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Abstract:

Soil water content is a major factor controlling plant growth and crop yields in the semi-arid Northern
Great Plains, and can vary substantially across a field. Farmers and land managers interested in
identifying and delineating this variability need efficient methods to estimate soil water status. I
hypothesized that topography influences soil water spatial distribution and could be used to delineate
this distribution. The objectives of this study were to identify relationships between topography and
soil water content, and determine if relationships discerned were similar across space. I used four farm
fields across Northern Montana having moderate relief (15-30 m) with soils predominately formed over
glacial till Soil water content was measured throughout one growing season at each site using a neutron
moisture meter. Digital elevation models were used to portray the terrain. Relationships at multiple
depths were examined for the beginning and end of the growing season through two, methods.
Topographic region partitioning delineated the field into areas of presumed similar soil water content.
Significant differences in soil water content between regions were tested using ANOVA. Secondly, the
compound topographic index (CTI) was correlated with soil water content in a regression model. Study
sites and topographic regions were included as covariates. Results identified differences in soil water
content between regions, with the Row topographic regionpartitioning method identifying differences
at all sites. However, no consistent patterns in differences between regions occurred across sites at any
given depth. Reduction of across field soil water variance was also low (maximum = 21%). The
strongest correlation between CTI and soil water content occurred at the end of the growing season at
20 cm (R2 =0.40, p = 0.0001). Relationships between CTI and soil, water content varied from . .field
to field. Relationships also differed between Row topographic regions at all four sites, but no
differences were identified between Soil-Landscape regions. Inconsistency in model performance
across sites suggests that terrain - soil water relationships differ from location to location. Difference in
results may be related to differences across sites in climate, soils, and other factors. This indicates a
need to integrate site-specific information regarding soils and other factors with terrain models.
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ABSTRACT

- Soil water content is a major factor controlling plant growth and crop yields in the
semi-arid Northern Great Plains, and can vary substantially across-a field. Farmers and
land managers interested in identifying and delineating this variability need efficient
methods to estimate soil water status. I hypothesized that topography influences soil
water spatial distribution and could be used to delineate this distribution. The objectives
of this study were to identify relationships between topography and soil water content,
and determine if relationships discerned were similar across space. I used four farm fields
across Northern Montana having moderate relief (15-30 m) with soils predominately
formed over glacial till. Soil water content was measured throughout one growing season
at each site using a neutron moisture meter. Digital elevation models were used to portray
the terrain. Relationships at multiple depths were examined for the beginning and end of
the growing season through two, methods. Topographic region partitioning delineated the
field into areas of presumed s1m11ar soil water content. Significant differences in soil -
water content between regions were tested using ANOVA. Secondly, the compound
topographic index (CTI) was correlated with soil water content in a regression model.
Study sites and topographic regions were included as covariates. Results identified

. differences in soil water content between regions, with the Flow topographic region-
partitioning method identifying differences at all sites. However, no consistent patterns in
differences between regions occurred across sites at any given depth. Reduction of across
field soil water variance was also low (maximum = 21%). The strongest correlation
between CTI and soil water content occurred at the end of the growing season at 20 cm
(R?* =0.40, p = 0.0001). Relationships between CTI and soil water content varied from .
field to field. Relationships also differed between Flow topographic regions at all four
sites, but no differences were identified between Soil-Landscape regions. Inconsistency
in model performance across sites suggests that terrain — soil water relationships differ
from location to location. Difference in results may be related to differences across sites
in climate, soils, and other factors. This indicates a need to integrate site-specific
information regarding soils and other factors with terrain models.




CHAPTER 1

GENERAL INTRODUCTION

Background

n

Soil water is a major factor ]jnlitirlé plant growth, including crop yields in the
semi-arid ‘agricultural systems of the Northern Great Plains. Vegetation depends more on
the quantity and timing of plant available soil water than on any other single
environmental factor (Kramer and Boyer, 1995). Dryland agricultural management
strategies are tﬁerefore stroﬁgly based on the amount of soil water in a farm field or area
to be managed. Many crop yield models rely upon input of plant available soil water
evaluated at the beginning of the growing season. However, environmental factors such
as soil water can vary substantially in space and time (Bell et al., 1994). Managers of
environmental and agricultural systems therefore find that _soil water conditions are
- difficult to assess.in an accurate or rapid manner.

To characterize the status and spatial vériabi]ity of soil watér across a field, land
managers often employ intensive grid sampling. However, time and cost required to
conduct grid sampling often compel managers to use less-intensive, sometimes haphazard
methods of measuring or estimating soil water status. Management zones delineated from

these methods can be vague and can misrepresent actual conditions in the field. The




2 .
spatial distribution and variability of other environmental properties, such as soil and

terrain attributes, may be related to spatial variation of soil water, and in many cases
these are more easily measured (Trangmar et al., 1986). Identification of terrain features
related to soil water variation across fields would be valuable to land managers.
Quantified relationships between soil wetness and soil or terrain attributes could aid in
estimating the distribut'ion of soil water across landscapes and in delineating zones having

similar soil water status.

Soil Water and Plant Available Water

"~ Water affects plant growth by influencing physiological processes within the
plant. Water acts as an essential constituent that drives physiéio gical activity in the plant,
as a solvent in which minerals, nutrients, and other solutes enter plants and move between
cells and organs, and as a reactant in important plant processes such as photosynthesis
(Kramer and Boyer, 1995). As water becomes limited, plant functions suffer and
economic yields decrease.

Plant available water refers to soil water held between field capacity and
permanent wilting point. Permanent wilting point refers to the soil water content at which
plants irreversibly wilt and fail to recover. Field capacity refers to the soil water content
after free drainage has essentially ceased (Or and Wraith, 2000). Soil water held below
.Wil_ting point or above field capacity is not available for use by plants in most cases
(Kramer and Boyer, 1995; Brady and Weil, 1999).

There are numerous ways to measure or estimate plant available soil water

content. Soil water can be measured gravimetrically based on soil samples taken to the
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average rooting depth of a particular crop of interest (Cook and Veseth, 199 1). Soil water

éontent is often calculated as a decimal fraction of the dry weight of the soil sample.
' However, this method results in significant disturbance to the soil, as many samples are _
required to accurately characterize soil water across a field.

Soil water can also' be. measured, with less destruction to the soil, through the use
of sensors such as neutron moisture meters, gamma ray attenuation, and time domain
réﬂectometry (Gardner, 1986; Or and Wraith, 2000). All of these methods are useful for
measuring soil water at various depths in the éoil (Kramer and Boyer, 1995). However,
neutron moisture meters and gamma ray attenuation require training and licensing for .
safe use due to rédiation hazard, and calibration for different ;oi]s. The considerable

. expense involved with using these methods may limit their feasiBi]ity for use by land
managers. |

Many sampling strategies have been appliea to measure soil attributes and soil
water, including reéular grid-based (Odeh et al., 1994; Western et al., 1999) as well as
randoim or stratified random sampling designs (Bell et al., 1994; McKenzie and Ryan,
1999). These methods can potentially assess and spatially represent soil water across a
ﬁeild with high accuracy, but are often field intensive and expensive, and therefore may

not be feasible for a farmer or land manager.

Spatial Variation of Soil Water and Soil Properties

Many soil and environmental properties vary substantially across a field or
landscape, and studies that model or predict environmental conditions should take into

account spatial heterogeneity in geology, soils, and landforms (McLaughlin et al., 1993).
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Soil water content and related soil properties often exhibit extreme variability over

distances of abéut 1 to 100 m (Yates and Warrick, ~1987; Moore et al., 1993; Western et
al., 1999). At small catchment and hillslope scales soil water distribution varies as a
result of water routing processes, due to terrain and landscape; heterogeneity in
vegetation and spil characteristicé, and other factors such as anicroclin'late (Gessler et al.,
1995; Western et' al., 1999).

Soil properties such_as horizonation, texture, and effect;ive porosity can affect
lateral flow and accumulation of soil water by impeding vertical water flow or through
their influences on soil hydraulic properties. (Bell et al., 1994; Gessier et al., 1995; Or and
Wraith, 2000). Terrain modifies these effects. Further, variability in soils is substantially
influenced by terrain, as topography is a basic soil forming factor (Brady and Weil,
1999). Soil depth, and soil physigal and chemical properties, varies with landscape
position. Variation of soil propertiés with landscape position can thereby affect water
flow patterns (Afyuni et al., 1994).

Spatial variabﬂity of soil water can be random or organized (Bloschl, 1999;
Western et al., 1999). The degree of organization in spatial variability of soil water is
. iargely related to "soil properties and terraiﬁ (Western et al., 1999). For dry soils near

wilting point, spatial variability is primarily random as local soil properties hold primary

influence on water flow. Capillary forces exerted by the soil matrix resist displacement of -

water (Philip, 1957; Hillel, 1980). This effectively opposes gravitational forces inherent
in terrain-driven lateral flow (Yeh and Eltahir, 1998). Hydraulic conductivity, a primary
soil hydraulic property, increases exponentially as soils wet (Bouma and Anderson,

1973). Spatial patterns in soil water distribution might then be increasingly influenced by
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terrain-driven lateral forces and impedimehts to vertical water flow (Gessler et al., 1995;

Grayson et al., 1997). This can lead towards high organization m the épatial pattern of

soil water.

Site Specific Agriculture

Interest in precision agriculture has arisen from the realization that significant

. yield increases can not be efficiently obtained through additional chemical applications,

and the desire to simultaneousiy maintain or increase yields while reducing chemical

inputs into the system due to economic and environmental concerns (Bell et al., 1995;

. Brown, 1995). This relatively new practice incorporates the use of geographic

information systems (GIS), remote sensing, and global positioning systems (GPS) to

" more efficiently inanage farm fields on a site-specific basis. Global positioning systems

provide the location for data being recorded in the field. Geographic information systems
provide a method for linking, displaying, and analyzing GPS-generated and remotely-
sensed data for decision support applications (Bu_rrough and McDonnell, 1998). These
systems are often used directly on farm machinery, and the farmer may conduct specific
analyses of utilize consuitants.

Defining and managing soil and landscape spatial variability is crucial for
precision agriculture. Managers aim to characterize the spatial distribution of soil and
other environmental properties as precisely as possible so they can vary their

management techniques across space, maximizing management effectiveness (Bell et al.,

, 1995). To this end a farmer may be interested in partitioning fields into management

zones. Delineation of nianagement zones is often achieved by characterizing spatial
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variability of one or more soil properties or crop yield. Within these zones variability of

the soil property of interest is low relative to its variability across the field. Management
techniques within zones are similar, yet unique with respect to the rest of the field
(Goddard et al., 1999).

.Within this context, integrated GIS/méde]iﬁg progréms must be cépable of
identifying the best possible management practices for a given combination of soils,
topography, and any other factors relevant to the field. Concurrently, these programs
must be accessible for use by a manaéer §vho might have limited expertise using. such
programs (Frida, 1993; Parks 1993). A computer model that requires extensive training
might be prohibitive té a majority of managers, and therefore of little practical use.

Models to be used for site-specific agriculture should therefore be designed for -

application by users beyond the researcher develdping them (Parks, 1993). Within such

systems, a manager could idenfify and delineate management zones based on having
similar soil water properties. Crop yields could be maintained or enhanced while inputs _
such as fertilizer, pesticides, and herbicidés could be optimized acréss the field.
Consequences of such a system would include potentially favorable effects on the

environment and on economic return (Power and Schepers, 1989).

Soil Survey and Terrain Analysis

Explanatory variables used to model soil water variability must be easier to obtain
than soil water measurements, if these variables are to simplify the task of increasing
efficiency and prdductivity (McKenzie and Ryan, 1999). Increasingly, easily obtained

soil survey maps are displayed in a GIS for management purposes (Keck, 1998). Soil
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survey map units encompass a range of individual soil properties within specified limits

of variation. Map uﬁits can be used as a template for soil water sampljhg and as

management zones for use in crop yield models (Decker, 2000). A soil water sa/mple may
' 'be taken within each soil map unit, and, basea on soii properties defined in the map unit,

"-avalue for plant évaﬂable water could Be ca;lculated and assigned to the map umt Plant
available water could then be used, along with other soil and climatic factors, in making
crop yieid pr'édictions in a GIS.

Conventional soil survey maps, however‘,‘ do not delineate all of a field’s inherent

.variabi]ity nor represent specific soil attribute variation (Moore et al., 1993). Inferred
homogeneities within soil map units do nbt exist for many physical and chemical
attributes that affect environmental modeling and soil-specific management (Moore et al.,
1993). Point samples often do not fit within the range of values assigned to a given soil
series or map unit (Nettleton et al., 1991). Thus actual piant available water may vary
significantly within the map unit to which only one value for plant available water has

‘been assigned. This can lead to variation of actual crop yield within the map unit, yet not
predicted in a crop yield model. ‘

Environmental factors that might influence within-unit soil water variability
include topography and geologic processes (Verhagen et al., 1995). In mountainous or
hilly terrain, soil water distribution is controlled _largély by vertical and horizontal water
divergence and convergence (Odeh et al., 1994; Moore et al., 1993b). Two areas where
soil water storage might be high due to lateral subsurface flow are hﬂ]ﬂope hollows and
low-gradient slopes. Alternat-ivel'y,-it could be expected that hillslope ridges might have

lowér soil water storage due to lack of contribution from lateral flow. This might vary
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" with different soils (Burt and Butcher, 1985). Soil-terrain modeling incorporates soils and

terrain to identify portions of the landscape where water might move predominantly in

the lateral, as opposed to vertical, direction.

Digital Elevation Models

* MacMillan et al. (2000) suggest it is possible to transfer manual rule-based
appro-aches for interpreting and classifying landscapes into computer based procedures
that use artificial intelligence. In doing so, the capture and app]icétion of tacit knowledge
of experts in the fields of soil and landform modeling couid be automated and repeatable
across space (ie. different sites) and time.

Digital elevation models (DEMs) depict.a landscape by representing the spatial
-distriBhﬁoh of elevation above some arbitrary datum, usually as a grid within a GIS
framework (Mooré et al., 1991). Elevation contour maps or eievation data points
collected with a GPS are two sources of input elevation data. As part of the classification
procedure DEMs can calculate quantitative terrain attributes for each grid cell that
characterize the surface shape of the landscape. The attributes can then be used for
statistical correlation with other environmental properties at these nodes.
Quantitative attributes that afe derived from a DEM can be divided into primary-
and secondary, or compound, attributes. Primary indices are calculated directly from a
DEM, and four that have been correlated extensively with soil water content inclﬁde iocal
slope, aspect, plan curvafure (a measure of the rate of flow convergence and divergence),

and profile curvature (water concentrates where slopes flatten out) (Burt and Butcher,

1985; Moore et al., 1993b; Odeh et al., 1994; Gessler et al., 1995). A fifth primary _
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_topographic attribute considered by many researchers to be of fundamental importance in

modeling soil4 water content is specific catchment area (Moore et al., 1993c; Westeﬁ et
al, 1999). This attribute is an approximate Iﬁeasure of runoff per unit width above a
given point in-a landsca;;e, therefore estimating contributing flow to that point.
Compdund attributes are generated through the combination of two or more .
primary attributes. The intent is to charaqterize and model more precisely specific
processes occurring in the landscape (G_aillant and Wilson, 1996). Various forms of
wetness indices, the stream pov.ver index, and sediment transport capacity indices are
examples of process-based secondary attributes. The compound topographic index (CTT),
or steady-sfate wetness index, incorporates many pedological-transfer functions acfoss
landscapes tﬁat influence soil spatial variability. Therefore it can be used to capture |
spatial variability and distribution of select soil properties and attributes (Burt and
Butcher, 1985; Moore et al., 1993c; Odeh et al., 1994; Barﬁng et al., 1994). The spatial

distribution of soil water has been extensively modeled using CTI (Burt and Butcher,

1985; Jones, 1_986; Moore et al., 1988, 1993b).

Topographic Region Partitioning

An alternative approach to terrain analysis involves topographic region
partitioning. This approach is based on separating a landscape into distinct sections or
regions based on position or shape, i.e. ridge, shoulder, backslope, toe§lope, etc., often
within a GIS.

The region-partitioning approach incorporates a deterministic, expert knowledge

based procedure to model the spatial distribution of soil water. Landscapes can be .
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partitioned into any number of classes, through the separation or combination of any kind

and nurpber of terrain features (Pennock et al., 1987; Zhu et al.,' 1997; Nolan et al.,»2000).
The partitioning is based, 1n part, on presumed knowledge of processes occurring across a
landscape and thé effects of these processes.on soil water distribution. As coﬁtrasted
with stochastic statistical analysis, the use of expert knowledge to define landform
elements permits definition of é standard set of spatial entities that can bé expected to
exhibit predictable behaviors (with resiaect to water) across ;1 wide range of landscapes
(MacMillan et al., 2000). - | |

The methods and scales at which topography has been used for region—
partitioning have been varied. Leavésley and Stannard (1990) assumed that watersheds
coiﬂd be divided into sub-areas, called hydrologic response units (HRU), based on
homoge_neity in hydrolo éic response. This approach emphasized that HRUs should be
defined through matching the similarity of many topographic and enﬁonmental (e.g.
soil, vegetation) variables.

Wood et al (1988, 1990) introdﬁced the idea of the representative element arca
(REA) to address within-unit variability. The basis of the REA concept is identification
of upper and lower bounds of spatial variability of environmental variables that yield a
specific homogenous hydrologic response. This is also called the critical area. At the
crific_al area scale, the effects at the point scale are attenuated or cbﬁpletely submerged
(Grayson et al., 1992).

Use of topographic and soil survey information for region partitioning has been
conducted at relatively small, farm field scales with varying degrees of success. In one

case, attributes computed from a DEM and a fuzzy rule base were integrated to identify
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15 morphologically defined landform facéts (MacMillan et al., 20005. Th;a 15 fe;cets were
| groupeq into fewer classes to stratify soil properties. Using topographio.a]ly derived
regions,'McBratney et al. (1991) claimed to improve rep;esentation of geostatistically
mapped soil attributes. Odeh (1994) llustrated that optimal sampling patterns could be
designed to >reduce representative‘error of safnples. Nolan et al. .(2000), however,
suggested that the success of topogréphic region partitioning varied from site .to site and-
B year to year, predonﬁnantly asa ﬁnction of the influence otﬁer environmental variables
have over the variable being stratﬁed.

Other studies maintain that multivariate statistics such as discriminant analysis
- and fuzzy-k means clustering of quantitative terrain attribute data can-be used to partition
regions (Web;ter and Burrough, 1974; Bell et al., 1994; Thomas et al., 1998; Sinowski
and Auerswald, 1999). The terrain data ére grouped into classes so that “similar” data are
in the same class (M;mly, 2000). De Bruin and Stein (1997) maintain that this method
enhances soii—landscape mpdeling bécause it allows representation of-fuzziness inherent
to soil landscape units. |
Expert knowledge is incorporated into multivariate analysis in one of two ways,

depending on the me_thod used. In discriminant analysis, a user-defined number of classes
are “seeded” with specific values of terrain and environmental variables used in the
partitioning process. These values are pre-determined by the user to be representative of
their respective classes. Subsequent assignment of dataset individuals is based on
statistical distance of ‘each individual to these values (Manly, 2000). For fuzzy k-means

cluster analysis, the user defines the optimum number of classes to be determined for a
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landscape. Classification is based on statistical distances calculated between individuals

in the dataset (MacMillan et al., 2000; Manly, 2000).

Models and Classification

Models that incorporate soils and terrain to characterize soil water variability can
be classified into two groups: probability, or stochastic, and détermir_listic models.
Stochastic models do not neqessarily rely on understanding of processes involved with
soil water variability. These models instead typically assume that small-scale water ﬂov;/
and -accumulation can be described as random functions with known statistical properties

(McLaughlin et al., 1993). These statistics are then used to calculate the probability that a

. given soil water value will occur. A comparison between estimates of soil water status

developed from regression equations and validation samples in the field is a relatively
simple stochastic method that has been attempted with variable success (Moore et al.,
1993; Barling et al., 1994; Western et al., 1999).

In contrast, deterministic models incorporate mass water conservation and flux

- laws into the predictive process. Predicted values are thus a function of space and time. In

this sense, deterministic models require an understanding, or expert knowledge, of the
underlying environmental and systematic processes involved in soil water distribution
and variability. Buckingham-Darcy’s Law for unsaturated flow in pordus inedia is an
example of this type of ﬁoch There are two general classes of deterministic models.
Quantitative models use mathematic, often differential and/or numerical,. equations to

characterize the underlying process. Qualitative models often use expert knowledge to
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produce results in the form of abstract class designations rather than numerical results

(Keck, 1998).

A model at best only represents reality by capturing some aspect, or éssenbe, of
the reality it attempts to represent (Fdida and Pujolle, 1987). Natural processes that occur
in an environmental system can be highly complex and involve many factors. Most
models are based on a set of simb]ifying assumptions that allow some environmental
factor to serve as a surro gafe for multiple other factors, thus reducing cc;mplexity (Keck,
1998). However., outpufs from such a model can only be as accurate as these assumptions
are appropriate (Keck, 1998). The simplifying assumptions must capture appropriate
elements.of reality in a manner that is not distorted or biased. A soil—térrain model for -
predicting soil water distribution will not be useful to farmers if spatial estimates are

incorrect.

Scope and Purpose

| The work presented in thJs thesis contributes to a largel; effort to incorporate site-
specific management practices into agriculture. Research conducted for this thesis was
based on the hypothesis that the integration of soil survey and terrain analysis in a GIS
format could be used to delineate distribution of soil water content across landscapes. An
inherent assumption was that topography is integral to modeling soil water distribution
and variability across agricultural ﬁeids such as these studied, which had moderate
topographic relief. The goal of the project was to increase understanding of the practice
of using terrain to model soil water distribution and spatio-temporal variability, and to

determine if terrain analysis might be useful to producers for identification of
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' management Zones i)ased on soil water content. These management zones ;;ould be used
to aid the farmer in o'btima]ly allocating chemical app]ication rates, while rﬁaintairﬁng or
increasing yield and thereby reducing likelihood of grouﬁdwater pollution. Additionally,
management zones could be used as a template for benchmark sampling of soil water,

which is more feasible than traditional grid sampling schemes.

Objectives.

Two aspects of the overall project are described in this thesis. Chapter 2 addresses
two objectives: 1) to characterize and describe the siaatial distribution and vaxiabi]ity‘ of
soil water on four Montana farm fields of moderate (15-30m) relief; and 2) to evaluate
the.feasibi]ity of region partitioning, through terrain analysis and soil survey, to delineate
management zones based on soil water content in these four fields. This aspect of the
project incorporates a qua]itativ;: deterministic modeling approach to delineate the
regions. Chapter 3 addresses a single objectivé: to determine the éorrelation be%ween soil
water content and topographically-derived quanﬁtative indices calculated at Sm grid
scales. The empirical, stochastic approach used ‘in Chapter 3 assumes that terrain |

attributes function as surrogates for the processes underlying soil water distribution.
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' CHAPTER 2

TOPOGRAPHIC REGION PARTITIONING WITHIN FARM FIELDS AND
- ANALYSIS OF SOIL WATER CONTENT WITHIN AND BETWEEN REGIONS

Introduction

Soil Watef is integral to many processes that occur within and ;across landscapes,.
including plant growth and crop yields. Land managers, however, often find it difficult to -
assess the distribution and variability of soil water content in an efficient and reliable
manner. Topography can influence the distribution of soil water by iﬁﬂuencing surface
and subsurface flow (Burt and Butcher, 1986; Moore et al., 1991; Grayson. et al., 1997).
Terrain analysis may therefore be a useful tool for delineating soil water spatial
distribution and variability across landscapes.

Approaches that use terrain analysis to infer soil water attributes assume that
terrain modifies soﬂ and pareﬁt materials and can therefore seﬁe as a suIro gat'g by
integrating many landscape processes that influence soil water pattéms (Gessler et al.,
1995). Region partitioning is based on separating a lgndscape into distinct sections or
‘ regions based on landscape position (upper, mid, and lower) or shape (convexity and
concavity). If successful, variation in an eﬁvironmental variable of interest, sucﬁ as soil
water content, is smaller within any particular region than between regions or across the

landscape (Ovalles and Collins, 1986).
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For modeling soil water distribution, three or four class groupings seem to offer

‘an optimal combination of simplicity, spatial consistence, and meaningful differences in
terrain and soil i)roperties (l;ennock et al., 1987; Bufrough et al., 1992; Macl\/_ﬁ]lan et al.,
2000). Region partitionjn;g might be useful to managers who V;lould like to apply spatially
variable management stra_tegies based on soil water status. An assumed relationship
between soil water and terrain, and the need to define effective agriéu.ltural management
zones, provide motivation for the use of a terrain-based region—partition.ing approach.
The purpose of thié study was to evaluate the potential to delineate soil water
management zones as an aid to farmers and land managers. Such zones inight be used to
optimize application rates and as templates for benchmark soil samp]ing.y _This study
encompassed two main objectives: 1) to measure soil water content at multiple locations
“on four Montana farm fields several times during the growing season; and 2) to test the
utility of three terrain and soil-based region-partitioning methods to delineate the

.measured soil water distribution and variability.

Materials and Methods

Study_ Sites

The study was conducted at four locations, each comprising a 25 to 60 ha portion

of farm fields located across the “Hi-Line” agricultural region of north central Montana.

Liberty County Site. The study area consisted of about 25 ha within a farm field
having gently rolling terrain of moderate (20m) relief and located approximately 21 km
north of Chester, MT (T34N, R7E, Section 17; 48°42°30” 110°51°30”) (Fig. 1). The

predominant aspect trended to the south, with a moderate draw running in a south-south-
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westerly-direction (Fig. 2a). The area has a cool, semi-arid climate, with mean énmial
precipita.tion of 31 to 43 cm (Caprio et al., 1994). However, the research site commonly
receives lower amounts of annual precipitation, possibly _dué to its location in a rain
shadovy to the east south east of the Sweetgrass Hills (Janice Mattson, 2000). The field
was dryland farmed by the Mattson family with an alternate Wh(_aat/fa]lovi/ rotatioﬁ.

The underlying geologic materials at the liberty site are primarily glacial till
derived from the Bear Paw formation (Veseth and Montagne, 1980). Soils are mapped as
a complex of Joplin loams _(a fine-loamy, mixed, frigid Aridic Argiustoll) formed on till,:
and Hﬂlon loams (fine-loamy, mixed, calcareous, fngld Aridic Ustorthent) (National Soil

Survey Staff, 1998a; 1998b).

Hill County Site. The study area was a 15 ha portion of a farm field located in Hill

Count3;, approximately 16 km. west of Havre, MT (T32N, R14E, Section 17; 48°31°30”

109°57") (Fig. 1). This field is characterized by a knoll of moderate relief (~15m) running

west-east across the southern portion, and a knoll of lower relief (~5m) running west-east .

YE.J.CI‘OSS the nortﬁem portion of the site. The remainder of the field is relatively flat (Fig.
. 2b). The area has a cool, semi-arid climate with mean annual precipitation of 31 to 43 cm
and (Caprio et al., 1994). The field was drylaﬁd farmed by the Kaercher family with an
alternate wheat/fallow rotation.
Underlying geologic materials are glacial till derived from the Bear Pa§v and
Judith River formations (Veseth and Montagne, 1980). This site consists of three mapped
soils. Soils in the southermn portion (Map unit 701D), along the knoll, are a complex of

Yetull loamy sands (mixed, frigid Aridic Ustipsamments) formed in sandy alluvium
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and/ér eolian d_eposits, and Busby fine sandy loams (coarse—_loamy, mixed, frigid
Haplocalcidic Haplustqpts). Just to the north is a comple).c (331B) of Phﬂ]ips loams (fine,
‘ frigid Aridic Haplustalfs) aﬁd Elloam clay loams (fine, frigid Aridic Natrustalfs), both
formed i till on plains. In the northern portioh of the field, soﬂs (421C), are the Joblin
loams (ﬁne-loamy, mixed, frigid Aridic Argiustoll) formed on till, and the Hillon léams
(fine-loamy, mixed, calcareous, frigid Aridic Ustorthent) (National Soil Survey Staff,

1998c; 1999; 1998d; 1996; 1998a; 1998b).

Phillips County Sites. The remaining two study sites were neighboring strips of
the same field that are,drylana farmed in alternate years by the Anderson and
Mavencamp families using an alternate wheat/fallow rotation. “Phﬂ]ipé 17 cbnsisted of
25 ha, and the second site, “Phj]]ips 2”, consisted of 12 ha 'of the field, approximately
22.5 km east of Malta, MT (T31N, R32E, Section 20; 48°25’3_0” 107°35°30”) (Fig. 1).
This site has moderate relief (~30m) with uneven rolling topography and occasional
severe uﬁduiations (Fig. 3). The climate is cool, semi-arid with mean annual precipitation
of about 31 to 43 cm'(Caprio et al., 1994).

Tﬁe underlying geologic materials are primarily glacial till from the Clagget
formation (Veseth and M'ontagne, 1980). Soils are mapped as a complex of Scobey clay
loams (fine, smectitic, frigid Aridic Argiﬁsto]l), and Kevin clay loams (fine-loamy,
mixed, frigid Aridic Argiustoll), fonned on till plains, hills, and moraines (National Soil

Survey Staff, 1998e; 1998f).
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Figure I. Location of the four sites used in this study. Two adjacent fields in
Phillips County near Malta were utilized.

Bozeman
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Figure 2. Interpolated 10m elevation grid surfaces for the Liberty and Hill field sites.

Liberty

I mesh cell = 10 by 10 m
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Figure 3. Interpolated 10m elevation grid surfaces for Phillips field sites.

Phillips 2
I mesh cell = 10 by 10 m
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" GPS Survey and Soil Water Sample Grids

Field elevations were collected over each stﬁdy lsite m the fall of 2006 (Liberty

- and Phillips) and in the fall of 2001 (Hill). A Novatel model 3151R GPS receiver (24-
channel, single-frequency, L1 car-ﬂer phase) was mounted on an all-terrain vehicle and
measured elevation at roughly 10-m intervals élong a series of parallel transects. A
second Novatel receiver was located at a base station in tﬂe same field. Tﬁe raw elevation
measurements were corrected in the Igboratory with the commercial post-processing
software GravNav (Waypoint Consulting, Inc., Calgary, Alberta, Canada) to ﬂa positional
accuracy of within + 4;cm in both the horizontal and vertical plane_s, relative to the
location of the base station. An Aéhtech AgNavigator c.;onsisting of a486 corﬁputer, light-
bar, and navigation-grade GPS receiver (12 channel, L1 C/A code) was used 'to provide
guidance along the p.arallel transects within +1-m of positional accuracy.

A permanent, augmented sampling grid of 78 to 80 points was established in each

field for the purpose of measuring soil water contents (Fig. 4, 5). 50 to 65 equally spaced .

sample poii;ts were established in an offset grid-like pattern. The GPS system was uée,d to
develop the grid and to mark the points in each field. An additional 15 to 30 points were
z.gtdded to augment the grid, in ordef to better represent the range of soils and terrain
features (e.g. areas of convergence and diverg;ance) across the study site. The
combination of grid points and augment points in any field was a product of the size of
the field and visual estimation of topo gréphic variability within the field. To insure

adequate coverage, the larger plots included more points in the offset grid.
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Figure 4. Permanent soil water content sampling grid for the Liberty and Hill sites.

Fields not to scale
“a” indicates augment point



Figure 5. Permanent soil water content sampling grid for the Phillips sites.

AS 20 | \\

Phillips | Phillips 2

Fields not to scale
“a” indicates augment point V
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At each sample point a thin-wall PVC access tube was installed to 80 cm depth to

measure soil water content with a neutron moisture meter (503DR, CPN Co., Martinez,
' CA) (Gardner, 1986). Following access. tube installation the locations and elevations of

each point were resurveyed using the GPS. .

Soil Sampling and Field Characterization

Soils information used in this project was obtained through the National
Cooperative Soil Survey and select field samples. All fields were mapped as complexes
of soil series by the National Resource Conservation Service staff. Soil pits were.
excavated to investigate spatial distribution of soil series across the landscape. For evefy
field, at least one soil pit was excévated on the upland, mid-slope, and lowland landscape
positions, as well as in areas of convergence and divergence. Soil profiles were described
for the sampled locations within fields (Appendifc B), including some soil characteristics
considered to be related or correlated to soil water storage, flow, ana spatiai distribution
(br and Wraith, 2000). The soils information was used in interpreting results of the

region-partitioning approaches described below.

Generation of Topographic Regions

Two of the methods for partitioning landscape regions in order to model soil
water distribution were landscape models that classify terrain attributes using a rule-
based approach. The third method used multivariate statistical clu_ster gnalysis to
numerically classify terrain attributes. The GPS elevation data for each field were '
converted to a regular, equally-spaced 5 m digitai elevation model (DEM) grid using the

interpolation software package ANUDEM (Hutchinson, 1989). ANUDEM takes as input

+
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irregularly spaced elevation point data and creates grid based DEMs ﬁsing a series of

‘smoothing operators.

Rule—Based Landscap‘ e Region~Péﬁﬁionhg. The interpolated 5 m elevation data
were imported into Arcview Spatial Analyst v3.2 (Environmental Systems Research
Institute, Inc., Redlands, CA) as an ASCH file, converﬁed_to an Arcviéw grid, then _
irhported into LandMépR (MacMillan et al., 2000) to generate landscape classes.
LandMapR computed quantitative terrain attributes such as slope, profile curvature, and
' plan curvature, for every cell in a DEM, and converted them to aﬁy of 20 basic fuzzy
1andform attributes. These attributes are “fuzzy” because, among other reasons, they
describe the terrain in terms of relative shape (convex_down, rel_steep, etc.) and location‘
(near_top, near_bottom, etc.). The landform attributes were used in various combinations
to define 15 basic landform element classes, e.g. convergent backslope, toe-slope, etc.

The convgrted landform element class data was extracted from LandMapR,
imported into Arcview Spatial Analyst v3.2, and converted to a 5 m grid. Using the
reclassify function, the 15 landform elements were grouped into fewer classes (3-4) to
reduce complexity and spatial fragmentation, using two different approaches.

One approach, termed the Flow Method, was based on empirical concepts of
surface and subsurface water flow across a landscape. This approach created four classes:
divergent (water shedding), convergent (W_ater recei%zing), planar or flat (Water‘ neutral),
and depressiéns (water retaining) as outlined in MacMillan et al., 2000. The second
grouping method, Soil-Landscape, was based on topography and relative position in the

landscape as reflections of soil spatial patterns. Three generalized classes were
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-recognized: upper, mid, and lower as outlined in Appendix E. Soil formation as a
. function of one attribute of landscape, and resultant variability in soils across a landscape,

were represented in this approach.

Multivariate Statistical Region-Partitioning. The 5 m interpolated data from
ANUDEM were entered into the Terrain Analysis Program for the Enviromﬁental
Sciences (TAPES) (Gallant and Wilson, 1996) software program to calculate terrain
attributes for each 25 m? cell, for the four study sites. Four primary attributes correlated
With soil water content in other studies (Burt and Butcher, 1985; Modre et al., 19§3b;
Odeh et al., 1994)\wer<_>, gene.rate‘d: slope, elevatibn, profile (down-slope convergence and
divergence) curvature, and plan (across-slope) bﬁrvature. The finite differences (FD
dption) approach, rather than the approximate (D8) approach, wa; used to calculate
slopes fof this project.

The terrain attributes calculated by TAPES, along with associated coordinate data,
were imported into Minitab statistical software (Minitab Inc., State Co]lc_age’, PA). Fuzzy-

| k means cluster analysis was berformed using the four terfain attributes. The. program
" delineated three (upper, mid, and lower) landscape position classes for each of the four
study sites. The complete dataset with class designations was imported into Arcview
Spatial Analyst v3.2 where it was ;:onverted to a grid based on class Qesignations.

In Arcview, neutron moisture meter sample point coordinates were overlaid on
their respective Flow, Soil-Landscape, and cluster analysis class grids. A get-grid
function was performed to determine cells in which the sample points were located. Class

information for each cell containing a sample point was assigned to the sample points.
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Soil Wa_ter Content .

Soil water content measurements were used to evaluate efficacy of region
partitioning to designate soil water management zones. Neutron moisture meters were
used to measure water content at 20 cm depth intervals to 80 cm. Calibration
relationships for the neutron meters were developed at each study site. Measurements
were obtained five times during the growing season at each site. Séme sample pbiﬁts
were not monitored on spéciﬁc dates due to equipment ma]fuﬁctioh. The earliest
measurement occurred immediately following seeding of the fields. Therefore, the
influence of the crop on soil water would be minimal or noriexistent at thai_: timg. The last
measurement of the growing season was collécted at harvest, and more strongly reflected
crop impacts on soil water status.

For all field sample points‘ at all depthé at each measurement date equivalent
depth of soil water (cm) was calculated as the product of measured volume water content
(em?® /cm?®) and the corresponding measurement depth interval (cm). Tﬁus,
measurements at 20 cm were converted to equivalent dépth of soil water in the top 30 cm
of soil. Measurements at ’40 cm, 60 cm, and 80 cm depths §vere_ converted to equivalent
depth of soil water at the 30 - 50 cm, 56 - 70 cm, and 70 — 90 cm soil depth intervals,
respectively. Total soil water integrated over the top 70 cm of soil were also calculated.
Soil water was not summed over the top 90 cm because several neutron acces-s‘tubes were
not installed to sufficient depth .as a result of rocks or other obstructions. All access tubes

allowed measurement to the 60 cm depth.
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Statistical Analysis

Excel (Microsoft Corporation, Redmond, WA 98052) spreadsheet software was
used to calculate summary statistics for éoil water. Tables 14 - 17 in Appendix A provide
designated region classes for soil water point measurements in each field. These were
linked with measured soil water contents to create composite data files for analysis of
varianqe (AN OVA) and .for calculation of relative variance in soil water contents.

Analyses at depths of 20 cm (i.e. 0 — 30 cm depth interval), 60 cm (50 — 70 cm interval),

and top 70 cm w-ere performed. Analysis at 80 cm was not performed due to lack of data.

To test for differences in mean sqil water content Between the delineated regions,
ANOVA (Minitab) was. conducted for each site and for all collection dates.
Sémivaﬁogrmns were used to evaluate autocorrelation in each water content dataset. A
normal probability plbt of residuals was created to test for normality in the data. The F-
test with a significance P-value of 0.05 was used to find differences between at least two
- of the region mean soil water values. To determine_which regions differed significantly,
the Tﬁkey—Kramer multiple comparison procedure was used (Devore and Peck, 2001),
with a simultaneous confidence interval of 90% (family error rate of 10%). This
correspondéd to an individual confidence level of 97.8% (individual error rate of 2_.2%).

Relative variance of composite data files was evaluated for all collection dates.
This 'charaéterized map precision by expressing the percentage of variability within

regions that was less than variability across the entire study field, and is calculated from

the pooled variance, Slz, , expressed as

) (= %) + (% =%,)% e (x; ~x,)*
S) = -
P m+n, ... —n, .
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" where Z(xii —X,)” is the sum of 'squares for the ith region, n, is the number of water
content observations in the ith region, and n, is the total number of regions (Beckett and

Blirrough, 1971, Long et al., 1995). Relative variance R? is then expressed as

,_ (S-S
s Sf

where S is the pooled variance and S} is total across-study-site variance.
Results

Soil Water Content and Precipitation

Soil water content mean values for each site for ’éhe first and last measurement
dates of the growing season at three representative depths: 20 cm (0 — 30 cm depth
interval), 60 cm (50 — 70 cm depth interval), and top 70 cm (0 — 70 <;m depth interval),

) illustrated similarity in soil water content f_rorﬁ site to site (Table 1'). Of particular interest
was the cc;efﬁcient of variation (CV), which gives a relative measure of variability in soil
water conteqt by expressing standard deviation as a proportion of the mean. Variability in
 soil water content increases with CV (range 0 — 1.0). CV values of around 0.5 suggest
moderate variance in a data set (Rozg;)nyi, 1995; Weisstein, 1999).

Soil water content CV values on the ﬁrst measurement date at each depth at all
sites were consistently low (CV values 0.08 - 0.15), except for the Hill County site (CV
values 0.23 - 0.31). This indicates a substantial lack of variance in soil watef content at
the beginning of the growing season; For all study sites at all deiaths, CVs were greater on

- the last measurement date than on the first, suggesting an increase in soil water content
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variance as the growing season progressed. End of season CV at Liberty and Phillips 1

remained rather low (0.22 - 0:27), however. End of season CV at Phillips 2 varied with
depth, and suggested moderate soil water variance(CV = 0.48) at 20 c¢m, but lower
vari'agce (CV =0.22) at 60 cm depth. CVs at Hill on the last measurement date (0.38 -
0.46) indiqated moderate soil ‘water variance.

High vaﬁance in soﬂ water content was not indicated at any depth at any of the
study sites based on CV values (Rozgonyi, 1995; Weisstéin, 1999). A consistent trend of
decreasing CV values with depth was noted for the l'a;st measurement date a.t the Hill
(0.46 to 0.38) and Phillips 2 (0.48 - 0.29) locations. CV values for Libert’y; (0.25 - 0.23)

and Phillips 1 (0.27 - 0.26) on the last measurement date were uniform with depth
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Table I. Summary statistics for measured soil water contents on first and
last measurement dates, at three depths, for the four study sites.

—20cm------ —60 cm — — Top 70 cm —
Liberty
May 18 Aug 7 May 18 Aug 7 May 18 Aug 7
n 79 77 79 78 79 77
Min 5.14 1.65 3.64 141 13.65 5.08
Max 8.55 5.34 7.85 4.56 22.40 13.72
Mean 7.11 3.09 5.19 2.69 17.38 8.34
S.D. 0.77 0.76 0.61 0.61 1.57 1.65
C.v. 0.11 6.25 6.12 6.23 0.09 6.20
Hill
May 19 Aug 2 May 19 Aug 2 May 19 Aug 2
n 78 77 78 77 78 77
Min 2.98 6.35 2.20 6.77 8.82 164"
Max 11.56 11.27 7.46 6.08 24.52 23.28
Mean 6.56 4.05 4.59 3.14 16.05 ™Q.84
S.D. 2.01 1.88 1.12 1.20 3.63 7 4.66
C.V. 0.31 0.46 0.24 6.38 6.23 ..0.41
Philips |
May 19 Aug 9 May 19 Aug 9 May 19 Aug 9
n 78 77 77 75 77 75
Min 5.75 1.66 4.19 1.57 15.28 5.66
Max 9.91 6.17 6.73 4.90 23.28 14.16
Mean 7.76 3.35 5.37 291 18.52 8.99
S.D. 0.73 0.89 0.58 0.75 1.39 ..1.54
C.v. 0.09 6.27 6.11 0.26 6.08 6.17
Philips 2
May 18 Aug | May 18 Aug | May 18 Aug |
n 81 81 81 81 81 81
Min 4.06 171 2.86 1.27 10.55 3.85
Max 7.87 7.38 6.29 5.64 26.62 16.44
Mean 6.39 5.02 4.59 3.17 15.70 11.31
S.D. 6.89 1.32 0.70 0.92 1.78 2.56
C.v. 6.14 0.48 0.15 0.29 6.11 0.23

Little precipitation occurred during the 2000 field season, and annual precipitation
was below normal for both Liberty (43% of long-term average) and Phillips 1 (71%)
(Fig. 6, Table 2). Precipitation at Liberty occurred primarily during a single event that
delivered less than 0.5 cm. Phillips | received most of its precipitation prior to July, and

total seasonal rainfall was significantly greater than at Liberty (10.54 vs. 0.76 cm).
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Precipitation during 2001 was also below normal at Hill (61% of long-term average) and
Phillips 2 (68%) (Fig. 6, Table 2). Two separate growing season precipitation events of
nearly 2.5 cm occurred at Phillips 2, one on June 4-6, and the second on August I.
Figure 6. Daily growing season precipitation for the four study sites. Liberty and

Phillipsl represent 2000, while Hill and Phillips 2 represent 2001. Note different scales
on precipitation axes.

35 Philins | Philips 2
2.5
15

0.5
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Table 2. Monthly growing season and annual precipitation amounts for the three field
locations. Yearly and mean precipitation data were taken from closest weather stations at
Chester, Havre, and Malta, MT for the Liberty, Hill, and Philips sites, respectively.
Precipitation measured at the study sites are also included for comparative purposes.

"—" indicates precipitation data not available for that time period.
Precipitation (cm)

Location Year May June July August Annual
Liberty 2000 1.98 191 1.29 0.46 11.79
2000 (site) - 0.64 0.10 - -
Mean 4.34 6.10 3.84 3.05 27.10
Hill 2001 1.55 3.68 7.54 0.46 17.63
2001 (site) 1.20 3.86 4.02 -
Mean 411 5.21 3.94 3.02 28.83
Philips 2000 2.77 6.3 4.29 0.10 22.59
2000 (site) - 6.71 0.16 0.24 e
2001 2.16 7.34 5.28 2.16 2177
2001 (site) 1.82 833 .. 508 247
Mean 5.68 6.45 4.67 “3.05 3190
Soils

Appendix B contains partial descriptions of soil pits excavated. Soil series within
complexes were assigned to specific regions based on the general landscape position of
each excavated soil pit to assist in interpretation of region partitioning results.

In general, at Liberty, Phillips I, and Phillips 2, convex and upper areas in the
landscape exhibited thinner mollic epipedons, shallower depth to carbonates, and higher
clay contents at shallow depths than concave and lower areas in the landscape. At HiH1
sandy loam to sand textures and absence of a mollic epipedon characterized the upper
landscape positions. Clays to clay loam soils with well-defined mollic epipedons and

depth to carbonates approaching 25 cm were found in lower, level areas in the landscape.

Region Partitioning

Figure 7 illustrates how each region-partitioning method divided the field at the

Liberty site. The other three sites are illustrated in Figs 19-21 in Appendix C. Patterns of
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region delineation for each of the three methods were similar across the four sites.

~However, the Cluster Method had the largest contiguous regions. Conversely, the Flow
Method produced more numer'ous, smaller regioné‘. Sincé the Flow Method partitioned
the landscape based on water receiving and water shedding characteristiég, differences in
elevation did not neceséarily ires'ult in different regions.

| Soil-Landscape was most similar to the Cluster Method in size of regions

' delineated, but regions lacked the spatial continuity of those based on the Cluster

‘Method. The.Soi'l-Landscape Method was most différent from the other methods in terms
of the large area that was classified as mid landscape position. Thié large area resulted in
inclusion of 40% to 45% of soil water sample points within the mid landscape position
across all sites. This is contrésted'xlvith a maximum 36% of soil water sample points

included in upper or lower Soil-Landscape régions across-all sites.

Region Soil Water Dynamics

Liberty Sife. At Liberty, differences in mean soil Water content between regions
varied with depth for the Flow and Soil-Landscape Methods, but remained fel_atively
similar for the Cluster method. To a depth of 30 cm (20 ém), there were no significant
differences in mean soil water content between regions for any method throughout the
growing season (Table 3; Fig. 8, 9). No differences between Cluster region means were
evident at the 50 —'70 cm (60 cm) or top 70 cm depths either.

At 60 cm depth, Flow method depression regions and the Soil-Landscape method

lower regions had the highest mean soil water content throughout the growing season.




Figure 7. Results of three partitioning schemes for the Liberty site. The three partitioning methods are listed at the bottom
left of the respective panels.
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Depression and lower mean soil water contents were significantly different from

divergent and upper regions, respectively, on May 18 and August 7 (Table 3).

For the top 70 cm, mean soil water content was highest in Flow Method
depressions throughout the growing season, but significant differences were evident only
on August 7 (Table 3). Soil-Landscape regions had similar soil water contents from May
18 to July 12. Between July 12 and August 7 loss in mean soil water content was greater
in upper regions than lower regions, resulting in a significant difference on August 7
between the lower and upper regions in this attribute.

Table 3. ANOVA summary for region beginning and ending growing season soil water
content means at Liberty. Within rows, asterisk in p-value column highlights significance

at 0.05 level, and region mean values followed by the same letter are different at the 5%
significance level.

Region means

Flow
Depth Date P-value Divergent  Convergent Planar Depression
20 cm May 18 0.564 7.07 6.91 6.85 7.20
Aug 7 0.542 3.02 3.22 2.90 3.26
60 cm May 18 0.022* 5.05a 5.16 5.16b 5.67ab
Aug 7 0.002* 2.46a 2.69b 2.81 3.23ab
top 70cm  May 18 6.124 17.22 17.1 17.27 18.38
Aug 7 0.011* 7.86a 8.45 8.35b 9.79ab
Soil-Landscape
Lower Mid Upper
20 cm May 18 0.904 7.06 6.96 7.03
Aug? 0274 3.37 2.99 3.04
60 cm May 18 0.053* 5.48a 5.19 5.03a
Aug 7 0.057* 2.97a 2.72 2.52a
top 70cm  May 18 0.326 17.85 17.37 17.13
Aug 7 0.053* 9.23a 8.25 7.99a
Cluster
Lower Mid Upper
20 cm May 18 0.668 7.07 6.93 7.09
Aug 7 0.42 3.30 3.01 3.05
60 cm May 18 0.097 5.43 5.06 5.19
..... AugT...... 0.063 2.99% 2.59a 2.64
top70cm  May 18 0.382 17.78 17.15 17.42

Aug 7 0.067 9.16a 8.08a 8.15



Figure 8. Mean soil water content expressed as equivalent depth of water for three measurement depths, for sample locations
allocated within two different partitioning methods, at the Liberty site.
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Figure 9. Mean soil water content expressed as equivalent depth of water for three measurement depths, for sample
locations allocated within regions delineated at the Liberty site using the Cluster partitioning method.
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Hill Site. Observed pattems in region mean soil water content were similar

between the three partitioning methods at all depths at Hill (Fig. 10, 11). Increased soil
water contents between July 20 and August 2 resulting from precipitation durmg .Tuly
(Fig. 6) were evident for all regions at-all depths. At the end of the growing season
(August 2) at all depths, significant d_ifferences in mean soil water content were exhibited
between regions in all partitioning methods (Tab1e14).

For the Flow partitioning method planar regions had the highest and divergent
regions the lowest mean soil water contents at all depths (Fig. 10). Except for the
beginning of the growing season (May 19) at 20 cm, planar and divergent region mean
soil water contents were significantly different at all depths and dates (Table 4).

| Soil-Landscape lower regions predominantly had the highest mean soil water
content throughout the growing season at all debths for Hill (Fig.10). However, lower
region mean soil water content differed significantly from other regions (mid and upper)
only at the end of the growing season (August 2) (Table 4).

For the Cluster Method, lower regions predominantly had the highest soil water
contents throughout the grov‘ving season at all depths. Except at 60 cm, Lower
sigm’ﬁcantl); differed from mid and upper on May 19 and August 2. At 60 cm depth,

lower differed only from mid on August 2 (Table 4).




Figure 10. Mean soil water content expressed as equivalent depth of water for three measurement depths, for sample
locations allocated within two different partitioning methods, at the Hill site.
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Figure 11. Mean soil water content expressed as equivalent depth of water for three measurement depths, for sample
locations allocated within regions delineated at the Hill site using the Cluster partitioning method.
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Table 4. ANOVA summary for region beginning and ending growing season soil water
content means at Hill. Within rows, asterisk in p-value column highlights significance at
0.05 level, and region mean values followed by the same letter are different at the 5%

significance level.

Region means

Flow
Depth Date P-value Divergent  Convergent Planar Depression
20 cm May 19 0.102 5.84 6.61 7.19 7.36
~AugZ___ 0.010* 3.22a 4.09 5.23a 4.38
60 cm May 19 0.080* 4.30a 4.53 5.25a 4.56
Aug 2 0.072* 2.78a 3.06 3.75a 3.50
top70cm  May 19 6.042* 14.68a 15.98 17.80a 17.32
Aug 2 0.008* 8.30a 10.18 12.52a 11.52
Soil-Landscape
Lower Mid Uooer
20 cm May 19 0.153 7.06 6.60 6.02
0.001* 5.12ab 3.79 3.09b
60 cm May 19 0.907 4.54 4.55 4.66
.Au&2 _ 0.001* 3.75ab 3.00a 2.61b
top 70 cm  May 19 0.417 16.69 16.10 15.41
Aug 2 0.001* 12.55ab 9.67a 7.96b
Cluster
Lower Mid Uooer
20 cm May 19 0.005* 7.65ab 6.09a 6.06b
0.001* 5.32ab 3.39a 3.71b
60 cm May 19 0.634 4.61 4.69 4.39
Aug 2 0.003* 3.77a 2.71a 3.16
top70cm  May 19 0.044* 17.59ab 15.44a 15.28b
Aug 2 0.001* 12.98ab 8.53a 9.94b

Phillips I. At Phillips I, soil water content patterns varied with depth for all three
partitioning methods (Fig. 12, 13). At 20 cm, soil water content increased for most regions
between June 23 and July 13 due to precipitation (Fig. 6). However, there were no
significant differences between regions for any method throughout the growing season at
20cm (Table 5).

At 60 cm. Flow Method depression regions had the highest and divergent regions
the lowest soil water content throughout the growing season. Soil-Landscape and Cluster

Method lower and upper regions exhibited the same pattern (Fig. 12, 13). Significant
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differences in mean soil water content were evident on May 19 between regions for all

partitioning methods, but only for the Cluster method on August 9. Lack of significant
differences on August 9 is due to large variability in soil water content within regions.
Mean soil water contents in the top 70 cm were similar between regions for the
Flow and Cluster methods through July 13 (Fig. 12, 13). After this date, change in soil
water storage varied between regions. Depressions differ significantly from divergent
regions, and lower regions differ from mid and upper regions, on Aug 9 (Table 5). Soil-
Landscape Method lower regions differed from upper regions only on May 19.
Table 5. ANOVA summary for region beginning and ending growing season soil water
content means at Phillips 1. Within rows, asterisk in p-value column highlights
significance at 0.05 level, and region mean values followed by the same letter are

different at the 5% significance level.
Region means

Flow
Depth Date P-value Divergent ~ Convergent Planar Depression
20 cm May 19 0.662 7.69 7.73 7.90 8.04
3.27 3.24 351 3.96
60 cm May 19 0.025* 5.1Sab 5.52a 531 5.83b
Aug 9 0.096 2.76 2.99 2.85 3.63
top70cm  May 19 0.134 18.23 18.65 18.47 19.63
Aug 9 0.049* 8.64a 9.15 8.90 10.63a
Soil-Landscape
Lower Mid Upper
20 cm May 19 0.087 7.62 7.96 7.58
0.403 3.19 3.49 3.26
60 cm May 19 0.002* 5.73a 531 5.13a
Aug 9 0.16 3.20 2.85 2.77
top 70cm  May 19 0.041* 18.94a 18.66 17.92a
Aug 9 0.313 9.31 9.07 8.60
Cluster
Lower Mid Upper
May 19 0.901 7.71 7.79 7.78
3.29 3.32
May 19 0.016* 5.62a 5.31 5.13a
Aug 9 0.005* 3.27ab 2.84a 2.58b
May 19 0.347 18.80 18.45 18.22

Aug 9 0.006* 9.7lab 8.81a 8.35b



Figure 12. Mean soil water content expressed as equivalent depth of water for three measurement depths, for sample
locations allocated within two different partitioning methods, at the Phillips 1 site.

Equivalent Depth Soil Water Content (cm)

Flow Partitioning Method Soil-Landscape Partitioning Method
20 cm divergent 20cm
convergent
flat Lower
depression -
60 cm 60 cm
Top 70 cm Top 70 cm
May 19 June 23 July 13 May 19 June 23 July 13

Sample Date



Figure 13. Mean soil water content expressed as equivalent depth of water for three measurement depths, for sample
locations allocated within regions delineated at the Phillips 1 site using the Cluster partitioning method.
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Phillips 2. Patterns in mean soil water content varied éhnil'arly with depth for the

three partitioning methods (Fig. 14, 15). Mean soil water.éontent increased in all regions

at all depths on June 7 as a result of precipitation. Mean soil water content also increased

in all regioné at the 20 cm depth on August 1 due to precipitation. Significant differences:
between any regions at Phillips 2 were found only at. 20 cm depth (Table 6). |
At 20 cm, Flow Meth(.)d divergent regions had the highest and convergent régions-
the lowest mean soil water content %hroughout the growing season. Similarly, Clustér
Method upper regions had fhe highest and lower regions the lowest mean soil water
content throughout thé growiﬁg season. Sigﬁiﬁcant differences in mean soil water content
were exhibited between these respective regions on May 18 and on August 1.’ No
: signiﬁcant differences were evident between Soil-Landscape regions.
| Although ﬂo significant differences between mean soil water contents Weré

present at a depth of 60 cm, there was an inversion in region soil water content
relationships from the 20 cm depth. The regions that had the higheét soil water contents at
20 cm depth (divergent and upper) had the lowest soil water contents at 60 cm depth.
Conversely, regions that had the lowest soil water contents at 20 cm (convergent and

lower) had the highest soil water contents at 60 cm depth.




Figure 14. Mean soil water content expressed as equivalent depth of water for three measurement depths, for sample
locations allocated within two different partitioning methods, at the Phillips 2 site.
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Figure 15. Mean soil water content expressed as equivalent depth of water for three measurement depths, for sample
locations allocated within regions delineated at the Phillips 2 site using the Cluster partitioning method.
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Table 6. ANOVA summary for region beginning and ending growing season soil water
content means at Phillips 2. Within rows, asterisk in p-value column highlights
significance at 0.05 level, and region mean values followed by the same letter are
different at the 5% significance level.

Region means

Flow
Depth Date P-value Divergent  Convergent Planar
20 cm May 18 0.021* 6.67a 6.09a 6.51
~JAugd... 0.028* 5.47a 4.18ab 5.53b
60 cm May 18 0.824 4,53 4.61 4.65
.wAug,! 0828 3.09 3.23 3.16
top 70 cm  May 18 0.206 15.94 15.3 16.13
Aug | 0.241 11.45 10.84 12.17
Soil-Landscape
Lower Mid Uooer
20 cm May 18 0.148 6.20 6.31 6.69
Aug | 0.196 4.58 5.17 5.20
60 cm May 18 0.421 4.66 4.65 4.42
0.337 3.37 3.18 2.96
top 70cm  May 18 0.863 15.65 15.62 15.87
Aug | 0.850 11.14 11.50 11.18
Cluster
Lower Mid Uooer
20 cm May 18 0.001* 6.06a 6.04b 6.84ab
__Augl 0.043* 4.17a............ 5,09 5.42a
60 cm May 18 0.512 4.67 4.66 4.48
Aug | 3.38 3.12 3.05
top 70cm  May 18 0.301 15.46 15.40 16.05
Aug | 0.820 11.05 11.31 11.49

Region Partitioning Method Performance Across Sites

The effectiveness of the region-partitioning methods used to identify and
delineate spatial variability in soil water content across multiple fields is important in
terms of their potential practical utility in farm or land management. Performance of the
Flow, Soil-Landscape, and Cluster partitioning methods at the four study sites is
summarized in Table 7, which includes only time of the season and depths where at least
one partitioning method had at least two topographic regions that were significantly

different in measured mean soil water content.
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Ofthe three methods, Flow most frequently had significant differences in region

mean soil water contents (Table 7). In addition, differences in soil water contents
between Flow Method regions occurred at all study sites, in contrast to the Soil-
Landscape and Cluster Methods. However, for every method, the specific regions that
exhibited significant differences from each other varied from site to site (Tables 3-6). For
example, significant differences between Flow Method regions were exhibited at 20 cm
at both Hill and Phillips 2 (Table 7). While at Hill divergent regions differed from planar
regions, at Phillips 2 divergent regions did not differ from planar regions, but rather from
convergent regions. This illustrates that no method uniformly delineated differences in
soil water content across all sites.

Table 7. Region partitioning method performance at each field location. Only listed are
those depths where significant differences in mean soil water content between regions

were evident for at least one partitioning method. Asterisk indicates ANOV A significant
difference between regions for that partitioning method at p < 0.05.

Partitioning Scheme

Site Depth Date Flow Soil/landscape Cluster
Liberty 60 cm May 18 * *
..Augs.... * *
Top70cm  AugS * *
Hill 20 cm May 19 *
Aug 2. * * *
60 cm May 19 *
Aug 2. * * *
Top70cm  May 19 * *
Aug 2 * *
Philips 1 60 cm May 19 * *
Aug 9 *
Top70cm  May 19 * *
Aug 9 * *
Philips 2 20 cm May 18 *
*
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Reduction of Soil Water Variance Through Region Partioning

The percent reduction in field-wide measured soil water content variance by
delineating discrete regions is shown in Table 8. Across all four fields the largest value of
relative variance was 21% for the Cluster method at the Hill site. This means that soil
water content variability was 21% less in Cluster regions than across the entire site. The
majority of relative variance values were between 5% and 13%, indicating that overall
study-site, field-wide variability in measured soil water content was reduced only 5% to
13% by identification of discrete field regions.

At Liberty, the Flow method was most precise in delineating regions, with relative
variances of 8% to 15%. The Cluster method was generally more precise than the Flow or
Soil-Landscape methods, which did not differ significantly, at Hill and Phillips I. At
Phillips 2, all methods performed similarly, with relative variance values 0f4% to 7%.
Table 8. Percent reduction in field-wide measured soil water content variance by
delineating regions through each of the partitioning methods. Only dates and depths

shown are those with significant difference in soil water content between at least two
regions.

Partitioning Scheme

Site Depth Date Flow Soil/landscape Cluster
Liberty 60 cm May 18 8 5 4
.......................... AugsS......... 15 5 5
Top 70 cm Aug 8 id 5 5
Hill 20 cm May 19 o5 8 n
Aug 2 n 1n 19
60 cm May 19 5 4 4
Aug 2 5 5 12
Top70cm  May 19 7 6 5
Aug 2 1 13 21
Phillips | 60 cm May 19 8 13 10
Aug 9 5 n
Top70cm May 19 5 6 6
Aug9 7 3 n
Phillips 2 20 cm May 18 7 4 5
Aug | 6 4 6
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Discussion

Measured Soil Water Contents

The general lack of variability in soil water contents early in the growing seasoﬁ
at all sites and depths indicates that little topographical redistribution of water'héd
occurred during the previous two years when these fields were in fallow. Precipitation
" must be received at a rate higher than the potential final hﬁltration rate of the soil, for a
-sufficient period of time, for ponding and ove.riand flow to occur (Or and Wraith, 2000).

There were no visual indications of lateral flow across the soil surface (e.g. rills) prior to
the 2000 or 2001 growing seasons.

Increaged variability in soil water status at the end of the growing seasons might
be indicative of t(;pographical're—distribution of water in response to growing season
precipitation. Alternatively, spatial differences in clay contents and their effects on soil
water retention may have exerted primary inﬂuence as soils dried throughout the growing
season. Plant water uptake may also have varied spatially, in part as a result of variation

" in soil water retention, but also because evaporative water demand probably varied with
topography because of differences in microclimatic conditions (Campbell and Norman,
1998). A potential role of the wheat crop is supported by the reduction in spatial
differences in soil water content with depth at the end of the growing seasons. Plaﬂts may
not have been able to extract water from 60 cm depth as efficiently as from 20 cm,
because of expected lower root densities and ability .of higher clay contents at 60 cm to

retain water at low matric potentials.
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" Topographic Region Soil Watér Dvnami-cs'

The results of this study suggest that region partitioﬁing‘ may have some potentiall
to delineate variability in éoil water content within agricultural fields in N orth Central
Montana. However, none of fhe methods _consistently identified variability across all four
field sites, indicating that routine usé of any one method may not be feasible. When
differences in soil water 'content betwegn regions were identified at multiple sites using
the same region partitiorﬁng method, patt;ems varied between the fopographic regions
from field to field. Additionally, some ANOVA results were not intuitive in that they
were mconsistént with expected relationships between topography and soil water
distribution.

Across sites, when field-scale spatial variability in soil water content was low,
differencgs in soil w-ater cpntent between partitioned regions only sometimes were
evident. This suggests tha_t the nature of soil water spati'al organizatio.n may have varied
when overall soil water variability was low.. Region partitioning more readily delineates
soil water variability when spatial organization is high, rather than when it is scattered
and random (Western et al.,( 1999j. In all cases when measured soil water variability was
moderate, significant differences were identified between some topographic regions.

The question remains whether the terrain models can be routinely applied across
many landscapes, land uses, and climatic regimes or seasons. Topography has been
demonstrated to pl;ety an important rble in the distn'bution of soil water 1n many cases
(Barling et al., 1994). However, soil properties such as soil water retention and hydraulic

coﬁductivity relationships (Or and Wraith, 2000) also play a crucial role in saturated and




60

unsaturated water flow, and can therefore modify topographic influence. As these soil
properties vary across space, then, processes such as terrain-driven redistribution of soil

water may vary (Kachanoski, 1992).

» Precipitation and Soil Property Influences. It seems likely that precipitation

‘patterns may influence the relative degree of control exerted over soil water status by
terrain and soils. During wet years, or as soil water status locally approaches or exceeds
. the gfavitationa;l water holding capacity, the terrain component may directly influence
soil water distribution based on hillslope hydrologic processes related to land surface
form (Grayson et al., 1997; Western et al., 1999). When precipitation is less abundant and
when soils are drier, soil properties might hold primary influence and inhibit
topographical 'control of soil water redistribution (Yeh and Eltahir, 1998). The growing

* seasons of 2000 and 2001 were substantially dﬁer than normal at the four sites used in
this study (Table 2). There was no visual indication of surface lateral flow during the
growing seasons at any of our sites. Therefore, differences in soil water (;,ontent between
the delineated topographic regions at my study sites likely were the result of spatial
vaﬁabﬂity in soils rather than in topo graphy.

Soil water retention and water flow are related to pore size distribution under
relatively wet conditions (matric potentials greater thaﬁ about -0.1 Mpa), and to the
smaﬁler pore sizes as well as to the area of solid surfaces as soils dry (matric potentials
less than about -0.1 Mpa) (Or and Wraith, 2000). Silty and sandy soil textures facilitate
vertical infiltration of water (Philip, 1969; Stephens, 1995; Hillel, 1998). Smaller particle |

size and high soil surface areas associated with clayey soils promote retention of soil
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water through adsorption and capillarity (Or and Wraith, 2000). Presence of calcium

carbonates 1n soil profiles, while not impeding vertical infiltration of §vater, indicates that
over many years high vertical infiltration rates of water genefajly may not have occurred
past depths at which they are found (Brady and Weil, 1999).

At Hill, overall spatial variability of soil water and soil properties v;ras greatest of
all the sites. Unlike the other sites, predominant landscape featgres were mapped as
different soil series. Cluster Method lower regions and Flow Method plan‘ar regions,
whiqh coincided gpatially with soil map unit 331B, consistently had the highest soil water
contents at all depths. Heavy clays in the top 70 cm associated with these soils may have
acted to retain soil .Water. Alternatively, upper and divergent regions coincjded with soil
rﬁap unit 701D, and had lower measured soil water contents. The high sand conteﬁt in
these soils may have allowed precipitation received prior to our study to redistribute more
evenly within the soil profile, or to infiltrate to depths greater than that to which we
measured.
| Soil properties'may have also had predominant influence on soil water
distribution at Phillips 2. At 20 cm depth an unexpected pattern was observed, with
conceptually water-shedding divergent and upper regions having the highest soil water
contents throughout the growing season, and ‘wafer-co]lecting’ convergent and lower
regions having the lowest soil v;rater_ contents. These patterns were reversed at the 60 cm
depth, perhaps reflecting long-term subsurface lateral flow due to topography.
Differential crop uptake of water méy also have contributed to these patterns. However,
differences in depth to clay between regions offer a likely explanation. Shallower depth

to clay in convex, upper landscape areas than in concave, lower landscape areas may be




) 62 :
expected, particularly if erosive loss of upper soil horizons in upper areas and deposition

in lower areas has occurred (Walker et gl., 1968; Kreznor, et al., 1989; Moore et al.,
1993; Gessler ét aL, 1995). At Phillips 1 and 2, sampling %evealed that clay content was
higher nc;,ai' the soil surface in thé upber landscape positions than in lower landscape
positions. Presence of calcium carbonates at 20 cm depth in upper areas further suggests
that water would accumulate néarer the surface. For the lower regions having greater
depth to clay, soil water would be expected to drain to deeper depth more readily and
thus to accumulate deeper in the profile, consistent with measured patterns (Fig. 14, 15).“

-At Phillips 1, soil water content ;;attems at 60 cm depth between the delineated
regioﬁs were similar to Phillips 2. In contrastuto- conditions at Phillips 2, hbwever, near

' surface (20 cm) soil water content for Phillips 1 showed no differences between th;a

topographic regions. This may have been because precipitation during the 2000 growing
season was lovx.fer than for 2001 (Fig. 6, Table 2), reducing soil water recharge. Similar
trends in soil water content and precipitation were present at Liberty, which shared
general similaﬁty n soil textures with the Phillips 1 and Phillips 2 sites.

Although terrain-based region-partitioning methods demonstrated some success in

" delineating soil water variability in this study, this did not appear to be a result of

modeling direct terrain influences on surface and subsurface lateral water flow. However,
variability in soil propérties across landscapes is partialb./ a function of topography
(Moore qt al., 1993; Brady and Weil, 1999). For drier regions or during periods of low
precipitation, terrain might thereby exert only an indirect influence over soil water
distribution through its effects on soil property (i.e. texture) distribution. Further

complicating this relationship, terrain form can be influenced by myriad types of
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erosional and depositional processes (i.e. colluvium, wind, glacial) (Keck, 2002).
-Differencesh in terrain forming factors can therefore flave substantial impact on soil
properties and water transport characteristics of a hillslope. Tlﬁs was evident in the
differences in soil characteristics at similar landscape posifions between Hill and thé‘

other sites.

Sampling and Measured Differences in Soil Wetness. To represent soil water

‘status over my relatively large field study sites, soil water measurement locations were
spaced at a minimum of 70 meters. Whether this resulted in lo’ss of important information
regarding spatial properties of soil water status at smaller scales is not known. Secondly,
boundaries between séﬂ—landscape regions may be fuzzy transition zones (Bruin and
Stein, 1998). Therefore, it may be arbitrary to assign a location within a transitio.n zone to
any soil-landscape region (Bruih and Stein, 1998). The region-partitioning method
assumes that regions are internally hombgenous units separated by discrete boundaries.
Soil water measurements taken withiﬁ a transition zone but assigned to a particular .region
would result m increased apparent soil water variability for that region.

Magnitudes of statistically significant differences in soil water content between
regions were relatively small. The maximum difference of 3 cm water per 70 cm soil
depth found at Hill translates to 25% of the total water in the profile at the end of the
growing season, bilt this was not the norm across all fields, which generally had
substantially smaller relative differences. Further, this 3 cm water might translate into a
wheat yield difference of about 4.5 bushels per acre (Bauder et al., 1987), and probably

only if the difference was present early in the growing season. The low relative variance
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values also suggested that soil water content_van'abi]ity was not much lower within
regions than across the study sites. Given the fairly low overall variability at each of the

sites it is not surpfising that statistically reducing the variance might be difficult.

Further Application o‘f Topo graphic Region-Partitioning, Whether the regional
relationships elucidated in this study might hold for the same fields during years of
normal rainfall, or for different soil types under similar weather patterns, is not known.
However, even during years having more typiclal rainfall patterns, similar results ﬁay be
expected bécause of the semi-arid climate in this area. Based on results of this study,
topographic region paﬁitioﬁng might be exp-ected to become useful in an agricultural
* management context only under conditions of moderate to high field-wide soii water
content variability, such as may be expected under higher rainfall.

Further, teﬁam-based models should be effective for prediction of soil water
distribution only if inhefent model assumptions, primarily concerning homogeneity of
soil properties sucﬁ as texture across landscapes, are met for a particulaf system. Landon
(1995) reached a similar conclusion based on a lack of correlation bétween terrain and
soil water in deep, well-drained silty soils near Bozeman, MT. Because factors that affect
soil water distribution vary across space and time, any region-partitioning method may
have variable utility from field to field or from year to year. For example, Nolan et al.

(2000) found that correlations between crop yield and several various terrain-based

region partitioning methods varied from year to year in Canada.
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Conclusions

An attempt was made to identify and delineate variability in soil water content
within four farm fields in nortﬁ central Montana through partitioning the fields into .
.discrete regions based on topographic position. Although some differences in soil wate;
content were found between thée regions, their small magnitude and lack of consistency
infer questionable significance in terms of practical application to field management.

Due to apparent minimal lateral redistribution of soil Water under the field
conditions studied (low precipitation, well-developed soils), differences ig! v'vater content
between regions may have been influenced more by soil properties and plant uptake of
soil water across the field that varied with terrain, rather than by direct terrein influences.
Variation in the nature of how soil water contents differed between regions, across fields,
and with soil depth supports this speculation. |

Under conditions not found in this study (i.e. higher precipitation), region
partitioning approaches may provide a potentially effective option for delineation of soil
water spatial variabi]it.y, and subsequently agricultural management zones, across farm
field landscapes. However, these techniques will only be beneficial if they can accurately
model the systems to which they are being applied. Therefore, integration of site-specific
information regarding soils and other factors with terrain models should be pursued in
ofder to increase efficacy of terrain-based region partitioning methods. Soil texture,
particularly clay content, presence and depth of impeding layers in the soil profile, and

precipitation patterns may be important factors to consider.
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CHAPTER 3

COMPARISON OF MEASURED SOIL WATER CONTENT AND A
QUANTITATIVE COMPOUND TOPOGRAPHIC INDEX DERIVED FROM A DEM
- i ' .

" Introduction

Quantitative models that relate terrain to soil properties have been developed by
many res_eafc‘hers (g.g., Burt and Butcher, 1985; Moore et al., 1993, 1993b; Odeh et al., _
1994; Gessler et al., 1995, 1998, 2000). Based on copsideration of topographic control on
hydrological processes, numerous stﬁdies have maintained that topography is a primary
influence on soil water spatial distribution and variability through its effect on surface
runoff and subsﬁrface water flow (Andefson and Burt, 1978; Hanna et al., 1982; Burt and
" Butcher, 1985‘;'Moore et al., 1993; Westemn et al., i999). Terrain attributes can provide a
_quantification of landform shape and connectivity that can help define water flow

patterns, and éubsequent soil water distribution (Gessler et al., 2000).

The compound topographic index (CTI), or steady-state wetness index, is a
quantitative, process-based secondary terrain attribute that has been used to capture
spatial distribution and variability of select soil properties (Burt and Butcher, 1985;
Moore et al., 1993¢c; Odeh et al., 19,94;_Bar]jng.et al., 1994) and of soil water content

(Burt and Butcher, 1985; Jones, 1986; Moore et al., 1993b).
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CTI incorpofates two primary topographic attributes, specific catchment area and

slope, that are integral to soil water flow and accumulation. CTI is defined as

CTI=In (4, /tan B)
where A, is specific catchment area/(m 2m1), and B is slope (degrees). CTI values are

relative to the area éncompassed by the DEM, and increase with increasing catchment
area and/or decreasing slope. According to this method, locations lower in thp catchment
or landscape, and particularly those nearest the outlet of drainage-ways, will be the
wettest. The CTI specifies that soil water éontent will decrease és flow lines are re-traced
upslope (Barling et al., 1994).

Five implicit aSsuﬁlptions are inherent in the derivation of the.CTI: 1) uniform
infiltration capacity across the catchment; 2) um’foﬁn drainage- losses to groundwater; 3)
uniform soil transmissi\}ity; 4) direction of subsurface flow, dictated by the gradient of
the piezometric head, is parallel to surface topography; and 5) steady—étafe conditions
apply (i.e. every spgt‘ial point in thg landscape is receiving flow from its entire upslope
contributing area) (J. oﬁCS‘, 1986). The applications of CTI in situation; where these
assumptions are violated weaken its capability as a predictor ofsoil water content. When
assumptions are violated, Barling et al. (1994) stated that “the distribution of soil water
becomes a balance between the topograpﬁy and the soil water potential, and simple
indices may not be applicable”.

The hydrologic processes addressed in assumptions 1‘- 4 are affeét;ad to some
extent by soil properties such as texture and structure, and by soil profile depth (Moore et

al., 1993b). As spatial variability in soil properties increases, the assumption of spatial
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uniformity in these processes becomes increasingly problematic. Further, locations across
a landscape that have similar CTI values may behave differently because Qf their
landscape position (MacMillan et al., 2000). For example, a DEM grid cell with a
moderate CTI va;lue located in a convex area lower in the Iandscape ma;y have shallower
and perhaﬁs coarser soils than a cell having similar CTI and located in a linear area
higher in the landscap;. Because CTI does not consider the nature of topography

contained within area A, (specific catchment area), it may not provide adequate

predictién of soﬂ water content (Burt and Butcher, 1986).

Provision of information regarding landscape positio_n into CTI-based soil water
content correlation models could help better identify how CTI and soil water content
correlations vary across a field. Tﬁe objective of this study was to test whether the

.secondary quantitative corﬁpound topographic index (CTI) was correlated to measured
soil water content in agricultural fields typical of those found in north-céntral Montana,
USA. To evaluate‘ differences in correlation between and within ﬁelcis, sites and

landscape regions were incorporated into the analysis as covariate predictor variables.

Materials and Methods

Study Sites

The study was conducted at four locations, each comprising a 25 to 60 ha portion

of farm fields located across the “Hi-Line” region of north central Montana.

Liberty County Site. The study area consisted of about 25 ha within a farm field

having gently rolling terrain of moderate (20m) relief and located approximately 21 km
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north of Chester, MT (T34N, R7E, Section 17; 48°42’-30” 110°51°30”) (Fig. 1). The

predominant aspect trended to the south, with a moderate draw running in a south-south-

easterly direction @ig. 2a). The area has a cool, semi-arid c]jméte, with mean annual
precipitation of 31 to 43 cm (Caprio et al., 1994). Hov;/ever, this site commo'nlyh receives
ldwer amounts of annual precip|itation, possibly due to its location in a rain shadow to the
south east of the Sweetgrass Hills (Matfson; 2000). The field was dryland farmed by the
Mattson family with a wheat/fallow rotation.

The ﬁndérlying geologic materials at the liberty site are primarily glacial till
derived from the Bear Paw formation (Veseth and Montagne, 1980). Soils are mapped as
a complex pf Joplin loams (a fine-loamy, mixea, superactive, frigid Aridic Argiustoﬂ)
~ formed on till, and Hillon loarﬁs (fine-loamy, mixed, calcareous, superactive, frigid

Aridic Ustorthent) (National Soil Survey Staff, 1998a; 1998b).

Hill County Site. The study area was a 15 ha portion of a farm field located in Hill

County, approximately 16 km west of Havre, MT (T32N, R14E, Section 17; 48°31°30”
109°57°) (Fig. 1). This field is characterized by a knoll of moderate relief (~15.m)- running
v;/est-east across the southern portion, and a knoll of lower relief (~5m) rﬁnning west-east
across the northern portion of the site. The remainder of the field is relatively flat (Fig.
2b). The area has a cool, semi—arid climate with mean annual rainfall of 31 tb 43 cm
(Caprio et al., 1994). The field was dryland farmed by the Kagrcher family with a
.wheat/fa]low rotation.

"Underlying geologic mateﬁals are glacial till derived from the Bear Paw and

Judith River formations (Veseth and Montagne, 1980). This site consists of three mapped
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 soils. Soils in th;e southern portion (Map unit 701D), along the knoll, al;e .a c:omplex of
Yetull loamy sands (mixed, frigid Aridic Ustipsamments) formed in sandy alluvium
and/or eolian deposits, and Busby fine sandy loams (coarse-loamy, mixed, frigid
Haplocalcidic Haplustepts). Just to the north is a complex (331B) of Phillips loams (fine,
§mectitic, frigid Aridic Haplustalfs) and Elloam clay loams (fine, smectitic, frigid Aridic
Natrustalfs), both formed in till on plains. In the northern portion of the field, soils
(42.1C) are the Joplin loams (fine-loamy, mixed, superactive, frigid Aridic Argiustoll),
and the Hillon loams (fine-loamy, mixed, caicareous, superactive, frigid _AI:idiC

Ustorthent) (National Soil Survey Staff, 1998c; 1999; 1998d; 1996; 1998a; 1998b).

Phillips County Sites. The remaining two study sites were neighboring strips of
the same field that are dryland farmed in alternate years using a wheat/fallow rotation.
The Phillips location is approximately 22.5 km east of Malta, MT (T31N, R32E, Section
20; 48°25°30” 107°35°30”) (Fig. 1). One site, “Phillips 1”, incorporated 25 ha and was
sampled during 2000. Thé second site, “Phillips-2”, incorporated 12 ha of the field and
was sampled in 2001. This site has moderate relief (~30m) with uneven rolling
topography and occasional severe undulations (Fig. 3). The area ﬁas a cool, semi-arid
climate wﬁh mean annual rainfall of about 31 to 43 cm (Caprio et al., 1994).

The uﬁderlying geologic materials are primarily glaciél till from the Clagget
formation (Veseth and Montagne, 1980). Soils are mapped as a complex of Scobey clay
loams (fine, smectitic, frigid Aridic Argiustoll), and Kevin clay loams (fine-loamy,
mixed, superactive, frigid Aridic Argiustoll), formed on till plains, hills, and moraines

(National Soil Survey Staff, 1998e; 1998f).
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GPS Survey and Soil Watér Sample Grid

Field elevations were collected over each study site in the fall of 2000 (Lib&ty

and Phillips) and in the fall of 2001 (Hill). A Novatel model 3151R GPS receiver (24-
channel, single-frequency, L1 carrier phase) was mounted on an all-terrain vehicle'and/
measured elevation at roughly 10-m intervals along a series of parallel transects. A
second Novatel receiver was located at a base station in the ;ame field. The rz;lw elevation
measurements were c'orreoted in the laboratory with the commercial post-processing
software GravNav (Waiypoint Conéulting, Inc. Calgary, Alberta, Canada) to a positional
accuracy of withiq :i: 4-cm in both thé horizontal and vertical planes, relative to the
loéation of the base statién. An Ashtech AgNavigat_or'consisting of a 486 computer, light-
bar, and nangation—grade GPS receiver (12 channel, L1 C/A code) was used to providc_a v
guidance along the parallel transects within :I:l-m of positional accuracy.

~ A permanent, augmented sampling grid of 78 to 80 points was established in each
field for the purpose of measuring soil water content (Fig. 4, 5). Of these, 50 to 65
equally spaced san;ple points were established in an. offset grid-like pattern. The GPS
system was used to develop the grid and to mark the points in each field. An additional
15 to 30 points were gdded to augment the grid, in order to adequately represen;c the range
of soils and terrain features (e. g. areas of convergence and divergence) acroés the study
site. The combination of grid points and augment points in each field was based on field
area and visual estimation of its topographic variability. To insure adequate coverage, the
larger plots inqludéd more points in the offset grid.

At each sample ﬁoint a PVC access tube was insta'lled to 80 cm depth to measure

soil water content with a neutron moisture meter (Model S03DR, CPN, Martinez, CA).
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Following access tube installation the locations and elevations of each sample point were

resurveyed using the GPS.

Generation of Terrain Attributés

The GPS elevation data for the four study sites were converted to square, equally
spaced 10 m DEM grids using Surfer software (Golden Software, Inc., Goldén, CO
80401)‘. Geostatistical kriging methods were used in Surfer to act as smoothing
interpolators of irregularly spaced point data. This procedure eliminated presence of
vertical elevation bands in the 5 m DEM grids created from irregularly sampled point
data spaced 10 m apart. The smoothed .XYZ data contained at each grid node in the
| Surfér grid was input into the iﬁterpolation software package ANUDEM (Hutchinson,
1989) and converted to square, regularly spaced 5 m grids. The interpolated 5 m elevation
lattice data were imported into the grid version .of the Terrain Analysis Program for the
Environmental Sciences (TAPES) program (Moore, 1992; Gallant and Wilson, 1996).
TAPES generated 14 primary térrain attributes for each of the 25 m? DEM cells. Two of
the 14 primary terrain attributes, slope and specific catchment area (SCA), were used in
this study. CTI was calculated for each cell based on these values. |

| The TAPES default mode is for a depressionless DEM. However, depressions -
may naturally occur and they behave uniquely in terms of soil water content at the scale
at which we were modeling, so the default feature was disabled. Slope was calculated
usil;g the finite differences (FD option) apf)roach. The FRho8 algorithm was used to
calculate SCA in this study because it allowed flow in upland cells to be distributed

simultaneously t‘o,multiple surrounding cells on a slope-weighted basis. This allowed for -
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distributed water flow, rather than rouﬁng pf water based on defined sfrearn channels.
This was important because there were no deﬁned_stream c;hannelsr in the study areas. -
The terrain attributes calculated by TAPES were imported into ARC/INFO

(Environmental Sciences Research Institute, Inc., Redlands, CA 92373) to create grids
for use in ArcView Spatial Analyst v 3.2 (Environmental Sciences Research Institute,
Inc.). Each study site’s grid was overlain with the soil water sample point coordinates for
that site. A get-grid function determined grid cells in which sample points were located.
The terrain attributes for each cell containing a sample point were fﬂen extracted from the

grid and linked with the data table for the soil water sample point coordinates.

Generation of Topographic Regions

The GPS elevations for each field were converted to 5 m DEM grids in
ANUDEM as per‘the procedure 'previously described for creating terrain attributes. The
interpolated 5 m elevations were imported into Arcviev'v Spatial Analyst v3.2 as an ASCII
file, converted into a grid, and then imported into the landscape analysis program
- LandMapR (MacMillan et al., 2000) to generate landscape classes. LandMapR defined
15 basic landform element classes, e.g. convergent backslope, toe-slope, etc., for every
grid cell in the DEM using a fuzzy rule-based procedure. The converted landform
element class data was extracted from LandMapR, imported into Arcview Spatial Analyst
v3.2 as a table, and converted to a 5 m grid. A reclassify function was performed to group
the 15 landform elements into fewer classes, hence increasing spatial coherence, using
two different rule-based methods: one based on contextual landécape position, and one

based on assumed soil variability as reflected in topography.
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The first approach, termed the Flow method, was based on émpirical concepts of

surface water flow across landscapes. This approach created four classes: divergent

~ (water shedding), convergent (water receiving), planar or flat (water neutral), and

depressions, as outlined in MacMillan et al., 2000. The second grouping method, Soil-
Landscape, was based on relative position in the landscape and topography as indicators

of soil spatial patterns. Three generalized classes were created: upper, mid, and lower.

~“Soil formation as a function of landscape, and resultant variability in soils across

landscapes, are presumably represented by this approach.

Neutron moisture meter sample point coordinates for each site were overlain on
the respective f’low and Soil-Landscape -class grids. A get-grid function was performed in
Arcview 3.2 to determine cells in which the sample point;c, were located. Class

information for each cell containing a sample point was assigned to the sample points.

‘Soil Water Content

Neutron moisture meter (Gardner, 1986) measurements were used to correlate

CTI to soil water content at the four study sites. Water content was measured at 20 cm

~ depth intervals to 80 cm. Calibration relationships for the neutron meters were developed'

at each stqdy site. Measurements were obtained ﬁvé times during a single growing season
at each site. Some sar_nple points were not monitored on specific dates due to equipment
malfunction. The earliest measurement occurred immediately following seedﬁg of the
field. This was considered as an indication of soil water distribution with minimal

vegetative influence, as the fields were fallowed the previous year. The last measurement
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of the growing seasoﬁ was co]iected at harvest, and could be used to assess changes in
soil water status as affected by growing season influences.
Fof all depths at all sample points at each measurement date, the equivalent depth

-of soil water (cm) was éalculated as the product of measured volume water content
é cm® /cm?) and the corresponding' measurement depth interval (cm). Thus,
measurements at 20 cm were converted to equivalent depth of soil water in the top 30 cm
of soil. Measurements at 40 cm, 60 cm, and 80 cm were converted to equivalent dépth of

soil water at the 3Q - 50 c¢m, 50 - 70 cm, and 70 — 90 cm soil depth intervals, respectiyely.
: 'i‘otal soil water to 70 cm depth of soil was also calculatéd by integrating the 20 cm, 40
cm, and 60 cm measurements. In addition, for all depths including th@ top 70 cm, a

seasonal average soil water content was estimated using the five seasonal measurements.

Statistical Analysis

Tables 13 - 16 (Appendix A) present completq lists oflcalculated terrain attributes
and class values for each field. These data files were linked with soil water measurements
for each field and imported for regression analysis into S-Plus (Mathsoft, Seattle, WA
98109) as ASCII data files. Regression analyses at the 20 cm, 60 cm, and'top 70 cm
‘depths were performed for the first and last measurement dates, and for season average
soil water contents, to determine if soil water contént was correlated to CTI. These depths
were considered as representative of field conditions.

Simple linear regression was performed to determine correlation between
measured soil water content, the dependent variable, and CTI, the independent variable.

An F-test with significance p-value of 0.05 was applied to this procedure. To
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accommodate potential differences between 'study sites due to climate, soils, and other

factors, study sites were included as independent, indicator variables in multiple linear

regression analyses. Further, since we presumed that differences between topographic

regions affected the correlation between CTI and so11 water content, landscape regions
were also used as mdependent indicator predictor variables. Indicator variables and CTI
pafameters can be crossed, or interacted, to test for heterogeneity of slope in the model.

The model regression equation for CTI with indicator and interaction variables was:

<

Y:ﬁo +p1X1+ﬁ2X2+ﬁ3X3+ﬁ4X1X2+ﬁ5X1X3+ﬁ6X2X3+lei

where Y is soil water content, X, is CTI, X,, X, are region and study site indicator
variables, respectively, and f are rnodel coefficients. CTI is a' quantitative value and
indicator parameters are classificatory, qualitative values. The inclusion of the fegion,
et_udy site, and interaction was determined by a partial F-test evaluating significance in
the full model, with P = 0.05 the criterion for inclusion of the parameters m the model.
Plots of regression residuals were evaluated for possible trends in the data and ;for
presence of outliers. Models that indicated lack of significance in the addition of region
and/or interaction variables reverted to the simple regression analysis that tested

correlation between CTI and soil water content.
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Results

Soil Water Content and Precipitation

Mean soil water content values for each site for all measurement périods at three
representative depths: 20 cm (0 — 30 cm depth intervél), 60 cm (50 — 70 cm depth
interval), and top 70 cm, illustrate similarity in soil water content from site to site (Table
9). Most depths at all sites exhibited low to moderately-low variance in soil water content
as evidenced by the small coefficients of variatién (CV) (0.09 — 0.29). However, Hill
exhibited moderate variance at the end of the growing season at all depths. Phillips 2
exhibited moderate variaﬁi]ity at the end of the growing season at 20 cm (CV = 0.48).
Variance in soil water content was greatér ét the end of tfle growing season than at the

beginning of the growing season at all depths for all sites.

Little precipitation occurred during the 2000 field season, and annual precipitation .

was below normal for both Liberty (43% of long-term average) and Phillips 1 (71%)
(Chapter 2: Fig. 6, Table 2). Precipitation at Liberty occurred primarily during a single
event that delivered less than 0.5 cm. Phillips 1 received most of its precipitation prior to
July, and total seasonal rainfall was significantly greater than at Liberty (10.54 vé. 0.76
cm). Precipitation during 2001 was also below normal at Hill (61% of long-term average)
anq Phillips 2 (68%). Two separate growing season precipitation events of .nearly 2.5cm

occurred at Phillips 2, one on June 4-6, and the second on August 1.
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Table 9. Summary statistics for soil water content depth equivalent (cm) on the first and
last measurement dates, and for season-average, for the four study sites.

Soil Depth
20cm 60 cm ---—------ - Upper 70 cm -------
Liberty
May 18 Aug7 Avg May18 Aug7 Avg May 18 Aug7 Avg
n 79 77 71 79 78 70 79 77 71

Min 5.14 1.65 3.67 3.64 141 3.04 13.65 5.08 10.72...
Max 8.55 5.34 7.24 7.85 4.56 5.98 22.40 13.72 18.51
Mean 7.11 3.09 5.43 5.19 2.69 4.40 17.38 8.34 14.05
S.D. 0.77 0.76 0.76 0.61 0.61 0.56 157 1.65 1.59
C.Vv. 0.11 0.25 0.14 0.12 0.23 0.13 6.09 0.20 0.11

Hill
May 19 Aug?2 Avg May 19 Aug?2 Avg May 19 Aug?2 Avg
n 78 77 78 78 77 77 78 77 77

Min 2.98 6.35 2.09 2.20 6.77 1.85 882 ' 164 6.60
Max 11.56 11.27 10.55 7.46 6.08 5.95 24.52 23.28 22.76
Mean 6.56 4.05 4.79 4.59 3.14 3.81 16.05 9.84 11.74
S.D. 2.01 1.87 177 112 1.20 1.00 3.63 4.00 3.33
C.v. 6.31 0.46 6.37 6.24 0.38 6.38 0.23.. 041 0.28

Philips 1
May 19 Aug9 Avg May 19 Aug9 Avg May 19 Aug?9 Avg
n 78 77 70 77 75 68 77 75 69

Min 5.75 1.66 4.15 4.19 1.57 3.53 15.28 5.60 12.10
Max 9.91 6.17 8.30 6.73 4.90 6.12 23.28 14.16 19.27
Mean 7.76 3.35 6.05 5.37 291 4.46 18:52 8.99 14.74
Shb. 0.73 6.89 0.72 0.58 0.75 0.56 1.39 1.54 1.28

6.09 "6.27 0.12.. oil 0.26 6.13 0.08 0.17 0.09
Philips 2
May 18 Aug | Avg May 18 Aug | Avg May 18 Aug | Avg
n 81 81 81 81 81 81 81 81 81

Min 4.06 171 4.39 2.86 127 2.72 10.55 3.85 10.42
Max 7.87 7.38 7.71 6.29 5.64 6.21 26.02 16.44 18.51
Mean  6.39 5.02 5.94 4.59 3.17 4.32 15.70 1131 14.60
S.D. 089 " 132 083 0.70 0.92 0.71 1.78 2.56 1.75
C.V. 0.14 6.48 0.14 6.15 0.29 0.16 ..6.11 6.23 0.12

Compound Topographic Index
The mean and minimum values for CT1 at all sites were similar (Table 10).

Liberty had the largest CTI value, but the lowest standard deviation from the mean,

indicating that this large CTI value may be an outlier. The other three sites had similar
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CTI maximum and standard deviation values. The coefficient of variation (CV), or
relative measure of variability in the data, was similar for all sites and indicated that
variability in CTI across all our study sites was low to moderate.

Table 10. Summary statistics for CTI for the four study sites. n = sample number,
SD = standard deviation, CV = coefficient of variation.

Liberty Hill Philips 1 Philips 2
n. 79 78 78 81
Min 543 4.58 4.59 4.62
Max 14.51 12.75 13.20 11.18
Mean 742 7.15 7.28 7.08
S.D. 1.42 1.76 - 170 1.71

C.V. 0.19 0.25 0.23 - 0.24

Soil Water Content — CTI Parameter Relationships

Regression analyses that incorporated Flow regions as covariate predictors
. showed statistical significance between CTI and soil water at 'all depths and measureﬁént
periods (p < 0.05)(Table 11). At 20 cm, correlation between CTI and soil water content
was stronger at the end of the growing season than at the beginning, and exhibited the
greatest range inR” values throughout the growing season (adjusted R* = 0.265 and |
0.402 for beginning and end, respectively). At 60 cm depths, the opposite effect was
exhibited (adjusted R? = 0.296 and 0.216 for beginning and end, respectively).

Correlations were unchanged throughout the growing season in the top 70 cm (beginning

adjusted R = 0.324, ending adjusted R” = 0.359, season-average adjusted R> = 0.342).

Study sites were significant at all depths and dates (p < 0.05) with the exception
of the end of the growing season at 60 cm (p = 0.096), and therefore included in the final

regression model. This indicates soil water content — CTI relationships varied from site to
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site. éigniﬁc,ant CTI - study site interactions were present for 20 cm and for the upper 70
cm (p < 0.05). This indicatgs that the differential effect of CTI on soil water content from

site to site varied.based on the value of CTIL. Significance of Flow régions only at 20 cm

for early? late, and season-average (_p < 0.005), and for the end of the g’rowing season in

the upper 70 cm (p' < 0.05) indicates that within-field differences in CTI - soil water

' cc.)ntent relationships were restricted largely to the 20 cm depth.

| Regressions that incorporated Soil-Landscape regions as a cox;ariate had R?

values that were generally Jower than those .obtained using Flow regibn variables (Table
12). However, correlation patterns between CTI and soil water content with respect to\
depth were similar. 20 cm depths exhibited greater soil water content - CTI correlation at
the end of the growing season than at the beginning (adjusted R? = 0.35 and 0.2\29, |
respectively). The opposite was exhibited at 60 cm (adjusted R? = 0.149 and 0.254).
Correlations were ag_ain most consistent in the upper 70 cm.

Slmllar td results for Flow regions, study sites were significant at all depths and
for all measurement periods (p < 0.05) except at 60 cm at the end of the growing season
(p = 0.405). CTI - study site interactions were only significant at 20 cm, for the beginning
of the growing season (p = 0.02) and end of the growing season (p = 0.027). Soil-
Landscape regions were not significant at any depth with the exception of average soil
water confent in the upper 70 cm (p = 0.038). Therefore, no Soil-Landscape regions or
region interaction parameters are inchuded in the régression model, indicating that soil

water content - CTI relationships did not vary among Soil-Landscape regions.




Table 12. Soil water content - CTI parameter relationships for study sites with Flow regions. Asterisk (with p-value) indicates
indicator and or interaction term included in final model. Tables include adjusted coefficient of determination (R), overall model
p-value, and mean square error (MSB). DF = degrees of freedom.

Depth Measurement  Adjusted  p-value, MSB, p-value, p-value, p-value, p-value, p-value, DB
Period R?2 full model overall study site region CTl/site CTl/region  site/region
interaction interaction  interaction
20 cm first 0.265 0.001 1.383 0.005* 0.043* 0.028* 0.06 0.482 293
last 0.402 0.001 1.423 0.0001* 0.043* 0.0001* 0.012* 6.039* 287
average 0.324 0.001 1.095 0.0bbi* 0.011* 0.002* 6.603* 6.051 277
60 cm first 0.296 0.001 0.552 0.024* 0.526 0.209 0.484 0.019* 292
last 0.216 0.02 0.704 0.096 0.127 0.07 0.087 0.208 288
average - 0.023 0.488 0.006* 0.923 0.062 0.756 '6.015*
Top 70 cm first 0.324 0.001 4.635 0.003* 0.492 0.025* 0.255 0.111 292
last 0.359 0.001 5.649 6.dd6i* 6.028* 6.6661* 6.006* 6.035* 287
average 0.342 0.001 3.95 0.0001* 0.139 0.002* 0.028* 0.02* 275

Table 13 . Soil water content - CTI parameter relationships for study sites with Soil-Landscape regions. Asterisk (with p-value)
indicates indicator and or interaction term included in final model. Tables include adjusted coefficient of determination (R), overall
model p-value, and mean square error (MSB). DF = degrees of freedom.

Depth Measurement  Adjusted  p-value, MSB, p-value, p-value, p-value, p-value, p-value, DB
Period R2 fullmodel overall  study site region CTl/site CTl/region  site/region
interaction interaction  interaction
20 cm first 0.229 0.0001 1.425 0.001* 0.5 0.020* 0.505 0.732 298
last 0.35 6.0001 1521 0.0001* 0.262 0.027* 0.323 0.268 294
average 0.285 0.060I 1.138 0.002* 0.17 6.135 0.165 0.068 282
60 cm first 0.254 0.0001 0.575 0.024* 0.617 0.371 0.74 0.382 297
last 0.149 0.023 6.75 6.405 6.96 0.633 0.976 0.976 293
average 0.253 0.0031 0.517 0.007* 0.338 0.791 0.356 6.969 278
Top 70 cm first 0.279 0.0001 4.859 0.027* 0.202 0.192 0.21 0.831 297
last 6.282 0.0001 6.222 0.003* 6.741 0.069 6836 0.65 292

average 6.29 6.6661 4.187 6.665* 6.638* 6.187 6.061 6228 280
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Analysis of Best Fit Regression Model Scatterplots

Scatterplots of the best fits for two soil water — CTI regression model types, one
with study sites and Flow regions included as covariate predictors and one with just study
sites included as covariate predictors, facilitated analysis of differenc;as in soil water
content — CTI relationships between sites and topdgraphic regions, as_well as presence of
trends between topographic regions across study sites.

Figures 16 and 17 illustrate predicted soil water content slopes when including
study sites and Flow regions as covariate predictors at 20 cm deptﬁ at the end of the
growing season (full model adjusted R? = 0.402, p = 0.001). Study site and region
variables were both significant and included in the model (b =0.0001 and 0.043,‘
respectively). Also, study site - CTI, region - CTI, and study site - region interaction
terms were significant and included (p < 0.05), resulting in slope differences between
fegions and study sites.

For Liberty and Hill, predicfed soil water-CTI slopes were positive in all regions
with the exception of Liberty depressions, which had flat slope. Positive slopes indicate
that as CTI increases 50 to does soil water content. Predicted soil watér slopes for
divergent, convergent, and planar regions at Phillips 1 were also positive, but less so than
for Liberty and Hill. The predicted soil w;ater slopps were negative for Phillips 1 -
depressions, and for all regions at Phillips 2 with the exception of planar.

Across all fields, relative differences between regions in slopes of predicted soil
water content based on calculated CTI exhibited a similar pattern. The predicted slope
was most positive at all sites for planar regions, suggesting that for a unit increase in CTI

the largest increase in measured soil water content occurred in planar areas of the field.
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Figure 16. Predicted soil water content - CTI relationships within Flow regions at Liberty
and Hill for the last measurement date of the growing season, at 20 cm depth. Model
includes interaction terms. Adjusted R2 = 0.402, p = 0.001.
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Figure 17. Predicted soil water content - CTI relationships within Flow regions Philips |
and 2 for the last measurement date of the growing season, at 20 cm depth. Model
includes interaction terms. Adjusted R2 = 0.402, p = 0.001.
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Predicted relation_ships then became increasingly flatter, or :even nega'tive, in order of
divergent, convergent, and depres;sion regions. |

Figure 18 shows predicted soil water content slopes at 20 cm at the end of the
gfowing season when including ju;t study sites as a covariate predictor. This was the
strongest relationship determined between CTI and soil water content when als;)
atte'mpti-ng to include Soil-Landscape regions as a covariate predictor(adjusted R* =
0.35, p = 0.0001). The study site and study site - CTI interaction terms were signjﬁoant.
and included in the model (p = 0.0001 and 0.027, respectively). Region terms were not
significant and were not included in the model. Thus the model reverted to differences in
C’i‘I - soil water content relationships only between fields. For this model, Hill and
Liberty shared a moderately positive predicted soil water relationship (slopej. Phillips 2
showed a strongly negative slope, implying that as CTI values increased predicted soil
water content decreased. Phillips 1 had a much flatter prediction slope illustrating little

relationship between CTI and nieasured soil water content.
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Figure 18. Predicted study site soil water content - CTI relationships for Liberty, Hill,
Philips 1, and Philips 2. Model includes interaction terms. Adjusted R2=0.35, p =
0.0001.
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Discussion

Regression analyses between soil water content and CTI demonstrated boor to
moderate success in identifying such relationships on a farm ﬁeid scale. Although most
models were statistically significant, mﬁltiple coefficients of determination (R *) were
generally low, indicating that CTI did not explain a substantial portion of the .variabi]ity
in measured soil water éontents. Further, the inverse relationship between soil water
content and CTI found at the Phillips 2 site was contrary to what is expected vs‘rhen using
CTI as a predictive attribute. Differences in CTI - soil water content relationships
between aﬁd within fields also suggested that processes that influenced soil water
distribution varied across space.

Quantitative topographic attributes are used as predictors of soil water content:

‘based on assumptions concerning water flow in response to hillslope suiface form. As

such, patterns of soil water are assumed to be similar across space in response to similar
topographic controls, represenfed as topographic attributes. The relative nature of the soil
water content - topographic relationship should remain constant if quantitative attributes '
are to effectively functioﬁ as predictéré of relative soil water content across spacé (ie.
multiple fields) and time. The present study found-the soil wetness — CTI relationship to -

be inconsistent among and within fields.

Soil Water — CTI Relationship Across Space

‘When the best cérrelations between soil water content and CTI were exhibited

(end of growing season at 20 cm depth), increased soil water content with increased CTI

was observed at Liberty and Hill, and to a much lesser extent at Phillips 1. Results at |
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Phillips 2, however, were confrary to expectations in tha;c an inverse relationship was
found, with higher measured soil water contents higher up in the landscape. It is fufther
perplexing that, while the strongest positive relationships between CTI and soil water
content might be expected under abundant precipitation (Barling et al., 1994; Western et
al., 1999), Phillips 2 had the highest precipitation of the four sites studied.

Inherent in the appiication of CTI is that soil properties and processes are
assumed largely repeatable and therefore predictable across landscapes. However, soil
properties typically exhibit complex scales of variation across space, and processes
invoiving soils and landscapes likewise vary spatially (Burrough, 1993; Moore et al.,
1993). Phillips 2 soils were formed on glacial till. Soils derived from till may be highly
variable (Brady and Weil,. 1999). According to the Official Series Dgscriptions, depth to
clay as well as soil clay content at Phillips 2 varies with landscape position (National Soil
Survey Staff, 1998a, 1998b). The-se conditions violate assumptions inherent in the CTL
Evidence of surface water flow was not yisible, thus vertical infiltration of rainfall likely
predominated at the Philips 2 site. Therefore, spatial variation in soil properties,. e.g. clay
coﬁtent and its effects on water holding dnd infiltration capacities (Or and Wraith, 2000),
may have held greater inﬂuénce over soil water spatial distribution than did topography.

Within—ﬁ_eld differences in CTI — soil water content relationships may occur on a

different scale than for between-field differences. Such differences may be due to soil

wvariability and also to position in the landscape. Barling et al. (1994) noted that different

hillslope profiles and positions in the landscape could have identical values of

‘topographic attributes such as slope and specific catchment area. According to the theory

underlying CTI, these points should have similar relative soil water content. However,




93

due to éxpected differences in soils ,a.nd other environmental factors between these
positions, tﬁey would likely respond differently to the same hydrologic inputs. This might
be why there were differences in soil water content — CTI relationships between Flow ’
method topographic regions at all sites.

Planér regions exhibited the greatest positive correlations between CTI and soil
water content at all sites. This might reflect that assumptions inherent in CTI were more

appropriate for these positions as a result of greater uniformity of soil properties within

these regions. Depressions consistently demonstrated the worst relationship between CTI

and soil water content. At Phillips 1 and 2, predicted soil water content in depressional

“regions decreased with increasing CTI. Reasons for thlS are unclear, but one explanation
might be that any water flowing laterally into depressional areas accumulated neér thé
transition between the depression and contributing areas. Measurem_ent points located at
the interior of tﬁe depressions would thus have had higher CTI, but possibly lower soil
water content.

A second issue pertains to spatial scale and concurrent effectiveness of terrain
models. Moore et al. (1993) stated that a key problem in modeling environmental systems
was the effects of scale and accuracy on computed terrain attributes. The values
computed, and thus the processes modeled, for the grid cells of a DEM are assumed
homogenous for that grid cell area (Moore et al., 1993). Therefore, predicted soil water is
presumed uniform for the area encompassed by the grid cell. The size of the grid cell

should then match as precisely as possible the scale of the process or attribute being

modeled. Otherwise, any correlation between topographic attributcs and the property (e.g.

soil water content) would be weakened.




| o4

For our study, the 5 m grid cell size was the smallest feasible for represeﬁting the
study sites’ topography based on the elevation data available. Such grid cells were
considered adequate to model processes at larger, watershed scales (Gessler et al., 1995
Westemn et al., 1999; Yu et al., 2001). It is possible that 5 m spacing may be insufficient
to resolve spatial patterns in soil water at the site-specific scale of observation. Landon
. (1995) found that CTI values derived from 2 m and 10 m DEMs were only moderately
correlated, and did not share simila-r patterns of spafial variability. Representation of the
) tbpography at our sites using smaller grid cell size DEMs (e.g. 2 m) would have required
higher measurement. density than the 10 m used for elevation sampling. Such sambﬁng
.intensi.ty does not seem feasible for routine land management purposes. More
.importantly, based on the apparent lack of lateral water flow at the four sites it seems
unlikely that smaller grid size would alter the fundamental iack of correlation between

soil water content and CTIL.

Soil Water Variability, Precipitation, and Time Factors

Linkages between topography and soil water content might be weak in the
ébsence of an adequate supply of water to the system. Further, Pachepsky et al. (2001)
stated that correlation analysis between topographic variables and soil water content‘is
justified only if soil water content varies significantly aéross the landscape. Soil water
content did not exhibit high spatial variability at any of our sites, but spatial variability
did increase at all depths by the end of the growing season. This increase could have been
due to topographically influenced lateral surface and sub-surface redistribution of

growing season precipitation. The strongest correlations between soil water content and
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CTI were exhibited where spatial variability in soil water content was greatest, at 20 cm
depth. However, the fact that correlations were not stronger at the end of the growing

season at 60 cm and for the upper 70 cm depths, and that CTI and soil water content

exhibited a moderately strong inverse relationship where growing season precibitation

. was highest, does not support a hypothesis of lateral water redistribution.

Alternately, increased spatial variability in soil water content may be due to

spatial variation in crop water use. This could arise from differential &vapo-transporative

demands based on microclimate differences between landscape positions (Campbell and
Norman, 1998). Another possibility is that variation in soil properties influenced spétial

variation in soil water content through variable soil water retention, particularly as soils

dried throughout the growing season (Or and Wraith, 2000). Interestingly, relationships
between either one of these factors and soil water content could be modeled indirectly
thr—ough soil water-CTI regression analyses, since variation in the'se factors is partially
related to topography.

This study monitored the soil water — CTI relationship only during the growing
season, but this co;/ered the portion of the year in which at least half of yearly
precipitation occurs for my study area. My measurements also captured the end of fallow
periods for all the fields. Therefore, stronger correlations would be unlikely between soil
water content and CTI at another time of the year in the semi-arid Northern Great Plains.

The CTI was not a good spatial indicator of relative soil water content at our
study sites. Under the conditions of moderate variability in soil properties and low
precipitation, three implicit assumptions of CTI were not met. The assumption of uniform

infiltration capacity across the catchment implies spatial homogeneity in attributes,
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including soil texture and-so‘il' hydraﬁlic properties. According to the official series
descriptions, this was not the case in my study fields (N a;cionai Soil Survey Staff, 1996,
etc.). The assumptioﬁ tha;c subsurface flow is parallel to surface topography infers the
presence o.f an impeding layer in the soil profile at a similar depth acrpsé the landscape,

' whicf\l is not consistent with the relatively deep soils derived from glacial till at the study
sites. Finally, the assumptipn of steady-state con((i\itionS was not met in the fields under |
the environmental conditions present. It is likely that not every point in the landscape

received water flow from its entire upslope contributing area (Barling et al., 1994).
Conclusions

. Measured .soil water contents were correlated with a quéntitative topographic
attribute, the compound topographic index (CTI), across four dryland agricultural fields
n noﬁh central Montana, USA. The analyses considered study sites and within-field
topographic regions as co-predictors in an attempt to determine whqther CTI might
effectively be used to predict relative soil water content across multiple sites in the semi-
arid agricul’.cural areas of the Northern Great Plains.

| Results indicated that CTI did not correlate well with soil water content at any of
our sites. This may be partially due to the general lack of spatial v.ariabi]ity in soil water
content observed, a condition that is likely typical in the semi-arid climate of the region,
but perhaps exacerbated by consecutive dry years during the study. Relatively weak
relationships that wer;a discerned between CTI and soil water content differed in character
from site to site, indicating that governing processés also may have varied from site to

site, regardless of overall soil water spatial variability. At one site where precipitation
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was nearest to long-term average, the relationship between CTI and soil water content
was inverse and therefore counter to expectations. These results suggest that CTI may not
' bé an appropriate surrogate for predicting the distribution of soil water.content under
typic:al climatic and soil conditions found in the Northern -Great Plains.

These results emphasize the difficulties encountered in modeling the complex
processes that defe@me soil water spatial distribution through the use of simplified
concepts such as compound topographic attributes. In the absence of abundant
precipitation or shallow impedi-rllg layers, it is likely that other factors, predorhinantly
soils and geology, may exert primary influence on soil water distribution. In order to
model soil water distribution across multiplé sites vﬁth fopographic attributes such.‘as '
CTI, identifying critical soil characteristics related to water flow, and their disiéﬁbution n.

the system being modeled will be important.
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CHAPTER 4
'SUMMARY

The objective of this study was to evaluate topographic influences on soil water

content distribution across dryland agricultural fields representative of Montana’s Golden

- Triangle regioﬁ. This was part of a larger effort to develop site-specific envirorﬁnental
* -information éystems to be used for field-scale management. To that end, we hypotﬁesized
_ that topography captures processes involving soils, geology, and other factors pertinent to
soil water processes, and thus is a primary driver of soil water distribution. Topographic
models, used in a GIS setting, could then be used to model and predict soil water
distribution across multiple sites. If successful, a manager could assess soil water
distribution across a field in a timely and effective manner while concurrently mirﬁmizing
direct sanip]ing efforts. .
I We used four sites across Noﬂﬁ-central Montana in an effort to test whether.
relationships between topo gréphy and soil water content would be consistent across
sf)ace. Two approaches were taken: 1) the creation of topographic regions and the
analysis of soil water content differences between the regions, and 2) direct correlation
. analysis between a quantitative topographic attribute, the éompound topographic wetness

index, and soil water content at specific field locations. Differences in soil water content

" between topographic regions within sites were absent to moderate at best. Correlations
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betwgen CTI and soil water content at aJl sites,were—nét strong. N, either approach
illustrated consistency in relationships across space.

Other researchers that used terrain to model soil water distribution in semi-arid
environments also found little correlation between terrain and soil water. Landon (1995)
~ found no relationship between a quantitative wetness index and soil water content acréss
a hillslope consisting of deep, -silty soils near Bozeman, MT. Noian et al (2000) found’
that if relationships exist bétw‘een toiaography and yield, universal applications across
space and time were not attainable.

The growing seasons of 2000 and 2001 wc;,re dryer than normal. This may have
played a role in the lack of strong topographic-soil water content relﬁtionships and the
lack of similarity in relationships across the study sites. However, several assumptions
concerning soil propeﬁies inherent in the 'calculation of CTI were likely not met at any of
the sites. Thus even under normal precipitation conditions, it is unlikely that CTI would
correlate wé]l with soil water content under the semi-arid climatic conditions of central
and eastern Montana.

Soils were variable across our study sites. In the absence of significant amounts of
precipitation soil differences appear to have largely influenced soil water distribution.
Further, soil-landscape processes that influence soil water distribution vary across space.
Region-partitioning methods were an attempt at incorporating these processes into the
soil water — CTI correlation model. The fact that results varied from site to site or within
fields illustrates that modeling process across landscapes requires prior recognition of
patterns between factors that affect the process, such as soils, geology, topography and

others. Given increased understanding of patterns of topography and soils, and their
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relation to soil water distribution, impleméritation‘of terrain-based region-partitioning

methods that model process across multiple sites might be more attainable.

These results illustrate the difficulties that are often encountered in attempting to |

predict the result of complex processes with models 'tliat simplify those pfopesses.
Models that simplify processes to predict énvironmeﬁtal responses only function properly
if processes ina particular system being modeled are captured correctly. Since these
processes gengra]ly vary across space, site-specific information should ;b‘e integrated with

these models.
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APPENDIX A

REGION CLASSES AND TOPOGRAPHIC ATTRIBUTE VALUES
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Table 13. Liberty region classes and calculated topographic attributes for soil water

content sample points.

Sample Cluster Soil/Landscape Flow Slope Profile Plan Aspect  CTI
Point ID (%) curvature curvature (deg)

divergent | 1?? -0.20 000 90.00 7.06

3 004 297 108.44 706

-0.25 -2.34 59.042 733

vergem
divergent  7.20 0n8 TTu 8841 6.24
divergent 549 -0.14 -1.77 T6b.49” 6.21

depression..0:36, 001 75795 14631 1451
ivergent 216 008  3.90 19339 9.74'

convergent 4.98 0.02 2.79 ET.527788"'

JiyeigenLm-00, 016 400 [iidf 0l
' AQ8 516 25488 543

lanar 002 23019 8.20
depression  2.59 029 077 11755 8.02
Qepression, ikl 022 491 64.36 8.57

i N 0.25 101 8015 "739
depression  4.34 0.20 003 97794...7754"
planar 3.47 007 075 101.63 8.06
diyergent... 5.46 1)706 T.93 208.44 6.24
planar 383 11 021~ 7

i 006 6.03

divergent  3.58 003 J89 116.57 6.35

divergent  2.82 -0.04 -1.42 6053 J 629

planar 3.19 007 151 13119 7.76"

divergent 357  -Oil =242 7207 6.01

divergent  2.21 -Oil 168.44 052"

convergent 3.83 11 142 22076 7.67

008 0.75 27043_ 6.89

mid convergent 2.12 0.11 4.28 160.71 8.61

upper upper divergent  4.40 6.60 -6.93 181.30 6.16

30 uppg 2.01 -0.08 -3.88 264.29 6.86
31 W ns | 1] 1) 73367 0769 ..-2753 02775 * 6766
32 __upper.  ..upper  planar 036" 012 . oezer [T 7.06"
33 upper mid convergent 2.43.. 3.08 ' 11 266.54 "'7.74
34 UPPEr...... .... upper...... divergent  2.09 -0.11 -6.03 196.70 6.15
35 mid mid divergent  5.46 -0.04 -1.47 243.90 6.61
36 ....upper....... upper divergent  3.98 -0.02 -2.47 205.28 6.09
37 mid mid planar 4.60 -6.01 -0.59 225.88 6.86
38 mid..... divergent  4.00 0.00 -1.04 27143 6.72
39 mid mid planar 3.48 0.16 2.42 161.57 6.76

40 upper upper divergent  2.66 0.03 -2.47 325.71 6.34
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Table 13 continued. Liberty region classes and calculated topographic attributes for soil

Sample Cluster

Point ID
41
42
43
44
45
46

Soil/Landscape Flow Slope  Profile Plan
(%) curvature curvature
lower lower depression  3.58 ool -0.22
lower lower lepression  2.98 0.04 1.34
mid mid planar 440  -0.05 1.54
mid oer divergert 466 Y w
mid mid planar 5.80 -0.09 4X48
mid mid planar 6.36 0.15 1.35
convergent 5.80 0.09 94
divergent  6.10 -E64 ﬁ' 6 3 |
ivergent  2.94 011
depression  1.20 by -Z98
divergent....2.95 ~ 001 o028
ivergei o 0.42
convergent 6.18 0.09 174
planar 5.55 -0.09 1.30
convergent 4.34 0.03 fiF
divergent  7.30 0.01 ~009
divergent 6.10 %28 -3.96
nar -0,07
divergent  3.85 h hh 101
planar 4.70 i h h Tsh
planar 6.93 ‘'om -F.AO
planar 6.77 -(Xdl Sl
depression  2.06 (xB -124
_diverqent 4.85 | -1.70
planar 5.90 i b [ 4X54
convergent 5.11 %2% 0.59
divergent _ 4.20 0] -317
divergent  2.13 4X07 A.23
convergent 4.60 0. Z65
planar 3.60  -0.08 TIO
convergent 3.70 0.15 Jjf
divergent 4.74 0.12 Tbf
convergent 5.46 X02 T ”h )
nar 4.58 0.20 h b3
convergent  6.58 -0.05 1.30
depression  3.51 4X05 4X75
divergent  7.52 0.12 1.07
convergent 3.22 0.21 8.36
depression  1.92 L83

Aspect CTI

(deg)

33343 755
219.56 8.22
TA6fT73"
247.29 6.75

Tt 7

215.88 6.89
26006 6.11
TTiF 733
184.76  9.44
151.70
24%2r 768
247.17

24436 7.16
21845 9.12
26054" 6.45
268.12 '5.61
290.73

156.16 | 32
d J
102.80
21009
255W
24787
273.37
205.35
221.19 *
91.25
271.59
251.08
225.86
235.Ti
238739
245.77
W W
265/13
150.26 111.37
231734 |
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Table 14. Hill region classes and calculated topographic attributes for soil water content

sample points.

Sample Cluster

Point ID
|

© oo No o b wN

P LOWWWWWWWWWRNRORNRNONRNRONNNONRNN R B b s b
OCOO U RAROMNPOOORNOOUDRWNRFRPOOOANOOTA~A®BN PO

Soil/Landscape Flow

upper upper
mid lower
lower lower
lower lower
lower lower
mid mid
mid mid
upper mid
mid mid
lower lower
lower lower
lower lower
mid lower
upper upper
lower upper
upper upper
lower lower
lower lower
upper lower
mid mid
mid mid
mid mid
mid mid
lower lower
lower lower
lower lower
mid upper
lower lower
upper lower
upper lower
upper mid
lower mid
lower lower
lower lower
lower lower
mid upper
upper upper
mid lower
upper lower
upper lower

divergent
convergent
convergent
planar
convergent
planar
planar
divergent
divergent
convergent
depression
o divergent
divergent
convergent
divergent
planar
depression
planar
planar
convergent
convergent
convergent
depression
depression
depression
convergent
convergent
planar
planar
divergent
convergent
convergent
convergent
depression
divergent
divergent
convergent
planar
divergent

Slope
(%)
2.70
7.72
I.do
1.12
1.02
7.12
3.96
2.75
7.16
1.39
0.64
0.45
6.41
171
1.98
5.10
1.04
0.78
0.89
5.66
2.64
2.31
4.47
0.30
0.20
0.81
11.09
2.66
211
0.63
2.61
2.00
2.00
0.36
0.32
8.14
2.98
7.72
2.02
1.80

Profile Plan
curvature curvature
218.99 -0.42
31.22 0.12
36.87 0.02
79.70 0.04
191.31 0.10
60.55 0.06
200.73 0.06
123.11 d.dd
26.57 -0.10
210.26 0.19
308.66 0.01
63.44 d.dd
10.78 0.21
249.44 -0.42
220.91 0.05
357.75 -0.35
73.30 0.01
’ 30.81 -0.03
63.44 -0.06
212.01 0.12
52.70 0.24
184.97 0.13
214.05 0.21
90.00 -0.04
0.00 0.00
7.13 d.dd
50.86 d.dd
70.20 0.26
121.43 -0.07
71.57 -0.15
212.47 -0.32
126.87 0.14
182.86 0.17
326.31 aid
18.44 0.17
27.82 0.12
103.57 -0.32
42.37 d.ii
98.53 -0.08
70.56 0.00

Aspect

(deg)
-0.06
0.04
0.06
0.01
0.06
-0.10
0.06
-0.32
-0.06
0.01

CTI

5.64
6.52
9.40
7.79
8.61
w383,
6.17
5.49
5.54

7.68

-0.05

add
-0.09
-0.38
0.03
-0.25
-0.05
-0.01
-0.02
0.04
0.12
0.07
d.ii
d.dd
0.00
0.04
add
0.15
0.03
-0.01
-0.16
0.18
0.19
0.26
0.47
-0.12
-0.64
0.01
0.04
-0.04

7.96
6.65
5.20
8.32
5.13
8.69
"T39
...7:56
6.02
8.01
7.26
6.58
10.02
10.25
10.44
5.90
8.33
6.63
7.79
5.36
8.46
8.63
12.59
12.75
6.01
471
6.54
7.65
6.52
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Table 14 continued. Hill region classes and calculated topographic attributes for soil
water content sample points.
Sample Cluster Soil/Landscape Flow

Point ID

41 mid
Tdi mid
102 lower
103 lower
104 upper
105 lower
106 mid
107 upper
108 mid
109 mid
HO “mid""*"
Tii lower
112 mid
113 "' mid "
114 mid
115 mid
116 lower
117 upper
118 upper
119 upper
120 mid
121 upper
122 Mwwmrpid
123 mid
124 upper
125 mid
126 upper
127 mid
1281 mid
1282 mid
129 mid
130 mid
Tsf  lower
132 mid
133 mid
134 mid
135 upper
136 lower

Slope Profile Plan
(%)  curvature curvature
lower convergent  3.63 172.09 0.24
upper planar 8.51 33.50 6.03
lower convergent  2.06 39.09 0.17
lower depression  1.21 65.56 6.07
mid divergent 6.85 159.44 -6.06
mid convergent  1.44 56.31 6.18
mid convergent  1.88 25.20 0.25
raid Tdivergent 377 21201 0.48
mid convergent  2.75 0:22
upper _divergent  8.77 20.71 -0.09
upper convergent  3.82 225.00 0.18
upper depression  0.80 270.00 0.00
upper convergent  4.36 306.61 0.03
upper divergent 7.08 193:06 0.03
e pper divergent  11.00 052/ 0.00
upper convergent 3,91 13.32
lower — depression 153.44 0.02
mid divergent 1.32 8.75 -0.43
mid divergent I, 33192.99  -027
"mid"* divergent  4.62 17.65 -0.44
upper convergent  5.30 54.21 025
upper divergent 2.89 165.96 -0.46
upper divergent  I1I. 3969:97"  -0.09
lower convergent ""'5.80 46.40 038
mid divergent 1.53 121.61 -0.07
lower convergent  5.24 28.52 02f
upper iyergei 2.69 68.20 %.68
upper planar 7.57 223.39 007
upper divergent 9099 21457 6M
upper planar 3.92 199:36 013
upper convergent  4.00 '211:70" 033
upper convergent  7.07 21147 -0.02
upper depression -0:22 116.57 008
upper planar 8.10  205.62 Nl
upper | divergent 983  "3063"  ":06
upper convergent 890 0.12
mid divergent 140.71 -025
mid convergent 191 35199 6.18

Aspect CTI
(deg)
0.13  6.92
0.05  6.09
6.03 851
0.0F" 761
6.14  6.45
0.02 7.95
005 7.56

5.34

002 731
003 =
0.06 7.32
0.00 981
0.17 7.65
-0.07 5.66
012 551
023 837
0.06 IWKT
-0.09 5.79
-005  6.19
012 5721
0.09 '6W
-0.70  %58"

1D 890
017 717
-005 9%48"
oiT
431 506
) 5.99*
012 "145"
-6:65  7.05
011 "7.4f
Ol0  6.24%
036 12.14
666 5:70
-0.06 547
024 9435
023 5.23%

8.03



Table 15. Phillips | region classes and calculated topographic attributes for soil water
content sample points.

Sample Cluster Soil/Landscape Flow Slope  Profile Plan  Aspect CTI

Point ID (%) curvature curvature (deg)
lower -8.52 68.20 6.83
2 upper -3.12  209.05 8.72"
3 lower mid convergent 231.34 819
J upper mid divergent 50.19 6.15
S mid mid planar 207.01 5.79
J> upper upper divergent 209.93 547
7 upper mid divergent 30.58 " 6.90“
"8 lower mid planar 344.05 8.89
3 lower Jower depression 243.44 11.16
I upper upper divergent 51.34 5.79
1 upper upper divergent 164.05 5.84
12 lower mid depression 333:43 12:58
13 mid upper divergent 19.34 5.54%
14 mid lower convergent 51.84 6.79
MWV DN
15 mid mid convergent M Tb“%47"
16 mid mid planar 209.43 6TT
17 upper mid divergent 49.09 6.33°
18 lower mid convergent 252:% 8.80r
19 lower upper planar 16.70 791
To upper upper divergent 349.38 7.18 "
Ti lower lower depression  1.10 0.12 "9000 8TT“
"22 mid lower convergent 4.18 0.07 191.04 6.52
"23 upper upper divergent %99 TTf 225.00 6.10¢
24 lower lower convergent 40.24 "8.74"
25 lower mid convergent Prre "1
Tb mid mid divergent "0.00 5.90
27 lower mid depression 196.39 7.03
28 mid mid planar 78.26
"29 mid lower 207.32
"30 mid lower convergent 244.09
" mid mid convergent 294.62
32 mid mid plana[ 239.74
[33 upper upper divergent 28238
34 lower lower depression 81.87
'35 lower mid divergent 43.15
36 upper mid divergent 261:38
37 mid upper 316.27
"38 upper upper divergent 260.54
"39 lower lower convergent 344.93

40 mid mid planar 230.19
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Table 15 continued. Phillips | region classes and calculated topographic attributes for soil
water content sample points.

Sample Cluster

Point ID
41 mid
42 mid
43 mid
44 mid
45 mid
46 upper
47 mid
48 upper
49 upper
50 upper
TI mid
T2 mid
"'53 lower
54 lower
"'55 upper
56 lower
27, Upper
£ mid
T9 mid
"'60 lower
61 !ower
"'62 lower
lower
64 mid
'65" lower
101 mid
102 mid
103 lower
104 lower
106 lower
107 lower
108 mid
109 upper
iid upper
iii lower
113 lower
114 upper
115 upper

Soil/Landscape

upper
mid
mid
mid
mid
mid
upper
upper
mid
upper
mid
upper

wwwwwww

Flow Slope  Profile Plan
(%) curvature curvature
divergent  6.95 -0.30 -2.51
planar 8.42 6.12 -1.88
convergent 5,55 6.02 -1.04
divergent  5.83 6.02 -0.41
convergent 5.84 6.00 2.11
divergent  2.12 6.62 -2.86
divergent  4.20 0.06... -2.45
divergent  3.20 0.01 -4.08
convergent 276 609 .1.20
Jdiergent 224 000  0.00
divergent  5.83 0.15 -1.15
divergent  5.95 -0.15 Ts.T?"
depression  0.89 0.14
convergent  2.69 0.02 '
diva-gent  3.75 .0.01 -3.03
convergent 2.82 T3T 1.08
divergent  1.30 -0.05 -27.11
divergent  5.25 0.05 TIT
divergent  6.14 am -1.87
convergent 3.20
convergent 2.53 0.00 6.48"
convergent 2.26 -0.19 6.63
planar 1.30 am -5.35’
planar 6.13 6.04 om"
convergent 2.66 6.13 ..-6.57
convergent  7.40 0.35 6.13
convergent  6.15 -0.06 .6.31
convergent  3.69 0.16 1.01
convergent  1.08 0.05 40.21
convergent  2.92 -6.14 15.86
convergent 5.80 6.08 2.08
divergent  8.30 0.03 -1.81
divergent  3.11 -6.38 -10.93
divergent 1.98 -0.66 -39.42
convergent  1.01 0.07 68.57
convergent 2.84 0.44 -1.47
divergent  4.03 -6.35 -0.30
divergent  2.28 -6.29 -6.53

Aspect CTI

(deg)
49.67
256.95
246.67
239.04
276.88
250.71
231.77
284.47
226.47
296.57
W sl
16.61
243.44
22T W
43.92 6.09
""2793 8i69
355.60 5.91
Bz26[% 38
250.97 jS.7f

5.35
5.61
6.06
6.96
7.43
7.23
6.21
5.66
6.49
6.42
T66
4.94
8.16
%088

257.20 1045

333.85...7:21

LTI T3T

279.34° 7.05
201.97 5.86
302.83 8.36
158.26 10.41
591 1159
6.99 9.62
34747 5.34
315.00 5.17
139.09 4.59
264.29 13.20
230.71 8.00
46.01 5.74
298.81 6.22
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Table 16. Phillips 2 region classes and calculated topographic attributes for soil water

content sample points.

Plan

Aspect

curvature curvature (deg)

SffffffffWWWffWMfJ\mme

Sample Cluster Soil/Landscape  Flow Slope Profile
Point ID (%)
L bwaL___ooava~gealLJrl 024
2 lower lower convergent 153 0.41
3 rROEL....— - Upper divergent 6.94  %6.24
4 WWWIQWSL“ lower jconvAigmt__ 0.24
5, _ BBBSL.. .UPPSL. -0.20
wnsnaein_ HBESLswrmsnmdRREL Jivergent 433 -0.25
7~ upper upper divergent 4 02 -0.18
oD APPE mid.,, wRlAnar 539, 005
___mid lgwg conv™ant_T9T 0.12
10 lower
1 mid mid .convergent . 4.69.
I1__upm. mid RN itk
_mid.. lower convergent  2.06
upper mid
AN lower SOIVErIENt, it ns
mid mid >eni
mid  divergent,,.7.52...,..:002
lower 0.25
19 s MRS . M ORE s VET IO e 292 -0.07
20 (pPPS  .,upper,__divg%a*__ 512 -6.30
21 UBBSL  _snUPPET,,,. 4 61 -
227 UEBS__ cup s VEIGE e, 17O
237 mid —— lower convergent 1.94 0.66
24 Upper__,,upper N S&g@[}t&m 3.84 -6.17
25 lower mid convergent 2.91 -0.05
26 lower lower convergent  3.58 0.27
27 upper mid divergent  7.74 0.07
28 mid mid planar 4.57 0.25
29 lower .mlower,.  convergent,,,. 3.58 0.13
30 .....upper........ mid planar 6.15 -6.04
31 lower lower convergent  1.66 6.16
32 upper ..,upper,. 3.47 -0.02
31 upper mid ,,_dLYCTjgmt_, 7.84 6.02
- 34 mid mid divergent ~ 4.46 -6.61
35 lower lower convergent 1.25 0.io
36 mid mid planar 6.11 0.21
37 upper upper. divergent  6.58 -0.27
38 ... Upper........ upper divergent  4.10 -0.05
39  lower lower convergent  1.92 0.14
40 mid mid planar 4.46 0.13

-3.57
-3.43
-1.62
5.38
-3.08
-8.18
161
4.75
-1.48
-0.26
4.18
0.02
9.83
0.60
-1.76
-4.28
153
0.45
-7.42
0.66
11.58
-3.83

82.28
141.34
40.60
40.24
348.11
141.34
105.95
120.14
61.45
61.19
239.86
224.34
64.98
33.23
203.29
22591
298.61
87.18
28.12
46.97
128.66
105.59

CTI

5.37
5.29
6.09
6.95
7.51
5.28
8.49
9.83
5.56
7.18
8.92
6.06
7.24
6.00
5.62
6.79
7.43
6.44
4.66
6.19
9.59
5.80
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Table 16 continued. Phillips 2 region classes and calculated topographic attributes for soil
water content sample points.

Sample Cluster Soil/Landscape Flow Slope  Profile Plan Aspect
Point ID (%) curvature curvature (deg)

41 lower mid convergent  3.98 -0.04 8.07 10159 9.46
421 lower lower convergent  3.88 6.08 6.30 55.49 10.18
492 mid mid 6.07 2.58 142.03  6.87
.43...  mid miid divergent  4.13 0.06 -428 B?35 5783

44 lower mid planar 2.25 0.19 -290 21228 '9.42

45 mid mid planar 4.33 0.18 -2.41 96.63  5.89“

46 .Hper.. . Mper _Jdiyergmt -0.36 -268 198.08 5.24

onaobnsowdMPREL . ... Upper. divergent——3.40 0.1 9769  193.63  5.58

48.  upper  —uppehammaadivergent 443 -0.16 %60 241770 &02

49 lower mid oW %26 ~ 237.53 8765

W  .Hper,. upper™ divergent  4.60 -0.24 -2756 '"'181725  6.71

51 mid lower convergent 2.91 0.26 0.85 40.82 8.19

52 mid -0.56  60.95 6.87

w mid mid convergent  3.66 -0.02 3.74 34799 7.28

W lower lower convergent  0.85 0.02 -6.41 69.44  10.78

101 upper upper divergent  6.69  -0.19 7794- 23845 4.62

102 upper mid divergent  9.84 0.14 3757 5.26

103 lower niid convergent  3.20 ~08 2.50 9000 ”8.6f
ROV 1 To A lower planar 2.16 0.11 -1714  213.69.....7.07

.. 105 upper ,Upper, -0.44 -0.12 16091  6.02
,upper divergent  0.73 42239  15795" 1782

107 upper mid gent 162 TTT 7633 6.20

mid divergent  9.53 -2.44 64751 5.18

109 upper ... UDPEL e 5.53 -0.14 -1.13 17377  6.36

no lower lower .convergent... 1.46 0.14 6.95 254,05 11.05

in lower mid convergent  3.57 6.66 9.42 78.69  9.96

112 lower lower convergent  2.64 0.09 7.11 14270 831

113 upper mid oPlanar 6.80 0.07 0.18 208.07 6.19

114 .upper,. lower ,COnyergenim 7.40 0.i0 -1.32 23158 598

115 upper upper divergent ~ 3.11 -6.38 -12.21 183.69 4.97

116 lower mid ,convergent. 4.88 -0.06 5.33 4251  9.22

117 lower mid ~cpnyggent,, 3.61 -0.08 6.54 10944 8.95

118 .....upper ... UppPer....... ... divergent.... 7.46 -6.08 -434 7205 513

119 upper upper divergent ~ 4.51 -0.14 -2.18 167.20 5.83

120 mid mid convergent  4.57 0.55 0.29 20881 6.46

121 mid mid PIMM...... 6.69 0.22 -0.94 21155 5.79

122 lower lower  “convergent 620 616  160.00 270.00 11.18

123 lower mid convergent 1.01 6.24 11.67  264.29 10.29

124 mid lower ,convergent... 3.92 0.13 3.86 185.86 8.36

125 mid mid ...divergent.... 4.04 -6.02 -246 4199  6.62

126 lower mid planar 3.26 6.07 -6.78 107.88  8.43
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APPENDIX B

SOIL PROFILE DESCRIPTIONS




Site Landscape
Location
concave

linear

Liberty

linear
midslope

knoll
convex

Site Landscape
Location
concave

depositional

Phillips
linear
concave

knoll
convex

Depth
(cm)
O N

Depth
(cm)
0-20

20 - 60

onN
20-38

0-10
10 - 28
28 - 75

Horizon

Bkl
Bk!

Bt
Bk

Btk
Bk
By

Horizon

A
Bt....
Bk
A
Btk
BK...
A
Bky
Byz

Clay
(%0)
26
32

'28
24
na
24

24 - 26
26

30
30
>45

Clay

(%)
22
36

26
42
.40
26
28
32

Color
IOYR 3/3 moist
2.5Y 3/3 moist
2.5Y 4/3 moist
2.5Y 5.3 moist
IOYR 3/3 moist

2.5Y 4/3 moist

2.5Y 4/2 moist
2.5Y 4/3 moist

Color

IOYR 4/3 moist

IOYR 3/3 moist

10YR 3/4

Horizon
notes

clay films
es
es

some clay trims
little clay increase
ochric epipedon

ES

secondary lime
high levels gypsum

Horizon
notes
strongly effervescent
coarse fragments
coarse fragments

shales
calcium sulfates; salts

General notes

* Resemblence of loess to 120 cm

..* Depths > 120 cm heavy clay/rock layer

* Depths > 100 cm heavy clay/rock layer

*Depths > 65 cm heavy clay layer
* Calcareous to soil surface

General notes

* Relatively deep to carbonates

* Gravel cap from 2 - 28 cm
* No argillic, calcareous to near surface




Site Landscape Depth
Location (cm)
Hill toeslope 0-15
15-43
43:60
60-122
backslope 0-12
~"33-45
45-91
>01
knoll 0-75
convex
knoll 0-10
convex 1&] w
far toeslope  0-10
alluvial plain  10-33
33-52
>52

Horizon

A
Bt

Bkl
Bk2

Bk3

Bt/Bk
Bk

IOYR 3/2 moist
IOYR 3/3 moist

IOYR 4/2 moist

24

18/24

20—%2 IOYR 5/3 moist
JO IOYR 5/2 moist
12-14

30
36
34
34

10 YR 4/3 moist

Horizon
notes
loam
pH 7.8
pH 8.0
stratified layers of
sandy

prismatic structure

secondary carbonates

redox concentrations
stratified layers of fine
sandy loams and loams

evidence of carbonates
stratified texture layers

pH 8.6
pH 8.6
strongly effervescent

General notes

* South side of ridge on south end of field

* Possible repetative deposition events
indicated by stratified layers

* Ridge on south end of field ( 701D)
* East side of study site

* Ridge on south end of field ( 701D)
* West side of study site

* Middle portion of field (map unit 331B)
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APPENDIX C

REGION PARTITION MAPS




Figure 18. Results of three region partitioning schemes for the Hill site. The three partitioning methods are listed at the
bottom left of the respective panels.

Cluster Soil-Landscape Flow |
H l Divergent
- Imid J Convergent
|| Lower LD A

j  JDepression



Figure 19. Results of three region partitioning schemes for the Philips | site. The three partitioning methods are
listed at the bottom left of the respective panels.

Cluster Soil-Landscape Flow
[HH Upper Divergent
HH Mid J Convergent
Hill Lower O  Manar

I J Depression



Figure 20. Results of three region partitioning schemes for the Philips 2 site. The three partitioning methods are listed at
the bottom left of the respective panels.

1TM*

Cluster Soil/landscape Flow
F [Divergent
J Mid 2 Convergent
i 111 Lower O Planar
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APPENDIX D

ANOVA TABLES
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Table 17. ANOVA summary for region soil water content means at Liberty. Within rows,

asterisk in p-value column highlights significance at 0.05 level, and region mean values

followed by the same letter are different at the 5% significance level,
Region means (cm)

Flow
Depth Date P-value Divergent  Convergent Planar Depression
20 cm May 30 0.535 6.97 6.74 6.68 6.95
June 22 0.187 6.18 5.90 5.50 5.90
0.680 4.14 4.22 3.99 4.49
60 cm May 30 0.024* 5.04a 5.18 5.18 5.58a
June 22 0.096 4.89 5.01 491 5.38
July 12 0.055 3.77 3.72 3.83 4.37
top 70cm  May 30 6.352 17.11 16.92 17.09 17.87
June 22 0.484 15.80 15.30 15.14 16.27
July 12 0.198 11.32 11.19 11.25 12.67
Soil-Landscape
Upper Mid Lower
20 cm May 30 0.737 6.95 6.79 6.83
June 22 0.339 6.16 5.85 5.75
July. 12 0.320 4.29 3.96 4.35
60 cm May 30 0.043* 5.63a 521 5.42a
June 22 0.313 4.89 4.99 5.18
0.425 3.79 3.82 4.05
top 70cm  May 30 0.683 17.04 17.17 17.44
June 22 0.836 15.84 15.83 15.74
July 12 0.405 11.52 11.15 11.95
Cluster
Upper Mid Lower
20 cm May 30 0.435 7.03 6.77 6.82
June 22 0.364 6.19 5.81 5.80
July 12 0.561 4.25 4.03 4.32
60 cm May 30 0.137 5.19 5.08 5.38
June 22 0.217 5.08 4.87 5.14
0.143 3.96 371 4.08
top 70cm  May 30 0.536 17.34 16.98 17.36
June 22 0.378 16.11 15.35 15.79

July 12 0.495 11.54 11.20 11.86
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Table 18. ANOVA summaiy for region soil water content means at Hill. Within rows,
asterisk in p-value column highlights significance at 0.05 level, and region mean values

followed by the same letter are different at the 5% significance level.

Region means (cm)

Flow
Depth Date P-value Divergent  Convergent Planar
20 cm June 8 0.319 5.19 5901 6.36
June 23 0.198 3.65 198 188
July 20 0.109 3.04 167 4.32
60 cm June 8 0.117 4.16 4.71 4.16
June 23 0.281 3.84 3.99 4.56
July 20 0.400 2.70 2.87 3.28
top 70cm  June 8 0.142 13.64 15.41 16.59
June 23 0.118 11.09 11.74 13.64
July 20 0.070 8.11 9.34 10.69
Soil-Landscape
Lower Mid Upper
20 cm June 8 0.015* 6.64a 6.37 5.07a
June 23 0.011* 4.87a 4.12 3.37a
July 20 0.001* 4.34a 3.63 2.78a
60 cm June 8 0.586 4.50 4.94 4.57
June 23 0.722 4.22 4.01 3.98
>a 2.81 2.60a
top 70 cm  June 8 0.084 16.16 16.41 14.07
June 23 0.041* 13.35a 11.98 10.87a
July 20 0.000* 11.03ab 9.02b 7.68a
Cluster
Lower Mid Upper
20 cm June 8 0.001* 7.23ab 5.07b 5.69a
June 23 0.000* 5.33ab 3.30b 4.11a
July 20 0.000* 4.65ab 2.99b 3.41a
60 cm June 8 0.307 4.68 4.15 4.73
June 23 0.640 4.27 198 4.02
0.014* 3.34a 2.56a 3.11
top 70cm  June 8 0.013* 17.29a 14.18a 14.57
June 23 0.002* 14.09a 10.65a 12.14

July 20 0.000* 11.4%ab 7.93b 9.14a

Depression
6.55
4.69
3.80
451
4.26
3.18
16.32
13.48
10.44
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Table 19. ANOVA summary for region soil water content means at Phillips 1. Within
rows, asterisk in p-value column highlights significance at 0.05 level, and region mean
values followed by the same letter are different at the 5% significance level.

Region means (cm)

Flow
Depth Date P-value Divergent  Convergent Planar Depression
20 cm June 23 0.137 6.49 6.29 6.55 7.29
July 13 0.675 6.33 6.64 6.76 6.51
60 cm June 23 0.076 4.93 5.28 4.99 5.50
July 13 0.629 4.44 4.67 4.65 4.77
top 70 cm  June 23 0.886 16.36 16.54 16.38 15.86
July 13 0.624 15.13 15.77 16.01 15.21
Soil-Landscape
Lower Mid Upper
20 cm June 23 0.841 6.40 6.64 6.44
July 13 0.191 6.75 6.62 6.15
60 cm June 23 0.006* 547a... 5.07....... ...4.83a
4.72 4.64 4.36
top 70cm  June 23 0.359 16782 16.39 " 16.00
July 13 0.216 15.76 15.81 14.78
Cluster
Lower Mid Upper
20 cm June 23 0.395 6.36 6.41 6.69
6.57 6,58 6.35
60 cm June 23 '0.007* 5.3%a 5.03 4.83a
July 13 0.152 4.66 471 4.29
top 70 cm  June 23 (1887 16735 16.31 16.55

July 13 0.463 15.64 15.74 14.97
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Table 20. ANOVA summary for region soil water content means at Phillips 2. Within
rows, asterisk in p-value column highlights significance at 0.05 level, and region mean
values followed by the same letter are different at the 5% significance level.

Region means (cm)

Flow
Depth Date P-value Divergent  Convergent Planar Depression
20 cm June 7 0.317 7.81 7.58 7.63 7.55
June 22 0.015* 6.62ab 6.03a 6.25 6.06b
July 19 0.002* 4.95ab 3.70a 4.26 3.85b
60 cm June 7 0.913 5.02 5.08 5.09 511
June 22 0.244 4.72 4.99 4.92 4.84
July 19 0.832 3.96 3.94 3.76 3.88
top 70 cm June 7 0.810 18.14 17.99 18.26 18.01
June 22 0.553 16.19 15.84 16.32 16.10
July 19 0.125 12.65 11.19 11.74 11.50
Soil-Landscape
Lower Mid Upper
20 cm June 7 0.364 7.71 7.58 7.82
June 22 0.123 6.11 6.23 6.59
0.084 3.83 4.25 4.81
60 cm June 7 0.470 5.09 5.12 4.92
June 22 0.063 5.05 4.93 4.61
top 70 cm June 7 0/715 1830......
June 22 0.969 16.13 16.03 16.03
July 19 0.814 11.61 11.75 12.17
Cluster
Lower Mid Upper
20 cm June 7 0.011* 7.59 7.42a 7.91a
June 22 0.001* 6.01a 5.99b 6.69ab
July 19 0.004* 3.66a 4.02b 4.89ab
60 cm June 7 0.748 5.08 5.12 4.99
June 22 0.066 5.07 4.96 4.68
July 19 0.566 4.09 3.93 3.79
top 70 cm June 7 0.690 18.09 17.91 18.23
June 22 0.822 15.96 15.93 16.19

July 19 0.482 11.40 11.55 12.31
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