:100,000)* CORN AREA IN 1991 BY MUNICIPALITY (ha)
MODE OF SOIL

DEPOSITION
CORRRESPONDING SOIL SERIES

NAMES (FROM 1:25,000 MAPPING)
TOWNSHIP OF

NORFOLK
TOWNSHIP OF

DELHI
CITY OF

NANTICOKE

Mainly lacustrine silty clay Brantford, Beverly, Toledo  121  160 3054

Mainly lacustrine heavy clay Smithville, Haldimand, Lincoln - - 2504

Mainly silty clay loam till Muriel, Gobies, Kelvin 1194  536 -

Mainly lacustrine silty loam Brant, Tuscola, Colwood  870  368 1119

40-100 cm of sandy or loamy sediments
over lacustrine clays or loams

Brookton, Berrien, Wauseon, Walsher, Vittoria,
Silver Hill, Tavistock, Maplewood

1238  874 1721

Mainly lacustrine sands with
wind-modified surfaces

Fox, Brady, Granby, Wattford,
Normandale, St. Williams, Lowbanks

2175 3367 1233

Mainly eolian sands at least 100 cm
thick, often duned

Plainfield, Walsingham, Waterin
4121 1944  162

Gravelly sands of fluvial or till
derivation, or 40 to 100 cm of sandy
sediments over gravelly sands

Burford, Wilsonville, Scotland, Oakland,
Vanessa   41  756  541

LANDSAT TM CLASSIFIED IMAGE AREA
TOTAL FOR CORN:

9760 8005 10334

CORN AREA AS A % OF MUNICIPALITY
AREA THAT IS CLEARED AND
AVAILABLE FOR AGRICULTURE:

23.0% 22.2% 20.8%

1991 CENSUS AREA TOTAL FOR CORN: 9634 6736 10195

* after Presant and Acton (1984).
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preconsolidation stress" from dry bulk densities (void ratios) measured in situ and from other soil
properties needed to estimate the NCL. Preliminary testing of this simple function was carried out
by assembling the necessary data on soil physical properties for all soil horizons characterized by the
Ontario Centre for Soil Resource Evaluation (O.C.S.R.E.; formerly the Ontario Institute of Pedology)
for soil series mapped during the course of the last five county-level soil inventory upgrades in
southwestern Ontario and  that met the minimum data requirements (i.e., 210 soil horizons from over
100 soil series profiles). The size of this data set was reduced considerably when soils that had a
liquidity index of less than 0.25 were eliminated as being severely overconsolidated and  where an
estimate of the preconsolidation stress would likely have little meaning. These severely compacted
soil horizons were largely clay-rich materials, and  were eliminated so that the assumption could be
made that the pedotransfer function would at worst tend to estimate conservatively.

In assembling the data set for statistical analysis using the General Linear Models procedure in
PC-SAS (SAS Institute Inc., 1985), we deduced that there were at least four factors that might have
some influence on the preconsolidation stress. Climatic variation across this region was not believed
to be sufficient to be included amongst the following factors: i) mode of deposition (geomorphology),
ii) soil family particle-size class, iii) soil horizon (depth), and  iv) cropping history. Statistical
analysis was performed in accordance with a completely random design with unequal replication.
Variance (F) ratios showed that the soil horizon and  the soil particle-size class variables were the
only significant factors (P< 0.05). Multiple range testing showed that the first approximation
preconsolidation stress increased significantly with depth (i.e., from the topsoil to the subsoil
horizons) and  with increasing clay content. With the exception of some no-till Ap horizons, plow
layer horizons generally showed little evidence of overconsolidation due to the loosening effect of
regular tillage operations.

In summary, the solum (A and  B) horizons of agricultural soils in southwestern Ontario are in a less
compacted condition than the C horizon subsoils. If a tillage- or traffic-induced compaction problem
existed, then it might have been expected to show up in higher estimated preconsolidation stresses
in the B horizon but this was not the case. Furthermore, many of the finer particle-sized soils are quite
overconsolidated, whereas the coarser soil groups are much less so. The soil horizons with the
greatest estimated preconsolidation stress values (mean > 150 kPa) tended to be glaciolacustrine
subsoil horizons that belonged to the fine clayey or very fine clayey particle-size classes and  which
had low organic carbon contents. Therefore, we might expect the coarser soils to exhibit compressive
behaviour in the field very much like normally consolidated soils (i.e., very little prestress history in
evidence) with a high degree of vulnerability to soil compaction from wheel loading. Fortunately, the
amelioration of subsoil compaction by subsoiling is more easily achieved in these soils. The clay-rich
soils, however, are not likely to be as vulnerable to the loss of total soil porosity with normal wheel
loadings of 0.1-0.2 MPa at the soil surface, but may undergo other forms of soil structural
degradation (shear, plastic deformation) that can be equally or more limiting to root growth.
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NLWR Parameter Estimates from Other Soil Data

The application of the NLWR concept as an indicator of soil physical quality depends on one being
able to estimate the NLWR from readily available soil data. This limited study indicates the
possibility for using the NLWR to indicate changing soil quality within a particular soil. Yet there
remains a need for continued testing of the NLWR concept to determine the conditions governing
its use for various soil and cropping situations. Here we address the possibility of estimating the
limits of the NLWR from existing data or measurements.

If the aeration limit is adopted based on a fixed air-filled pore space, then the upper limit of NLWR
can be estimated from soil bulk density and  soil-water desorption data as was done for this study.
In many of the more detailed soil studies and  surveys being undertaken, both the bulk density and
the -10 kPa water content are determined from core desorption measurements or directly in situ. Thus
the upper limit of the NLWR is a feasible estimate. There is some question now whether air-filled
pore space of 10%, as used here, is adequate (One dimensional oxygen diffusion: Comparison of
numerical and  analytical solutions with an exponential respiration function. F.J. Cook, personal
communication).

Estimates of soil strength pertaining to root growth should emulate the soil deformation caused by
the root. Soil deformation around cone penetrometers is a reasonable approximation to that around
roots. The usual parameters (cohesion and angle of internal friction) used to characterize soil strength
are not easily nor directly related to cone penetrometer resistance. The strong dependence of soil
strength on water content or water potential further complicates the possibility of estimating the soil
strength at which root growth is restricted. In addition, there are few examples where basic soil
properties have been related to soil strength as a function of water content or potential. Koppi and
Douglas (1991) show a relationship between shear strength (the combined effect of cohesion and
friction) and  clay content for water contents "close to field capacity". The increasing concern about
soil strength and stability of soil structure will lead to improved measurement and  estimation
procedures over those which are available now. "Permanent wilting point", the usual lower limit of
availability of water (-1500 kPa), is a more readily obtained parameter, both because it has been often
a part of many laboratory routine procedures but also because a number of models are available to
estimate such values from the soil constituents (clay, sand and  organic matter) and  bulk density. In
regard to estimation of the NLWR the lower limit remains for now only the lower limit of available
water until better models relating soil strength, water potential and  root growth are available.

SUMMARY AND ASSESSMENT OF THE PREDICTIVE CAPABILITY
OF THE PEDOTRANSFER FUNCTIONS

The compressive behaviour of many of the Haldimand-Norfolk soils under saturated and  unsaturated
conditions showed that the compression index tended to increase with increasing initial total soil
porosity, but contrary to the findings of many studies involving structurally disrupted soils, the degree
of saturation had only a limited influence on the relative positions of the compression lines. It is
possible to segregate the soils of this regional municipality into three categories based on the relative
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positions of measured stress-strain functions under structurally intact and  remoulded conditions
(saturated). Furthermore, the study results suggest that this relationship between the VCL and  NCL
for a given soil is a more sensitive measure of the degree of soil overconsolidation than the more
traditional preconsolidation stress variable. The results from the stochastic analysis suggested that
the soils which are the most susceptible to a significant loss of total soil porosity with wheel traffic
are the medium-textured soils that are imperfectly to poorly drained. Fine-textured soils were
frequently found to be already sufficiently overconsolidated that they did not show any significant
susceptibility to further compaction at any point during the corn growing or harvesting season. This
finding was corroborated by high preconsolidation stresses estimated with a simple pedotransfer
function for clay-rich soils in southwestern Ontario.

The NLWR concept, which incorporates and  integrates a number of plant response factors, has been
shown to be useful when used relative to the traditional available water capacity. We have used the
NLWR to show that intense long-term cultivation has resulted in a decreased NLWR:AWC ratio. The
major factor indicating this decrease was an apparent increasing soil strength restricting the growth
of roots. The estimate and  application of the aeration limit from soil data is feasible but the level of
air-filled pore space which is adequate requires validation. The estimate of limiting soil strength for
incorporation into the NLWR concept remains an impediment for its application based on the use of
existing soil data bases.
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Essential steps in obtaining the above information include, identification of the primary mechanisms
controlling pesticide movement through the soil profile, and development of the capability to
characterize and predict the pesticide movement in space and time with acceptable accuracy. The
approach being taken to achieve these steps is to employ a sophisticated solute transport simulation
model in combination with pedotransfer functions, geostatistical analyses and a geographical
information system (GIS). The solute transport model, which is an in-house modification of a well
established and tested modelling package called LEACHM (Hutson and Wagenet, 1989), integrates
the major processes that occur in the soil-plant-atmosphere system, including: soil horizonation;
saturated, unsaturated, steady and transient water flow; crop growth and transpiration; solute (e.g.
atrazine) sorption, degradation, advection and dispersion; precipitation and evaporation; soil heat
flow; and water table elevation. The pedotransfer functions are used to estimate, from available soil
data, the soil attributes that are required as input to the solute transport model (e.g. hydraulic
conductivity function, soil water characteristic). The geostatistical analyses are used to extend the
model predictions of solute percolation behaviour from a point basis (the model is one-dimensional)
to an areal basis (e.g. farmer's field, watershed), using procedures that take into account the inherent
spatial variability of the area. The GIS is used to create maps of the geostatistically extended solute
percolation behaviour, and to overlay these maps with those of soil attributes, land management
practices, cropping practices, weather, etc. Such maps and overlays are the "end product" which can
be used to show the importance and distribution of ground water contamination by downward
percolating pesticides; to determine the major soil, land use and environmental factors controlling
the contamination; and to estimate the potential environmental impact of changes in land
management practices.

The remainder of this report includes a brief description of the LEACHM modelling package and the
modifications made to it; a discussion of the testing and evaluation of two of the submodel
components; an outline of how the modelling package is being applied within the pedotransfer
function/ geostatistics/ GIS framework; and a preliminary application of the methodology for the
prediction of atrazine leaching through the soils of the Grand River watershed (Fig. 11-1. Greater
detail can be found in the corresponding technical report (Reynolds et al., 1994).

DESCRIPTION OF THE LEACHM MODELLING PACKAGE

LEACHM is a general acronym (Leaching Estimation And CHemistry Model) that refers to four
submodels of a large and comprehensive computer simulation package that describes the one -
dimensional storage, transmission and dissipation of water and solutes within the soil profile. These
submodels include LEACHW, which describes soil water flow only, LEACHP, which describes
sorption, migration and degradation of pesticides, LEACHN, which describes nitrogen transport and
transformations, and LEACHC, which describes the movement of inorganic salts. The submodels
consider a the main processes that occur in the plant root zone, including, transient fluxes of water,
heat and solutes; alternating periods of rainfall and evapotranspiration; and variable soil conditions
with depth. All submodels utilize similar numerical solution schemes, based on procedures developed
from several earlier models (Bresler, 1973; Nimah and Hanks, 1973; Tillotson et al. 1980).

Only the LEACHW and LEACHP submodels are being used in this study (they are discussed further
below). The reader is referred to Hutson and Wagenet (1989) for a more detailed discussion of the
entire LEACHM package.
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Fig. 11-1. Location map for the Grand River Watershed.
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LEACHW (Water Storage and Transmission Submodel)

The equation for transient vertical soil-water flow, derived from Darcy's law and the equation of
continuity, is described by:

Cw(2) Mh /Mt   =   (M/Mz) [K(2)(M H/M z)] - U(z,t) (1)

where Cw(2) = d2/dh is the differential water capacity relationship (L3 L-3 L-1),  2 is volumetric water
content [L3 L-3],  H = h-z is hydraulic head [L], h is pore water pressure head [L], z is depth below the
soil surface [L], K(2) is hydraulic conductivity relationship (LT-1), U is a sink term representing
water uptake by plant roots [T-1] (calculated according to the Nimah and Hanks, 1973), and t is time
[T].

Empirical functions characterizing the soil water characteristic, 2(h) (used in the Cw(2) relationship),
and the hydraulic conductivity, K(2), are required in LEACHW. A combined parabolic-power
function is currently used to describe the 2(h) relationship (Clapp and Hornberger, 1978; Hutson and
Cass, 1987): The parabolic component is given by:

[1 -  (2/2s)]½  (2i/2s)-b

h = -------------------------- ; hi  # h # 0 (2)
[1 -  (2i/2s)]½

and the power function component by:

h = a(2/2s)-b ; -4 # h # hi  (3)

where hi = a[2b/(1+2b)]-b ,   2i  = 2b 2s/(1+2b), 2s  is volumetric water content at saturation [L3 L-3],
and a and b are empirical constants. The point, (hi, 2i) locates the intersection of the parabolic and
power function segments. The corresponding hydraulic conductivity relationship is given by
(Campbell, 1974):

K(2) =  Ks (2/2s)2+(2+p)/b ; h  $ hi  (4)

K(h) =  Ks (a/h)2+(2+p)/b ; h <  hi (5)

where Ks [LT-1] is the value of K(2) at saturation (i.e. 2 = 2s) and p is an empirical pore interaction
parameter.

Equation (1) is solved using finite difference techniques (Hutson and Wagenet, 1989) to obtain
estimates of h at each depth interval (node) into which the soil profile has been subdivided. Water
contents are calculated at each node using Eqs. (2)-(5). Water flux densities between each node,
(q, LT-1) are calculated using:

q = K(2) ()H/)z) (6)

These values of 2 and q are then used in the simulation of solute (pesticide) transport in the LEACHP
submodel.
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LEACHP (Pesticide Migration, Sorption and Degradation Submodel)

Solute (pesticide) migration through the soil profile is described in LEACHP using the convective
- dispersion equation, written as:

(MC/Mt) (DKd +  2 + ,KH)   =   (M/Mz) [2D(2,q) (MC/Mz) - qC] ± N (5)

where C is pesticide solution concentration [ML-3], D is soil bulk density [ML-3], Kd is the distribution
coefficient [L3 M-1], ,  is air filled porosity [L3 L-3],  KH is Henry's Law constant for solute
volatilization [dimensionless], D(2,q) is the apparent diffusion coefficient [L2 T-1] and  N represents
sources and sinks of solute [ML-3 T-1] such as dissolution and degradation. The apparent diffusion
coefficient is defined by:

D(2,q)  =  Dm (q)  +  Dp(2)/2  +  Dog KH/2 (6)

where Dm(q) is the hydrodynamic dispersion coefficient (L2T-1) that describes mechanical mixing as
a result of local variations in mean pore water velocity, Dp(2) is the effective solute diffusion
coefficient in the liquid phase (L2T-1) and Dog is the solute diffusion coefficient in the gaseous phase
(L2 T-1).

Pesticide sorption reactions, which are assumed to be sufficiently rapid that local equilibrium exists
between dissolved and sorbed forms of the chemical, are described by:

S   =   Kd C (9)

where S is pesticide sorbed concentration (MM-1). Kd values are estimated from commonly reported
Koc values (see e.g. Jury et al., 1984) and the organic carbon content of the soil.

Degradation of pesticides is assumed to obey first-order kinetics, so that:

N  = -k(2 + DKd  + ,KH) C (10)

where k is a dissipation rate coefficient (T-1), dependent upon soil water content and soil temperature.
LEACHP can simultaneously simulate the transformation and fate of up to five chemical species.
The transformation products of a chemical species can form sources for other chemical species.

LEACHP must operate in concert with LEACHW, as it requires the water content and water flux
distributions at each time step in order to solve the convection - dispersion equation. In solving for
the pesticide distributions, LEACHP proceeds through a series of discrete time steps to estimate
C(z,t) at each node. Bypass of plant related subroutines is possible if no plants are present. Output
tables of cumulative totals and mass balances of water and chemicals include:  the amount of
material initially in the soil profile; the amount currently in the soil profile; the simulated change,
additions and losses of material; and composite material balance errors. A summary by depth (node)
of predicted 2, h, q, C, and plant extraction of water and solute is also provided.
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Input Requirements for LEACHW and LEACHP

The principal input data requirements for LEACHW and LEACHP include:

i) LEACHW
- soil profile characteristics (e.g. depth, layers)
- top and bottom boundary conditions (e. g. water table, free draining profile, etc.)
- soil hydraulic properties (e.g. 2(h) and K(2) functions)
- weather data (e.g. daily air temperature, precipitation and potential evapotranspiration)
- crop data (e.g. planting, emergence, maturity and harvest dates; canopy growth; rooting and
transpiration characteristics)

ii) LEACHP
- soil profile characteristics (e.g. dispersivity; organic carbon content; soil, air and water
thermal properties)
- solute (pesticide) chemical properties (e.g. solubility; vapor pressure; dissipation and
sorption kinetics; transformations rates)
- chemical (pesticide) applications (e.g. dates and amounts of chemical applied)

The LEACHM user's manual (Hutson and Wagenet 1989) should be consulted for a complete and
detailed listing of all inputs.

MODIFICATIONS MADE TO LEACHW AND LEACHP 

The LEACHW and LEACHP submodels required several modifications before they could be applied
effectively within the pedotransfer/geostatistics/GIS framework. The most important of these
modifications are outlined briefly below.

Soil Hydraulic Properties

The soil hydraulic property functions used in LEACHW (Eqs. 2-5) poorly reflect the often observed
rapid decrease in water content and  hydraulic conductivity at pore water pressure heads between 0
and  -0.2 kPa (see e.g. Topp et al., 1980). The functional relationships between pressure head (h),
soil water content (2) and  hydraulic conductivity (K) proposed by Van Genuchten (1980), on the
other hand, usually give a much more accurate representation of the observed behaviour.
Consequently the Van Genuchten functions were incorporated into LEACHW as an optional
alternative. The 0(h) relationship is given by:

2 s - 2 r2 = 2r + __________________     2r   # 2  #  2S (11)              1 + |"h|n ][1-(1/n)]

where a [L-1] and  n [dimensionless] are empirical parameters, and  2S  and  2r, refer to the saturated
and  residual volumetric water contents, respectively [L3L-3]. The K(h) relationship has the form:
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[1 + |"h|n ][1-(1/n)] - |"h|(n-1)]2
K(h) =   Ks _______________________ (12)

[1 + |"h|n ][1-(1/n)] (L+2)

where L = 0.5 is usually assumed.

Water Extraction by Plants

Preliminary runs with LEACHW indicated that in wet soil profiles, (i.e. pore water pressure heads
greater than -10 kPa), the Nimah and  Hanks (1973) function for water extraction by plant roots,
U(z,t), would predict unrealistic (oscillating) water uptake patterns. An alternative function based
on the work by Feddes et al. (1978) was therefore added as an option. This function has the form:

U(z,t)  =  Rdf (z,t)  $(h) Smax (13)

where Rdf is the root distribution function [dimensionless] (already calculated in the GROWTH
subroutine), $(h) is a dimensionless sink term variable, ranging from zero to 1 as a function of soil
water pressure head, and Smax represents the maximum possible rate at which plant roots can extract
water from the soil, and  is given by:

Smax   =  PT / Zr (14)

where PT is the potential transpiration rate [LT-1] and  Zr [L] is the rooting depth. Root water uptake
is adjusted to reflect non-optimal conditions using the $ function and  specified pressure head limits,
h1, h2, h3 and h4 (see Feddes et al., 1978). In the Grand River watershed application, the h1 !h4
values of Dierckx et al. (1988) and  Veenhof (1993) were used: h1 = -1 kPa, h2 = -2 kPa, h3min = -60
kPa, h3max = -40 kPa, h4 = -1500 kPa. The Rdf function was that of Tillotson et al. (1980), with the
provision that Zr increased linearly from 5 cm depth at planting to 90 cm depth at root maturity.

Dissipation Rates

The dissipation rate constant, k, of most pesticides (including atrazine) is known to exhibit a
substantial dependence on soil water content and  temperature. Empirical water content and
temperature corrections for k were therefore added to LEACHP. The water content correction has
the form (Walker, 1978):

kW  =  1n2 / A(100 2)-B (15)

where kw is the water content corrected dissipation rate constant [T-1], and  A and B are empirical
constants. The temperature correction, Tcf [dimensionless], is given by:

Tcf   =  Q10 0.1(t-tbase)   ; 0ºC  < t  < 35 ºC (16)

where Q10  [dimensionless] is the factor by which k changes over a 10 ºC temperature interval, t [ºC]
is soil temperature, and  tbase [ºC] is the base temperature from which the temperature correction
was
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determined. The water content - temperature corrected dissipation rate constant, kwt, is then
calculated as:

kwt  =   kw Tcf (17)

For the Grand River watershed application, practical constraints dictated that Eqs. (15) and (16)
could be calibrated to atrazine only for the 3 predominant soil types in the watershed (Table 111).
Consequently, every soil in the watershed was assigned one of the 3 calibrated kwt  functions on the
basis of which predominant soil type they were the most similar to.

Table 11-1. Dissipation rate constants, k*, Q10 values and constants A and B (Eqs. 15 and 16) for
atrazine. (Data provided by E. Topp and W.N. Smith, CLBRR, Agriculture and
Agri-Food Canada, Ottawa, ON).

Variable

Soil Type

Woodstock
Clay

Dalhousie
Clay loam

Alliston
Sandy Loam

k* (d-1)       0.0468        0.0217       0.0215
Q10     4.896      3.715      3.687
A (d) 686.9    122.9  198.4   
B      1.061       0.369      0.514

k* is a "reference level" dissipation rate constant (determined at tbase = 25 ºC and 2 = 0.70 2 s)
which is required for the calculation of Q10,  A and B.

Bypass Flow

It is well established that preferential, or bypass, flow in macropores (cracks, worm holes, root
channels, etc.) and  "finger zones" can cause rapid movement of water and  solutes through the soil
profile and into the ground water (e.g. Thomas and  Phillips, 1979; Hendrickx and  Dekker, 1991).
As a result, many attempts have been made to incorporate bypass flow into the traditional
mechanistic water and solute transport models, which neglect this phenomenon. However, all of
these representations have serious limitations (Beven, 1991), and  consequently a simplistic, but
measurement based, approach to bypass flow was adopted for this work.

Chloride tracer breakthrough curves measured in situ in the soil profile often show the 0.5Co
concentration (C0 = chloride concentration in input spike of tracer) occurring before one pore volume
(PV) of soil water is eluted. This is indicative that some of the water in the soil profile was bypassed
by the chloride solute (White, 1985). The proportion of soil water bypassed by the solute was
estimated here using:

F   =   1-(2T /2)   =  1-PV0.5  ; 2T  # 2;    0 # F # 1 (18)

where F is a "bypass flow" factor [dimensionless], 2T  is the amount of soil water that participated
in solute transport [L3L-3], and  PV0.5 is the number of pore volumes at which the 0.5C0 tracer
concentration occurred. This factor was incorporated into the advection and mechanical mixing
terms
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of the convection-dispersion equation, i.e.:

qC   ! qC/(1-F) (19)
Dm(q)  =  8q / 2    ! 8q/ 2 (1-F) (20)

where q [LT-1] is water flux density, C [ML-1] is solute solution concentration, Dm [L2T-1] is the
mechanical mixing component of the hydrodynamic dispersion coefficient (Eq. 8) and  8 [L] is the
soil dispersivity. The above implies that all of the soil water participates in solute sorption,
dissipation and  diffusion, but only a fraction of the water (specified by F) participates in advection
and  mechanical mixing. The effect of F on the convection-dispersion equation is to increase the
average velocity with which solute migrates through the soil profile relative to the average linear
pore water velocity (q/2). This in turn causes the predicted 0.5Co concentration of a nonreactive
solute (e.g. chloride) to occur at less than one PV (i.e. PV0.05  # 1).

Bypass flow factors (F) were determined from field measured chloride breakthrough curves collected
in Southern Ontario for several soil types, water contents and  depths in the soil profile. The F values
were highly variable (CV = 168 %) and  did not show any consistent patterns with soil texture, water
content, pore water flux, or depth in the soil profile. Consequently, the mean value of F = 0.20 (n =
56) was used to represent bypass flow in the Grand River watershed application.

Multiple Year Simulations

LEACHW and LEACHP were modified to run over a number of consecutive years to determine if
the annual pesticide mass loading at a specified depth becomes constant with time, continuously
increases or decreases with time, or changes erratically from year to year. The modifications
included development of multiple year weather and  crop management input files and various
program changes to account for over-winter redistribution of water in the soil profile, snow
accumulation during winter, and  spring runoff.

It was assumed that during the "winter" (defined as when the weekly mean air temperature is less
than 0 ºC), the soil surface is frozen and  there is no water flux across the atmosphere/soil interface.
The result of this is that the existing water and  solutes in the profile slowly redistribute during the
winter via gravity drainage. Precipitation during the winter period is assumed to occur as snow which
accumulates with the assumption that 30% is lost due to blowoff, evaporation and  sublimation. The
remaining 70% is distributed between infiltration and  snowmelt runoff during the first seven days
of "spring" (defined as when the weekly mean soil surface temperature is greater than 0 ºC). Runoff
is calculated with the USDA Soil Conservation Service (1972) curve number method. Soil surface
temperatures were assumed to equal air temperatures.

Crop Management

The crop management component of LEACHP was modified to take into account crop type, soil
permeability and  air temperature when determining the dates for pesticide application, planting,
emergence, maturity and  harvest. For the Grand River watershed application, corn (Zea mays L.)
was planted in soils with intermediate surface permeability (100 mm/d  #Ks   # 250 mm/d) when the
mean air temperature reached 12.8ºC (Brown, 1976). Relative to this date, planting was advanced


