
A spatial modeling approach for predicting forage
production and utilization on a semidesert grassland

Item Type text; Thesis-Reproduction (electronic)

Authors Wissler, Craig Alan, 1959-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:19:15

Link to Item http://hdl.handle.net/10150/278311

http://hdl.handle.net/10150/278311


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

University Microfilms International 

A Bell & Howell Information Company 

300 North Zeeb Road. Ann Arbor, Ml 48106-1346 USA 

313/761-4700 800/521-0600 





Order Number 1352382 

A spatial modeling approach for predicting forage production 
and utilization on a semidesert grassland 

Wissler, Craig Alan, M.L.Arch. 

The University of Arizona, 1993 

U M I  
300 N. ZeebRd. 
Ann Arbor, MI 48106 





A SPATIAL MODELING APPROACH 

FOR PREDICTING FORAGE PRODUCTION AND UTILIZATION 

ON A SEMIDESERT GRASSLAND 

by 

Craig Alan Wissler 

A Thesis Submitted to the Faculty of the 

SCHOOL OF RENEWABLE NATURAL RESOURCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF LANDSCAPE ARCHITECTURE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 9 3 



2 

STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment 
of the requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under the rules 
of the Library. 

Brief quotations from this thesis are allowable 
without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the head 
of the major department or the Dean of the Graduate College 
when in his or her judgment the proposed use of the 
material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the 
author. 

SIGNED: 

APPROVAL BY THESIS COMMITTEE 

This thesis has been approved on the date shown below: 

~3* -rfc-li-p Gt . . 
D.- Phillip Guertin, Thesis Director 

Assistant Professor of 
Watershed Management 

H. Rkndy Gimblett 
Associate Professor of 
landscape Architecture 

Donovan C. Wilkin 
Associate Professor of 

Renewable Natural Resources 

ate 

)ate 

Date 



3 

ACKNOWLEDGEMENTS 

The completion of this thesis represents the culmination of 
several years of effort. While this has been a challenging 
process for all those involved, there are two groups 
without whose help the process would have been impossible. 

The first of these groups includes those who provided 
support in specific areas. I would like to thank Dr. S. 
Clark Martin, Professor Emeritus, for providing the 
original data sets which were used in this study and for 
coordinating my information gathering at the Santa Rita 
Experimental Range Headquarters. Dr. Martin also assisted 
in the verification of fence line locations for the 
database. I would also like to thank Dan Cooper for all 
his help with the GEO-EAS geostatistics program. 

The second group of people that I would like to acknowledge 
include those who provided general support to me throughout 
the thesis project. First, I wish to extend my 
appreciation to my thesis committee Dr. Don Wilkin, 
Professor Randy Gimblett, and a special thanks to Dr. 
Phillip Guertin, who patiently served as director of what 
must have seemed to be an endless thesis. I must also 
acknowledge Professor Robert Itami for lighting the GIS 
flame so long ago. Finally, I wish to express my sincere 
appreciation to my wife, Victoria, for her emotional 
support and never failing faith in my ability to complete 
the project. 



4 

TABLE OF CONTENTS 

LIST OF FIGURES 6 

ABSTRACT 7 

INTRODUCTION 8 

Geographic Information Systems and 
Spatial Modeling 10 

Goals and Objectives 12 

LITERATURE REVIEW 13 

SITE DESCRIPTION 19 

Description of the Data Set 22 

MODEL DEVELOPMENT 25 

General Approach 25 

Digital Database Development .27 

Precipitation Modeling 32 

Background 32 

Geostatistical Applications 34 

Technical Description of 
Precipitation Modeling 36 

Forage Production Modeling 43 

Background 43 

Descriptive Data Analysis 45 

Technical Description of Forage 
Production Modeling 48 

Forage Utilization Modeling 57 

Background 57 

Descriptive Data Analysis 58 

Technical Description of Forage 
Utilization Modeling 59 



5 

TABLE OF CONTENTS — Continued 

Discussion of Results 61 

Precipitation Modeling 62 

Forage Production Modeling 62 

Forage Utilization Modeling 63 

APPLICATION OF METHOD 67 

Estimation of Grazing Capacity 68 

Assumptions 68 

Procedures 69 

Results 71 

Utilization Analysis 74 

Assumptions 74 

Procedures 75 

Results 7 6 

CONCLUSION 7 9 

LITERATURE CITED 83 



6 

LIST OF FIGURES 

Figure 1. Study area location map 21 

Figure 2. Study area fencing and 
rain gage locations 24 

Figure 3. Study period mean summer precipitation vs. 
long term 39 

Figure 4. Mean annual precipitation 
vs. elevation 3 9 

Figure 5. Kriged contours for mean summer precipitation 
times elevation 42 

Figure 6. Kriging standard deviation values 42 

Figure 7. Land slope map 49 

Figure 8. Slope aspect map 50 

Figure 9. Soil texture map 52 

Figure 10. Measured distance to water map 53 

Figure 11. Estimated mean summer precipitation 55 

Figure 12. Estimated forage production for 
Digitaria californica 65 

Figure 13. Estimated utilization of 
Digitacia californica 66 

Figure 14. Estimated grazing capacity 73 

Figure 15. Estimated utilization as percentage 
of target use level 78 



7 

ABSTRACT 

Geographic analysis procedures and multiple linear 

regression techniques are applied to the problem of 

generalizing forage production and utilization information 

from sample point data. The study involves the application 

of these procedures to predict the spatial variability of 

mean production and utilization of Diaitaria californina on 

the Santa Rita Experimental Range near Tucson, Arizona. 

Analysis of ten-year means from data collected between 1957 

and 1966 indicate that variability in production is a 

function of mean summer precipitation and elevation. 

Variability in utilization is found to be a function of 

land slope and distance from livestock water. 

Geostatistical procedures are used to estimate mean summer 

precipitation. A geographic information system (GIS) is 

used to automate multiple linear regression functions for 

points in a raster data structure. The geographic analysis 

procedures are used to describe the spatial variability of 

the data in a mapped form. Management applications of the 

approach are demonstrated. 
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INTRODUCTION 

Range management relies on applied science and 

technology to provide new information that can be utilized 

to manage rangeland areas for livestock production. Often, 

this information is in the form of sophisticated procedures 

that represent technology transfers from the research 

environment to management applications. Empirical research 

in range ecology is frequently based on field observations 

as a source of plant population characteristics, which 

represent the basic livestock production resource. The 

field observations are often obtained from linear or areal 

plots from which statistics about the subject population, 

such as forage production and utilization, can be derived. 

Study areas are frequently divided into subareas of 

homogeneous vegetation or soil type in order to obtain 

usable response units. Estimates of range forage 

production and utilization can then be made for each 

homogeneous subarea based on samples taken within each 

unit. The sampling usually has a random design (often 

split plot), which is intended to provide an unbiased 

estimate of the population mean. These sampling procedures 

assume a random distribution of the characteristic being 

sampled. These samples, then, at best, represent discrete 

observations of a measured characteristic on the random 

distribution of forage production and utilization within an 

area. 
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area. 

While the discrete observations used in estimating 

range data can be used to calculate descriptive statistics 

about the population, such statistics can be misleading 

where conditions of randomness cannot be met. Often these 

observations cannot meet conditions of randomness because 

of autocorrelation, the phenomenon where observed values 

near a point are more similar than those farther away. 

Spatial variation of range forage production and 

utilization on a range site is the result of the 

correlation of environmental (and physiological) parameters 

associated with these variables in the same space. In 

other words, the place to place variation in a set of 

substrate variables associated with production, for 

example, is likely to be correlated with the place to place 

variation in production. While the variables correlated 

with production and utilization are all, in fact, 

continuous in their spatial variability (e.g. soil 

nitrogen), information about many of them is only available 

in discrete form (e.g. soil type) . On the large scale other 

variables associated with production and utilization are 

discontinuous in the field, such as slope aspect or canopy 

cover. Assuming that discrete variables do exist in the 

field (at least on the macroscale and certainly in mapped 

form) then, it is reasonable to assume that variables 

correlated with, and predicted from, these will display a 
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discontinuous autocorrelation in a mapped form. 

Range management activities should benefit from forage 

production and utilization predictive techniques that 

provide distributed information on the spatial variation in 

these variables. Such information would enhance activities 

such as critical area planning and livestock management. 

Since traditional approaches produce generalizations about 

a subarea, and assume homogeneous response to cultural 

practices, the subtle implications of spatial variation 

within a range unit may be overlooked and unavailable for 

management applications. 

The goal of the current research is to demonstrate a 

technique for improving the quality of information about 

spatially distributed populations for range management 

purposes. 

Geographic Information Systems and Spatial Modeling 

Spatial modeling, as a class of modeling, for the 

purposes of prediction or comparative analysis requires the 

input, transformation, and output of spatial data sets 

(Macgill 1986) . For uses in range management the data sets 

have traditionally taken the form of hardcopy maps of 

vegetation types, soil types, and so on used for particular 

management areas. As a result generalized data sets have 

developed for range sites and are used as a source of 
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management information. 

Geographic information systems (GIS) are designed for 

the input, storage, manipulation, analysis, and display of 

spatially distributed data, and, as such, lend themselves 

to applications in spatial modeling. Geographic 

information systems facilitate geographic analysis 

operations by means of a set of functional capabilities 

related to spatial analysis. These functional capabilities 

include matrix algebra and neighborhood analysis and can be 

used to implement spatial algorithms. 

Geostatistics provides a set of procedures that can be 

used to describe the autocorrelation of spatially (and 

temporally) distributed samples (Clark 197 9). One of these 

procedures, the semi-variogram, can be used to describe the 

relationship between sample variance and distance between 

pairs of sample points. As such, the semi-variogram 

becomes an integral part of locational analysis procedures 

intended to provide interpolated estimates for unsampled 

areas on a site. 

The emergence of a set of procedures which incorporate 

GIS technology and interpolation techniques might provide a 

more detailed image of the real nature of forage production 

and utilization variation. It is hoped that the development 

of a spatial modeling approach utilizing this set of 

procedures will provide for distributed predictions of 
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forage production and utilization as a function of the 

correlation between these variables and a set of mapped 

environmental predictor variables. 

Goals and, Objectives 

The goal of the present study is to develop a set of 

spatial modeling procedures for predicting range forage 

production and utilization on a semidesert grassland. 

Spatial modeling procedures are limited to, for this 

purpose, a set of algorithms for the processing of 

spatially distributed (mapped) data, in a GIS, for 

prediction and simulation. These procedures combine 

aspects of geostatistics and multivariate statistics to 

achieve the following objectives: 

* to predict the pattern of association between mean 

forage production and utilization and a set of 

predictor environmental variables using multiple 

linear regression 

* to develop a set of spatial modeling procedures 

that can be used to predict the variation in mean 

forage production and utilization 

* to integrate the above objectives in a demonstra

tion of the utility of geographic information systems 

for range management applications. 
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LITERATURE REVIEW 

The review of literature which follows focuses on 

studies that are similar to the present study in that they 

sought the integration of two or more of the present 

study's objectives. Discussion of literature relevant to 

specific objectives can be found in the Model Development 

section. 

Applications for geographic information systems have 

been emerging with the technology for several years. Over 

the last 10 years, there have been numerous examples of the 

application of geographic information system technology to 

procedures in natural resource management. However, a 

review of the literature indicated no documentation of such 

procedures specifically for range management. Most of the 

documented geographic information system applications found 

in natural resource management have dealt primarily with 

overlay analysis procedures, designed to produce unique 

classification areas based on selected input criteria. 

At a primary use level, GIS applications in natural 

resource management can be thought of has having 

distributed processing capabilities. Many studies 

reporting distributed processing applications for GIS 

involve the automation of existing natural resource models. 

Such applications have included the development of best 
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management practices for nonpoint pollution control (Walsh 

1985), automation of nonpoint pollution predictive models 

(Hession and Shanholz 1988; Evans and Miller 1988; 

Gilliland and Baxter-Potter 1987) and impact assessment 

(Griffith 1980) to name a few. These studies are similar 

in that each involved the derivation of data themes from 

input resource maps for arithmetic processing. All of 

these applications involved the processing of both input 

data themes and derived data themes as inputs to an 

existing resource model. In most of these cases, the 

capability of the GIS to store detailed distributed data 

within a georeferenced framework and apply arithmetic 

functions to sequences of data themes was demonstrated. 

A further extension of distributed processing 

capabilities comes with the automation of existing 

predictive models within a geographic information system. 

A study using GIS to predict non-point source pollution in 

Nebraska (Gilliland and Baxter-Potter 1987) demonstrates 

both the automation of existing models and management 

applications for the technology. This study involved the 

automation of the Universal Soil Loss Equation (USLE) for 

coliform estimation on a square mile study area. The 

procedure processed geographically referenced map themes 

such as landuse, soil type, and management practice and 

derived themes, such as slope length, as variables. The 
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study also demonstrated procedures for the automation of 

the SCS curve number method for estimating runoff. 

Distributed variables were expressed as square cells in a 

raster (grid) data structure for processing. The major 

management application cited in the study was the 

production of geographically referenced three dimensional 

images displaying the relative values of runoff, erosion, 

and bacterial concentration potential for all portions of 

the study area. These images were found to be very 

valuable in conveying the land use relationships with 

pollution potential to a non-technical audience. In this 

case, the images were used to assist in setting priorities 

for pollution control for agricultural districts. 

The use of geographic information systems to evaluate 

wildlife habitat has been demonstrated using habitat 

suitability models. A Michigan study (Donovan et al. 1987) 

combined geographically referenced values to obtain habitat 

suitability indexes for the eastern wild turkey. The 

investigation involved the automation of habitat 

suitability models based on landuse data stored in a GIS. 

Independent variables for model development were derived 

from literature (Donovan et al. 1987). Habitat suitability 

indices were assigned based on established values for the 

spatial variables involved. The GIS was used to automate a 

model that incorporated eight habitat variables that had 

been grouped into three components: habitat composition, 
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spatial arrangement of habitats, and human use. 

The model was evaluated by comparing system-generated 

habitat suitability values between randomly selected sites 

and known nesting sites. This model evaluation indicated 

that GIS variables were effective in evaluating turkey 

habitat suitability. The authors pointed out two important 

factors of this application. The first of these is the 

difference between scales of data required in model 

development and those available in the GIS. The second 

factor concerns the generalization of habitat requirements 

so that GIS variables can represent species life 

requisites. 

An added dimension of GIS modeling is achieved by the 

incorporation of multivariate analysis procedures in the 

model development process. The Mount Graham Red Squirrel 

Case Study (Pereira 1989) applied multivariate statistical 

techniques to develop habitat suitability models for the 

prediction of a dichotomous variable. The study developed 

three models; the first was based on a set of independent 

environmental variables, the second used locational varia

bles for development of logistic trend surfaces, and the 

third is a combined model using Bayesian statistics 

(Pereira 1989). The dichotomous variable here was absence 

or presence of squirrel middens, which was represented as 

active or inactive cells in a raster based GIS. Management 
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applications of the suitability model were demonstrated by 

assessing the impacts of proposed observatory construction 

in the habitat area. 

The procedure involved the selection of a set of 

environmental variables from a range based on comparison of 

dispersions of these values between sites and non-sites. 

The theory is that preferred locations for squirrels would 

have values more closely clustered about the preferred 

mean than the set of background environmental data (Pereira 

1989). A univariate analysis was conducted to evaluate the 

influence of a set of environmental variables for site 

selection by the squirrels. Multivariate techniques were 

applied to develop regression coefficients for the set of 

environmental variables. A trend surface model was 

developed from the data set based on the x and y locations 

of active cells in the raster data base, which yielded a 

polynomial regression equation. The combined model 

performed slightly better than either the environmental or 

locational models alone. 

The Mt. Graham Case Study has important implications 

for the present study. First, it sought to predict the 

spatial variability in a dichotomous variable using both 

environmental and locational models. The addition of the 

locational model is an acknowledgment of the significance 

of spatial autocorrelation in ecological data. These 

spatial models are important in reducing arbitrary 
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decisions about habitat types and their geographic limits, 

as new homogeneous areas are defined as a product of the 

spatial modeling process involved. Second, the squirrel 

study acknowledges the confoundment of spatial modeling 

procedures by temporal autocorrelation. That is, models 

that suitably describe spatial variation cannot be 

developed on short term observations. Short term 

observations of these variables may be influenced by 

temporal patterns, such as population trends or weather. 

The present study attempts to serve as an extension of 

emerging spatial modeling procedures by demonstrating the 

prediction of continuous dependent variables from a 

geographically referenced data set. This objective will be 

pursued by processing forage production and utilization 

values derived from ten year means in an effort to remove 

the effects of temporal autocorrelation. 
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SITE DESCRIPTION 

Data used in this study were collected between 1957 

and 1966 from the Santa Rita Experimental Range, located 

about 50km southeast of Tucson, Arizona (Fig.l). The study 

involved six pastures covering an area of about 28,000 

acres (11,331 ha) with an elevation range from 2900 feet 

(884 meters) to 4000 feet (1216 meters). The majority of 

the site is a uniformly sloping alluvial fan with a 

predominant northwest aspect crossed by numerous shallow 

washes. Mean annual precipitation near the center of the 

study area is approximately 12.53 inches (318 mm). The site 

can be described as a semidesert grassland with sparse 

perennial grass cover generally increasing with elevation 

to the southeast. 

At the time of data collection the most common 

perennial grass species were Digitaria californica. 

Aristida hamulosa. glabrata. Bouteloua eriopodar 

rothrockii. and Muhlenbergia porteri. Shrubs are scattered 

on the upland areas with increasing densities in the 

washes. The major shrub species include Prosopis ve]utina r 

Haplopappus tenuisectus. and Calliandra eriophylla as well 

as several succulents of the genus Opuntia (Martin and 

Cable 1974). 

During the data collection period, all six pastures 

had been grazed conservatively for at least 30 years 
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(Martin and Cable 1974) . Within the six pasture study-

area, the average stocking rate during the study period was 

10.4 acres per animal unit month with an average 

utilization on the perennial grasses of 45 percent. All 

pastures were grazed with cow-calf herds of herefords. 

Rates of herbage removal in pastures grazed seasonally were 

adjusted to achieve stocking rates equivalent to yearlong 

grazed pastures. 
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Figure 1. Study area location map. 
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Description Q£ the Set 

Production and utilization data used in the present 

study were originally collected as part of a ten-year study 

of vegetative responses to precipitation, grazing, soil 

texture, and mesquite control (Martin and Cable 1974) . The 

study was conducted from 1957 through 1966 on six pastures 

(Fig. 2) within the Santa Rita Experimental Range. The 

objective of the Martin and Cable study was to monitor 

changes in biomass production and forage utilization of 

selected species of grass, shrubs, and trees as related to 

precipitation, season of grazing use, mesquite control, 

distance from water, and soil texture. Data used in the 

present study represent a subset of the data set collected 

in the Martin and Cable study. 

Forage production and utilization data were collected 

annually for the six pastures involved in the study. Each 

pasture contained twelve 100' by 200' sample plots based on 

a split plot design with six pairs of plots subdivided by 

three distances (1/4, 5/8, and 1 mile) from livestock water 

and two soil textures (coarse and fine). Perennial grass 

production was read annually in the fall from two permanent 

8' by 24' subplots within each plot by an ocular estimation 

technique. Perennial grass utilization was estimated 

annually in June within each 100' by 200' plot by the 

ungrazed plant count method developed for use on the Santa 
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Rita Experimental Range (Roach 1950). In this study 

grazing years represent the year in which the forage was 

produced. 

Long term precipitation records for 13 rain gages 

located either in or adjacent to the study pastures were 

available from the Santa Rita Experimental Range 

Headquarters. The gages were read monthly before and during 

the study period. Many of the gages have long-term records 

of over 60 years. The locations of gages and arrangement of 

pastures used in the current study are shown in Figure 2. 
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Figure 2. Study area fencing and rain gage locations. 
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MODEL DEVELOPMENT 

General Approach 

The general approach to the model development in the 

present study is to integrate multivariate analysis 

procedures into a systematic framework that can be used to 

predict the spatial variability in production and 

utilization of perennial grasses. The objective of this 

integration is to develop multiple regression equations 

that would predict forage production and utilization as a 

function of spatially distributed environmental attributes. 

This function can then be used to estimate forage 

production and utilization for all points within the study 

area that share a particular set of spatial attributes. 

For each dependent variable a spatial model is suggested, 

described, and implemented as a part of the framework. 

The mechanics of the framework are intended to be 

implemented by use of a geographic information system (GIS) 

which will facilitate the automation of derived regression 

equations. The intent here is to use the GIS as a spatial 

computer to carry out arithmetic calculations on spatial 

data sets. This approach has been described by Berry 

(1987) as "map algebra". Berry has demonstrated the use of 

GIS for sequential processing of mathematical primitives. 

This sequential processing can be used to perform 

mathematical processing on thematic maps. Within the GIS, 
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primitive arithmetic operations can be carried out, in 

sequence, on mapped variables to form equations. 

The GIS processing structure permits four basic 

classes of map analysis: reclassification, overlay, 

distance measuring, and neighborhood operations (Berry 

1987). Reclassification involves the reassignment of map 

values as a function of their initial value, position, 

size, shape, or contiguity. Map overlay refers to 

operations in which new maps are the result of computation 

of new values as a function of independent values 

geographically associated with two or more existing maps. 

Distance measuring or proximity operations compute new map 

values that are the expression of simple or weighted 

distances on an existing map. Neighborhood operations 

create new maps as a function of the values in the 

immediate vicinity of selected target points, which can be 

considered locally summarized. 

These map analysis operations form the basis of a 

framework that will be used to model the empirical 

relationships between distributed environmental variables 

and forage production and utilization. 

The systematic framework that is suggested is limited 

to expressing the continuous variability of production and 

utilization as a function of available spatial data, which 

will attempt to represent the environmental requisites of 

the perennial grasses. As described in the site 
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description, the data set included production in pounds per 

acre and utilization expressed as a percentage of forage 

production. In addition, soils data at the map unit level, 

livestock water locations and hypsography are available for 

the entire study area. Precipitation records for 13 gages 

is the final available independent variable available for 

input into the GIS. 

Digital Database Development 

For the purposes of the present study, the available 

environmental predictor variables are limited to those that 

were available for data capture and use in the GIS. These 

variables were digitized from hardcopy maps and represent 

source maps in the GIS. Source maps included topography, 

soil type, rain gage locations, field data points, 

pastures, and livestock water. Maps produced by processing 

in the GIS represent derived data themes and include slope, 

aspect, soil texture, and distance to livestock water. 

With the exception of soils data, all available 

environmental data were manually transferred to a common 

base map comprised of four USGS 7.5 minute topographic 

quadrangles. The four quadrangles involved were Helvetia, 

Sahuarita, Corona de Tucson, and Green Valley. Since GIS 

analysis was intended for a raster data format, an 

arbitrary bounding rectangle was selected to delineate the 
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limits of the GIS database. The limits of the GIS database 

were determined to be the minimum bounding rectangle for 

the six pasture study area such that each side was tangent 

to maximum extent of the pasture arrangement in that 

direction. This rectangle was defined on the topographic 

base maps by the following four Zone 12 UTM ticks. 

southwest 502216 E 3517986 N 
northwest 502216 E 3530696 N 
northeast 518199 E 3530696 N 
southeast 518199 E 3517986 N 

All data themes were digitized in the UTM coordinate 

system for purposes of map registration. 

In order to facilitate data management, registration, 

and transformation, digitizing and graphic data editing 

were accomplished using the AutoCAD Version 10 software 

package (Autodesk 1989). This product allowed uniform 

storage and format for the emerging spatial data base and 

produced a data format that is generally accepted as a 

common interchange format (DXF) between various computer 

aided drafting (CAD) and GIS products. 

Topography was captured directly from the USGS topo

graphic quadrangles for the entire bounding rectangle. All 

20 foot and 40 foot contours were digitized from the base 

maps and encoded by feet of elevation. Rain gage locations 

for 13 gages used in the precipitation modeling were 

transferred as points to the base map from locational maps 
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made available by the Santa Rita Experimental Range 

Headquarters. Field data points were carefully transferred 

from aerial photographs used in the original study to 

locate the plots in the field. Each of 72 data points was 

carefully located on the base map by referencing topography 

and man made features before being transferred to the base 

map. 

Pasture fencing has changed since the data collection 

period. Fencing arrangement at the time of data collection 

was determined by comparing the arrangements of several map 

sources on file at the range headquarters, including the 

original Forest Service study plan (Martin 1957). The 

final arrangement of fencing on the base map was completed 

with the cooperation of Dr. S. Clark Martin (Professor 

Emeritus) before the fence lines were digitized. The names 

and location of permanent livestock water within the six 

pasture study at the time of the original study were 

obtained from the original study plan (Martin 1957) and 

existing maps on file at the range headquarters, as well as 

the USGS topographic coverage. They were entered as points 

into the spatial database. 

All source map themes, except soils, were graphically 

displayed, edited, and visually checked for accuracy 

against the base map using AutoCAD software (Autodesk 

1989). Each theme was stored as a separate drawing file in 
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the CAD system so that different feature data types (i.e. 

polygonal, line and point) could be handled separately. All 

drawing files were transformed, using AutoCAD, to an ASCII 

DXF format for rasterization. All the resulting DXF files 

were rasterized using the CADGRID software package (Itami 

1988) to a 1 hectare cell size. All data themes were 

rasterized within the bounding rectangle of the database, 

resulting in an array of 127 rows and 159 columns for a 

total of 20193 grid cells (49,897 acres). Each cell side 

corresponded to a distance of 100 meters (328 ft.) on the 

ground. 

The cell size for rasterization was chosen in light of 

several considerations. First, there is the data 

processing consideration of handling increasingly large 

raster sets. Second, the validity and accuracy of the 

transferred base map made it unwise to rasterize the data 

at any higher resolution. That means that point and line 

data transferred to the base map from a variety of 

locations are hoped to be within 100 meters of their actual 

geographic location. A final consideration was that the 

resolution of the raster database had to be such that each 

data point, rain gage, and livestock water location would 

be represented by a unique grid cell location in the raster 

array. 

Topographic data were interpolated for missing values 

during the rasterization process using CADGRID. The 
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resultant grid file contained interpolated elevation values 

for every cell within the bounding rectangle. 

All grid map files resulting from the rasterization 

process were formatted for input into the Map Analysis 

Package (MAP) (Tomlin 1986) using CADGRID. Soils data, at 

the mapping unit level were available in a digital format 

from the University of Arizona Advanced Resource Technology 

(ART) Program. The data had been digitized by ART staff 

from maps based on the 1979 Soil Conservation Survey (USDA 

197 9) and stored in an explicit arc node format using the 

pc ARC/INFO (ESRI 1988) geographic information system 

software package. The soils data were rasterized to a 1 

hectare grid cell size using pc ARC/INFO software within an 

array defined by the same UTM ticks used to delineate the 

bounding rectangle in AutoCAD and formatted for input into 

the Map Analysis Package. 

Since MAP is an integer package there was concern 

about loss of sensitivity in some of the environmental 

variables, such as precipitation, whose value ranges were 

small. For this reason, all MAP data files were read into a 

real number grid based GIS using IDRISI software (Eastman 

1988) . In addition to providing real number precision, the 

IDRISI software package was selected since it was modular 

in nature and provided the interface between MAP and 

itself. IDRISI also features most of the functional 
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capabilities of MAP (as well as additional ones) and 

provides an interface for assignment and extraction of 

geographically coded ASCII files. This feature was very 

useful during multivariate analysis procedures, .pa 

Once loaded into the GIS, each data theme was 

represented as a separate data file for subsequent spatial 

modeling. The GIS has the ability to represent continuous 

and discrete data as contiguous or discrete areas of cell 

values. Continuous data would be represented by, 

potentially, having a different value in every cell, as in 

the case of topography. Discrete data are represented by 

isolated cells of unique values for point data, and 

contiguous cell areas of the same value for polygon data. 

Precipitation Modeling 

Background 

The ultimate purpose for using spatial modeling 

procedures on precipitation data was to produce a 

continuous data set from the discrete point values recorded 

at each rain gage for GIS processing. This section 

describes the theoretical basis for inclusion of this 

environmental variable in the multivariate prediction of 

forage production in the next section. 

There is considerable evidence to support the fact 

that year to year variability in precipitation explains 

most of the year to year variability in perennial grass 
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production on the Santa Rita. Most studies have found 

significant relationships between summer precipitation and 

perennial grass production. Green and Martin (1967) 

estimated a correlation coefficient of 0.94 for average 

perennial grass production and summer (July to September) 

rainfall based on ten years of data from 16 range units. 

In another study on the Santa Rita involving 

vegetation response to environmental conditions, the 

interaction product of current August precipitation and the 

previous June to September precipitation accounted for from 

63.5 to 91.0 percent of year to year perennial grass 

production (Cable and Martin 1975). This study concluded 

that only rainfall received during the summer period (June 

to August) was highly associated with perennial grass 

production. This is in agreement with findings by Culley 

(1943) which indicated that over 90 percent of annual 

perennial herbage yield occurred during the summer rainy 

period, in the southwest. 

In contrast with research into variation in annual 

perennial grass production, there are few published studies 

on the spatial association between mean perennial grass 

production and mean summer precipitation on semidesert 

ranges. That is, there are few studies that have sought to 

explain the association between the point to point 

variability in mean summer precipitation and mean 
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production across the landscape. Green and Martin (1967) 

found that, in the 6.3 to 9.5 inch range, a mean summer 

precipitation difference of one inch was associated with a 

difference of 125 pounds per acre of perennial grass 

production on the Santa Rita. This relationship in spatial 

variability is consistent with the relationship between 

production and the variability of precipitation in time. 

Geostatistical Applications 

Given an established association between summer 

precipitation and perennial grass production, it assumed 

that any multiple linear regression technique employed to 

explain the variability in forage production should include 

mean summer precipitation. A review of applicable 

techniques indicated that while several areal estimation 

procedures could be used to estimate mean summer 

precipitation for all points in the study area, 

geostatistical procedures held good promise for accurate 

interpolation. The use of these procedures for areal 

interpolation of precipitation has been suggested and 

demonstrated by various authors (Clark 197 9; Delhomme and 

Delfiner 1973; Delhomme 1978). 

A comparative analysis of techniques for spatial 

interpolation of precipitation by Guillermo et al. (1985) 

supports the use of kriging for precipitation 

interpolation. The authors used a cross validation 
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technique to evaluate several procedures using the means 

and variances of observed and estimated values from 29 

gaging stations on a 52,000 square km study area. The 

authors recommended optimal interpolation techniques and 

kriging as the best among all techniques evaluated. 

Geostatistical procedures in the present study refer 

to spatial estimators derived from the semi-variogram. The 

semi-variogram is a device for expressing the difference 

between values located in a known coordinate system. As 

stated by Clark (1979) the semi-variogram "is a graph 

(and/or formula) describing the expected difference in 

value between pairs of samples with a given relative 

orientation." The semi-variogram is expressed in sample 

units squared and can be calculated for all sample pairs in 

a sample population. The procedure involves developing an 

estimated semi-variogram from a series of data point pairs 

and fitting an appropriate model to the semi-variogram. 

These models are functions used to fit mathematical models 

to the experimental variogram (US EPA 1986). This procedure 

assumes autocorrelation of the data set, that is, that 

points closest to the estimated point will be more similar 

than points further away. With this in mind, the next step 

in an areal or local estimation procedure is a technique 

called kriging. This procedure provides estimates of 

unsampled areas based on models fit to semi-variograms for 
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an area. The procedure inherently considers values closer 

to the point being estimated as having more weight in the 

estimation process and has been described as the Best 

Linear Unbiased Estimator or BLUE (Clark 197 9) . 

Another advantage of this technique is that for every 

estimated value a corresponding kriging standard deviation 

is produced. These kriging standard deviations can be 

thought of as accompanying reliability values for the 

estimated surface. 

Technical Description Sf Precipitati on Modeling 

Records used in precipitation modeling were available 

from the USDA Forest Service Santa Rita Experimental Range 

and contained monthly precipitation data for all gages on 

the range through the study period. Although sixteen 

permanent standard rain gages are located in or adjacent to 

the study area, the records from three gages were discarded 

since these gages were installed after 1966. At the time 

of the forage production data were collected several of the 

gages in or adjacent to the study area had monthly 

precipitation data for over 30 years. Mean summer 

precipitation values were obtained from records compiled 

for the months of June to September based on 65 years of 

data and were taken to represent the long term means for 

the 13 rain gages. Long term mean summer precipitation 

values ranged from 6.42 inches to 8.65 inches. Standard 
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deviations for the gages (n=13) ranged from a low of 2.15 

inches to a high of 3.05 inches. Study period mean summer 

precipitation values were computed from the records for the 

years 1956 through 1966 to cover the study period. Study 

period mean summer values ranged from 6.88 to 8.3 9 inches 

of precipitation with standard deviations from 1.9 to 3.17 

inches. The study period mean summer precipitation values 

were correlated (r = 0.851) with the long term mean as 

indicated by Figure 3. 

It is accepted that mean precipitation values are 

correlated with elevation. Green and Martin (1967) 

reported that data based on 100 Arizona stations displayed 

a mean 2.5 inch rainfall increase for each 1000 feet of 

increased elevation. In semidesert areas, a value of 1.75 

inch rainfall increase with each 1000 feet of increased 

elevation is estimated (Green and Martin 1967). Within the 

study area, mean annual precipitation was found to be 

reasonably well correlated with (r = 0.844) with elevation. 

The relationship is presented graphically in figure 4. 

Mean summer precipitation values for the 13 gages 

within the study area were entered into a digital format 

compatible with the Geostatistical Environmental Assessment 

Software (GEO-EAS) (US EPA 1986) package for the IBM 

personal computer The input file contained the mean summer 

precipitation values and their corresponding UTM 
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coordinates and elevation estimates for the 13 gages. The 

UTM coordinate locations were derived from a digital 

database for the study area developed using AutoCAD 

software. A data transformation allowed for ASCII output 

of gage numbers and UTM coordinates. These values were 

added to the GEO-EAS input file along with elevations at 

rain gages estimated from the 7.5 minute topographic maps. 
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Figure 4. Mean annual precipitation vs. elevation. 
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Semi-variogram development, kriging, cross validation, 

and contour mapping were completed using GEO-EAS. Given the 

pattern of association between gage elevation and mean 

summer precipitation, variogram analysis was conducted on 

the product of gage elevation times mean summer 

precipitation at gage. A suitable experimental semi-

variogram was developed for the 13 gage stations and a 

Gaussian model was fitted to the experimental semi-

variogram. A cross-validation procedure was applied to 

model to evaluate its performance. The cross-validation 

involved kriging estimates for sample points by 

sequentially omitting sample points and comparing the 

interpolated value to the sample value. A Gaussian model 

was found to produce acceptable results within the 0 to 

6500 meter range. This range and the gage distribution 

allowed for block kriging of the data set with no missing 

values within the six pasture study area. The ordinary 

block kriging procedure also yielded kriging standard 

deviations for the study area. 

The contour mapped output for both estimates is 

contained in Figure 5, in units of the elevation times mean 

summer precipitation product, foot-inches. The product 

estimates indicate a strong trend to the southeast which 

corresponds to the topographic trend. Kriging standard 

deviations were the lowest across the area of densest rain 

gage distribution and increase toward the region of missing 
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data in the northwest portion of the map, as indicated in 

Figure 6. In general, throughout the six pasture study 

area kriging standard deviation values represent about 5% 

of the product estimates. The values represented by the 

product (elevation times mean summer precipitation) 

contours were used in stepwise linear regression analysis 

conducted on the perennial grass production data. 
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Figure 5. Kriged contours for mean summer precipitation 
times elevation. 
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Figure 6. Kriging standard deviation values. 
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Forage Production Modeling 

Background 

In addition to the influence of summer precipitation 

on forage production, several other available environmental 

variables have been demonstrated to influence production on 

semidesert ranges. 

The relationship between plant cover and several 

topographic and soil attributes was investigated on the 

Walnut Gulch Experimental Watershed (Haase and Schreiber 

1972) in southeastern Arizona. Specifically, the 

investigation sought to determine the relationship of 

vegetation to slope aspect, slope position, and various 

soil attributes. The study site receives mean annual 

precipitation of 358 mm with 70% of that falling between 

July through September. The dominant vegetation type is 

grass-scrub. The vegetation was sampled with line 

intercepts across two soil series and six aspects. The 

study reported differences in perennial grass cover with 

respect to slope aspect, slope position, and soil type. 

Significant differences in vegetation composition were 

found in response to soil pH and clay content. 

A comprehensive study by Cable and Martin (1975) 

investigated the responses of several semidesert perennial 

grasses to grazing, rainfall, condition, and mesquite 

control. The study involved monitoring four pastures on the 
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Santa Rita Experimental Range for changes in herbage 

production, basal intercept and utilization of several 

perennial grass species. Soil type was found to influence 

both grass species composition and perennial grass 

production. On the four pasture study area containing 

three soil types, one species, Digitaria californica 

displayed strong adaptability to the relatively fine 

textured soils. There were no significant differences for 

production among soil types or textures. Although most 

perennial grass species exhibited mild preferences for 

slopes up to 30%, Digitaria californica indicated a strong 

preference for slopes under 10 percent. 

Level of grazing use was found to significantly 

affect perennial grass production, especially where heavy 

use (> 52%) had occurred. The major effect of such 

utilization was to markedly reduce the ability of the grass 

to take advantage of a wet summer following one or more dry 

ones. Of the major species monitored, Digitaria 

californica was found to respond positively to heavy use 

in wet years. 

Level of use, as a function of distance to livestock 

water, was also found to significantly effect perennial 

grass production in northern Mexico (Soltero et al. 1989). 

This study found significant differences in standing crop 

biomasses of perennial grasses at distances from 0 to 1500 

meters from water. Mean standing crop biomass in the 1200 
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to 1500 meter range was found to be 123% greater than at 

the 0 to 300 meter range. 

Descriptive Analysis 

As mentioned in the General Approach, the objective of 

the spatial modeling procedure is to develop a framework to 

predict perennial grass production and utilization. 

Although the study data set represented production and 

utilization estimates for 72 points across the six pasture 

study area, not all points were used in the stepwise linear 

regression procedure. Production data for one pasture (6B) 

was unavailable in a compiled form at the time of data 

analysis. This reduced available production sample size to 

60 points. 

In order to simplify the data entry and data 

processing procedures, a single perennial grass species, 

Digitaria californica was used to demonstrate the responses 

of perennial grasses. There were several reasons for the 

selection of this species. Initial investigation (Martin 

and Cable 1974) indicated that Arizona Cottontop had the 

strongest responses to distance from water and was 

correlated to soil textures similarly to the majority of 

perennial grasses sampled. Futhermore, this species 

demonstrated a strong response to slope (Cable and Martin 

1975), one of the derived data themes available from the 

GIS. Finally, a survey of the 5 pasture production data set 
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indicated that this species had the most continuous 

distribution across the study area. In short, Digit-aria 

californica held the greatest potential for production 

modeling using the GIS, given its relatively uniform 

distribution and responses to mapped variables. 

Descriptive statistical analysis of the 60 point 

production values for Arizona Cottontop was conducted using 

the Student Edition of Minitab (Schaefer and Anderson 

1989), and indicated that the sample distribution was not 

normal. The mean production for the ten year period for 

all pastures was 14.61 pounds per acre with standard 

deviation of 19.54 pounds per acre. 

In an effort to reduce noise in the sample data set a 

procedure was undertaken to eliminate outlyers. Consider 

the range in values in the 60 point estimates which went 

from 0.0 to 103.7 pounds per acre mean production. The 

mean for the sample was 14.61 pounds per acre with a median 

of 5.95 and a 25% quartile of 1.73 and a 75% quartile of 

22.25. A histogram analysis was used to identify all 

values representing less than 0.10 or more than 0.90 of the 

cumulative frequency for the sample. Those values 

contributing less than 0.10 at both extremes were 

discarded. This resulted in a sample size of 47 with 13 

outlyers discarded. 

The rationalization for this approach lies in 



47 

consideration of the scale of the landscape involved. The 

forage production data points were intended to be 

rasterized into a gridded database representing the study 

area on 1 hectare grid cells. The production estimates 

were made on a pair of permanent 8' by 24' plots and the 

plots were located such that no grid cell would have more 

than one data point in it. Using this approach,then, each 

pair of 8' by 24' plots were taken as representing a one 

hectare area during GIS processing. That is, the 

production of Digitaria californica assigned to a one 

hectare grid cell is assumed to be represented by a sample 

of 384 square feet, less than 0.4% of the grid cell area. 

The issue of scale is important when considering the 

microheterogeneity of the site. This microheterogeneity 

displays a configuration where an assemblage of landscape 

element types around a point (or plot) is similar, 

regardless of where the point is located in the area 

(Forman and Godron 1986). In the case of a semidesert 

grassland, these landscape elements might be thought of as 

species composition gradients. The species composition at 

the macroscale on the study area appears to be very even, 

save for the pattern of woody areas occurring at washes. 

On the microscale, however, species composition may vary 

considerably from point to point, even in an area the size 

of a 1 hectare grid cell. Individuaf observations from the 

data indicate that production of Digitaria californica is 
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positively correlated with its percent species composition 

by weight. It is assumed then, that data points with 

unusually high forage production values represent discrete 

areas (at the microscale) where Digitaria californica was 

locally dominant. Given a one hectare grid cell, it is 

also assumed that such values would not be representative 

of the overall dominance of Digitaria californica or its 

production. Similarly sample values of zero are assumed to 

be representative of the absence of Digitaria californica 

within the 384 square foot plots rather than an absence in 

the entire 1 hectare grid cell. 

Technical Description Of. Forage Production Modeling 

Technical activities in forage production represent a 

collection of data manipulations and transformations 

between the GIS and a statistics package. 

The first step in data manipulation was to use IDRISI 

to calculate a series of derived map themes from the input 

source maps. Slope and aspect were derived by the GIS from 

the topographic source map. The resultant derived maps, 

slope and slope aspect are shown in Figures 7 and 8 

respectively. Slope is expressed in percent which has been 

grouped into classes for display. Aspect was derived in 

degrees of azimuth and reclassified to five positions for 

display. Soil texture was derived from the soils source 

map by a reclassification procedure. Soil texture was 
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assigned to each mapping unit as a dichotomous variable, 

coarse or fine. The classification of soil texture for the 

study area had been done by Martin and Cable (1974) under a 

1936 survey (Youngs et al. 1936). The higher detail of 

mapping and alterations in soil map unit name necessitated 

manually correlating the mapping units of the 197 9 survey 

with the 1936 survey. Discrepancies in the correlation 

procedure were resolved by consulting the SCS soil survey 

for the study area (USDA 197 9) to determine the amount of 

clay in the subsoil; the basis for the texture 

classification in the original study (Martin and Cable 

1974). The soil texture map is shown in Figure 9. 

The remaining available environmental variable, 

distance to water, was computed by the GIS for every cell 

in the study area. The procedure was implemented by 

pastures, so that effective distance measurement would be 

measured from the livestock water to the pasture fence. 

Calculated distance values, in meters, for each pasture was 

then overlain to form the distance to water map (Figure 

10). The continuous distance data have been transformed 

into distance classes for the purposes of display. 

Mean summer precipitation, as a continuously mapped 

variable was available in hardcopy form as a result of the 

kriging process used in GEO-EAS. The resultant hardcopy 

map was digitized using the Intergraph (Intergraph 

Corporation 1989) software package for interpolation and 
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rasterization. Here, a vector interpolation procedure was 

applied to the kriged contours such that, at the desired 

cell size, no cell in the study area would be without an 

interpolated contour passing through it. The resultant 

interpolated vector map was rasterized to the 1 hectare 

cell size and read into IDRISI as an ASCII file. 

The resultant raster image was, of course, expressed 

in units of elevation times precipitation, foot-inches. An 

overlay procedure was used to divide the kriged foot-inches 

values by the values in the digital elevation map. This 

map, having removed the elevation (foot) value now 

represents a theoretical continuous map of mean summer 

precipitation in inches (Figure 11). This procedure 

produced reasonable results in all but the steepest areas 

adjacent to the Santa Rita Mountains, which were in the 

raster data set window, but outside the six pasture study 

area. Since precipitation values for the steep higher 

elevation areas outside the study had not been included in 

the kriging procedure, the elevation-precipitation 

estimates for these areas were untrustworthy. 

Multivariate analysis of production as related to both 

source and derived data themes was conducted using Minitab. 

The value of each of these variables (elevation, slope, 

slope aspect, distance to water, soil texture, and 

estimated mean summer precipitation) was extracted from the 

GIS database for each of the 47 data points and written to 
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an ASCII file compatible with Minitab. 

A step-down procedure was used to analyze the 

contribution of predictor variables to the criterion 

variable, production of Digit-aria californica. The step-

down procedure was used to select a workable subset of 

predictor variables from the variables available in the 

GIS. The procedure began with all six variables which 

yielded a maximum R-squared value of 0.49. Soil texture 

and distance to water were eliminated because of their 

small contribution to the variation in production (< 0.01) 

and low t-ratios, which were not significant at the 0.90 

probability level. Aspect was removed from consideration 

since, at the one hectare resolution of the data set, there 

was little variation in this variable across the site. The 

majority of variation of production of Digitaria 

californica was explained by elevation and two related 

variables, slope and mean summer precipitation. While both 

slope and mean summer precipitation were correlated to 

elevation with r = 0.563 and r = 0.574 respectively, 

neither t-ratio was significant at the 0.90 probability 

level. 

For the purposes of developing a spatial model that 

included a temporal variable, mean summer precipitation was 

included in the regression equation, even though it 

contributed less to squared multiple correlation 

coefficient than percent slope. Its inclusion is a 
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concession to the inclusion of a dynamic variable in the 

regression model. The remaining variables, then, yield the 

following equation for predicting the production, in pounds 

per acre (lbs/acre) of Digitaria californica: 

production = -157 + 2.31ppt + 0.0468elev 

where ppt is the mean summer precipitation at point, in 

inches and elev is the elevation, in feet. The t-ratios 

of the constant and elevation are both significant at the 

99% level. An analysis of variance indicated that the 

regression is also significant at the 99% level. The 

regression equation, has an adjusted R-squared value of 

0.446, indicating that the selected variables explained 

44.6% of the observed variability in production of 

Diaitaria californica in pounds per acre. 

Range Forage utilization Modeling 

Background 

Many factors can account for the spatial grazing 

behavior of range cattle and all are evident in the place 

to place variation in forage utilization. While some of 

these behaviors have been attributed to interactions 

between plant physiology/morphology and animal preference, 

this study is concerned with those geographic factors that 

influence grazing behavior. The focus of the utilization 
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modeling is to identify those geographic factors that are 

related to observed differences in utilization in a given 

area over a long period of time. 

Past studies have indicated that land slope and 

distance to water or salt, and their interactions can 

account for much of the spatial variability in forage 

utilization. In a study conducted in southern Arizona, 

Ewing (1977) found that distance to water and land slope 

could account for 85% of the variability in utilization of 

perennial semidesert grasses. Using a multivariate 

procedure, Ewing developed a regression equation accounting 

for 80% percent of the variability in utilization over two 

pastures in the Altar valley, southwest of Tucson. 

Two separate studies conducted on the Santa Rita 

Experimental Range (Martin and Cable, 1974; Cable and 

Martin, 1975) examined utilization factors. These studies 

indicated that distance from water and land slope can 

account for up to 50% of the variability in use within a 

pasture. Under maximum effects conditions, utilization 

decreased 5% for each 10% increase in slope and decreased 

3.5% for each 0.1 mile increase in distance from water 

(Cable and Martin 1975). 

Descriptive Eata Analysis 

Forage utilization sample data were available for all 

72 original data points in six pastures. Utilization 
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analysis was conducted using a single species, Digitaria 

californicar as with the production analysis. This species 

had the most continuous distribution throughout the six 

pastures, and showed utilization responses to increasing 

distance to water and slope (Martin and Cable 1974). 

Descriptive statistical analysis of the 72 point 

utilization values for Digitaria californica was conducted 

using the Student Edition of Minitab (Schaefer and Anderson 

1989) . Mean utilization of Digitaria californica for the 

study area over a ten-year period was 54.59 percent, with 

a standard deviation of 12.23 percent. The minimum 

utilization value was 18.55 percent and the maximum was 

74.59 percent. Since the distribution of values for 

utilization data was more normal than for the production 

data, there was no need to reduce noise in the data set, 

and all 72 data points were used in regression analysis. 

Technical Description ol Forage utilization Modeling 

Procedural activities in forage utilization modeling 

include a series of data manipulations and transformations 

between a raster-based GIS and a statistics package. The 

procedures used were the same as for forage production 

modeling where a group of map themes were derived from GIS 

source maps. 

Elevation and the derived theme, slope, had been 

created for forage production modeling. Distance to water 
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also had been calculated within the GIS for use in 

production modeling. The resultant coverage contained 

values for cells within each pasture that represented the 

distance of that cell from livestock water, in meters. The 

raster soils map had been previously encoded by soil 

texture for use in the forage production model. 

Multivariate analysis of forage utilization as 

affected by elevation, soil texture, land slope, and 

distance to water was conducted using the student version 

of Minitab (Schaefer and Anderson 1989). The values of 

each of these variables at 72 data points was extracted 

from the raster GIS and written to an ASCII data file 

compatible with Minitab. The resulting file contained 

predictor values for 72 sample points. 

An initial investigation was conducted using all four 

predictor variables for utilization of Digit-aria 

californica. The maximum squared multiple correlation 

coefficient value was 0.242 (24.2%). Soil texture was 

dropped from the multiple linear regression, since it was 

available only as a binary variable. The regression 

analysis was run using the three remaining variables. 

Results of this procedure yielded a squared multiple 

correlation value of 0.155, indicating that 15.5% of the 

observed variability in utilization of Digitaria 

californica is explained by elevation, land slope and 



61 

distance to water. Although including the covarying 

predictors slope and elevation in the regression equation 

yielded a higher value than either alone, the t-ratio of 

elevation (2.99) was smaller than that of slope (-3.52). 

Furthermore, including both elevation and slope in the 

multiple linear regression analysis yielded a constant 

value that was not significant at the 0.90 probability 

level. By excluding elevation from the equation, and using 

only slope and distance from water, the constant value in 

the equation (68%) is closer to the actual basal forage 

utilization value for this study area. For these reasons, 

the selected equation for estimating the percent 

utilization of Digitaria californica is: 

util = 68 - 0.00326distance - 3.45slope 

where distance is distance from the point to the nearest 

water source in meters, and slope is the percent land slope 

at the point. The adjusted squared multiple correlation 

value for this equation is 0.098. 

Discussion Of Results 

The purpose of this section is to provide a summary 

discussion and analysis of the precipitation, forage 

production, and forage utilization modeling. 
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Precipitation Modeling 

The objective of the precipitation modeling was to 

provide a continuous surface map overlay of estimated 

precipitation values for use in forage production modeling. 

Since the use of geostatistical procedures for this purpose 

had been previously demonstrated in other areas, they were 

selected for this application. 

Both the semi-variogram produced and the model fitted 

to it produced a reasonable kriged surface. The kriged 

estimates of mean summer precipitation did reveal a pattern 

whose distribution was correlated with elevation gradients 

on the site. This approach produced a continuous surface 

suitable for use in the development of a methodology for 

predicting forage production and utilization using a 

geographic information system. 

Forage Production Modeling 

The objective of modeling the production of Digit-aria 

californica was to identify a set of mappable environmental 

parameters that would serve as predictors of production, 

based on the Digitaria californica field data set. Of six 

predictor variables evaluated in a step-down regression, 

two (elevation and mean summer precipitation) were selected 

to predict production of Digitaria californica for the 

present study. 

Although the step-down regression analysis yielded 
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similar correlation coefficients for elevation alone and 

elevation with mean summer precipitation, mean summer 

precipitation was included to provide a predictor variable 

that had both temporal and spatial variation. This 

selection was made with the knowledge that elevation and 

mean summer precipitation were highly correlated. Figure 

12 displays the estimated forage production values for each 

cell in the database. 

Forage Utilization Modeling 

The objective of forage utilization modeling was to 

predict the percent of use of available production of 

Digit-aria californica using mapped variables that 

literature had shown to be predictors. The mapped 

predictor variables included soil texture, slope, slope 

aspect, and distance to water. A stepwise regression 

analysis indicated that the best available predictors were 

distance to water and land slope. This was consistent with 

the findings of other researchers on the same or similar 

sites (Martin and Cable 1975; Ewing 1977). 

While the regression analysis using distance to water 

and land slope resulted in a low coefficient of variation 

(11.5%), the constant used with these variables (68% 

utilization) was a more reasonable y-intercept for 

threshold utilization on this site. The results of the 

implementation of the regression analysis as a distributed 
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model are displayed in Figure 13. 



N 
mntart 

2000 4000 

Digitaria caiifornica Production 
III < 315.0 #/ac 
M 315.1 to 325.0 #/ac 
mm 325.1 to 335.0 #/ac 
m 335.1 to 345.0 #/ac 
•• > 345.0 #/ac 

Figure 12. Estimated forage production for Digitaria 
caiifornica. 
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Digitaria californica Utilization 
III < 50% 

51 to 53% 
54 to 56% 

tki i""*"1* , i M 57 to 59% 
n 2000 4000 MM > 59% 

Figure 13. Estimated utilization of Digitaria californica-



67 

APPLICATION OF METHOD 

The purpose of an application of method exercise is to 

demonstrate the utility of the derived methodology. 

Traditionally,the application of a method can be used to 

check the availability of the methodology's inputs, the 

function of its procedures and the usefulness of its 

output. In addition, the application of method can be used 

to evaluate the methodology and suggest modifications to 

data collection and analysis procedures. 

The objectives of this section will be to derive 

information from the output products of the Model 

Development section. Those products, estimated annual 

production of Digitaria californica in pounds per acre and 

estimated utilization of Digitaria californica as 

percentage of production, will be used to estimate grazing 

capacity and conduct forage utilization analysis for all 

perennial grasses in the six pasture study area. These 

objectives have been chosen to represent information that 

would be required in a management scenario. 

The approach will be to relate the estimated 

production and utilization of Digitaria californica to the 

production and consumption of all perennial grass species 

in the study area. Using the procedures demonstrated in 

the Model Development section, linear regression analysis 

will be automated as a set of map operations to derive maps 
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of grazing capacity and forage utilization. Both scenarios 

will begin with a discussion of assumptions about the 

accepted relationships between numbers of grazing animals 

and forage production. From this, linear regression 

analysis will be used to relate production and utilization 

parameters for Digitaria californica to those of all 

perennial grasses. The output maps will be interpreted in 

terms of the application. 

Estimation Grazing Capacity 

This section will relate the production of Digitaria 

californica to that of all perennial grass species using 

data collected for total perennial grass species production 

(Martin and Cable 1975). From this procedure, an estimate 

of grazing capacity will be made based on a set of 

assumptions about the consumption of forage by range 

cattle. 

Assumptions 

In order to derive estimates of grazing capacity for 

the study area, the relationship between Digitaria 

californica. all other perennial grasses, and forage 

consumption must be described. 

Using the statistical data set developed for forage 
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production and utilization modeling, a correlation analysis 

was conducted using Minitab (Schaefer and Anderson 1989). 

Production of Digitaria californica was found to be well 

correlated (r = 0.80) with production of all perennial 

grasses. Research conducted on the Santa Rita Experimental 

Range (Gomes 1983) has indicated that perennial grass 

represents about 7 6% of the diet of range cattle, with the 

rest being forbs and browse. The estimated year long 

consumption of forage is approximately 9125 pounds per 

animal unit, with 6935 pounds per animal unit of that being 

perennial grasses. For this model application exercise, a 

proper use factor of 50% of annual production on perennial 

grasses will be used. 

Given these parameters, a map of predicted grazing 

capacity can be produced within the GIS. 

Procedures 

The first step in estimating grazing capacity from the 

production of Digitaria californica is to describe the 

relationship between sampled californica production and 

production of total perennial grasses. Sample point data 

for production of total perennial grasses had been entered 

into the Minitab database to be used in the analysis of 

Digitaria californica production data. Statistical 

analysis of the production data for total perennial grasses 

indicated that it was correlated with production of 
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Dicritaria californica at the r= 0.80 level. This 

correlation was encouraging enough to develop a simple 

linear regression equation to describe the relationship. 

This analysis, conducted yielded the following equation, 

P = 12.4 + 1.58(dcp) 

where P represents estimated production of all perennial 

grasses in pounds per acre and dcp represents the observed 

production of Digitaria californica at a point in pounds 

per acre. The coefficient of determination (r2) is 64.1%. 

Given this relationship and the previously developed 

map of estimated production of Digitaria californicaf it is 

possible to derive a map of estimated production for all 

perennial grass species. This derivation was accomplished 

in the GIS by multiplying each cell in the database by the 

slope of the line (1.58) and adding the y-intercept value 

(12.4). The resultant map displays estimated values for 

production of total perennial grasses. Since, in this 

scenario, no more than 50% of annual production will be 

considered available for proper use, each cell in the map 

is divided by two. The new map represents the estimated 

amount of perennial grass that will be available to range 

cattle for consumption. 

The development of a map containing values which 

indicate estimated grazing capacity is a direct application 
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of map algebra. Given an annual consumption of 6935 pounds 

of perennial grass per animal unit and an available amount 

of grass at each point in the database, the application 

would involve the division of the available map by the 

consumption map. The result of this is a map wherein the 

values represent the carrying capacity in animal units per 

acre (au/acre). The values in this map ranged from 0.0001 

to 0.007 au/acre. Expressing this low value range in 

animal units per section (au/section) by multiplying each 

cell by 640 (acres per section) produces the final grazing 

capacity map shown in figure 14. 

Results 

The output products from this application have several 

interpretations. The values in the Grazing Capacity Map 

(Figure 14) range from 0.064 to 4.48 animal units per sec

tion for yearlong grazing and can best be interpreted as a 

distributed estimate of grazing capacity. The distributed 

nature of the estimates facilitates the description of 

grazing capacity as a continuous variable, predicted by the 

continuous variation of perennial grass production. 

Another interpretation of the map can be related to 

its implication for pasture sizing. As the map in Figure 

14 indicates, grazing capacity increases along the 

topographic gradient from southwest to northeast. In a 

management situation, this might affect the relative size 
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of the current six pasture arrangement. By increasing the 

size of those pastures in the southwestern portion of the 

study area at the expense of those in the northeast, the 

same number of animals could be supported in each 

pasture. 



N 

Grazing Capacity 
MI < 0.5 au/section 
l® 0.6 to 1.4 au/section 

1.5 to 2.3 au/section 
2.4 to 3.2 au/section 

mat0™ •• > 3.2 au/section 
2000 4000 

Figure 14. Estimated grazing capacity. 



74 

Utilization Analysis 

The purpose of this section is to demonstrate an 

application of the forage utilization methodology described 

in the Model Development chapter. The application will be 

the identification of areas of over and under utilization 

as compared to a target forage utilization level. The 

value of utilization analysis is to normalize the 

utilization of forage within a pasture. 

Assumptions 

To establish the relationship between the utilization 

of Digitaria californica and all other perennial grass 

species, a correlation analysis was conducted using Minitab 

(Schaefer and Anderson 1989) . This analysis indicated that 

utilization of all perennial grasses was well correlated (r 

= 0.81) with use of Digitaria californica. 

Based on this correlation, a regression equation can 

be developed that will predict the utilization of all 

perennial grass species from the estimated utilization of 

Digitaria californica. From this relationship, it is 

assumed that a map overlay can be developed which displays 

the estimated pattern of use of all perennial grasses in 

the six pasture study area. For the purposes of a 

management scenario, a target utilization level for all 

perennial grasses of 50 percent. 
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Procedures 

The initial step in estimation of forage utilization 

for the six pasture study area is the development of an 

equation describing the relationship of use of Digi taria 

californica to all perennial grasses. As stated above, 

correlation analysis indicated that utilization of 

Pi git-aria californica was representative of all perennial 

grasses. Utilization data for total perennial grasses had 

been entered into the statistical database for use in model 

development and v/as analyzed to develop a simple regression 

equation using Minitab. This analysis yielded the following 

equation to describe the utilization of all perennial 

grasses from that of Digitaria californica,. 

U(%) = 0.46 + 0.877(dcu) 

where U represents the estimated utilization of all grasses 

in percent, and dcu represents the sampled utilization of 

Digitaria californica, in percent, at a point. The coeffi

cient of determination for this equation (r2) is 62.8. 

Given the previously derived map of estimated 

utilization of Digitaria californica (Figure 13), a y-

intercept of 0.46 and a slope of 0.877, the regression 

equation can be applied to each cell in the map to produce 

a distributed map of estimated utilization of all perennial 

grasses . Utilization patterns in the map provide 

indications of the existing fence arrangement as well as 
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the locations of livestock water. 

Assuming a target utilization value for all perennial 

grasses under a yearlong grazing scheme of 50 percent, 

there are two ways to analyze the distribution of over and 

under utilization. The most direct method is to use the 

GIS to calculate the difference between estimated 

utilization and target utilization for all points in the 

database. This method would yield a map where positive 

values indicated areas where utilization was more than 50 

percent and negative values indicated areas of under use. 

A second method to describe the patterns of over and 

under utilization is as a percentage of the target use 

level (50%). In this case, the GIS is used to derive a 

value for each point in the database which is a ratio to 

target to actual values. To do this, the map of estimated 

utilization of all grasses is divided by the target 

utilization. The resultant map, which contains the ratio 

values, is multiplied by 100% to produce a map wherein the 

values represent estimated use as a percentage of target 

use. 

Results 

The final map, shown in Figure 15, reveals patterns of 

over and under utilization as compared to a target use 

level. As with procedures used in the grazing capacity 

scenario, the target utilization map reflects the 
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advantages of a distributed model. That is, estimates of 

relative utilization have been calculated to produce a 

continuous range of values within a pasture. 

From a management perspective, output from this 

exercise can be interpreted to suggest livestock 

distribution requirements. As indicated in Figure 15, 

utilization is at or above the target level in most areas 

of all six pastures. The analysis does reveal under-

utilization of the forage resource in the northeast corner 

of pasture 3. The modeling system presented here could be 

used to simulate the effect of the location of an 

additional v/ater source in the northeast corner of pasture 

3 on forage utilization. In this way, potential livestock 

management practices could be evaluated for impacts and 

effectiveness. 
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matare 

Utilization as % of Target 
HSH < 85% 
MSS 86 to 90% 
Hi 91 to 95% 
Hi 96 to 100% 
M 101 to 105% 
•• > 105% 

2000 4000 

Figure 15. Estimated utilization as percentage of target 
use level. 
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CONCLUSION 

The study presented here has documented a procedure 

for the integration of multivariate statistical methods 

with geographic information systems. Specifically, the 

study documents a methodology for predicting forage 

production and utilization of Digitaria californica by 

extracting the values of sample locations for use in a 

stepwise linear regression procedure. The resultant 

multiple linear regression equations were applied to a set 

of map overlays, which were used as predictor variables to 

produce criterion values in output maps. These application 

of the multiple linear regression equation to a set of map 

overlays in a GIS provided for distributed output, in which 

each location in the overlay was, in fact, an observation 

of a variable. 

A fundamental evaluation of the methodology presented 

here is the extent to which it fulfilled the stated 

objectives. The methodology did demonstrate the pattern 

of association between forage production and utilization 

and a series of predictor variables. These variables were 

map overlays that were selected by a stepwise regression 

process. Output from the spatial modeling procedure was 

used in management information scenarios. 

Inasmuch as the work presented here is methodology for 

the integration of spatial modeling and geographic 
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information systems, the reliability and validity of the 

output were function of the precision and accuracy of the 

data set. This has several implications for the present 

study as well as future research. 

While statistical noise in the data set prevented the 

derivation of regression equations which explained the 

majority of the observed variation in criterion variables, 

they did explain variation with satisfactory levels of 

confidence. This suggests that had the sampling been more 

complete, for this application, the data may have explained 

more of the variation in production and utilization. 

Furthermore, the regression equations that were developed 

were limited to input from available mapped data. 

In terms of the methodology presented here, the 

quality of the output could have been improved with 

different sampling techniques. For the purposes of 

developing a modeling framework, the sample size was 

inadequate, as indicated by the variation of the data. 

Additionally, the availability of predictor variables 

needed to be more complete to address issues related to 

spatial variation in species composition. The sampling 

design and analytical methods might be improved by 

addressing the likelihood that the sampled variables are 

autocorrelated. 

While the study described here utilized previously 

collected data for analysis and derivation of spatial 
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models, there are implications for the development of data 

collection procedures specifically for spatial analysis. 

Such procedures should be developed in light of several 

considerations. These include, but are not limited to, an 

understanding of the processing capabilities of the GIS, 

the distribution of the population to be surveyed, and the 

input requirements of the analysis models. 

If data collection procedures were to be designed for 

a study, such as described here, there are several 

considerations that could be addressed. First, it would 

ensure much greater success in the GIS modeling procedures 

if the functional capabilities of the chosen system were 

addressed during the experimental design phase. Second, 

sample size would need to be increased to the point that it 

adequately represented variation in the population. Third, 

systematic sampling over the study area would have provided 

more points for criterion as well as predictor values. 

Furthermore, a systematic sampling grid may have 

facilitated alternate modeling approaches, such as kriging 

the species composition values to obtain a species 

production surface. Finally, the frequency of the 

systematic sampling should have been adjusted to fit the 

resolution of the GIS database, as well as the structural 

heterogeneity of the sampled population. 

The model, as described here, could not be validated 
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in terms of the data set; some thirty years have passed 

since the data collection began. However, the utility of 

this methodology will be dependent upon validation using 

field control data. Ideally, this would involve repeating 

the procedure with a data set that was collected for the 

purpose of spatial modeling. The data could then be 

processed using the methodology described here and checked 

by correlating predicted values with actual sample values. 

Perhaps the best value of the work presented here is 

the demonstration that field data can be used, in 

conjunction with spatial analysis procedures, as input to a 

GIS for predicting forage production and utilization. 

Another value in the procedure is its adaptability to local 

environmental conditions which influence forage production 

and utilization. This might result in the adoption of 

standardized frameworks for the development of predictive 

models that responsive to localized predictor variables. 

Ultimately, this could lead to the successful integration 

of GIS databases and techniques to define and identify 

ecologically functional range management units. 
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