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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.

Thereport to follow identifiesthe requirement and providesaframework for soil quality evaluation.
It summarizesthe devel opment of improved capabilitiesfor 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 developmentsis 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 shouldinvolvelarge-areaassessment of critical attributesor
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 abasis for soil quality evaluation. This has resulted
inthe development and testing of aseriesof capabilitiesthat provide or havethepotential to provide
independent indicators of soil degradation risk aswell ascompositeindicatorsof soil quality. These
studies include:

1. TheWind 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 atwo year period. Associated studies led to the development of an
eguationto relateerosion to crop productivity. Tillage, crop residue decomposition, soilsand
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 Prairiesinto the model. Wind erosion monitoring sites across the Prairies
reported single event losses as high as 7 tonnes per hectare and total seasonal 1osses of 10
tonnes per hectare under typical land management in 1992.



2. TheWater Erosion Prediction (WEPP) hillslope model hasidentified 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, WEPPtendsto overpredict surfacerunoff volume, whereas, in British Columbia,
plot-scal e 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 conditionsin Canada.

Baselinemonitoring of soil erosion rateson field-scale plotsin Quebec, New Brunswick and
Prince Edward Island, using tracer techniques, indicateslevel s 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 changesin soil organic carbon and nitrogen for Canadian climate, soils
and crop management systems were simulated using the CENTURY model.

Studieson long-term rotations on the Prairies confirmed previous research that management
practices, type of rotation, and rate of soil erosion influencethelevel 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
dynamicsof carbon paralleled those of nitrogen. Contrary to previousclaims, 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 astudy at 22 sitesin 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 eval uation suggeststhat the extent of salinity isnot 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 siteto determine therelativeimportance
of land use, geologic and climatic factorsin controlling salinity.

5. Researchwasundertaken to determineif typical or improved crop production practiceshave
affected the physical behaviour of agricultural soils. Procedureswere 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 devel opment; and some
of the intensively cultivated soils show a reluctance to wet. The impact of these forms of



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 limitationsto crop productivity arising from high soil strengthin
structured soilsin the Regional Municipality of Haldimand-Norfolk, Ontario werereasonably
well predicted from fundamental and widely accessible data on soil physical properties,
generalized soil surveysand 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 wellsin Ontario.

Soil contaminationwithindustrial organic compoundssuch asarefoundin pesticidesor their
ateration products was found to be very low or not detectable in 30 agricultural soilsfrom
across Canada. The exceptionswere residues of pesticides currently in useand the detected
levels were consistent with their use in crop production and are not known to represent a
significant hazard to the environment.

An evauation of the persistence of organic chemicals derived from municipa 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
chemicalsto 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 planningand research. Complementary studiesof 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 effectsof commercial fertilizersand manurein restoring lost
productivity; and detected the dight advantage of commercia fertilizer over cattle manure in
restoring lost productivity.



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 Canadamap to assessinherent soil quality for crop production. Susceptibility
to changeto thisinherent soil quality isthen 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 abasis for the analysis of land use and management, files linking Statistics Canada Census of
Agriculture datato land resource databases have been compl eted for the Prairiesand Ontario. These
files provide access to more than 100 farm characterization variables that are spatially stratified by
soil and landscapecriteria. A generic spatial decision support system hasbeen developedtofacilitate
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 asabasisfor 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 susceptiblelocationsreveal sthat soil degradation continues
to be a serious threat to soil and environmental quality and crop productivity. Over the next few
years, effortswill be concentrated on developing afully national assessment of the current situation
and trendsover time. Thiswill provide a scientifically-sound, quantitative measure of soil quality,
and its economic impact in terms of productivity, as a function of time. Thiswill provide afirm
basis for the development of future land use and conservation policies.



CHAPTER 1
INTRODUCTION

D.F. Actonand G.A. Padbury

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

PROGRAM INITIATION

Reasonsfor Initiation
" Despiteitswidespread severity and global impact, soil degradation remainsan 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-haf of this land is considered to be prime
agricultural land.

Over the past few decades, concerns have been raised in Canada over theissue of soil degradation.
Neverthel ess, most assessments dealing with thisissue are of ageneral natureand are contradictory.
In the above quotation, La and Stewart (1990) describe the need for more precise and quantitative
assessments of soil degradation. Thelack of precisionand quantification can be attributed to theuse
of relationshipsthat have not been adequately tested or, if tested, have been found wanting. Itisalso
important to note that there are only a few sites across Canada where soil loss or ateration 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”
theland. Further changes resulting from soil degradation processes such aswater and wind erosion,
salinization, loss of organic matter and nutrients, and compaction have been a consequence of
certain kindsof land use and management. Theimpact of degradation on crop yield isoften 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 therate of increasein agricultural production, but precise measurements of thisrelationship
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.



Clearly, precise quantification of the kind, severity and extent of the various processes that modify
soil quality hasto be coupled with the impact of these processes on soil qualitiesthat determinethe
capability of soilsto produce crops.

The Nature of the Requirement

Sail quality isoften 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
(Batjesand Bridges, 1993; Sheppard et a., 1992).

The need to include soil quality in the environmental assessment processis recognized by agencies
with mandatesfor environmental reporting on anational 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 Agricultureand 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 asto more
directly serve landowners and local communities (Larson and Pierce, 1991; Sparling, 1991;
Hamblin, 1991).

PROGRAM PLANNING
I dentification of a M onitoring Requirement

Theworking group (1986) report to Agriculture Ministerson 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) wasestablished
by the Centre for Land and Biological Resources Research as the first phase in the development
of asoil quality monitoring program for Canada.

I mplementation Plan

Theplanfor the SQEP wasto develop acomprehensive 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 agreementswith PFRA for the Prairiesand the Y ukon and regional
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officesof the Agri-Food Devel opment Branch of Agricultureand Agri-Food Canadafor Ontario and
Prince Edward Idland. 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 interms of personnel and operating expensesto this program.

Monitoring Approaches

Two fundamental strategies or approaches to the assessment of soil quality change have been
followed. Inthefirst approach, baseline level s 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 a., 1990).

Inthe second approach, changeto soil quality isbeing evaluated by using model s or equationswhich
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 scalesfor improved assessments of the current statusand changeto 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, changein organic matter and structure, soil salinization and additions of agricultural
and industrial chemicalsthat 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 seriesof integrated studies were established. Some of them were directed to applying, improving
upon, or developing aseries of predictive modelsthat ssmulate 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 Siteswill provide anindependent 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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Criteriaand 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.

Analysesand Assessment System - This study will devel op 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 aswell asto provide acapability for specific land
use analysisand 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 systemsin
Canada. Changes to critical properties will be assessed by repeated measurement. The
information will be used to validate several of the predictive systemsin the SQEP aswell asto
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 mgor 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 fieldsand |andscapes acrossthe country using the *¥’Cstechnique, and
rainfall simulation studies. All approacheswill 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 aresult 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 stationsand universities will be used to evaluate the applicability of this model when
applied to soilsand 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. Thiswill be undertaken
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by devel oping aseriesof sitesacrossthe prairie provinceswhere soil salinity and associated soil
moisture, groundwater levelsand 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 proceduresto measure soil physical qualitiesrelated 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
asinherent soil propertiesover theshort and long term, and devel op rel ationshi psbetween 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 capabilitiesto assessthe
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 - Thelong-term objective of these studiesisto
develop aframework for assessing land resourceand environmental sustainability. Intheshorter
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 comparisonsto results predicted by simulation
modelling techniques.

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

Theoutput will be practical methodsfor eval uating theimpactsof land management practiceson soil
quality aswell asfor the analysis of risk of degradation from erosion, salinity, etc. Thiswill serve
as soil conservation and environmental protection planning tools at local and regional scales. The
output also will provide asystematic basisfor monitoring soil quality, regionally and nationdly, 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 isintended 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 alarge part by the inherent properties of the soil but that land use and management
practices may substantially change theseinherent properties. Two general approachesto 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
assessand monitor soil quality and soil quality change can be devel oped by linking these predictive
capabilities with appropriate databases. Direct measurement of change to critical attributes serves
as ameansto validate predicted values.

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

SOIL QUALITY
Soil Functions

Soil quality describesacapacity or capability of the soil to perform certain functionsin asustainable
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 a.(1990) described soil quality in terms of the physical, chemica and
biological attributes of the soil, including the water that isretained, transmitted through, or runs off
the soil. Anderson and Gregorich (1984) considered soil quality to be the sustaining capability of
asoil to accept, store and recyclewater, nutrientsand energy. Larson and Pierce (1991), recognizing
the dual importance of environmenta 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 asoil should be considered as a composite of its chemical, physical and
biological properties asthey perform three critical functions: i) provide amedium for plant growth,
i) regulate and partition water flow through the environment, and iii) serve as an effective
environmental buffer. Thegrowing concern for climate changeand theimpact of |and 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 aluded 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
(i) 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 rel ationships; the scope of which may be better
appreciated with referenceto 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 nutrientsand other
chemical constituents, iii) a physica 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

Thisframework aimsto provide abasisfor the devel opment of proceduresfor 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 areaand coupling these with procedures
for extrapolating from point sources or small areasto larger areas. Hamblin (1991) suggeststhat 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 theindividual
soil qualities or attributes such as texture and organic matter. In that the maintenance and
enhancement of soil quality requires knowledge about changesin 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
intime. Individualy, any soil quality may be aggrading or degrading, but it isthe 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 asa
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 asindicators
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 sitesthat are representative of the agricultural land resource areas and farming systems of
theregion or country and periodically measuring selected attributesimportant to soil quality at these
sites. Alternatively, soil databasesin combinationwith 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 describesland 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 processesthat may beimpacted by the various practices. It proposesthat 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 abasisfor determining the
impact of land management on soil quality. Thisprovidesafocusfor 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
factorsand the soil-modifying processesis provided below. Proposalsfor the devel opment of criteria
and indicators are presented in following sections.

Land Management Factors
L and management impacts on anumber 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
aboveby Larsonand Pierceand Anderson and Gregorich, it ispossibleto 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 factorsfor each
of the crop production and environmental functions, shownin Fig. 2.1, have been developed by Greer
(personal communication). Consideration of these factors in developing criteria for ng soil
guality 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 suitablefor use as criteriafor determining soil
quality change.

Soil-M odifying 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 involvesits effect on the quality of water in streams or lakes. The critical point, asit relates
to the environmental function, is not whether water erosion isimpacting 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, streamsand 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 aternate capabilities to
predict changein soil quality related to soil structure change and soil salinity. A model is also being
evaluated to predict the movement of chemicalsto 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 acritical 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 isinextricably 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, theframework 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 asimilar vein, the assessment of soil quality change will focus on those man-induced changes
directly related to the agricultura 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, isthe area
of interest afield, afarm or some larger region.

SOIL QUALITY STANDARDS

Theframework, to thispoint, identifiesthe factorsthat determine soil quality, but it doesnot place any
comparative or judgement value on them. Thefinal step of an assessment isto 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. Assuch, assessmentsrequire astandard for the comparison of soil
quality and monitoring requires astandard 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

Standardsof soil quality include any defined basisfor determining astated 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 alevel 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 arating 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 criteriaand thresholds and
the assessment or monitoring of soil quality or soil quality change requires the development of
indicators. Themeaning and application of theseand related termsis provided, asfollows, asabasis
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 beamodel that predicts soil salinization (Fig. 2-1). As
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such, these criteriaidentify factors, numerical relationships, formulae or more complex models that
provide aset 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
soilsor limits could be soil specific. A set of criteriawould 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 observabl e attributes which reflect changesto 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, asindicated earlier, would address the capacity of asoil to function for aspecific
purpose by evaluating all of the important attributes that contribute to this capacity. It isimpractical
if not impossible to develop criteria that would address all of these attributes for al, 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.

Sail Quality Attributes

A soil quality attributeisameasurable soil property that influencesthe capacity of the soil to perform
a specific function. An exemplary list of critical attributesis provided in Fig. 2-1. Some attributes,
however, aremore suitablethan othersfor measuring soil quality change. Attributes such assoil depth,
soil organic matter and electrical conductivity are often sel ected 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

Theframework providesthe opportunity to select indicatorsthat are either direct or indirect measures
of land management practices that clearly impact on soil quality. Crop cover, including residues,
exemplifies thistype 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.
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Elements of Soil Quality

Thecritical soil functionsdescribed previously must be determined before soil quality can be assessed.
Thesefunctions are scale-independent, remaining the samefor plots, fields, districtsor 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 aframework are
asfollows:

1. Determinethe objectivesof the evaluation. Begin by establishingthecritical 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? Isit 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 criteriamay require consideration of availabledataand data
management capabilities.

2. Datacollection and management. The specific data requirements will depend upon the purpose
and thedimensionsof the assessment, but they alwayswill 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 adescription of all the relevant information. It a'so may be advantageous to organize the data
so that the initial analysis can be conducted at a detailed scale with facility to generalize the
informationinthefinal analysis. "Nested databases’, whereby groupsof map polygonsat adetailed
or large scale fit, or, are nested within polygons at successively smaller scales, facilitate such
analysis.

3. Makeafinal selection of the criteriafor the assessment. The criteriaare 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 anumber of soil attributes into more comprehensive elements of soil quality.
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4. Predict thecondition of, or changeto, soil quality. A seriesof soil-modifying processmodelshave
been devel oped 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 anaysis.

5. Theoutput 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
GISBASED SYSTEM TO ASSESS SOIL QUALITY

K.B. MacDonad!, F. Wang', W. Fraser', G.W. Lelyk? and |. Jarvis'

! Agriculture and Agri-Food Canada, Research Branch, CLBRR Ontario Land Resource Unit,
Guelph, Ontario
2 Q%ric_ulture and Agri-Food Canada, Research Branch, CLBRR Manitoba Land Resource Unit,
nnipeg, Manitoba

INTRODUCTION

The purpose of this study wasto: 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 assessmentsof the current statusand trendsin soil quality, and
I1) demonstrate, in selected agricultural areasof Canada, the current statusand 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 GI S routines.

The current prototype system is limited; the algorithms require further development and testing,
and some of the datarequires updating and correction. In itsfinal 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.

CONCEPTSAND OPERATIONAL FRAMEWORK
Concepts

During the course of this study a broad range of the conceptsand 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
conceptsand definitions are the best possible will continue; however, the meanings represented
here should be kept in mind whilereading and interpreting thischapter and other reportsfromthis
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 adesired use or function to be carried out on the
land. Severa general land functionshavebeenidentified: 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 (natura or undisturbed) and
highly mani pulated (or managed). For example, aland areawhichisused for intensiveagricultural
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, isillustrated 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 devel oped to characterize the capacity of asoil to perform afunction 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 functionsisquitecomplex and itscharacterization couldinvolveincreasing levelsof detail

right down to microscopic. For the system to be workable, characterization must be based on a
[imited number of componentsor el ementswhich themsel ves can be characterized by components
in anested hierarchy (Allen et al, 1984). The genera approach taken was to identify components
or elements of each function and choose the best data sources and attributes to estimate the
elementsfor the scale of interest. In redlity, the elements of soil quality related to production tend
to characterize physical, chemical and biological activity of the soil and, assuch, they areclosely
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 attributeand i) attributereliability, the confidence with which thevalue
associated with an item can be used to represent that item. This concept includes both the inherent
variability of the attributeand also the precision or size of the classrepresented by asingle 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 amore logical areafor natural resource analysisand 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 asoil indicates how well it can function for one or more purposes. Assessments of

soil quality over time provide ameasure of sustainability of the land management practices. Soil

quality assessment procedures can be described in several smple steps. These steps prevail
irrespective of whether the area being assessed is asite or field or an entire province or country.
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They arealso followed when theassessment iscarried out intuitively and subjectively (by afarmer
or field extension worker) or more explicitly by aresearcher using computerized databases, GIS
and computer models.

Basic stepsin soil quality assessment

1. Estimatetheexisting (inherent) soil quality for oneor more specificfunctionsusing 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. Estimatethephysical conditionscausinglandto besusceptibletochangeinquality 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. Combinesteps1, 2, and 3 over timeto predict changesto land resour ce quality: i) by
subjectiveestimation, 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, thisapproach suggeststhat three aspects of soil quality are considered: inherent soil
quality, soil quality susceptibility to change, and soil quality change. Definition of thesetermsas
used in this study are listed below.

Inherent Soil Quality (1SQ) refersto those properties of the soil which contributeto the capacity
of the soil to support aspecific critical function and which arerelatively 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, 1SQ does not deal specifically with
landscape-rel ated features such asslope. Estimatesof inherent soil quality can bebased exclusively
on land resour ce dataand 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 (L UM SC) - 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) refersto the change in resource quality (for ause) over time(t, - t,)
or space; it hasboth magnitudeand direction. Dynamic soil quality representsthedirection aspect.
This assessment is normally based on land resource data used in conjunction with land use and
management, topographic, and climatic data. Thesedatabasesareusually 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
changesinsoil quality. Thisisparticularly trueat national and regional scaleswheresoil inventory
reports are the principa source of land resource information. With regard to soil inventory, this
kind of analysisis 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
thisstudy, it was aso theintent to provide someindication 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
guality to change. These procedures encompass assessments of the effects of biophysical
characteristicsand land use and management practices on soil quality.

Procedures to determine soil quality change were not devel oped; it wasfelt that the dataavailable
were inappropriate for this assessment. In the future, it may be possible to evaluate soil quality
change using process-based model s 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
systemsfor Canada (for example, Wang, et al. 1991; MacDonald and Brklacich, 1992; Brklacich
and MacDonald, 1992) asthe approach, objectives, databasesand technical environmentsare not
the same.



METHODS
GIS Systems

The system was devel oped using Arc/Info* GIS, operating on aVAX mainframeand MicroVAX
computers, and PAMAP GIS installed on a personal computer. The rating agorithms were
developed and implemented in dBase IV and linked with the GIS.

Kinds, Sour ces 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 ascale of 1:1 million, ii) Canadian Soil Carbon Data Base at ascale
of 1:1 million (also includes some soil-landscape attributes such as sl ope stegpness, iii) Soil Name
File (SNF) and Soil Layer File (SLF) which can belinked with the above data sets; iv) vectorized
Advanced Very High Resolution Radiometer (AVHRR) 1989 compositewith 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.

Theland resource datawere obtained from the National Soil DataBase (NSDB) of Agricultureand
Agri-Food Canadaand the Censusof Agriculturedatawere purchased from Statistics Canada. The
AVHRR datawere 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
appropriatefor national scale(1:1 million) assessment. Thequality of theattributeinformationwas
quite variable, particularly for the land resource layer which was compiled from avariety of data
sources ranging from expert estimates to summaries from detailed soil surveys.

Inherent Soil Quality (ISQ) Assessment Procedures

Inherent soil quality (1SQ) is estimated from land resource data by identifying aset of soil quality
elementsand then defining combinations of soil attributesto characterize each of the elementsfor
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 hasrelevancein the assessment of the soil's capacity for environmental buffering.

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

The mention of atrademark, proprietary product or vendor in any part of this report does not imply
endorsement by Agriculture and Agri-Food Canadato the exclusion of other products or vendors.



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 (LSRYS). It isanational system for rating land suitability for
the production of crops. Rating factors have been developed for spring grainsand the systemis
currently being tested. The procedures are objective and provide a separate rating of the climate,
soil and landscape factors. Although the 1SQ rating only requires soil attributes, appraisal of
climateand landscape are normally required to accommodate the requirements of the crop under
consideration. In that the LSRS provides an adequate basis for rating 1SQ, the logic and the
algorithms used for L SRS have been adopted.

Proceduresto estimateinherent soil quality were devel oped to use datafrom the standard attribute
filesassociated with mapsinthe NSDB. These programsare designed to accessdatain the polygon
or soil map unit files (SMUF) aswell asthe soil names (SNF) and soil layer files(SLF). They can
be operated in conjunction with generalized maps (asreported here) aswell asdetailed soil survey
maps (at various scales ranging from 1:10,000 to 1:125,000). For this implementation, the
estimates include alimited number of soil conditionsand processes related to production. These
procedures can be modified to accommodate alternative crops and will be improved as the
rel ationships between soil attributes and production are better understood.

A preliminary assessment of the land resource data was carried out to define the boundary
conditionsfor the assessment. The valuesfor the national-level crop assessment are defined asin
Table 3-l. It is recognized that the rooting depth limits are not necessarily ideal for any crop;
however, they have been chosen to all ow the specific production elementsto 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, chemica rooting conditions and
physical rooting conditions. Estimation procedures were devel oped for all soilsin Canadawhich
meet basic criteriafor 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.



Table 3-1. Restrictionsand exclusions of soil characteristicsto assess |1SQ for national-level

assessment
Excluded Conditions:
Climate < 1050 Effective Growing Degree Days (EGDD)
L andscape
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 <20cm
Salinity >16cm
pH <35
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

Theinitial rating of porosity for aeration and moistureisbased on soil bulk density and moisture
retention characteristics. Final ratings al so depend upon soil drainage classand climatic zone. For
example, awell drained sand with alow available water holding capacity is asevere constraint to
crop production in more-arid areas, such asthe Brown soil zone in western Canada. Where water
tablesare present, such asimperfect, poor, and very poorly drained soils, thismoisture supply may
compensatefor alow availablewater holding capacity. On the other hand, awater tablewithin 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 3-2aillustrates the "soil climatic zones' that were recognized.

The aeration porosity is calculated for each soil horizon inthe Soil Layer fileand thesevauesare
summed to obtain atotal aeration porosity (in cm of air) for the entire soil. Thisis calculated in
two stages; the surface layer (20 cm) and the subsurface layer. The formulaused is as follows:

PORETOT(cm) = PORETOT(cm) + THICKNESS * [(2.65 - BD)/2.65 - 0.01 * KP33]



where,

THICKNESS = thethickness of the soil layer (cm). Thisisthe absolute value of the upper
depth minus the lower depth, as recorded in the Soil Layer file.

BD = Bulk Density,gcm?. *

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

KP33 approximates field capacity.

A density value of 2.65 gcm® for the solid mineral soil material is used for al horizons where the
organic carbon islessthan 2.0%. Where the organic carbon values are between 2% and 17%, avalue
of 254 gcm?isused and for soil layers with organic carbon values of >17% (ie., organic layers), a
value of 1.00 g cm-3for the solid soil material is used.

Table3-2a.  Soil climatic zones as defined by soil taxonomic attributes

SOIL
CLIMATIC SOIL NAMESFILE ATTRIBUTE VALUES
ZONENO. P-PE! (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.S0). Also O.R, CU.R, O.HR, CU.HR for Province="MN".
3. -300to All well-drained Black and Dark Gray Chernozemic and
- 200 Solonetzic, and Gray Brown Luvisolic subgroups. (O.BL, R.BL,
CABL, EBL, 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 drainageis poor.
6. Any soil where drainage is very poor (if very poorly drained soils
are not set for exclusion).
! P-PEisPrecipitation - Potential Evapotranspiration. All valuesare negative, inmillimetres. These

are the approximate equivalent ranges, adopted from the Climatic Moisture Index Map
(Agronomic Working Group, 1992).



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' |None(0) None(0)  None(0) None(0)  Slight(l)  High(3)
Low

8' |None(0) None(0) None(0) Moderate(2) High(3) High (3)

Very Low 4 None(0)  Slight(1) Moderate(2) High(3) High(3) High (3)

Soil Climatic Class' T 2 3 7 5 )
P-PE (<-350) (-350to - (-300to - (> - 200) All poorly  All very
300) 200)
Soils Brown D.Brown Black, All others  drained poorly
D. Gray, drained®
G.Br. Luvisol
! Crop specific threshold values for the Porosity (cm of air) within the rooting zone can be

set within the CROP.LOG section of the 1SQ_PRO program. Default values for the
NATIONAL LOG are shown here.

2 Soil Climatic classes are defined in Table 3-2a.

3 This classis used only where the program has been set to rate very poorly drained soils
(CROP.LOG).

Thetotal aeration porosity values arethen added for al valid soil layerswithin the surface 20 cm.
A minimum threshold value of 1 cm of air within the surfacelayer (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 val ues specified by the user. The soil climatic classis also determined,
based on the criteriain Table 3-2a. The final rating for the 1SQ 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)
VeylLow 5? Exclude(7) Exclude(7) High(3) Moderate(2) None(0) None(0)
A Low 6! Exclude(7) High(3) Moderate(2) Slight(1) None(0) None(0)
W Medium 71 High(3) Moderate(2) Slight(1) None(0) None(0) None(0)
H
C High 12* Moderate(2) Slight(1) None(0) None(0) None(0) None(0)
T VeyHigh 15 Moderate(2) Slight(1) None(0) None(0) None(0) None(0)
O
T
P
1 2 3 4 5 6
Soil Climatic Class? <-350) (-350 to -300) (-300 to -200) (> - 200) All poorly All very
P-PE Brown D.Brown Black, All others  drained  poorly
Soils D.Gray, drained®
G.Br. Luvisol

Crop specific threshold valuesfor avail able water holding capacity (AWHC), incm of water within the
rooting zone. Default values for NATIONAL LOG are shown here.
Soil Climatic classes are defined in Table 3-2a.
Thisclassis 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. Thisis multiplied by the
horizon thicknessand atotal valueisaccumulated to either the maximum rooting depth, or some
restricting layer above the maximum rooting depth. VValuesfor AWHC are calculated as shownin
Table 3-2d.

Thetotal AWHC valuewasthen assigned to one of six classes, based on threshold values specified
by the user.
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Table3-2d. 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)

Texture! 0.5% (%VFS)+%Silt+%Clay2 AWHC (mm/m)
Organic ® 0 700
S >0to 10 40
LS >|0to 20 60
SL >21to40 100
L, VFSL >40to 60 150
Si, SIL >60to 70 170
SiL >70t0 75 180
SICL, CL >75t080 190
SiICL >80to 85 200
SC,C > 8510 100 225
. USDA soil texture classes indicated here are only approximate. Several classes may overlap due to

varying percentages of silt and clay.

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 classisaso determined, based on the criteriain Table 3-2a. Thefina 1SQ 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 (meg/100g) X B, (gcm™®) X BaseFraction (%) X Depth (cm)
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Thesevauesare averaged over the surface 20 cm to give anumber with final dimensionsof (Meq
100 cm-2 cm™). The rating used for this element is summarized in Table 3-3.

Table3-3. Rating class limitsfor 1SQ element-nutrient retention

Classes Cumulative CEC
No Constraint 25
Slight Constraint 19
M oderate Constraint 12

Physical rooting conditions

Rooting conditions are based on the depth to root impeding layers. Research isunder way (e.g. the
soil structureand non-limiting water range studies described later in thisreport), to determinethe
physical conditionswhichrestrict or impederoot penetration. New resultswill beincorporated 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 fragmentsin excess of 10%. Theratingis
based on the depth at which the restricting condition occurs, as summarized in Table 3-4.

Table3-4. Depth class limitsfor 1SQ element-physical rooting conditions

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

Chemical rooting conditions

Chemical conditionsare defined in terms of an adequate depth of soil with pH and salinity within
tolerable limits. Salinity, as estimated by electrica conductivity, and pH are each evaluated
independently and theworst rating of the two isthen assigned asthe overall 1SQ chemical rooting
conditions element rating. Both conditions are calculated in a similar fashion.

The depth weighted average pH for generic cropsis 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 thisaverage pH is
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Fig. 3-2. Dominant soilsin SLC polygon of southern Manitoba.

3-14



INHERENT SOTL QUALTTY(ISQ! [LEMENTS

MA? OF
ADITIO!

SOUTHIRN MANITOBA

Based on SLC,3CC,
SLF ard SNF Dara

B K0 CONSTRAINT

B §LICHT CONSTRAINT
0 MODEEATE CONSTRAINT
W SIVERD CONSTRAINT
Bl RGN

B 0N SO0 ROCK
Bl v LE

= 507 BATIC

TEER Frwjrc
c L ¥ R 8
bgricaliare Tansde
1 %51

Fig. 3-3. Inherent soil quality (1SQ) elements map of southern Manitoba.

3-15



within the range of 6.0 to 7.3, the soil component is given a"no" constraints rating. If thisvalue
extends beyond this range but does not fall below 5.5 or exceed 7.7, the soil is given a"dight"
constraintsrating. Similarly, between 5.0 and 8.1 therating is"moderate" and between 4.0 and 9.5
therating is"high".

Inthe subsurface, pH valuesbetween 5.5 and 7.7 are considered to have no constraintswhilethose
outside thisrange and extending to 5.0 and 8.1 have aslight constraint and those extendingto 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 isevaluated in the samefashion as pH. Theweighted average of theelectrical conductivity
iscalculated for all soil layerswithin the surface and subsurface zones. These are assigned ratings
based onthethreshold EC values. The overall salinity rating for the soil iscal culated 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 aserosion by wind or water, |oss or accumul ation 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 attributesand this change
frequently impactson the capacity of the soil to function. Studiesdescribed el sewherein thisreport
deal with the development of capabilities to estimate or predict various processes which modify
soil quality. Asthese capabilities becomefully developed, they will be incorporated into the GIS
system capability for assesing soil quality. Intheinterim, attention isfocused on assessmentsusing
a more qualitative approach to estimate soil quality susceptibility. It consisted of identifying
individual soil characteristicsand 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 processesand in part on the kinds of information
available. For the process of erosion, measures of soil thickness, slope, and land management
characteristicsrelated 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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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.

Table3-6. Criteriaand limiting (threshold) values used to indicate SQS
Data Sour ces Characteristicy Limiting Values M odifying Processes
Attributes Affected
Biophysical
Attributes shallow topsoil A horizon thickness<=15 | water erosion and

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

Land Useand
M anagement
Attributes

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

low organic carbon
content of topsoil

shallow effective depth

steep surface slope
high intensity of land use

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

cm

organic carbon of A
horizon < 1%

depth to impenetrable
layer <= 60 cm

slope steepness > 9%

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

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

organic matter decline
organic matter decline

water erosion and
organic matter decline

water erosion

organic matter decline

water erosion and
organic matter decline

data (1989) increasing intensity of land | **increase of cropped land | organic matter decline
use and row crop > 10%
* applicableto prairie area
o applicable to southern Ontario

The susceptibility to change was estimated by adding the factorstogether. Thelevel 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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RESULTSAND DISCUSSION
Inherent Soil Quality (1SQ)

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 estimateswere cal culated using datafor the dominant soil from the Soil Landscapes
of Canadamap and the associated soil namesand soil layer file. Fig. 3-2 provides an indication of
the extent of coverage which has been achieved by restricting the analysisto only the dominant soil.
Theresults of the 1SQ assessment areillustrated in Fig. 3-3. At thisstagein soil quality assessment,
each of the elements of 1SQ 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 | SQ assessment proceduresare at apr ototypestage of devel opment. They
will undoubtedly go through aseries of revisionsand refinements before the final 1 SQ assessments
are available. Currently, work isin progress to review these prototype | SQ assessments with local
experts to verify that the results agree with their persona experience in the region. In addition, we
are conducting asensitivity analysis of the algorithmsto 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 areaswhere
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 1SQ
procedures asfinally devel oped to estimate 1 SQ elements at these larger scales. The comparison of
these estimates to the broad regional assessmentswill provide another validation of the procedures.
This assessment will be similar to the study carried out in Ontario (MacDonald et al., 1993) which
showed agood 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)

Sail 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 ismediated by land useand management, hasbeen
estimated by establishing relatively arbitrary thresholds (summarizedin Table 3-6b) for information
collected in the Census of Agriculture. Both the criteriaand the threshold values are tentative and
are currently being compared with analyses being undertaken in related projects, particularly the
sustainabl e land management analysis being reported by Cann et a. in alater 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 Municipalitiesin Manitoba. This means that the
gpatial reporting unit for theland use and management information was quite different from the soil
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landscape polygons on which the land resource datawere compiled. The GIS provided the essential
analytical capability necessary to combine the datafrom 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 datawere available for 1986 and, for Ontario, Census datawere obtained
for both 1986 and 1991. Because of the availability of data for two Census years and aso due to
the greater range of land use intensity and management, the Census data for Ontario provided a
greater variety of SQS conditionsinfluenced by land useand management. Soil quality susceptibility
to change estimates for southern Ontario (Fig. 3.5) are based on (@) 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 theresource base, it isthe combination and subsequent interpretation of these resultsthat hasthe
potential to provide insightsinto the current statusand trendsin 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 polygonsareidentified on Fig. 3-5). The1SQ rating of these
polygons is high (Table 3-7a,b); each element showing either no or dlight 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 thicknesswhich suggest that they are susceptibleto the process of erosion by water and that,
because the surface horizon isrelatively 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 characteristicsbut show arange of land use practiceswhich will make
the areas more or |ess susceptible to changesin soil quality.

One of the difficulties associated with the interpretation of the dataisthe differencein boundaries
between the natural units (soil landscape polygons) and theadministrative areas (CCSD's) onwhich
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 datawere stored by individual CCSD, the actual values
were calculated for the attributes of soil management and land use. Theresultsare all expressed on
the basis of the 1991 census of agriculture.
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Table 3-7a. SQS to organic matter decline of selected SLC polygons in southern Ontario

SLC Comblqed 'SQ Soil and I.an.dscape Land use and management attributes Implications
polygon rating characteristics
number
Occurred Area Occurred Area (%)
(%)

0027 Slight constraint | A horizon thickness <= 15 cropped area > 75% & row crops > 60% i) Both polygons are more
cm - organic carbon of A - conservation tillage and no tillage < 20% susceptible to organic matter
horizon 70 - increase of cropped land > 10% decline
<1% - increase of row crop > 10% 114

c ropped area > 75% & row crops > 60% 5.1 |ii) Polygon # 27 has

- conservation tillage and no tillage < 20% relatively higher

- increase of cropped land > 10% 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 cropped area > 75% - row crops > 60% 3.2
cm organic carbon of A
horizon 70
<1%

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% 25.6
- conservation tillage and no tillage < 20%

14.3
cropped area > 75% - row crops > 60%
- increase of row crops > 10 % 13.0
cropped area > 75% - row crops > 60% 391
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 | Combined 1SQ
Number |rating

Soil and landscape
characteristics

Land use and management attributes

Implications

Area
0
Occurred Area (%) |[Occurred (%)
0082 No constraint A horizon thickness <= 15 cm conservation tillage and no tillage < 20% .
. 8.7 i) Both polygons are more
-slope steepness > 9% - increase of cropped land > 10% . .
susceptible to water erosion
70 conservation tillageand notillage<20%  67.8
SQS not indicated 235 ii) Polygon #86 has
relatively higher suscepti-
bility to water erosion than
polygon #82.
0086 Slight constraint | A horizon thickness <= 15 cm conservation tillage and no tillage < 20%
- slope steegpness > 9% - increase of cropped land > 10%
60 34.3
conservation tillageand notillage<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 (SL C) 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
0,

% of SLC polygon covered by CCSD>50 64 74 54 60
Cropped land in CCSD>50in 1991 42,601 152,532 10,902 13.301
5 .
Cropped area as a % of farmland in CCSD>50 81 83 5 5
5 .

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

o
Rented land % in CCSD>50 34 23 30 %
5 .

1986 cropland as a % of 1991 in CCSD>50 98 99 113 99
1986 row crop areaasa% of 1991 in
CCSD>50 79 83 areatoo small areatoo small
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These calculations show that both polygons 27 and 64 are intensively cropped but that row crops
are alarger 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, thetwo
polygonsarequitesimilar and both have hay asamajor component of theland use. Analysisof 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 systemsfor 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
assessmentsfor Ontario and Manitobawere in agreement with subjective estimates by experienced
soil researchersand surveyors.

Theresults 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 datalayers, e.g. topography and land use,

i) adjust the rating criteriaand agorithm 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 1SQ 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
gpatial representation is operational at national and regional scales using existing databases.
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CHAPTER 4
A LAND USE ANALYSISAND MONITORING SYSTEM FOR SOIL
QUALITY ASSESSMENT
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Edmonton, Alberta
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Resour ces 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 isrecognized 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 soilsand production industry. In order to document the relationship between land use
and soils, however, and to devel op strategiesfor reducing the stress on the environment, an efficient
methodology for analysing and monitoring current land use over large areas is required.

Soil scientists, geographersand specialistsin land evaluation, land degradation and rural planning
have been promoting the need for current and accurate land use and management datain order to
support our effortsto manageresources (Hal stead and Dumanski, 1977; University of Guel ph, 1978;
Cooteet al., 1981; Huffman and Dumanski, 1985; Hiley and Wehrhahn, 1991; Jeck et al., 1990a).
As aresult, anumber 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 aso 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
restrictstheir useto small areasand infrequent timeintervals. Classification of satelliteimagery 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
suffersfrom alack of socioeconomicinterpretability and isthereforelow inanalytical potential. The
national Census of Agriculture, with its coverage of all farms every 5 years and wide variety of
variableshastremendous potential for analytical studiesover large areas, but it isrestricted by alack
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
Digtricts, and isthus difficult to interpret in anatural 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 asoil 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 amethodol ogy of manipulationand analysisthat would serveavariety of needsfrom provincial

and national evaluationsto 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
datain an efficient and timely fashion. The development of the capability to analyze and monitor
agricultural land use activitiesand management practices within alandscape framework, using the
two approaches of census data interpretation and remote sensing, is addressed in this chapter.

GOALSAND 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 aso recognized.
Since soil quality assessment requirements relate to defining and measuring soil quality and its
susceptibility to change, the emphasisin the development of the land use and anaysis 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) isapplicableinal partsof the country,

i) isorientedtowardland management, farmingactivitiesand socioeconomic conditionsrather
than land cover,

iii) isapplicable at avariety of scalesfrom local (1:25k) to national (1:5m),

iv) incorporates atime dimension to facilitate monitoring, and

v) isfunctional 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 databaseswithin thesystem. Theseneedswereidentified through consultationwith
potential clients of a land use analysis and monitoring system, a process that involved a
guestionnaire survey of 22 agenciesand 12 participantsin 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 scal€' 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
socioeconomicinformation that could be updated approximately every 5years. 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 possiblein analytical and descriptive procedures. For detailed process-model work, the
area of concern tendsto beasiteor afield and land use data should correspond to that area. It was
the opinion of the potential clientsand the advisory committee that the Soil L andscapes 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 alows the aggregation of data for studies at a coarser resolution. For site related
research, the pixel resolution of the appropriate satelliteimagery (eg. 10, 20, 30 or 80 metres) serves
as the spatial unit.

Table4-1.  Characteristics of datafrom 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

1. Cropping Systems
2. Land Management Variables

1. Crop Rotations
2. Tillage Systems

Typeof Data 3. Socioeconomic Variables 3. Production Practices
4. Farm Structure Variables 4. Conservation Practices
Type of Data Descriptions, Comparisons of Large | Descriptions, Statistical Correlations,
Analysis Areas, Long-term Change Variability
Time Interval to Update |5 years 3 Timesin 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
Canadawas not likely to be appropriate. The fundamental problem, not likely to be resolved in the
near future, relatesto theintegration of different land survey approachesand geographic coordinate
systems used in database management.

Similarly, different methods to obtain land use data over small areas have been documented. One
method, combining airphotointerpretation and siteinspection, hasbeen used extensively inregional
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 regionsof 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 aland use analysis
and monitoring system with national capability, a significant limitation in the form of prohibitive
costsrendersthe 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 componentswasadopted. Thefirst 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 unitsin different parts of the country. A brief discussion of these regional approachesis
presented here, followed by a description of the agricultural data modules.

Regional Approaches

Inthe Prairie provinces, match-merging of farm headquarters|ocations with biophysical units was
the chosen method, and Soil Landscapes of Canada (SL C) maps provided the spatial stratification.
Digital filesof SL.C polygonswere combined withaDominion Land Survey (DLS) fileinaGISand
the extent of each polygon was defined on the basis of square-mile'sections. A file containing the
DL Slocation of the headquartersof each farminthe Census(maintained by Statistics Canada) was
merged with the polygon file, thereby assigning farm headquarters to SL C polygons. The merge
produced a link file that was used to summarize farm-level data by SL.C polygons. The procedure
issummarized in Table 4-2.
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In central Canada (Ontario and Quebec), the DLS is an irregular design based on Counties,
Townships, Lotsand Concessions, with "Gores" and "Broken Fronts' due to surveys originating
along natural watercourses. Dueto thisirregularity, the capture of farm headquarters|ocation isnot
consistent, thus making the linking of headquarters to polygons impractical. In this area,
match-merging of Census Enumeration Areas (the smallest areaat which census datais 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. Thismerge producesalink fileassigning 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'sand LRA's and, thus, that local land use patterns are
appropriately represented.

Table4-2.  System capabilities for broad area assessmentsin Canada

Region Prairies Central Eastern
Scale 1:1 Million 1:1 Million 1:2 Million

. . . . | Soil Landscapes of Soil Landscapes of Land Resource
Biophysical Spatial Unit] - 1 (s1.0) Canada (SLC) Areas (LRA)
Additional Bases None Land Cover Map None
Census Unit Farm Headquarters Enumeration Area Enumeration Area
Compilation Technique | Match records GISoverlay GIS overlay

— — S .

AC.]dItI.OI’]a| Decision None None 70% over'la'p, refined by
Criteria 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
analysisand monitoring system. Within the scope of this chapter, only ageneral discussion of the
datamodulesispossible. Inthat each regiona method uses standard census variables, thefollowing
discussion is applicable to al 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. Theland 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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characteristicsand 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 practicesand 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
filesprepared. Custom processing of the censusdatais nearing completion and atrial run of thedata
stratification showssuccessful output. Asan exampleof thetypeof resultsbeing obtained, Table4-3
presents a comparison of several variables for three SLC polygons.

Table4-3. A comparison of three SLC polygons in the Prairie Provinces, Canada

Variable Red River, Vulcan, Assiniboia,
Manitoba Alberta Saskatchewan
Dominant Soil Type Crampemic | Chemoromie | Cranoramic
Surface form Leve 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) 04 36.0 449
Capital Value* ($/ha) 2317.95 1523.41 1042.00
Gross Margin **  ($/ha) 112.54 72.28 36.93

* total capital value of al farms (land, buildings, machinery, equipment and livestock) divided by
farmland area.
** total of al farm receipts minus total operating expenses divided by farmland area.
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It is apparent that with alist of over 100 farm characterization variablesand aspatial stratification
that subdivides Manitoba, Saskatchewan and Albertainto approximately 1000 |andscape units, there
is considerable potential for analysis of spatial relationships between soil, soil quality and
agricultural activities. For example, comparisonsand correl ations can be made between and among
avariety of socioeconomicand biophysical variablesin order to identify anomal oussituations, which
could then be targeted for more detailed investigation. Similarly, locations with combinations of
characteristicsthat are known or suspected of being degrading to the environment can beidentified
for action. The data could also be accessed in order to tailor policy or extension efforts to specific
concerns. Soil quality issuesin 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 devel oped for additional information on thetypeand 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 groupsof SLC polygons. Thesmaller
scale of spatial organization isrequired in order to obtain sufficient numbers of farmsin each type
and landscape unit to adhereto Statistics Canada's confidentiality provisions (minimum of 10 farms
per reporting unit). The ARA/Farm-typedatabase duplicatessimilar onesdevel opedfor the1981 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 centroidfiles. These GIS coverageswill beoverlainon 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
onaCensus Consolidated Subdivision (CCS) basis, but the size of these spatial units (approximately
equivalent to a Township) restricts their use in detailed spatia analysis.

In addition to the database development work, a generic Spatial Decision Support System (SDSS)
has been devel oped to assist in the management and presentation of datafor the system. ELLY, the
Encyclopediafor Landscape and Land-indexed Inquiry, is a software package with alow-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 Y ukon territory. With the completion of the development of this land use and
analysisand monitoring systems capability, the program will also be ableto includethe 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)
Thedevel opment of aremote sensing capability within Agricultureand Agri-Food Canadahasbeen

achieved with the installation of necessary hardware and software and thetraining 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 theidentification and mapping of 3-year crop rotations can be achieved
with 90% or greater accuracy using conventional Landsat (TM) imagery (Huffman, 1992). Thiswork
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 addressthe feasibility of using this technology to
supply datafor specific evaluationsand small areaassessments, and in linking theresultsof 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
beevaluated. Intheinitial stages, the censusdatastratified by SLC and ARA polygonswill 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 alandscape.
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INTRODUCTION

Questions about trendsin soil quality changein Canadaand 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 propertiesimportant 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 propertiesand of someimportant land useand management
systems to serve as a basis for a comprehensive evaluation of change in soil quality.



Severa approachesto the assessment of soil quality change have been reported. Thefirst approach
(Martin, 1989; Tabi et a., 1990) involvesthe selection of specific siteswherebaselinelevels 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 areain question (Larson
and Pierce, 1991). The study described herein exemplifiesthefirst approach. A network of siteswill
be established that will enable adirect comparison of change in soil propertiesover timein relation
toprevailing agricultural land useand management practicesacross Canada. Thiswill providedirect
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) toprovideabaselinedataset for assessing changein 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 devel oped.

A NETWORK OF BENCHMARK SITES
Site Selection Protocol

- Thecriteria used to guide the selection of benchmark sites were:

- represent amajor soil or climatic zone and/or ecological region;

- represent atypical physiographic region (landscape) and/or broad textural grouping of soils;
represent amajor (or potentially major) farming system within aregion;

- complement provincial prioritiesand opportunities;

- provide potential for the evaluation of the impact of a susceptible degradation process; occupy
about 5-10 ha, or asmall watershed; and

- belocated on cultivated agricultural land, as part of an actual farming system.

L ocation 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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Table5-1.

Brief description of the benchmark sites

ECOLOGICAL SETTING| PARENT MATERIAL AND
SITE NO. AND SOILS SUREACE FORM CROPPING SYSTEM TILLAGE SYSTEM
South Coastal Pacific, Medium-textured fluvial. . . : . :
01-BC Humic Gleysols Level Silage corn Tiled drainage, conventional tillage
03-AB Parkland-Boreal Transition, | Fine-textured lacustrine. Cereals - canora.- forage Conventional tillage
Dark Gray Sails Level 9 o
04-AB Northern_ Parkland, Medi um-textured fluvial over till. Cereals- forage - oilseed | Conventional vs no-till
Black soils Undulating
05-AB Pralrle-ParkIanq Transition, | Medium-textured fluvial over till. Canora.- whest - fallow Conventional tillage (cultivators)
Dark Brown soils Hummocky
06-AB Southern Prairie, Medium-textured lacustrine over | Wheat (seed) - beans - sugar| , . : .
. . Irrigated conventional tillage
Brown soils till. beets
07-SK Southern Prairie, Medium-textured loess over till. : .
Brown soils Undulating, dissected Wheat - fallow Conventional tillage
08-SK Mixed-grass Prairie, Fine-textured lacustrine. Extended rotation, Conventional tillage
Dark Brown soils Undulating mainly wheat o
09-SK Prairie-Parkland Transition, | Medium-textured till. Extended rotation, : .
. : Conventional tillage
Black soils Hummocky continuous cereal
10-SK Southern Boreal, Medium-textured till. : .
Gray Luvisols Undulating, dissected Cereals - canola Conventional tillage
11-MB Eastern Parkland, Fine-textured lacustrine. : :
. Continuous cereals No-till
Humic Gleysols Level
12-MB Eastern F_’arkland, Medium-textured lacustrine. Wheat - canola Minimum tillage
Black soils Level
13-ON Southern Temperate, Fine-textured lacustrine. - :
Gray Brown Luvisols Level and hummocky Corn - soybean - wheat Minimum tillage
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Table 5-1, cont.

Brief description of the benchmark sites

SITENO. | ECOLOGICAL SETTING, PARENT MATERIAL AND CROPPING SYSTEM TILLAGE SYSTEM
AND SOILS SURFACE FORM

14-ON Mid Temperate, Medium-textured till. Corn - soybean- wheat No-till
Gray Brown Luvisols Rolling

15-QU Northern Temperate, Medium-textured till. Silage corn - forage Conventional tillage
Dystric Brunisols Rolling

16-QU Northern Temperate, Medium-textured till. Silage corn - forage Conventional till
Dystric Brunisols Rolling

17-QU Mid Temperate, Marineclay. Corn - forage Conventional tillage
Humic Gleysols Level

18-QU Mid Temperate, Marineclay. Corn - wheat - soybean - Minimum tillage
Humic Gleysols Level barley

19-NS Atlantic Temperate, Medium-textured till. Corn - forage Moldboard plow, spring disked
Gray Luvisols Undulating

20-NB Mid Temperate, Coarse-textured till. Potato - grain Chisel plow
Humo-Ferric Podzols Rolling

21-PE Atlantic Temperate, Coarse-textured till. Potato- grain - Conventiona (plowdown of forage)
Humo-Ferric Podzols Undulating forage-forage

22-NB Mid Temperate, Coarse-textured till. Potato - potato - grain Chisel plow, grassed waterway,
Humo-Ferric Podzols Rolling diversion terraces

24-ON Mid Temperate, Medium-textured fluvial. Corn - soybean - dfafa Conventional vs no-till
Humic Gleysols Level

25-NF Atlantic Boreal, Medium-textured till. Hay - grain Single furrow plow
Podzolic soils Hummocky

Note: Sites 15-QU and 16-QU, 17-QU and 18-QU are paired sites.
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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 atrue 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. Onthisbasis, it isanticipated that by using regional
soil and climaticinformation and expert systems, it will be possible to make general statementson
soil quality trends, both regionally and nationally.

Basaline Characterization

Detailed characterization of each benchmark site involves the measurement of various soil,
topographicand land use characteristics. Theseinclude sampling and analysesfor variouschemical,
physical, mineralogical and morphological soil propertiesand the preparation of detailed soil and
contour mapsfor each site. Climate stationswereinstalled at sites|acking adequate characterization
from external datasources. More specificaly, thetypesof information collected are outlined bel ow:

» Sitehistory - asfar back aspossibleon cropping and tillage systemsand 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

» Griddesign - used at sites having very gentle or smple slopes. Thedesigninvolvesa25x 25m
grid, with atotal 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 moretransectswith atotal 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 asin 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.

Attributes Monitored

Sail reaction (pH)

Total organic carbon

Total nitrogen

CaCO, equivalent

Cation exchange capacity
and exchangeable cations

Total elements (i.e. Al, Ca, Cd, Co
Cr, Cu, Fe, K, Li, Mg, Mn, Ni, Pb and Zn)

Extractable Fe and Al (by oxalate,
dithionite-citrate and by pyrophosphate)
for Podzolic soils only.

Available P and K

Soil surface area

Particle-size distribution

Clay mineralogy

Dry aggregate size distribution

Saturated hydraulic conductivity (in situ)

Penetrometer reading and soil moisture
(insitu)

EM 38 conductivity measurements (in situ)

(only for areawith potential salinity problem)

Biopore and root counts (in situ)

Earthworm count (in situ) (except Prairies)

Crop yields

Climatic (in situ)

Farmer's management diary

N/A = not applicable.

REPORTING

Monitoring Frequency
(if applicable)
3toSyears
3toSyears
3toSyears
3toSyears
3to5years

N/A*

3to5years

3toSyears

N/A*

N/A

N/A

3to 5 years (Western sites)
Yearly

Twice yearly

Yearly

Yearly
Yearly
Yearly

Daily
Yearly

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
inmajor agricultural regionssuch asthePrairiesand the St. Lawrence L owland. Each siterepresents

atypical farming system on atypical soil and landscape.
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A baseline database has been completed for eight benchmark sitesand datafrom an additional 11
sites currently isbeing 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-sizeand surface area, soil moistureretention and bulk density, total elements,
saturated hydraulic conductivity, penetrometer readings, biopore and earthworm counts (for some
sites) and yield. Climatic datafrom instrumented sites will be added to the database in the future.

Site documents, which describe each site in considerable detail, and include location, maps,
methodol ogy, history, current management practices, and datatablesfrom the database, are nearing
completion for 14 sites. Some of this datais also available for the remaining nine sites.

Beginning in 1997, the database (baseline and monitoring) will be used to validate predictive
modelsfor various soil degradation processes; and recommend suitabl e environmental degradation
indicators for major agricultural regions. By 2000, analyses and reports of soil quality changesfor
the magjor agricultural regions of Canadawill 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 Canadaand, 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)
1991 1992

Apr. 4 6.1 Apr.3 304
Apr.8 24 Apr.d 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™* 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* 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 I1"), 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 Dicambaand 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™.

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

6-4



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
t0 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/m?. 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